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ABSTRACT: A facile method based on microwave-assisted
solvothermal process has been developed to synthesize
flowerlike MgO precursors, which were then transformed to
MgO by simple calcinations. All the chemicals used
(magnesium nitrate, urea, and ethanol) were low cost and
environmentally benign. The products were characterized by
X-ray powder diffraction, scanning electron microscopy,
transmission electron microscopy, high-resolution TEM, and
N2 adsorption-desorption methods. These flowerlike MgO
nanostructures had high surface area and showed superb adsorption properties for Pb(II) and Cd(II), with maximum capacities
of 1980 mg/g and 1500 mg/g, respectively. All these values are significantly higher than those reported on other nanomaterials. A
new adsorption mechanism involving solid−liquid interfacial cation exchange between magnesium and lead or cadmium cations
was proposed and confirmed.

KEYWORDS: flowerlike, magnesium oxide, nanostructure, heavy metal ion, adsorption, ion exchange

1. INTRODUCTION

Heavy metal ions, such as Pb(II), Cd(II), and Hg (II), are
highly toxic water pollutants, which can have serious side effects
and toxicities with a few being lethal and carcinogenic when
their concentrations are higher than permissible limits.
Therefore, their efficient removal from water is of great
importance. Among all the removal methods, the adsorption
technique is perhaps the most extensively adopted one because
of its low cost and simplicity.1−16 However, traditional
absorbents such as activated carbon, activated alumina, clay,
zeolite, etc., show limited adsorption abilities for these heavy
metal ions.17 In recent years, using metal oxide or metal
hydroxide nanomaterials for heavy metal ions removal has
attracted much attention because of their low cost, environ-
mentally benign nature, and excellent adsorption proper-
ties.8,13,18−20 In particular, three-dimensional (3D) flowerlike
metal oxides that are composed of nanometer-sized building
blocks with the total size in the micrometer scale have many
advantages in adsorption.2,3,21 Their nanometer-sized building
blocks provide high surface area and active sites for adsorption
and the overall micrometer-sized structure provides desirable
mechanical strength and easy recovery.
The most common synthesis method for flowerlike

nanostructures is ethylene glycol (EG)-mediated proc-
ess.3,5,22,23 For example, in our previous study, flowerlike
MgO nanostructures were prepared through heating magne-
sium acetate and urea in EG at 180 °C for 5 h, using
poly(vinylpyrrolidone) (PVP) as surfactants, followed by
calcination.7 However, this synthesis method for flowerlike
MgO nanostructures is not suitable for practical applications

because it consumes EG and PVP, making it difficult to use
them in practical water purification. Therefore, it is very
desirable to develop a low-cost and efficient way to produce
flowerlike MgO nanostructures.
As the pH of zero point for MgO aqueous solution is 12.4, it

is usually used as adsorbent for heavy metal anion because of
electrostatic attraction.18 Thus, most studies reported in the
literatures focus on investigating the adsorption properties of
MgO nanomaterials for anions, such as arsenates. The study of
MgO for adsorption of cations is rare. Understanding the
adsorption mechanism of MgO for heavy metal ions is
important for rational design and fabrication of useful
adsorbents. In general, as a solid-liquid interfacial process, the
adsorption of ions on adsorbents is initialized by electrostatic
attraction and may also followed by ion exchange, which usually
occurs between the surface hydroxyl groups and the anions
(such as arsenate ions).18,21,24 However, what species are
involved in the adsorption process of heavy metal cations has
not been elucidated.
In this study, we develop a facile and low-cost method to

prepare flowerlike MgO nanostructures via microwave assisted
solvothermal method. All chemicals (magnesium nitrate, urea
and ethanol) used are low cost and environmentally benign.
These flowerlike MgO nanostructures show superb adsorption
properties for heavy metal cations, with maximum adsorption
capacities of 1980 and 1500 mg/g for Pb(II) and Cd(II),
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respectively. In particular, 1 g of flowerlike MgO nanostructures
could purify about 630 kg of Pb(II) or 400 kg of Cd(II)
contaminated water, reducing the concentration from 200 μg/L
to less than 10 μg/L. A new adsorption mechanism involving
solid−liquid interfacial cation exchange between magnesium
and lead or cadmium cations is proposed and confirmed.

2. EXPERIMENTAL SECTION
Preparation of Flowerlike MgO Nanostructures. All the

materials, including magnesium(II) nitrate hexahydrate (Mg-
(NO3)2·6H2O), urea, and ethanol, were used as purchased from
Beijing Chemicals Co. (Beijing, China). In a typical procedure, 5
mmol of Mg(NO3)3·6H2O and 10 mmol of urea were dissolved in 100
mL of ethanol, and then 30 mL of the reaction solution was poured
into a Teflon-lined autoclave with volume of 70 mL. The autoclave
was sealed and placed in a programmable microwave oven (MDS-6,
Shanghai Sineo Microwave Chemistry Technology Co., Ltd.). The
oven was heated to 150 °C in 3 min by microwave irradiation and then
kept at that temperature for 30 min. After cooling to room
temperature, precipitate was collected as MgO precursors by
centrifugation and washed with ethanol and water for several times.
Flowerlike MgO was obtained by calcinations of the precursors in air
at 400 °C for 2 h.
Characterizations. X-ray diffraction (XRD) patterns were

obtained with a Rigaku D/max-2500 diffractometer with Cu Kα
radiation (λ = 1.5418 Å) at 40 kV and 100 mA. The microscopic
features of the samples were characterized by field-emission scanning
electron microscopy (FESEM, JOEL 6701F), transmission electron
microscopy (TEM, JEOL 1011) and high-resolution transmission
electron microscopy (HR-TEM) (FEI Tecnai F20). The nitrogen
adsorption and desorption isotherms were measured on a
Quantachrome Autosorb AS-1 instrument.
Heavy Metal Ion Adsorption. Solutions with different concen-

trations of Pb(II) and Cd(II) were prepared using lead nitrate and
cadmium nitrate as the sources of heavy metal ions, respectively. The
pH value was adjusted to 7. For the adsorption kinetic study, 10 mg of
flowerlike MgO nanostructures were added to 15 mL solutions with an
initial concentration of 100 mg/L. After a specified time, the solid and
liquid were separated immediately and analyzed by inductively coupled
plasma−optical emission spectroscopy (Shimazu ICPE-9000) to
measure the concentration of metal ions in the remaining solution.
For the adsorption isothermal study, 10 mg of adsorbent was added to
15 mL solution with different concentrations under stirring for 12 h at
room temperature. The adsorption data were fitted with the Langmuir
model as follows

= +q q bC bC/(1 )e m e e

Where Ce is the equilibrium concentration of heavy metal ions (mg/
L), qe is the amount of heavy metal ions adsorbed per unit weight of
the adsorbent at equilibrium (mg/g), qm (mg/g) is the maximum
adsorption capacity and b is the equilibrium constant related to the
adsorption energy.
For adsorption at low concentration, 5 mg of the adsorbent was

added to different volumes of heavy metal ion solution with an initial
concentration of 200 μg/L.

3. RESULTS AND DISCUSSION
3.1. Characterizations of Flowerlike MgO Nanostruc-

tures. Flowerlike MgO nanostructures are prepared via
microwave assisted solvothermal method, which is a facile
and efficient way for synthesis of different kinds of nanoma-
terials. In recent studies, flowerlike α-Fe2O3 nanospheres,21

flowerlike NiO hollow nanospheres,25 and CeO2 hollow
nanospheres26 were prepared via this microwave assisted
thermal method. The microwave heating is fast and spatially
uniform. With magnesium nitrate and urea as raw materials and
ethanol as solvent, flowerlike MgO precursors can be prepared,

followed by mild calcination to obtain flowerlike MgO
nanostructures.
Figure. 1a shows the SEM image of the as-prepared MgO

precursors, which reveal many flowerlike structures with an

average diamater of ca. 1 μm. High-magnification SEM image of
the sample (Figure 1b) indicates that the flowerlike MgO
precursor is composed of twisted nanosheets as the building
blocks. TEM image (Figure 1c) further confirms the flowerlike
morphology of MgO precursor. XRD result (Figure 2a) shows

th a t a l l d iff r a c t i on peak s c an be indexed to
Mg2(OH)3.24(NO3)0.76(H2O)0.24 (JCPDS 47-0436). After calci-
nation at 400 °C for 2h in air, the precursors are transformed to
pure phase MgO. The XRD pattern of calcined product (Figure
2b) matches well with the stadard PDF card (JCPDS 75-0447).
SEM and TEM images (Figure 3a, b) show that morphology

of obtained flowerlike MgO is very similar to that of precursors,

Figure 1. (a) Low-magnification SEM image, (b) high-magnification
SEM image, and (c) TEM image of the as-prepared flowerlike MgO
precursors.

Figure 2. XRD patterns of (a) as-prepared flowerlike MgO precursors
and (b) flowerlike MgO nanostructures.
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indicating that calcination does not change the total
morphology of MgO. The SAED pattern (Figure 3c) shows
bright circled rings, indicating polycrystalline nature of
flowerlike MgO. The high-resolution TEM (HR-TEM) image
is shown in Figure 3d. The lattice fringes are clearly visible with
a spacing of 0.21 nm, corresponding to the spaces of the (200)
planes of MgO. The BET surface area of flowerlike MgO
measured from nitrogen adsorption-desorption isotherms is 72
m2/g (see Figure S1 in the Supporting Information).
3.2. Heavy Metal Ion Adsorption Property. Lead and

cadmium are two of the most toxic heavy metal cation ions in
drinking water resource, and their efficient removal is critical for
safe drinking water. The ability of flowerlike MgO nanostruc-
tures as absorbents for heavy metal ion removal was tested.
Figure 4a shows the adsorption rates of Pb(II) and Cd(II) ions
with initial concentration of 100 mg/L using the flowerlike
MgO nanostructure sample. The adsorption processes are very

fast during the first 30 min, and the equiribria are established
after 1 h. To further investigate the adsorption property, we
obtained adsorption isothermswith different initial concen-
trations ranging from 100 to 5000 mg/L, as shown in Figure
4b. The adsorption data agree well with Langmuir model,
indicating a surface adsorption process for these two cations.
The maximuim adsorption capacities are 1980 and 1500 mg/g
for Pb(II) and Cd(II), respectively. These two values are likely
the highest among the adsorption data reported in the
literatures, and are significantly higher than those of many
reported nanomaterials, as shown in Table 1. Note that the

maximum adsorption capacities of other materials in Table 1
are usually measured with optimal pH value. For example, the
pH value was ajusted to promote better performance of the
adsorbents. In this study, the pH value of test water was about
7.
For pratical water purification, the Pb(II) or Cd(II)

concentration in contaminated drinking water supply is usually
less than 200 μg/L. Thus the removal capacity at low
concentration is more important for adsorption materials. In
a series of experiments, we fix the weight of flowerlike MgO
nnaostructures at 5 mg and the initial concentration of Pb(II)
or Cd(II) at 200 μg/L with pH values of 7, then varied the
volume of the Pb II) or Cd(II) solutions from 0.5 to 4 L. The

Figure 3. (a) Low-magnification TEM image, (b) high-magnification
TEM image, (c) SAED pattern, and (d) HR-TEM image of flowerlike
MgO nanostructures.

Figure 4. (a) Adsorption rates and (b) adsorption isotherms of Pb(II) and Cd(II) with flowerlike MgO nanostructures as adsorbents.

Table 1. Maximum Adsorption Capacities of Different
Adsorbents for Pb(II) and Cd(II)

adsorption capacity
(mg/g)

adsorbents
surface area
(m2/g) Pb(II) Cd(II) pH

flowerlike MgO (this study) 72 1980 1500 7
magnesium silicate hollow
nanospheres27

531 300 7

appapulgite clay@carbon
nanocomposite28

61.8 263.8 6

flowerlike zinc silicate29 236 210 7
flowerlike γ-AlOOH
nanostructure30

145.5 124.2 7

chrysanthemum-like α-FeOOH9 120.8 103 7
Zn2GeO4-EDTA hybrid
membrane31

74.6

urchinlike Ni−P
microstructure32

425 39 40.7
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results are depicted in Figure 5 and Table S1 in the Supporting
Information. The breakthrough point (defined as concentration

limit set by the World Health Organization for drinking water,
i.e., 10 μg/L for Pb(II) and 5 μg/L for Cd(II), respectively) of
the MgO was measured against Pb(II) and Cd(II). Apparently,
5 mg of flowerlike MgO nnaostructures can purify about 3 L of
water containing Pb(II) or 2 L of water containing Cd(II) with
initial concentration of 200 μg/L before the breakthrough point
is reached. Those data suggest that 1 g of flowerlike MgO
nnaostructures is able to treat about 630 kg of Pb(II)
contaminated water or 400 kg of Cd(II) contaminated water
with a pH value of 7, as shown in Figure. 5.
3.3. Adsorption Mechanism. In general, heavy metal ions

are adsorbed on metal oxide nanomaterials through electro-
static or/and ion exchange. Surface hydroxyl groups are mainly
reported to be involved in the ion exchange process during
anion adsorption.21,24 However, such ion exchange mechanism
does not work for cation adsorption because cations and
hydroxyl groups have the opposite electric charge. Thus we
envision that Mg (II) may be involved in the adsorption. The
Mg (II) concentrations after each adsorption of heavy metal
ions are tested and the results are list in Table S2. It is very
interesting to find that magnesium ions appear in the solution
after adsorption and the concentration increases with the
increases of adsorption capacity. This result indicates that
magnesium ions have exchanged with Pb(II) or Cd(II) during
adsorption. For drinking water treatment, although Mg (II)
ions would be left in the treated water, its concentration would
still far below the WHO limit for Mg (450 mg/L), making
flowerlike MgO nanostructures a safe adsorbent for Pb(II) and
Cd(II).
Quantitative measurement of the molar amount of Mg (II)

released and the amount of Pb(II) or Cd(II) adsorbed indicates
a nearly liner relationship (as shown in Figure 6), further
confirming the cation exchange between Mg (II) and Pb(II) or
Cd(II). Such cation exchange mechanism is different from
anion exchange with surface hydroxyl groups. Mg ions are part
of the MgO crystal lattice. Exchange between Mg (II) and
Pb(II) suggested that Pb(II) cations replace the Mg(II) in the
lattice. The overall mechanism is actually a solid-liquid
interfacial reaction:

+ = ++ +MgO Pb PbO Mg2 2

The XRD pattern of flowerlike MgO after adsorption of Pb(II)
is shown in Figure S2 in the Supporting Information. All the
diffraction peaks can be mainly ascribed to MgO and PbO
(JCPDS No. 85-1291), suggesting MgO have partially reacted
with Pb(II), which verifies the chemical reaction between MgO
and Pb(II). In addition, the color of MgO after adsorption
Pb(II) was yellow (see Figure S3 in the Supporting
Information), which is agreed with the color of PbO, further
indicating the chemical reaction. Two small peaks of Mg(OH)2
can be also observed in the XRD pattern of flowerlike MgO
after adsorption of Pb(II). This is because MgO can be
hydrated to form Mg(OH)2 in water. However, it is just
appeared on the very thin surface of MgO. Because there was
no Pb(OH)2 formed in the sample after adsorption, confirming
the chemical reaction of MgO and Pb(II).
Such mechanism explains the origin of superb capacity of

MgO for Pb(II) and Cd(II) observed in this study. For
example, the 1980 mg/g removal capacity for Pb(II) represents
an about 40 % “conversion” for MgO. It is estimated that for
MgO material with 72 m2/g surface area, about 10 % of the
atoms are on the surface.23 Thus it is likely that the exchange
between Mg (II) and Pb(II) occurs at the first few layers of the
MgO lattice from the surface. As shown in Figure 4b, the
adsorption capacity reaches maximum with an equilibrium
concentration of about 100 mg/L. The exchange between Mg
(II) and Pb(II) stops when the first few layers of Mg (II) are
replaced by Pb(II). PbO may block the further reaction of
MgO with Pb(II) after saturated adsorption. SEM image of
flowerlike MgO after adsorption Pb(II) (see Figure S4 in the
Supporting Information) further shows that the flowerlike
morphology was broken with some aggregation.

4. CONCLUSION
In summary, flowerlike MgO nanostructures were produced by
a rapid and low cost microwave assisted solvothermal method.
They showed superb adsorption properties for heavy metal
cations, with maximum capacities of 1980 mg/g and 1500 mg/g
for Pb(II) and Cd(II), respectively. A new adsorption
mechanism involving cation exchange between magnesium
ion and lead or cadmium ion was proposed and confirmed.
Because of advantages such as low cost, high surface area, as
well as high adsorption capacity, such flowerlike MgO
nanostructures were an attractive adsorbent for the removal
of both Pb(II) and Cd(II) from drinking water.

Figure 5. Treatment capacity of flowerlike MgO nanostructures for
Pb(II) and Cd(II) with initial concentrations at 200 μg/L.

Figure 6. Molar of exchanged Mg (II) vs molar of adsorbed Pb(II) or
Cd(II) with flowerlike MgO nanostructures as adsorbents.
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