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performance of porous MgO derived from
a metal-organic frameworksy

Xian-He Shi, Jin-Jin Ban, Li Zhang, Zhi-Peng Sun, Dian-Zeng Jia*
and Guan-Cheng Xu*

Porous MgO materials have unique and highly attractive properties. In this paper, porous MgO
microstructures with hexagonal and double hexagonal pyramid architectures (MgO-hex and MgO-dhp)
were prepared simply by annealing Mg-based metal-organic framework [NH4][Mg(HCOO)s]. The
monodisperse porous MgO-hex and MgO-dhp products inherit the morphologies of the [NH,]
[Mg(HCOO)3] precursors and have large surface areas. The adsorption performance of porous MgO-hex
and MgO-dhp were systematically tested towards Congo red (CR) as a model pollutant. The adsorption
capacities are 1380 mg g~ for MgO-hex and 1413 mg g~* for MgO-dhp toward CR after 150 minutes at
the initial concentration of 1000 mg L™%. The prepared MgO materials exhibit potential applications in
wastewater treatment. The experimental data were fitted by two isotherm models, and the adsorption
isotherm obeys the Langmuir model. Moreover, the kinetic studies indicate that the kinetic data followed

rsc.li/rsc-advances a pseudo-second-order model.

1. Introduction

Metal-organic frameworks (MOFs) are a novel class of inor-
ganic-organic materials with intriguing properties and possible
applications as functional materials in gas storage and separa-
tion,'* catalysis,** adsorption,*’ air purification®® and so on.
With enormous choices of metal ions or metal ion clusters and
bridging organic ligands, MOFs have diverse compositions,
morphologies and controllable sizes, and thus have attracted
global attention.'*™ Until now, the structures and morphol-
ogies of MOFs have been extensively studied.’®*® For instance,
Boom et al. obtained different MOF morphologies by changing
reaction conditions (i.e., solvent ratio, reaction time, anaerobic/
aerobic conditions).”® Kitagawa's group fabricated different
MOF morphologies by increasing the concentration of modu-
lator (n-dodecanoic acid/lauric acid) without changing material
composition.’ Furthermore, microscale and nanoscale MOFs
with various morphologies have become promising precursors
or templates to prepare a new class of highly tailorable porous
microstructured and nanostructured materials, such as porous
metal oxides, carbon materials and carbon composite materials
under different calcination conditions and atmospheres.'”*®
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When MOFs are calcined in air at a suitable temperature, the
metal ions therein are transformed into metal oxides, and C and
other elements (e.g. N and H) can be oxidized into gaseous
products, and the porous structures are formed at the same
time.">** Based on the decomposition of MOF-5 precursor, Wei
et al. prepared hierarchical ZnO parallelepipeds with the thick-
nesses of around 300-500 nm, and the morphology of ZnO
completely inherited that of MOF-5.* Kuang's team synthesized
highly porous Co;0, concave nanocubes by simply calcining
cobalt-based zeolitic imidazolate framework-67 at an optimized
temperature. The nanocubes have good gas-sensing property and
the highest sensitivity to ethanol with fast response.*” However, to
the best of our knowledge, MOFs have rarely been used as
precursors to prepare MgO materials, especially porous MgO with
different shapes.” Recently, several methods have been proposed
to prepare nanoscale MgO materials.>**® Xia et al. described
a vapor-phase method for the preparation of MgO nanowires
from magnesium diboride (MgB,), involving a series of time-
consuming steps.”* Gedanken and co-workers prepared small
MgO nanocrystallines with non-uniform shapes by a microwave-
assisted radiation procedure from Mg(OH),, requiring special
equipments and high temperature though.>® Subrt et al. synthe-
sized MgO nanoparticles with irregular shapes by sonochemical
synthesis from Mg(OCHj3), and Mg(OC,Hj5),, but special equip-
ments and expensive alkoxide were needed.*® Therefore, it is still
challenging to develop a simple method for preparation of porous
and monodisperse MgO particles with various shapes. As
mentioned above, many kinds of porous metal oxides have been
prepared by calcining MOFs, so MOFs can also be used as
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precursors to prepare porous MgO materials. In a previous
study, we fabricated a series of metal-formate frameworks.
Among them, the Mg-based metal-organic framework [NH,]
[Mg(HCOO);] crystallizes in the hexagonal chiral space group
P6522 with a (4°-6°) network topology. The Mg®" ion is coordi-
nated by six formate anions, and formate anion connects two
Mg>" ions with the anti-anti bridging mode. NH," cations are
located in the hexagonal channels of the framework.” [NH,]
[Mg(HCOO);] has excellent thermal stability and large amounts of
gas can be produced during thermal decomposition. Therefore,
[NH,][Mg(HCOO);] can be utilized as ideal precursor for the
preparation of porous MgO. On the other hand, water pollution
has become a serious environmental problem for the society at
present. Especially, non-biodegradable organic dyes exert evident
detrimental effects on the environment and human health.”*°
Recently, a heated discussion was focused on removing of such
dyes from the wastewater. Consequently, it is necessary to
develop a method with high efficiency and low cost to remove
organic dye pollutants. In traditional techniques (coagulation,
flocculation, reverse osmosis, and activated carbon adsorption)
for treating the dye-containing in wastewater, adsorption is the
best method among those techniques due to its simple operation,
high treatment efficiency and economy.** MgO is a nontoxic,
economical and environmentally friendly adsorbent material
which can adsorb organic dyes and heavy metal ions. Recently,
the applications of porous MgO in water treatment have been
reported.>*** Ai et al. prepared the mesoporous MgO by direct
thermal transformation of the sacrificial oxalate template. The
maximum adsorption capacity of mesoporous MgO toward
Congo red (CR) reaches 689.7 mg g~ ' In addition, the nanorod,
hierarchical nanostructure and nanoflake MgO were prepared by
precipitation, reflux and hydrothermal methods, respectively.
The hierarchical MgO nanostructure exhibits the adsorption
performance for removal CR with maximum adsorption capacity
of 1050.81 mg g~ *.** Ning and co-workers synthesized the porous
hierarchical MgO by a scaled-up method. The maximum
adsorption capacity of CR on the hierarchical MgO reached above
2400 mg g~ % Su et al. prepared the lamellar MgO by a phase
transfer method. The maximum adsorption capacity of lamellar
MgO can reach up to 2650 mg g .** In despite of these
achievements at present, the synthesis methods and the
adsorption capacities of MgO need to be further improved.

In this study, we successfully synthesized highly mono-
disperse MOFs [NH,4][Mg(HCOO);] with hexagonal and double
hexagonal pyramid morphologies by changing the reaction
time. Subsequently, a thermal transformation process was
introduced to completely convert the [NH,|[Mg(HCOO);]
precursors into porous MgO products which retain the original
morphologies. The adsorption properties of the synthesized
MgO products were tested. Both MgO-hex and MgO-dhp showed
superb adsorption performance.

2. Experimental
2.1 Materials

All analytical-grade chemicals and solvents were obtained from
commercial sources and used without further purification.
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2.2 Characterizations

Powder X-ray diffraction (XRD) was performed by a Bruker D8
advance X-ray diffractometer at a scanning rate of 2° min~ "' in 26
ranging from 10° to 80° with Cu/Ko radiation (A = 1.54178 A).
Thermogravimetric analysis (TGA) measurements were carried
out on a Netzsch STA 449F3 Model instrument in dynamic N,
atmosphere with the heating rate of 5 K min~". Morphology and
microstructure of the particles were investigated by Hitachi S-
4800 scanning electron microscope (SEM), H-600 transmission
electron microscope (TEM) and JEM-2100 HR transmission
electron microscope (HRTEM). The sizes of the particles were
tested by the nano measurement software. Nitrogen adsorption
and desorption isotherms were measured at 77 K with a Micro-
meritics ASAP 2020 apparatus. Specific surface areas were
calculated by the Brunauer-Emmett-Teller (BET) method, and
pore diameters were calculated by Barrett-Joyner-Halenda (BJH)
method. Ultraviolet-visible (UV-vis) spectra were recorded on
a Hitachi U-3900H spectrophotometer.

2.3 Preparation of [NH,][Mg(HCOO);] precursors and MgO
products

Metal-organic framework [NH,][Mg(HCOO);] microparticles
with hexagonal and double hexagonal pyramid shapes were
synthesized through quick mixing of reactants in a methanol
solution by changing the reaction time, without the addition of
any modulators or surfactants. For the preparation of hexagonal
[NH,][Mg(HCOO);] precursor, the reaction was performed
with MgCl,-6H,0, ammonium formate and formic acid at
a concentration ratio of 1 : 4 : 2. A methanol solution (20.0 mL)
of MgCl,-6H,0 (0.15 M) was mixed with another methanol
solution (20.0 mL) of ammonium formate (0.60 M) and formic
acid (0.30 M). The solution was stirred for 5 minutes at room
temperature. Colorless stereo hexagonal crystals of [NH,]
[Mg(HCOO);] were harvested, washed several times with
methanol and dried in vacuum at 50 °C for 1 h. Hexagonal [NH,]
[Mg(HCOO);] was referred to as Mg-MOF-hex, according to the
abbreviation of metal-organic framework and the first three
letters of morphology name. When the stirring time was
extended to 40 minutes, double hexagonal pyramid particles of
[NH,][Mg(HCOO);] were obtained and referred to as Mg-MOF-
dhp. Other conditions remained unchanged.

For the preparation of porous MgO products, Mg-MOF-hex
and Mg-MOF-dhp particles were calcined at 450 °C for 2 h
with a ramping rate of 5°C min~" in nitrogen atmosphere; yield
white MgO-hex and MgO-dhp products, respectively.

2.4 Evaluation of adsorption performance

CR (C3,H,,NgNa,04S,), an azo anionic dye, has been used as
a model pollutant for dye removal."* CR adsorption was tested
in duplicate by shaking at the speed of 150 rpm using 25 mL
conical flasks. To study kinetic, 0.01 g of the MgO-hex and MgO-
dhp samples were mixed with 15 mL of CR solution (100 mg
L', 300 mg L™, 700 mg L™*, 1000 mg L") for different time
periods, respectively. The adsorption isotherms were finished
by mixing MgO (0.01 g) to CR solutions (15 mL) of different
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initial concentrations for 150 minutes at room temperature.
The concentration of CR left in the supernatant was tested by
using a Hitachi U-3900H spectrophotometer. The adsorption
capacities of CR on MgO-hex and MgO-dhp were calculated by:

g - LEO-C) (1)

m

where g. is the adsorption capacity (mg g~ '), Co and C. are the
concentrations of CR (mg L") before and after adsorption,
respectively, m is the mass of MgO sample (g) and V is the
volume of solution (L).

The effects of MgO-hex and MgO-dhp dosages were assessed
by mixing different weights of MgO-hex and MgO-dhp samples
with 15 mL of 250 mg L™" CR solution for 30 minutes, respec-
tively. The weights of MgO-hex and MgO-dhp were adjusted
from 0.06 to 0.5 g L™". The following experiments were carried
out to study the behavior of MgO-hex and MgO-dhp adsorption
for different time periods. In a typical process, a 15 mL mixture
contained CR at an initial concentration of 250 mg L™ and
0.01 g MgO-hex or MgO-dhp, the two components were thor-
oughly mixed in a flask at room temperature for 30 minutes.
MgO samples were separated from the mixture by centrifuga-
tion after adsorption, and the concentration of CR left in the
supernatant was tested by using the spectrophotometer. More
information on the calculation of the CR concentration by UV-
vis has been given in the ESI{ (Experimental section).

3. Results and discussion
3.1 Characterizations of [NH,][Mg(HCOO);] precursors

The XRD patterns of Mg-MOF-hex and Mg-MOF-dhp precursors
and the simulation result of single crystal [NH,][Mg(HCOO);]
are presented in Fig. 1. All the diffraction peaks of Mg-MOF-hex
and Mg-MOF-dhp are in good agreement with that of the
simulated pattern,” indicating that the obtained precursors are
pure and highly crystalline.

Mg-MOF-hex
é Mg-MOF-dhp|
=
e
Simulated
20 ‘ 30 ' ' ' 50 ' 60

40

o
20,
Fig. 1 Simulated XRD pattern derived from crystallographic data and
XRD patterns of Mg-MOF-hex and Mg-MOF-dhp.
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The morphology and size of Mg-MOFs were characterized by
SEM. Two different morphologies of Mg-MOFs were obtained by
changing the reaction time. They are uniform and mono-
disperse particles with hexagonal (Fig. 2a) and double hexag-
onal pyramid morphologies (Fig. 2c). As exhibited in the high-
magnification SEM images (Fig. 2b and d), the average sizes
of Mg-MOF-hex and Mg-MOF-dhp are about 3.85 um and 3.22
um, respectively. The particle sizes and distributions of the Mg-
MOFs are shown in Fig. S2,T we found that the Mg-MOF-dhp
particles are more uniform than the Mg-MOF-hex particles.
The hexagonal and double hexagonal pyramid structures both
present well-defined flat and smooth exterior surfaces. There-
fore, the reaction time has a pronounced effect on the growth
and morphology of the final products.’”

The TGA results of Mg-MOF-hex and Mg-MOF-dhp are shown
in Fig. S1.7 Their thermal decomposition takes place in two
distinguishable stages. The first weight losses in the tempera-
ture range of 130-240 °C are 37.21% and 36.44%, respectively,

I um

Fig. 2 SEM images of Mg-MOF-hex (a and b) and Mg-MOF-dhp (c
and d).

(311)

Intensi
222)

30 40 50 60 70 80

Fig. 3 Powder XRD patterns of MgO-hex and MgO-dhp.
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Fig. 4 SEM images of MgO-hex (a—c) and MgO-dhp (d—f).

corresponding to the loss of one ammonium cation and one
formate anion per formula. The observed mass losses are in
good agreement with the calculated value (caled 35.54%).
Afterwards, the second stage occurs in the temperature range of
300-450 °C, corresponding to the decomposition of residual
formate ligands. The observed mass losses (41.22% and
41.95%) are also consistent with the theoretical value (41.74%).
The final residues of Mg-MOF-hex and Mg-MOF-dhp are 21.57%

Fig. 5
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and 21.61% respectively, being in accordance with the calcu-
lated value (22.72%) based on MgO. The TGA results suggest
that MgO products can be obtained by calcination at 450 °C.

3.2 Characterizations of the MgO particles

Mg-MOF-hex and Mg-MOF-dhp were used as the precursors to
synthesize MgO by a thermal decomposition process. Based on
TGA results, calcinations were performed at 450 °C for 2 h at
a ramping rate of 5 °C min ' in nitrogen atmosphere to
complete the conversion. The structure and phase purity of
MgO products were examined by XRD (Fig. 3). All the diffraction
peaks of MgO-hex and MgO-dhp products can clearly be
indexed to MgO (JCPDS No. 45-0946). Since there are no addi-
tional diffraction peaks from residues or impurities, the Mg-
MOF precursors have been completely transformed into MgO
with high purity.

The MgO-hex and MgO-dhp microparticles with distinct
morphologies and structures are displayed in Fig. 4. In low-
magnification SEM images (Fig. 4a and d), the microparticles
are monodisperse and uniform. In high-magnification SEM
images (Fig. 4b and e), the microparticles retain the size and
shapes of Mg-MOFs precursors well. Besides, the surfaces of
MgO-hex and MgO-dhp products are very rough and decorated
with many pores, indicating the formation of pores during
calcination. From Fig. 4c and f, we can see that the MgO-hex and
MgO-dhp microparticles are composed of small MgO nano-
particles. The obtained MgO materials are further characterized
by TEM. As shown in Fig. 5, the hexagonal (Fig. 5a and b) and
double hexagonal pyramid (Fig. 5d and e) MgO materials have
well-defined morphologies and porous structures, which are
composed of small nanoparticles. As shown in the HRTEM
images (inset in Fig. 5b and e), the sizes of these nanoparticles

' 100_nm

TEM images of MgO-hex (a and b) and MgO-dhp (d and e). HRTEM images of MgO-hex (inset in b and c) and MgO-dhp (inset in e and f).

This journal is © The Royal Society of Chemistry 2017
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are about 50 nm and 30 nm, respectively. And HRTEM images
(Fig. 5¢ and f) show that the d-spacing value is approximately
0.24 nm, corresponding to the (111) plane of MgO-hex and
MgO-dhp, respectively.

To further analyze the porous structures of MgO-hex and
MgO-dhp architectures, nitrogen adsorption-desorption
measurements were carried out (Fig. 6). The adsorption-
desorption isotherms of MgO-hex and MgO-dhp both present
type IV hysteresis loops at high relative pressures (P./P,) (0.8—
1.0), which confirm their mesoporous structures. The meso-
pores were generated by the aforementioned gas release during
calcination. The BET surface areas of MgO-hex and MgO-dhp
are 92 m> g ' and 102 m® g™, respectively. The pore sizes
exhibit unimodal distributions (insets in Fig. 6a and b), and the
mesopores in MgO-hex and MgO-dhp have the peak diameters
of 3-6 nm and 2-5 nm, respectively, i.e. they both have porous
structures.

Given that the as-prepared porous MgO-hex and MgO-dhp
architectures have large specific areas and porous structures,
they may be applied to the adsorption of organic pollutants in
water. Their adsorption performances were tested by using CR
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Fig. 6 Nitrogen adsorption—desorption isotherms of MgO-hex (a) and
MgO-dhp (b). Inset shows the corresponding BJH pore size
distribution.
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as the organic dye. Fig. 7a and b show the time profiles of CR
adsorption at different initial concentrations with 0.01 g MgO-
hex and MgO-dhp in 15 mL CR solution for 150 minutes. The
adsorptions are very fast in the first 10 minutes at all concen-
trations. Furthermore, the adsorption rate of MgO-dhp
surpasses that of MgO-hex. The adsorptions are almost
finished in about 30 minutes, indicating that CR in water is
rapidly adsorbed by MgO-hex and MgO-dhp. Notably, MgO-hex
and MgO-dhp exhibit super-high adsorption capacities (1380
and 1413 mg g ', respectively) toward CR after 150 minutes at
the initial concentration of 1000 mg L. The particle sizes and
BET surface areas are 3.85 (3.22) um and 92 (102) m* g~ * for
MgO-hex (MgO-dhp), respectively. These results indicate that
the specific surface areas increase with decreasing the particle
sizes. The powerful abilities of CR removal for the porous MgO
materials are mainly attributed to their advantageous structure
(e.g. small size, high specific surface area and porous structure).
Thus the adsorption capacity of MgO-dhp is higher than that of
MgO-hex. To further examine the adsorption capacities, as
shown in Fig. 7c and d, we recorded the UV-vis absorption
spectra of CR solutions before and after being treated by
different dosages of MgO-hex (Fig. 7c¢) and MgO-dhp (Fig. 7d)
with a fixed initial CR concentration of 250 mg L™ ". The removal
efficiency of CR increases with rising MgO dosage. Particularly,
at a dosage of 0.5 g L', CR is almost completely absorbed.
Fig. S31 shows the UV-vis absorption spectra of CR solutions
(250 mg L") before and after being treated by MgO-hex and
MgO-dhp for different time periods. The absorption efficiency
of MgO-dhp is much higher than that of MgO-hex.

The Langmuir (eqn (2)) and Freundlich isotherm models
(eqn (3)) were used to describe these adsorption processes,>

Ing. = 1ln C. +In k¢ (2)
n

C. 1 C.

qe - kLqm q7m

(3)

where C. (mg L") is the equilibrium concentration of CR after
treatment with MgO samples, and ¢, (mg g~ ") is the adsorption
capacity at equilibrium. ki, (L mg ") and g¢,,, (mg g~ ') are the
Langmuir constants related to affinity parameter and the
maximum adsorption capacity. K¢ (L g ') and n are the
Freundlich constants, representing the adsorption capacity and
the heterogeneity factor, respectively. The Langmuir and
Freundlich isotherm constants are shown in Fig. S4 and S5.t
The kinetic parameters are given in Tables S1 and S2.7 Clearly,
the adsorption data of both MgO-hex and MgO-dhp are fitted
better by the Langmuir model (R*> = 0.992 and 0.993) than by the
Freundlich model (R*> = 0.953 and 0.955), indicating the
adsorption follows a monolayer mechanism.

The kinetics of CR removal by MgO-hex and MgO-dhp were
further investigated. The pseudo-first-order and pseudo-second-
order kinetic models were applied to describe the adsorption
processes,>®

kit
log(g. — q,) = log q. — ﬁlm (4)

RSC Adv., 2017, 7, 1618916195 | 16193
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Fig.7 Time profiles of CR adsorption on MgO-hex (a) and MgO-dhp (b). UV-vis absorption spectra of CR solutions before and after being treated

by different dosages of MgO-hex (c) and MgO-dhp (d).

t_ 1t )
4 kgl ge
where g. and ¢, (g mgf1 mg gfi) are the adsorption capacities at
equilibrium and at any time ¢ (min), respectively. k; (g mg "
min ') and &, (g mg~! min~") are the pseudo-first-order and
pseudo-second-order rate constants, respectively.

The kinetic parameters are given in Tables S3 and S4,T and the
curve-fitting results are shown in Fig. S6 and S7.1 Similarly, the
adsorption data are also well fitted by the pseudo-first-order
model (Fig. S6T). However, the values of g. are smaller than
those of g, indicating that such model is unsuitable to describe
the adsorption process. In contrast, the adsorption kinetic data
can be fitted by the linear form of the pseudo-second-order
model (Fig. S71). The values of g, are close to those of ge exp,
suggesting that the adsorption process of CR on MgO-hex and
MgO-dhp follows the pseudo-second-order model. Meanwhile,
the high correlation coefficients (R* > 0.999) also demonstrate
that the pseudo-second-order model fits the adsorption kinetics
more accurately than the pseudo-first-order one.

4. Conclusions

In summary, Mg-MOF-hex and Mg-MOF-dhp were readily ob-
tained through direct assembly of reactants for different reac-
tion times in methanol. Porous MgO-hex and MgO-dhp
materials were obtained by calcinating the Mg-MOFs precur-
sors. The two MgO products were potently remove organic dye
CR from water owing to their large surface areas and porous

16194 | RSC Adv., 2017, 7, 16189-16195

structures. The adsorption capacities are 1380 mg g~ for MgO-
hex and 1413 mg g~ ' for MgO-dhp toward CR after 150 minutes
at the initial concentration of 1000 mg L™". In addition, the
adsorption processes of the CR on porous MgO-hex and MgO-
dhp were also systematically investigated. It is found that the
adsorption processes are fitted well by the Langmuir adsorption
model and pseudo-second-orders rate equation. The porous
hexagonal and double hexagonal pyramid MgO are expected to
be a promising candidate for application due to its simple and
cost-effective preparation processes, and excellent dye adsorp-
tion capacities.
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