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Abstract
Industrialization and rapid urbanization have significantly increased the release
of toxic pollutants into the environment, resulting in severe ecological
degradation and adverse human health effects. Although conventional
remediation technologies are widely used, they often suffer from limitations such
as high operational costs, secondary pollution, and limited efficiency in
removing persistent contaminants. These challenges have accelerated the
development of sustainable nanotechnology-based approaches, particularly the
green synthesis of functional nanomaterials. Among them, iron nanoparticles
(FeNPs) have emerged as promising candidates for environmental remediation
because of their high surface reactivity, strong reducing capability, excellent
catalytic performance, and magnetic recoverability. Plant-mediated green
synthesis has gained considerable attention as an eco-friendly alternative to
conventional physical and chemical methods. Plant extracts contain bioactive
compounds, including polyphenols, flavonoids, terpenoids, alkaloids, and
proteins, which act as natural reducing and stabilizing agents during
nanoparticle formation, eliminating the need for hazardous chemicals and
supporting green chemistry principles. This review critically examines recent
advances in plant-mediated FeNP synthesis, highlighting synthesis mechanisms,
the influence of reaction parameters, and characterization techniques used to
evaluate physicochemical properties. It further explores the environmental
applications of plant-derived FeNPs, including wastewater treatment,
degradation of organic dyes, removal of toxic heavy metals, and catalytic
oxidation of persistent pollutants. Additionally, the review discusses key
challenges related to scalability, reproducibility, environmental safety, and
commercialization while emphasizing sustainability. By summarizing current
knowledge and identifying future research directions, this review demonstrates
the potential of plant-based FeNPs as efficient, sustainable, and environmentally
friendly materials for advanced environmental remediation technologies
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1. Introduction:

With the rapid development of industries,

urbanization, intensive farming methods, and

constant population growth, environmental

pollution has become one of the most critical

concerns of the world. Untreated wastewater from

industries has been a major source of

contamination of aquatic and terrestrial systems

with toxic dyes, heavy metals, pharmaceutical

residues, pesticides, and other persistent chemicals

that have significantly impacted the environment

(Masindi & Muedi, 2018). The pollutants created

not only risk biodiversity but also human health

due to bioaccumulation, food chain transfer, and
long-term environmental persistence. Efficient,

sustainable, and environmentally friendly

technologies for remediation have therefore

become a research priority for researchers around

the world (Wang F et al., 2024).

Traditional techniques such as chemical

precipitation, coagulation, membrane filtration,
adsorption, and advanced oxidation processes have

played a significant role in combating pollution

(Sales et al., 2020). However, many of these

techniques are still limited in terms of their

operational costs, energy consumption, the ability

to remove contaminants completely, the creation of

secondary waste, and their reusability. The need to

achieve better remediation efficiency, with reduced

environmental impacts, has prompted researchers

to seek alternative materials that can deliver these

benefits. (Qasim et al., 2023)

Due to the unique physicochemical properties that

nanoscale materials have, nanotechnology has

quickly become one of the most impactful scientific

fields. Nanoparticles typically have dimensions

between 1 nm and 100 nm, with extremely high

surface area/volumes, high surface reactivity,

tunable catalytic properties, and unprecedented

optical and magnetic properties. The unique

properties of nanomaterials have led to their

widespread use in the fields of medicine,

agriculture, biosensing, catalysis, renewable energy,

and environmental protection. (Aamir et al., 2025)

Due to their high reducing power, magnetic

recoverability, low toxicity, ready availability, and

low production cost, there is a high interest in the

use of iron nanoparticles as a class of engineered

nanomaterials with outstanding catalytic activity.

( von der et al.,2019) .The iron nanoparticles (nZVI)

and iron oxide nanoparticles, specifically magnetite

(Fe₃O₄) and maghemite (γ-Fe₂O₃), have shown a

remarkable ability to degrade organic pollutants,

immobilize toxic metals, treat industrial wastewater,
and remediate contaminated groundwater. The

redox reactions and advanced oxidation processes

in which they engage make iron-based

nanomaterials promising materials for sustainable

environmental remediation. (SK et al., 2025)

Iron nanoparticles can be prepared by three

methods: physical, chemical, and biological.
Typically, physical methods involve using such

complex instrumentation that it demands high

energy input, while chemical methods often involve

the use of hazardous reducing agents and

stabilizing chemicals that can produce

environmentally harmful by-products. The

traditional methods that allow for tight control on

the size and morphology of nanoparticles have

significant economic and environmental drawbacks

that have spurred growing interest in more

environmentally friendly methods that meet the

criteria of sustainable chemistry (Ali et al., 2016).

Green synthesis process through plants is a

promising biological process for the synthesis of

iron nanoparticles utilizing renewable natural

materials. Plant extracts are rich in bioactive

phytochemicals like polyphenols, flavonoids,

terpenoids, tannins, alkaloids, proteins,

carbohydrates, and organic acids. All the above-
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mentioned naturally occurring compounds serve as

reducing, stabilizing, and capping agents at once,

thus helping to form nanoparticles without using

toxic synthetic chemicals. Microbial synthesis is

generally slower, more complex, and more

expensive than plant-based methods, especially

when attempting to produce high quantities, and

requires sterile culture conditions and complex

downstream processing, whereas plants can be

cultured in regular conditions and require simpler

processing. (Vijayaram S, et al., 2024)

Iron nanoparticles have been successfully

synthesized from numerous medicinal plants, crops,

fruit wastes, and tea extracts. Camellia sinensis
plant, Syzygium cumini, banana peel, mango peel,

grape seed, aloe vera, and some medicinal herbs

have been found to possess a tremendous potential

to produce nanoparticles of various sizes,

morphologies, and surface properties. But the

above synthesized nanoparticles are greatly affected

by various parameters such as plant species,
phytochemical content, precursor concentration,

extract-to-metal ion ratio, pH, temperature, and

reaction time. The understanding of the

interaction between these variables is key to

optimizing the synthesis of nanoparticles and

enhancing their functional performance, as

detailed in a recent study (Seedi HR et al 2024).

In recent years, iron-based nanoparticles derived

from plants have shown great potential for the

treatment of environmental pollution. Due to their

high adsorption capacity, catalytic activity, and

magnetic separation ability, they are highly effective

in removing toxic heavy metals from water,

degrading synthetic dyes, removing pharmaceutical

contaminants, and purifying industrial wastewater.

(Raza et al., 2026). Moreover, they have been

shown to improve the degradation of recalcitrant

organic contaminants in Fenton and Fenton-like

oxidation processes, offering promising potential as

environmentally friendly substitutes for traditional

remediation methods. (Fasih et al., 2024)

However, there are still several scientific and

technological issues to overcome. The constituents

of plant extracts vary due to plant chemical

variability and hence reproducibility of synthesis;

the mechanism of the plant phytochemicals during

the formation of nanoparticles is not well known.

Moreover, challenges such as those associated with

large-scale production, the stability of the

nanoparticles, environmental safety, life cycle

assessment, and commercial implementation

remain to be addressed for broader industrial

adoption. (Pande et al., 2024) These constraints
must be overcome to enable laboratory-scale

research to be applied in the environment as

practical technologies.

While many studies have focused on specific

components of plant-mediated synthesis of iron

nanoparticles, a better overview that combines the

synthesis mechanism, critical parameters, and
characterization methods, as well as the

applications in the environment and sustainability

aspects, is still relatively scarce. Hence, this review

intends to draw a comprehensive picture of the

green synthesis of iron nanoparticles using plants

by critically discussing the involved synthesis

mechanisms, influential factors for the formation

of nanoparticles, physicochemical characterization

techniques, remediation applications of plant-

mediated green-synthesized iron nanoparticles,

scope of current limitations, and future research

prospects. The results reported in this review are

expected to aid researchers in developing effective,

eco-friendly, and commercially viable iron

nanoparticle-based technologies for future

environmental remediation.

2. Literature Review
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2.1 Evolution of Green Nanotechnology:

Nanotechnology is one of the fastest-growing areas

in science due to the ability to work with materials

at the nanoscale level, where new physicochemical

properties appear. The materials in this range (1-

100 nanometers) have increased surface reactivity,

increased catalytic efficiency, improved mechanical

strength, and unique optical, electrical, and

magnetic properties. (Emma & Lawrence, 2025).

The remarkable properties have given rise to

nanotechnology applications in a variety of other

fields such as medicine, agriculture, environment,

biotechnology, food technology, and renewable

energy. With the ever-increasing demand for
efficient, sustainable technologies, the research

interest in nanomaterials for complex

environmental and industrial problems has been

further driven by scientific research. (S et al., 2026)

The physical and chemical synthesis techniques

were the primary methods used for the preparation

of nanoparticles initially. In general, physical
methods, such as laser ablation, evaporation–

condensation and mechanical milling, result in the

creation of nanoparticles of controlled morphology

and high purity. Likewise, chemical approaches like

chemical reduction, sol–gel synthesis, hydrothermal

synthesis, and microemulsion techniques allow to

obtain a fine control of the particle size,

crystallinity, and composition. Although these are

some of the benefits, traditional synthesis methods

use expensive instrumentation, high temperatures

and pressures, high energy consumption, and/or

dangerous reducing or stabilizing agents. The

production of toxic by-products and secondary

pollutants has also been a concern about their

environmental compatibility and sustainability in

the long run (Rasel et al., 2026).

With increased awareness of environmental

protection and Sustainable Development,

researchers are shifting towards alternative methods

of synthesis that reduce the ecological impact and

preserve the quality of nanoparticles. Such a

change has brought forth an interdisciplinary

science called green nanotechnology, which

combines nanoscience and green chemistry

principles. The focus of green Nanotechnology is

on the utilization of renewable resources, benign

solvents, energy-efficient synthesis methods, and

the use of biodegradable reducing agents to obtain

environment-friendly nanomaterials. Contrary to

traditional synthesis processes, green synthesis aims

to minimize waste of chemicals, energy use, and the

overall environmental footprint associated with the

production of nanoparticles. (Kumar et al., 2024)
The biological method is a more popular way of

synthesis among different methods due to its

simplicity, safety, and economic viability, in which

the plants serve as a catalyst. Plants are a rich

source of naturally occurring biomolecules, which

can readily reduce metal ions to stable

nanoparticles without the use of dangerous
chemicals. The plant extracts contain secondary

metabolites such as flavonoids, phenolic acids,

tannins, terpenoids, alkaloids, proteins,

carbohydrates, and organic acids, which play an

active role in the formation of nanoparticles. These

biomolecules, apart from reducing metal ions, also

stabilize newly formed nanoparticles by inhibiting

excessive aggregation and enhancing the colloidal

stability. In view of this, the synthesis of metallic

and metal oxide nanoparticles using plant extracts

has emerged as one of the most popular green

approaches. ( Lakhani KG, et al.,2025)

The rising popularity of green nanotechnology is

strongly connected to the worldwide efforts

towards sustainable industrial development and

environmentally friendly manufacturing. The green

synthesis follows several rules of sustainable

chemistry, such as the use of renewable biological

materials, the reduction of the use of toxic reagents,
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and the reduction of hazardous waste production.

In addition, agricultural residues, fruit peels,

medicinal herbs, and other plant-based biomasses

are cheap raw materials that are used in waste

valorization and the circular bioeconomy. These

benefits have made plant-mediated nanotechnology

an interesting and promising use in the laboratory

and for future industrial production. (Elumalai et

al., 2025)

Recent developments have extended the use of

green nanotechnology beyond the use of

nanoparticles. Recent studies are increasingly

aimed at parameter optimization of the synthesis,

stabilization of nanoparticles, optimization of
catalytic performance, and development of scale-up

technologies for commercialization. Meanwhile,

the risks of nanoparticles to the environment are a

central part of sustainable nanotechnology research,

as are environmental risk assessment and life-cycle

analysis. The developments show a trend in moving

away from the production of nanoparticles to the
design of nanotechnology-based materials with an

environmental consciousness throughout their life

cycle.

Thus, green nanotechnology has become a multi-

disciplinary field with the fusion of nanoscience,

materials science, environmental engineering, plant

biotechnology, and chemistry. As biological

synthesis methods continue to evolve and improve,

the production of safer, affordable, and more eco-

friendly nanomaterials that can help solve the

problems of global pollution control, resource

conservation, and sustainable industrial

development is expected to be enhanced. (Alsaiari

NS et al., 2023)

2.2 Iron Nanoparticles: Properties and

Environmental Significance:

Iron nanoparticles are among the most promising

metallic nanomaterials because of their unique

physicochemical properties and excellent

remediation potential. In addition to being

abundant, relatively cheap, environmentally

friendly, and having a remarkable redox activity,

iron-based nanomaterials are especially well suited

to technologies for the control of pollution. Iron

nanoparticles are more applicable in large-scale

environmental management due to their lower

production price compared to many noble metal

nanoparticles, and yield similar remediation

capability. (Saif S et al., 2016)

Iron nanoparticles can be in the form of zero-valent

iron nanoparticles (nZVI), magnetite (Fe₃O₄),
maghemite (γ-Fe₂O₃), or hematite (α-Fe₂O₃). Of

these, nZVI has been the most extensively studied,
due to its high reduction potential and its ability to

reduce a wide range of environmental

contaminants to less harmful species. Moreover,

the iron oxide nanoparticles have magnetic

properties that promote swift separation and

recovery following remediation methods,

enhancing operational efficiency with decreased
secondary contamination. (Rasulov, A. et al., 2026)

2.3 Plant-Mediated Green Synthesis of Iron

Nanoparticles:

With growing interest in sustainable

nanotechnology, sustainable synthesis methods for

nanoparticles have been rapidly developed. Of all

these methods, the green synthesis using plants as

reducing agents is well known as an effective,

economical, and eco-friendly method for the

synthesis of iron nanoparticles. (Aman Gour

&Narendra Kumar, 2019). Plant-assisted synthesis

has the advantage of using natural biomolecules to

promote the formation of nanoparticles under

relatively mild reaction conditions, in contrast to

conventional physical and chemical techniques,

which often require toxic chemicals, high energy

input, and sophisticated laboratory equipment.

This environmentally responsible approach aims to

reduce hazardous waste generated, as well as
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promote green chemistry and sustainable

manufacturing (Genuino, H et al., 2012).

There are many different phytochemicals present in

the plant extracts that actively engage in the

synthesis of nanoparticles. Naturally occurring

compounds like polyphenols, flavonoids, tannins,

terpenoids, alkaloids, proteins, carbohydrates,

amino acids, and organic acids have potent

reducing and antioxidant properties. (Thatyana M

et al., 2023). These biomolecules help in the

synthesis process by reducing the iron ions into

nanoscale particles through electron transfer

reactions. Concurrently, they interact with the

surface of the particles and become natural capping
and stabilizing agents, suppressing the aggregation

of particles and increasing the colloidal stability.

The dual function reduces the need for extra

synthetic reducing or stabilizing chemicals,

increasing environmental safety and economic

viability of the procedure. (Villagran et al., 2024)

Another key benefit of plant-mediated synthesis is
its ease of operation. The methods involved in

preparing plant extracts are relatively simple and

are easily followed, so they are accessible to most

people. However, microbial synthesis frequently

requires sterile culture conditions, continuous

culture maintenance, and extended incubation

times, thereby complicating production and adding

to costs. The plant-based methods are hence a more

rapid and practical approach to the fabrication of

nanoparticles, especially when substantial amounts

of biomass are easily accessible from medicinal

plants, crops, or food-processing waste. (Hlatshwayo

S et al., 2025)

Many plant species, such as medicinal herbs, fruit

peels, seeds, leaves, flowers, and tea extracts, have

been reported to synthesize iron nanoparticles.

Several plants can create iron nanoparticles, but

the differences in their phytochemical content

greatly affect the physicochemical properties of the

end product. Overall, the plant extracts with higher

phenolics and flavonoids content showed higher

reducing power, resulting in variations in the size,

shape, crystallinity, stability, and catalytic activity of

the nanoparticles. Therefore, choosing an

appropriate plant source is an important factor in

optimizing the quality of nanoparticles for specific

environmental applications. (Mihir Herlekar et al.,

2914)

The efficiency of plant-mediated synthesis is

further determined by several reaction parameters.

The dressing plant extract concentration affects the

amount of bioactive substances that can be

involved in reduction and stabilization, while the
concentration of iron salts affects the nucleation

and growth of particles. Similarly, the pH of the

reaction (acidic and alkaline) has an impact on the

ionization of the phytochemicals and the reduction

rate, and the temperature will control reaction

speed and crystal growth. The other factor that

plays a role in particle maturation and stabilization
is reaction time. Optimization of these synthesis

parameters is critical in achieving nanoparticles

that have a reproducible structure and performance.

(Christian, Æ et al., 2008)

In recent years, several uses of plant-derived iron

nanoparticles in the environment have been

recognized. These materials possess high surface

reactivity and excellent redox properties, which

lead to them being efficient in the degradation of

synthetic dyes, adsorption of toxic heavy metals,

and transformation of persistent organic

contaminants in polluted water. What's more, the

magnetic characteristics of iron-based nanoparticles

enable the recovery of the nanoparticles after

treatment and reuse, reducing the secondary

environmental pollution. The above-mentioned

properties have led to the development of plant-

based iron nanoparticles as a potential source of

materials for wastewater treatment, groundwater
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remediation, soil rehabilitation, and novel

oxidation techniques. (Sajna Salim et al., 2025)

While laboratory investigations have led to a

promising development, several obstacles currently

exist that remain to be overcome for this

technology to be widely deployed. Variability in

plant species, geographical origin, harvesting

season, extraction procedures, and the chemical

composition of the plants can be seen in the

synthesized nanoparticles. Such inconsistencies

make it hard to reproduce and make it difficult to

compare independent studies. Moreover, lack of

standardized synthesis procedures and optimized

large-scale synthesis methods, as well as inadequate
long-term stability studies and environmental safety

testing, are still major challenges for

commercialization.

In general, the plant-mediated green synthesis

appears to be a reliable and environmentally

friendly method for the synthesis of iron

nanoparticles. The conversion of renewable plant

resources and environmentally friendly synthesis

routes have great potential to improve the general

suitability of the production compared to

conventional production processes and contribute

to sustainable technological development on a

global level. The development of production

protocols, process optimization, and understanding

the mechanisms involved in the plant synthesis of

iron nanoparticles will enable the achievement of a

standardized method for the plant synthesis of

these nanoparticles for future use in environmental

remediation. In addition, it is crucial to carry out
an extensive environmental risk assessment to

encourage the use of plant iron nanoparticles in

environmental remediation.

Sr.

No.

Plant Part Shape Size Applications Reducing/

Capping

Agents

References

01 Camellia

sinensis

(green tea)

Leaves Irregular

agglomerates

10-

100

nm

Antioxidant polyphenols [15]

02 Green tea Tea

Extract

powder

Irregular

clusters

40-

60

nm

Antimicrobial polyphenols [16]

03 Oolong tea Tea

extract

Spherical 40-

50

nm

Fenton catalyst,

degradation of

dye (MG)

Polyphenols/

caffeine

[17]

2.4 Mechanistic Design of Plant-Mediated Green
Synthesis of Iron Nanoparticles

The plant-mediated synthesis of Fe nanoparticles is

a complex biochemical reaction that occurs when

metal ions react with the phytochemicals present in

plant extracts. The plant-assisted synthesis option

does not use synthetic reducing agents and
stabilizers compared to the conventional synthesis

methods. These compounds not only lower the pH

of the solution and thereby convert Fe3+ to Fe0,
but they also control nucleation, growth of the

particles, stabilization of the surface, and long-term

stability. These processes affect the physicochemical

properties and environmental performance of the

synthesized nanoparticles. (Soomro, R.et al., 2025)
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2.4.1 Role of Phytochemicals in Nanoparticle

Formation

A broad spectrum of secondary metabolites is

present in plant extracts, which play an active role

in the synthesis of nanoparticles. Polyphenols,

flavonoids, tannins, terpenoids, alkaloids, proteins,

amino acids, carbohydrates, and organic acids have

functional groups that can donate electrons in

redox reactions. The presence of hydroxyl, carbonyl,

carboxyl, and amino groups helps these molecules

transform dissolved iron ions into solid

nanoparticles. The concentration and composition

of these phytochemicals vary depending on the

plant species, giving rise to differences in the size,
shape, crystallinity, and catalytic activity of

nanoparticles. Therefore, the phytochemical profile

of the plant extract selected is of crucial

importance as it determines the efficiency of

synthesis and the quality of the product. (Zuhrotun

A et al., 2023)

2.4.2 Reduction of Iron Ions
The first step in the synthesis of nanoparticles is to

reduce the precursor ions of iron to lower

oxidation states by transferring electrons in the

system using biomolecules derived from plants.

Polyphenolic compounds and flavonoids, in

particular, are good reducing agents due to their

high antioxidant activity. The electron donation

during the reaction converts dissolved iron ions to

elemental iron or iron oxide nanoparticles. At the

same time, a redox process occurs as the

phytochemicals get oxidized without the need for

the use of toxic chemical reducing agents. This is a

naturally driven reduction mechanism that will be

the basis for environmentally friendly synthesis of

nanoparticles. (Great Iruoghene Edo et al., 2025)

2.4.3 Nucleation and Particle Growth

After the ions have been reduced, the newly

created iron atoms start to coalesce to form small

and energetically stable nuclei. These nuclei act as

the main nuclei for further development of

nanoparticles. The particles are growing slowly as

more and more reduced iron atoms are added onto

the growing particles until the particles are in a

state of thermodynamic equilibrium. The

nucleation rate, which is the rate at which particles

are formed, has a significant effect on the size and

shape of the nanoparticles. Generally, faster

nucleation will lead to more particles with smaller

sizes, while slower nucleation and longer growth

times will lead to bigger and less uniform

nanoparticles. Hence, the key to ensuring the

balance among these processes is crucial to

obtaining reproducible physicochemical properties
of nanoparticles. (Liu Y et al., 2024)

2.4.4 Stabilization and Surface Capping

Newly synthesized nanoparticles have high surface

energy and are prone to aggregation and oxidation.

Biomolecules from the plants bind to the surface of

the nanoparticles, which coat the surfaces and act

as caps. This biological coating works to further
decrease attractive forces between neighbouring

nanoparticles and thus prevent too much

aggregation and enhance the colloidal stability.

Furthermore, surface-bound phytochemicals

prevent the rapid oxidation of nanoparticles during

storage and environmental use. The better the

stabilization, the higher the dispersion of the

particles, the longer their shelf life, and the better

the catalytic performance during environmental

remediation processes. (Zhou, Fang et al.,2023)

2.4.5 Factors Influencing the Mechanistic Process

Reaction parameters are factors that control the

efficiency of plant-mediated nanoparticle synthesis.

The availability of reducing and stabilizing

molecules in the extract is related to the

phytochemical composition of the extract, while

the concentration of the iron precursors will

directly influence the nucleation and yield of

nanoparticles. The pH of the reaction determines
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the ionization of functional groups and affects the

rate of reduction, and the temperature determines

the mobility of molecules, the rate of reaction, and

the growth of the crystals. Likewise, reaction time

determines the completion of reduction, particle

maturation, and stabilization. These parameters

need to be optimized so that nanoparticles can be

synthesized in a controlled manner, with

reproducible properties, which are appropriate for

use in environmental applications. (Shafie et al.,

2025)

2.4.6 Mechanistic Significance for Environmental

Remediation

Plant-mediated synthesis directly affects the
environmental performance of the nanoparticles

made of the iron. Generally, the smaller the

particle size, the greater the surface area and the

greater the structural stability; the better the

adsorption capacity, catalytic activity, and redox

behavior of the nanoparticles. Efficient surface

capping also results in good particle dispersion,
which enables interaction with environmental

contaminants and thereby promotes pollutant

degradation and heavy metal removal. It is hence

important to understand the correlation between

the synthesis mechanisms and the properties of the

nanoparticles to design highly efficient

nanomaterials for wastewater treatment,

remediation of groundwater, soil restoration, and

advanced oxidation processes.

In general, the process of plant-mediated synthesis

is a well-coordinated reduction, nucleation, growth,

and stabilization process controlled by naturally

occurring phytochemicals. These biomolecules

work together to produce iron nanoparticles with

no toxic chemicals and enhance the stability of the
particles and their environmental compatibility.

Ongoing research on the molecular mechanisms of

phytochemical-assisted synthesis will help to

develop standardized, reproducible, and scalable

methods for production that can be used in the

development of future environmental remediation

technologies. (Ebrahiminezhad A et al., 2018)

Figure 1. Proposed mechanism of plant-mediated green synthesis of iron nanoparticles
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3. Characterization of Green-Synthesized Iron

Nanoparticles:

Necessary for the assessment of the successful

synthesis of plant-mediated iron nanoparticles and

their functional properties, accurate

characterization is a critical step. The

environmental performance depends directly on

the physicochemical properties of nanoparticles,

such as particle size, morphology, crystallinity,

elemental composition, surface chemistry, and

colloidal stability. In this sense, it is common to use

a set of techniques that can provide a complete

picture of the structure and behaviour of

nanoparticles. This method not only ensures the
successful production of nanoparticles but also

offers insights into optimizing synthesis parameters

and assessing the potential for environmental

remediation. (Ahmed et al., 2025)

3.1 UV–Visible Spectroscopy:

One preliminary analytical tool used to monitor

the formation of nanoparticles is UV–Visible
(UV–Vis) spectroscopy. In the synthesis process,

the reduction of the iron ions is sometimes

accompanied by a visible color change of the

reaction mixture, which is an indication of the

formation of the nanoparticles. The formation of

absorption bands demonstrates successful synthesis

and can be used to trace the progress of a reaction

under various experimental conditions. UV–Vis

spectroscopy is a quick and easy analysis but is

typically combined with other methods to provide

detailed structural information. (Abbas et al., 2026)

3.2 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier Transform InfraRed (FTIR) spectroscopy is

generally used to detect the presence of

biomolecules (plants) used for the synthesis of

nanoparticles containing functional groups. The

presence of polyphenols, flavonoids, proteins, and

organic acids is indicated by changes in the FTIR

spectra before and after the synthesis, which are

supposed to participate in the reduction and

stabilization of the iron nanoparticles. This analysis

can give insight into how phytochemicals interact

with the surface of the nanoparticles and also

validate the role of natural capping agents in

enhancing the stability of the nanoparticles.

(Pasieczna et al., 2025)

3.3 X-ray Diffraction (XRD)

X-ray Diffraction (XRD) is one of the most reliable

analytical techniques to investigate the crystalline

structure and phase composition of green-

synthesized iron nanoparticles. It involves the

diffraction of X-rays by the regularly arrayed atomic
planes of crystalline material. Incident X-ray beam

gets diffracted at certain diffraction angles when

constructive interference takes place, creating

unique diffraction peaks that are characteristic of

every crystalline phase. Therefore, XRD is widely

used to verify the synthesis of nanoparticles, study

the crystallinity of the nanocrystals, determine the
crystal phases, and measure the structural purity of

the nanoparticles.

The diffraction phenomenon obeys Bragg's Law,

that is, the relationship between the incident X-ray

beam and the crystal lattice:

[n\lambda = 2d\sin\theta]

In which n is the diffraction order, λ is the

wavelength of the incident X-rays, d is the

interplanar spacing between two adjacent crystal

planes, and θ is the diffraction angle. Constructive

interference produces distinct diffraction peaks

that inform about the crystal structure of the

synthetic nanoparticles when this condition is met.

In addition to confirming the crystallinity of the

nanoparticles, XRD is also commonly used to

estimate the average crystallite size of nanoparticles

from the nanoparticles by using the Debye–

Scherrer equation:
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Here, D is the average crystallite size, K is the shape

factor (typical value is 0.9), λ is the X-ray

wavelength, β is the full width at half maximum

(FWHM) of the diffraction peak, and θ is the

Bragg angle. The equation allows scientists to

determine the size of crystals as small as a

nanometer and compare the physical properties of

crystals produced in different experiments.

For plant-mediated synthesis, XRD data are

valuable evidence for the successful synthesis of the

iron nanoparticles or iron oxide nanoparticles, as it

is compared with the standard crystallographic

database. The varying peak intensity and width also

provide information regarding crystallinity, crystal

defects, and particle size. The XRD, however,

mostly provides information on the structural

characteristics of the nanoparticles, and is therefore

normally used in combination with microscopic

techniques like SEM and TEM to get a complete

picture of the morphology and size distribution of

the nanoparticles.

In conclusion, XRD is an invaluable tool for

characterizing the structural properties of green-

synthesized iron nanoparticles and correlating the

synthesis parameters with the performance of the

nanoparticles in environmental remediation.
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Figure 3. Illustration of Bragg's Law showing X-ray diffraction from crystal planes.

3.4 Scanning Electron Microscopy (SEM)
The surface morphology and microstructural

features of the iron nanoparticles prepared using

green route methods have been characterized using

the Scanning Electron Microscopy (SEM)

technique. Unlike optical microscopy, SEM is

based on the use of a focused stream of high-energy
electrons that are scanned across the surface of the

sample, creating high-resolution images with

excellent depth of field. Secondary and

backscattered electrons are created by the

interaction of the electron beam with the sample

and are detected to build up detailed images of the

surface.
SEM analysis gives important information on the

shape, surface roughness, level of aggregation, and

distribution of particles in the form of

nanoparticles. The adsorption behaviour, catalytic

efficiency, and environmental performance of iron

nanoparticles are directly affected by these

morphological features. The more uniform the

distribution of the nanoparticles with less

aggregation, the more surface area, and the more

reactive they are, the better they will be for

contaminant removal.

While SEM provides high surface resolution, its

resolution in the measurement of individual

nanoparticles is less than that of Transmission

Electron Microscopy (TEM). Thus, SEM is often
used in conjunction with TEM and elemental

analysis for a complete understanding of the

morphology and composition of nanoparticles.

3.5 Energy-Dispersive X-ray Spectroscopy (EDS)

Elemental composition of green-synthesized Fe

nanoparticles is determined using Energy-
Dispersive X-ray Spectroscopy (EDS), commonly

used in conjunction with SEM. Characteristic X-

rays are emitted when the electron beam interacts

with the sample, which allows the determination of

the constituent elements. EDS validates the

presence of iron and other related elements, thus

verifying the composition and functionalization of
the nanoparticles' surfaces. (Joseph Goldstein,

2003)

3.6 Dynamic Light Scattering (DLS) and Zeta

Potential

Dynamic Light Scattering (DLS) is used for the

determination of the size and size distribution of

the nanoparticles in suspension, and zeta potential

analysis is used to determine the surface charge and

colloidal stability of the nanoparticles. The

techniques play a crucial role in the dispersion,

aggregation behaviour, and stability of

nanoparticles, directly affecting their application in

environmental remediation. (Rodriguez-Loya, 2024)

3.7 Importance of Characterization
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In order to confirm the synthesis of nanoparticles

and to gain insight into their physicochemical

properties, comprehensive characterization is

needed. The information from combined UV–Vis,

FTIR, XRD, SEM, EDS, DLS and zeta potential

analysis can be relied on for obtaining reliable

information on particle size, morphology,

crystallinity, elemental composition, surface

chemistry and stability. These methods work

synergistically to optimize green synthesis methods

and improve the use of iron nanoparticles in

environmental remediation. (Ntolia, A, 2025)

4. Environmental Remediation Applications of

Plant-Mediated Iron Nanoparticles
The plant-made iron nanoparticles are attractive

nanomaterials for environmental remediation due

to their high surface area, significant redox activity,

magnetic properties, and environmentally friendly

synthesis. Additionally, the presence of bioactive

phytochemicals on the surface of the

nanotechnology also results in an effective
adsorption capacity and catalytic performance, with

the reduction of secondary environmental

pollution. As a result, a variety of inorganic and

organic pollutants are being thoroughly studied for

their removal from aqueous and soil media by

these nanoparticles. (Singh J et al., 2018)

4.1 Removal of Heavy Metals

Heavy metal contamination, which is a serious

environmental problem because of the persistence

and toxicity of metals like lead (Pb), cadmium (Cd),

chromium (Cr), mercury (Hg), and arsenic (As), is a

major environmental concern. It is found that the

green synthesized iron nanoparticles are very

effective in removing these contaminants through

adsorption, reduction, co-precipitation, and surface

complexation processes. They have a high surface

reactivity and contain abundant active sites for

binding toxic metal ions, which will decrease their

mobility and bioavailability. From the viewpoint of

conventional adsorbents, plant-mediated iron

nanoparticles provide greater removal efficiency

with reduced formation of secondary pollutants.

(Mohamed HI et al., 2025)

4.2 Degradation of Organic Dyes

Synthetic dyes from textiles, leather, paper, and

printing are among the largest contributors to

water pollution. The dye degradation ability of

plant-synthesized iron nanoparticles is outstanding

against dyes like methylene blue, methyl orange,

Congo red, and rhodamine B. These nanoparticles

enhance redox reactions and advanced oxidation

processes for the conversion of complex dye

molecules to simpler and less toxic molecules. They
are also easily synthesized in an environmentally

friendly way, demonstrate a high catalytic efficiency,

and are therefore promising alternatives to

conventional wastewater treatment technologies.

(Jara YS et al., 2024)

4.3 Wastewater Treatment

The green synthesized iron nanoparticles are very
useful in treating the industrial and municipal

wastewater contaminated with mixed organic and

inorganic contaminants. Their multifunctional

properties allow them to adsorb, catalytically

degrade, and reduce pollutants simultaneously,

leading to better water quality. Further, the

magnetic properties of the iron nanoparticles allow

for easy recovery and reuse following treatment,

promoting sustainability and lowering operational

costs. The characteristics contribute to the

efficiency and environmentally friendly wastewater

treatment systems. (Nkosi ET al.2024)

4.4 Groundwater and Soil Remediation

Industrial discharge, agricultural chemicals, and

faulty waste disposal practices can lead to

contamination of groundwater and soil, which has

serious impacts on ecosystems and human health.

In situ remediation of contaminated soils and

groundwater using plant-derived iron nanoparticles
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for in situ reduction and immobilization of

hazardous pollutants has been demonstrated to be

promising. They are so small that they penetrate

porous media and can be so reactive that they

rapidly transform toxic contaminants into less

harmful ones. The benefits of using iron

nanoparticles for contaminated environmental

remediation make them an interesting material.

The advantages of using iron nanoparticles for

contaminated environmental remediation make

them an interesting material. (Galdames et al.,

2020)

4.5 Removal of Emerging Contaminants

Pharmaceuticals, pesticides, personal care products,
and endocrine-disrupting compounds are

becoming common in the water, and their presence

has led to worldwide environmental concerns. The

catalytic activity and high surface area of the green-

synthesized iron nanoparticles (IONPs) make them

promising for the degradation and adsorption of

these emerging contaminants. The combination of
iron nanoparticles with advanced oxidation

technologies further improves the capability of

removing contaminants and supports sustainable

water purification technologies. (Cardoso et al.,

2021)

4.6 Antimicrobial Applications

Besides pollutant removal, plant-mediated iron

nanoparticles have antimicrobial properties against

various pathogenic microorganisms. By interacting

with microbial cell membranes, they cause

oxidative stress, disrupt the membrane, and cause

damage to the inside of the cell, thus inhibiting the

growth of microbes. These properties have the

benefit of enhancing the disinfection and

environmental sanitation of wastewater and

mitigating the reliance on traditional chemical

disinfectants. (Wang L et al., 2017)

4.7 Sustainability Outlook:

Although research in the laboratory has made great

strides, there are a number of barriers that hinder

the use of plant-mediated iron nanoparticles in a

wider range of applications. Some research gaps

include variability in plant phytochemical

composition, standards for synthesis protocols,

insufficient scale-up of production, and inadequate

knowledge of long-term environmental impacts.

Further research is needed to optimize synthesis

conditions, enhance the stability and reusability of

the nanoparticles, perform life cycle assessments,

and assess the ecological risks under real

environmental conditions. The solutions to these
challenges would pave the way for the

commercialization of sustainable iron

nanoparticles for advanced environmental

remediation.

5 Conclusion:

Green synthesis by plants represents an

environmentally friendly and sustainable method
to synthesize iron nanoparticles, which are very

promising in the field of advanced environmental

remediation. The use of phytochemicals from

plants as reducing and capping agents is a safer,

cost-effective, and energy-efficient alternative to

traditional synthetic or chemical ways of making

the products with less use of hazardous chemicals.

A variety of characterization methods, such as UV–

Visible spectroscopy, FTIR, XRD, SEM, EDS, and

DLS, are essential to the confirmation of

nanoparticle formation and the evaluation of the

physicochemical properties of nanoparticles. These

properties are the main factors affecting the

efficiency of the removal of heavy metals,

degradation of organic dyes, wastewater treatment,

and remediation of contaminated soil or

groundwater by iron nanoparticles.

Though promising results have been obtained on a

laboratory scale, issues regarding standardization of
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the synthesis, large-scale production, stability, and

safety to the environment have yet to be solved

before commercialization. Scale-up green synthesis

methodology, comprehensive risk assessment, and

field applications will be the focus of future

research to enhance the practical applications of

these nanomaterials. In summary, plant-mediated

iron nanoparticles are promising for developing

sustainable remediation technologies and are

anticipated to be more and more important to

solve global environmental pollution in the future,

which is also conducive to the principle of green

chemistry and sustainable development.
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