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Abstract 

 The application of zerovalent iron nanoparticles in diverse organic transformations has garnered significant attention 

over the past decade, primarily due to the high natural availability, low toxicity, and cost-effectiveness of iron metal. The 

core of zerovalent iron nanoparticles, composed of zerovalent iron, acts as a reducing agent for contaminants, while its 

outer iron oxide shell offers active sites for chemisorption and facilitates electrostatic interactions with heavy metals. 

Advances in synthetic methodologies for producing Fe nanoparticles and their stabilization using various support materials 

have played a pivotal role in enhancing their utility in catalysis. This review consolidates understanding of the nanoscale 

zerovalent iron structure, its synthesis techniques, removal mechanisms, practical applications for heavy metals such as 

cadmium (Cd), copper (Cu), and lead (Pb), as well as the challenges associated with its use. This review explores the 

catalytic properties of zerovalent iron (nZVI) nanoparticles and their critical role in environmental remediation and 

catalysis. It highlights the factors influencing their performance, including chemical composition, size, surface properties, 

and the presence of stabilizing agents. The document emphasizes the importance of advanced characterization techniques 

such as TEM, SEM, and SAXS for understanding particle morphology and structural properties. Challenges such as 

agglomeration, rapid oxidation, and environmental concerns are addressed, alongside strategies to enhance their 

efficiency. This comprehensive discussion underscores the significance of nZVI in academic research and industrial 

applications, providing insights into both their potential and limitations. Additionally, it provides insights into potential 

future directions for advancing iron nanoparticle-mediated reduction reactions. 

 

Keywords: Adsorption, Challenges, Heavy metals, Mechanism, Oxidation, Reduction, Synthesis, Zerovalent iron 

nanoparticles 

 

Introduction 

 Developing nations face increasing challenges in 

wastewater treatment and water purification due to the 

growing demand for clean water. Industrialization has 

led to the depletion of pure water sources, especially 

affecting the developing world. Water contaminants, 

including chemicals, microorganisms, and non-

biodegradable heavy metals, pose significant risks to 

human health [1]. Heavy metals in water pose significant 

environmental and health challenges due to their 

toxicity, persistence, and bioaccumulative nature. Heavy  

 

metals are a group of metallic elements that have 

relatively high densities, atomic weights, and are 

typically toxic or harmful to living organisms even at low 

concentrations. The term “heavy metals” is commonly 

used to refer to metals and metalloids with atomic 

numbers greater than 20 that have a high density (usually 

greater than 5 g/cm³). Heavy metals like lead (Pb), 

cadmium (Cd), arsenic (As), and mercury (Hg) can cause 

severe health issues, including kidney damage, 

neurological disorders, developmental issues in children, 
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and cancer [2]. These metals tend to accumulate in the 

human body over time, leading to long-term health 

problems even at low exposure levels. Heavy metals are 

absorbed by aquatic organisms and magnify as they 

move up the food chain, affecting predators and 

eventually humans. Metals like chromium (Cr), nickel 

(Ni), and copper (Cu) can be toxic to fish and other 

aquatic species, disrupting ecosystems and reducing 

biodiversity. Heavy metals do not break down in the 

environment, leading to their continuous presence in 

water bodies. Metals settle in sediments, acting as long-

term sources of pollution that can re-enter the water 

column under changing environmental conditions [3]. 

Presence of metals like arsenic or lead in drinking water 

sources exceeds safe limits, rendering water unsafe for 

human consumption. Treating water contaminated with 

heavy metals is often expensive, burdening water 

treatment facilities and communities. Heavy metals in 

irrigation water can accumulate in soil and crops, leading 

to reduced agricultural productivity and contamination 

of the food supply. Long-term irrigation with 

contaminated water results in the build-up of toxic 

metals in soil, affecting soil health and fertility [4]. 

Conventional water treatment processes often struggle to 

effectively remove heavy metals due to their high 

solubility and complexation with organic and inorganic 

matter in water. The increasing need for water, driven by 

industrialization, population growth, and environmental 

degradation, highlights the urgent need for effective 

water purification solutions [5]. 

Various methods, including adsorption, 

electrochemical treatment, ion exchange, and membrane 

filtration, are used for the removal of heavy metals from 

aqueous solutions [6]. The choice of method to be 

adopted depends on factors like the type of heavy metal, 

concentration, environmental conditions, and the 

intended application. Among these, adsorption is 

considered the most effective due to its affordability and 

ease of use. Several adsorbents, such as activated carbon 

[7], biochar, chitosan-Al2O3@SiO2 composite [8], and 

graphene oxide, have been explored for heavy metal 

removal. Iron nanoparticles (nFe), known for their strong 

adsorption properties, have gained significant attention 

in recent years for heavy metal remediation [9]. These 

nanoparticles are inexpensive, non-toxic, and 

biocompatible, making them ideal for treating heavy 

metals in aquatic environments [10]. 

Although materials like iron nanoparticles (nFe) 

are highly effective at removing heavy metals from 

aqueous solutions, challenges such as complex synthesis 

procedures and the need for expensive reagents have 

hindered their widespread use [11]. To overcome these 

limitations, there has been growing interest in 

biosynthesizing nFe using natural plant extracts as 

reducing agents, making the process more affordable and 

environmentally friendly. Zerovalent iron nanopaerticles 

(nZVI) has been extensively studied for treating 

wastewater contaminated with heavy metals, offering a 

low-toxicity and abundant natural resource. In recent 

decades, zerovalent iron nanoparticles (nZVI) have 

emerged as a cutting-edge material for environmental 

remediation, particularly for heavy metal removal 

[11,12]. A study demonstrated that nZVI reduced Cr⁶⁺ to 

less toxic Cr³⁺, which subsequently precipitated as Cr 

(OH)₃ or adsorbed onto iron hydroxides formed during 

nZVI oxidation. Optimal removal efficiency (> 95 %) 

was achieved at pH 5 - 7, with the process following 

pseudo-2nd-order kinetics. While nZVI efficiently 

removed Cr⁶⁺ from synthetic and industrial wastewater, 

challenges such as particle aggregation, surface 

passivation, and pH sensitivity limit its scalability. 

Despite these limitations, nZVI is a cost-effective and 

environmentally friendly option for heavy metal 

remediation, with potential improvements achievable 

through surface modifications and composite materials 

[13]. nZVI has garnered attention due to its unique 

physicochemical properties, including high specific 

surface area which enhances reactivity and interaction 

with contaminants, high redox potential that facilitates 

reduction and immobilization of heavy metals. Iron is 

abundant, non-toxic, and sustainable compared to other 

nanomaterials. It can combine reduction, adsorption, and 

co-precipitation mechanisms for efficient contaminant 

removal [14]. This review begins by highlighting the 

growing research interest in the various types of heavy 

metals. Following this, various methods for synthesizing 

zerovalent iron nanoparticles are discussed. An overview 

of the heavy metal’s removal mechanism and application 

of different characterization techniques that are essential 

for examining the structural and morphological 

characteristics of iron nanoparticles has been described 

here. The review also outlines the challenges 

encountered in current research and offers predictions 

for future directions in the field. 
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Types of different heavy metals 

Heavy metals are dense metallic elements that 

exhibit toxicity even at low concentrations. Their 

persistence in the environment and tendency to 

bioaccumulate pose serious risks to both ecosystems and 

public health. This review explores the key heavy metals, 

their toxicological impacts, and the various methods 

employed for their removal. 

 

Chromium (Cr) 

Chromium is mainly produced in tanning industry, 

electroplating, pigment production, and improper 

industrial waste disposal. Chromium exists primarily in 

2 oxidation states in water: Hexavalent chromium (Cr6+) 

and trivalent chromium (Cr3+). Cr6+ is highly toxic, 

carcinogenic, and soluble, whereas Cr3+ is less toxic and 

less mobile. It pollutes soil and groundwater near 

industrial areas and also disrupts aquatic ecosystems by 

altering pH and toxicity levels. Cr6+ is reduced to Cr3+ 

via electron transfer and then Cr3+ is immobilized on the 

surface of nZVI or iron oxides. The process is pH-

dependent, with optimal removal in neutral to slightly 

acidic conditions. Studies by Zou et al. [15] have shown 

> 90 % Cr6+ removal using nZVI in batch experiments. 

 

Lead (Pb) 

Lead is a non-redox-active metal and is primarily 

found as Pb2+ in water, which is highly toxic and 

bioaccumulative. Leaded gasoline, battery 

manufacturing, paint, plumbing materials, mining, and 

smelting are the main sources of lead production. It 

affects the central nervous system (CNS), especially in 

children, leading to cognitive impairments and 

behavioural issues. Chronic exposure can cause anaemia, 

kidney damage, hypertension, and reproductive issues. 

Pb2+ binds to nZVI surface through complexation or 

electrostatic interactions. Pb2+ can be reduced to metallic 

Pb0, which deposits on nZVI surfaces. Pb2+ is 

incorporated into oxides or iron hydroxides formed 

during nZVI oxidation. Li et al. [16] demonstrated that 

nZVI achieved a removal efficiency of 96 % for Pb2+in a 

contaminated water sample. 

 

Arsenic (As) 

Mining, pesticide application, industrial discharge, 

natural leaching from arsenic-rich rocks are the sources 

of arsenic. Arsenic exists as arsenite (As3+) and arsenate 

(As5+), both of which are highly toxic. Acute effects of 

arsenic are gastrointestinal distress, vomiting, diarrhoea 

and the chronic effects include skin lesions, 

hyperpigmentation, cardiovascular issues, cancer (lung, 

bladder, and skin). Arsenic species adsorb onto iron 

oxides and hydroxides formed by nZVI. Ferric 

hydroxides incorporate arsenic ions into their structure 

by co-precipitation mechanism. nZVI can also convert 

As3+ to As5+, which is less toxic and more easily 

adsorbed. Removal efficiency increases in the presence 

of dissolved oxygen (DO) or hydrogen peroxide (H2O2). 

Research by Sankhla et al. [17] reported > 99 % removal 

of As3+ using modified nZVI. 

 

Cadmium (Cd) 

Cadmium is a non-redox-active metal and exists 

predominantly as Cd2+ in water. Industrial processes 

(e.g., electroplating, battery production), phosphate 

fertilizers, and waste incineration, produce cadmium. It 

is the cause of kidney damage (Itai-Itai disease in Japan), 

bone demineralization, and respiratory issues and linked 

to cancer (lungs and prostate). If cadmium persists in 

soil, it affects crop quality, contaminates water, making 

it unsafe for drinking and irrigation. Cd2+ binds to surface 

hydroxyl groups (Fe–OH) of nZVI. Cd2+ is trapped in 

iron hydroxide matrices. Removal is highly influenced 

by pH, with better adsorption at neutral to alkaline 

conditions. Studies by Chen et al. [18] have shown that 

surface-modified nZVI enhances Cd2+ adsorption 

capacity by 30 %. 

 

Zinc (Zn) 

Mining, smelting, galvanization processes, and 

industrial discharge are sources of zinc production. Zinc 

primarily exists as Zn2+, which is toxic at high 

concentrations and can disrupt aquatic ecosystems. It is 

vital in trace amounts but becomes toxic at elevated 

concentrations. Acute effects of zinc include nausea, 

vomiting, and diarrhoea. Chronic exposure can lead to 

organ damage. Zn2+ adsorbs onto nZVI through 

electrostatic attraction and ion exchange. Zn2+ integrates 

into ferric hydroxides formed during nZVI oxidation. A 

comparative study by Gupta et al. [19] reported nZVI 

achieved 85 % Zn2+ removal under optimal conditions. 

 

 

 



Trends Sci. 2025; 22(5): 9702   4 of 25 

Mercury (Hg) 

Mercury exists in elemental, inorganic, and organic 

forms, with methylmercury being the most toxic. Coal 

combustion, artisanal gold mining, industrial effluents, 

and improper disposal of electronic waste produces 

mercury in high amounts. Mercury acts as a neurotoxin 

affecting the brain and nervous system [20]. 

Methylmercury (organic form) bioaccumulates in fish, 

leading to exposure through consumption. It also causes 

Minamata disease, characterized by sensory impairment 

and developmental delays. Hg2+ is reduced to elemental 

mercury (Hg0) by nZVI. Hg2+ binds strongly to nZVI due 

to its high affinity for iron oxides. Removal efficiency 

increases in the presence of chloride ions, forming stable 

Hg-Fe complexes. Research by Fisher and World Health 

Organization [21] highlighted that nZVI achieved 95 % 

Hg removal in a contaminated sediment study. 

 

Copper (Cu) 

Copper is commonly found as Cu2+, which is toxic 

at elevated concentrations. Mining, electroplating, and 

agricultural fungicides are its sources. It is essential for 

humans and plants, but excessive exposure causes liver 

and kidney damage. Chronic toxicity leads to Wilson’s 

disease, neurological issues, and gastrointestinal distress. 

Cr2+ is reduced to Cu0, depositing on the nZVI surface. 

Cu2+ binds to surface hydroxyl groups. Experimental 

results from Sharma et al. [22] show a 90 % removal 

efficiency for Cu2+ using nZVI at neutral pH. 

 

Different techniques for heavy metal removal 

Adsorption 

Adsorption is an effective method for removing 

heavy metal ions, such as hexavalent chromium (Cr6+), 

from aqueous solutions. Various adsorbents, including 

biosorbents, carbon-based materials, nanoparticles, and 

polymers, have been studied for their high adsorption 

capacity and selectivity [23,24]. Four main mechanisms 

are involved in the adsorption process [25]: 

1) Electrostatic interaction between positively 

charged functional groups (e.g., COOH+, NH4
+) and 

anionic heavy metal species. 

2) Complete reduction of heavy metals after 

adsorption onto the adsorbent. 

3) A combination of adsorption and reduction of 

heavy metals, followed by further adsorption. 

4) Adsorption and transformation of heavy metals, 

after which some may return to the solution. 

The presence of electron-donating sites like O, S, 

and N can reduce Cr6+ to Cr3+, especially when cations 

like Fe2+ are present, enhancing the reduction process. 

Recent reviews highlight various adsorbents, such as 

activated carbon, carbon nanotubes, graphene, polymers, 

magnetic iron oxides, nanomaterials, and biosorbents, 

that have shown promise in removing heavy metals from 

water [26,27].

 

 

Figure 1 Different types of adsorbents. 
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 Figure 1 categorizes various types of adsorbents, 

which are materials used to remove substances from 

liquids or gases by adsorption. The central term, 

“Adsorbent Types” is surrounded by key categories of 

adsorbents, including: 

• Activated Carbon: Widely used due to its 

high surface area and porosity, effective for 

removing organic pollutants and impurities. 

• Biosorbents: Naturally occurring materials 

like algae, fungi, or agricultural waste that can 

adsorb heavy metals and dyes. 

• Carbon Nanotubes: Advanced 

nanomaterials with excellent adsorption 

capabilities due to their large surface area and 

chemical properties. 

• Clays: Naturally occurring materials with 

layered structures, used to adsorb heavy metals and 

organic compounds. 

• Metal Oxides: Inorganic materials effective 

in adsorbing pollutants like arsenic and fluoride. 

• Zeolites: Crystalline aluminosilicates with 

high ion-exchange capacities, useful for water 

purification and gas separation. 

• Chitosan: A biopolymer derived from 

chitin, effective for adsorbing heavy metals and 

dyes. 

 

 Membrane filtration 

 Membrane filtration has garnered a lot of interest 

for wastewater treatment and has been widely used to 

remove heavy metal ions [28]. To this end, a range of 

membrane types, including reverse osmosis, 

ultrafiltration, nanofiltration, and microfiltration, were 

used, each classified based on the size of the pore [29]. 

Membrane filtration is a process that uses hydraulic 

pressure to separate materials using membranes. 

Membrane filtration is a sophisticated form of water 

treatment that offers the benefits of ease of use, a 

compact floor area, having strong selective 

permeability, no phase shift during the separation 

process, and the ability to operate at room temperature 

[30,31]. To treat 240 and 170 mL of copper ions and lead 

ions, respectively, [32] created a new nanocomposite 

film.  Although the membrane separation method has 

the advantages of high efficiency, energy conservation, 

and lack of secondary pollution, it will gradually lose 

capacity and become polluted if used for an extended 

period of time. Membrane fouling significantly restricts 

the widespread use of membrane filtration [31].  

 Table 1 provides a comparative analysis of 

various techniques for heavy metal removal from 

aqueous environments. It categorizes the methods based 

on their advantages and disadvantages, offering a clear 

perspective on their efficiency, practicality, and 

limitations.

 

Table 1 Comparative analysis of various techniques for heavy metal removal. 

Technique Advantages Disadvantages 

Adsorption - High efficiency and selectivity for heavy metals. 
- Regeneration and disposal of spent adsorbents may 

be costly and challenging. 

 
- Utilizes a variety of adsorbents like activated 

carbon, biosorbents, and nanoparticles. 

- Adsorption capacity depends on pH, temperature, and 

concentration. 

 
- Can be combined with other processes (e.g., 

reduction). 

- Possible desorption of contaminants under certain 

conditions. 

Membrane filtration 
- High efficiency in removing heavy metals and other 

pollutants. 
- Membrane fouling and clogging over extended use. 

 - Compact design and ease of use. - High operational and maintenance costs. 

 - No secondary pollution during operation. - Limited lifespan of membranes. 

Photocatalytic 

treatment 

- Environmentally friendly and produces no 

hazardous by-products. 

- Low reduction efficiency and slow reaction rates for 

certain heavy metals. 

 
- Effective under UV and visible light with 

appropriate catalysts. 

- High cost of certain photocatalysts like Ag2S and 

CdS. 
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Technique Advantages Disadvantages 

Electrochemical 

treatment 
- Energy-efficient and environmentally compatible. 

- Efficiency highly dependent on electrode material 

and operating conditions. 

 - Can be applied to a variety of contaminants. - High initial setup cost and maintenance requirements. 

Microbiological 

treatment 
- Utilizes natural processes, reducing chemical usage. 

- Slow process and highly sensitive to environmental 

conditions like pH and temperature. 

 
- Capable of reducing hazardous metals to less toxic 

states. 

- Requires careful monitoring and optimization for 

specific bacterial strains. 

Floatation 
- High recovery rates and selective separation of 

heavy metals. 

- Requires chemical additives like precipitants, which 

may have secondary impacts. 

 - Simple and fast process. 
- Efficiency may be influenced by water chemistry and 

contaminant type. 

Ion exchange 
- High removal efficiency with selective ion-

exchange resins. 

- Resins are costly and may require frequent 

replacement. 

 - Suitable for large-scale operations. 
- Sensitive to fouling and clogging by organic and 

particulate matter. 

 

Photocatalytic treatment 

Another very efficient and affordable method that 

produces no dangerous compounds is the reduction of 

heavy metals by catalysis and photocatalysis [33]. Much 

emphasis has been paid to the quest for highly active 

photocatalysts for the reduction of heavy metals under 

UV, solar, and especially visible light irradiation [34]. 

For this purpose, Ag2S, CdS, CuS, SnS2, and WO3, 

frameworks of metal-organic, and numerous other 

different photocatalysts have been used; nevertheless, 

their slow rate of reduction and low reduction efficiency 

are the primary disadvantages [35]. 

 

Electrochemical treatment 

The advantages of electrochemical processes, such 

as their energy efficiency, environmental compatibility, 

cost, safety, speed, and versatility have led to a notable 

surge in interest in them as an alternative wastewater 

treatment method in recent years [36]. The material of 

electrode and cell parameters, such as current, density, 

water composition, and mass transfer, affect how 

efficient these processes are [37].  

 

Microbiological treatment 

 Different contaminants can be reduced by 

microorganisms and eliminated from wastewater or the 

aquatic environment. Higher oxidation states of metallic 

and metalloid chemicals, which are more hazardous than 

lower oxidation states, can be reduced by the 

microorganisms [38]. Numerous studies have been 

conducted on the microbial reduction of heavy metals 

utilising a range of bacteria in both aerobic and anaerobic 

methods. Unlike anaerobic bioremediation, the aerobic 

method requires oxygen for microbial activity to occur 

[39]. The bacteria use oxygen as an electron acceptor and 

a carbon substrate as an electron giver, respectively. 

Oxygen can be substituted as an electron acceptor in 

anaerobic metabolism by organic molecules, oxidised 

materials, CO2, nitrate, or sulphate. In order to remove 

heavy metals from microorganisms, 3 stages are usually 

required: (i) Attachment to the cell surface, (ii) 

Translocation of heavy metal within the cell, and (iii) 

Reduction of heavy metals to lower oxidation states [40]. 

 

Floatation 

Because of its high recovery, high separation 

yields, simplicity, speed, and selective separation, 

flotation is a widely utilised gravity-based separation 

method in cost-effective wastewater treatment (i.e., 

selective separation of ions and metal ions recovery) 

[41]. It comes from mineral processing and can be used 

for metal ion separation by bubble attachment from 

liquid phase [42]. Dissolved air floatation, ion floatation, 

and precipitation-flotation are the 3 primary floatation 

techniques for the removal of metal ions [43]. It has also 

been suggested as a helpful method for removing Cr (VI) 

from aquatic systems, and a number of studies have been 

documented in the literature. In order to accomplish this, 
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a precipitant, such as ferrous salts, is used to convert Cr 

(VI) to Cr (III), which may then be extracted by 

precipitate flotation [44]. 

 

Ion exchange 

In order to remove heavy metals, 1 well-known 

physicochemical method that has garnered a lot of 

interest is the ion exchange procedure, which involves a 

reversible exchange of ions between solid and liquid 

phases. Several ion exchange resins were investigated in 

this regard [45]. For instance, Dowex 2-X4 ion exchange 

resin is used to remove 100 % of the Cr (VI) ions from 

genuine plating wastewater [46]. The strongly basic 

anionic resin was employed as anionic exchangers in 

columns in its oxide form. Under ideal circumstances, 

For IRN77 and SKN1 resins, the adsorption capacities 

were determined to be 35.38 and 46.34 mg/g, 

respectively [47]. 

 

Aqueous chemistry of nZVI (Fe⁰) 

Metallic iron (Fe⁰), commonly referred to as 

zerovalent iron, is highly prone to oxidation in aqueous 

environments. This oxidation primarily proceeds 

through an electrochemical mechanism comprising 

anodic and cathodic processes. At the anode, iron 

dissolves, forming either soluble ionic species or 

insoluble oxides and hydroxides, while reduction 

reactions occur at the cathode. In natural water systems, 

dissolved oxygen (DO) and water serve as the principal 

oxidizing agents, with oxygen being the 

thermodynamically preferred reactant, as shown in Eqs. 

(1) and (2): 

 

2𝐹𝑒°(𝑠) + 4𝐻+(𝑎𝑞) + 𝑂2(𝑎𝑞) → 2𝐹𝑒2+ + 2𝐻2𝑂(𝑙)          (1)                                                         

 

2𝐹𝑒°(𝑠) + 2𝐻2𝑂(𝑙)+→ 2𝐹𝑒2++ 𝐻2(𝑔) + 2𝑂𝐻−(𝑎𝑞)        (2)                                                         

 

 The primary product of these reactions is the 

ferrous ion (Fe²⁺), which can subsequently undergo 

further oxidation, as demonstrated in Eqs. (3) and (4): 

 

2𝐹𝑒2+(𝑠) + 2𝐻+(𝑎𝑞) +
1

2
𝑂2(𝑎𝑞) → 2𝐹𝑒3+ + 𝐻2𝑂(𝑙)        (3)                                                     

 

2𝐹𝑒2+(𝑠) + 2𝐻2𝑂(𝑙)+→ 2𝐹𝑒3++ 𝐻2(𝑔) + 2𝑂𝐻−(𝑎𝑞)      (4) 

                                                   

 As indicated by these reactions, an increase in 

solution pH either consumes protons or generates 

hydroxide ions. Due to its extremely high reactive 

surface area (up to 100 m²/g), nZVI rapidly establishes 

chemically reducing conditions when introduced into 

aqueous systems, as highlighted in reactions (2) and (4). 

This property makes nZVI an effective agent in altering 

the chemical dynamics of aqueous environments [48]. 

 

Role of phytonanotechnology 

Phytonanotechnology, as described in the paper, is 

a novel and evolving field that leverages plant-based 

resources for synthesizing nanoparticles, particularly for 

environmental and medical applications. Plant extracts 

contain polyphenols, flavonoids, tannins, and 

antioxidants that play a dual role: Reducing agents to 

convert metal ions into their nanoparticle form. 

Stabilizing agents to prevent aggregation of 

nanoparticles, ensuring they retain their desired size and 

surface properties. Examples include extracts from 

green tea, eucalyptus leaves, mango peels, and peanut 

skins [49]. Different plants result in nanoparticles with 

varied properties (e.g., size, shape, and reactivity), 

which can be tailored to specific applications. 

Nanoparticles synthesized via phytonanotechnology are 

effective in removing heavy metals like chromium (Cr), 

cadmium (Cd), lead (Pb), and copper (Cu) from 

wastewater. Their high reactivity and surface area 

enhance adsorption and reduction processes. 

Nanoparticles synthesized from plants often exhibit 

greater efficiency in removing metals under acidic 

conditions, making them suitable for industrial 

wastewater treatment [50]. Some plant-based 

nanoparticles (like ZVI NPs) also exhibit antimicrobial 

activity, making them useful in combating pathogens. 

Nanoparticles synthesized from plant extracts may have 

applications in enhancing soil quality and plant health 

due to their bioactive components [51]. Table 2 

provides a view of how phytonanotechnology works and 

its advantages for addressing environmental challenges 

[50].
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Table 2 Role of phytonanotechnology. 

Aspect Details 

Transformation of metals 
• Converts metal salts (e.g., iron salts) into nanoparticles using plant extracts without 

harmful chemicals, ensuring an eco-friendly synthesis process. 

Use of plant extracts 

• Plant extracts act as both reducing and stabilizing agents 

• Active components: Polyphenols, flavonoids, tannins, antioxidants stabilize 

nanoparticles and prevent aggregation. 

Applications in heavy 

Metal removal 

• Effective in removing heavy metals like Cr, Cd, Pb, Cu from wastewater 

• Works well at low pH, ideal for treating industrial wastewater. 

Cost-effectiveness 
• Uses low-cost, renewable plant materials 

• Energy-efficient process requiring minimal resources and equipment. 

Environmental 

applications 

• Used in water purification via adsorption and reduction of heavy metals 

• Exhibits antimicrobial properties, tackling pathogens in wastewater. 

Scalability 
• The simplicity of the process makes it adaptable for large-scale industrial 

applications. 

Advantages 

• Eco-friendly: Biodegradable and non-toxic 

• Produces minimal hazardous byproducts compared to chemical synthesis 

• Suitable for sustainable nanotechnology. 

 

Zerovalent iron nanoparticles (nZVI): 

Traditional and environmentally friendly methods of 

synthesis 

Zerovalent iron nanoparticles (nZVI) are a 

prominent nanomaterial utilized for environmental 

remediation due to their exceptional reactivity and 

ability to remove contaminants. Their synthesis methods 

are broadly categorized into traditional methods, which 

prioritize efficiency but involve chemical and energy-

intensive processes, and environmentally friendly 

(green) methods, which focus on sustainability, reduced 

toxicity, and the use of renewable materials [52]. A 

detailed discussion of these methods is presented below: 

 

Traditional methods of synthesis 

Traditional methods of synthesizing nZVI rely heavily 

on chemical and physical processes designed for 

precision and control. These methods are widely studied 

and applied due to their ability to produce uniform, 

highly reactive nanoparticles, but they come with 

significant environmental and economic challenges [53]. 

 

Chemical reduction 

In this method, iron salts, such as ferric chloride 

(FeCl₃) or ferrous sulfate (FeSO₄), are dissolved in a 

solution and reduced by a strong reducing agent like 

sodium borohydride (NaBH₄) under inert or oxygen-free 

conditions. The reaction typically yields nZVI as a black 

precipitate:  

 

4𝐹𝑒3+ + 3𝑁𝑎𝐵𝐻4 + 9𝐻2𝑂 → 4𝐹𝑒° + 3𝐵(𝑂𝐻)3 +

3𝑁𝑎+ + 12𝐻2 ↑                                               (5) 

 

 This process produces nanoparticles with high 

reactivity and uniform size distribution. Also, reaction 

parameters such as temperature, concentration, and pH 

can be controlled to fine-tune nanoparticle properties. 

The drawbacks of using this chemical reduction method 

is that it requires expensive and hazardous reducing 

agents, generates toxic by-products like borates, and 

operates under inert conditions to prevent rapid 

oxidation, increasing costs. 

 

Physical methods 

Ball milling 

Ball milling is a mechanical technique used to 

synthesize zerovalent iron nanoparticles (nZVI) by 

grinding bulk materials into nanoscale dimensions. This 

top-down approach has been extensively used for the 

preparation of various nanomaterials, including nZVI, 

due to its simplicity, scalability, and ability to produce 

particles with controlled size and morphology. Iron 

particles are subjected to mechanical grinding under high 
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energy to achieve nanoscale dimensions. [54] used high-

energy ball milling to synthesize nZVI particles with 

sizes ranging from 10 to 50 nm. They found that milling 

time significantly influenced particle size, with 

prolonged milling leading to finer nanoparticles. Study 

by Wang et al. [55] observed the formation of a core-

shell structure in nZVI produced by ball milling. The 

metallic core was surrounded by an oxide shell, 

enhancing stability while maintaining reactivity. It is a 

simple and straightforward process, but consumes high 

energy. Also, Particles tend to aggregate, requiring 

additional stabilization steps. Ball milling remains a 

robust and versatile method for synthesizing zerovalent 

iron nanoparticles. Its combination of mechanical 

simplicity and effectiveness in producing reactive 

nanoparticles ensures its continued relevance in both 

research and industrial applications. 

 

Thermal decomposition  

Thermal decomposition is a chemical method 

widely used for synthesizing zerovalent iron 

nanoparticles (nZVI) by decomposing iron precursors at 

elevated temperatures. This method provides precise 

control over particle size, morphology, and surface 

properties, making it a preferred technique for producing 

high-quality nZVI for advanced applications [56]. The 

thermal decomposition process involves the breakdown 

of iron precursors, such as iron pentacarbonyl (Fe(CO)₅), 

iron acetylacetonate (Fe(acac)₃), or iron oleate, under 

controlled conditions. Heating these precursors induces 

chemical reactions that release volatile by-products, 

leaving behind zerovalent iron nanoparticles. Serda [57] 

synthesized nZVI using Fe(CO)₅ under argon at 300 C. 

They observed uniform spherical particles with a size of 

~10 nm. They also reported high reactivity and stability 

due to the core-shell structure (metallic core with an 

oxide shell). Kim et al. [58] compared nZVI synthesized 

via thermal decomposition with those produced by 

chemical reduction. Thermal decomposition-derived 

nanoparticles showed higher catalytic efficiency in 

degrading chlorinated hydrocarbons due to their uniform 

size and higher surface area. This method produces 

particles with controlled morphology and narrow size 

distributions. It requires high energy, toxic and volatile 

precursors. 

 

 

Microemulsion techniques 

Microemulsion techniques are an advanced 

method for synthesizing zerovalent iron nanoparticles 

(nZVI) using stabilized emulsions as reaction media. 

This technique leverages the nanoscale dispersion of 

reactants within microemulsions, allowing precise 

control over particle size, morphology, and distribution. 

It is particularly useful for producing uniform and 

monodisperse nanoparticles. A microemulsion is a 

thermodynamically stable mixture of water, oil, and 

surfactant, often forming distinct domains such as water-

in-oil (W/O) or oil-in-water (O/W) phases. In the context 

of nZVI synthesis, the water phase contains the iron 

precursor, and the oil phase provides a confined 

nanoscale environment for controlled particle formation. 

A study by [59], synthesized iron nanoparticles using a 

W/O microemulsion with FeCl₃ as the precursor and 

NaBH₄ as the reducing agent. They reported uniform 

particle sizes (~10 - 20 nm) with excellent dispersion due 

to surfactant stabilization. Mukherjee [60] demonstrated 

that nZVI produced via microemulsions exhibited higher 

reactivity in removing trichloroethylene compared to 

those synthesized via conventional methods. Lu et al.  

synthesized core-shell nZVI particles using a 

microemulsion technique. They reported improved 

oxidation resistance due to the surfactant-induced 

stabilization. 

 

Environmentally friendly (green) methods of 

synthesis 

Green synthesis methods are designed to overcome 

the limitations of traditional techniques by using 

renewable resources, reducing toxicity, and minimizing 

the environmental impact. These methods focus on 

natural reducing agents, biological processes, and eco-

friendly conditions, aligning with the principles of green 

chemistry. Below is an in-depth elaboration of the green 

synthesis methods with supporting scientific evidence. 

 

Biological methods 

Microbial synthesis 

Microbial synthesis utilizes the natural metabolic 

processes of microorganisms such as Shewanella spp., 

Geobacter spp., and certain fungi to reduce iron ions 

(Fe³⁺ or Fe²⁺) to zerovalent iron (Fe⁰). Microbial cells 

produce reducing agents like hydrogen or extracellular 

metabolites (e.g., flavins, organic acids) during their 
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metabolism. These agents mediate the reduction of Fe³⁺ 

to Fe⁰:  

 

𝐹𝑒3+ + 𝑒− → 𝐹𝑒𝑜                                                          (6)                                                         

 

 It is a sustainable and renewable method. It 

eliminates the need for hazardous chemicals and 

produces nanoparticles in aqueous environments, 

reducing solvent use. The disadvantage of this method is 

that it requires optimal growth conditions (temperature, 

pH, and nutrients), and is time-consuming compared to 

chemical methods. Geobacter metallireducens was 

shown to enzymatically reduce Fe³⁺ to Fe⁰, forming nZVI 

in situ. TEM analysis revealed nanoparticle sizes ranging 

from 10 - 50 nm [11]. Shewanella oneidensis facilitated 

the reduction of Fe³⁺ to Fe⁰ under anaerobic conditions, 

confirming the role of microbial metabolism in nZVI 

synthesis [61]. 

 

 Enzymatic reduction 

This method isolates specific enzymes (e.g., 

reductases) from microorganisms to catalyse the 

reduction of iron ions to Fe⁰. Enzymes such as nitrate 

reductase and hydrogenase catalyse the electron transfer 

process, reducing Fe³⁺ to Fe⁰. Nitrate reductase extracted 

from Fusarium oxysporum successfully reduced Fe³⁺ to 

Fe⁰, yielding nanoparticles of 5 - 15 nm. FTIR analysis 

confirmed the interaction of enzymes with the 

nanoparticles [62]. The Advantage of this method is 

targeted reduction with high specificity and is 

environmentally benign and avoids bulk chemical use. 

High cost and complexity of enzyme isolation and 

purification and requirement of a controlled reaction 

environment are some of its limitations [56]. 

 

Plant-based synthesis (Phyto-synthesis) 

Phyto-synthesis uses plant extracts containing 

bioactive compounds such as polyphenols, flavonoids, 

and tannins to reduce iron salts to nZVI. These 

biomolecules serve dual roles as reducing agents and 

stabilizers, preventing nanoparticle aggregation. This 

method of synthesizing iron nanoparticles is cost-

effective and environmentally friendly, as it uses 

biodegradable, water-soluble plant extracts to reduce 

iron to the nanoscale. When combined with heated water, 

these extracts, rich in polyphenols, reduce iron ions to 

nZVI and act as capping agents. This process produces 

spherical nZVI particles with sizes between 5 and 15 nm. 

Various plant species, such as zinger [63], vine leaves, 

green tea [64], Crataegus pentagyna [65], oak, 

eucalyptus [64], mint [66], pomegranate leaves, and 

hippophae [67], have been used for green nanoparticle 

production. The resulting nanoparticles are covered with 

proteins and polyphenols, preventing oxidation and 

ensuring uniform dispersion without aggregation. 

Studies have shown that green-synthesized nanoparticles 

have unique morphology and structure, along with high 

efficiency compared to chemically produced ones [68]. 

Li et al. [69] used green tea extract to synthesize nZVI 

with particle sizes ranging from 10 - 30 nm. XRD 

confirmed the crystalline structure of Fe⁰. Neem leaf 

extract was used to produce stable nZVI, which 

effectively removed arsenic from contaminated water. 

SEM images demonstrated the formation of spherical 

nanoparticles [70]. It is an eco-friendly, renewable, and 

cost-effective method. It produces nanoparticles with 

reduced aggregation due to capping by biomolecules and 

avoids the use of hazardous chemicals. 

 

Green magnetic-assisted synthesis 

This technique combines green reducing agents 

with controlled magnetic fields to enhance the 

uniformity and reactivity of nZVI. The magnetic field 

directs the alignment and growth of nanoparticles during 

synthesis. [71] combined glucose as a reducing agent 

with a magnetic field to produce nZVI with enhanced 

reactivity for degrading chlorinated solvents. Magnetic 

characterization using VSM (vibrating sample 

magnetometry) confirmed improved magnetic 

properties. This method produces highly reactive 

nanoparticles with controlled size and shape and 

improves uniformity and prevents aggregation. 

Environmentally friendly synthesis methods for 

nZVI, including microbial, enzymatic, plant-based, and 

green reducing agents, provide sustainable and eco-

friendly alternatives to traditional techniques. These 

approaches leverage renewable resources and natural 

processes, reducing the environmental footprint of nZVI 

production [72]. Table 3 provides a comparative 

analysis of traditional methods and green methods for 

synthesizing zerovalent iron nanoparticles (nZVI) based 

on 5 key criteria: toxicity, scalability, reproducibility, 

energy requirements, and environmental impact. 

Scientific studies validate the effectiveness of these 
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methods, demonstrating their potential in water 

treatment, environmental remediation, and industrial 

applications. However, challenges like variability in 

natural materials and scaling up production need to be 

addressed for broader adoption [50].

 

Table 3 Comparison of methods. 

Criteria Traditional methods Green methods 

Toxicity High due to chemicals used Low to negligible 

Scalability Industrially scalable Potentially scalable with research 

Reproducibility High Moderate 

Energy Requirements High Low 

Environmental Impact Significant Minimal 

 

Enhancing the stability of nZVI 

Zerovalent iron nanoparticles (nZVIs) are widely 

used in environmental remediation, but their practical 

applications face challenges due to instability, 

aggregation, and oxidation. Various strategies have been 

developed to enhance their stability, reactivity, and 

longevity. Below, the methods are elaborated as: 

 

Integration of a 2nd metal into nZVI 

Incorporating a 2nd metal (e.g., Pd, Ni, Cu, or Ag) 

forms bimetallic nanoparticles, enhancing stability and 

reactivity. The 2nd metal acts as a catalyst or sacrificial 

anode, protecting Fe⁰ from oxidation. The secondary 

metal increases electron transfer rates, promoting 

efficient contaminant reduction. It forms a galvanic 

couple with Fe⁰, where the noble metal prevents 

oxidation of the iron core. Zhang et al. [73] synthesized 

Pd-Fe bimetallic nanoparticles for chlorinated 

hydrocarbon degradation. Pd enhanced stability by 

catalysing hydrogen generation and preventing Fe⁰ 

oxidation. Also, a study by He et al. [74] reported 

increased stability and reactivity of Ni-Fe nanoparticles 

in removing TCE due to reduced aggregation and 

passivation. 

 

Surface coating of nZVI 

Coating nZVIs with polymers, surfactants, or 

biomolecules forms a protective layer that prevents 

aggregation and oxidation. The common coating 

materials used are polymers like polyethylene glycol 

(PEG), polyvinyl alcohol (PVA), surfactants like 

cetyltrimethylammonium bromide (CTAB), sodium 

dodecyl sulphate (SDS), and biomolecules such as 

chitosan, and alginate. The coating provides steric or 

electrostatic stabilization, reducing particle collisions 

and aggregation. It forms a barrier against oxygen and 

water, slowing down oxidation. He et al. [74] stabilized 

nZVI with PVP (polyvinylpyrrolidone), showing 

improved dispersion and reactivity in TCE degradation. 
Kharisov et al. [75] demonstrated enhanced stability of 

SDS-coated nZVI in aqueous systems, with slower 

oxidation and better mobility. 

 

Emulsified zerovalent iron nanoparticles 

(nZVIs) 

Encapsulating nZVIs in water-in-oil emulsions 

ensures stability and targeted delivery in contaminated 

environments. The emulsion droplets act as 

microreactors, confining nZVI and protecting it from 

aggregation and oxidation. The hydrophobic oil phase 

reduces direct exposure to water and oxygen. It is 

Particularly effective in treating dense non-aqueous 

phase liquids (DNAPLs) in groundwater. Quinn et al. 

[76] synthesized emulsified nZVIs with soybean oil for 

DNAPL remediation. They achieved sustained 

reactivity and enhanced distribution in the subsurface. 

Bennett et al. [77] demonstrated higher stability of 

nZVIs in oil emulsions, with improved transport in 

porous media. 

 

Fixed support 

Immobilizing nZVIs on fixed supports (e.g., 

activated carbon, silica, zeolites) enhances stability and 

reduces mobility issues. The support provides a physical 
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matrix that prevents aggregation and facilitates uniform 

dispersion. Reduces the direct exposure of nZVI to 

oxygen and water. Li et al. [78] immobilized nZVI on 

activated carbon, achieving improved stability and 

reactivity for nitrate reduction. Gao et al. [79] 

demonstrated that silica-supported nZVI showed 

reduced aggregation and prolonged reactivity in heavy 

metal remediation. 

 

Encapsulation of nZVI 

Encapsulation involves enclosing nZVIs in 

protective matrices such as polymers, hydrogels, or 

silica shells. The encapsulating material forms a barrier, 

preventing exposure to oxygen and moisture. It allows 

controlled release of Fe⁰ for sustained reactivity. Kim et 

al. [58] encapsulated nZVI in polyacrylamide hydrogels 

for arsenic removal. It improved stability and extended 

reactivity due to reduced oxidation. Dong et al. [80] 

encapsulated nZVI in mesoporous silica shells, 

achieving high stability and reusability for contaminant 

degradation. 

 

Electrostatic stabilization 

Electrostatic stabilization involves creating a 

surface charge on nZVI particles to prevent aggregation. 

Adding charged stabilizers (e.g., SDS, citrate ions) 

induces electrostatic repulsion between particles, 

maintaining dispersion. Phenrat et al. [81] stabilized 

nZVI with carboxymethyl cellulose (CMC), achieving 

high dispersion and improved stability in water. Dong et 

al. [82] demonstrated that citrate-coated nZVI exhibited 

reduced aggregation and enhanced mobility in soil 

systems. 

 

Steric stabilization 

Steric stabilization involves using polymeric or 

surfactant coatings that create physical barriers, 

preventing particle aggregation. Long-chain polymers 

adsorb onto the particle surface, creating steric 

hindrance that keeps particles separated. He et al. [74] 

applied PEG to nZVI, showing significant stability 

improvement in aqueous systems. Xu et al. [50] 

demonstrated that PVA-coated nZVI maintained high 

reactivity for TCE degradation over extended periods. 

Stabilizing zerovalent iron nanoparticles is 

essential for enhancing their practical applications in 

environmental remediation and catalysis. Strategies 

such as integrating secondary metals, surface coatings, 

encapsulation, and electrostatic or steric stabilization 

have been scientifically validated to improve particle 

stability, reduce aggregation, and prolong reactivity. 

Continued research into these methods, particularly 

using green and scalable approaches, holds great 

promise for advancing nZVI technology. 

 

Understanding the core-shell structure of nZVI  

nZVI nanoparticles typically exhibit a core-shell 

structure, which plays a crucial role in their reactivity 

and stability. nZVI nanoparticles are generally spherical 

or quasi-spherical with diameters ranging from 1 to 100 

nm. The inner core is composed of pure metallic iron 

(Fe⁰) in its zerovalent state. This core is responsible for 

the redox properties of nZVI, allowing it to act as a 

reducing agent for contaminants. The outer layer is an 

oxide or hydroxide shell, usually composed of iron 

oxides (e.g., FeO, Fe₂O₃, Fe₃O₄) or iron hydroxides (e.g., 

Fe(OH)₃) [83]. This shell forms due to the rapid 

oxidation of the iron core when exposed to air or water. 

It provides some level of protection but can also 

influence the reactivity of nZVI by acting as a barrier to 

electron transfer. Their high surface area to volume ratio 

enhances their reactivity but also makes them prone to 

aggregation [84]. Figure 1 emphasizes the dual-layer 

structure and highlights the importance of the shell in 

protecting the core while participating in additional 

environmental processes.
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Figure 1 Core-shell model of zerovalent iron nanoparticle. 

 

The surface of nZVI nanoparticles often contains 

functional groups such as hydroxyl (–OH) and oxide 

groups. These groups influence the interaction between 

nZVI and pollutants, as well as the nanoparticles’ 

stability in aqueous environments. Surface 

modifications, such as coatings with polymers, 

surfactants, or biochar, are often applied to enhance 

stability, reduce toxicity, and prevent agglomeration. 

nZVI nanoparticles tend to aggregate due to their high 

surface energy and magnetic properties. Aggregation 

reduces their effective surface area and reactivity. 

Surface modifications or doping with other metals are 

common strategies to mitigate this issue [53]. 

 

 Characterization of zero valent iron nano-

particles 

The catalytic efficiency of metallic nanoparticles is 

heavily impacted by various factors, including their 

chemical composition, dimensions, size distribution, 

geometry, surface characteristics, stabilizing agents, or 

organic coatings present on their surfaces, as well as the 

metal concentration in the catalytic system within the 

reaction medium. Consequently, comprehensive 

characterization of nanoscale Fe-based catalysts through 

diverse physical techniques is critical. Numerous 

analytical methods have been utilized to investigate the 

properties of Fe nanoparticles, particularly aspects 

related to their catalytic functionality [85]. Although the 

mathematical foundations and theoretical details of these 

techniques fall outside the scope of this discussion, they 

are extensively detailed in a recent review by [86]. The 

emphasis here is confined to summarizing the purposes 

these characterization tools serve. 

The size, distribution, and surface topology of Fe 

nanoparticles are commonly examined using Scanning 

Electron Microscopy (SEM) and Transmission Electron 

Microscopy (TEM). Advanced approaches like High-

Angle Annular Dark-Field Scanning Transmission 

Electron Microscopy (HAADF-STEM) and High-

Resolution Transmission Electron Microscopy 

(HRTEM) offer enhanced insights into the morphology 

of Fe nanoparticles and their supporting materials [87]. 

Dynamic Light Scattering (DLS) is frequently applied to 

measure the size and size distribution of Fe nanoparticles 

in liquid dispersions. Additionally, techniques such as 

UV-Visible (UV-Vis) spectrophotometry, guided by Mie 

theory, are utilized to estimate the size, size distribution, 

and shape of Fe-Plasmonic bimetallic or core-shell 

nanoparticles. Another method, Small-Angle X-ray 
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Scattering (SAXS), is employed to determine the 

dimensions of Fe nanoparticles [88]. 

The structural features of iron nanoparticles, such 

as atomic arrangement and distribution, are critical for 

catalytic applications and are analyzed using Wide-

Angle X-ray Scattering (WAXS) and X-ray Absorption 

Near-Edge Spectroscopy (XANES). The nanoscale Fe 

content within a catalytic system, usually quantified as 

the molar ratio of the catalyst to the substrate, holds 

significant relevance for both academic research and 

industrial applications [89]. This is commonly measured 

through Atomic Absorption Spectroscopy (AAS), 

Inductively Coupled Plasma (ICP) analysis, or 

Elemental Analysis (EA). Furthermore, these methods 

are crucial for studying the leaching of Fe nanoparticles 

from solid supports during catalytic reactions [90]. To 

evaluate leaching, the Fe nanocatalyst is separated 

magnetically, and the filtrate from the reaction mixture 

is analysed using one of the aforementioned methods to 

quantify the amount of Fe released from the support. 

These analytical techniques are widely acknowledged 

and extensively utilized by experts in the field of 

catalysis for characterizing metal-based catalysts [88]. 

 

ZVI-NPs’ mechanism of removing heavy metals 

Zerovalent iron nanoparticles (nZVI) have 

emerged as a promising material for removing heavy 

metals from water and soil due to their high reactivity, 

large surface area, and redox potential. The removal of 

heavy metals by nZVI is governed by a combination of 

redox reactions, adsorption, co-precipitation, and 

oxidation processes [40]. Each mechanism contributes 

uniquely, depending on the type of heavy metal, 

environmental conditions (e.g., pH, presence of oxygen), 

and the physicochemical properties of nZVI [91]. Figure 

3 represents the schematic diagram for pollutant removal 

in ZVI systems. Below is an in-depth description of these 

mechanisms: 

 

Reduction 

Reduction is the most critical mechanism for 

removing heavy metals, particularly those that are redox-

sensitive. nZVI acts as an electron donor, reducing the 

oxidation state of heavy metal ions to less toxic or less 

soluble forms [92]. 

 Electron Transfer: nZVI undergoes oxidation, 

donating electrons to the heavy metal ion:  

 

𝐹𝑒 → 𝐹𝑒2+ + 2𝑒−                                                         (7) 

    

 The released electrons reduce the metal ion:  

 

𝑀𝑛+ + 𝑛𝑒− → 𝑀0                 (8) 

  

 Example: Hexavalent Chromium (Cr6+): Cr6+ 

(highly toxic) is reduced to Cr3+ (less toxic), which 

precipitates as Cr (OH)3 under neutral to basic 

conditions: 

 

𝐹𝑒0 + 𝐶𝑟2𝑂7
2− + 𝐻2𝑂 → 𝐹𝑒3+ + 𝐶𝑟3+ + 𝑂𝐻−    (9) 

 

 Lead (Pb2+): Pb2+ is reduced to metallic Pb0, which 

deposits onto the nZVI surface: 

  

𝑃𝑏2+ + 2𝑒− → 𝑃𝑏0       (10) 

 

Adsorption 

Adsorption is a surface phenomenon where heavy 

metal ions bind to the surface of nZVI through 

electrostatic interactions, complexation, or ion exchange 

[93]. 

Surface Interactions: The surface of nZVI has hydroxyl 

groups (Fe–OH) and other reactive sites that interact 

with metal ions:  

 

𝐹𝑒 − 𝑂𝐻 + 𝑀𝑛+ → 𝐹𝑒 − 𝑂 − 𝑀 + 𝐻+    (11) 

 

 This mechanism is particularly effective for non-

redox-active metals (e.g., Cd2+, Zn2+) that cannot 

undergo reduction. 

 pH Dependence: At lower pH, the surface charge 

of nZVI becomes positive, reducing adsorption due to 

electrostatic repulsion with cations. At neutral to alkaline 

pH, deprotonation of surface hydroxyl groups enhances 

adsorption.
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Figure 3 Schematic diagram for pollutant removal in ZVI systems [94]. 

 

Co-precipitation 

Co-precipitation occurs when iron released during 

nZVI oxidation forms insoluble compounds (e.g., ferric 

hydroxides), which trap heavy metals in their structure 

[95]. 

Iron Oxide/Hydroxide Formation: As nZVI oxidizes, 

Fe2+ or Fe3+ reacts with water or hydroxide ions to form 

iron oxides or hydroxides: 

  

𝐹𝑒2+ + 2𝑂𝐻− → 𝐹𝑒(𝑂𝐻)2      (12) 

 

𝐹𝑒3+ + 3𝑂𝐻− → 𝐹𝑒(𝑂𝐻)3      (13) 

 

 Heavy Metal Immobilization: Heavy metals either 

precipitate directly or are incorporated into the iron 

hydroxide matrix: 

 

𝐹𝑒(𝑂𝐻)3 + 𝑀𝑛+ → 𝐹𝑒 − 𝑀(𝑂𝐻)3    (14) 

 

 Example: Arsenic (As3+/As5+): Arsenic ions are 

adsorbed onto or co-precipitated with ferric hydroxides, 

forming stable complexes that immobilize arsenic. 

 

 

 

Oxidation (indirect pathway) 

nZVI generates reactive oxygen species (ROS) 

such as hydroxyl radicals (•OH) and superoxide (O2
-) 

during its reaction with dissolved oxygen or water. These 

ROS can oxidize heavy metals or degrade organic-bound 

metals [96]. 

Fenton-Like Reactions: In the presence of dissolved 

oxygen or hydrogen peroxide, Fe2+ catalyzes the 

formation of hydroxyl radicals:  

  

𝐹𝑒2+ + 𝐻2𝑂2 → 𝐹𝑒3+ + 𝑂𝐻− +∙ 𝑂𝐻    (15) 

 

 Oxidative Transformation: Organic-bound heavy 

metals are oxidized, releasing free metal ions that can 

then undergo reduction, adsorption, or co-precipitation. 

 

Heavy metal adsorption process kinetics of 

nZVI 

The kinetics of heavy metal adsorption using nZVI 

are essential to understanding the rate and mechanism of 

the process. Kinetic models help describe how 

adsorption occurs over time and identify rate-limiting 

steps such as external mass transfer, chemical 

interactions, or intraparticle diffusion. 
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Pseudo-first-order kinetics 

In pseudo-first order, we assume the adsorption 

rate is directly proportional to the difference between the 

amount of metal adsorbed at equilibrium (𝑞𝑒) and the 

amount adsorbed at time (𝑞𝑡). It is typically applied to 

physisorption or cases where surface adsorption 

dominates. The differential form of the pseudo-first-

order equation is [97]: 

 

𝑑𝑞𝑡

𝑑𝑡
= 𝑘1(𝑞𝑒 − 𝑞𝑡) 

 

where: 

𝑞𝑡: Amount of adsorbate adsorbed at time t (mg/g) 

𝑞𝑒: Amount of adsorbate adsorbed at equilibrium (mg/g) 

𝑘1: Pseudo-first-order rate constant (1/min) 

 

 The integrated form of pseudo-first-order equation 

is: 

 

log(𝑞𝑒 − 𝑞𝑡) = log 𝑞𝑒 − (𝑘1/2.303)𝑡 

 

 By plotting log(𝑞𝑒 − 𝑞𝑡) vs. t, a straight line is 

obtained with slope 𝑘1/2.303, and intercept log 𝑞𝑒 . 

 This kinetics is useful when the adsorption process 

involves physical interactions or weak van der Waals 

forces, and is often observed during the initial phase of 

adsorption, where external mass transfer dominates. 

Limitations: Cannot accurately predict equilibrium 

adsorption capacity (qe) in some cases, and does not 

account for chemisorption or multi-step adsorption 

mechanisms. 

 

 Pseudo-2nd-order kinetics 

Pseudo-2nd order kinetics assumes the adsorption 

rate is proportional to the square of the difference 

between 𝑞𝑒 and 𝑞𝑡 indicating chemisorption as the 

dominant mechanism. Chemisorption involves the 

sharing or exchange of electrons between the adsorbate 

and the adsorbent [97]. The differential form of the 

pseudo-2nd-order equation is: 

 

𝑑𝑞𝑡

𝑑𝑡
= 𝑘2(𝑞𝑒 − 𝑞𝑡)2 

 

where: 

𝑞𝑡: Amount of adsorbate adsorbed at time t (mg/g) 

𝑞𝑒: Amount of adsorbate adsorbed at equilibrium (mg/g) 

𝑘1:  Pseudo-2nd-order rate constant (g/mg·min) 

The integrated form of pseudo-2nd-order equation is: 

 

𝑡

𝑄𝑡

=
1

𝐾2𝑄𝑒
2

+
𝑡

𝑄𝑒

 

 

 By plotting 
𝑡

𝑄𝑡
 vs. t, a straight line is obtained with 

slope 
1

𝑄𝑒
 and intercept 

1

𝐾2𝑄𝑒
2. 

 Pseudo-2nd-order kinetics is typically observed in 

cases where chemical interactions dominate, such as: 

Surface complexation between heavy metals and iron 

oxides, and reduction reactions (e.g., Cr⁶⁺ to Cr³⁺ by 

nZVI).

 

 

 Table 2 Adsorption capacity of different heavy metals by nZVI. 

Heavy metal 

Initial 

Concentration 

(mg/L) 

nZVI 

Dosage 

(g/L) 

pH 
Adsorption capacity 

(mg/g) 

Removal 

efficiency (%) 
References 

Lead (Pb²⁺) 50 0.5 5.5 190 95 [98] 

Chromium (Cr⁶⁺) 20 0.8 3 120 98 [99] 

Cadmium (Cd²⁺) 10 0.4 6 45 85 [100] 

Arsenic (As³⁺) 5 0.3 7 12 96 [17] 

Nickel (Ni²⁺) 25 0.6 6.5 55 90 [101] 

Copper (Cu²⁺) 30 1.0 5 75 92 [22] 
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Heavy metal 

Initial 

Concentration 

(mg/L) 

nZVI 

Dosage 

(g/L) 

pH 
Adsorption capacity 

(mg/g) 

Removal 

efficiency (%) 
References 

Zinc (Zn²⁺) 15 0.7 6.5 30 88 [102] 

Mercury (Hg²⁺) 10 0.5 4.5 110 99 [21] 

Cobalt (Co²⁺) 20 0.8 5.5 35 87 [103] 

 

Applications of nZVI 

ZVI NPs are widely studied and utilized for their 

effectiveness in removing toxic heavy metals from 

wastewater. Their applications are based on their unique 

properties, such as a high surface area, strong reducing 

capabilities, and ability to adsorb metal ions. Zerovalent 

iron nanoparticles (nZVI) exhibit remarkable properties 

such as high reactivity, catalytic efficiency, and 

magnetic behavior, making them useful in several 

innovative applications. Below is an account of their 

application for specific heavy metals: 

 

Environmental remediation 

ZVI is frequently utilised for in situ treatment of 

contaminated groundwater in groundwater remediation 

projects. By converting them to less hazardous forms, it 

aids in the removal of contaminants such as heavy metals 

(such as chromium, lead, and arsenic), organic 

compounds, and chlorinated solvents (such as 

trichloroethylene and perchloroethylene). By 

decomposing hazardous organic molecules and 

immobilising heavy metals, it can also treat soil 

pollution, particularly in situations where pesticides or 

industrial waste have leaked. By eliminating impurities 

from drinking water and wastewater, such as phosphates, 

arsenic, and nitrates, ZVI can improve water treatment 

procedures [11,54]. It has demonstrated efficacy in 

combating dyes, medications, and other organic 

pollutants. By lowering metal ion toxicity and 

encouraging the breakdown of organic contaminants, 

sediment remediation has been utilised to treat 

contaminated sediments. 

 

Control of air pollution 

nZVI can catalyze the breakdown of toxic gases, 

including trichloromethane (CHCl₃) and carbon 

tetrachloride (CCl₄), both of which are common 

industrial pollutants. It facilitates redox reactions that 

degrade these harmful volatile organic compounds 

(VOCs) into non-toxic by-products. The surface of nZVI 

provides active sites for catalytic decomposition. nZVI 

promotes reductive dehalogenation, breaking down 

halogenated compounds like CHCl₃ and CCl₄ into less 

toxic substances, such as methane or simple 

hydrocarbons. Kim et al. [58] demonstrated that nZVI 

effectively degraded CCl₄ in gas-phase reactions, 

achieving up to 90 % reduction under controlled 

conditions.  Sun et al. [104] reported significant removal 

of VOCs in air using nZVI catalysts coated onto porous 

media, improving air quality in industrial environments. 

 

Antimicrobial application 

ZVI has potent antibacterial qualities and can be 

used to kill germs and pathogens by disinfecting surfaces 

or water. Systems for water supply, sanitation, and 

healthcare could benefit from this. By preventing 

microbial development, ZVI can be added to food 

packaging to form antimicrobial coatings that improve 

food preservation. It generates reactive oxygen species 

(ROS) and releases iron ions, disrupting microbial 

membranes and metabolic pathways [105]. Direct 

mechanism involves physical interaction between nZVI 

and bacterial cell membranes causes structural damage. 

Indirect mechanism involves generation of ROS like 

hydroxyl radicals (•OH) during the oxidation of nZVI. 

The release of Fe²⁺ ions, catalyse Fenton-like reactions 

to produce ROS, enhancing antimicrobial effects. nZVI 

are effective in killing waterborne pathogens such as E. 

coli and Salmonella. They are ideal for water treatment 

systems in remote areas or emergency situations. They 

can be used in coatings for surgical instruments, medical 

devices, and hospital surfaces to prevent infections. They 

can be incorporated into antimicrobial coatings for food 

packaging to inhibit microbial growth, extending shelf 

life [69]. 
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Chemical reaction catalysis 

ZVI has the ability to catalyse a number of 

chemical reactions, including the oxidation of organic 

contaminants, the breakdown of dyes, and the synthesis 

of hydrogen. It speeds up oxidation processes by 

promoting Fenton-like reactions (Fe3+ H2O₂), which 

convert organic contaminants into less dangerous forms. 

Li et al. [69] demonstrated efficient degradation of 

methylene blue using nZVI, with a 95 % reduction 

achieved in 60 min. Shi et al. [106] showed enhanced 

hydrogen production from water splitting using Pd-

doped nZVI, with increased catalytic efficiency. 

 

Magnetic separation and sensing  

By using magnetic separation techniques, 

pollutants can be separated from liquid wastes using 

magnetic nZVI. To identify pollutants, biological agents, 

and heavy metals in environmental samples, nZVI can 

be included into biosensors. nZVI is integrated into 

biosensors to detect pollutants, biological agents, or 

heavy metals. Changes in magnetic or electronic 

properties upon interaction with target molecules are 

measured to provide detection signals. Phenrat et al. [81] 

demonstrated the efficient removal of arsenic from water 

using magnetic nZVI, achieving 98 % removal in less 

than an hour. 

 

Techno-economic challenges and opportunities 

Zerovalent iron nanoparticles (nZVI) are widely 

used for environmental remediation due to their high 

reactivity and surface area. However, their application 

comes with several challenges. Nanoparticles tend to 

aggregate due to strong magnetic and van der Waals 

forces, reducing their effective surface area and 

reactivity. nZVI oxidizes quickly in the presence of 

water and oxygen, forming iron oxides/hydroxides that 

reduce its reactivity and lifespan. Poor mobility in soils 

and sediments makes it difficult to evenly distribute 

nZVI in contaminated sites, limiting its remediation 

efficiency [107]. Potential toxicity to aquatic organisms, 

plants, and humans due to the release of iron ions or 

nanoparticles themselves. Concerns about long-term 

environmental persistence and unknown ecological 

impacts. Synthesis and stabilization of nZVI can be 

expensive, especially for large-scale applications. The 

formation of passivating layers of iron 

oxides/hydroxides reduces the active sites available for 

contaminant degradation. nZVI reacts with a wide range 

of compounds, including non-target species, which can 

lead to inefficient use and secondary reactions. Due to 

rapid oxidation and reactivity, nZVI has a limited 

functional duration in remediation processes [108]. 

Effectiveness varies depending on the type of 

contaminant (e.g., chlorinated hydrocarbons, heavy 

metals), and not all contaminants can be effectively 

treated. Challenges in monitoring nanoparticle 

distribution, concentration, and reactivity in the field 

make it difficult to optimize performance. Efforts to 

overcome these challenges include surface 

modification, stabilization using polymers or 

surfactants, and combining nZVI with other materials to 

enhance its performance and reduce risks [52]. 

To address the challenges associated with the use 

of zerovalent iron nanoparticles (nZVI) for 

environmental remediation, several strategies have been 

developed. These aim to improve nZVI performance, 

stability, and safety while optimizing its environmental 

and economic viability. Coating nZVI particles with 

stabilizing agents like polymers (e.g., polyethylene 

glycol, polyvinyl alcohol) or surfactants (e.g., sodium 

dodecyl sulfate) can reduce aggregation, increase 

dispersion in water, and enhance mobility in soils [109]. 

These coatings also help protect nZVI from rapid 

oxidation and increase its longevity. Creating a 

controlled passivation layer on nZVI (e.g., a thin iron 

oxide or organic layer) reduces excessive reactivity 

while maintaining sufficient activity for contaminant 

degradation. Encapsulating nZVI in micro- or 

nanocapsules (e.g., silica shells or polymeric capsules) 

ensures controlled release, targeted delivery to 

contaminated zones, and reduced exposure to non-target 

species. Formulating nZVI in oil-in-water emulsions 

enhances mobility in soils and groundwater, improving 

distribution in the subsurface. Adding reducing agents 

or scavengers (e.g., ascorbic acid, sulfite) during 

synthesis or deployment can delay oxidation and extend 

nZVI’s active lifespan. Doping nZVI with secondary 

metals (e.g., palladium, nickel, or copper) enhances its 

reactivity and selectivity for specific contaminants while 

reducing undesired secondary reactions [89]. 

 

Conclusion and future perspectives 

The removal of heavy metals by nZVI is a 

complex, multi-step process involving reduction, 
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adsorption, co-precipitation, and oxidation. This review 

paper provides an overview of recent advancements in 

the synthesis and characterization of iron (Fe) 

nanoparticles, along with their applications as catalysts 

in reduction reactions. Additionally, a concise summary 

of the characterization techniques for Fe nanoparticles is 

presented. The interplay of nZVI mechanisms ensures 

high efficiency in diverse environmental conditions. 

Understanding the specifics of these mechanisms allows 

for optimizing nZVI synthesis and application strategies 

for targeted heavy metal remediation. Optimizing the 

functional effectiveness of nanomaterials, particularly 

zerovalent iron nanoparticles (nZVI), depends on 

controlling synthesis conditions. These particles exhibit 

a core-shell structure, with the core being zerovalent iron 

and the shell consisting of iron oxide (FeOOH). While 

nZVI is effective for environmental restoration, its main 

challenge is aggregation, which impacts its transport 

through soil. Research has focused on modifying nZVI 

to improve its mobility and functionality. Some specific 

and innovative research avenues for advancing heavy 

metal removal using nZVI are nanoengineering for 

controlled release, which aims to prolong nZVI 

reactivity and enable controlled release in contaminated 

environments. This can be achieved by developing 

encapsulated or core-shell nanoparticles for gradual 

release, preventing rapid passivation, and using stimuli-

responsive materials (e.g., pH-sensitive coatings) to 

activate nZVI at specific sites. The Life-Cycle Analysis 

(LCA) and safety assessments for nZVI applications to 

evaluate their long-term environmental impacts and 

safety. This involves conducting LCAs to assess the 

environmental footprint of nZVI synthesis, deployment, 

and disposal, as well as investigating its potential 

toxicity to aquatic ecosystems to develop guidelines for 

safe use. The hybrid nZVI composites to enhance 

performance by leveraging synergies between nZVI and 

other materials. This includes combining nZVI with 

porous materials like activated carbon, graphene oxide, 

or biochar to improve adsorption and structural stability, 

incorporating magnetic materials for easy recovery and 

reuse, and developing multi-functional composites 

capable of addressing multiple contaminants, such as 

heavy metals and organic pollutants. Despite its 

advantages over traditional zerovalent iron, further 

studies are needed to mitigate potential environmental 

risks and optimize its use for remediation. Understanding 

the interplay of these mechanisms and optimizing 

conditions can enhance the efficiency and applicability 

of nZVI for environmental remediation. Continued 

advancements in nZVI synthesis, surface modification, 

and deployment strategies are essential to overcoming 

existing challenges and realizing its full potential. Future 

research could explore the relationship between 

nanoparticle morphology and catalytic activity. For 

optimal catalytic efficiency, Fe nanoparticles should be 

synthesized with uniform size distribution, small particle 

size, and robust stabilization. 
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