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Abstract: Recently, nanoscale biotechnology has emerged as an essential field of contemporary science and
a new era in the study of materials. It draws the attention of many scientists from all over the world due to

its versatility in various fields. Many physical,

chemical,

and biological processes are used to create

biomaterials. Among the materials of interest is magnesium oxide (MgO), which can be widely used in medical
and biotechnological applications due to its non-toxicity and environmental friendliness. This review article
discusses various methods for the synthesis of magnesium oxide nanoparticles (MgONPs), with particular
emphasis on recent developments and applications of these nanomaterials.
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1. INTRODUCTION

Nanotechnology is a main driver behind the
advancement of different disciplines of study that
offers promise for numerous advances. Science and
technology, deal with the synthesis, characterization,
and development of applications of materials with at
least one nanometer-scale dimension (1, 2).

Nanoparticles (NPs) are subgroups of particles with a
size range of 1-100 nanometers that make up
nanomaterials, which are structural components with
a size range of 1-1000 nm (3, 4). Conical, spiral, flat,
hollow, and other shapes and structures are just a
few examples of the many different forms that can
exist. Certainly, they exhibit exceptional physical

traits when compared to their bulk form, which gives
them unique mechanical strength, improved
stability, and many other advantages, and opens up
the possibility for a range of unique applications (5,
6).

MgONPs are gaining more attention than other metal
oxide nanoparticles that are frequently used in a
variety of fields due to their high strength-to-weight
ratio, low density, good functionality, nontoxicity,
and hygroscopic properties. Because of their
biocompatibility, they are very promising structural
materials for implants and other biological systems.
These characteristics of MgONPs boost their
usefulness in several ways and provide additional
benefits. It should not be surprising that MgONPs
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have numerous commercial and biological
applications in addition to their use in bone
regeneration-assisting cryoinjury, antibacterial and
antimicrobial inhibition, catalysis, lithium-ion battery
production, and elimination of hazardous wastes (3,
7-11).

Because the synthesis method and its course
determine the properties of the obtained
nanomaterial and its subsequent use, the goal of this
review study is to look into the methods involved in
the synthesis of MgO NPs, with a particular emphasis
on the most recent advancements in their various
applications.

REVIEW ARTICLE

2. MAGNESIUM OXIDE NANOPARTICLE
SYNTHESIS
Several methods are available for producing

MgONPs, as shown in Figure 1. The most popular
biological and chemical synthesis methods follow the
bottom-up approach (12), and they are shown in
Figure 1. Specifically, these methods include solve-
/hydrothermal (13),sol-gel (14), co-precipitation
(15), and combustion (16) processes. A special place
among these methods is occupied using chemical
reactions mediated by the use of plant extracts and
microorganism media and fluids, the so-called green
synthesis processes (17). In general, the bottom-up
approach is advantageous because of its simplicity
and ability to control the size and shape of the
nanoparticles (18).
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Figure 1: Different processes for creating nanoparticles.

2.1. Sol-Gel Technique

One of the simplest ways for synthesizing new
material structures in the presence of an organic
solvent and an inorganic precursor is the sol-gel
method (19). Typically, this method is used to
produce inorganic compounds like metal oxides and
others that are comparable. In the middle of the 19th
century, silica gel was first made using the sol-gel
process (20). Metal alkoxides can be used to prepare
homogeneous solutions, colloidal suspensions (sol),
and integrated networks (gel), which, depending on
the drying method, can subsequently be converted
into xerogels or aerogels.

Mustuli et al. (21) focused on the production of
nanostructured MgONPs using the sol-gel technique,
They discovered that wusing Mg acetate in
combination with a complexing agent in the form of
oxalic acid and tartaric acid, the crystal growth could
be inhibited.

Sutapa et al. (22) also produced MgONPs using Mg
acetate. These researchers achieved the creation of
cubic-shaped crystals, which were verified, using a
scanning electron microscope (SEM), to have the
highest texture coefficient value (0.98 in the crystal

plane (222)). They also characterized stress, strain,
and crystal energy.

Wahab et al. (23), synthesized MgONPs using
Mg(NO3)2 and NaOH. The sol-gel method described
in their work resulted in the production of cubic-
shaped MgONPs with a size of 50-60 nm.

In contrast, using Mg ribbons as a precursor, Boddu
et al. (24) documented the synthesis of MgONPs
having a coralline structure. In this case, hydrolysis,
supercritical drying, and heat activation processes
were carried out after a solution of Mg methoxide was
obtained. This applied method resulted in the
fabrication of 200-300 nm-sized particles having the
aforementioned structure. To produce a nanopowder
from MgO xerogel, Mg methoxide was employed by
Dercz et al. (25) as a precursor, and the hydrolysis
in the presence of toluene, followed by the addition
of methanol was carried out. In this way, a specific
surface area of 138 m?/g and an average crystallite
size of 7.5 nm were attained for these MgONPs.

Rani et al. (26) employed Mg(NO3),, which dissolved
in distilled water. SEM examinations showed that the
final particles, produced via gel grinding and
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subsequent annealing, had an average size of 60 nm.
Nassar et al. (27) employed a mixed sol-gel
combustion technique to produce nanostructured
MgONPs as well. The scientists discovered that the
kind of fuel had no discernible impact on the size and
shape of the crystallites when utilizing Mg(NO3); in
combination with oxalic acid, urea, and citric acid
(citric acid was used to create the lowest crystallite
size, which was about 12 nm).

2.2. Co-Precipitation

The synthesis of NPs with this method is based on
the idea of precipitation, and frequently uses liquid-
phase synthesis (28), while vapor-phase synthesis is
applied less frequently (29). The precipitating agent
is frequently NaOH (30, 31), and two processes, i.e.,
nucleation and nuclei growth, make up together the
homogeneity of the precipitation reaction and the
quality of the final nanomaterial product (32). Three
basic concepts are taken into account: (i) the
diffusion-based single nucleation and the
homogeneous growth; (ii) the smaller subunits
formation, development, and assemblage; and (iii)
the numerous nucleation and the Ostwald ripening
growth (33).

Mashad et al. (34) produced MgONPs by co-
precipitation and evaluated the effects of various
reaction parameters, such as temperature, pH, and
the molar ratio of precursor (magnesium nitrate), on
the quality of the products. They obtained
nanoparticles and nanorods with a reasonably high
specific surface area (231 m2/g for nanoparticles and
176 m2/g for nanorods) and a particle size of 50 nm.

Mg(NO3); was used as the precursor, while an NH,OH
solution served as the precipitating agent in work by
Kumar et al. (35). As a result, MgONPs having an
average size of around 11 nm were produced. The
impact of the polyethylene glycol (PEG) content on
the characteristics of MgONPs produced by the co-
precipitation method was also investigated by
Karthikeyan et al. (36). In this work, Mg(NO3), was
used as a precursor while NaOH as a precipitation
agent. When PEG was additionally used, it resulted
in doubling the size of crystallites, according to XRD
measurements (8.6 nm vs.14.8-15.9 nm without
and with PEG, respectively). What is more, PEG-
modified MgONPs exhibited a flake-like structure,
while pure MgONPs were spherical.

By calcining MgCOs, which Frantina et al. (37)
initially obtained by combining (NH4)>CO3 and MgCls,
MgONPs were also produced. The XRD data
suggested a cubic structure with an average
crystallite size of 24 nm. With negligible changes in
the particle size, the spherical shape of the resulting
MgONPs was confirmed using SEM, while their
average size was 50.9 nm.

MgONPs reported by Kushwaha et al. (38) were
produced by several distinct techniques (sol-gel,
solution combustion, and a solution of
cetyltrimethylammonium bromide (CTAB)), as well
as the co-precipitation technique. Their findings
demonstrated that 4.9 eV bandgap MgONPs were
produced using the chemical method. The crystallite
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size was shown by XRD to be 14.8 nm, and the
authors also reported a hydrodynamic particle size of
100 nm. MgO nanotubes were also prepared by
Tandon and Chauhan (32) using Mg acetate and
NaOH. Using XRD, the average crystal size was
calculated to be 34 nm. The field emission (FE)SEM
data showed that the resulting nanomaterial had a
tubular shape, with an inner diameter of 31 nm and
an estimated outside diameter of 78 nm.
Additionally, a greater bandgap of MgONPS in
comparison to the prior example (5.73 eV) was
reported.

2.3. Combustion Technique

Due to its effectiveness and affordability, the
combustion process is commonly utilized to
manufacture metal oxide nanoparticles (39). Two
strategies can be used for that, including so-called
"self-propagating synthesis" and the "volume
combustion synthesis" (40). In the case of "self-
propagating synthesis", the production of solid
products occurs without the need for the energy
input (41), because spontaneous redox reactions
occur between the precursor (oxidizer) and the
reductant (fuel) combined at the molecular level in
solution. These reactions are initiated by an outside
source. In the second case (“volume combustion
synthesis”), the sample is heated until the reaction
starts, spreading across its whole volume. The latter
approach is especially recommended for moderate
exothermic reactions that require preheating before
the ignition, even though this sort of preparation is
more difficult to control (42).

Accordingly, when urea was used as a fuel and
Mg(NO3); as an oxidizer, it was possible to produce
MgONPs with a cubic structure and a crystallite size
of around 22 nm, according to the XRD data(43). The
resulting MgONPs were uniformly sized and
spherical, as established by SEM. Interestingly, the
synthesized nanomaterial exhibited a bandgap of just
2.9 eV, which is much lower as compared to earlier
research. The same raw ingredients were utilized by
Rao et al. (44), who tested the impact of the fuel-to-
oxidizer ratio on the quality of the produced
nanomaterial. The findings showed that except for
the percentage of oxidizer was 0.75, manufactured
MgONPs have larger crystallite sizes (18-53 nm)
when the fuel contribution increases. Changes in the
burn rate, enthalpy, or ignition temperature might be
responsible for this.

Ranjan et al. (45) reported a variation of this
procedure, using Mg(NOs), as the precursor and
glycine as the fuel. The estimated crystallite size,
based on the XRD measurements, was 20.8 nm in
this case.

On the other hand, Therami et al. (46) used citric
acid as fuel. The authors examined how the specified
parameters of MgONPs were impacted by the
concentration of this acid. The most significant
changes obtained were observed for the particle size
of MgONPs (it decreased from 35 to 20 nm), their
bandgap (it increased from 4.72 to 5.35 eV), and
their morphology (vacuolar, flower-like, and flake-
like).
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MgONPs were also obtained by Kumar et al. (47),
who used Mg(NO3); and a parthenium plant extract.
The primary objective was to analyze the impact of
the fuel quantity on the bandgap width (5.3-5.45 eV)
and the crystallite size (27-35 nm). However, the
variation of both parameters was not as pronounced
as it was reported in other works.

2.4. Solvo- and Hydrothermal Method

Another popular technique for regulating the
formation of crystals in a variety of materials is the
solvothermal approach (48). The required products
are generated when a precursor and a suitable
solvent are put in an autoclave and exposed
simultaneously to a high temperature and a high
pressure (49). In contrast to the co-precipitation
approach, these reaction conditions (temperature
and pressure) enable to obtain the high crystallinity
materials (50). Solvents other than water are
typically utilized in the "solvothermal" technique,
including alcohols or other organic or inorganic
solvents. When water is used as the solvent, this
process can be referred to as "hydrothermal."

Devaraja et al. (51) used Mg(NOs3)2 and NaOH to
produce a nanocrystalline MgO powder and
evaluated its quality. The MgONPs produced by them
were porous, with an average crystallite size of 25
nm and an optical energy bandgap of 5.5 eV. Al-
Hazmi et al. (52), on the other hand, obtained
nanofibers by the direct interaction of urea and Mg
acetate. These fibers had an average crystallite size
of 6 nm, which corresponded to their diameter, and
the length of 10 nm, as measured by TEM.

Ding et al. reported the synthesis of rod- and tube-
shaped Mg(OH),, which was subjected to thermal
decomposition to fabricate MgONPs (53). The
author's findings demonstrated that the
hydrothermal approach could be used to manipulate
the crystallite size of the resultant MgONPs, and their
shape and structure. The material for the synthesis
was either Mg powder, Mg(S04)z, or Mg(NOQOs3),. Due
to various experimental circumstances, numerous
morphologies (lamellar, needle-like, and rod-like) of
MgONPs were achieved. The resultant nanomaterials
were 20 to 600 nm in size and had a specific surface
area of more than 100 m%/g.

Rukh et al. (54) used Mg powder as the precursor for
the MgONPs synthesis. The reaction medium for the
synthesis was a mixture of H;O, and de-ionized
water. Using this method, MgONPs with an 18 nm
crystallite size were obtained. Nanoplates are
another form of nanostructured MgO that was
reported to be produced by Duong et al. (54).
Additionally, the scientists utilized sodium dodecyl
sulfate (SDS), PEG, CTAB, and Mg(NOQOs3) to regulate
the morphology of the resulting nanomaterials.
MgONPs produced using the hydrothermal process in
conjunction with SDS were the most intriguing since
they had the largest specific surface area (126 m2/g)
and the ideal disc shape (thickness 5 nm, diameter
40-60 nm).

REVIEW ARTICLE

2.5. Green Synthesis of MgO Nanoparticles
Researchers have shown a growing interest in the
production of MgONPs through biological processes
over the past ten years. The development and
significance of this synthesis type are mostly related
to the possibility of the use of much fewer chemicals,
making this less cost-effective and more
environmentally friendly (55-57).

The traditional chemically- or physically-based
techniques for the synthesis of MgONPs are less
practical and less ecologically benign than their
biologically-based alternatives, also known as (56,
58). Consequently, the term "green synthesis" is
frequently used to describe biological techniques.
The large-scale synthesis of nanoparticles utilizing
the green methods is always a difficult undertaking,
and these are only performed at laboratory-scale
processes. However, thanks to advancements in the
understanding of the nature of the biological extract
composition and the reaction with metal ions, large-
scale preparation may soon be feasible without the
need for any powerful machines (59).

To lessen the hazardous nature of the nanoproducts,
biological substrates such as plants, bacteria, algae,
and fungi are frequently utilized in place of chemical
compounds used as stabilizers and solvents (59).
The greener way to produce MgONPs involved the
use of the available precursors, such as Mg(NO3),
MgCl,, Mg acetate, and Mg(S04)2, and different
biological agents, including plants, microorganisms,
and biomolecules. The precursor was combined with
the previously produced biological extracts of plants,
microorganisms, or templates to prepare
homogeneous mixtures, which were then subjected
to thermal treatment (60-62).

There are several papers on the production of
MgONPs. The information on the various synthetic
processes used to produce nanostructured MgO
reported in the literature is given in Table 2. Many
biological templates were employed for the
production of MgONPs, as can be seen from the data
given. The production of MgONPs with various sizes
and morphologies was ultimately achieved by the
variation in the reaction time, the concentration of
the Mg precursors, pH, and the temperature of the
reactants.

For instance, it was established that the particle size
of MgONPs grows along with the increasing dose of
the biological substrate(63). According to the Mie
hypothesis, the absorbance of light is proportional to
the particle size of the metal nanoparticles formed.
However, it was discovered (64) that when the
extract of Amaranthus tricolor and Mg acetates
(Mg(CzH302)2) were used, the MgONPs produced
were found to deviate from the Mie theory, showing
the lower absorbance and the increased particle size
when the amount of the biological substrate was
higher. When they added 5 mL of the Amaranthus
tricolor extract and Mg acetate, they found that the
product had a little variation from the Mie theory; it
had decreased absorbance and increased particle
size. Smaller-sized MgONPs resulted from the
addition of 10 and 15 mL of the Amaranthus tricolor
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extract to the same precursor. This demonstrated
how the presence of the biological substrates affects
the size of MgONPs. According to scientists, the
addition of capping agents could also improve the
production of MgONPs. Smaller amounts of the
capping agents caused the particles to adhere to one
another and, to larger extents, the formation of
larger particles. It is also obvious that the use of
lower concentrations of the biological substrates
would produce more homogeneous and bigger
nanoparticles, whereas higher concentrations of the
biological substrates would produce less stable
nanoparticles. It is also evident that the presence of
flavanoids in the biological substrates is responsible
for these modifications. The development of MgO NPs
is also influenced by reaction time. Additionally, the
size of the product rises along with the response
time. Numerous pH reports at 3.2, 5.2, 7.2, and 9.2
are available. It is clear from examining the impact
of pH reports that a pH of 3.2 results in good particle
size. The biological templates' active components,
like flavonoids and polyphenols, are particularly
effective at reducing metal ions at this pH level (65).

REVIEW ARTICLE

Khan et al. (66) noticed that the temperature also
has an impact on the formation of MgONPs. The
authors conducted the reaction at temperatures
between 30 and 70 °C while holding all other
variables constant. Generally speaking, the
appropriate temperature should be kept for the
formation of MgONPs with phytochemical support
(Flavonoids, phenols, and other species). Otherwise,
the phytochemicals utilized to synthesize MgONPs
could alter their structure. The highest absorbance
(81%) range of methylene blue (MB) dye was
achieved at 30 °C. Additionally, it was noticed that
when the temperature was raised, product
agglomeration occurred, while product formation
was prevented. Furthermore, the production of the
final product was hampered by precursor
concentrations greater than 0.001 mol/L. The final
loss of chemicals, energy, and time will occur from
the addition of an excessive concentration of the
precursors. The physicochemical properties of
MgONPs can be altered depending on the conditions
of the green synthesis conditions (see details in Table
2).

Table 1: Individual ingredients and reaction circumstances for the bottom-up production of nanostructural
MgO using various techniques.

Sol-Gel Technique

Drying

Temperature

Time of

Precursor Solvent(s) temperature of calcination calcination Size Exlpect_ed Ref.

(°C) (°C) (h) (nm) applications

CsHsO7,
Mg(NOs)2 C2H204, 350 550, 800 2 12 catalyst (27)
NH>CONH>
Mg(CH3CO0Q), | C4HsOs, NaOH - 600 6 - - (21)
Mg(CH3CO0)2 C2H204 200 950 6 - - (22)
Mg(NOs)2 NaOH 300 500 2 50-60 adsorber (23)
Mg(OCHs)2 CH30H, CsHs - 500 5 200-300 - (24)
Mg(OCHs)2 CHsOH; CsHs 60 450 - Ca.8 - (25)
Mg(NOs)> H20 150 500 2 60 - (26)
Co-Precipitation Technique
Precipitati Reaction Temperature Time of Si E d

Precursor recipitation temperature of calcination calcination 1ze x'_)ect_e Ref.

agent (°C) (°C) (h) (nm) applications
Mg(NOs): NaOH Room Room - 78 a”tg’;:rt\f”a' (32)
Mg(NOs)2 NaOH - 440 4.5 - catalyst (38)
Mg(NOs)2 NH4OH 60, 70, 80 550 2 50 - (34)

antibacterial
Mg(NO3)2 NH4OH 100 600 4-6 11 agent (35)

antibacterial
Mg(NOs)2 NaOH Room 500 4 14-16 agent (36)

Combustion Technique
. Temperature Time of .

Oxidizer Fuel Ignition of calcination calcination Size ExPect_ed Ref.

temperature (°c) (h) (nm) applications
Parthenium 400 - - 27-35 photocatalyst | (47)
extract 70-80 500 3 22 adsorber (43)
Mg(NO3) NH2CONH2 100 300 2 18-53 - (44)
9(NDs)2 NH>CH>COOH 170 600 2 Ca.21 fuel additive | (45)
CeHs07 100 400 15 min 20-35 | antibacterial | g

agent
Solvo- and Hydrothermal Technique
Temperature Time of .

Oxidizer Solvent Autoclave of calcination calcination Size ExPect_ed Ref.

temperature (°C) (h) (nm) applications
Mg(NOs)> NaOH 100 500 4 40-60 adsorber (67)
Mg H202 220 - - 18 antibacterial (54)
MgS04 NF:F0ien- 180 280-450 1;2 100-200 catalyst (53)
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Mg(NOs)2 NaOH 130 400-800 2 25 - (51)
Mg(CHsC0O0) NH2CONH> 180 600 1 6 antibacterial (52)
Mg(NOs)2 NaOH 80 280-450 1,2 50 catalyst (53)
Green Synthesis
Precursor Reagent Reaction ;’fe g?;;aattli';‘:‘ ca-l;::?;igr)n Size Expected Ref
solution extract temperature (°C) (h) (nm) applications )
ephelum 80 450 - 55 - (68)
appaceum
Trigonella . .
Mg(NO3)2 foenum- 80 600 4 14 antibacterial | g4,
agent
graecum
Rosa antibacterial
foribunda 20 ] ] 10 agent (70)
Rosmarinus antibacterial
Bulk MgO offcinalis 70 _ ] 88 agent 7D
balbergia 30-70 - - 50 photocatalyst | (66)
SISSO0
Saussurea
Mg(NOs)2 costus 80 450 3 30 photocatalyst (72)
Syvertlfa 55 400 4 <20 antibacterial (73)
chirayaita agent
Moringa antibacterial
MgCl oleifera 20 600 21 agent (74)
Mg(NOs)2 Tecoma stans 90 550 6 20-50 adsorber (75)
Table 2: Reported processes for making MgO NPs through green synthesis.
Material used Particle size Morphology_ of Activity carried Ref.
(nm) nanomaterial
Citrus limon leaf 12-80 nanoflakes nil (58)
extract
Rosmarinus officinalis <20 nanoflowers antibacterial activity (71)
Nephelium lappaceum 60-70 cubic nil (76)
Solanum trilobatum 30 and 42 spherical an_t|b_acter|al a_nq (77)
antioxidant activity
. . antibacterial and
Mucuna pruiens seeds 35 spherical photocatalytic activity (78)
Rhizophora lamarckii 20 and 50 hexagonal and spherical antibacterial activity (79)
dense rock-shaped antibacterial and
Aloe vera 8.6 flakes photocatalytic activity (80)
Amaranthus blitum 26-50 spherical water treatment (81)
and aloe vera
Mushroom extract 20-15 cubic seed germination (82)
Aspergillus .
tubingensis 2.8 sphere nil (83)
Aspergillus niger 43-91 sphere antibacterial activity (84)
Lactobacillus
plantarum . . L
L actobadillus 30 cubic anticancer activity (85)
sporogenes
Aspergillus fumigatus 0.3-94 nil nil (86)
Manihot esculenta 37 hexagonal nil (87)
S . antimicrobial and
Sargasssum wightii 69 cubic photocatalytic activity (88)
Artemisia abrotanum photocatalytic and
herb 10 clusters antioxidant activity (89)
Rhododendron nil nil antibacterial activity (62)
arboretum
Ocimun sanctum 50-100 nanoflakes antibacterial and (81)
antioxidant activity
Chamaemelum nobile 20-40 nanoflakes insect repellent (90)
flower extract
. rod-like and spherical - . .
Curcumin 35 like shape catalytic properties (91)
Acacia gum 50-78 nanoflowers, cubic catalytic properties (92)
BraSSI'ca olercea and 30-65 spherical pho.tocatalyt|c.a'nd (93)
Punica granatum anticancer activity
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. antibacterial and

Orange peel extract >10 spherical antimicrobial activity (94)

Curry leaves 20 spherical photocatalytic activity (95)

Swertia chirayaita <20 spherical antibacterial activity 73)

Pisidium guvajava and 50-90 cubic antibacterial activity (96)
aloe vera

Lepidium sativum 33 nanoflakes photocatalytic activity (97)

Matricaria chamomilla 18 and 16 disc-shape antibacterial activity (98)
L. extract

3. RESOURCES THAT CAN BE USED AS A
MAGNESIUM SOURCE TO PREPARE MgO NPs

MgO nanoparticles with superior properties are
important in industry, and these particles can be
prepared from different sources using different
methods. Table 3 shows the resources that can be

used to manufacture MgO NPs as a source of
magnesium in a direct way. As for the indirect
method, an intermediate is extracted and
subsequently treated to produce magnesium
oxide(Table 4). The following chemical equations (1-
4) explain the mechanism of transformation of the
medium into magnesium oxides.

Table 3:There are several resources that may be employed to manufacture MgO NPs as a magnesium

source.
. Temperature .
Resources Presses Intermediate | ¢ icination | Yield% Purity% Size | Ref.
reactant (°C) (nm)
Dolomite Pyrohydrolysis HCI
CaMg(CO0s)2 process CO, 600 98.10 98.86 100 (99)
Dolomite: Pyrohydrolysis . 95.48 .
CaMg(CO0s)2] process HCI )
- - 500 (100)
Dolime Pyrohydrolysis MgCl; N 87.80 _
(Ca0.Mg0) process )
P (NH4)2S04 . high
Serpentinite; NaHSO4 1300 purity 62 (101)
Dolomite : poly(acrylate)
poly(acry_late) Pyrohydrolysis Na>S;0s 500 _ hlgh 20 (102)
magnesium process MgCl, purity
hydroxide NaOH
Sea water | Fyrohydrolysis MgCl2 1400 43 56 - | 103y
process NaOH

Table 4: Various resources that may be employed to prepare an intermediate reactant using a magnesium

source.
Resources Technique | Reactants Tf::::i';antlz:%;) f Y:;old Pl:,;:ty (sr:rz:) Ref.
serpentinite P NH4OH . high
mineral precipitation HNOs 80 purity 30 (104)
Serpentine .
4MgC03.Mg(OH),. | precipitation I'\l\'l'_h'_rgoo 40~70 96.3 Tg? — | (105)
4H20 4 3 purity
MgCl,. 6H O£>Mg0 + 2HClyy) + 5H,0 .. . . (1) mode. Mono-coordinated hydroxyl (-OH) groups are
a2 ® ® 2 indicated at 3100-3500 cm. The stretching
MgCl,. H,0() = MgCly ) + Hz0y) v voe e (2) frequency of H-O-H is linked to a wide band at
roughly 3461 cm-t. At roughly 673 cm?, the wide
MgCl,. H;0(s) = MgOHCl() + HCl(g) «.. oo .. (3) band stretching vibration matches the Mg-O
MgOHCl(5) = MgO(g) + HCl .. ....... (4) stretching vibration. The stretching vibration of

4. CHARACTERISTICS MgO NPs

Magnesium oxide may also be identified and
structurally characterized using Fourier transform
infrared spectroscopy (FTIR)(106, 107). Depending
on the wavelength of the incoming light,
transmittance or absorbance are the most typical
interpretations. Figure 2a displays typical FTIR
spectra for magnesium oxide in the absorbance

magnesium oxide is shown by a prominent peak with
a center of 433-769 cm-L.

Using X-ray diffraction (XRD) (JCPDS Standard No.
01-089-7746), it is possible to characterize the
crystal structure of magnesium oxide. Important
peaks can be assigned near the 26 values of 36.8,
42.9, 62.19, 74.6, and 78.58°, which can be indexed
to the lattice planes (111), (200), (220), (311), and
(222), respectively. Comparable findings have been
frequently reported(108) (Figure 2b). The most
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popular method in the literature for interpreting XRD
data to calculate the crystallite size of produced
nanostructures is the Scherrer equation(109).
Nevertheless, the average crystallinity size up to
around 200 nm(110) is the limiting factor in terms of
employing the Scherrer equation. This is caused by
the fact that when crystallite size increases, the
diffraction peak's widening reduces(111). Hence, it is
challenging to distinguish between the widening of
the peak caused by crystallite size and the

(a)
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H H

LAY

stretehing

+
/u\

Mg Mg
¥ El

Transmittance (%)

strelching

T T T T T T T
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broadening caused by other causes (e.g.,
distributions and shape of the crystallites)(106).

size

In addition to the methods mentioned above, UV-Vis
spectroscopy (UV-Vis) and spectra are taken
between 200 nm and 800 nm. They may also be used
to analyze MgO, especially to establish the bandgap
energy(112, 113). Tauc plots and absorbance
spectra are both utilized for this. To measure the
bandgap width, the photoluminescence
technique(114) is usually employed.

(200) (b)

(220)

Intensity (a.u.)

(222)

a i b (311)
20 3.l'l 4Il] S'ﬂ 6'0 7‘0 80

2 Theta (degree)

Figure 2: FTIR spectra (a) and an XRD pattern(b) used to characterize the structural properties of MgONPs
(redrawn and adapted from the results presented in(115)).

Depending on several variables, including the
synthesis process, the synthesis circumstances, and
the post-treatment techniques, MgO structures can
have a variety of morphologies. Typical
morphological variations between MgO formations
include the following:

Particle size and shape: The synthesis technique
utilized can have a significant impact on the size and
form of MgO particles. For instance, sol-gel processes
may vyield a range of morphologies, including
nanowires and sheets, whereas precipitation
methods usually produce spherical particles with a
restricted size distribution(116).

Surface area: Depending on their form, MgO
structures' surface areas can also change. Larger
particles often have lower surface areas than
nanoparticles or nanowires, which might be crucial
for applications like catalysis(117).

Porosity: Depending on the synthesis technique
employed, MgO structures can be either very porous

or non-porous. For instance, although hydrothermal
synthesis may yield structures with a high degree of
crystallinity and little porosity, flame synthesis can
produce very porous structures, such as hollow
spheres(118).

Crystal structure: The crystal formations of MgO
can be cubic, hexagonal, or tetragonal. The
material's chemical and physical characteristics can
be affected by the crystal structure(119).

Surface chemistry: Depending on their form, MgO
structures' surfaces can have different chemical
compositions. For instance, exposed crystal planes or
surface flaws might influence the reactivity of MgO in
catalytic processes(120).

The morphology and properties of the prepared
MgONPs differ and depend on the synthesis route and
processing conditions. Figure 3 illustrates the various
morphologies that can be seen in MgO nanoparticles.
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(d)
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G B p

Figure 3. Different morphologies of MgO NPs: (a) flower-like(121), (b) spherical(115),(c) irregular shaped
flakes(97),(d) Clusters(122),(e) Hexagonal(87),(f) flakes shape(87).

5. APPLICATIONS

MgONPs have a large specific area, a broadband gap,
and good physical and chemical properties, providing
them with strong technological applications.
Additionally, MgONPs exhibit a propensity to
generate superoxides when they are in contact with
0O, found in bacterial cell walls. The bacterial cell walls

Antimicrobial activity

Catalysis

and their phospholipids are promptly destroyed by
these superoxides, which are highly responsive to

them. MgONPs can also be wused in many
applications, as displayed in Figure 4, including the
production and/or modification of fuel cells,

ceramics, batteries, supercapacitors, and electronics,
in addition to environment and agriculture purposes.

Energy

Environmental

Agricultural

Anti-insecticidal

Figure 4: Different applications of MgONPs.

5.1. Energy

Recently, the global world has seen a surge in air
pollution, global warming, and sea level rise as a
result of the depletion of fossil fuels. Therefore, it is
critical to locate a substitute for these changes. Fuel
cells, solar cells, and batteries as fossil fuel
alternatives could be a very good remedy. In addition
to the production of H;, which is a good fuel and a
superior substitute for carbon-based bi-products,
they will also release water as a byproduct.
Magnesium performs better than other metals in the
storage of H,. The storage of H; is stated to benefit

from the use of chemical hydrides such NaAlH4,
LiBH4, and LiNH; as well as metal hydrides like PAd@H,
V@H, alloys like TiFeH,, LaNisHs, Ti@V@ Mn@H,
Mg:NiH4, and certain complicated hydrides.
Compared to the other hydrides, Mg has the benefit
of being extremely abundant in the earth's crust,
having a higher capacity to store H,, and having an
ecologically benign and cost-effective nature (123).
There are numerous reports of these MgO-based
batteries that use polymers (124), pigments like
acetylene black (125), metals like Na (126), Li, V
(127), carbon substrates (128), and B. These energy
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storage technologies are reliable, safe, affordable,
and ecologically benign.

5.2. Catalysis

MgONPs are also frequently used in heterogeneous
catalysis for several chemical reactions, including the
oxidative coupling of CH4, the dehydration of
alcohols, the benzylation of aromatics, the
dehydrohalogenation of halogenated hydrocarbons,
the production of pyranopyrazole and its derivatives,
the benzylation of aromatics, the
dehydrohalogenation of halogenated hydrocarbons.
In this case, nano-structured MgO is utilized as a
support for catalysts due to its structure, basicity,
and electronic and electrochemical properties,
making it easier to move the electrons across the
catalyst surface (129, 130). Vegetable oils were
recently trans-esterified using MgO as a catalyst
(131). Other reactions, ie., Wittig (132),
Cyanosilylation (81), Aldol (133), Mannich (134),
aza-Michael (135), Baylis-Hillman (136, 137), were

Agricultural Application of MgO NPs

REVIEW ARTICLE

also catalyzed with the aid of MgONPs. The enormous
surface area and the distinctive morphology of MgO
are thought to be the cause of its observed high
catalytic activity (138).

5.3. Agricultures

MgONPs are also known to offer several benefits,
including low phytotoxicity, non-genotoxicity, and
non-biotoxicity to people, and thermal stability,
which open up a wide range of potential applications
of this nanomaterial for plant protection (139). Along
with the aforementioned qualities, MgONPs also
possess several additional traits that make them
particularly useful in a variety of different agricultural
applications, as illustrated in Figure 5 (140).
Additionally, these nanoparticles aid in the
development of seedling and plant growth and are
utilized as an authorized food supplement, a food
additive, a color retentate, and also in increasing the
agricultural production of peanuts (141, 142).

Food Antibacteril
supplement

Figure 5: Potential applications for MgO NPs in the agricultural domain.

5.4. Biomedical

Because of their high absorption capability, high
reaction activity, active catalysis property, and
enzyme immobilization, MgONPs are used in the
development of the diagnosis of cancer and the
guidance of the cure plan through medical imaging.
For use in dentistry, surgery, bacterial suppression,
tissue engineering, and bone mending, bioactive
glass is currently being developed(143, 144).
Research findings support the addition of MgONPs to
several medicinally valuable chemicals due to their
various qualities, including antibacterial, anticancer,
biocompatibility, nontoxicity, and cheap cost. MgO
also seems to have several safe and useful medicinal
applications. Given the potential for negative impacts
from exposure to MgONPs, we must have the best
method to both reap the benefits of MgONPs and
prevent any negative effects that may arise(145).

5.5. Anti-microbial Activity

By inducing a breach in their cell membrane and
eventually resulting in their death, MgO NPs have
antibacterial action against food-borne pathogens
such as E. coli and Salmonella entiritidis (146). The
bacterial strain Acidovorax oryzae is the source of the
illness known as the bacterial brown stripe, which is
known to spread among rice and entirely ruin rice
farming. As a result, Ogunyemi et al. reported on the
biosynthesis of MgO NPs utilizing Matricaria
chamomilla L., which showed a good inhibitory
impact on the development of Acidovorax oryzae
bacteria (98). The worst wilt disease in R.
solanacearum is caused by phytopathogenic
bacteria, which were found to have a favorable
antibacterial response to MgO NPs in another study
(147). Accordingly, MgO NP nanoflowers were also
developed because they possess the ability to inhibit
bacterial infections and shield crops from harmful
attacks (148). Due to the role of Mg in the
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pathogenesis, plant defense, and other physiological
processes, as well as the importance of this metal for
maintaining balanced nutrition in plants, MgO NPs
are known to have a strong antifungal action even at
low fungicidal concentrations (149-152).

5.6. Anti-biofilm Activity and Anti-insecticidal
Cry genes are proteins produced by Bacillus
thuringiensis that function as an insecticide against a
variety of insects, including nematodes. However,
this protein is released into the soil by water, which
hinders its insecticidal effectiveness. By adhering this
protein to MgO NPs and subsequently transferring
them to the surface of cotton leaves, Rao et al.(153)
indicated increased insect fatality rates across the
board. As a result, cry protein was transferred via
MgO NPs, which enhanced their use as
bioinsecticides (154). By limiting the development of
the biofilms, MgO NPs are known to promote
systemic resistance against the gram-negative,
plant-pathogenic bacterium R. solanacearum. They
can also start the signaling of pathways for
phytohormones like jasmonic acid and salicylic acid,
which are crucial components of the plant's defense
mechanisms. Therefore, it should be noted that
MgONPs are highly efficient anti-microbial,
antibiofilm  agents, and anti-insecticidal in
agricultural fields (155, 156).

5.7. Environmental

The major issue of environmental pollution affects
both developed and developing countries worldwide.
There are several ways to deal with this global
problem, but one downside is that certain cleaning
chemicals have side effects that make them act as
contaminants themselves. Nanoparticles appear to
be a fantastic replacement for several various
environmental applications (Figure 4). MgONPs are
effective in a variety of environmental remediation.
These metal oxide NPs are utilized as a possible
adsorber of harmful gases, including NO; and SO,
due to their strong adsorbing characteristics, wide
surface area, and high reaction capacity (157-160).

5.7.1. Dye removal

2,4-Dichlorophenol (2,4-DCP) is a hazardous
substance that is often discharged from paper
companies into various water sources, functioning as
a main effluent in water. This chlorophenol
compound (2,4-DCP) is known to have negative
effects on people, animals, and plants who consume
it, but treatment with MgO NPs has resulted in its
rapid degradation because magnesium oxide acts as
a catalyst in the degradation of this dye through the
ionization Technique (161).

Acid Red 73 dye, a water contaminant released in
large quantities from the textile industry, was
removed by S. Jorfi et al., and B.J.H. Ng et al.
showed that the activity of ferrate VI, which oxidizes
the Blue 203 dye (a water-contaminating dye from
the leather and cosmetic industries), is enhanced by
MgO NPs (162). Numerous other industries, like the
fabric and clothing sectors, employ a variety of dyes
to color clothing, with indigo carmine, a water
effluent, being one of the most often used ones. MgO
NPs were created by A. Bagheri GH et al. and used
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as a photocatalyst for the
decolorization of indigo carmine(163).

photocatalytic

5.7.2. Heavy metal ion removal and detection

MgO NPs have been shown by Y. Cai et al. to be a
novel possibility for the removal of heavy metals like
lead (Pb2+) and cadmium (Cd?*)(164).
Nanocomposites such as magnesium oxide-copper
oxide nanocomposites and magnesium oxide-
manganese oxide nanocomposites, which compete
with other nanoparticles involved in the removal of
heavy metals from water, are effective adsorbents
and have demonstrated high adsorbing properties
towards heavy metal ions such as lead, arsenic, and
mercury(165).

Improved MgO NPs' sensitivity, By demonstrating the
exceptional detection of heavy metals like nickel,
copper, and cadmium that are present in significant
concentrations in well water, tap water, as well as
seawater, these nanoparticles, when modified with
graphene oxide, demonstrate (166).

5.7.3. Chemical toxin detection and elimination
Magnesium oxide nanoparticles' ability to act as
detoxifying agents is widely exploited in many
different contexts, one of which is the identification
and elimination of chemical pollutants. When treated
with MgO NPs, the highly toxic chemical bis(2-
chloroethyl) sulfide, also known as sulfur mustard
and typically used as a biological warfare agent, can
be broken down into non-harmful products like
divinyl sulfide, thiodiglycol, and 2-chloroethyl vinyl
sulfide, which are the byproducts of elimination and
nucleophilic substitution reactions, respectively
(167). According to S. Ali et al., 2,4,6-trinitrophenyl,
a very hazardous pollutant known to induce tumors,
liver malfunctions, skin-related problems, etc., is
degraded in MgO NPs, and ZnO NPs(168).

5.7.4. degradation of pesticides and hydrogen
peroxide sensors

Although pesticides serve to increase agricultural
productivity by preventing pests and insects from
destroying crops, when these chemicals leak from
the field into other water sources, they cause several
dangerous illnesses to both plants and people.
According to L.E. Lange et al., etching MgO NPs
combined with polypropylene improves the chemical
stability of the reactive sites present in the
nanoparticles that break down methyl parathion, an
organophosphate insecticide (169). Aluminum oxide
and MgO NPs have been discovered to reduce the
harmful effects of the diazinon herbicide, which the
Environmental Protection Agency has prohibited due

to its high toxicity toward both plants and
people(170).

Hydrogen peroxide, a consequence of highly
selective oxidative processes, has numerous

important uses in a wide range of industries and
disciplines, including medicinal, therapeutic,
environmental, agricultural, industrial, and many
more. As a result, its identification by a sensitive and
precise approach is required(171). MgO NPs, an
inorganic substance, and chitosan, an organic
polymer, are used to create biosensor devices for the
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detection of hydrogen peroxide(172). Nanosensors
are created for the detection of hydrogen peroxide in
milk using magnesium oxide nanoparticles. The
created nano biosensor is inexpensive, quick, and
very sensitive, able to pick up even the tiniest
amount of H,0; (173).

Despite the numerous uses for MgO NPs already
mentioned, there are still many more. For example,
very small amounts of these particles are sufficient
to improve the ability of polyurethane films to resist

REVIEW ARTICLE

corrosion, and these particles, along with
nanofiltration membranes, can remove pollutants
like nitrogen species, organic matter, bacteria, heavy
metals, and suspended solid particles to make water
safe for drinking(174). Due to their unique qualities,
such as high recovery and repeatability,
electrostatic, attraction abrasiveness, and oxidizing
power, which work together to increase biocidal
capabilities, these nanoparticles have become widely
used in wastewater treatment in Figure 6 (175).

Industrial
waste removing
agent

Pesticide
detection

Environmental applications

of MgO NPs
Detection of Pesticide
heavy metals degradation
Heavy metal
removal

Figure 6: Environmental applications for MgO NPs.

6. CONCLUSION

Physical, chemical, and biological approaches to the
synthesis of MgONPs are surveyed in the present
review. Chemical and physical methods typically
utilize toxic materials and are related to high energy
consumption. Biological methods are currently being
advocated by researchers due to their simplicity,
cost-effectiveness, and environmental friendliness.
Therefore, it is important to put a greater emphasis
on more widespread greener methods to produce
MgONPs, since this activity will be associated to some
extent with the reduction of environmental pollution.
MgONPs have various industrial applications, which
can change energy production and protect crops from
diseases caused by plant pathogens. The major
problem of nanostructured MgO, as synthesized
using different routes, is the occurrence of a wide
band gap. Therefore, there is a crucial need to
develop the synthesis method that will enable
obtaining MgONPs of a narrow bandgap, making a
much  wider industrial application of this
nanomaterial.
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