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1.1 Introduction 

Nanomaterials comprise the study of chemical materials or substances within the 
nanoscale, i.e. in the range of 1–100 nm. At this nanoscale, materials show inim-
itable properties based on their quantum phenomena (electron tunnelling, near field-
optical methods, electron confinement ballistic transport, and quantum entangle-
ment) or on the basis of subdomains (superparamagnetism and overlapping of double 
layers in the fluids) [1, 2]. In the present era, nanomaterials are regarded as the 
emerging advanced research domain in chemistry, physics, material engineering, 
and bioscience. In comparison with conventional materials, nanomaterials permit 
distinctive and unique physical, electrical, chemical, mechanical, and optical proper-
ties [3, 4]. Nanomaterials have a wide range of applications for various commercial 
purposes, for instance in semiconductors, cosmetics, catalysts, adsorbents, photo-
catalysts as carriers of drugs, fillers, antifriction coatings, storage, microelectronics, 
energy storage, etc. In addition, nanomaterials also have a broad range of applica-
tions in wastewater treatment, the production of energy, and sensing. In the preceding 
period, most of the research was focused on experimental and theoretical advance-
ments in characterisation, novel synthesis, and an assortment of applications using 
a variety of nanostructures such as ceramics, nanocomposite materials, and metal 
oxides [5–10]. Among the widely available inorganic materials, metal oxide nano-
materials have gained significant attention, particularly in the fields of engineering 
and science. Metal oxide possesses exceptional physical and chemical properties due 
to its diminutive size and high density. Metal oxides also have large-scale applications 
in the treatment of wastewater, like degradation, catalysis, sensors, and adsorption 
[11, 12].
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As the metals formed various types of oxide compounds, they showed several 
structural geometries through different electronic structures with semiconductor, 
metallic, and insulator characteristics. Metal oxides exhibit various properties such 
as magnetic, optical, photoelectrochemical, mechanical, optoelectronic, thermal, and 
catalytic [13, 14]. Metal oxides are small-scale-based nanomaterials that can augment 
the surface area-to-volume ratio and enhance their properties in comparison to vast 
materials. Additionally, metal oxide nanoparticles have been widely applied for the 
treatment of wastewater [11, 15]. For the treatment of wastewater and other functions, 
various metal oxides such as copper oxide (CuO), cerium oxide (CeO2), magnesium 
oxide (MgO), manganese oxide (MnO2), titanium oxide (TiO2), iron oxide (Fe2O3, 
Fe3O4), and zirconium oxide (ZrO2) have been extensively employed. 

The past few years have drawn the attention of a variety of materials, such as metal– 
organic frameworks, molecularly imprinted materials, ionic liquids, and carbona-
ceous materials, in a wide range of techniques in order to diminish the amount of 
chemicals needed for sample preparation during extraction methods [12–14, 16]. 
In the middle of all this, magnetic nanomaterials have been found to gain special 
consideration as they possess special properties like being superparamagnetic due 
to the pressure of the thermal energy on a nanoparticle with ferromagnetic char-
acteristics [7–10]. Apart from this, magnetic nanomaterials have a special charac-
teristic in that they can separate themselves from the sample with the help of an 
external magnetic field and effortlessly coalesce with other materials, which shows 
their diverse functionality. The magnetic nanoparticles are mainly dependent on 
their surface effects and finite size. For magnetic nanoparticles, the configuration of 
spherical walls provides a state of high energy as a result of which particles combine 
together in the form of clumps or clusters. In order to avoid cluster formation, the 
magnetic nanoparticles are layered with different shells of polymer, carbon, metal 
oxide, and silica. Moreover, the magnetic nanoparticles have a large surface area, 
which enhances their catalytic activities [11, 13, 15, 17]. 

In the present circumstances, researchers are more aligned towards iron oxide-
based nanoparticles as they show exceptional magnetic behaviour, a large surface 
area-to-volume ratio, exist in different oxidation states, can be separated easily from 
aqueous solutions, are cheap in comparison with other metal oxides, are small in 
size, have little toxicity, and are environmentally friendly in nature [18–20]. Iron 
oxide is found to exist in the form of hydroxides, oxides, and oxy-hydroxides. The 
majority of them include: Fe3O4, Fe4O3, FeO, Fe4O5, and polymorphic forms of 
Fe2O3 (γ-Fe2O3 and α-Fe2O3, FeOOH, and Fe(OH)3). Amid the various available 
forms of iron oxide, basically three important phases can be categorised, such as 
magnetite (Fe3O4), hematite (α-Fe2O3), and maghemite (γ-Fe2O3), which are areas 
of greater interest due to their magnetic and opto-electrical properties [21]. These 
phases of iron oxide have practical applications in colour imaging, optical devices, 
drinking water, gas sensing, magnetocaloric refrigerant, ferrofluid technology, and 
as magnetic strong media. In the environmental condition, hematite (α-Fe2O3) was  
found to possess a stable form of iron oxide, but it is anti-ferromagnetic in nature as it 
demonstrates the weak magnetic property as well as being an n-type semiconductor 
with a band gap of 2.3 eV. Hematite shows a rhombohedral structure, which can be
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designated as its most common form, and it shows application in the photocatalyst 
driven by light in the visible range of 600 nm [17, 22–24]. Maghemite (γ-Fe2O3) 
shows a cubic structure with a band gap of 2.0 eV and possesses magnetic properties 
in every condition. Maghemite exemplifies a vast range of applications in the field 
of the fabrication of biocompatible magnetic fluids, in electronic devices, magnetic 
recorder media, and in MRI. Maghemite consists of 211/3 numbers of Fe3+ ions and 
32 numbers of O2− ions, and vacancy sites are 21/3, whereas the magnetite shows 
a cubic spinel-type structure and is found mainly in two oxidation states, such as 
Fe2+ and Fe3+, whose stoichiometric ratio is found to be 1/2. Magnetite that is Fe3O4 

can be operated as both an n-type and p-type semiconductor with a band gap of 
0.1 eV [25, 26]. Magnetite proved to be an effective metal oxide for wastewater 
treatment due to its fast production rate, rapid uptake, high adsorption capacity, and 
easy separation. After adsorption, magnetite can be easily separated from an aqueous 
solution by using an external magnetic field [9, 27]. This iron oxide nanocomposite 
shows extraordinary efficiency towards wastewater treatment and the removal of dyes 
as well as toxic heavy metals with carcinogenic effects on aquatic biota. 

1.2 Various Routes of Synthesis of Iron Oxide 
Nanoparticles 

Nanoparticles of iron oxide can be synthesised using various physical, biolog-
ical, and chemical methods. Among all these methods, the chemical method is 
widely preferred because, in the chemical method, the appearance of bulk mate-
rial takes place with desirable morphology, tuneable sizes, and shapes possessing 
all the scientific properties [28, 29]. Iron oxide can be synthesised using various 
chemical synthetic methods such as coagulation, flocculation, co-precipitation, the 
sol–gel method, microwave irradiation, microemulsion, hydrothermal, and thermal 
decomposition techniques [13, 20]. 

1.2.1 Coagulation 

Nanotechnology refers to the ability to produce and design nanoparticles by manip-
ulating atoms as well as molecules at the nanoscale. Wastewater treatment is the 
most favourable environmental application of this technology. In the present era, 
iron oxide nanoparticles are studied by researchers as compared to other materials 
because of their wide utilisation, magnetic properties, low cost, very high adsorption 
capacity, and high surface area. In coagulation, iron oxide is used as a coagulant. 
Coagulation is the chemical process by which the electrostatic repulsive force among 
the particles changes in water. The main role of iron oxide NPs in this technology is 
due to their magnetic properties. The key term Fe3O4 nanoparticles shows innovative
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Fig. 1.1 Methods of coagulation 

research objects and a database for adsorption mechanisms. The colloidal α-Fe2O3 

particles have a well-defined coagulation rate at constant temperature. The range of 
W values is from 1 to 104, and pH values vary from 3 to 12. The results of iron oxides 
are specific for coagulation mechanisms. For anions, the stabilisation concentration 
of critical coagulation shows a range from 10−7 to 10−4 molar. With the help of 
the diffusion layer model, generally, the information regarding potential as well as 
charges of coagulation species can be known. Ferric sulphate, ferrous sulphate, and 
ferric chloride are the different forms of iron coagulants. Usually, ferric sulphate is 
treated as a coagulant in conjugation when it reacts with chlorine, and it refers to the 
hydrated form that is FeSO4·7H2O. During this period, polymeric ferric sulphates 
are also available, in which 12.5% w/w of iron is present [12, 30, 31]. Figure 1.1 
shows the method of coagulation. 

1.2.2 Flocculation 

In mineral processing, flocculation is the most adequate technique for the separation 
of solids, which form larger flocs when removed from water. It is a very sponta-
neous process, with the help of chemical reagents. In the recent communication, an 
investigation is being conducted on the kinetics study of flocculation of Fe3O4 due 
to the variation in polyacrylamide’s weight. This process was completely studied by 
taking PAM with the same pH, molecular weight, and ionic strength as the medium. 
It was observed that the percentage rate of flocculation is directly proportional to 
the molecular weight of the polymer. Polymers with a higher molecular mass have a 
higher adsorption capacity to adsorb a higher number of particles. According to the 
researcher, flocculation also depends on the electrostatic force of attraction. It was 
observed that the flocculation process is indirectly proportional to the percentage
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Fig. 1.2 Methods of flocculation 

of pH. So, the pH differs from 1.5 to 8.5 range. Using the PAM, the test of floccu-
lation technique is carried out by mixing kaolin and Fe3O4 at a ratio of 1:1. H2O2, 
which is an oxidising reagent, can also be used for the preparation of modified iron 
coagulant, in which it was observed that its density is 1.43 g/mL and 9.47% iron is 
present [8, 16, 32]. Figure 1.2 shows the method of flocculation. 

1.2.3 Co-precipitation 

The co-precipitation method refers to the dissolution of materials in a solvent initially 
and then, after addition of a precipitating reagent, forming a homogeneous inorganic 
solid. The iron oxide nanoparticles show wide applications in catalysis, biomedicine, 
and wastewater treatment. Co-precipitation is an extremely ubiquitous method for 
the formation of Fe3O4 NPs, where the pH of the ferric and ferrous solutions depends 
upon the base added. In this technique, the pH range transits very slowly, i.e. in the 
range of 2–8. Whenever the divalent iron oxide reacts with the ammonia for the prepa-
ration of nanoparticles, by using the co-precipitation method, we get greater magneti-
sation properties. The co-precipitation method is eco-friendly, the most common, and 
a simple procedure for the preparation of iron oxide nanoparticles. According to this 
method, it holds cations very close to each other in the medium and decomposes 
at a lower temperature. The most common example of this method is the synthesis 
of metal oxide, i.e. FeCr2O4. At first, the Fe (III) ion dissolves, and the chromate 
ion, which is present in water, gets converted to Fe3+ and CrO4

− ions. Then it gets 
precipitated by the NH4 

+ solution to form a new complex. At last, the precipitate is 
decomposed at a higher temperature into FeCr2O4 [6, 17, 22]. Figure 1.3 shows the 
method of co-precipitation.
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Fig. 1.3 Methods of co-precipitation 

1.2.4 Sol–Gel Method 

The most common chemical method for the synthesis of metal oxide nanoparti-
cles is the sol–gel method. By stirring as well as heating, the dissolved molecules 
get converted into gel. This method follows parameters like nature, kinetics, pH, 
concentration, temperature, etc. Iron oxide nanocomposites can also be prepared 
by the sol–gel method. Commercially, Fe (III) is dissolved in aqueous medium and 
converted into gel format by heating for the generation of the final product. The 
formation of nanoparticles depends upon the reactivity, which is directly related to 
the surface area of iron oxide NPs. The synthesis of iron oxide NPs is also formed 
from ferric hydroxide gel, which is again subjected to this technique for 8 days at 
100 °C to get the magnetite. Hematite, magnetite, and goethite are different forms 
of iron oxide NPs [33]. Figure 1.4 shows the method of sol–gel.

1.2.5 Microwave Irradiation 

The microwave irradiation technique shows great potential as compared to other 
methods due to its high scaling rate of nanoparticles of iron oxide with a high 
specific absorption rate. The use of microwave irradiation has overcome a critical and
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Fig. 1.4 Methods involved in sol–gel technique

perplexing issue during the preparation of iron oxide nanoparticles. Microwave radi-
ation provides heating at a controlled rate with selective heating capability. Generally, 
in solution, the surface of the nanoparticles absorbs more radiation as compared to 
the core, which results in a change in their reactivity and surface energy. This feature 
attributes to the controllable exchange between the undesired adsorbed species and 
additional moieties such as coating agents. The best coating agent for this purpose 
is citric acid due to its biocompatibility. A mixture solution containing polyethy-
lene glycol (PEG), urea, and FeCl3·6H2O was subjected to microwave irradiation 
for 10 min at 650 W. After cooling, the precipitate is subjected to centrifugation 
and air-dried by washing with distilled water. Then the product obtained is char-
acterised using different characterisation techniques. Microwave radiation shows 
the greater advantage of a lower reaction temperature and a shorter reaction time 
[34, 35]. Figure 1.5 shows the method of microwave irradiation. 

Fig. 1.5 Schematic diagram 
representing microwave 
irradiation technique
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1.2.6 Microemulsion 

In order to prepare iron oxide nanoparticles of ultrafine dimension, microemul-
sions are predominantly one of the striking reactive mediums. In microemulsions, 
it contains water droplets of nanosized that are continuously dispersed in the oil 
medium, and surfactants are used as stabilising agents that accumulate at the oil or 
water periphery. Microemulsions show less polydispersity, that is, droplet sizes are 
uniform in nature. Ionic reactants are subjected to the interior of an aqueous medium, 
as a result of which they can be precipitated initially to the droplet’s dimension. This 
method is followed by the transport of precipitate from one droplet to another. During 
this process, large particles are formed, which can be termed as secondary growth. 
The reaction generally occurs in precipitating particles, which are of large size as 
compared to droplets in the aqueous core. A significant factor during the synthesis of 
microemulsion is the water-to-surfactant molar ratio, which is Wo and responsible 
for controlling the diameter of droplets of water. In a W/O microemulsion of oil 
and water, when particles of cadmium sulphide are synthesised, it is found that with 
Wo, the particle size goes on increasing. Particle size is independent of cadmium ion 
concentration. These consequences were construed in terms of an improved nucle-
ation process and lesser secondary growth at an advanced concentration of metal salt. 
Fabrication of colloidal particles such as Pt, Pd, Rh, and Ir in a water–oil microemul-
sion resulted in particle sizes of 2–5 nm. An isooctane/water-based microemulsion 
system can be efficiently employed for the precipitation of ferrous oxalate, which is 
ultrafine in shape. Further, the ignition of ferrous oxalate in the presence of moist air 
at a temperature of 225–300 °C conferred a mixture of α-Fe2O3 and γ-Fe2O3. The  
γ-Fe2O3 synthesised during the microemulsion technique shows a higher yield as 
compared to the aqueous medium. The yield resulted from γ-Fe2O3 is mainly depen-
dent upon the droplet size, due to which the precursor material can be precipitated 
[19, 36]. Figure 1.6 shows the method of microemulsion.

1.2.7 Hydrothermal 

Hydrothermal serves as a brisk and incessant crystallisation novel method for the 
synthesis of fine particles of metal oxide, for example: NiO, Co3O4, ZrO2, α-
Fe2O3, etc. The aqueous solution of metal salt is taken, which is quickly heated 
in hydrothermal conditions, in which hydrolysis occurs followed by dehydration. 
With the growing resident time and feed concentration, the resulting particle size of 
α-Fe2O3 and Co3O4 goes on increasing. In the subcritical state, the reaction temper-
ature will not show any momentous influences when a continuous flow reaction is 
performed. In this method, α-Fe2O3 can be synthesised by using activated carbon 
at 500 °C, as a result of which well-formed crystalline particles are formed. In 
this method, the dielectric constant of an aqueous solution plays a pivotal role in 
the properties of the solvent. With an increase in the hydrothermal temperature,
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Fig. 1.6 Representation of microemulsion technique

the dielectric constant goes on decreasing. Declination takes place quickly as the 
temperature goes beyond the critical temperature, which leads to a considerable 
decrease in the solvent capability of water. When AlOOH is synthesised by the 
hydrothermal method at 350 °C, generally larger particles are obtained in compar-
ison with synthesis at 400 °C. In the supercritical water when the reaction pressure 
increases, this results in the increase of particle size of AlOOH. But when the alcohol 
is added during the hydrothermal process, this largely exaggerates the crystallisation 
process. In hydrothermal method, iron oxide of superparamagnetic nature can be 
synthesised. Generally during synthesis process, anhydrous FeCl3 was used as the 
precursor source of iron and ethylene glycol was used as solvent [37, 38]. Figure 1.7 
shows hydrothermal method.
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Fig. 1.7 Different steps involved in hydrothermal technique 

1.2.8 Thermal Decomposition 

Presently, various synthesis routes are available for the synthesis of nanoparticles 
of iron oxide. By using a salt solution of Fe (II) and Fe (III) with alkali-based 
metal hydroxide, particles can be synthesised by the co-precipitation method. But 
particles with a larger size and a narrower distribution can only be best prepared 
through the thermal decomposition method. Conventionally, certain batch methods 
are employed for the synthesis of magnetic-based nanoparticles. But these batch 
methods have various limitations, such as being limited to a smaller scale as it is 
difficult to maintain thermal control during the reaction. The heating rate, absolute 
temperature, and annealing time play a crucial role in the distribution of particle 
size at the nanoscale. When the batch is outsized, it is very complicated to maintain 
the temperature, as a result of which the particles are not compacted. To overcome 
all these problems, thermal decomposition proved to be a crucial method for the 
synthesis of magnetic-based nanoparticles. By decomposition of three precursors 
that are different from each other, iron oxide nanoparticles can be synthesised in 
the thermal decomposition method. Iron (III) oleate is used as an important reaction 
intermediate during this synthesis. By the adjustment of different parameters such 
as thermal rate, composition, and concentration of precursor particles, particle sizes 
of 2–30 nm were obtained. Initially, the iron particles were treated with oleic acid 
to form a complex of iron (III) oleate. Owing to the significance of the iron oleate 
composite, it is subjected to different thermal characterisations. Particle breakdown 
of iron oleate occurs at or above 250 °C. When the iron oleate complex is treated 
with 1-octadecene, it yields a larger particle size of up to 10 nm. But if the iron
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Fig. 1.8 Technical set-up of thermal decomposition process 

oleate complex undergoes dilution with a sufficient amount of oleic acid, the process 
of nucleation as well as the growth rate is slowed. By increasing the ratio of iron 
oleate from 5:1 to around 20:1, it results in a particle size of around 25 nm [25, 39]. 
Figure 1.8 shows thermal decomposition method. 

1.3 Various Modification Techniques 

Generally, iron oxide nanoparticles endure certain foremost issues, such as oxida-
tion into the physiological atmosphere due to chemical reactivity, higher surface 
area, large surface energy, which results in magnetism loss, and rapid agglomer-
ation. Therefore, to overcome these issues, surface modification of iron oxide is 
done to make it biocompatible. Modification of iron oxide nanoparticles not only 
thwarts agglomeration and oxidation but also provides a further route for func-
tionalisation. The main advantages of surface modifications are: (1) to enhance the 
surface action of magnetic nanoparticles; (2) to improve or modify the diffusion of 
magnetic nanoparticles; (3) to augment the mechanical and physiological proper-
ties; and (4) to enhance the biocompatibility of magnetic nanoparticles. Here, iron 
oxide modification studies were done using metal oxide, bioadsorbents, polymers, 
and graphene [40, 41].
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1.3.1 Metal Oxide 

Iron oxide-based magnetic nanoparticles have superior magnetic properties, as a 
result of which iron oxide-based nanoparticles can be functionalised as well as modi-
fied with the help of different techniques. The progression of technology enabled 
the researchers to come up with the modification and functionalisation by incorpo-
rating various supporting materials that can be used as stabilising or capping agents, 
for example dopamine, cystein, trimethoxysilane, carboxylic acid, phosphonic acid, 
and amine. Basically, iron oxide-based magnetic nanomaterials are generally coated 
with layers possessing inorganic elements (gold, cobalt oxide, platinum, aluminium 
oxide, silica, and activated carbon) and with some organic layers (glycol, dextran, and 
polyethylene) in order to make them stable against different properties like oxidation, 
corrosion, and aggregation and to increase the efficiency of their adsorption capacity. 
For example, iron coated with sand can be eliminated between 1.34 and 1.10 mg/g Se 
(IV) and in the range of 1.10 and 1.026 mg/g Se (VI), which is more effective than 
iron oxide nanoparticles that are uncoated. Furthermore, the modifications of the 
surface of iron oxide, hydroxide nanoparticles, and oxyhydroxide facilitate colloidal 
activity and biocompatibility in the intricate environment when the modifications 
are carried out. The adaptation of these nanoparticles shows the removal of various 
potent pollutants such as Ni (II), Cd (II), Cr (III), Co (II), Cu (II), As (III), and Pb (II) 
from the wastewater [42, 43]. 

1.3.2 Bioadsorbent 

For the past few years, the amalgamation of biochar has been extensively utilised for 
the adsorption of dyes such as cationic and anionic dyes, which are abundantly found 
in wastewater. It has been seen by various researchers throughout the world that the 
preparation technique involved for biochar is generally exorbitant. So for the depor-
tation of basic as well as acidic dyes, low-cost and budget-friendly bioadsorbents, 
which contain numerous agricultural products and various by-products, are being 
put into practice in a sustainable manner. Numerous adsorbents of non-conventional 
nature, such as bagasse fly ash [44], modified rice husk, de-oiled soy, distinct peel 
neem sawdust, and rice straw-based iron humate sugarcane bases, are used for 
the removal of carcinogenic dyes. In conjunction with the bioadsorbents, scientists 
throughout the world have made significant considerations towards modifying the 
bioadsorbents with metal oxide-based nanoparticles. The adsorption process using 
metal oxide is being highly implemented due to its plentiful advantages, such as its 
small size and persuasiveness towards functionality as well as the adsorption process. 
So in this condition, iron oxide is being utilised as a considerable adsorption agent 
for decontaminating the deteriorated dye water [45–48].
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1.3.3 Polymer 

Among all the polymers that are naturally available, chitosan is found in profusion in 
seawater. It is non-antigenic, non-toxic, hydrophilic, biocompatible, and biodegrad-
able. It contains the residue of hexosaminidase, which consists of two hydroxyl 
groups and one amino group. These functional groups that are present on the chitosan 
are responsible for the formation of complexes with the surface of iron oxide, making 
iron oxide nanoparticles stable, biocompatible, and hydrophilic. This has a wide range 
of applications in therapeutic gene delivery. Naturally available chitosan polymer is 
also responsible for providing better disparity in magnetic resonance imaging. When 
chitosan is coated with iron oxide nanoparticles, they form a complex in which the 
amine group is bonded to the desired particle and the hydroxyl group remains non-
bonded. As a result of which the synthesised particle carries some positive charge. 
There is some repulsion in the form of Coulomb forces that remain in the colloidal 
state when no surfactant or organic solvent is used. The diameter of the synthesised 
particle was found to be 67 nm. 

Polyethylene glycol is a water-soluble polymer that is extensively used for 
enhancing the water solubility of drugs. PEG coating diminishes the uptake and 
is responsible for increasing the efficiency of circulation timing. When iron oxide 
nanoparticles are coated with polyethylene glycol, they operate as an efficient adsor-
bent for attachment to various biomolecules. If antibodies and proteins are attached 
to iron oxide nanoparticles, the addition will be more target-specific in the area of 
interest. One problem associated with the PEG is that coating may result in the mixing 
of particles as a result of which particles are exposed to the cells. This problem can 
be overcome by mixing iron oxide with poly(ethylene glycol)-co-fumarate (PEGF). 
The role of fumaric acid is highly important as it is a macromer that is highly unsat-
urated. The hydrogel property of PEGF makes the iron oxide nanoparticles more 
stable, which makes them more efficient for absorption of water. Moreover, when 
the iron oxide nanoparticles are covered with crosslinked PEG starch, it is responsible 
for accelerating tumour imaging because it is a non-toxic coated material. 

Dextran, which is a polysaccharide, has been successfully and extensively used 
for an assortment of applications. Iron oxide nanoparticles coated with dextran are 
commercially available and well-conventional methods for MRI and also in cancer 
treatment. The coating can be improved by the introduction of carboxymethyl groups, 
which improve functionality as well as stability. Epichlorohydrin is crosslinked with 
dextran to form crosslinked iron oxide nanoparticles. 

Polyvinyl alcohol has a wide variety of applications in drug delivery, tendon 
repair, contact lenses, ophthalmic materials, and the biomedical field. Polyvinyl 
alcohol shows a high compatibility rate, and it serves as a water-soluble material and 
exceptional biocompatible agent when coated with iron oxide nanoparticles. When 
carboxylate groups are modified with PVA structures, they are strongly attached to 
metal oxide. The coated iron oxide nanoparticles are insoluble in water and are used 
as a phase transfer catalyst that replaces oleic acid and oleylamine acid. Moreover, 
when iron oxide nanoparticles are modified with PVA, they serve as an anti-cancer
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agent for drug delivery. Through hydrogen bonding, the polar functional group of 
PVA can adsorb successfully onto the oxide surface. 

Poly(vinyl pyrrolidine) is extensively used in the field of biomedicine as it has a 
wide variety of applications due to its neutral charge, biocompatibility, and aqueous 
solubility. Iron oxide nanoparticles are generally coated with PVP, which increases 
their efficiency for MRI. Through the thermal decomposition method, the nanopar-
ticle is successfully synthesised and is also soluble in buffer solution in addition to 
its water solubility capacity. Also, the coated nanoparticle possesses a high magnetic 
moment, which shows high relaxivity. In addition to that, when binding takes place 
through surface-initiated radical polymerisation, the nanoparticles are found to be 
superparamagnetic and possess the stability and dispersibility capacity of water for 
a long  time [49–51]. 

1.3.4 Graphene 

In the current scenario, hybrid materials can be synthesised by coating the iron 
oxide with graphene materials like nanosheets of graphene, reduced graphene oxide, 
and carbon nanotubes. Graphene shows a variety of applications in the fields of 
drugs, biomolecules, cells, metals, and other functional groups. Graphene oxide also 
attracted many researchers due to its unique combination of sp3 and sp2 carbons as 
well as various functional groups such as epoxy and hydroxyl and carboxyl groups. 
Graphene also possesses strong electrical conductivity, which is useful for the instal-
lation of electrochemical devices. When Fe2O3 is modified with graphene oxide, 
it shows a dominant magnetic property, which is used to prevent the stacking of 
graphene oxide and can also be used as a drug delivery agent for targeting a specific 
area. 

When the iron salts are modified with reduced graphene oxide, the synthesised 
hybrid materials are used to improve the grafting efficiency and also increase the effi-
ciency of the polymer matrix. When gelatin is mixed with graphene oxide, it improves 
the dispersion stability of the synthesised particle as well as prevents the oxidation 
of Fe3O4. Coating of iron oxide with a graphene layer contains oxygen-based func-
tional groups used in the nanofluid application. The synthesised nanoparticle is used 
to enhance the thermal conductivity. When graphene aerogel is successfully modified 
with iron oxide nanoparticles, it is used for the electro-Fenton system. The nanopar-
ticle is prepared by using a natural drying method that has electrocatalytical and 
electrochemical performance with reusability and corrosion resistance properties for 
the treatment of wastewater containing organic pollutants. 

When the iron oxide is coated with 3D foam-based graphene, the synthesised 
nanoparticle has a spherical shape with a particle size of 320 nm. These nanocrystals 
have a higher surface area, which shows exceptional electrochemical properties such 
as rate of capability, specific capacitance, and capacitance retention of around 89.8%. 
When the chemical reduction of iron oxide nanoparticles is done with graphene 
oxide, it shows a wide variety of applications in electrode applications, such as the
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installation of supercapacitors, due to its good cycling capacity. Iron oxide is also 
modified with multi-walled carbon nanotubes through microwave-assisted Fenton’s 
procedure via the green route. The synthesised nanoparticles improve the efficiency 
of the final material with high energy density and high capacitance in supercapacitors 
[52–54]. 
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