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Green synthesis of magnesium oxide nanoparticles (MgO NPs) using plant extracts and bio-waste materials
represents a sustainable alternative to conventional synthesis methods. MgO, characterized by its crystalline
lattice of Mg®* and O2~ ions, exhibits hygroscopic properties and is a white, solid mineral with diverse
technological applications. These nanoparticles demonstrate versatile applications across multiple
disciplines, including agriculture, drug delivery, environmental remediation, antimicrobial treatments, and
supercapacitor technologies. Previous studies describe diverse synthesis methodologies including sol—
gel routes, flame synthesis, and hydrothermal methods, whereas this review focuses primarily on green
synthesis approaches. The green synthesis methodology employs plant extracts that serve dual functions
as both reducing agents and capping agents in the formation and stabilization of metal oxide
nanoparticles. Biosynthesized MgO NPs exhibit distinctive properties, including controlled morphology,
high surface area, tunable particle size distribution, and enhanced stabilization. These characteristics
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1 Introduction

Nanotechnology and nanostructured materials are the fastest-
growing areas of the 21st century. They have many uses in medi-
cine, energy storage, material science, the environment, informa-
tion technology, and biotechnology. The basic idea behind the
increased interest is that materials can exhibit properties at the
nanoscale that are not possible at the micro- and macroscales.
Most people agree that nanoparticles are materials that are no
bigger than 100 nm.? These nanoparticles are used in a variety of
industries, including coatings, petrochemical goods, electronics,
fiberboards, metallic ceramics, and catalysis. Because of their
enormous surface-to-volume ratio, high atom count, and compact
size, nanostructures are considered unusual materials. Dimen-
sionality (0D-3D), morphology (nanosphere, nanofilm, nanotube,
nanobelt, nanorod, nanowire), state (isometric, suspension,
agglomerates), and chemical composition (organic, inorganic,
single component, composites) are the four ways in which nano-
materials can be classified.>” There are some samples with sizes
ranging from 0D to 3D and with different shapes.® In the first
scenario, organic-based nanostructures such as ferritin, lipo-
somes, micelles, and dendrimers are highly environmentally
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recent developments in

biosynthesized MgO NPs, highlighting the advantages of green synthesis over conventional methods and
identifying key research gaps and future directions in this rapidly evolving field.

friendly and effective for drug delivery.” Metal-based and metal-
oxide-based materials are two more types of inorganic materials.®
Metal-based nanomaterials are made from metals such as Au, Cu,
Se, and Ag.” Cosmetics, chemicals, food manufacturing compa-
nies, gene transfer, and thermal ablation are just a few of the
industries in which they are employed.” Large bandgaps, low
dielectric constants, low refractive indices, good chemical stability,
and the existence of unoccupied oxygen sites are among the
distinctive characteristics of metal oxide nanoparticles. Because of
their many uses, MgO NPs are particularly interesting due to their
abundance, nontoxicity, affordability, odorlessness, stability,
magnetization, crystallinity, absorptivity, electrical and thermal
conductivity, stoichiometry, high surface area, and reactivity.
Because of these incredible qualities, MgO nanoparticles are now
at the forefront of nanomedical research.**** Magnesium oxide
(MgO), ferric oxide (FeO), zinc oxide (ZnO), titanium dioxide (TiO,),
copper oxide (CuO), silver oxide (Ag,0), and nickel oxide (NiO) are
the most well-known members of the single metal oxide group.
When a metal and oxygen mix to form an oxide, metal oxide-based
compounds are produced.”*"* The new green nanotechnology
approach employs a number of techniques to protect the earth's
crust by eliminating or lowering dangerous chemical levels.'® The
extracts contain significant amounts of carbon, hydrogen, and
nitrogen, as well as phytochemicals such as flavonoids, alkaloids,
and phenolics. The plant extract and metal salts combine to create
nanoparticles with varying sizes, shapes, and surface areas.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra07016c&domain=pdf&date_stamp=2026-03-07
http://orcid.org/0000-0001-9077-8681
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07016c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA016015

Open Access Article. Published on 09 March 2026. Downloaded on 4/23/2026 1:53:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Due to the enormous demand for the raw material, there has
been a push to identify new uses for NPs utilizing a green
synthesis approach'” from microorganisms such as yeast, algae,
fungi, and bacteria.”® Another thing that makes the property
distinctive is that the extract of leaves breaks down faster than
biological sources. NPs can be produced using a variety of
chemical synthesis techniques, including the sol-gel process,
simple combustion, laser vaporization, aerosol synthesis, chem-
ical gas-phase deposition, micelle-mediated synthesis, flame
pyrolysis, the hydrothermal route, aqueous wet-chemical
precipitation, surfactant approaches, and more. The ecosystem
and ecology are under threat due to the toxic chemicals used to
produce nanoparticles, which also have detrimental effects on
individuals. Once MgO particles are extremely small, such as
nanoparticles, it is possible to experimentally determine their
primary characteristics, including their poor electrical conduc-
tivity, strong thermal stability’®** and catalytic activity. MgO,
commonly known as periclase,” is an inorganic material with
a molecular mass of 40.31 ¢ mol~'?* and a density of 3.58 g cm ™.
Its lattice is composed of Mg®" and O, ions joined by an
electrovalent connection or ionic bond in a 1s> 2s> 2p” configu-
ration, indicating that the d orbitals are unoccupied.”® Magne-
sium oxide's structure resembles that of rock salt (lattice
parameter 4.21 A).>° It is typically composed of two Mg and O
lattices that are offset by half of the body diagonals and cross one
another”” and the complete overview is represented in Fig. 1.

There have been many research studies over the last 10 years
on how to make MgO NPs in a green way. So, it was prime to write
a review article that summarizes the most recent developments in
MgO NPs (Fig. 1). We analyze the structure, morphology, and
manufacturing processes of MgO nanostructures derived from
various sources, including orange fruit peel, papaya leaf extract,
neem leaves, Trigonella foenum graecum (fenugreek), spinach
plant extract, and mushroom extract.”® We have focused on the
most recent developments and uses of these nanomaterials. The
problems and future prospects include difficulties reproducing
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results and controlling particle size and shape. There is also
a lack of conceptions of the mechanisms, particularly in biolog-
ical synthesis, and protocols need to be standardized and
improved. It discussed (i) an updated overview of synthesis
methods (ii) discussion of their structural and physicochemical
characteristics; (iii) their multifunctional applications in fields
related to energy, agriculture, biomedicine, and the environment;
and (iv) a summary of current limitations and future research
control aimed at enhancing mechanistic understanding, repro-
ducibility, and scalability.>>?*°

2 Various methods of preparing MgO
NPs

2.1 High energy ball milling (HEBM) technique for large-
scale nanomaterial synthesis

A simple method for generating materials in large quantities is
high-energy ball milling (HEBM), also known as mechanical
grinding, mechanical milling, or mechanical alloying. This
process has generated particles with diameters from 4 to 26 nm.
Usually, chemical reactions that modify reactivity occur in this
process, but this approach, however, has run into several issues,
including contamination from the surrounding atmosphere or
milling. Given its extensive use, including in hip implants and
bone screws, we can tailor the manufacturer of the fine powder
to bulk form. Among the various benefits this HEBM offers are
its low cost and the ease with which the operation can be scaled
to generate vast amounts of material. Nitrides are produced
during milling from the oxygen or nitrogen present.

Typical elements influence the synthesis process is milling
time. Finer particle sizes are usually achieved with longer
grinding durations. Higher rotational speeds are necessary to
enhance impact force and can also result in smaller particle sizes.
The smaller, more numerous balls can improve the grinding
process but also increase the risk of contamination from the balls
themselves. Higher ball-to-material ratios usually result in faster
grinding but can also lower overall efficiency. The size and shape
of the container can affect how the grinding medium is distrib-
uted and how it works. HEBM method is shown in Fig. 2(a—c).*"**

There are two mechanisms used in the ball milling process (i)
impact and attrition and (ii) size reduction. In the grinding media,
represent Fig. 2(a) overall milling process, Fig. 2(b) breaking
phase, Fig. 2(c) welding phase, balls collide with the material as
they rotate within the container, generating localized high pres-
sures and influencing force. The material's surface and edges are
worn away by the constant friction and contact with the balls,
thereby reducing its size. In size reduction, the combination of
impact and attrition forces the material to fracture and break
down into very small pieces. The milling process can reduce the
particle size to nanoscale dimensions, making it suitable for
synthesizing nanomaterials.

2.2 High-throughput synthesis of MgO NPs by flame spray
pyrolysis technique

It is used for one of the rapid methods for preparing magne-
sium oxide nanoparticles. This technique involved dissolving
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Fig.2 Shows the process by which high-energy ball milling produces
mechanical alloying and nanocomposite materials: (a) overall milling
process, (b) breaking phase, (c) welding phase. Reproduced under
terms of the CC-BY license. Copyright 2017, Victor-ishrayelu Merupo,
published by CrysttngComm3.3®

an appropriate amount of distilled water and mixing a 1 M (1
Molar) hexamethylenetetramine solution with a 1 M magne-
sium nitrate solution while stirring continuously for 10 minutes
at room temperature) (Fig. 3(a)). We next poured the ready
solution into a spray pyrolysis chamber (Fig. 3(b)). The reaction
unit was constructed from a capillary tube with an opening
diameter of 1.2 mm and an exterior diameter of approximately
1 mm (internal diameter of approximately 0.6 mm). It was
a flame-spray device with a fine nozzle assisted by high-pressure
gas. The spray dispersed(gFig. 3(b)) and was supported by
flamelets. A SiO, substrate collected the product; a flow
controller regulated the solution dispersion flow rate. Fig. 3
represents the synthesis of MgO NPs by the FSP method.***°
Three different kinds of atomizers are available and each is
described ultrasonic wave nebulizer: used to generate mists from
liquids and produce sprays using high-frequency vibrations. A
small particle is produced when the fog enters the flame by
following the vapor for aerosol flame synthesis (VAFS) path.
Atomizing gas facilitates the separation of liquid into a spray,
which is accomplished by two-fluid nozzles. An electro sprayer
uses high voltage to turn liquid into an aerosol. It facilitates the
production of ions from macromolecules. Two-fluid nozzles are
the most frequently utilized atomizers for FSP systems. The
purpose of burners is to produce a flame. Diffusion burners and
premixed burners are two different types of burners. The fuel and
oxidant were blended by the premixed burner.** The burner system
is ignited by the self-sustaining flame produced by FSP. By altering
the precursor's metal concentration and combustion enthalpy, it
has the advantage of directly controlling particle size.**** The
collector's job is to collect the FSP operation's output. Particle
collection is typically carried out on a filter or substrate.
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Fig. 3 Shows two crucial elements of producing nanoparticles
utilizing flame spray techniques: (a) particle formation mechanism,(b)
flame spray pyrolysis. Reproduced with permission from ref. 40.
Copyright 2017, Nanoscale.

2.3 Hydrothermal synthesis route for MgO

In this synthesis method, magnesium nitrate hexahydrate
(Mg(NO3),-6H,0) and sodium hydroxide (NaOH) were the
precursor materials, while cetyl trimethyl ammonium bromide
(CTAB) was the surfactant. Add the magnesium nitrate solution
dropwise to the sodium hydroxide solution. The pH of the
solution was measured after adding NaOH; it was almost 10.2
(alkaline), and it swirled continuously for 60 minutes. After
a white precipitate formed, it was transferred to a Teflon-jar and
heated to a steady temperature for hydrothermal treatment. To
remove any ionic contaminants, the white precipitate was also
filtered, dried overnight in a hot-air oven, then cleaned with
ethanol and water. The dry powder was then transferred to
a silica crucible, where it was reduced in a muffle furnace. A
mortar and pestle were used to properly grind the resultant
material into powder after it had cooled. Fig. 4 shows the
hydrothermal synthesis of MgO NPs. The benefits of HT
synthesis are that it is a very straightforward process that can be
scaled up. We can then produce nanoparticles with the required
characteristics by controlling particle size and shape. Generally
speaking, it is regarded as an environmentally advantageous
procedure.****

Magnesium hydroxide precursors spontaneously nucleate
and expand uncontrollably during the hydrothermal synthesis
of MgO nanoparticles in the absence of CTAB mediation.
Unevenly shaped and polydisperse nanoparticles arise because
there is no stabilizing ingredient to stop particle agglomeration
in the absence of the surfactant. Because it lowers surface
energy and functions as a soft template, CTAB, a cationic
surfactant, is essential for regulating the size, shape, and
surface properties of MgO particles.*”*® It makes it easier for
evenly spaced, nanoscale MgO particles with increased porosity
and surface area to form. On the other hand, the non-CTAB-
assisted approach often results in lower surface activity, poor
dispersion, and larger crystallite sizes. Therefore, compared to
those synthesized without surfactant aid, the CTAB-mediated

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Depicts the hydrothermal methodical synthesis of MgO NPs
(Xiaoyun Song, published by Research Gate Inserted SEM?¢).

hydrothermal approach offers a clear benefit by producing
highly crystalline, morphologically uniform MgO nanoparticles
that exhibit improved catalytic, optical, and antibacterial
activity.*® The establishment of this comparison underscores
the importance of surfactant-mediated control in tailoring the
physicochemical properties of MgO nanostructures for specific
applications. Sodium dodecyl sulphate (SDS)*»** poly-
vinylpyrrolidone (PVP),** Triton X-100, and Tween 80 are other
frequently utilized surfactants for the creation of MgO NPs.**
Since the ideal surfactant selection for MgO nanoparticle
synthesis relies on the desired application and the particular
attribute being targeted, such as size, morphology, surface area,
or functionality, there is no one best surfactant that works for all
situations. When creating highly crystalline, homogeneous, and
evenly distributed magnesium oxide nanoparticles with a large
surface area and improved physicochemical properties, CTAB is
often preferred among surfactants. Studies further show that
while other surfactants, such as PVP, Triton X-100 (nonionic),
and SDS (anionic), can stabilize particles and affect nano-
particle shape, CTAB often provides superior control over
particle size and dispersion, particularly for catalysis or anti-
bacterial applications. Although amphoteric or mixed surfac-
tant systems may occasionally perform better for specific
functions, CTAB remains the industry standard for the manu-
facture of high-quality MgO nanoparticles.**** Each of these
surfactants has a unique effect on particle size, shape, and
dispersion. Before starting the hydrothermal or sol-gel process,
dissolve the selected surfactant in the reaction mixture with the
metal precursors. The surfactant molecules will function as
templates or stabilizers, regulating nucleation and growth to
produce nanoparticles with the required properties. Depending
on the intended use and target morphology, the surfactant type
and concentration should be tuned.>**

The wet chemical method, hydrothermal method, co-
precipitation method, sol-gel method, microwave-assisted
method, and template-assisted method are some of the
several synthesis techniques. The sol-gel technique is widely
regarded as the most suitable and widely used technology for
the production of MgO NPs. The green techniques depicted in
Fig. 5 are demonstrated to lower the risk of harm to humans
and the environment by prioritizing nontoxic, bio-safe
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substances. This methodology has several distinct advantages
over other conventional methods. The sol-gel method, which
yields incredibly clean and homogeneous nanoparticles,
enables molecular-level precursor mixing. It makes it easy to
manage particle size, between 10 and 50 nm, and form by
exactly regulating important reaction parameters like pH,
temperature, and calcination time. Another advantage is that it
uses less energy and equipment than hydrothermal or solid-
state processes because it works at comparatively modest
synthesis temperatures. This method yields MgO NPs with
exceptional crystallinity and a high specific surface area, which
makes them perfect for catalytic, adsorption, and antibacterial
uses. Laboratory-scale synthesis and industrial production.
Therefore, this method continues to be the most effective
means to create MgO nanoparticles of exceptional quality with
unique structural and functional properties.

Because even little variations can alter the size and structure
of the particles, the sol-gel method for creating MgO NPs has
the disadvantage of requiring extremely exact control over pH,
temperature, and humidity. Long reaction durations are
another drawback of this approach, and if stabilizers or
surfactants are not included, agglomerated nanoparticles may
result. Furthermore, it is challenging to scale up the process for
industrial manufacturing because some of the precursors and
solvents utilized are expensive or dangerous. In a similar vein,
the co-precipitation technique for creating MgO nanoparticles
has a number of drawbacks.””*® It often necessitates high-
temperature post-calcination, which can lead to non-uniform
particle sizes, particle growth, and a reduction in surface area.
Because variations in pH and reaction rate might result in the
development of pollutants, precise control is crucial, so this
method™ is not always able to produce complex-doped nano-
particles. The hydrothermal method of creating MgO NPs has
the disadvantage of needing high-pressure, high-temperature
equipment, and the reactions frequently take a long time to
finish. The energy-intensive nature of the process and the
challenge of regulating particle aggregation make large-scale
production impractical, and some of the solvents utilized in
this process might be dangerous.®® Producing MgO NPs by
burning or combustion has a number of disadvantages. Even
though inhomogeneous heating may produce heterogeneous
particle sizes, the high temperatures involved may cause
particle sintering and a loss of nanoscale characteristics.
Controlling the form and porosity of nanoparticles can

Sol-Gel Method @

Micro wave
assisted method.

Template
assisted method

Fig. 5 Shows the different synthesis methods.

Wet chemical
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Hydro thermal
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frequently be challenging, and some of the precursors utilized
in this process may be hazardous or explosive. Using a micro-
wave-assisted method to produce MgO NPs has a number of
drawbacks. Rapid heating can result in non-uniform nucle-
ation, which can lead to variances in particle size, and the
equipment needed is more costly than with traditional heating
methods. This approach is usually limited to small-scale
synthesis unless specialized industrial microwave reactors are
used. Reaction parameters need to be carefully adjusted in
order to obtain correct results.”®

Long processing times are required for the sol-gel method to
produce MgO NPs, especially during the gel formation and
drying phases that follow. Furthermore, the overall
manufacturing cost is frequently increased by the use of
expensive chemical solvents and precursors. Moreover, the sol-
gel technique is less practical for large-scale manufacturing due
to the considerable difficulties involved in scaling it up to
industrial levels.®*> The ecologically friendly production of
magnesium oxide nanoparticles using plant extracts is con-
strained by a number of reasons. First, differences in plant
extract content may lead to anomalies and compromise the
uniformity of nanoparticle synthesis. The extracts of complex
macromolecules may complicate the purification procedure.
Additionally, green synthesis methods provide less control over
the particle distribution than physical synthesis
approaches.®®®* There are several restrictions on the synthesis
of MgO NPs by combustion, which uses high temperatures that
can cause particle agglomeration, reduce the uniformity and
homogeneity of the NPs and make it challenging to control
particle morphology. To maintain environmental compliance
and safety, the process also produces gaseous waste that
requires adequate ventilation.®® High-pressure reactors, which
are expensive and increase the total equipment investment, are
necessary for the HT method of generating MgO nanoparticles.
Long reaction times are often required for this approach to yield
the desired NP characteristics. Furthermore, batch sizes may be
restricted by equipment constraints, making scale-up difficult
for industrial applications.

size

3 Green synthesis strategies:
economic and environmental benefits
in nanotechnology

Green synthesis helps to reduce the carbon footprint. Reducing
synthetic steps and reducing waste generation from green
methods helps to lower demand for costly garbage disposal or
remedial measures. Plant-mediated synthesis, for example, may
be more cost-effective than conventional methods, as plant
extracts are easily obtained and available.*® Reduced trash
generation translates into reduced waste disposal and associ-
ated remedial expenditures. Green synthesis enables plant
extracts or biomolecules to be used to control the size, form,
and composition of nanoparticles. Due to their versatility, green
technologies can yield traits suitable for numerous applica-
tions, including environmental cleanup, biotechnology, and
medicine, thereby benefiting diverse sectors. Some green

13044 | RSC Adv, 2026, 16, 13040-13061
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methods can produce faster reaction rates and better yields,
therefore increase production and reduce the demand for
expensive reagents. A comparative table on green synthesized
MgO has been given in Table 1.

Green synthesis enables plant extracts or biomolecules to
regulate the size, form, and composition of nanoparticles. The
adaptability of green techniques allows the production of
nanoparticles with specialized properties suitable for various
applications, including environmental cleanup, biotechnology,
and medicine. Additional benefits include the fact that certain
environmentally friendly methods can increase yields and
reaction rates, increase output, and reduce the need for
expensive chemicals. Green techniques minimize the risk of
injury to people and the environment by prioritizing nontoxic,
biodegradable chemicals. Using microorganisms as Fungai,
Bacteria, and Algae, the green method (GM) achieves the
synthesis of MgO NPs. Orange fruit, mushroom extract, neem
leaves, spinach, watermelon fruit, jamun fruit, papaya, aloe vera
leaves, lemon, apple peels, wood apple, rosemary, Phyllanthus
embolica fruit, and so forth are among the plant extracts. A
general green synthesis method is shown in Fig. 6.

Making MgO NPs from orange fruit waste involves three
fundamental steps: (i) making an extract from orange peels; (ii)
making a solution of magnesium nitrate; and (iii) making MgO
NPs in an eco-friendly way. Orange fruit peel was collected and
allowed to air dry before being ground into a powder. A 250 ml
beaker was filled with 100 ml of filtered water and 10 g of orange
peel powder. Stirring continually for an hour was the treatment.
Whatman filter paper was used to filter the extract. Peel extract
was added to the magnesium nitrate solution after 5 g of
magnesium nitrate and 100 ml of deionized water were
combined. Then, drop by drop, the sodium carbonate solution
was added. A change in hue indicated that the magnesium
nitrate solution had been converted to magnesium oxide using
a magnetic stirrer. After that, stirring continued for four hours.
A carbonate solution will be used to maintain the combination's
PpH at 12. During this time, nanoparticles form and settle near
the bottom of the flask. Next, centrifuge at 5000 rpm min " for 5
minutes. After filtering, the nanoparticles were left to air-dry
overnight.

Magnesium nitrate serves as the precursor for the formation
of MgO, while neem (Azadirachta indica) leaf extract serves as
the reducing agent. Five grams of fresh neem leaves should be
repeatedly rinsed with ordinary water and then distilled water
before being dried for 15 to 20 minutes at 60°. Freshly made
neem leaf extract was used to create MgO NPs. For the experi-
ment, 5 ml of leaf extract and 20 ml of distilled water were
added to a 250 ml beaker, which was then heated to 60 °C. The
liquid is heated to 80 °C for four hours while being constantly
stirred after adding five grams of magnesium nitrate. Neem leaf
extract was used to transform the Mg (NO;), ions into magnesia
or MgO nanoparticles. When MgO NPs start to develop, the
color of the solution shifts from yellow to yellowish-brown.**

This method uses magnesium sulphate to create MgO
nanoparticles. First, collect the fresh leaves of the mango,
papaya, and neem. After being cleaned with regular water, the
leaves of papaya (Pa), neem (Ne), and mango (Ma) were rinsed

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Describes two biogenic synthesis pathways that use natural
extracts rather than harsh chemicals to produce MgO NPs. Repro-
duced under terms of the CC-BY license from ref. 84. Copyright 2017,
Marzieh Ramezani Farani, published by Catalysts.

Filter

MgO Powder Calcination centrifuge

Fig. 7 Represents the GS of MgO NPs using a variety of plant
resources.

agents.” Ag-doped MgO nanoparticles were made by co-
precipitating silver nitrate and magnesium nitrate in distilled
water and regularly adding plant extract. To create off-white
MgO NPs and light grey Ag NPs, the solution was centrifuged,
cleaned with alcohol, dried, and calcined at 350 °C after its color
changed. The resulting nanoparticles were stored in airtight
containers for future use and demonstrated a simple and eco-
friendly production procedure.?®***

Neem served as a fuel and a reducing agent in the synthesis
of CuMgV NPs. CuMgV NPs were prepared by burning. Stoi-
chiometric calculations were based on the compounds’ total
reducing and oxidizing valences. First, 1.24 g of Cu
(NO3),-3H,0, 1.27 g of Mg (NO3),-6H,0, and 0.57 g of NH,VO;
were dissolved in 10 ml of water. Next, 0.9 g of gasoline was
added to the mixture. A magnetic stirrer was used to agitate the

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Fig. 8 Represents the comparative SEM images (a—h) of MgO NPs
synthesized via green routes and doping techniques. (a) Reproduced
under terms of the CC-BY license. Copyright 2017, Abdul Muhaymin,
published by Scientific Reports7.”” (b) Reproduced in accordance with
the CC-BY license. Reproduced under the conditions of the CC-BY
license. Copyright 2017, R. Supreetha, Elsevier.®* (c) Ain Farina Farizan,
published by Springer Nature, copyright 2017.%% (d) Taken from ref. 96.
Copyright 2017, Elsevier, Enobong R. Essien. (e—g) Reproduced using
the CC-BY license. Copyright 2017, Lavanya Ramakrishna, Elsevier.®”
(h) Reproduced using the CC-BY license. Rajeshwari B. Rotti, published
by Frontiers, copyright 2017.2°

combined liquids for around ten minutes. To create single
phase copper magnesium vanadate, this homogenous mixture
was evaporated for 10 to 15 minutes at 540 £ 10 °C in a muffle
furnace. The end product was a black powder that produced
large amounts of gases, including CO,, N,, and H,O0, after three
hours of calcination at 750 °C. Fig. 9,°”'°*'% shows how different
biowastes can be burned to produce MgO. Co-MgO nano-
particles were made by dissolving cobalt and magnesium
nitrates in Azadirachta indica leaf extract. After that, the mixture
was agitated at 70 °C while NaOH was gradually added to
maintain pH. The reaction mixture was cleaned, centrifuged,
and agitated several times before being dried and annealed to
create crystalline nanoparticles. This green co-precipitation
method uses plant extract as a capping agent to produce
controlled, eco-friendly nanomaterials.'**'*® Watercress and
spinach extracts were used as reducing agents for KMnO, to
produce MgO NPs in a straightforward, environmentally
friendly synthesis. The fresh spinach and watercress were
chopped, cleaned, boiled, and filtered in order to create extract
solutions. The watercress extract solution was added dropwise
to a solution of 3 g KMnO, acidified with 2.5 M H,SO, to create
the sample MW. The liquid turned black after an hour of stir-
ring at room temperature, indicating that the watercress extract
had totally reduced KMnO,. Following filtration, the black
precipitate was dried for a whole night at 100 °C after being
frequently washed with distilled water. After that, the black
powder was calcined at 300 °C for five hours at room tempera-
ture. MS was replaced with spinach extract, but otherwise the
identical process was carried out.

Most plant extracts contain phytochemicals, or bioactive
compounds, such as proteins, tannins, alkaloids, polyphenols,
flavonoids, and carboxylic acids. These substances act as
capping and reducing agents by decreasing metallic ions from
(M*) to (M®) via an oxidation/reduction mechanism. A color
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shift in the reaction mixture indicates that the reduced metallic
state has formed into clusters of nanoparticles.

Because it eliminates dangerous chemicals and generates
less toxic waste, green synthesis for nanoparticles has the
benefits of being sustainable and environmentally benign. It
can be done at room temperature, is economical, and can
produce large quantities. It can also produce nanoparticles with
improved characteristics, like greater stability and particular
surface characteristics, and result in more biocompatible
goods.

The sol-gel approach for producing MgO NPs has the
drawback of requiring extremely precise control over pH,
temperature, and humidity because even little changes can
change the size and structure of the particles. Agglomerated
nanoparticles may occur if stabilizers or surfactants are not
used, and long reaction times are another disadvantage of this
method. Additionally, several of the precursors and solvents
used are costly or hazardous, making it difficult to scale up the
process for industrial manufacturing. Similarly, there are some
disadvantages to the co-precipitation method of producing
MgO nanoparticles.”” High-temperature post-calcination is
frequently required, which may result in uneven particle sizes,
particle growth, and a decrease in surface area. Precise
management is essential because variations in pH and reaction
rate may lead to the formation of contaminants and complex
doping method are not possible for this method. In hydro-
thermal process of producing MgO NPs, take a long time of
synthesis, and high-temperature, high-pressure equipment is
required, not produced large-scale production, difficulty of
controlling particle aggregation. Furthermore, several of the
solvents used in this procedure may be hazardous. There are
several drawbacks to burning or combustion as a method of
producing MgO NPs. Even though inhomogeneous heating may
produce heterogeneous particle sizes, the high temperatures
involved may cause particle sintering and a loss of nanoscale
characteristics. Controlling the form and porosity of nano-
particles can frequently be challenging, and some of the
precursors utilized in this process may be hazardous or explo-
sive. Using a microwave-assisted method to produce MgO NPs
has a number of drawbacks. Rapid heating can result in non-
uniform nucleation, which can lead to variances in particle
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Fig.9 Demonstrates a green synthesis route for MgO NPs using plant
and fungal extracts such as aloe vera, neem, watermelon, and
mushroom.
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size, and the equipment needed is more costly than with
traditional heating methods. This approach is usually limited to
small-scale synthesis unless specialized industrial microwave
reactors are used. Reaction parameters need to be carefully
adjusted in order to obtain correct results. Fig. 10 illustrates the
four main areas of nanoparticle synthesis constraints: material,
synthesis method, nanoparticle (NP) quality, and application.
Some of the major challenges include restricted plant disper-
sion and seasonal availability, high-temperature and high-
pressure synthesis requirements, low yield and irregular
particle morphology, and limited removal efficiency and appli-
cation conditions. Together, these problems lead to increased
energy consumption, increased production costs, lower-quality
products, and practical difficulties in real-world applications.**®
Lack of raw materials, irregular and variable particle sizes, low
yields, and lengthy reaction periods are common drawbacks of
green synthesis. Additionally, the biological components might
be difficult to deal with and scale up, necessitating specialized,
repeatable, and affordable technology to produce reliable
outcomes.'”’

Long processing times are needed to produce MgO NPs
using the sol-gel method, especially during the gel formation
and drying stages that follow. Furthermore, the overall cost of
manufacturing is frequently increased by the use of expensive
chemical solvents and precursors. Furthermore, the sol-gel
process is less practical for large-scale manufacturing due to the
substantial difficulties in scaling up to industrial levels.*"** The
ecologically safe synthesis of magnesium oxide nanoparticles
from plant extracts is hampered by a number of factors. First,
variations in the amount of plant extract could cause irregu-
larities and jeopardize the consistency of the synthesis of
nanoparticles. Complex macromolecule extracts could make
the purification process more difficult. Furthermore, compared
to physical synthesis techniques, green synthesis methods offer
less control over the particle size distribution.®

4  Applications of MgO NPs in various
fields

MgO NPs enable a wide application due to their high surface
area, biodegradability, and biocompatibility. Focusing on the
agriculture sector, they elevate plant growth and restrict the
disease by improving water absorption and activating key
enzymes such as amylase and protease, which are essential for
seed germination. Therefore, they acted as fertilizer sources,
soil supplements, and animal feed additives. Owing to their
antibacterial and antifungal properties, MgO NPS are used in
wound dressings, dental materials, and medical device coat-
ings, where they degrade microbial membranes and generate
reactive oxygen species to prevent infections and promote faster
recovery. MgO NPs are effective catalytic supports in the
production of chemicals and propellants due to their stability,
high temperatures, and abundance of active sites for chemical
reactions. By improving the charge capacity and cycling dura-
bility, dielectric characteristics, and nanoscale structure, it can
be used in energy storage of supercapacitor electrodes.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Represents the constraints of nanoparticle synthesis via green
approach.
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4.1 Magnesium oxide applications in the realm of
agriculture

Magnesium is an important macronutrient that helps
chlorophyll-based photosynthesis, which fortifies plants and
boosts agricultural output by improving the absorption of
needed minerals such as phosphorus and nitrogen. It main-
tains cell wall integrity and stimulates the enzymes required for
large yields for fruit development and flowering. The admirable
properties of MgO NPs, such as low phytotoxicity, thermal
stability, non-genotoxicity, and non-biotoxicity to humans, have
attracted significant interest in the field of agriculture. Also, it is
highly advantageous for plant protection due to these charac-
teristics'*® They have demonstrated efficacy in stimulating plant
and seedling growth, particularly in crops such as
peanuts.®»'*>'° In agricultural lime, MgO aids in improving soil
structure and aeration, lowers acidity, and strengthens root
systems. MgO's dominant antibacterial and antifungal proper-
ties help reduce soil-borne diseases, reducing the need for
synthetic pesticides and promoting organic, sustainable
farming methods. The flowchart for MgO NPs in an agricultural
setting is shown in Fig. 11. By functioning as synthetic fertilizers
to increase crop output and as nano pesticides to control pests,
weeds, and diseases, green-synthesized MgO NPs hold further
potential for sustainable agriculture.**** Their dual role has
been extensively researched and recorded, and by lowering
infection rates and biofilm formation, inhibits Ralstonia sol-
anacearum, a dangerous tobacco disease.

These findings were corroborated by greenhouse experiments,
which showed increases in plant biomass and height after
treatment. In addition to controlling pathogens, MgO NPs coated
on cotton fibers have been applied to disease management,
phytoremediation, nanopesticide administration, and seed
germination.”® It can be included in agricultural textiles that
provide UV protection in addition to crop protection. The Ultra-
violet Protection Factor (UPF) of coated textiles exceeds 50, which
is considered exceptional for protecting against damaging radi-
ation. These textiles are functional for horticulture, floriculture,
and other agricultural uses, such as mulching, insect and bird
netting, and shade nets, especially in areas with high levels of
sunlight, which increase productivity and protect plant health,
and they have great potential in soil consolidation, especially
when incorporated into cotton and coir fibers, as they extend the
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lifespan of soil components and reduce plant water absorption by
about 170%. When bamboo fibers were combined with MgO, the
soil's strength and stiffness improved significantly, particularly at
a fiber content of 1.2%."**"'*''® Deeper understanding of the
absorption, transport, and bioactivity of MgO NPs is the goal of
ongoing research, which will help ensure their safe and efficient
use in food systems of the future."**'*® The tensile strength and
durability of fibre-based agricultural materials used in infra-
structure or soil stabilization are improved, beneficial microbial
activity is encouraged, and crop tolerance to biotic and abiotic
stresses is increased thanks to MgO NPs. Beyond crop support,
their significance is further enhanced by their high stability,
environmentally favourable profile, and capacity to reduce heavy
metal toxicity and promote sustainable pavement subgrades,
making them important for next-generation agricultural
sustainability and infrastructure solutions."*'**

4.2 Applications of MgO in the environment

Compared to relative studies, it can do better than traditional
fertilizers and pesticides due to their improved bioavailability,
reduced application rates, and extended nutrient release, all of
which improve crop health and reduce environmental impact. To
obtain more precise, effective resource use and reduced chemical
runoff, MgO NPs are increasingly employed in contemporary
precision agricultural technologies for targeted distribution via
foliar sprays, soil additives, or seed coatings. According to safety
and environmental impact studies, green-synthesized MgO NPs
are ideal for open-field applications because they decompose into
harmless magnesium salts, exhibit low ecotoxicity, and don't
harm non-target animals or soil microbes.””**** In addition to
treating water and soil, MgO NPS have great potential for
adsorbing gaseous pollutants and purifying air. Acidic gases and
volatile hazardous compounds, such as sulfur oxides (SO,) and
nitrogen oxides (NO,Jwhich are major contributors to air pollu-
tion and acid rain, are strongly attracted to these nanoparticles.
Due to their surface reactivity and stability, they can act as highly
effective adsorbents, or “sponges,” capable of capturing,

MgO In Agriculture
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Fig. 11 Illustrates the benefits of MgO NPs in agriculture or tilling.
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neutralizing, or decomposing these toxic gases into less
hazardous ones™*°. Recent studies have shown that adding
MgO NPs to diesel engine systems can significantly reduce
emissions of carbon monoxide (CO) and nitrogen oxides (NO,),
two of the most prevalent and dangerous vehicle pollutants.
Compared to many conventional chemical adsorbents and
scrubbers, which may pose secondary environmental risks or
pose degradation challenges, magnesium oxide nanoparticles
offer a safer, more environmentally friendly, and biocompatible
alternative. Because of their usage in air filtration systems,
vehicle exhaust purification, and industrial flue gas treatment all
of which show their growing importance in regulating urban and
industrial air quality they are a crucial part of the fight against
airborne environmental pollution.

One of the most notable environmental applications of
magnesium oxide nanoparticles is the control of industrial
wastewater, especially in industries known to produce complex,
toxic effluents. The effective use of the Aspergillus carbonarius
strain D-1 to produce green-synthesised MgO NPs as adsorptive
and catalytic coatings for textile materials. These coated textiles
showed remarkable efficacy in pulling out pollutants when
subjected to carefully controlled conditions, including temper-
ature, pH, contact time, and precursor concentration. They
specifically showed a 97.5% decrease in COD and an
outstanding elimination of heavy metals as nickel, cadmium,
lead, and chromium (87.06%).** By significantly reducing the
PH, total dissolved solids (TDS), total suspended solids (TSS),
and electrical conductivity of the treated water, these materials
also demonstrated their capacity to detoxify and change
important industrial pollutants. Analytical methods such as GC-
MS further supported the effectiveness of these nanoparticles in
thoroughly cleaning wastewater by confirming the breakdown
and reduction of organic pollutants in the effluent. MgO NPs
are a popular choice for businesses seeking to implement
cleaner production methods while complying with environ-
mental standards due to their low toxicity, affordability, and
reusability. These developments establish MgO based nano-
technologies as essential elements of contemporary environ-
mental engineering and environmentally friendly industrial
wastewater treatment."****> Because of its special qualities, such
as having the necessary surface basicity that results in the
formation of oxygen vacancies that impact the CO, absorption
capacity, MgO is a viable adsorbent substitute for CO, capture
applications.”® MgO has a clear advantage over other metal
oxide adsorbents, like those based on Li and Ca, because it
requires a lower regeneration temperature. Furthermore, MgO's
high theoretical adsorption capacity of 24.8 mmol CO, g™ *
makes it a viable adsorbent for CO, capture at the intermediate
temperature range of 473-673 K."** Fluoride (F)-contaminated
water has become a major global issue in recent years. The
WHO recommends that the amount of F ions in drinking water
be less than 1.5 mg L™'. Many bone disorders, including oste-
oporosis, arthritis, and dental and skeletal fluorosis, are
brought on by an excess of fluoride ions in drinking water."*
The breakdown of fluoride-containing minerals and the
discharges from businesses that use a lot of fluorochemicals,
like electroplating, semiconductor manufacture, cosmetics,
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ceramics, and aluminium smelting, allow fluoride ions to enter
and damage the water system."*® Therefore, a workable solution
for removing fluoride ions from contaminated water needs to be
created. Fluoride ions have been extracted from water using
a variety of techniques, including nanofiltration membrane,
precipitation, adsorption, reverse osmosis, and ion-exchange.*®’

Adsorption is found to be the most widely used and preferred
approach among them due to its simple operation, low cost,
and highly effective methodology."*® Nano-sized metal oxides
for defluorination, such as Fe, Mn, Al, Ti, Ca, Mg, and Zr oxides,
are described in the literature. Moreover, it has been shown that
rare earth metal oxides have strong sorption abilities to elimi-
nate F ions. These metals can be employed as single oxide
adsorbents, notwithstanding their high cost. According to
reports, MgO is an excellent adsorbent for defluorination,
because of their high surface hydroxyl groups, enhanced sorp-
tion capacity, non-toxicity, affordability, and environmental
friendliness, MgO NPs have been shown to be a very effective
nanoadsorbent for eliminating fluoride from wastewater. The
most emphasis has been paid to research on iron and
magnesium-based nanoparticles as a way to get rid of fluoride.
One of the most commonly reported gaseous contaminants in
the environment is hydrogen sulfide (H,S)."* The neurological
system, respiratory system, reproductive system, eyes, skin,
cardiovascular system, hepatic tissues, renal system, gastroin-
testinal system, immune system, and endocrine system are all
negatively impacted by H,S poisoning. The elimination of H,S
has been found to be catalyzed by both MgO and Mg(OH),.
According to several studies, MgO removes H,S by chemically
adsorbing HS and S onto flat MgO surfaces since H,S has a weak
direct contact with MgO. Furthermore, metal oxides by them-
selves can only adsorb H,S at high temperatures. Researchers
attempted to boost the sorbent’s capacity at room temperature
by experimenting with various methods, such as adding tiny
MgO into a porous matrix like activated carbon. This would
make it possible to employ both chemical and physical H,S
adsorption. Therefore, in industrial applications, it will be
a better choice than using metal oxide alone to remove H,S from
contaminated gas streams. To the best of our knowledge, no
research has been conducted to assess the composite's ability to
catalyze H,S using micro MgO and GAC.***'*

Wastewater from companies and everyday living releases
metal ions, which are a serious issue for the ecology. When
people or other living things unintentionally drink water tainted
with these metal ions, they may have serious health issues. As
aresult, identifying metal ions in water aids in the advancement
of wastewater and tap water treatment technologies.'** Ther-
moelectric atomic absorption spectrometry, flame atomic
absorption spectrometry, and inductive plasma mass spec-
trometry are some of the techniques used to identify metal ions.
These techniques are vulnerable, but the equipment is costly,
complicated, and requires advanced technical knowledge to
operate.** An alternative and promising method for detecting
metal ions is the use of green NPs. Measuring the capacity to
identify metal ions in water depends on MgO NPs capacity to
bind metal ions."* Selected S. aromaticum flower extract to
create MgO nanoparticles for colorimetric Fe*" detection. As
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aresult, in the presence of 14 other interfering metal ions, such
as Ca**, €d”*, Co>", Cu®*, Hg”", and Fe*", the limit of detection
was obtained at 23 um at a concentration five times greater than
that of Fe’". Lead in water can be detected by MgO NPs in
addition to Fe®". Lead is a known toxic substance that can be
hazardous to humans and other living things also it is colorless,
odorless, and difficult to detect in aquatic environments. In
certain regions, children's blood Pb*" levels were found to be
higher than the acceptable threshold, averaging 1.00 pg L~ '.1*
According to research'® MgO NPs using S. aromaticum flower
extract can detect Pb*>" with a detection limit of roughly 24 um.
In order to detect a drop in the fluorescence intensity of the
MgO nanoparticles, this investigation was conducted at pH 3.
This could be because, at this pH, Pb>" ions interact specifically
with MgO NPs, but other metal ions do not. One use for MgO
NPs is the detection of hazardous substances in liquefied
petroleum gas. Liquefied petroleum gas is extensively utilized in
industrial, commercial, transportation, and civil purposes,
particularly in urban and rural homes for cooking. They will
transform into gas when they get out of the container, which
makes storage challenging. Furthermore, even in little
amounts, these basic ingredients can catch fire and explode
when they leak. Green produced NP, particularly MgO nano-
particles, are gradually demonstrating their ability to provide
advantages over other traditional gas sensing technologies. In
fact, used aloe leaf extract to create MgO NP-based liquefied
petroleum gas sensors, with the greatest sensitivity percentage
of 38% for 1000 ppm of LPG."*’

4.3 Applications of MgO that are antibacterial and
antimicrobial

The antibacterial mechanism of MgO nanoparticles has been
explained by a number of mechanisms, including the produc-
tion of reactive oxygen species (ROS), the contact of nano-
particles with bacteria, which damages the bacterial cell, and an
alkaline impact. The inhibitory impact of silver nanoparticles
on bacteria has been explained by a number of comparable
processes. It has long been recognized that silver inhibits
microorganisms. One of silver's antibacterial processes is the
stimulation of oxidative stress brought on by the production of
ROS, which may lead to the breakdown of the cell's membrane
structure. It has been documented that the release of ions from
the surface of nanoparticles can kill bacteria by attaching to
their cell membrane.*®*** Numerous studies have shown that
the production of ROS, such as superoxide anion (O, ), is
responsible for the antibacterial mechanism of MgO nano-
particles.®***® According to reports, an increase in the surface
area of MgO particles raises the concentration of O, in solu-
tion, which makes it easier to destroy the bacterial cell wall.
However, because of the extremely high surface energy of the
particles, the aggregation effect becomes quite important when
the MgO particle size is less than 15 nm. The bactericidal effi-
cacy decreases because of the huge size of aggregated MgO,
which prevents contact with bacteria and particles.*** According
to research,? the surface of MgO powder produced a significant
amount of O, , which enhanced the antibacterial activity of
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MgO nano powder against E. coli. The antibacterial activity of
MgO nanoparticles against the Gram-positive bacterium S.
aureus and the Gram-negative bacteria E. coli and Pseudomonas
aeruginosa (P. aeruginosa) was recently assessed by ref. 152. With
a minimum inhibitory concentration (MIC) of 500 ug m1~* for E.
coli and 1000 pg ml™" for P. aeruginosa and S. aureus, MgO
nanoparticles demonstrated antibacterial activity.

Due to oxygen vacancy flaws on the surface of the nano-
particles, it was proposed that lipid peroxidation and ROS could
be the mechanism of MgO NPs antibacterial action. It has been
suggested that MgO NPs antibacterial activity is explained by
their contact with bacteria, which damages the bacterial
surface. Because of the interaction between particles and
bacteria, it has been shown that nano-MgO exhibited great
activity against bacteria. Because of their surface defects and
positive charge, it was discovered that nano-MgO particles
could absorb halogen gasses. This led to a significant interac-
tion with negatively charged bacteria. Another important
component of MgO nanoparticles’ antibacterial activity has
been identified as the alkaline effect. The adsorption of aqueous
moisture on the surfaces of MgO nanoparticles, which might
create a thin layer of water surrounding the particles, was sug-
gested as a potential antibacterial mechanism. This thin layer of
water surrounding the nanoparticles may have a local pH that is
significantly higher than its equilibrium value in solution. The
high pH in this thin layer of surface water could harm the
membrane and cause cell death when the nanoparticles come
into contact with the bacteria.

MgO NPs have emerged as strong antibacterial agents, well-
suited for applications in food packaging, healthcare, and
sanitation. The hunt for alternative antibacterial remedies has
accelerated amid growing concerns about bacterial mutations,
frequent pathogen outbreaks, and antibiotic resistance. Reac-
tive oxygen species (ROS), including hydrogen peroxide (H,0,),
superoxide ions (O, ), and hydroxyl radicals ("OH), are the main
way that MgO NPs produce their antibacterial actions.**>*** By
attacking bacterial cells and disrupting essential biological
functions, these ROS oxidize membrane lipids, denature
proteins, and damage DNA to increase their bactericidal
activity. Lipid peroxidation caused by oxygen vacancies in MgO
is required due to their large surface area. MgO NPs exhibit
strong electrostatic interactions with bacterial membranes,
leading to structural damage and intracellular content leakage.
Additionally, they are more affordable, safer, chemically stable,
and have broader-spectrum antibacterial activity than more
traditional agents such as silver."*®'*®* MgO nanostructures
produced wusing a variety of methods, including sol-
precipitation (SPT), sonochemical (ST), precipitation (PT),
chemical combustion (CC), and microwave combustion (MWC),
were evaluated for their efficacy against Gram-positive Staphy-
lococcus aureus and Gram-negative E. coli. The MgO NPs
produced using the SPT, ST, PT, and CC procedures performed
quite poorly, whereas those made using the MWC method had
the strongest antibacterial activity.157**” It was found that S.
aureus was more susceptible than E. coli due to structural
differences in its cell wall. Gram-positive bacteria have a strong
peptidoglycan layer without an outer membrane, making them
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more vulnerable to MgO damage. However, because of their
more complex outer membrane and structure, Gram-negative
bacteria are less vulnerable. These results were supported by
experimental research showing that S. aureus had larger zones
of inhibition than E. coli.**®

The antibacterial activity was found out using the agar well
diffusion method, and using sterile cotton swabs, freshly
prepared bacterial inoculums were evenly distributed over
nutrient agar plates. Then, 10 ug ml~* of M1, M2, ampicillin,
and water (negative control) were added to four separate wells.
After a 24-hour incubation period at 37 °C, the zones of inhi-
bition were observed. Each test was done three times to make
sure reproducibility. Interestingly, MgO NPs significantly out-
performed bulk MgO in antibacterial activity against R. sol-
anacearum, even at a low concentration (250 pug ml ). After
adhering to the bacterial cell walls and undergoing structural
breakdown, the nanoparticles finally penetrated the cells,
causing cytoplasmic leakage and ultimately cell death. Oxida-
tive stress, physical membrane rupture, and possibly genotoxic
consequences, including DNA fragmentation, are all part of the
mechanism of action. Additionally, MgO NPs prevented
bacteria from swimming and twitching, suggesting a reduced
ability to infect and form biofilms. Overall, the effectiveness of
MgO NPs in killing bacteria is directly influenced by their shape,
particle size, and surface area. They are also appealing choices
for controlling microbial contamination and diseases because
of their small size, which raises the generation of reactive
oxygen species and surface reactivity. In recent research, Ppy-
MgO and PPy-MgO-carbon nanotube (CNT) composites were
prepared via in situ chemical polymerization. With inhibition
zones of 4.0 mm and 3.0 mm, respectively, the ppy-MgO-CNT
composite demonstrated antibacterial activity against MRSA
and PAO1 and had a UPF of 30."*° NPs incorporated textile
materials are becoming increasingly popular due to their many
uses, including self-cleaning, UV protection, and medical
applications. Because of their high moisture-retention capacity,
textile surfaces, particularly those composed of natural fibers
like cotton, frequently serve as microbial growth reservoirs in
hospital settings. Hospital-acquired infections can be consid-
erably decreased by using antimicrobial compounds in textiles.

Metal oxide nanoparticles, such as TiO,, ZnO, MgO, and
CaO, are commonly utilized in textiles due to their strong
antibacterial properties, chemical inertness, and lack of toxicity
to humans and animals. Among them, MgO NPs are suitable
because of their stability and ability to penetrate bacterial cell
membranes.'®>'** Recent research has focused on embedding
MgO NPs into bio-composites for wound dressings. To develop
concepts like antibacterial biofilms, polyvinylidene fluoride
(PVDF) has been combined with MgO (3-7 wt%) using methods
such as spin coating and electrospinning. These bioactive,
piezoelectric materials not only prevent infection at the wound
site but also function as smart wound-healing sensors by
responding to external stimuli. MgO NPs can disrupt bacterial
and fungal cell walls; they display strong antibacterial proper-
ties. There are two important mechanisms responsible for
microbial death: membrane leakage and the generation of
reactive oxygen species (ROS). This property is particularly
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useful in treating food-borne infections such as Escherichia coli
and Salmonella enteritidis. Even at low concentrations, MgO NPs
have demonstrated effectiveness against these bacteria, which
are known to cause severe gastrointestinal disorders in
humans. Their large surface area and high reactivity enable
enhanced interaction with microbial cells, making them effec-
tive antibacterial agents in food safety applications. MgO NPs
are suitable for use as disinfectants, packaging materials, and
food-contact surfaces, as they can function under various
environmental conditions without producing harmful byprod-
ucts. Furthermore, nanoparticles have shown remarkable anti-
bacterial activity against phytopathogenic microbes that cause
devastating crop diseases. One example is their impact on
Acidovorax oryzae, the bacterium that causes bacterial brown
stripe in rice. Using the green plant extract were able to
successfully synthesis MgO NPs, which demonstrated a robust
inhibitory impact on this pathogen. Furthermore, Ralstonia
solanacearum, the cause of bacterial wilt in numerous crops, has
been successfully combatted by MgO NPs. MgO nanoflowers,
specifically organized nanoforms, were developed in recent
research to improve antibacterial efficacy significantly. So
nanostructures provide high surface area and more active sites
for microbial interactions; they are more effective at suppress-
ing harmful bacteria. These kinds of developments suggest
a non-toxic, sustainable method of crop protection that
enhances plant health and reduces the use of chemical
pesticides.'®'* Fig. 12 illustrates the antibacterial activity of
MgO NPs. It has shown promising efficacy against biofilms,
bacterial communities that are highly resistant to standard
antibiotics and disinfectants. Examples of these communities
include those found on food surfaces, medical equipment, and
environmental reservoirs. MgO NPs are useful for preventing
chronic infections, reducing hospital-acquired contamination,
and enhancing food safety because they interfere with biofilm
formation and maintenance. Recent research also shows that
they work well against antibiotic-resistant bacterial strains and
can be incorporated into dental and oral hygiene products to
reduce infections and tooth plaque. To broaden the spectrum of
activity and enhance synergistic antibacterial effects,
researchers are now investigating MgO NPs in combination
with other nanomaterials or polymers. Because of these char-
acteristics, magnesium oxide nanoparticles are an essential
aspect of cutting-edge antimicrobial technology for the food
sector, healthcare, and environmental safety.'*>'¢

The antibacterial activity of MgO NPs and ZnO NPs against
the bacterial strains of Staphylococcus aureus (ATCC6538),
Bacillus subtilis (ATCC6633), Listeria innocua (CLIP74915),
Pseudomonas aeruginosa (ATCC9027), and Salmonella typhimu-
rium (ATCC14028) was tested using the agar well diffusion
method.*® Using sterile rods, 100 puL of the 24-hour matured
bacterial strain broth culture was swabbed onto the prepared
nutritional agar plates. A sterile cork borer was used to produce
a 6 mm well in each Petri plate. The bactericidal properties of
ZnO NPs and MgO NPs were investigated using solutions con-
taining 2, 4, and 6 mg ml™'. The solutions of both nano-
materials were prepared in a 10% (v/v) DMSO solution and
applied to the wells using sterile micropipettes.
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The antibacterial activity of MgO NPs and ZnO NPs was
evaluated using Gram-positive bacteria (Staphylococcus aureus,
Bacillus subtilis, Listeria innocua) and Gram-negative bacteria
(Pseudomonas aeruginosa, Salmonella typhimurium). The culture
plates were prepared using a sterilized glass rod and streaked
with 100 L of the corresponding bacterial strains' 24-hour
matured broth culture. Each Petri plate has six 6 mm wells
created using a sterile cork borer. MgO and ZnO nanoparticles
were suspended and present in Dimethyl Sulfoxide (DMSO) at
varying concentrations (2, 4, and 6 mg ml'). Each experiment
was run three times. Both ZnO NPs and MgO NPs demonstrated
exceptional antibacterial activity against the investigated
bacterial strains, with the exception of Staphylococcus aureus.
Bacillus subtilis (17 £ 0.35 mm) and Salmonella typhimurium
(10 £ 0.19 mm) displayed the highest and lowest inhibitory
zones, respectively. However, it was demonstrated that the NP
concentration affected the detected antibacterial activity. In
general, the emergence of drug-resistant bacterial strains
required the invention of a new class of potent antibacterial
medications. ZnO NPs are generally thought of as stable and
harmless antibacterial agents because they basically don't harm
humans or animals. ZnO NPs have antibacterial qualities
because of the release of reactive oxygen species (ROS) from
their surface. This causes oxidative stress by damaging cell
membranes, cellular proteins, and DNA when it comes into
contact with bacterial cells and accumulates in their microor-
ganisms. By releasing antimicrobial ions (Zn**) inside the cells,
these NPs create a toxic milieu that damages the membrane and
intracellular space.*®”

4.4 Versatile heterogeneous base catalyst in industrial

Because of its surface basic sites, which promote important
chemical processes such as deprotonation and nucleophilic
attacks, it is a well-known solid base catalyst. The strength and
density of the catalyst can be precisely controlled thanks to
these sites, which are predominantly O*>~ anions and are highly
tunable through changes in synthesis techniques, calcination
temperature, and particle size. MgO is essential for medicines,
agrochemicals, and biofuels because it is particularly effective
in base catalyzed processes such as transesterification, aldol
condensation, and Michael addition. MgO is compared to
homogeneous base catalysts like NaOH or KOH, it offers
significant benefits due to its thermal stability, affordability,
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Fig. 12 Depicts how MgO nanoparticles exert antibacterial effects by
attacking multiple bacterial targets.
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and non-toxicity, facilitating simpler separation and recycling.
These qualities make MgO highly attractive for industrial-scale
applications where reliance and strong catalysts are vital. The
most extensively studied catalytic role of MgO in biodiesel
production is the transesterification of triglycerides with
methanol.**® Unlike conventional catalysts, which often cause
problems with soap formation and purification, MgO is
a heterogeneous catalyst that can be recovered and reused
without significant loss of activity. Due to their increased
surface area and enhanced basicity, nanosized MgO NPs further
improve this efficiency by inducing reaction rates and yield. In
addition to biodiesel production, it is also used catalytically in
oxidation and dehydrogenation reactions, particularly in
petrochemical processes such as the conversion of ethanol to
acetaldehyde. Fig. 13(a) illustrates the antibacterial properties
of MgO nanoparticles and Fig. 13(b) the catalytic role of MgO in
the dehydrogenation of secondary alcohols to ketones.

MgO NPs effectively facilitate waste-to-fuel conversion, CO,
fixation, and pollutant degradation, thereby supporting
sustainable and eco-friendly chemical processes. It enhances
the stability and dispersion of metal catalysts such as Pt, Pd,
and Co, especially in steam reforming and OCM processes.**
And the interaction between MgO and these metals can
substantially affect catalyst lifetime and reaction selectivity,
both of which are critical at elevated temperatures. Owing to
their exceptional surface reactivity, strong basicity, and thermal
stability, MgO NPs have emerged as promising materials for
green catalysis and advanced chemical synthesis. By promoting
pollutant degradation, CO, fixation, and waste-to-fuel conver-
sion, these nanoparticles effectively contribute to the advance-
ment of  sustainable and  eco-friendly = chemical
technologies.'**”

Recent research has shown the effectiveness of MgO-based
catalysts across a wide range of sustainable chemical trans-
formations, the depolymerization of PET and other plastics, the
conversion of biomass-derived compounds into valuable
chemicals, and the production of biodiesel from used cooking
oil. MgO is suitable for both batch and continuous-flow appli-
cations due to its large surface area and adjustable basicity.*””
Its operational stability enables multiple reuses with minimum
loss of activity, thereby decreasing the costs and dedicating safe
environmental sustainability. In complex industrial reactions,
MgO can also be doped or modified with additional metals
(such as Ca, Al, or Ce) to improve its selectivity, catalytic activity,
and resistance to deactivation. Nowadays, MgO NPs are seen as
an essential component of next-generation green catalysis (b),
assisting with sustainable industrial processes and circular
economy projects.'”*'7¢

4.5 MgO in supercapacitor applications

MgO's distinct physicochemical properties such as its high
surface area, changeable porosity, and exceptional chemical
and thermal stability, have made it a viable material for
supercapacitor applications. The abundant and environmen-
tally safe MgO provides an affordable option for large-scale
energy storage devices. Its surface is full of basic O,  sites
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that enhance capacitive behaviour and ion adsorption from
electrolytes. High-rate charge-discharge cycles in super-
capacitors require more active sites and shorter ion diffusion
pathways, which are provided by the nanostructured form of
magnesium oxide, such as nanoparticles, nanorods, and
nanoflakes, which further enhances its electrochemical
performance.””” A general property of MgO is low electrical
conductivity, which restricts its use as an electrode material,
and to overcome this, researchers have been combining MgO
with highly conductive substances such as reduced graphene
oxide (rGO), conducting polymers, and carbon nanotubes
(CNTs) to create composite materials. These hybrid structures
take advantage of MgO's dielectric properties for enhanced
energy storage, while the conductive matrix facilitates faster
electron transport. For instance, MgO/rGO composites have
demonstrated improved specific capacitance and cyclic
stability, with rGO ensuring efficient charge transfer and MgO
providing a large surface area. The electrochemical perfor-
mance of MgO is escalated when combined with pseudo-
capacitive compounds, as MgO-MnO, and MgO-NiO composite
electrodes exhibit higher energy and power densities than their
pure counterparts, as shown in studies. In these composites,
the redox-active transition metal oxides and the structural
support provided by MgO work synergistically to enhance
electrical conductivity and ion transport, resulting in increased
specific capacitance and better rate capability. In addition, MgO
increases the cycle stability of supercapacitors by acting as
a buffering matrix that prevents volume expansion and struc-
tural degradation during prolonged charge-discharge cycles.
Recent innovations in synthesis approaches, especially in green
synthesis using plant extracts and combustion methods, have
been explored to produce MgO nanostructures with improved
supercapacitor performance. These environmentally friendly
and safe synthesis routes not only reduce ecological impact but
also introduce surface functional groups that enhance wetta-
bility and electrolyte interaction. When used in supercapacitors,
green-synthesized MgO NPS have demonstrated promising
electrochemical stability and cycle-life retention, highlighting
their potential for sustainable energy storage applications. In
conclusion, the versatile morphology, environmental compati-
bility, and structural durability of MgO-based materials make
them highly attractive for use in supercapacitors.

Fig. 13 Illustrates the antibacterial properties of MgO nanoparticles (a)
and the catalytic role of MgO (b) in the dehydrogenation of secondary
alcohols to ketones.
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Electrochemical research is crucial when analyzing the
properties and behavior of nanomaterials. Nanomaterials offer
unique electrochemical properties due to their enormous
surface area, quantum size effects, and enhanced charge
transfer kinetics. The performance, stability, reactivity, and
electrochemical behavior of nanomaterials can all be better
understood using electrochemical techniques. Cyclic voltam-
metry (CV) and electron impedance spectroscopy (EIS) are two
electrochemical techniques that are commonly used to analyze
and optimize nanomaterials for a range of applications. CV is
a widely used technique to investigate the redox behavior and
electrochemical stability of nanomaterials. It provides infor-
mation about the charge storage capacity, redox potentials, and
surface reactions of nanomaterials. EIS is a useful technique for
assessing the electrical response of prepared materials and
figuring out the charge transfer resistance. Fig. 14 CV plots of
MgO made using gel extracts from Syzygium cumini (MgO-]) (a),
Citrullus lanatus (MgO-W) (b), aloe vera (MgO-A) (c), as fuels at
different scan rates and EIS spectra (d).”

The generated material was examined via CV studies for
a variety of applications, including super capacitors and
batteries. The capacity is mostly caused by pseudo capacitance,
and the CV profile of MgO electrodes revealed two oxidation and
reduction peaks that show the red-ox mechanism. Peak move-
ments towards the positive and negative potential sides upon
increasing the scan rates verified that the constructed electrode
was pseudo-capacitive.'”® Electrochemical impedance studies
(EIS) were also investigated is represented in Fig. 15(a) CGD,
Fig. 15(b) specific capacitance and current, Fig. 15(c) cyclic
performance in order to determine the charge transfer resis-
tance and the observed spectra of generated electrodes. It shows
an elevated arc (semicircle), and an arc with a larger radius
usually indicates a higher charge transfer resistance.’”® MgO-]
has a relatively low charge transfer resistance due to its small
semicircle radius when compared to other produced electrodes.
Furthermore, compared to the other electrodes, the MgO-J
electrode exhibits greater capacitive properties.

Recent studies of MgO NPs show that co-precipitation and
other state-of-the-art methods exhibit aggregated, porous
morphologies that facilitate ion transport and provide readily
accessible electrolyte diffusion channels in supercapacitor
devices. Computational studies using density functional theory
(DFT) support these findings by confirming the structural and
electrochemical integrity of MgO nanoparticles through the
demonstration of a low HOMO-LUMO energy gap and favour-
able electronic properties that enable efficient charge transfer
and high reactivity.”*® The performance of MgO-based super-
capacitors can be significantly enhanced by doping with tran-
sition metals, such as vanadium, which introduces extrinsic
defects and paramagnetic centres, thereby increasing capaci-
tance and energy density. MgO electrodes doped with vana-
dium, for example, have demonstrated specific capacitance
values up to 50 F g~ . The capacitance values can increase to
1200 F g~ ' when combined with carbon black or other booster
materials, which is much greater than that of pure MgO.
Ternary composites of MgO further demonstrate the potential
of hybrid MgO nanostructures for high-performance
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supercapacitor applications with polyaniline (PANI) and boron
nitride nanotubes (BNNTs), which have achieved specific
capacitance values exceeding 2000 F g~ ' and energy densities
above 40 Wh kg~ ' with excellent capacitance retention over
multiple cycles.'® In addition to their electrochemical capabil-
ities, MgO-based materials have benefits for industrial energy
storage solutions in terms of affordability, environmental
friendliness, and scalability. Their sustainability profile is
further improved by their capacity to be synthesized using
environmentally friendly techniques, such as those mediated by
plant extracts. Optimizing synthesis parameters, investigating
novel dopants and composite topologies, and incorporating
MgO electrodes into flexible and solid-state supercapacitor
devices are the main areas of ongoing study. These develop-
ments establish magnesium oxide nanoparticles as a viable
basis for high-capacitance, environmentally benign, and next-
generation supercapacitor technologies.'®

5 Challenges and future prospects

Characterization, stability, toxicity, and reproducibility are the
main obstacles to the environmentally friendly synthesis of MgO
NPs. The manufacture of MgO NPs using green procedures often
relies on natural extracts, which vary in composition and effec-
tiveness. The size, shape, and other characteristics of the gener-
ated nanoparticles vary widely, making it difficult to compare data
with any degree of accuracy. The majority of this green synthesis is
carried out on a small scale, which is impractical for large-scale
production; for them, developing scaled green production tech-
niques is extremely difficult. MgO NPs produced traditionally
might be less stable and more likely to break down and aggregate
over time, and increasing the stability of nanoparticles is
mandatory. For that, it can be tough to exactly determine the size,
shape, and other characteristics of green-synthesized MgO NPs
due to their complex and diverse morphologies. The malignancy
and biocompatibility of these NPs must also be MgO NPs
produced conventionally might be less stable and more likely to
break down and aggregate over time. Developing strategies to
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Elsevier, under the terms of the CC BY License.
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Fig. 15 (a) Different current density of GCD for MgONPs electrodes,

(b) the variation of specific capacitance with various current densities
of MgONPs electrodes, (c) cyclic performance at 0.2 A g~ (800 cycles)
with capacity retention.*”® Reproduced from ref. 176, originally pub-
lished in RSC Advances, RSC, under the terms of the CC BY License.

enhance the stability of nanoparticles is essential. Moreover, it
can be challenging to exactly determine the size, shape, and other
characteristics of green-synthesized MgO nanoparticles due to
their complex and diverse morphologies. The toxicity and
biocompatibility of these nanoparticles must also be thoroughly
evaluated. Additional research is required to fully understand the
potential impacts of MgO NPs produced through green synthesis.
Despite the challenges encountered so far, the green synthesis of
MgO NPS holds promise for the next generation. The green
synthesis of MgO NPs offers several advantages over common
methods. MgO NPs have potential applications in biology, medi-
cine, energy storage, batteries, pollution control, catalysis, and
various other fields. Their catalytic performance in numerous
chemical reactions has been demonstrated in the areas of organic
synthesis and environmental catalysis. They can be employed in
environmental remediation, green chemistry, and heterogeneous
catalysis for organic transformations. Also, these NPs show
potential in drug delivery, medical imaging, tissue engineering,
and cancer therapy. MgO NPs have also demonstrated strong
adsorption capacity for organic pollutants and heavy metals. In
the future, it may find applications in air purification, water
treatment, and soil remediation, and they could be utilized in
agriculture to enhance plant growth and soil fertility. Their use as
pesticides and fertilizers holds the potential to promote sustain-
able farming practices and reduce the reliance on harmful
chemical agents. Additionally, research has been done on the
application of MgO NPs in energy storage devices such as batteries
and supercapacitors. They have the potential to be high-
performing and environmentally friendly. Though further
research is necessary to realize their potential in these fields fully,
MgO nanoparticles have a bright future in a number of applica-
tions evaluated. Additional research is required to fully under-
stand the potential impacts of MgO nanoparticles produced
through green synthesis. Despite the challenges encountered so
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far, the green synthesis of MgO nanoparticles holds great promise
for the future. The green synthesis of magnesium oxide nano-
particles offers several advantages over traditional methods
commonly used. MgO nanoparticles have potential applications
in biology, medicine, energy storage, batteries, pollution control,
catalysis, and various other fields. Their catalytic performance in
numerous chemical reactions has been demonstrated in the areas
of organic synthesis and environmental catalysis. They can be
employed in environmental remediation, green chemistry, and
heterogeneous catalysis for organic transformations. Moreover,
these nanoparticles show potential in drug delivery, medical
imaging, tissue engineering, and cancer therapy. MgO nano-
particles have also demonstrated strong adsorption capacity for
organic pollutants and heavy metals. In the future, MgO nano-
particles may find applications in air purification, water treat-
ment, and soil remediation. Additionally, they could be utilized in
agriculture to enhance plant growth and soil fertility. Their use as
pesticides and fertilizers holds the potential to promote sustain-
able farming practices and reduce the reliance on harmful
chemical agents. The research has been done on the application
of MgO NPs in energy storage devices such as batteries and
supercapacitors. They have the potential to be high-performing
and environmentally friendly. Though further research is neces-
sary to realize their potential in these fields fully, MgO nano-
particles have a bright future in a number of applications.

MgO nanoparticles can be processed onto textile fabrics
using various techniques, and the padding method is among
the most common at both the lab and industrial levels. This
process involves treating the fabric with a solution containing
MgO nanoparticles then rolling the fabric to ensure that it has
a uniform coating. The applied chemicals in the fabric are then
allowed to dry and cure, completing the application. It has been
reported recently that, using the pad-dry-cure method, MgO
nanoparticles were incorporated into the cotton fabric. Before
applying the synthesized nanoparticles, they were dispersed in
de-ionized water using a mechanical stirrer. In the current
study, a 100% cotton fabric sample was treated with 2% MgO
nanoparticles and 3% citric aciviang fabric-soakingng process.
Another benefit of the padding method is that wet pickup
cannot be compromised, and the coating solution is uniformly
distributed on the fabric.”®* Numerous techniques have been
adopted to apply the nanoparticles to the fabric surface. Dip
coating includes the step in which the fabric is immersed in
a nanoparticle suspension, soaked for a set duration, and then
withdrawn at a controlled speed. The advantage of the full-
pickup technique the (without squeezing). The films are devel-
oped without employing any capping agent and catalyst. A
simple chemical deposition technique is adopted for this
purpose.*®> Another method for covering the uneven surface
with a more uniform coating of particles is spraying. MgO
nanoparticles were sprayed onto the textile surface after being
dispersed in a solvent in a recent study. Even dispersion is made
possible by the method, which works especially well for coating
uneven surfaces. The method provides controlled deposition
and is applicable to a variety of coatings. The chemical solution
immersion method, which results in the sol-gel technique, is
an additional substitute for mechanical deposition. Methyl
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trimethyl silane (MTMS) (6 ml) and non-ionic polyethylene
glycol (PEG) surfactant (2 ml) were combined to create the silica
hydrosol 180 ml of 100% ethanol was then mixed with 6 ml of
deionized water and rapidly agitated for 15 minutes at room
temperature to create a homogenous solution. 4 ml of ammonia
was then gradually added to this solution while being
constantly stirred. After that, the methyl silicate sol was vigor-
ously stirred for 15 minutes at room temperature while MgO
nanoparticles (1 g) were added. A MgO/methyl silicate
composite sol was then formed by subjecting the solution to
ultrasonic irradiation for 30 minutes.'®

Several approaches can be used to overcome the present
constraints and fully utilize green-synthesised MgO NPs. By
standardizing extraction and reaction parameters, it is possible
to reduce batch-to-batch variations and achieve more consistent
particle properties during synthesis. Accurately determining the
size, shape, and composition of nanoparticles requires
advanced characterization techniques such as high-resolution
electron microscopy and various spectroscopic methods, espe-
cially when working with complex green extracts. To achieve
industrial-scale ~ production = while maintaining  cost-
effectiveness and environmental sustainability, improvements
in reactor design and process scaling are essential. In addition,
the use of high-throughput screening methods can speed up
biological evaluations and the optimization of synthesis
conditions. Collaborative efforts among biologists, engineers,
and chemists can further drive the development of innovative
green synthesis methods and promote sustainable applications.
As nanoscale regulatory frameworks evolve, stricter safety,
toxicological, and environmental requirements will ensure the
proper use of MgO NPs in a range of industries.

6 Conclusions

In recent years, green synthesis of metal oxide nanoparticles has
gained prominence due to environmental concerns associated
with traditional physical and chemical methods. Out of various
metal oxides, MgO has emerged as a potentially suitable
candidate due to its exceptional physicochemical properties,
stability, biocompatibility, and large surface area. These char-
acteristics make MgO an ideal material for environmental
remediation, wastewater treatment, and antibacterial applica-
tions. This comprehensive review synthesizes insights from
both conventional and green synthesis strategies, contributing
to the sustainable development of nanotechnology. Among the
green synthesis methods discussed, the production of MgO
nanoparticles using plant extracts is a promising approach.
This method offers the potential to produce nanoparticles with
controlled size, low toxicity, enhanced surface interactions, and
reproducibility, all while minimizing the production of
hazardous by-products.
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cv Cyclic voltammetry
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GM Green method

MgO Magnesium oxide

HEBM High energy ball milling

FSP Flame spray pyrolysis

CTAB Cetyl trimethyl ammonium bromide
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HTM Hydro thermal method

SEM Scanning electron microscope

CCs Carbon capture and storage

co Carbon monoxide

TDS Total dissolved solids

TSS Total suspended solids
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MRSA Methicillin-resistant Staphylococcus aureus
PAO1 Polyphosphate-sccumulating organisms
UPF Microbial enumeration tests

PVDF Poly vinyl dene fluoride

ROS Reactive oxygen species

OCM Oxidative coupling of methane

MTMS Methyl tri methoxy silane

PEG Poly ethylene glycol

VAFs Virulence associated factors

MWC Microwaves combustion

rGO reduced graphene oxide

PPY Poly pyrrole
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