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a b s t r a c t 

The hierarchical porous 2MgO ·B 2 O 3 ·H 2 O (MBO) microsphere has been prepared by a template-free 

hydrothermal method, which was characterized by XRD, FT-IR, TG, SEM and TEM. The microsphere 

nanostructure is assembled by nanobelts array with the thickness of 10 nm and width of 10–30 nm. 

The possible growth mechanism of the 3D hierarchical MBO nanostructure is also proposed. It has been 

demonstrated that the as-prepared MBO nanostructure has a porous hierarchical structure with a high 

specific surface area of 93.64 m 

2 /g measured by N 2 adsorption −desorption. It exhibits excellent adsorp- 

tion performance with maximum adsorption capacity of 183.15 mg/g for Congo red (CR), as well as good 

recyclability. Moreover, the adsorption process of CR on hierarchical porous MBO was systematically in- 

vestigated, which was well fitted with the pseudo-second-order rate equation and Langmuir adsorption 

model. It needs to indicate that the as-prepared hierarchical porous MBO microsphere can be considered 

as a promising candidate for wastewater treatment. 

© 2018 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved. 

1. Introduction 

As is well-known, organic dyes, such as Congo red, methylene 

blue, and methyl orange, are widely used in the textile, paper, 

leather, food, and plastics industries. But it also causes serious en- 

vironmental pollution and threats to the health of animals and hu- 

man beings [1,2] . To date, a variety of water treatment methods 

including adsorption, chemical decomposition by oxidation, mem- 

brane separation [3] , and microbiological decoloration [4] have 

been developed to remove organic dyes from wastewater. Never- 

theless, most of these methods still have drawbacks, such as pro- 

cess complexity and high cost, as well as low efficiency. Among 

them, adsorption method captures broad interests due to its ad- 

vantages in high efficiency, low cost, and simple operation process 

[5–7] . 

Three-dimensional (3D) hierarchical porous materials, con- 

structed by one-dimensional (1D) or two-dimensional (2D) 

building blocks, have attracted widespread attention owing to 

exceptional features, including ultrahigh surface areas, large pore 

volumes, tunable pore sizes and morphologies, which make them 
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with extensive applications in adsorption, catalysis [8] , water 

treatment [9] and etc. 

The metal borates with unique and rich structure have at- 

tracted much attention because of their versatile potential applica- 

tions. For example, magnesium borate might be used as whisker- 

reinforced composites [10] , antiwear and antifriction additives [11] , 

thermoluminescent phosphors materials [12] , and flame retardant 

[13] . In order to further expand its applications, various morpholo- 

gies have been successfully prepared by traditional high temper- 

ature methods, hydrothermal and solvothermal approaches, such 

as MgB 4 O 7 nanowires [14] , Mg 2 B 2 O 5 nanorods [15] , nanowires 

[11] and nanowishers [16] , Mg 3 B 2 O 6 nanobelts and nanotubes 

[17] , MgBO 2 (OH) nanowhiskers [16,18] , and 2MgO ·B 2 O 3 ·1 ·5H 2 O 

nanorod and nanowire [13] . However, 3D hierarchical nanostruc- 

tures magnesium borates are rarely reported. Some examples are 

3D hierarchical flower-like Mg 7 B 4 O 13 ·7H 2 O prepared via surfac- 

tant poly(vinyl pyrrolidone) (PVP) assisted precipitation process 

[19] and hierarchical porous MgBO 2 (OH) superstructures prepared 

by ionothermal synthesis method [20] . The directed self-assembly 

of inorganic nanocrystals could be achieved for obtaining hierar- 

chical nanostructures by using organic additives in the reaction 

system. However, the process is highly sensitive to the reaction 

conditions, time consuming, and the resulting products have rel- 

atively low crystallinity. Despite of enormous research efforts, it is 

still a challenging problem to fabricate self-assembled hierarchical 
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nanostructures composed of nanocrystals with tunable size and 

controlled morphology [19] . Hence, it is intensively desirable to de- 

velop simple and template free methods for the preparation of hi- 

erarchical nanostructures. 

In this work, we report the template-free preparation of a 

3D hierarchical porous material, 2MgO ·B 2 O 3 ·H 2 O microsphere con- 

structed by nanobelts array, by using a facile hydrothermal process. 

It exhibits excellent adsorption performance for Congo red, which 

can be used as a promising adsorbent for CR from wastewater. 

2. Experimental 

2.1. Template-free preparation of hierarchical porous MBO 

microsphere 

All chemicals were of analytic reagent grade and were used di- 

rectly without further purification. 

For the preparation of MBO microsphere nanostructure, 2.56 g 

of Mg(NO 3 ) 2 ·6H 2 O and 2.17 g of NH 4 B 5 O 8 ·4H 2 O were added into 

a 100 mL Teflon-lined stainless steel autoclave, in which 50 mL of 

deionized water was added. After magnetic stirring the solution 

for 30 min at room temperature, the mixture was then transferred 

into the autoclave, which was subsequently sealed and placed into 

an oven at 160 °C for 12 h. After cooling to room temperature, 

the white precipitates obtained were separated by filtration and 

washed several times with distilled water and absolute ethanol, re- 

spectively, and then dried at 60 °C for 12 h. 

2.2. Characterization 

All samples were characterized by X-ray diffraction (XRD, 

Rigaku DMX-2550/PC, operating at 40 kV and 30 mA, with Cu K α

radiation ( λ= 1.5418 Å) at a scanning rate of 10 ° min 

−1 , with a 

2 θ range from 10 ° to 70 °). Fourier transform infrared (FT-IR) spec- 

trum (measured on a Tensor27 infrared spectrometer (Bruker) us- 

ing KBr disks), and thermogravimetric analysis (TGA, performing 

on a TA-SDT Q600 thermal analyzer under a nitrogen atmosphere 

with a heating rate of 10 °C/min over the range from 30 to 800 °C). 

The morphologies of the samples were obtained by field emis- 

sion scanning electron microscopy (FSEM, SU-8020, Hitachi), field 

transmission electron microscopy (FTEM, TecnaiG2F20, FEI) and 

high resolution TEM (HRTEM) instrument operated at an acceler- 

ating voltage of 200 kV). The porosity and the Brunauer–Emmett–

Teller (BET) specific surface area of sample were measured by 

the nitrogen adsorption/desorption at 77.3 K using an America Mi- 

cromeritics ASAP 2460 surface analytical instrument (The sample 

had been degassed at 120 °C for 6.0 h under vacuum of 10 −5 bar), 

and the pore size distribution was evaluated from the N 2 desorp- 

tion isotherm using the Barrett–Joyner–Halenda (BJH) model. 

2.3. Adsorption experiments 

Adsorption experiments were carried out at room tempera- 

ture. 10 mg as-prepared MBO powder was added to 20 mL of 20–

500 mg/L Congo red (purity > 98%) aqueous solution, respectively. 

After magnetic stirring for different times, the MBO samples were 

separated by centrifugation (12,0 0 0 rpm) using a centrifuge and 

the supernatant solutions were analyzed with UV–Vis spectroscopy 

(UV-6100S double beam spectrophotometer, Shanghai Mapada In- 

strument and Meter Co., LTD, China) to determine the concentra- 

tions of dyes in the solution. The Congo red concentration was ob- 

tained by the peak of the absorbance band at the wavelength of 

499 nm, using a linear calibration curve over 2.5–25 mg/L. The ad- 

sorption capabilities of MBO powder were evaluated by comparing 

the intensity of the UV–vis absorption spectra of treated Congo red 

dye solutions at the maximum absorption wavelength with that of 

Fig. 1. XRD pattern of prepared sample. 

the original dye solution. The removal rate of CR by MBO nanos- 

tructure was estimated by the scale of ( C 0 –C t )/C 0 , where C 0 rep- 

resents the original concentration of CR (mg/L) and C t represents 

the concentration of CR at designed intervals during the adsorption 

process, respectively. Moreover, to study the kinetics of adsorption, 

the adsorptions in the CR solutions with initial concentrations of 

30 mg/L and 50 mg/L were monitored. The adsorption capacity of 

the adsorbent for CR was calculated using the following equation: 

q t = 

( C 0 − C t ) V 

M 

(1) 

q e = 

( C 0 − C e ) V 

M 

(2) 

where q t is the adsorption capacity at time t (mg/g), and q e is the 

equilibrium adsorption capacity (mg/g), V is the volume of the CR 

solution (L), C 0 and C e (mg/g) represent concentrations of the CR 

solution at the initial and equilibrium conditions, respectively, C t 

indicates the concentration of the CR solution at certain time t, and 

M is the mass of the added adsorbent MBO (g). 

3. Results and discussion 

3.1. Characterization of the prepared MBO sample 

Fig. 1 shows the XRD pattern of the prepared sample. All the 

diffraction peaks could be perfectly indexed as the 2MgO ·B 2 O 3 ·H 2 O 

(JCPDS Card No. 039–1370), and no other impurity was detected. 

Fig. 2 shows the FT-IR spectrum of the MBO sample, which ex- 

hibits the following absorption bands that could be assigned re- 

ferring to the literature [21] . The bands at 3561 and 3436 cm 

−1 

are the stretching vibration of O 

–H. The band at 1636 cm 

−1 can 

be attributed to the weak angular deformation of absorbed water 

molecules [22] . The bands at 1467, 1382 and 922 cm 

−1 might be 

the asymmetric and symmetric stretching of B(3) –O, respectively. 

The peak at 1222 cm 

−1 is assigned to the B 

–O 

–H in-plane bending 

mode. The bands at 1010 and 835 cm 

−1 are the asymmetric and 

symmetric bending of B(4) –O, respectively. The peaks at 710 and 

627 cm 

−1 are the out-of-plane bending mode of B(3) –O. The peaks 

at 561 and 490 cm 

−1 are attributed to bending mode of B(3) –O 

and B(4) –O. These IR assignments corroborate the existence of BO 3 , 

BO 4 and B 

–O 

–H groups in its structure. 

Representative SEM and TEM images in Fig. 3 a and Fig. 3 c illus- 

trate that the prepared MBO sample exhibits porous hierarchical 
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