Ultrasound-assisted synthesis of porous Mg(OH), nanostructures using

hypersaline brine

Sadegh Yousefi ™, Behrooz Ghasemi

Faculty of Metallurgy and Materials Science, Semnan University, Semnan 35131-19111, Iran

= E-mail: s.yousefi@semnan.ac.ir

Published in Micro & Nano Letters; Received on 19th January 2019; Revised on 17th March 2019; Accepted on 30th April 2019

In this work, synthesis and formation of porous magnesium hydroxide (MH) nanostructures were investigated by chemical precipitation and
sonochemical method using hypersaline brine containing large amounts of CaCl,, MgCl,, NaCl and KCI. The effect of ultrasound waves
was investigated on the morpho-structural, surface and thermal properties were investigated by means of X-ray diffraction, field emission
scanning electron microscopy, transmission electron microscopy, energy dispersive X-ray spectrometer, Brunauer—Emmett—Teller and
thermogravimetry-differential thermal analysis techniques. It was indicated that ultrasound waves decreased grain and particle sizes of the
sample which synthesised by sonochemical route (MH-U). The MH-U sample had a higher surface area, lower particle size, better particle

distribution and lower transition temperature of MH to MgO.

1. Introduction: Magnesium hydroxide (MH) nanoparticles have
been attracting much attention owing to extensive use in many
fields like in catalysts support, sorbent for chemical and destructive
adsorption of diverse pollutants, plastic rubber, wood pulp bleach-
ing, neutralisation of acid wastewater, fertilizer additive, pharmacy,
biomaterials, fire-retardant materials because of their unique
physical and chemical properties [1-4]. In recent years, MH nano-
structures with various morphologies have been successfully
synthesised by different approaches and by use of different prepar-
ation conditions such as chemical precipitation method [1], sol-gel
[5], hydrothermal [6, 7], solvothermal [8], microwave [9] and
ultrasound-assisted synthesis [10-12]. Sonochemical synthesis
organises a new and economical way for the synthesis of nanostruc-
tures without extra reagents and time-consuming chemistry and
compared with other methods, the sonochemical route does not
require the use of high temperatures, and enables elimination of
the problem of control of process parameters, such as pH and pres-
sure [2]. In this method, the main phenomenon is the acoustic cavi-
tation, which leads to the formation, growth, and collapse of
bubbles in the liquid [13]. Cavitation-induced sonochemistry pro-
vides a unique interaction between energy and matter, with hot
spots inside the bubbles of 5000 K, pressures of 1000 bar,
heating and cooling rates of >10'® K s™'; these special conditions
permit access to a range of chemical reaction space normally not
accessible, which allows for the synthesis of a wide range of nano-
structured materials [14].

In previous studies of sonochemical synthesis of MH nanostruc-
tures, Alavi and Morsali synthesised MH nanostructures with a low
surface area by the reaction of magnesium acetate with NaOH via
the sonochemical method and results indicated that the ultrasonic
irradiation increases the surface area of the MH particles [10].
Song et al. prepared successfully hydrophobic MH nanoparticles
using MgCl,6H,O and an organic phase via one-step precipita-
tion reaction with the assist of ultrasonic treatment [11]. They illu-
strated that Tween 80 was favourable to obtain smaller sized MH
nanoparticles with even crystal growth and better dispersibility,
and to further enhance the hydrophobic property of MH nanoparti-
cles based on its bridging function between the surface of MH
nanoparticles and aliphatic compounds in the organic phase.
Baidukova and Skorb obtained nanosize MH platelet-shaped,
from pure magnesium and without the requirement of any additives
and non-aqueous solvents [12]. In all of the above-mentioned works
and similar attempts, the use of pure raw material containing
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magnesium (such as MgCl,, Mg(NO3),, MgSO, etc.) is essential
to synthesise MH nanoparticles. In our previous study, MH nano-
plates have been successfully synthesised from impure brine
without any surfactant by a chemical precipitation method for the
first time [15]. We demonstrated that MH nanostructures had high
purity and good optical properties although they were synthesised
from impure magnesium precursor (brine).

In this work, we reported a facile method for the synthesis of
porous and high specific surface area (SSA) MH nanostructures
using same impure brine with the sonochemical method in the
presence of polyethylene glycol (PEG) 4000. To the best of our
knowledge, ultrasonic-assisted synthesis of MH nanoparticles in
one-step precipitation using hypersaline brine not reported and
no previous studies have explored the synthesis of porous MH
nanostructures using impure brine and sonochemical method.
The synthesised MH nanoparticles were characterised by X-ray dif-
fraction (XRD), field emission scanning electron microscopy
(FESEM), transmission electron microscopy (TEM), energy disper-
sive X-ray spectrometer (EDS), Brunauer—-Emmett-Teller (BET),
and thermogravimetry-differential thermal analysis (TG-DTA).

2. Experimental

2.1. Chemicals and materials: Polyethylene glycol (PEG 4000),
NaOH and ethanol were purchased from Merck and used without
further purification. De-ionised water was utilised throughout this
work. The chemical composition of used brine in this study was
the same hypersaline brine in our previous work [11].

2.2. Preparation of MH nanostructures: In a typical synthesis
(according to Fig. 1), 8.72 g of NaOH and PEG 4000 were dis-
solved in 73 ml de-ionised water for 10 min under vigorous stirring
to form a transparent solution. Then, the prepared solution was
added drop by drop into a beaker containing 50 cc brine under ultra-
sonic irradiation at 100 W (20 kHz). Chemical stability of Mg(OH),
complexes (MgOH" and [Mg4(OH)4]*") and control of reaction pH
were investigated using equilibrium diagrams with MEDUSA soft-
ware (http:/www.kemi.kth.se/medusa) and the hydrochemical
equilibrium-constant database (HYDRA) in order to establish the
experimental conditions. To prevent the formation of calcium
hydroxide (Ca(OH),) during synthesis, pH was kept at 9-9.5
range (Fig. 2). Then, the resulting white precipitates were collected
by vacuum filtration and washed by absolute ethanol and de-ionised
water for several times.
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Fig. 1 Schematic diagram for synthesis of Mg(OH), nanoparticles using chemical precipitation and sonochemical routes
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Fig. 2 pH versus log concentration plot for a fixed [Mg® ] =2.18 M and
[Ca®*] =4.57 M to avoid formation of Ca(OH), during Mg(OH), synthesis

The final cake was dried in an oven at 125°C for 1 h (sample
MH-U).

To study the effect of ultrasonic irradiation an experiment was
carried out by chemical precipitation route in the absence of
waves and PEG 4000 under vigorous stirring (sample MH-CP).
The samples were collected for subsequent characterisations.

2.3. Characterisations: The powder XRD patterns were charac-
terised on a Bruker X-ray diffractometer (D8 Bruker, CuKa,
A=1.5406 A, Germany). The morphologies of products were exam-
ined by (FESEM, MIRA3, TE-SCAN) equipped with an EDS and
transmission electron microscopy (TEM, LEO912-AB). FTIR
spectra were recorded on a TENSOR 27 (Brucker, Germany) infra-
red. The BET surface area analysis was measured on Micromeritics
ASAP 2020 (American) instrument. Also, thermal analysis was
carried out using VT30-LINSIES instrument at a heating rate of
10°C min™".

3. Results and discussion: Fig. 3 indicates the XRD patterns of the
MH samples synthesised under different synthesis route. All the
marked peaks can be assigned to a pure phase of brucite
Mg(OH), (JCPDS Card No. 7-0239). The average crystallite size
of prepared MH samples was calculated by Scherrer’s formula
[16]. The XRD study demonstrated that the grain size of MH-U
and MH-CP were 22 and 19 nm, respectively.
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Fig. 3 XRD patterns of as-synthesised Mg(OH), nanostructures

The characteristic N, adsorption—desorption isotherms for the
synthesised MH samples are illustrated in Fig. 4a. The nitrogen
adsorption—desorption profiles for both samples could be classified
as type-IV with H3 hysteresis loop according to the IUPAC
standard, which is corresponded with slit-like pores. This type of
hysteresis is associate to solids including of accumulates or agglom-
erates of particles making slit-shaped pores (plates or edged parti-
cles like cubes), containing a non-uniform size and/or shape [17].
Also, the theoretical particle sizes were estimated from surface
area, assuming spherical particles, using the following equa-
tion [18]:

Dggr = 6000/(p x ) (D

where Dggr, p and S are the equivalent particle diameter (nm), the
density of the sample (gcm™>) and the specific surface area
(m? g™, respectively. These results are shown in Table 1.

As seen, ultrasound irradiation decreases the crystallite size (CS)
and increases the SSA of MH sample. As is clear, the Dggr
decreases by using ultrasonic waves. Due to broken of particles
in the early stages of synthesis, using ultrasonic radiation decreased
the agglomeration and average particle size. Therefore, by reducing
the particle size, increased the SSA of MH-U sample.

The average pores size distribution of synthesised MH samples
that was determined by the Barrett-Joyner—Halenda method
(using the desorption branch) are shown in Fig. 4b. The pore struc-
ture parameters of the MH products are listed in Table 1. The data
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Fig. 4 Results of BET test

a N, adsorption—desorption of MH-CP and MH-U nanoparticles
b Pore diameter distribution of as-synthesised nanoparticles

Table 1 Structural properties of synthesised MH samples

Sample MH-CP MH-U
average crystallite size, nm 22 19
SpeT, Mg 47.74 116.30
pore volume, cm’/g 0.39 0.57
average pore size, nm 26.30 16.59
Dggt, NmM 53.03 21.76

available in this table indicate that the SSA and pores volume of the
MH-U sample significantly is increased by using sonochemical
synthesis, while the average distribution of pore size has decreased.
In addition, the mesoporous structure of MH samples is proved by
the information in Table 1 and Fig. 4.

The morphologies of synthesised MH were examined by TEM
and FESEM analysis. The FESEM and TEM images of the
as-synthesised MH samples are shown in Fig. 5. The presence of
MH nanoplates that are agglomerated due to high surface energy
is evident in these images. As it is clear, the particles agglomeration
in MH-U sample is relatively lower than MH-CP sample and the
wide nanoplates are parsed into flakes due to the effect of ultrasonic
waves. In addition, the presence of pores with different sizes in parts
of the microstructure of the samples, especially between the plates,
is evident. The microscopic observations are in good agreement
with BET test. Reduction of agglomeration in MH-U sample can
be attributed to the presence of PEG. The growth mechanism of
magnesium hydroxide nanoplates from brine (Yousefi’s model
[15]) is shown in Fig. 6. Adsorption of PEG surfactant on the
Mg(OH), nuclei minimises the surface energy of MH layers, result-
ing in the flat lamellar-like MH crystals. More information about the
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Fig. 5 FESEM and TEM images for Mg(OH), nanoplates
a FESEM image of MH-CP sample

b TEM image of MH-CP sample

¢ FESEM image of MH-U sample

d TEM image of MH-U sample
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Fig. 6 Formation mechanism of Mg(OH), nanostructures by chemical
precipitation and sonochemical routes

role of PEG on the morphology and growth of MH nanostructured
is mentioned in the literature [1, 4, 16]. Also, CI™ ions in solution
brine can act as capping reagent and presence of Cl™ not only
increases the reaction rate between Mg”* and OH™ ions but also
leads to the formation of 2D Mg(OH), nanostructures (nanoplates)
[19]. Moreover, the morphologies of this Mg(OH), nanostructures
formed are dependent on CI~ concentration which due to the high
concentration of C1™ ions in the brine, the morphology is nanoplate.
These ions play a similar role with PEG, where the adsorption of
CI™ should occur on the site of Mg(OH)" because of the negative
charge of Cl” and absorbs on high-density planes which causes
the plate-like growth of nanoparticles.

Fig. 7 indicates typical EDS spectra of MH-CP and MH-U
nanostructures. As can be seen, only Mg and O peaks present in
the prepared products that indicate the obtained MH nanostructures
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Fig. 7 EDS spectra of as-synthesised MH samples
a MH-CP sample
b MH-U sample

are without any impurity. The C peak in MH-U sample is associated
to the presence of PEG 4000. Therefore, both XRD and EDS ana-
lyses represented high purity of MH nanostructures.

TG/DTA profiles of MH-CP and MH-U are shown in Fig. 8.
Initial weight loss (2.8%) in MH-CP sample (Fig. 8a) is due to
water removal, while this weight loss (4.8%) is corresponded to
the withdrawal of water and PEG4000 for MH-U sample
(Fig. 8b) during the first heating stages. The heavy weight loss
observed in the TGA profiles shown in the DTA charts as an endo-
thermic peak is due to the MH decomposition and its conversion to
MgO (reaction 2) [20]

Mg(OH), - MgO + H,0 2)

As shown (Fig. 8a), the MH-CP sample indicates a pronounced
weight loss step within the temperature range of 315-446°C
with a total percentage of weight loss of 22.16%, which can be
attributed to the decomposition of MH, accompanied by an endo-
thermic peak at 489°C. The thermal behaviour and weight loss at
the decomposition stage is different for MH-U sample and the
decomposition temperature range of MH to MgO reaches
316-412°C that the total weight loss and the decomposition
temperature are down to 16.58% and 375°C, respectively. These
results are in agreement with the achievements in previous works
[15, 21-23].

Comparison of the thermal behaviour of the MH-U and MH-CP
samples show that the use of ultrasonic waves has reduced the
temperature range and the conversion temperature of MH to
MgO, which is due to the effect of sonochemical synthesis on redu-
cing the particle size. It should be emphasised that the amount of
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Fig. 8 DTA-TGA profiles of Mg(OH), nanoplates
a MH-CP sample
b MH-U sample

MH weight loss is slightly lower than the theoretical weight loss
of 30.8% due to the nanostructure nature of MH particles [3].

4. Conclusion: In this study, Mg(OH), nanoflakes were success-
fully synthesised via chemical precipitation and sonochemical
methods. The effect of ultrasound irradiation was investigated on
the morphological, structural, surface and thermal properties of
Mg(OH), nanostructures synthesised from impure brine. XRD
and microscopic studies (FESEM and TEM) proved that the synthe-
sised nanoparticles were well produced and sonochemical synthesis
reduced grain size, particle size and particle agglomeration. In add-
ition, BET results showed that the SSA and pores volume increased
in the sonochemical-synthesised sample (MH-U). This research
proved that the sonochemical method is more suitable synthesis
route compared to chemical precipitation, with high surface area
(116.30 m*/g), smaller particle size (21.76 nm) and better particle
size distribution.
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