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ABSTRACT: High concentration of heavy metals and
microbes present in water can reduce the quality of water
and bring serious side effects to human beings. Their removal
from water is of great importance. In this study, MgO
microspheres with hierarchical morphology have been
synthesized by a facile and low-cost precipitation-aging-
calcination method and their dual functionality for effective
arsenic removal and microbial inhibition has been investigated
for the first time. By systematical investigation on the
synthesis, structure and performance relationship, optimized
MgO microspheres are prepared with both high arsenic removal capacity and prominent antibacterial activity. Hierarchical MgO
microspheres calcined at 500 °C exhibit the best trade-off between As(III) adsorption (502 mg g−1) and antibacterial
performance (complete elimination at 700 μg mL−1). It is also demonstrated that our materials can be used for the simultaneous
removal of arsenic and microbes in a model water system. This study offers a convenient and low cost dual-function agent with
efficient performance for water treatment.
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■ INTRODUCTION

The lack of safe and clean water has become one of humanity’s
big problems.1 Thousands of organic/inorganic compounds
and microbes have been identified as water contaminants.2

Heavy metals represent a typical class of contaminant in water
resources. Some heavy metals are highly toxic and carcinogenic.
Taking arsenic as an example, its contamination in groundwater
and drinking water poses a big threat, affecting around 150
million people worldwide.2 Microbes are another class of
contaminant in water. Harmful microbes, such as bacteria, are
the most notorious pathogens for humans and are responsible
for causing waterborne diseases.1,2 Considering these facts, the
development of effective, low-cost and robust methods for
decontamination and disinfection of water is one of the greatest
global challenges.
Recently developed nanotechnology provides new oppor-

tunities in water remediation.3 The desirable features of
nanomaterials for water treatment include high surface area
for adsorption.3 Among the available nanomaterials, metal
oxide nanostructures have attracted significant attention in
water treatment.4−11 Magnesium oxide (MgO) is an abundant,
nontoxic, and environmentally friendly material, which has
been used as an adsorbent to remove organic dyes,12,13

phosphates,14 and heavy metals.12,15 Interestingly, MgO based
adsorbents show exceptionally high arsenic adsorption capacity,
superior to other metal oxides.16−18 In addition, MgO has also
been used as a disinfection agent, which shows strong
antibacterial activity and produces no harmful disinfection

byproduct.19−21 However, previous studies focused individually
on either adsorption or disinfection, there is no report on the
dual-functionalities of MgO in both water decontamination and
disinfection. Because the optimized structures for two perform-
ances may be different, such a study is important to the
development of dual-functionalized MgO with compromised
structures and functions for simultaneous water decontamina-
tion and disinfection applications.
In this study, we report a facile and low-cost synthesis of

MgO hierarchical microspheres. The synthesis conditions of
MgO hierarchical structures are optimized to allow for both
high arsenic removal capacity and high antibacterial activity. To
the best of our knowledge, this is the first report on dual-
functionalized MgO for simultaneous water decontamination
and disinfection.

■ EXPERIMENTAL SECTION
Materials. All chemicals were used as received without further

purification. Magnesium chloride hexahydrates (MgCl2.6H2O),
sodium carbonate (Na2CO3) were supplied from Chemsupply
chemicals. NaAsO2 was obtained from Sigma-Aldrich. The 400 ppm
As (III) stock solution was prepared by dissolving a proper amount of
NaAsO2 in Milli-Q water.
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Synthesis. In a typical synthesis of MgO hierarchical microspheres:
at room temperature, 25 mL of 1 M Na2CO3 solution was pumped
into 25 mL of 1 M MgCl2·6H2O solution with a flow rate of 10.5 mL
min−1 to form white precipitation. The white precipitate was aged in
static condition at 80 °C for 2 h. The precipitate after aging was then
washed with deionized water three times. The precipitate after aging
and washing was donated as MgO-P. To obtain MgO, the as-prepared
MgO-P was calcined in a muffle furnace at 500 °C for 5 h with
temperature ramping rate of 2 °C min−1. To study the effects of aging
temperature and aging time on morphology of MgO-P, we varied the
aging temperature from room temperature (RT) to 80 °C, while the
aging time was varied from 0.5 to 120 min. To study the effects of
calcination temperature on arsenic removal and antibacterial perform-
ance, we varied the calcination temperature from 400 to 700 °C, while
other synthesis parameters were kept constant. The MgO samples
prepared at a calcination temperature of 400, 500, 600, and 700 °C
were denoted as MgO-400, MgO-500, MgO-600 and MgO-700,
respectively.
Arsenic Adsorption. As(III) adsorption performance was studied

by batch experiments with an adsorbent loading of 0.4 g L−1. No pH
adjustment was performed prior to the adsorption process. Typically,
20 mg of MgO was dispersed in 50 mL of As(III) solution with
variable concentrations (50−400 mg L−1), followed by shaking (200
rpm) at room temperature for 24 h to achieve equilibrium. After
recovering the adsorbent by centrifugation and proper dilution into a
particular concentration range, 5% of concentrated HNO3 by volume
was added into clear supernatant to preserve arsenic species. The
As(III) was analyzed by inductively coupled plasma-optical emission
spectrophotometry (ICP-OES) PerkinElmer Optima 7300DV with
arsenic detection limits between 1 and 10 ppb.
The As(III) adsorption capacity was calculated using the following

equation:
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where C0 and Ce represent the initial and the equilibrium As(III)
concentration (mg L−1), respectively. V is the volume of the As(III)
solution (L) and m is the amount of adsorbent (g).

The effect of competing anions on arsenite adsorption capacity was
studied in the presence of NaCl, Na2CO3, Na2SiO3 and Na3PO4 with a
concentration of 1 g L−1. The arsenic concentration was fixed at 400
mg L−1, and the adsorbent dosage was 0.4 g L−1.

Antibacterial Test. To study the antibacterial activity, the
minimum inhibitory concentration (MIC) for the MgO samples was
measured. Escherichia coli (DH5-α) was used as the microbial model
existing in drinking water. E. coli was cultured in LB medium (Bacto-
tryptone 10 g L−1, Bacto-yeast extract 5 g L−1, NaCl 10 g L−1, pH =
7.2) at 37 °C on shaker bed at 200 rpm overnight. Then the
concentration of bacteria, corresponding to an optical density (OD) of
0.1 at 600 nm for 1 × 108 CFU mL−1 was diluted with LB medium.
Bacterial suspension (10% by volume), LB medium (80% by volume)
and different concentration of particle diluted in PBS (10% by
volume) were then mixed in centrifuge tube and shaken at 37 °C on
shaker bed at 200 rpm for 24 h. Bacteria culture containing PBS only
(in the absence of adsorbent) was included as a control experiment.
After 24 h, the culture was centrifuged at 1000 rpm for 2 min and the
supernatant was collected for OD measurement at 600 nm using
multifunctional microplate reader (Tecan infinite M200).

Dual-Function Test. The dual functionality was tested using
model contaminated water containing both As(III) (30 ppb) and E.
coli (1 × 106 CFU mL−1) which is above the maximum level
contamination (MCL) set by the U.S. Environmental Protection
Agency. MgO-500 (700 mg L−1) was cultured in the model
contaminated water for 24 h at 200 rpm at 37 °C. The supernatant
was collected after centrifugation at 13000 rpm for 2 min and the
As(III) concentration was measured by ICP-OES. Separately, the
culture was centrifuged at 1000 rpm for 2 min and supernatant was
collected for OD measurement at 600 nm using multifunctional
microplate reader. The measurements were made in triplicates.

Characterization. The as-prepared MgO-P and MgO-400, MgO-
500, MgO-600, and MgO-700 were comprehensively characterized
using X-ray diffraction (XRD, Rigaku Miniflex X-ray Diffractometer
with Ni-filtered Co Kα radiation (λ = 1.789 Å), operated at a voltage
of 40 kV and a current 30 mA), scanning electron (Field emission-
SEM JEOL 7800, operated at 5 kV) and transmission electron
microscopy (TEM JEOL 1010, operated at 100 kV). The samples for
TEM measurements were dispersed in ethanol by sonication and
supported onto a holey carbon film on a copper grid. The N2

Figure 1. (a and b) SEM images, (c) TEM image, (d) XRD pattern, (e) N2 adsorption isotherm, and (f) pore size distribution of MgO-500.
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adsorption−desorption isotherms were measured at 77 K using
Micromeritics Tristar II 3020 surface area and porosity analyzer. The
samples were degassed at 180 °C for 6 h before the measurement. The
Brunauer−Emmet−Teller (BET) method was utilized to calculate the
specific surface area. The pore distribution was derived from the
adsorption branch of the isotherms using the Barret−Joyner−Halanda
(BJH) method.

■ RESULTS AND DISCUSSION

Structure and Morphology of MgO. The MgO was
synthesized by a facile and low-cost precipitation-aging-
calcination method. Compared to the previous syntheses of
hierarchical MgO nanostructures where the high temperature
hydrothermal treatment is generally used,16−18,22,23 lower
synthesis temperatures and shorter aging time were employed
in this study, representing a convenient and cost-effective
synthesis strategy. After immediate mixing of Na2CO3 and
Mg(NO3)2·6H2O, which is known as the precipitation process,
nesquehonite (MgCO3·3H2O, JCPDS Card No. 20-0669) was
obtained (Figure S1). Aging the freshly prepared nesquehonite
at 80 °C for 2 h converted it into hydromagnesite
(Mg5(CO3)4(OH)2·4H2O, JCPDS Card No. 25-0513) (Figure
S2). Calcination in air such at 500 °C converted the
hydromagnesite into MgO.
The synthesized MgO shows uniform microspherical

morphology with a particle size of around 10 μm (Figure
1a). Each microsphere is constructed by a great number of
nanosheets (Figure 1b). TEM observation on a typical
nanosheet peeled off from the microspheres by sonication
reveals that the nanosheet is composed of numerous nano-
grains (Figure 1c). Mesopores with small size (<10 nm) can be
clearly observed. The nanocrystalline characteristic is further
confirmed by XRD, where significant broadening of the
diffraction peaks can be observed (Figure 1d). By applying
the Scherer Equation to the most intensive (200) diffraction
peak, the mean crystallite size of MgO is determined to be 10
nm, which can be attributed to the average thickness of
nanosheets as building blocks to form the hierarchical
microspheres.

The nanoporous nature of the sample was confirmed by N2
adsorption analysis. The MgO hierarchical microspheres show a
typical type-IV isotherm with H3 hysteresis loop, indicating a
mesoporous nature (Figure 1e). Such a mesoporous structure
leads to a surface area of 122 m2 g−1, a pore volume of 0.57 cm3

g−1, and two relatively broad pore size distribution centered at
∼7.5 and 30−50 nm (Figure 1f). The origin of the smaller
pores will be discussed in the section Effects of Calcination
Temperature. The origin of larger pores with a broad
distribution (10−100 nm) should be attributed to the voids
formed by the packing of nanosheets or particles. Such a
hierarchical micro/nanostructure is highly favorable in water
treatment due to the synergistic effect of nanosized building
blocks and micrometer-sized assemblies: while the nanosized
building blocks provide high surface area and active sites for
adsorption, the micrometer-sized assemblies provide desirable
mechanical strength, facile mass transportation, and easy
recovery.6,16

Effect of Aging Temperature. The aging temperature
plays a significant role in governing the structure and
morphology of the intermediates/products. To study the
effects of aging temperature, we varied the aging temperature
from RT to 80 °C while the aging time was kept at 120 min.
Figure S3 shows the XRD patterns of MgO-P (the precipitate
after aging and washing). A phase transformation from
nesquehonite to hydromagnesite can be observed as the
aging temperature increases from RT to 80 °C. From the XRD
results, it can be concluded that the nesquehonite phase is
thermodynamically unstable. It only exists at temperatures
below 50 °C; at 60 °C, it begins to convert into hydro-
magnesite; the phase transformation from nesquehonite to
hydromagnesite can be completed at 70 °C.
The phase transition is accompanied by an abrupt

morphological change. Below 50 °C (Figures 2a−c), micro-
meter-sized rods are the dominant morphology. At a critical
aging temperature of 60 °C, a mixture of microrods and
hierarchical microspheres are obtained (Figure 2d). Above 70
°C, only hierarchical microspheres constructed by nanosheets
can be observed (Figure 2e,f). Further calcination at a high

Figure 2. SEM images of MgO-P prepared at different aging temperatures: (a) RT, (b) 40, (c) 50, (d) 60, (e) 70, and (f) 80 °C.
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temperature (such as 500 °C) has no influence on the final
hierarchical morphology (Figure 1a). Combining the XRD and
SEM results together, it is reasonable to speculate that the
microrods observed in SEM are nesquehonite while the
hierarchical microspheres are hydromagnesite. Considering
the products synthesized at 80 °C show the most uniform
hierarchical microspherical morphology, 80 °C is chosen as the
aging temperature for time-dependent study.
Effect of Aging Time. To understand the structure and

morphology evolution during aging, we varied the aging time

from 0.5 to 120 min while the aging temperature was kept at 80
°C. Figure S4 shows the XRD patterns of MgO-P collected at
different time intervals. With an aging time less than 5 min,
pure nesquehonite phase are obtained (Figure S1a, Figures
S4a−c). The hydromagnesite phase begins to appear after aging
for 10 min (Figure S4d). With the aging time prolonged to 20
min, the amount of hydromagnesite increases, as evidenced by
the increase in intensity of the diffraction peaks (Figure S4e).
With an aging time of 30 min or more, pure hydromagnesite
phase can be obtained (Figures S4f and S2a).

Figure 3. SEM images of MgO-P prepared at 80 °C with different aging time: (a) 0.5, (b) 2, (c) 5, (d) 10, (e) 20, and (f) 30 min.

Figure 4. (a) XRD patterns, (b) N2 adsorption−desorption isotherms, (c) pore size distributions of MgO samples prepared at different calcination
temperatures; TEM images of (d) MgO-400, (e) MgO-600, (f) MgO-700.
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Figure 3 shows the SEM images of MgO-P prepared with
different aging time. With the aging going on, a morphological
evolution from zero-dimensional (0D) nanoparticle to one-
dimensional (1D) microrod and then three-dimensional (3D)
hierarchical microsphere can be observed. Without aging, the
nesquehonite shows a nanoparticulate morphology (Figure
S1b). Nesquehonite microrods begin to form in 0.5 min after
aging at 80 °C (Figure 3a); the microrods dominate in the
product in 2 min (Figure 3b); and almost pure microrods are
obtained in 5 min (Figure 3c). With the aging time prolonged
to 10 min, hydromagnesite microspheres (indicated by white
arrows in Figure 3d) begin to form in the product. With an
aging time of 20 min, the 1D rodlike structure disappears and
3D hierarchical microspheres are obtained (Figure 3e). The
nesquehonite can be completely converted into hydro-
magnesite hierarchical microspheres in 30 min (Figure 3f).
It should be noted that the flow rate of precursor solution

(10.5 mL min−1) is an important factor for generating
distinguished microspherical hierarchical morphology. When
low flow rates (1.5 and 6.0 mL min−1) were used, only random
flake-like MgO-P precipitates were obtained (Figure S5). As an
aging step was employed, Ostwald ripening effect could be
applied to explain this observation. When higher feeding flow
rate was used, more and smaller nuclei would be created. Then,
during aging process, distinguished microspherical hierarchical
nanostructures could grow at the expense of nuclei.
Effects of Calcination Temperature. To study the effects

of calcination temperature on the structure, arsenic adsorption
performance, and antibacterial activity, we varied the calcination
temperature from 400 to 700 °C. Figure 4a shows the XRD
patterns of the MgO samples prepared at different calcination
temperatures. All these patterns can be indexed to face-centered
cubic MgO with a periclase phase (JCPDS Card No. 03-0998).
Taking MgO-400 as an example, it shows three broad
diffraction peaks at around 43.0, 50.0 and 73.5°, which can
be indexed to the (111), (200), and (220) reflections of MgO,
respectively. The XRD patterns of the other samples generally
resemble that of MgO-400. Taking a close look at Figure 4a,
two trends can be observed. First, the diffraction peaks sharpen
sequentially with the increase of calcination temperature,
indicating the increased crystallinity. The average crystallite
size determined by Scherrer Equation increases from 8 to 18
nm with the increase of calcination temperature from 400 to
700 °C. Second, the diffraction peaks shift to higher 2θ value
gradually with the increase of calcination temperature,
indicating a very small extent decrease (0.077%) in lattice.
The porous structure of MgO calcined at different

temperatures has been studied by nitrogen sorption analysis.
Figure 4b,c shows the adsorption−desorption isotherms and
the corresponding pore size distributions of MgO samples,
respectively. With the increase of calcination temperature, the
capillary condensation shifts to higher relative pressure (Figure
4b). Similar to MgO-500, MgO-400 shows also two sets of
nanopores. The relatively smaller mesopores centered at 2.6
nm for MgO-400 is smaller than that for MgO-500 (7.5 nm).
For MgO-600 and MgO-700, only large pores associated with
the packing voids are observed while the smaller pores cannot
be seen.
To understand the origin of small mesopores, TEM images

of samples calcined at different temperature were recorded.
MgO nanosheets were peeled from the hierarchical spheres by
sonication. Compared to MgO-500 (Figure 1c), it is difficult to
clearly observe the small mesopores in MgO-400 with a pore

size of 2.6 nm (Figure 4d). However, irregular nanopores with
large pore size are clearly discerned for both MgO-600 and
MgO-700 (Figure 4e,f). Considering the grain size increase in
MgO samples with increased calcination temperature (Figure
4a), it is postulated that the relatively small mesopores observed
in MgO-400 and MgO-500 come from the nanovoids confined
in nanocrystallite of MgO. The size of nanovoids increases with
the size of nanocrystallites. Thus, with increasing calcination
temperature, both sizes of nanocrystallites and mesopores
enlarged. For MgO-600 and MgO-700, the enlarged mesopores
are interconnected by the bigger voids formed by nanosheets
packing, and cannot be differentiated by a nitrogen sorption
analysis. Thus, only one broad pore size distribution peak can
be observed in both MgO-600 and MgO-700 samples.
With the increase of calcination temperature from 400 to 700

°C, the surface area of four MgO samples decreases consistently
(Table 1). The change of the total pore volume with calcination

temperature follows a similar trend, except MgO-500 shows the
highest pore volume of 0.57 cm3g−1 among four samples.
Compared to MgO-400 with the pore volume of 0.39 cm3g−1,
the increase in pore volume for MgO-500 mainly comes from
the capillary condensation at a higher relative pressure range
(P/P0 > 0.90, see Figure 4b,c), which is associated with the
packing voids by nanosheets or particles rather than intrinsic
pore volume. With the increasing calcination temperature, the
crystallinity of MgO framework increases, and thus, the surface
area and pore volume decrease.

Arsenic Adsorption Performance. Hierarchical micro/
nano-structures with high surface area are very attractive in
water treatment due to their high ability to absorb a large
amount of pollutants.6,7 Inspired by this idea, we adopted the
MgO hierarchical microspheres for As(III) capture from
aqueous solution. The As(III) adsorption capacity is found to
be highly dependent on the calcination temperature. With an
initial As(III) concentration of 400 ppm, MgO-400 shows the
highest adsorption capacity of 545 mg g−1, while MgO-700
shows the lowest adsorption capacity of 148 mg g−1 (Figure
5a). Compared with previous literatures where the materials
were prepared by a hydrothermal process above 100 °C, the
MgO-400 shows adsorption performance superior to that of
MgO porous nanoflakes and flower-like MgO but comparable
to that of nest-like MgO.16,17 Furthermore, when compared
with other type of As(III) adsorbents from metal oxide group
and commercially available arsenic adsorbent, MgO micro-
sphere generally shows higher affinity toward As(III) (Table
S1). The highest adsorption performance shown by MgO-400
is attributed to the highest surface area of MgO-400. The high
surface area offers more number of adsorption sites and thus
improves the adsorption capacity.24 Additionally, when the
crystallite size is correlated to the adsorption capacity of
As(III), there exists a linear negative correlation (Figure 5b).
This suggested that the crystallite size may also play a role in

Table 1. Textural Properties and As(III) Adsorption
Capacity for MgO

samples
SBET

(m2 g−1)
Vp

(cc g−1)

pore
size
(nm)

crystallite
size (nm)

As(III) adsorption
capacity (mg g−1)

MgO-400 194 0.39 2.6 8 545
MgO-500 122 0.57 7.5 10 502
MgO-600 34 0.25 42.5 13 339
MgO-700 16 0.14 64.9 18 148
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controlling the As(III) adsorption capacity. Similar observation
was also reported by Wang and co-workers. They found that
the crystallite size of ferrihydrate and magnetite had an effect
on the phosphate adsorption.25 Meanwhile, Yean and co-
workers also found that crystallite size of magnetic affected
arsenic adsorption reactivity. Their result indicated that smaller
crystallite size of magnetite had higher adsorption affinity for
As(III) and As(V).26

Bearing the As(III) adsorption capacity of different MgO
samples in mind, MgO-400, the sample with the highest As(III)
uptake, was selected for more detailed As(III) removal study.
Figure 6a shows the As(III) adsorption isotherm of MgO-400.
With the increased initial concentration (C0) or equilibrium
concentration (Ce), the As(III) uptake amount increased. The
results showed that both Langmuir and Freundlich models
could simulate the adsorption isotherm curve (R2 > 0.93).
From Langmuir model, the maximum adsorption capacity
(qmax) and Langmuir constant (KL) were estimated to be 595

mg g−1 and 0.040 L mg−1, respectively, at 25 °C. For MgO-400,
from Freundlich model KF and n value obtained were 87 mg
g−1(1−1/n) and 2.6, respectively. This n value, falling between 2
and 10, suggests that the arsenite anions can be easily
adsorbed.9

As another important aspect for an adsorbent, the adsorption
kinetics was also studied (Figure 6b). The adsorption takes
place rapidly in the first 120 min and slows down considerably
afterward. With an initial As(III) concentration of 200 ppm,
83% of As(III) can be removed in 480 min. The kinetics
experimental data fits well with the pseudo-second-order kinetic
model with a high correlation coefficient (R2) of 0.99. A pseudo
second-order suggests that the adsorption depends on both the
adsorbate and the adsorbent, and it involves chemisorption as
well as physiosorption.27

The adsorption performance at low As concentration is of
significant importance because an As concentration as low as 10
μg L−1 may increase the chance of skin cancer.28 Considering

Figure 5. (a) Adsorption capacity as a function of surface area and (b) crystallite size of MgO-400, MgO-500, MgO-600, and MgO-700.

Figure 6. (a) As(III) adsorption isotherm, (b) arsenic removal Percentage during 24 h adsorption with initial As(III) concentration of 200 mg L−1,
(c) the adsorption performance at low As concentration, (d) the effect of competing anions on the arsenic adsorption performance of MgO-400 with
initial As(III) concentration of 400 mg L−1.
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this, we studied the adsorption performance of MgO-400 at a
low As(III) concentration of 30 μg L−1, which is the estimated
arsenic occurrence in groundwater. As shown in Figure 6c, after
adsorption for 24 h, the As(III) concentration can be decreased
from 30 to 3 μg L−1, indicating that 90% of As(III) has been
removed. The As(III) concentration after adsorption is well
below the World Health Organization’s standard of arsenic
limit in drinking water, which is 10 μg L−1.29

Wastewater and drinking water normally contain various
anions, which may compete with the arsenite ions in the
adsorption process. To investigate the effect of competing
anions on the arsenic adsorption performance, adsorption in
the presence of various foreign anions are performed. As shown
in Figure 6d, the As(III) adsorption capacity of MgO-400 is
suppressed by 23−27% in the presence of 1 g L−1 of phosphate
(PO4

3−), carbonate (CO3
2−), silicate (SiO3

2−) and chloride
(Cl−). No significant difference can be observed between
different competing anions. Similar “suppression effect” of
foreign anions on As adsorption has also been reported by
other researchers.30

The leaching of magnesium ions into water and arsenic
solution was also studied, which reflects the stability of MgO
samples. After shaking in Milli-Q water and arsenic solution at
200 rpm for 24 h, the concentration of magnesium is between
0.9−11.8 mg L−1 and 3.4−9.9 mg L−1, respectively (Table S2).
The leached concentration of Mg2+ ions from MgO-400 to the
treated solution was around 6.8 mg L−1. Even after 24 h, the
amount of MgO leached into the solution is less than 3% from
initial amount of absorbent, indicating the stability of this
material. In addition to that, this amount is considered to be
safe as there is neither maximum contaminant level for
magnesium in water nor scientific evidence of magnesium
toxicity.31,17

To further confirm the stability of MgO adsorbent, we
further conducted desorption experiment of spent MgO
adsorbent. Referred to desorption study conducted by Payne
and Abdel-Fattah,32 we performed a desorption study of spent
MgO adsorbent in the water medium. This experiment was
carried out by dispersing the spent adsorbent with a
concentration of 0.4 g L−1 in water. Then, the suspension
was shaken (200 rpm) at room temperature for 24 h with N2
purging. Spent adsorbent used here was MgO-400 after
adsorption in 400 mg L−1 As(III). The MgO adsorbent was
separated after 24 h shaking. As(III) concentration in the
supernatant was then measured using ICP-OES. In the neutral
water medium (pH around 7), the result showed that 4.9% of
As(III) was released to water from MgO spent adsorbent after
24 h. It is suggested that in the As(III) containing medium, the
released amount of As(III) could be even lower due to a
smaller concentration gradient.
Antibacterial Performance. The antibacterial property of

the MgO hierarchical microspheres was investigated using E.
coli as a microbial model. Concentration dependent study was
first performed to determine the minimum inhibition
concentration (MIC) of the MgO samples against E. coli.
The MIC value is determined to be 700 μg mL−1 for MgO-500
(Figure S6). The antibacterial performances of the MgO
samples prepared at different calcination temperatures are then
compared and the results are presented in Figure 7a. At 700 μg
mL−1, MgO-500 gives the highest inhibition effect against E.
coli among all the MgO samples, followed by MgO-400, MgO-
600, and MgO-700. The last three samples did not show total

elimination even at 800 μg mL−1 showing highest efficacy of
MgO microsphere calcined at 500 °C.
The antibacterial efficacy of magnesium oxide is reported to

be influenced by both reactive oxygen species (ROS)
generation and Mg2+ ion release.20 ROS are proposed to
cause membrane damage of bacteria by lipid peroxidation
meanwhile the metal ion release in the culture medium is toxic
for the bacteria.20,33 The large specific surface area will
enhances the production of reactive oxygen species (ROS)
on its surface and thus increase the antibacterial activity.34 In
our study, ROS generated from four MgO samples were
measured using DCFH-HA assay with a fluorescence excitation
wavelength of 485 nm and emission wavelength of 535 nm.35

The results are presented in Figure S7. It is shown that after 24
h incubation in LB medium, the amount of ROS generated,
indicated by the fluorescence intensity, decrease when the
calcination temperature increases, which is in accordance with
the surface area of four samples. However, MgO-400 with the
highest surface area and highest amount of generated ROS does
not show the highest toxicity compared to MgO-500 at the
same concentration of 700 μg mL−1, the reason behind this
observation should be further studied.
Horie and co-workers revealed that large surface area was not

always necessary for cytotoxic activity of metal oxide nano-
particles.33 To understand the better performance of MgO-500,
additional experiments were conducted to measure the release
of Mg2+ ion in the culture medium and E. coli containing
culture medium for all MgO samples. The results show that
both in culture medium and E. coli containing culture medium,
MgO-500 released the highest amount of Mg2+ ions, 26% more
than MgO-400 (Table S2). From the Mg2+ release results
shown in Table S2, it can be seen that MgO-500 has the highest
Mg2+ release compared to three other MgO samples in both LB
mediums without or with bacteria. It is deduced that the pore
structure and crystallinity both affect the Mg2+ release. The
higher Mg2+ release of MgO-500 compared to MgO-400 is

Figure 7. Antibacterial activity of MgO samples prepared at different
calcination temperatures (a), SEM images of E. coli before (b) and
after (c) treatment with MgO-500.
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attributed to its larger mesopore size and higher pore volume
(Table 1), which facilitates the solvation and dissolution.
However, further increasing the calcination temperature from
500 to 600 and 700 °C causes an increase in crystallinity and a
reduction in mesopore volume, leading to slightly decreased
Mg2+ release. The release of Mg2+ ions is also influenced by the
medium. Magnesium ion release is reported to be solution-
dependent, and the high release of Mg2+ both in culture
medium and E. coli-containing culture medium may be
attributed to the type of medium and its content.36

The morphology of E. coli before and after the treatment
with MgO-500 (700 μg mL−1 for 24 h) was studied by SEM. As
shown in Figure 7b, the untreated E. coli shows an intact rod-
like morphology. After the treatment with MgO-500, significant
changes in morphology and cytoplasmic membrane integrity
can be observed (Figure 7c). The treated E. coli lose their
cellular integrity and shrank from regular rod-likes structure to
irregular shape forming pit on their surface. The shrinkage of E.
coli cytoplasmic membrane is an indication of cell death.37

Dual Function of MgO-500. To evaluate the dual
functionality of the MgO hierarchical microspheres, water
containing both As(III) and E. coli was used as the model
contaminated water. The sample with the best trade-off
between As(III) adsorption and antibacterial performance
(MgO-500) was selected for the dual functionality study.
With a adsorbent dosage of 0.7 g L−1, the MgO-500
simultaneously adsorbs 90% of the As(III) and kills 100% of
E. coli in the contaminated water model (Figure 8). In this dual

function experiment, the amount of Mg2+ released was
measured as 208 ppm (Table S2). Compared to the
contaminated water containing As(III) only, which is at low
concentration (Figure 6c), the As(III) adsorption performance
is not affected by the presence of E. coli. Similarly, the presence
of As (III) at 30 ppb in the water model has no toxicity to the
E. coli when compared to that in the presence of MgO,
indicating the role of MgO solely as a disinfection agent. In
contrast, after 24 h the model water without addition of MgO
shows negative results, that is, arsenic concentration and OD
value gave similar measurements with the untreated one. It is
therefore demonstrated that the MgO hierarchical micro-
spheres can act as dual functional materials for simultaneous
water decontamination and disinfection.

■ CONCLUSION
In conclusion, a facile and low-cost precipitation−aging−
calcination method has been developed for the synthesis of
MgO hierarchical microspheres. Our approach offers lower
aging temperature and shorter reaction time, compared to other
reports, to synthesize hierarchical MgO microspheres, provid-

ing low-cost materials beneficial for practical applications. Our
study also presents a fundamental understanding on the
relationship between synthesis, structure, and dual-functions
of MgO materials, which is important for the rational design of
multifunctional nanomaterials for simultaneous water decon-
tamination and disinfection applications.
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