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Abstract. Recent developments in the synthesis of nanomagnesia of controlled sizes and shapes that are suitable for various
applications are reviewed. Two main methods, based on liquid-phase synthesis, i.e., chemical methods and bio-based methods,
are used to synthesize nanomagnesia. Conventionally, nanomagnesia was synthesized by chemical methods such as co-
precipitation, sol-gel, combustion method, and so on using different chemical agents and stabilizers which later on become
responsible for several biological risks because of the toxicity of used chemicals. Bio-based protocols are growing as another
environmental friend method for the synthesis of various nanostructures especially hanomagnesia using biomass, plant extracts,
alga, and fungi as a source of precursor material. The ideal method should offer better control of textural properties of
nanostructures and decrease the necessity for purification of the synthesized nanoproducts, which sequentially removes the use
of large amounts of chemicals and organic solvents and manipulation of products that are unsafe to the environment. Finally, the
broad applicability of nanomagnesia in diverse areas is presented. Employment of nanomagnesia reported in several laboratory
and industrial fields are valued from the standpoint of the significance of these issues for technological requests, as described in
the literature. Nanomagnesia has various applications such as antimicrobial performance, removing pollutants, batteries
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application, and catalysis.
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1. Introduction

Due to the unique physicochemical properties of metal
oxides nanoparticles, these materials are among the
broadest synthesized and used nanomaterials (Diwald and
Berger 2022). With the reducing size of particles, the
nanoparticles usually demonstrate different properties from
the bulk material such as superparamagnetic behavior,
catalysis, semiconductivity, and optical properties (Safavi et
al. 2019, Letti et al. 2019, Supraja et al. 2019) which have
been investigated as certain properties may adjust when the
particle size changed in the nanometer scale. This
dependence of the essential properties to the particle size is
entitled “size effect” in a strict sense (Li et al. 2019, Keller
et al. 2021, Szataj et al. 2019). Due to the ionic property of
metal oxides, their chemical and physical characteristics are
strongly affected by defects. Among the defects possible,
the high percentage of surface atoms (especially edge and
vertex atoms) in nanoparticles most drastically affects their
properties (Jupille and Thornton 2015). On the other hand,
the synthesis of the small particles is assisted due to the
general chemical stability of metal oxides. The ionic nature
of some metal oxides, particularly magnesia results in the
formation of many stable defect sites, containing edges,
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vertexes, and anion/cation vacancies (Schwab et al. 2021,
Sterrer et al. 2000).

Among the several metal oxides, magnesia is a
technologically vital material due to its simple (cubic)
crystal structure and absence of d orbital electrons, which
persist in way of considering chemical and physical
properties (Shand 2006). Bulk magnesia exhibits insulating
behavior (optical bandgap = 7.6 eV) and a dielectric
constant of 10. These values depend upon the morphology
of the nanostructure (Singh et al. 2020). Magnesia
nanoparticles have found various applications that are
considered as especially encouraging within the wide field
of Nanoscience, e.g., photo and electroluminescence,
spintronics, nanocoatings, insecticides, catalysis, adsorbents,
antibacterial and antifungal activities, anti-cancer therapy or
biomedical applications (Fernandes et al. 2020). The broad
range of structures and characteristics, environmentally
friendly, and availability of magnesia nanostructures caused
the synthesis of this type of materials to be the main goal in
various sciences. Accordingly, a great variety of synthetic
protocols have been presented for the size and shape-
selective synthesis of magnesia nanostructures (Singh et al.
2020).

In the current review, mainly, we have highlighted
several approaches that are studied to synthesize nano-
magnesia. Among these methods, sol-gel and co-
precipitation method is frequently considered while bio-
based approaches are advantageous and have been given
more attention today as a bio-based economy and use of
renewable raw material has been developed as eco-friendly
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Fig. 1 Wet chemical synthesis of MgO nanostructures

preferences to tackle environmental problems. Our second
goal in this review is the investigation of various
applications of nanomagnesia mainly the antimicrobial
performance, removal of pollutants, batteries application,
and catalysis. These unique characteristics of nanomagnesia
will lead scientists and engineers to further explore its uses
in several areas.

2. Wet chemical methods

Wet chemical approach, known as solution processing,
illustrates a convenient, adaptable, and efficient method for
the preparation of materials with outstanding control of
their chemical and physical, and textural properties. It will
be of special significance when synthesizing nanostructures,
which need exact control and tunability of their properties,
especially size, shape, and surface chemistry that is
conducive to attaining the requested effectiveness (Baig et
al. 2021). Outstanding improvements in the wet chemical
method for the synthesis of nanoparticles have been attained
in the last decades. however, this method still needs
development compared with other processes such as
sputtering, chemical vapor deposition, atomic layer
deposition, and plasma which despite being normally high-
cost, are believed more efficient in the synthesis of superior
nanomaterials, mainly for nanoelectronic applications (ljaz
et al. 2020).

Nevertheless, solution processing-based protocols have
conventionally been considered as an unclean process, since
it frequently does not offer appropriate quality and pureness
in comparison with vacuum-based deposition methods
(Gaspera et al. 2021). This impression about wet chemical

method is gradually being modified because outstanding
successes have been described in the preparation and use of
nanomaterials by wet chemistry approach. Numerous
papers have been published proving the effectiveness of wet
chemical approach comparable with those achieved with
vacuum-based depositions. Co-precipitation method, sol-gel
method, and Solution Combustion method are the main
methods that are reported in the synthesis of MgO
nanostructures (Fig. 1).

2.1 Co-precipitation

A lot of the classic methods for the synthesis of metal or
metal oxide nanoparticles were attained by the co-
precipitation of partially soluble salts from aqueous
solutions followed by calcination to produce oxides
(Bhagyaraj et al. 2018). Co-precipitation processes include
the simultaneous steps of nucleation, nucleus growth,
Ostwald ripening, and/or agglomeration. Processes for the
preparation of oxides can usually be divided into two types:
those that resulted in an oxide straightly and those that
produce precipitate (usually hydroxide) that must be
calcined or annealed to form nano-metal oxide. In either
case, monodispersed oxide nanoparticles may require a
stabilizer to avoid aggregation of the particles. In methods
where calcination of the precipitate is needed, some
aggregation will be inescapable (Cushing et al. 2004). Any
process parameters affecting the reaction progress, such as
the pH of the precipitation mixture, the addition rate of
precipitating agent (hydroxides or carbonates), temperature,
and stirring rate, should be investigated to control the size,
shape, and particle size distribution of the product.

The growth of metal oxide in the water includes
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hydrolysis and condensation processes and can be studied
as the three fundamental steps of initiation, propagation,
and termination. Initiation: A hydroxylated metal complex
is the precursor of the condensation process. Hydroxylation
of the metal cation can be started by an acid-base reaction.
In the water, the pH of the solution plays a vital role in
tuning the hydrolysis ratio of metal precursors. Propagation:
A condensation process between hydroxylated metal
complexes starts to proceed and results in oxygenated
bridges between cations. The process may take place by
dissociative substitution, associative substitution, or direct
displacement. It is assumed that the pH of the solution will
be extremely dependent on the dynamics of the reaction
mixture. Termination: The condensation process will be
terminated if the hydroxide ligand of the hydroxylated
metal complexes drops its nucleophilic character speaking
of polycation. Hydroxylated metal complexes are bridged
by OH ligands in the condensation process and initially
form M(OH), that can be unstable and automatically
dehydrated by internal oxolation to produce the hydrated
oxide. Nucleation step is based on the condensation process
of the hydroxylated metal complexes as described above.
Growth of the nuclei is through the addition of the
hydroxylated metal complexes on the current metal oxide
nuclei and continues until the primary oxide nanoparticles
are produced.

Many nanomagnesia samples are synthesized by
calcination of hydroxide co-precipitation products.
Alshammari et al. (2017) prepared mesoporous magnesia
(MMgO) with 80 m?/g BET surface area and 8 nm average
pore diameter by precipitating MgCl, solution with NH,OH
at 100 °C followed by aging, drying, and calcining at 400
°C. This magnesium oxide nanostructure was demonstrated
to be sufficient for absorbing and stabilizing gold-palladium
nanoparticles (Au-PdNP) by treatment with PdCl, and
HAuUCI, followed by reducing with NaBH4 to form catalyst
Au-PANP@MMgO. This catalyst displayed high selectivity
in the aerobic oxidation of benzyl alcohol and 1-octanol to
corresponding aldehyde (Scheme 1).

In a similar way, 20 nm magnesia nanoparticles were
produced by the co-precipitation method using dropwise
addition of sodium hydroxide solution to Magnesium
sulfate solution followed by calcination at 500 °C (Dawood
et al. 2018). This heterogeneous catalyst was then employed
in the transesterification of triacylglycerols from yellow
oleander seeds oil to methyl esters with maximum
conversion (93.1%).

The co-precipitation of Mg?* as carbonates followed by
calcination and decomposition is a classic approach for the

synthesis of crystalline magnesia nanostructures. As an
example, magnesia nanohexagonal sheets were precipitated
by the addition of Na,COz; to an aqueous solution of
Mg(NQO3), followed by calcination (Azzam et al. 2018).
Calcining at 600 °C yielded MgO nanohexagon with a
diameter in the range of 150-300 nm and pore size ranging
from 1.9 nm to 65.6 nm. Antibacterial activity of
synthesized nanohexagonal sheets against Gram-positive
(Staphylococcus aureus) and -negative (Escherichia coli
and Pseudomonas aeruginosa) bacteria was improved at
proposed optimum conditions. The reactions with cell wall
proteins resulted in decreased permeability, however high
release rates of ROS from MgO nanohexagon made damage
to DNA and cellular components and finally caused bacteria
death. As a result, this protocol may offer a progressive
approach for wastewater cleanliness that can be used for
watering.

Imani and Safaei (2019) prepared magnesia nano-
particles of 21 nm in size by co-precipitation of Mg(NQO3)2,
NaOH, and their antibacterial performance against
Escherichia coli and Staphylococcus aureus was
investigated by colony-forming unit and disk diffusion
methods. Authors have reported that nanoparticles can
obviously decrease the number of bacteria and can be used
as a suitable alternative to frequently used antibiotic
compounds to prevent drug resistance among pathogens.

The antibacterial performance of 27 nm-sized similar
nanoparticles, synthesized by the same method and
precursors, against two representative bacteria Bacillus sp
and Escherichia coli (Maji et al. 2020). The observations
showed that 6ug.ml? dose is enough for the complete
inhibition of Bacillus sp. whereas it is 7.5ug.ml* for E. coli.
The oxygen vacancy in nano-sized MgO is adsorbed at the
bacterial cell wall and the membrane and forms superoxide
radicals through Interaction by the cell wall and Kills
bacteria.

The nanocomposite of carbon nanotube, graphite, and
MgO nanoparticles synthesized by Mg(NQOs), and NaOH
was prepared by Asgari et al. (2020), and its catalytic
performance was studied in the ozonation (degradation) of
diazinon in aqueous solutions. Very recently, EI-Shamy
(2021) described the preparation of a novel nanocomposite
based on carbon dots and MgO nanoparticles and its
application in Schottky device-based- H,S gas sensing.

In materials science and nanotechnology, it is very
problematic to control particle size and morphology. A
clever solution for this problem provided by nanochemists
is a variant of the templating method known as the
surfactant-mediated pathway (Phan and Nguyen 2017).
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Scheme 2 Catalytic activity of nano-magnesia materials in chalcone synthesis

Noteworthy, in the case of metal oxide nanoparticles that
need to be calcined in the final stage of synthesis, the
surfactant will be decomposed (so-called sacrificial
template). De Silva et al. (2017a) prepared 151-200 nm
MgO nanoparticles by the addition of methyl methacrylate
monomer and MgCIl, solution to a solution of sodium
carbonate and sodium persulfate. Simultaneous poly-
merization and co-precipitation led to magnesium
carbonate/poly (methyl methacrylate) composite that was
calcined at 600 °C to produce MgO nanoparticles. The
authors continued their studies on the fabrication of
chitosan/MgO nanocomposite films by the solution casting
method in various nanoparticle concentrations. The addition
of magnesia nanoparticles into chitosan led to improvement
in tensile stress, thermal stability, and flame retardancy.
This nanocomposite film with improved characteristics can
probably be employed as a packaging material to save the
quality of food products.

The same group continued their studies on the
preparation of 45 nm-sized poly(acrylic acid)-templated
MgO nanoparticles by MgCl,, NaOH as a co-precipitator
agent, acrylic acid as a monomer, and K>S;0s as an initiator
(De Silva et al. 2017b). MgO nanoparticles were used in the
preparation of alginate-based nanocomposite scaffolds by
the electrospinning method. Due to the highest tensile
strength and elastic modulus of alginate/MgO nano-
composite, the authors suggested that this material is a
suitable candidate for extracellular matrix in tissue
engineering applications.

Siriwardane et al. in 2017 and Myneni et al. in 2019
prepared MgO nanoparticles with sizes 50 nm and 20 nm,
respectively, by Mg(NQs)..6H,O and hydroxide in the
presence of PVP. Activated carbon-based nanocomposites
of these nanoparticles prepared by the impregnation method
have been employed in H.S (Induni et al. 2017) and
methylene blue (Myneni et al. 2019) removal.

In 2019, Pourrahim et al. used solid waste from the
ductile iron industry, with high content of MgO, for the
synthesis of nanoporous magnesia. Different surfactant
mixtures, including sodium dodecyl sulfate (SDS)
cetyltrimethylammonium bromide (CTAB), and Triton X-

100 (TX100) were mixed with the magnesium nitrate
solution followed by precipitation with ammonium
hydroxide and calcination. The porosimetry data showed
that the mixture of SDS and TX100, 1:1 contribute
effectively to the synthesis of nanoporous magnesia with
the appropriate average pore size, 16 nm. Magnesia
nanostructure was found to be efficient material for the
removal of reactive dye. Also, various nanostructured MgO
can be prepared by treatment of ammonium hydroxide and
Mg(ll) solution in the absence of surfactants (Li et al.
2022).

In recent years, ionic liquids (ILs) were progressively
employed and studied as a solvent, template, and stabilizing
agent for the synthesis of nanoparticles (Wegner and Janiak,
2017). Low interface energy in ILs makes them promising
solvents for stabilizing nanoparticles. ILs contain anions
and cations, which can act as electrostatic stabilizers. The
IL ions or IL self-aggregation are adsorbed to the nano-
particle surface by electrostatic forces. Also, imidazolium-
based IL coordinated with nanoparticles via n—mr interaction
and help as a stabilizing agent to prevent the aggregations
of nanoparticles (Vasanthakumar et al. 2018). On the other
hand 1,3-dialkyl imidazolium-based, ILs effectively absorb
microwave radiations and thus are used as solvents and co-
solvents in microwaves-assisted synthesis (Hoffmann et al.
2003).

In this regard, Jadhav et al. (2016) described the use of
N-methyl imidazolium and 3-methyl pyridinium halides in
the microwave-assisted synthesis of various MgO
nanostructures by co-precipitation of magnesium acetate
and sodium hydroxide. Several forms of nanomagnesia such
as nanoflakes, interconnected nanoparticles, hexagonal nano-
particles, and nanocapsules were successfully synthesized
by this method with specific surface area, pore volume, and
average pore diameter in the range of 48-74 m?/g, 0.49-0.91
cmd/g, and 24-36 nm, respectively. Interestingly, based on
temperature-programmed desorption of CO,, the basicity of
these nanomaterials is in the range from 0.73 to 1.68
mmol/g. To recognize the performance of the basicity of the
magnesia nanomaterials, all materials were tested as a
catalyst in the Claisen-Schmidt process to synthesize
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chalcone (Jadhav et al. 2018, Scheme 2). In a comparative
study, the hexagonal nanostructure that has the largest
surface area and basicity showed the highest yield in
chalcone synthesis.

In addition to ionic liquids, other green solvents such as
ethanol, acetic acid, and ethylene glycol have been used in
the co-precipitation method for the synthesis of MgO
nanoparticles with a size smaller than 50 nm (Prado et al.
2020).

2.2 Sol-gel

Sol-gel technique is classified among well-known
synthetic methods to produce desired metal oxide micro and
nanostructures (Parashar et al. 2020). Technically, it can be
better defined more widely as covering the synthesis of
metal oxide materials from solution-state precursors. This
technique has superior control over the textural properties
and chemical stability of the nanomaterials. Principally, the
sol-gel process can be explained by five basic steps;
hydrolysis, polycondensation, aging, drying, and calcination
(Danks et al. 2016). Citric acid is one of the most frequently
used chemicals in the sol-gel process known as the citrate
sol-gel method. In a typical way, a metal salt solution is
mixed with this readily available and cheap triprotic acid
followed by heating to make a viscous solution or gel.

In 2017, Hikku et al. described the synthesis of 19 nm-
sized porous magnesia nanoparticles by dropwise addition
of aqueous citric acid solution to magnesium nitrate
solution followed by adjusting the pH of this mixture to 10
and boiling. The calcination of obtained powder at 800 °C
for 1h resulted in 19 nm-sized MgO nanoparticles that
display antibacterial activity towards Escherichia coli, and
Bacillus badius. Also, these nanoparticles possess the self-
cleaning capability and removal of methyl violet dye during
exposure to sunlight.

Synthesis of magnesia nanostructures can be also carried
out through the non-aqueous sol-gel method. In the non-
aqueous sol-gel protocol, the process carries out in an
organic solvent under the exclusion of H,O (Niederberger
and Pinna 2009). Selvi and Das (2016) prepared magnesium
oxide nanoparticles by sol-gel reaction between KOH and
MgCl, in toluene under reflux conditions followed by
washing and calcination. Tests carried out in batch mode
showed that the degradation of cefdinir by magnesia
nanoparticles coated on Candida sp. SMNO4 was more
competent than the individual systems. Also, the catalytic
activity of these nanoparticles was tested in the ozone
degradation of phenol by a radical mechanism (Wang et al.
2017). Hydroxyl radicals were produced on the surface of
magnesia and consequently, nanoparticles were able to
catalyze ozone into hydroxyl radicals and phenol oxidation.

Further modification of the non-aqueous sol-gel method
led to the development of the synthesis of magnesia
nanoparticles in ethanol using a complexing agent such as
benzene-1,2-dicarboxylic acid (Deepa and Rajendran 2018)
and oxalic acid (Durgalakshmi et al. 2019) in the presence
of Magnesium acetate tetrahydrate.

Interestingly, the addition of water to an ethanolic
solution of magnesium methoxide, Mg(OCHjs), followed by

aging and calcination resulted in 8 to 20 nm-sized magnesia
nanoparticles (Castillo et al. 2019). Due to the antibacterial
activity of resulting nanoparticles against both Gram-
negative and Gram-positive bacteria, these nanomaterials
were used to protect several 18th-century papers from
microbial colonization. TEM images have proved that cell
membrane leakage and cell death resulted from oxidative
stress.

Prado et al. (2020) prepared mesoporous magnesium
oxide with 171 m?/g BET surface area and 26 nm average
pore diameter via a sol-gel method where Mg(OAc), was
added slowly to aqueous CTAB solution at pH=11.5
followed by aging, washing, and calcination at 500 °C.
Along this line, it was shown that MgO nanoparticles can
be synthesized using low-cost and naturally existing bittern,
and dolomite (Gunathilake et al. 2020). Bittern solution (as
a first Mg source) was treated with HNO3 and then barium
chloride to remove sulfate ions. CTAB and dolomite
(secondary Mg source) were then slowly added to the
reaction. The produced gel was separated dried and calcined
at 450 °C to obtain final plate-like MgO nanoparticles.
Graphene oxide-supported MgO nanoparticles were
examined for carbon dioxide sorption at several
temperatures. The Immobilization of MgO nanoparticles on
graphene oxide enhances the number of hydroxyl groups
and is thus accountable for higher carbon dioxide
chemisorption via hydrogen carbonate and bidentate
carbonate formation.

2.3 Combustion synthesis

Solution Combustion Synthesis (SCS) is an energy and
time-effectiveness, low-cost, and simple process, which
enables an efficient synthesis of metal oxide nanoparticles
(Varma et al. 2016). This method includes a self-sustained
reaction in a homogeneous solution of various oxidizers
(e.g., nitrate salts) and fuels (such as citric acid, glycine,
and urea). Essentially, SCS contains three key stages, 1)
mixture formation (solution of metal salt and organic fuel in
water), 2) gel network formation (complexation between
metal ions and fuel) 3) combustion of the gel. Due to the
essential rapid and uncontrollable combustion procedure,
the common problem encountered in combustion synthesis
is the controllability over phases, size, and textural
properties of the products (Deganello and Tyagi 2018).
Large quantities of gaseous byproducts generated in SCS
make a considerable expansion of the solid product which
leads to porosity or dispersed particles.

Madzokerea and Karthigeyan (2017) reported on the
synthesis of 12-17 nm-sized agglomerated MgO nano-
particles by Magnesium nitrate as an oxidizer and glycine
as the fuel. This nanomaterial could efficiently remove
Cu(ll) ions from copper (1) chloride solution. A similar
experimental process was used for the magnesium nitrate-
urea solution and yielded MgO with nanoparticle
morphology. Owing to the high sorption capacity of
produced MgO nanoparticles, they can successfully remove
humic acid, fluoride (Oladoja et al. 2017), and methyl
orange (Yan et al. 2020). Also, SCS-based nano MgO
filler/polymer nanocomposite can be used as a thermally
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stable electrolyte for lithium-ion batteries (Masoud et al.
2018). Ma et al. (2018) used magnesium chloride and
acetate in combination with hexamethylenetetramine
(HMTA) as fuel to prepare nanoflowers and nanoparticles.
Also, MgO nanowires were attained by SCS using
manganese acetate-HMTA mixtures, initiated in heated
furnaces at 450 -C. The adsorption capacity of magnesium
oxide nanowires for removing arsenate and phosphate was
tested by the authors.

3. Biosynthetic methods

Green chemistry is a modern field of laboratory and
industrial chemistry that deals with the design of products
and synthetic methods that decrease or eliminate the use
and production of hazardous chemicals. Due to the harmful
toxic contaminants which could be found in the chemical
protocols for the synthesis of nanomaterials, bio-based
synthesis of nanostructures using plant and animal parts has
progressively attracted some attention (Omran 2020). These
methods (Fig. 2) usually apply microorganisms including
bacteria, fungi, and algae, and plants biomass or extracts
(Malarkodi et al. 2013, Sur 2014, Balaz et al. 2019).

In this class of methods, biological compounds cover the
surface of nanoparticles during green synthesis (Javed et al.
2020). Consequently, this auxiliary coat improves the
biological characters of produced nanoparticles compared to

the ones synthesized by chemical methods. Also, the
presence of a biological layer avoids the contamination of
nanoparticles with harmful by-products. However, one of
the main reasons why biosynthetic methods have stayed at
laboratory-scale, up to now, is that the method includes a set
of interconnected factors (pH, the biological reducing/
precipitation agent composition and concentration,
temperature, metal salt/precursor concentration, rate of
agitation, process time). These affect the properties of the
produced nanoparticles. So, the optimization of a bio-based
technique is a challenging goal that needs more investigation.
Moreover, the participation of organisms makes the
procedures hard to standardize and repeat on a larger scale,
as the internal media of organisms varies from one species
to another and between individuals from the same species
(Miu and Dinischiotu 2022).

3.1 Plant extract-mediated method

A growing area in green nanoscience, the so-called
phytonanotechnology, is the green synthesis of nano-
structures by the extracts of diverse plant tissues such as
leaves, fruit, roots, seeds, peels, and flowers (Bao et al.
2021). Due to the uncertainty of precise phytochemical
components in extract, the true mechanism of extract-
mediated synthesis of nanoparticles is yet unclear to some
extent. But these extracts play well the role of reductants,
capping agents, and stabilizers because of the existence of
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Table 1 Recent papers on leaf extract mediated synthesis of MgO nanoparticles and their applications

Plant name Nanoparticle Size (nm) Application References
Bauhinia purpurea 11 antimicrobial applications Das et al. 2018
Crantz 36.7 Essien et al. 2020
Sesbania bispinosa 80-90 effect on growth.parameters and chlorophyll Elakkiya et al. 2020
content in Long Bean Plant
Achyranthes aspera 7-132 antimicrobial applications Pavithra et al. 2020
Amaranthus tricolor, Jeevanandam et al
Amaranthus blitum and 20-44 cytotoxicity '
; . 2020b
Andrographis paniculata
Moringa oleifera 13-35 capacitor applications Venkatagggllam etal.
Green tea 80 antimicrobial applications Khan et al. 2021
Moringa Oleifera 40-70 antimicrobial applications Amrulloh et al. 2021

@ average crystalline size of MgO nanosheets

proteins containing amino groups and alkaloids, flavones,
and anthracenes with carbonyl, hydroxyl, and ether groups
(Singh et al. 2018). Due to the sensitivity of phytochemicals
to temperature, the drying step in plant extraction is very
important. Freeze drying is described to be the best
technique to dry. Also, the dried part will be ground to
increase the surface area. The extraction process is done
using suitable polar or nonpolar solvents. In addition to
water, organic solvents such as ethanol or methanol
frequently are used for the extraction. (Thomas et al. 2020).

Ghashang et al. (2016) utilized carboxylic acid-rich
extract of Rosmarinus officinalis leaves and MgCl, which
yielded 73 nm-sized MgO nanoparticles with sizes between
20-140 nm. These nanoparticles are applied as catalysts for
the synthesis of thiochromeno[4,3-b]pyran and thiopyrano
[4,3-b]pyran derivatives.

In 2017 magnesia nanoparticles were synthesized by
Jeevanandam et al. using three various leaf extracts
(Amaranthus tricolor, Amaranthus blitium, and
Andrographis paniculata) and the effects of reaction factors
including extract concentration, magnesium salt loading,
temperature, and process time on the size and shape the
MgO nanoparticles were studied. FTIR investigations
exposed that the degradation of functional groups of extract
components is accountable for the production of magnesia
nanoparticles. It is interesting that the functional group
transformations are different, by varying metal salt.
According to the TEM images, this method can be used for
tuning the size of MgO nanoparticles in the range of 18 to
80 nm (frequently spherical and hexagonal) where leaf
extract compositions play an important role in size
controlling. Jeevanandam et al. (2018) continued their
studies on the synthesis of 6-8 nm width-sized MgO
nanorods using Eucalyptus globulus aqueous leaf extract.
Due to the large surface area, nanorods demonstrate the
noteworthy biological activity by comparison with spherical
nanoparticles. Based on FT-IR spectroscopy, eucalyptol,
triterpenoids, polyphenols, and flavonoids in extracts and
enol to keto transformation were proved to be accountable
for nanoparticle formation. Authors have continued their
investigations on the synthesis of magnesia nanoparticle
size of 48 nm using Calotropis gigantea leaves extracts (Hii

et al. 2018). Nanoencapsulation of magnesia nanoparticles
by Eudragit L100 (Poly(methacrylic acid-co-methyl
methacrylate) was found to synthesize 53.37nm-sized
particles at higher stability. also indicated that Eudragit L-
encapsulated magnesia nanoparticles had higher drug
loading.

Antibacterial activity of Pisidium guvajava and Aloe
vera leaf extract-mediated MgO nanoparticles evaluated
against E. coli and S. aureus using the disc diffusion method
by Umaralikhan and Jaffar in 2018. The antibacterial
activities of magnesia nanoparticles were relatively similar
for both bacterial species. Also, Aloe Vera-mediated MgO
nanoparticles were used for improvement in seedling
growth of Vigna Radiata and Cajanus Cajan (Rani et al.
2020). The seed germination data showed that the existence
of these MgO particles enhanced the seed germination rate
and seedling altitude.

In 2018, Kaur et al. published a paper in which they
described the green synthesis of MgO nanoparticles using
aloe vera extract as well as the solution-combustion
technique. The SEM and TEM images revealed the
formation of the 25 nm-sized fibrous-shaped nanoparticles
for the combustion method and 15 nm-sized spherical
nanoparticles for the biological method. These nano-
particles were tested in sensing liquefied petroleum gas in
400-1000 ppm concentration at temperatures. The
relationship between synthesis method and sensitivity
towards LPG was investigated and it was found that
biosynthesized MgO is recommended for detecting trace-
level gases at room temperature to 300 °C (Thirupathi et al.
2018).

Solanum trilobatum leaf extract was applied to
synthesize MgO nanoparticles with an average size of 30
nm (Narendhran et al. 2019). It was reported that mixing S.
trilobatum leaf extract and Mg(NOs). solution followed by
calcination of precipitate resulted in MgO nanoparticles.
Also, it shows significant in vitro antibacterial activity
against E. coli and B. subtilis.

Hexagonal 43 nm-sized magnesia nanoparticles were
prepared by Amaranthus tricolor leaf extract and the effect
of pH (3-11) on their shape and morphology was studied
(Jeevanandam et al. 2020a). The protonation of magnesia
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Table 1 Recent papers on leaf extract mediated synthesis of MgO nanoparticles and their applications

Plant name Nanoparticle Size (nm) Application References
Swertia Chirayaita whole plant <20 antimicrobial applications
Clitoria ternatea whole plant 50-400 in vitro antioxidant activity
Artemisia abrotanum whole plant 10 removal of dye
Saussurea costus root 30 cytotoxicity and antimicrobial applications
Pterocarpus marsupium heartwood <20 biomedical applications
Opuntia monacantha whole plant 12-182 antimicrobial applications

2Thicknessof MgO nanosheets

nanoparticles in an acidic medium was proposed to act as a
capping agent and stabilizer to adjust the morphology of the
nano-magnesia from spherical to hexagonal.

In a different study, visible light-mediated synthesis of
magnesia nanoparticles by Amaranthus tricolor leaf extracts
without the addition of any chemical precipitator, has been
investigated (Siaw et al. 2020). In this report, researchers
looked at the effect of the reaction time, the precursor
concentration, and light intensity on the size of MgO
nanoparticles. Based on The proposed mechanism for this
process absorption of light energy by phytochemicals such
as carotenoids and xanthophyll resulted in the reduction of
their long carbon chains into smaller compounds. The oxide
ions from the reduced phytochemicals can be bonded with
Mg?* ions to form magnesia. Today, scientists show more
interest in leaf extract-mediated synthesis of magnesia
nanoparticles as described in Table 1.

In addition to leaves, extracts from other parts of plants
can also be used to synthesize magnesium oxide nano-
particles. Nano rice-like MgO with an average width of
50~70 nm (Maruthai et al. 2018) and nano cauliflower-like
MgO (Jayapriya et al. 2020) were synthesized by Musa
paradisiaca bract extract. The catalytic efficiency of these
MgO nanostructures with Ag and ZnO has been tested in
the removal of methyl orange, methylene blue, and O-
nitrophenol.

Rosemary Floral extract-mediated MgO nano-flowers
considerably prevented bacterial growth, biofilm formation,
and motility of Xanthomonas oryzae pv. oryzae is one of
the most common agents of disease in rice (Abdallah et al.
2019). Verma et al. (2020) have performed a comparative
study using Calotropis gigantean floral extract-mediated
MgO nanoparticles (F-MgONPs) and commercial MgO
nano-particles (C-MgONPs) in cellular toxicity analysis.
The results revealed the molecular nanotoxicity of C-
MgONPs and supported the usage of F-MgONPs as an
encouraging alternative to C-MgONPs for higher bio-
compatibility in both clinical as well as environmental
fields. The authors reported the considerable toxicity of C-
MgONPs in the water environment as a result of time-
consuming accumulation, and their widespread use posing a
serious risk to the ecosystem. Whereas Biocompatible F-
MgONPs in optimized concentration can be a powerful
solution to the threat. Taking into account the concerns
related to toxicity and ecological pollution the authors
proposed the adoption and application of the green
approach in nanoparticle synthesis. Table 2 provides recent

reports on the synthesis of magnesia nanoparticles by using
extracts of various parts of plants and their applications in
different areas.

Also, it should be noted that in addition to plants, the
white mushroom aqueous extract has been used too for the
synthesis of 15-20 nm-sized MgO nanoparticles (Jhansi et
al. 2017). The ability of algae to adsorb and reduce
transition metal ions makes them one of the best candidates
for the biological synthesis of nanoparticles (Oscar et al.
2016). Furthermore, algae are partly easy to manipulate in
addition to numerous other benefits such as synthesis at low
temperatures with higher energy saving, less toxicity, and
ecological risk. Zaky et al. (2018) have reported that
phlorotannins present in the brown seaweed (Sargassum-
muticum) extract are responsible for the synthesis of 17-30
nm-sized MgO nanoparticles from Magnesium acetate
solution. Anand et al. (2020) investigated the synthesis of
12 nm-sized magnesia nanoparticles using an extract of the
marine brown alga, Turbinaria ornata, and the effect of
nanoparticles on seed germination of Vigna radiata.
Treatment with MgO nanoparticles indicated a considerably
high germination rate and seedling growth in comparison
with conventional hydropriming. Also, MgO nanoparticles
were prepared by co-precipitation method using NaOH and
extract of a marine macroalga (red seaweed) Kappaphycus
alvarezii (Pachiyappan et al. 2020).

3.2 Biomass-mediated method

Biomass has distinctive properties which offer unique
advantages, containing easy access and availability,
renewability, biocompatibility, and biodegradability.
Various biomass Such as fungi, plants, and agricultural
wastes have been used to produce nanostructures for
various applications (Omran 2020). Fungi are generally
presented as a favored and appropriate green nano-factory
for the preparation of nanoparticles (Guilger-Casagrande
and Lima 2019). The fungal system-based methods in the
synthesis of nanomaterials are commonly known as
psychosynthesis. In this line, some fungal species have been
studied to synthesize MgO nanoparticles.

Saied and co-workers (2021) prepared 8.0-38.0 nm-
sized magnesia nanoparticles by treatment of Mg(NOs3),
and biomass filtrate of fungal strain Aspergillus terreus S1
at 25-40 °C to form Mg(OH), followed by calcination. In a
similar way, Aspergillus niger strain F1 (Fouda et al. 2021)
and Erysiphe cichoracearum (Fathy and Mahfouz 2021)
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Scheme 3 MgO-catalyzed Meerwein-Ponndorf-Verley
process
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Scheme 4 PANP@MgO catalyzed aerobic oxidation of
alcohols

were used in the synthesis of MgO nanoparticles. The
performance of these nanoparticles was tested in transition
metal ion removal and inhibiting the growth of pathogenic
microbes such as Escherichia coli.

Plant biomass can be considered as a potential candidate
in the synthesis of metal oxide nanoparticles. In 2018,
Kumar and co-workers prepared 20-25 nm magnesia nano-
flakes by maxing Vetiver plant powder as a fuel and
Mg(NOs), followed by calcination in a muffle furnace.
Based on cyclic voltammetric data nano-flakes can be
applied as electrode material. A similar technique was
employed for the synthesis of MgO nanoparticles by Cicer
arietinum powder as a fuel (Kumar et al. 2019).

Established on a bio-based economy, agricultural waste
biomass such as rice husk, walnut shell, and fruit peel has
progressively been considered as a low-cost renewable
resource (as fuel) for the synthesis of nanomaterials
(Zamani et al. 2019a). For example, Kumar et al. (2018)
reported the synthesis of 15-20 nm-sized MgO nano-
powders using banana peel powder as fuel. MgO nano-
powders show photocatalytic activity under sunlight for
rhodamine-B and Malachite green. It was reported that
photocatalytic activity is sensitively dependent on the
oxygen vacancies in MgO nanoparticles (Gurylev 2021).

Also in our group, after that, we synthesized copper
(Zamani et al. 2018a) ceria (Zamani et al. 2018b), and
alumina nanoparticles (Zamani et al. 2019b) using walnut
shell, we focused on the walnut shell-assisted preparation of
high surface area nanomagnesia (Zamani et al. 2019c).
Walnut shell powder was combined with an aqueous
solution of Mg(NQs); in different weight ratios followed by
evaporation of water, and calcination. Nanostructured
magnesia has BET surface area of up to 79 m?g.

Hydrothermal treatment of these MgO nanoparticles and
annealing unexpectedly enhance surface area up to 212
m?/g. To evaluate the catalytic performance of MgO
nanomaterials as solid catalysts we focused on Meerwein-
Ponndorf-Verley process (Scheme 3). It is of interest that
magnesium oxides with the highest surface area revealed
maximum yields. Also, MgO nanoparticles were evaluated
as the support of palladium nanoparticles (PANP@MgO) in
the aerobic oxidation of benzylic and aliphatic alcohols
under air without the use of an exogenous base (Scheme 4).
A similar technique was employed to prepare MgO
nanoparticles by using sugarcane bagasse, rice husk (Guo et
al. 2020), and olive pomace (Dakroury et al. 2020) as
abundantly available agro-waste. Carbon dioxide and metal
ion adsorption behaviors of MgO nanoparticles were
investigated.

4. Conclusions

The present article emphasizes the various protocols for
the synthesis of nanostructured magnesia and their potential
application in antibacterial activities, dye and metal ion
removal, catalysis, and Electro-Chemical Applications. An
attempt is been made to classify a variety of chemical and
biological protocols and raw materials such as co-
precipitators, fuels, plants, and fungi under green synthesis.
The analysis made here presents microscopic and textural
details of types of size and morphology carried out of
magnesia nanostructures. From the references cited in the
article, it is understood that the method of synthesis,
precipitators, fuels, surfactants, and solvents play an
important role to define the improved properties of MgO
nanomaterials prepared by wet chemical or biological
protocols. Therefore, the aim of this article efforts to
comprehend the development of chemical and biological
synthesis for preparing efficient magnesia nanoparticles for
future environmental, medical, and industrial applications.
A wide range of amorphous nanoparticles as well as
hexagonal nanoparticles are synthesized by various
chemical and biological methods, but as can be seen,
magnesia nanoplates and nanotablets can be synthesized
mainly by biological methods, especially by using plant leaf
extracts. But more studies are needed to determine the
relationship between the synthesis methods of magnesium
oxide nanoparticles and their morphology, as well as their
physical and chemical properties and finally their
application.

References

Abbas, S., Uzair, B., Sajjad, S., Leghari, S.A.K., Noor, S., Niazi,
M.B.K., Farooq, I. and Igbal, H. (2021) “Dual-functional green
facile CuO/MgO nanosheets composite as an efficient
antimicrobial agent and photocatalyst”, Arab. J. Sci. Eng.,
47(5), 5895-5909. https://doi.org/10.1007/s13369-021-05741-1.

Abdallah, Y., Ogunyemi, S.O., Abdelazez, A., Zhang, M., Hong,
X., lbrahim, E., Hossain, A., Fouad, H., Li, B. and Chen, J.
(2019) “The green synthesis of MgO nano-flowers using
Rosmarinus officinalis L. (rosemary) and the antibacterial
activities against Xanthomonas oryzae pv. oryzae”, BioMed



112 Hanie Abdollahzade and Asghar Zamani

Res. Int., 2019, 5620989. https://doi.org/10.1155/2019/5620989.
Alshammari, H., Alhumaimess, M., Alotaibi, M.H. and

Alshammari, A.S. (2017) “Catalytic activity of bimetallic AuPd

alloys supported MgO and MnO2 nanostructures and their role

in selective aerobic oxidation of alcohols”, J. King Saud Univ.

Sci., 29, 561-566.

http://doi.org/10.1016/j.jksus.2017.03.003.

Amina, M., Al Musayeib, N.M., Alarfaj, N.A., EI-Tohamy, M.F.,
Oraby, H.F., Al Hamoud, G.A., Bukhari, S.I. and Moubayed,
N.M.S. (2020) “Biogenic green synthesis of MgO nanoparticles
using Saussurea costus biomasses for a comprehensive
detection of their antimicrobial, cytotoxicity against MCF-7
breast cancer cells and photocatalysis potentials”, PLoS ONE,
15(8), e0237567. https://doi.org/10.1371/journal.pone.0237567.

Ammulu, M.A,, Vinay Viswanath, K., Giduturi, A.K., Vemuri
P.K., Mangamuri, U. and Poda S. (2021) “Phytoassisted
synthesis of magnesium oxide nanoparticles from Pterocarpus
marsupium rox.b heartwood extract and its biomedical
applications”, J. Genet. Eng. Biotechnol., 19, 21.
https://doi.org/10.1186/s43141-021-00119-0.

Amrulloh, H., Fatigin, A., Simanjuntak, W., Afriyani, H. and
Annissa, A. (2021) “Bioactivities of nano-scale magnesium
oxide prepared using aqueous extract of Moringa Oleifera
leaves as green agent” Adv. Nat. Sci: Nanosci. Nanotechnol.,
12(1), 015006. http://doi.org/10.1088/2043-6254/abde39.

Anand, K.V., Anugraga, A.R., Kannan, M., Singaravelu, G. and
Govindaraju, K. (2020) “Bio-engineered magnesium oxide
nanoparticles as nano-priming agent for enhancing seed
germination and seedling vigour of green gram (Vigna radiata
L.)”, Mater. Lett., 271, 127792.
https://doi.org/10.1016/j.matlet.2020.127792.

Asgari, G., Seidmohammadi, A., Esrafili, A., Faradmal, J., Noori
Sepehr M., and Jafarinia, M. (2020) “The catalytic ozonation of
diazinon using nano-MgO@CNT@Gr as a new heterogenous
catalyst: the optimization of effective factors by response
surface methodology”, RSC Adv., 10, 7718-7731.
http://doi.org/10.1039/c9ra10095d.

Azzam, A.M., Shenashen, M.A., Mostafa, B.B., Kandeel, W.A.
and El-Safty, S.A. (2019) “Antibacterial activity of magnesium
oxide nanohexagonal sheets for wastewater remediation”,
Environ. Prog. Sustain. Energy, 38(sl1), S260-S266.
https://doi.org/10.1002/ep.12999.

Balaz, M., Balazova, L., Kovacova, M., Daneu, N., Salayova, A.,
Bedlovi¢ova, Z. and Tkacikova, L. (2019) “The relationship
between precursor concentration and antibacterial activity of
biosynthesized Ag nanoparticles”, Adv. Nano Res., 7(2), 125-
134. https://doi.org/10.12989/anr.2019.7.2.125.

Bao, Y., He, J., Song, K., Guo, J., Zhou, X. and Liu, S. (2021)
“Plant-Extract-Mediated Synthesis of Metal Nanoparticles”, J.
Chem., 6562687. https://doi.org/10.1155/2021/6562687.

Bhagyaraj, S.M., Oluwafemi, O.S., Kalarikkal, N. and Thomas, S.
(2018), Synthesis of InorganicNanomaterials, Woodhead
Publishing.

Baig, N., Kammakakam, I. and Falath, W. (2021) “Nanomaterials:
a review of synthesis methods, properties, recent progress, and
challenges”, Mater. Adv., 2, 1821-1871.
https://doi.org/10.1039/DOMAQ00807A.

Castillo, I.F., De Matteis, L., Marquina, C., Guillén, E.G., de la
Fuente, J.M. and Mitchell, S.G. (2019) “Protection of 18th
century paper using antimicrobial nano-magnesium oxide”, Int.
Biodeterior. Biodegradation, 141, 79-86.
https://doi.org/10.1016/j.ibiod.2018.04.004.

Cushing, B.L., Kolesnichenko, V.L. and C.J. O’Connor (2004)
“Recent advances in the liquid-phase syntheses of inorganic
nanoparticles”, Chem. Rev., 104(9), 3893-3946.
https://doi.org/10.1021/cr030027h.

Danks, A.E., Hall, S.R., and Schnepp, Z. (2016) “The evolution of

‘sol-gel’ chemistry as a technique for materials synthesis”,
Mater. Horiz., 3, 91-112.
https://doi.org/10.1039/C5MHO00260E.

Dakroury, G.A., Abo-Zahra, Sh.F. and Hassan, H.S. “Utilization
of olive pomace in nano MgO modification for sorption of
Ni(ll) and Cu(ll) metal ions from aqueous solutions”, Arab. J.
Chem., 13, 8, 6510-6522.
https://doi.org/10.1016/j.arabjc.2020.06.008.

Das, B., Moumita, S., Ghosh, S., Khan, M.1., Indira, D., Jayabalan,
R., Tripathy, S.K., Mishra, A. and Balasubramanian, P. (2018)
“Biosynthesis of magnesium oxide (MgO) nanoflakes by using
leaf extract of Bauhinia purpurea and evaluation of its
antibacterial property against Staphylococcus aureus”, Mater.
Sci. Eng. C, 91, 436-444.
https://doi.org/10.1016/j.msec.2018.05.059.

Dawood, S., Ahmad, M., Ullah, K., Zafar, M. and Khan, K. (2018)
“Synthesis and characterization of methyl esters from non-
edible plant species yellow oleander oil, using magnesium oxide
(MgO) nano-catalyst”, Mater. Res. Bull., 101, 371-379.
https://doi.org/10.1016/j.materresbull.2018.01.047.

Deepa, B. and Rajendran, V. (2018) “Investigation of organic
solvents assisted nano magnesium oxide nanoparticles and their
structural,  morphological, optical and  antimicrobial
performance”, Mater. Res. Express, 5(1), 015033.
https://doi.org/10.1088/2053-1591/aaa0b5.

Deganelloa, F. and Tyagi, A.K. (2018) “Solution combustion
synthesis, energy and environment: Best parameters for better
materials”, Prog. Cryst. Growth Charact. Mater., 64, 23-61.
https://doi.org/10.1016/j.pcrysgrow.2018.03.001.

De Silva, R.T., Mantilaka, M.M.M.G.P.G., Ratnayake, S.P.,
Amaratunga, G.A.J. and Nalin de Silva, K.M. (2017a) “Nano-
MgO reinforced chitosan nanocomposites for high performance
packaging applications with improved mechanical, thermal and
barrier properties”, Carbohydr. Polym., 157, 739-747.
http://doi.org/doi:10.1016/j.carbpol.2016.10.038.

De Silva, R.T., Mantilaka, M.M.M.G.P.G., Goh, K.L., Ratnayake,
S.P., Amaratunga, G.A.J. and Nalin de Silva,K.M. (2017b)
“Magnesium oxide nanoparticles reinforced electrospun
alginate-based nanofibrous scaffolds with improved physical
properties”, Int. J. Biomater., 2017, 1391298.
https://doi.org/10.1155/2017/1391298.

Diwald O. and Berger T. (2022), Metal Oxide Nanoparticles,
Wiley & Sons.

Dobrucka, R. (2018) “Synthesis of MgO Nanoparticles Using
Artemisia abrotanum Herba Extract and Their Antioxidant and
Photocatalytic Properties”, Iran. J. Sci. Technol. Trans. Sci., 42,
547-555. https://doi.org/10.1007/s40995-016-0076-X.

Durgalakshmi, D., Ajay Rakkesh, R., Kamil, S., Karthikeyan, S.
and Balakumar, S. (2019) “Rapid dilapidation of alcohol using
magnesium oxide and magnesium aspartate based nano-
structures: A raman spectroscopic and molecular simulation
approach”, J. Inorg. Organomet. Polym. Mater., 29, 1390-1399.
https://doi.org/10.1007/s10904-019-01105-3.

Elakkiya, V.T., Rajaram, K., Meenakshi, R.V., Ravi Shankar, K.,
and Sureshkumar, P. (2020) Green Synthesis of MgO
Nanoparticles Using Sesbania bispinosa and Its in Vitro Effect
on Chlorophyll Content in Long Bean Plant, In Green Synthesis
of Nanoparticles: Applications and Prospects, Springer,
Singapore.

El-Shamy, A.G. (2021) “New nano-composite based on carbon
dots (CDots) decorated magnesium oxide (MgO) nano-particles
(CDots@MgO) sensor for high H2S gas sensitivity
performance”, Sens. Actuators B Chem., 329, 129154,
https://doi.org/10.1016/j.snb.2020.129154.

Essien, E.R., Atasie, V.N., Okeafor, A.O. and Nwude, D.O. (2020)
“Biogenic synthesis of magnesium oxide nanoparticles using
Manihot esculenta (Crantz) leaf extract”, Int. Nano Lett., 10, 43-



Recent developments in liquid-phase synthesis and applications of nanomagnesia 113

48. https://doi.org/10.1007/s40089-019-00290-w.

Fathy, R.M. and Mahfouz. A.Y. (2021) “Eco-friendly graphene
oxide-based magnesium oxide nanocomposite synthesis using
fungal fermented by-products and gamma rays for outstanding
antimicrobial, antioxidant, and anticancer activities”, J.
Nanostruct. Chem., 11, 301-321.
https://doi.org/10.1007/s40097-020-00369-3.

Fernandes M., Singh K.R.B., Sarkar T., Singh P. and Singh R.P.
(2020) “Recent applications of magnesium oxide (mgo)
nanoparticles in various domains”, Adv. Mater. Lett., 11(8), 1-
10. https://doi.org/10.5185/amlett.2020.081543.

Fouda. A., Hassan, S.E., Saied, E. and Hamza, M.F. (2021)
“Photocatalytic degradation of real textile and tannery effluent
using biosynthesized magnesium oxide nanoparticles (MgO-
NPs), heavy metal adsorption, phytotoxicity, and antimicrobial
activity”, J. Environ. Chem. Eng., 9, 105346.
https://doi.org/10.1016/j.jece.2021.105346.

Gaspera E.D. (2021) “Special issue: Wet chemical synthesis of
functional nanomaterials”, Nanomaterials, 11(4), 1044.
https://doi.org/10.3390/nan011041044.

Ghashang, M., Mansoor, S.S., Mohammad Shafiee, M.R., Kargar,
M., Najafi Biregan, M., Azimi, F. and Taghrir, H. (2016)
“Green chemistry preparation of MgO nanopowders: Efficient
catalyst for the synthesis of thiochromeno[4,3-b]pyran and
thiopyrano[4,3-b]pyran derivatives”, J. Sulphur Chem., 37(4),
377-390. https://doi.org/10.1080/17415993.2016.1149856.

Guilger-Casagrande, M. and Lima, R. (2019) “Synthesis of silver
nanoparticles mediated by fungi: A review”, Front. Bioeng.
Biotechnol., 7, 287. https://doi.org/10.3389/fhioe.2019.00287.

Gunathilake, C.A., Ranathunge, G.G.T.A., Dassanayake, R.S.,
Illesinghe, S.D., Manchanda, A.S., Kalpage, C.S., Rajapakse,
R.M.G. and Karunaratne, D.G.G.P. (2020) “Emerging
investigator series: Synthesis of magnesium oxide nanoparticles
fabricated on graphene oxide nanocomposite for Co2
sequestration at elevated temperatures”, Environ. Sci. Nano, 7,
1225-1239. https://doi.org/10.1039/C9EN01442].

Guo, Y., Tan, C., Sun, J,, Li, W., Zhang, J. and Zhao, C. (2020)
“Biomass ash stabilized MgO adsorbents for CO:2 capture
application”, Fuel, 259, 116298.
https://doi.org/10.1016/j.fuel.2019.116298.

Gurylev, V. (2021), Nanostructured Photocatalyst via Defect
Engineering, Springer Nature, Switzerland.

Hii, Y.S., Jeevanandam, J., Chan, Y.S. (2018) “Plant mediated
green synthesis and nanoencapsulation of MgO nanoparticle
from Calotropis gigantea: Characterisation and kinetic release
studies”, Inorg. Nano-Met. Chem., 48(12), 620-631.
https://doi.org/10.1080/24701556.2019.1569053.

Hikku, G.S., Jeyasubramanian, K. and Vignesh Kumar, S. (2017)
“Nanoporous MgO as self-cleaning and anti-bacterial pigment
for alkyd based coating”, J. Ind. Eng. Chem., 52, 168-178.
https://doi.org/10.1016/j.jiec.2017.03.040.

Hoffmann, J., Nuchter, M., Ondruschka, B. and Wasserscheid, P.
(2003) “lonic liquids and their heating behaviour during
microwave irradiation - a state of the art report and challenge to
assessment”, Green Chem., 5, 296-299.
https://doi.org/10.1039/B212533A.

ljaz, 1., Gilani, E. and Bukhari, A. (2020) “Detail review on
chemical, physical and green synthesis, classification,
characterizations and applications of nanoparticles”, Green
Chem. Lett. Rev., 13(3), 223-245.
https://doi.org/10.1080/17518253.2020.1802517.

Imani, M.M. and Safaei, M. (2019) “Optimized synthesis of
magnesium oxide nanoparticles as bactericidal agents”, J.
Nanotechnol., 2019, 6063832.
https://doi.org/10.1155/2019/6063832.

Jadhav, A.H., Lim, A.C., Thorat, G.M., Jadhav, H.S. and Seo, J.G.
(2016) “Green solvents ionic liquids: Structural directing

pioneers for microwave assisted synthesis of controlled MgO
nanostructures”, RSC Adv., 6, 31675-31686.
https://doi.org/10.1039/C6RA02980A.

Jadhav, A.H., Prasad, D., Jadhav, H.S., Nagaraja, B.M. and Seo,
J.G. (2018) “Tailoring and exploring the basicity of magnesium
oxide nanostructures in ionic liquids for claisen-schmidt
condensation reaction”, Energy, 160, 635-647.
https://doi.org/10.1016/j.energy.2018.07.036.

Jayapriya, M., Premkumar, K., Arulmozhi, M. and Karthikeyan,
K. (2020) “One-step biological synthesis of cauliflower-like
Ag/MgO nanocomposite with antibacterial, anticancer, and
catalytic activity towards anthropogenic pollutants”, Res. Chem.
Intermed., 46, 1771-1788.
https://doi.org/10.1007/s11164-019-04062-1.

Javed, R., Zia, M., Naz, S., Aisida, S.0., Ain, N. and Ao, Q.
(2020) “Role of capping agents in the application of
nanoparticles in biomedicine and environmental remediation:
Recent trends and future prospects”, J. Nanobiotechnol., 18(1),
172. https://doi.org/10.1186/s12951-020-00704-4.

Jeevanandam, J.,, Chan, Y.S. and Danquah, M.K. (2017)
“Biosynthesis and characterization of MgO nanoparticles from
plant extracts via induced molecular nucleation”, New J. Chem.,
41, 2800-2814. https://doi.org/10.1039/C6NJ03176E.

Jeevanandam, J., Chan, Y.S. and Danquah, M.K. (2020a) “Effect
of pH variations on morphological transformation of
biosynthesized MgO nanoparticles”, Part. Sci. Technol., 38(5),
573-586. https://doi.org/10.1080/02726351.2019.1566938.

Jeevanandam, J., Chan, Y.S. and Danquah, M.K. (2020b)
“Cytotoxicity and insulin resistance reversal ability of
biofunctional phytosynthesized MgO nanoparticles”, 3 Biotech,
10(11), 489. https://doi.org/10.1007/s13205-020-02480-2.

Jeevanandam, J., Chan, Y.S. and Ku, Y.H. (2018) “Aqueous
Eucalyptus globulus leaf extract-mediated biosynthesis of MgO
nanorods”, Appl. Biol. Chem., 61, 197-208.
https://doi.org/10.1007/s13765-018-0347-7.

Jhansi, K., Jayarambabu, N., Reddy, K.P., Reddy, N.M., Suvarna,
R.P., Rao, K.V, Kumar, V.R. and Rajendar, V. (2017)
“Biosynthesis of MgO nanoparticles using mushroom extract:
effect on peanut (Arachis hypogaea L.) seed germination”, 3
Biotech, 7, 263. https://doi.org/10.1007/s13205-017-0894-3.

Jupille, J. and Thornton, G. (2015), Defects at Oxide Surfaces,
Springer, New York, U.S.A.

Kaur, S., Singh, J., Rawat, R., Kumar, S., Kaur, H., Rao, K.V. and
Rawat, M. (2018) “A smart LPG sensor based on chemo-bio
synthesized MgO nanostructure”, J. Mater. Sci. Mater.
Electron., 29(14), 11679-11687.
https://doi.org/10.1088/2053-1591/ab4412.

Keller, C., Desrues, A., Karuppiah, S., Martin, E., Alper, J.P.,
Boismain, F., Villevieille, C., Herlin-Boime, N., Haon, C. and
Chenevier, P. (2021) “Effect of size and shape on
electrochemical performance of nano-silicon-based lithium
battery”, Nanomaterials, 11(2), 307.
https://doi.org/10.3390/nan011020307.

Khan, A., Shabir, D., Ahmad, P., Khandaker, M.U., Faruque,
M.R.I. and Din, I1.U. (2021)” Biosynthesis and antibacterial
activity of MgO-NPs produced from Camellia-sinensis leaves
extract”, Mater. Res. Express, 8, 015402.
https://doi.org/10.1088/2053-1591/abd421.

Kumar, M.R.A., Mahendra, B., Nagaswarupa, H.P., Surendra,
B.S., Ravikumar, C.R. and Shetty, K. (2018) “Photocatalytic
studies of MgO nano powder; synthesized by green mediated
route”, Mater. Today Proc., 5, 22221-22228.
https://doi.org/10.1016/j.matpr.2018.06.587.

Kumar, M.R.A., Nagaswarupa, H.P., Ravikumar, C.R,
Prashantha, S.C., Nagabhushana, H. and Bhatt, A.S. (2019)
“Green engineered nano MgO and ZnO doped with Sm3+:
Synthesis and a comparison study on their characterization, PC



114 Hanie Abdollahzade and Asghar Zamani

activity and electrochemical properties”, J. Phys. Chem. Solids,
127, 127-139. https://doi.org/10.1016/j.jpcs.2018.12.012.

Letti, C.J., Costa, K.A.G., Gross, M.A. Paterno, L.G., Pereira-da-
Silva, M.A. Morais, P.C. and Soler, M.A.G. (2017) “Synthesis,
morphology and electrochemical applications of iron oxide
based nanocomposites”, Adv. Nano Res., 5(3), 215-230.
http://doi.org/10.12989/anr.2017.5.3.215.

Li, X., Feng, Y., Li, H. and Zhang, Q. (2022) “Effect of anionic
groups on the antibacterial activity of magnesium oxide
nanoparticles”, Colloids Surf. A, 635, 127978.
https://doi.org/10.1016/j.colsurfa.2021.127978.

Li, L., Xi, W.S,, Su, Q., Li, Y., Yan, G.-H,, Liu, Y., Wang, H. and
Cao, A. (2019) “Unexpected size effect: The interplay between
different-sized nanoparticles in their cellular uptake”, Small,
15(38), 1901687. https://doi.org/10.1002/smll.201901687.

Ma, G., Salahub, S., Montemagno, C. and Abraham, S. (2018)
“Highly active magnesium oxide nano materials for the removal
of arsenates and phosphates from aqueous solutions”, Nano-
Struct. Nano-Objects., 13, 74-81.
https://doi.org/10.1016/j.nan0s0.2017.11.006.

Madzokerea, T.C. and Karthigeyan, A. (2017) “Heavy metal ion
effluent discharge containment using magnesium oxide (MgO)
nanoparticles”, Mater. Today Proc., 4, 9-18.
https://doi.org/10.1016/j.matpr.2017.01.187.

Malarkodi, C., Rajeshkumar, S., Paulkumar, K., Jobitha, G.G.,
Vanaja, M. and Annadurai, G. (2013) “Biosynthesis of
semiconductor nanoparticles by using sulfur reducing bacteria
Serratia nematodiphila”, Adv. Nano Res., 1(2), 83-91.
http://doi.org/10.12989/anr.2013.1.2.083.

Maji, J., Pandey, S. and Basu, S. (2020) “Synthesis and
evaluation of antibacterial properties of magnesium oxide
nanoparticles”, Bull. Mater. Sci., 43, 25.
https://doi.org/10.1007/s12034-019-1963-5.

Maruthai, J., Muthukumarasamy, A. and Baskaran, B. (2018)
“Optical, biological and catalytic properties of ZnO/MgO
nanocomposites derived via Musa paradisiaca bract extract”,
Ceram. Int., 44(11), 13152-13160.
https://doi.org/10.1016/j.ceramint.2018.04.138.

Masoud, E.M., El-Bellihi, A.A. Bayoumy, W.A. and Mohamed,
E.A. (2018) “Polymer composite containing nano magnesium
oxide filler and lithiumtriflate salt: An efficient polymer
electrolyte for lithium ion batteries application”, J. Mol. Lig.,
260, 237-244. https://doi.org/10.1016/j.mollig.2018.03.084.

Miu, B.A. and Dinischiotu, A. (2022), “New green approaches in
nanoparticles synthesis: An overview”, Molecules, 27(19),
6472. https://doi.org/10.3390/molecules27196472.

Narendhran, S., Manikandan, M. & Shakila, P.B. (2019)
“Antibacterial, antioxidant properties of Solanum trilobatum
and sodium hydroxide-mediated magnesium oxide nano-
particles: A green chemistry approach”, Bull. Mater. Sci., 42,
133. https://doi.org/10.1007/s12034-019-1811-7.

Niederberger, M. and Pinna, N. (2009), Metal Oxide
Nanoparticles in Organic Solvents, Springer-Verlag, London,
U.K.

Oladoja, N.A., Seifert, M.L., Drewes, J.E. and Helmreich, B.
(2017) “Influence of organic load on the defluoridation
efficiency of nano-magnesium oxide in groundwater”, Sep.
Purif. Technol., 174, 116-125.
http://doi.org/10.1016/j.seppur.2016.10.006.

Omran, B.A. (2020), Nanobiotechnology: A Multidisciplinary
Field of Science, Springer Nature, Switzerland.

Oscar, F.L., Vismaya, S., Arunkumar, M., Thajuddin, N.,
Dhanasekaran, D. and Nithya, C. (2016), Algal Nanoparticles:
Synthesis and Biotechnological Potentials, Algae - Organisms
for Imminent Biotechnology, IntechOpen.

Pachiyappan, J., Gnanasundaram, N. and Rao, G.L. (2020)
“Preparation and characterization of ZnO, MgO and ZnO-MgO

hybrid nanomaterials using green chemistry approach”, Results
Mater., 7, 100104. https://doi.org/10.1016/j.rinma.2020.100104.

Parashar, M., Shukla, V.K. anf Singh, R. (2020) “Metal oxides
nanoparticles via sol-gel method: a review on synthesis,
characterization and applications”, J. Mater. Sci. Mater.
Electron., 31, 3729-3749.
https://doi.org/10.1007/s10854-020-02994-8.

Pavithra, S., Mohana, B., Mani, M., Saranya, P.E., Jayavel, R.,
Prabu, D. and Kumaresan, S. 92020) “Bioengineered 2D
ultrathin sharp-edged MgO nanosheets using achyranthes aspera
leaf extract for antimicrobial applications”, J. Inorg.
Organomet. Polym. Mater., 31, 1120-1133.
https://doi.org/10.1007/s10904-020-01772-7.

Prado, D.C., Fernandez, |. and Rodriguez-Péez, J.E. (2020) “MgO
nanostructures:  Synthesis, characterization and tentative
mechanisms of nanoparticles formation”, Nano-Struct. Nano-
Objects, 23, 100482.
https://doi.org/10.1016/j.nan0s0.2020.100482.

Phan, C.M. and Nguyen, H.M. (2017) “Role of capping agent in
wet synthesis of nanoparticles”, J. Phys. Chem. A, 121(17),
3213-3219. https://doi.org/10.1021/acs.jpca.7b02186.

Rani, P., Kaur, G., Rao, K.V., Singh, J. and Rawat, M. (2020),
“Impact of green synthesized metal oxide nanoparticles on seed
germination and seedling growth of Vigna radiata (Mung Bean)
and Cajanus cajan (Red Gram)”, J. Inorg. Organomet. Polym.,
30, 4053-4062.
https://doi.org/10.1007/s10904-020-01551-4.

Saied, E., Eid, A.M., Hassan, S.E.D., Salem, S.S., Radwan, A A.,
Halawa, M., Saleh, F.M., Saad, H.A., Saied, E.M. and Fouda,
A. (2021) “The catalytic activity of biosynthesized magnesium
oxide nanoparticles (MgO-NPs) for inhibiting the growth of
pathogenic microbes, tanning effluent treatment, and chromium
ion removal”, Catalysts, 11(7), 821.
https://doi.org/10.3390/catal11070821.

Safavi, B. Asadollahfardi, G. and Khodadadi Darban, A. (2017)
“Cyanide removal simulation from wastewater in the presence
of titanium dioxide nanoparticles”, Adv. Nano Res., 5(3), 27-34.
http://doi.org/10.12989/anr.2017.5.1.027.

Siriwardane, 1.W., Udangawa, R., de Silva, R.M. Kumarasinghe,
AR., Acres, R.G., Hettiarachchi, A., Amaratunga, G.A.J. and
de Silva, K.IM.N. (2017) “Synthesis and characterization of
nano magnesium oxide impregnated granular activated carbon
composite for H2S removal applications”, Mater. Des., 136,
127-136. https://doi.org/10.1016/j.matdes.2017.09.034.

Schwab, T., Niedermaier, M., Aicher, K, Elsasser, M.S., Zickler,
G.A. and Diwald, O. (2021) “Always cubes: A comparative
evaluation of gas phase synthesis methods and precursor
selection for the production of MgO nanoparticles” Open
Ceram., 6, 100104.
https://doi.org/10.1016/j.0ceram.2021.100104.

Selvi, A. and N. Das, (2016) “Degradation of Cefdinir by Candida
Sp. SMNO04 and MgO Nanoparticles—An Integrated (Nano-
Bio) Approach”, Environ. Prog. Sustain. Energ., 35(3), 706-
714. https://doi.org/10.1002/ep.12279.

Shand, M.A. (2006), The Chemistry and Technology of Magnesia,
John Wiley & Sons, New Jersey, U.S.A.

Siaw, Y.M., Jeevanandam, J., Hii, Y.S. and Chan Y.S. (2020)
“Photo-irradiation coupled biosynthesis of magnesium oxide
nanoparticles for antibacterial application”, Naunyn Schmiedebergs
Arch. Pharmacol., 393(12), 2253-2264.
https://doi.org/10.1007/s00210-020-01934-x.

Singh, J., Dutta, T., Kim, K.H. Rawat, M., Samddar, P. and
Kumar, P. (2018) “Green synthesis of metals and their oxide
nanoparticles: Applications for environmental remediation”, J.
Nanobiotechnol., 16, 84.
https://doi.org/10.1186/s12951-018-0408-4.

Singh, J.P. Singh, V., Sharma, A., Pandey, G., Chae, K.H. and



Recent developments in liquid-phase synthesis and applications of nanomagnesia 115

Lee, S. (2020) “Approaches to synthesize MgO nanostructures
for diverse applications” Heliyon, 6(9), e04882.
https://doi.org/10.1016/j.heliyon.2020.e04882.

Sharma, G., Soni, R. and Jasuja, N.D. (2016) “Phytoassisted
synthesis of magnesium oxide nanoparticles with Swertia
chirayaita”, J. Taibah Univ. Sci., 11, 471-477.
https://doi.org/10.1016/j.jtusci.2016.09.004.

Sterrer, M. Diwald, O. and Kndézinger, E. (2000) “Vacancies and
Electron Deficient Surface Anions on the Surface of MgO
Nanoparticles”, J. Phys. Chem. B, 104(15), 3601-3607.
https://doi.org/10.1021/jp993924l.

Supraja, N., Avinash, B. and Prasad, T.N.V.K.V. (2017)
“Antimicrobial efficacy and safety analysis of zinc oxide
nanoparticles against water borne pathogens”, Adv. Nano Res.,
5(2), 127-140. http://doi.org/10.12989/anr.2017.5.2.127.

Sur. U.K. (2014) “Biological green synthesis of gold and silver
nanoparticles”, Adv. Nano Res., 2(3), 135-145.
http://doi.org/10.12989/anr.2014.2.3.135.

Sushma, N.J., Prathyusha, D., Swathi, G., Madhavi, T., Raju,
B.D.P., Mallikarjuna, K. and Kim, H.S. “Facile approach to
synthesize magnesium oxide nanoparticles by using Clitoria
ternatea—characterization and in vitro antioxidant studies”,
Appl. Nanosci., 6, 437-444.
http://doi.org/10.1007/s13204-015-0455-1.

Szataj, U., Swiderska-Sroda, A., Chodara, A., Gierlotka, S. and
Lojkowski, W. (2019) “Nanoparticle size effect on water vapour
adsorption by hydroxyapatite”, Nanomaterials, 9(7), 1005.
https://doi.org/10.3390/nan09071005.

Thirupathi, R., Solleti, G., Sreekanth, T., Sadasivuni, K.K. and
Rao, K.V. (2018), “A comparative study of chemically and
biologically synthesized MgO nanomaterial for liquefied
petroleum gas detection”, J. Electron. Mater., 47(7), 3468-3473.
https://doi.org/10.1007/s11664-018-6185-x.

Thomas, S., Sunny, A.T. and Velayudhan, P. (2020), In Colloidal
Metal Oxide Nanoparticles, Elsevier, Amsterdam, Netherlands.
Umaralikhan, L. and Jaffar, M.J.M. (2018) “Green synthesis of
MgO nanoparticles and it antibacterial activity”, Iran. J. Sci.

Technol. Trans. Sci., 42, 477-485.
https://doi.org/110.1007/s40995-016-0041-8.

Varma, A., Mukasyan, A.S., Rogachev, A.S. and Manukyan, K.V.
(2016) “Solution combustion synthesis of nanoscale materials”,
Chem. Rev., 116, 14493—-14586.
https://doi.org/10.1021/acs.chemrev.6b00279.

Vasanthakumar, A., Redhi, G.G. and Gengan, R.M. (2018)
Fundamentals of Nanoparticles, Elsevier.

Venkatachalam, A., Jesuraj, J.P. and Sivaperuman, K. (2021)
“Moringa oleifera leaf extract-mediated green synthesis of
nanostructured alkaline earth oxide (MgO) and its
physicochemical properties”, J. Chem., 4301504.
https://doi.org/10.1155/2021/4301504.

Verma, S.K., Nisha, K., Panda, P.K., Patel, P., Kumari, P.,
Mallick, M.A., Sarkar, B. and Das, B. (2020) “Green
synthesized MgO nanoparticles infer biocompatibility by
reducing in vivo molecular nanotoxicity in embryonic zebrafish
through arginine interaction elicited apoptosis”, Sci Total
Environ., 713, 136521.
https://doi.org/10.1016/j.scitotenv.2020.136521.

Wang, B., Xiong, X., Ren, H. and Huang, Z.Y. (2017)
“Preparation of MgO nanocrystals and catalytic mechanism on
phenol ozonation”, RSC Adv., 7, 43464-43473.
https://doi.org/10.1039/c7ra07553g.

Wegner, S., Janiak, C. (2017) “Metal nanoparticles in ionic
liquids™, Top Curr Chem (2), 375, 65.
https://doi.org/10.1007/s41061-017-0148-1.

Yan, X., Tian, Z., Peng, W., Zhang, J., Tong, Y., Li, J., Sun, D,
Ge, H. and Zhang, J. “Synthesis of nano-octahedral MgO via a
solvothermal-solid-decomposition method for the removal of

methyl orange from aqueous solutions”, RSC Adv., 10, 10681-
10688. https://doi.org/10.1039/c9ra10296e.

Zaky, M.M., Eyssa, H.M. and Sadek, R.F. “Improvement of the
magnesium battery electrolyte properties through gamma
irradiation of nano polymer electrolytes doped with magnesium
oxide nanoparticles”, J. Vinyl Addit. Technol., 25(3), 243-254.
https://doi.org/10.1002/vnl.21683.

Zamani A., Poursattar Marjani A., Abdollahpour N., (2019b)
“Synthesis of high surface area boehmite and alumina by using
walnut shell as template”, Int. J. Nano Biomater., 8(1), 1-14.
https://doi.org/10.1504/IINBM.2019.097588.

Zamani, A., Poursattar Marjani, A. and Abedi Mehmandar, M.
(2019c) “Synthesis of high surface area magnesia by using
walnut shell as a template”, Green Proc. Synth., 8, 199-206.
https://doi.org/10.1515/gps-2018-0066.

Zamani, A., Poursattar Marjani, A. and Alimoradlu, K. (2018b)
“Walnut Shell-Templated Ceria Nanoparticles: Green Synthesis,
Characterization and Catalytic Application”, Int. J. Nanosci.,
17(6), 1850008. https://doi.org/10.1142/S0219581X18500084.

Zamani, A., Poursattar Marjani, A. and Mousavi, Z. (2019a)
“Agricultural waste biomass-assisted nanostructures: Synthesis
and application”, Green Process Synth., 8, 421-429.
https://doi.org/10.1515/gps-2019-0010.

Zamani, A., Poursattar Marjani, A., Nikoo, A., Heidarpoura, M.
and Dehghan, A. (2018a) “Synthesis and characterization of
copper nanoparticles on walnut shell for catalytic reduction and
C-C coupling reaction”, Inorg. Nano-Metal Chem., 48(3), 176-
181. https://doi.org/10.1080/24701556.2018.1503676.

SR





