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Nanostructure science and technology now forms a common thread that runs through 
all physical and materials sciences and is emerging in industrial applications as 
nanotechnology. The breadth of the subject material is demonstrated by the fact that 
it covers and intertwines many of the traditional areas of physics, chemistry, biology, 
and medicine. Within each main topic in this field there can be many subfields. For 
example, the electrical properties of nanostructured materials is a topic that can cover 
electron transport in semiconductor quantum dots, self-assembled molecular nanos-
tructures, carbon nanotubes, chemically tailored hybrid magnetic-semiconductor 
nanostructures, colloidal quantum dots, nanostructured superconductors, nanocrys-
talline electronic junctions, etc. Obviously, no one book can cope with such a diver-
sity of subject matter. The nanostructured material system is, however, of increasing 
significance in our technology-dominated economy and this suggests the need for a 
series of books to cover recent developments. 

The scope of the series is designed to cover as much of the subject matter as 
possible – from physics and chemistry to biology and medicine, and from basic 
science to applications. At present, the most significant subject areas are concentrated 
in basic science and mainly within physics and chemistry, but as time goes by more 
importance will inevitably be given to subjects in applied science and will also 
include biology and medicine. The series will naturally accommodate this flow of 
developments in the sciences and technology of nanostructures and maintain its 
topicality by virtue of its broad emphasis. It is important that emerging areas in 
the biological and medical sciences, for example, not be ignored as, despite their 
diversity, developments in this field are often interlinked. The series will maintain the 
required cohesiveness from a judicious mix of edited volumes and monographs that 
while covering subfields in depth will also contain more general and interdisciplinary 
texts. 

Thus the series is planned to cover in a coherent fashion the developments in basic 
research from the distinct viewpoints of physics, chemistry, biology, and materials 
science and also the engineering technologies emerging from this research. Each 
volume will also reflect this flow from science to technology. As time goes by, the 
earlier series volumes will then serve as reference texts to subsequent volumes.
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Foreword 

Nanomaterials have revolutionized numerous areas of science and technology. 
Because of their diversity, nanomaterials have a wide range of applications. In partic-
ular, iron oxide-based nanotechnology is a rapidly evolving field that promises unique 
advantages for the development of a broad array of bioactive molecules and electronic 
compounds. The book edited by Harekrushna Sahoo and Jitendra Kumar Sahoo is a 
collection of a variety of chapters that cover the most important topics in the field, 
starting from the synthesis and characterization of magnetic iron oxide nanoparticles 
to applications like photocatalysis and biomedicines. The book provides the reader 
with an overview of the diversity of magnetic iron oxide nanoparticles, from basic 
design concepts to their application in various contexts. At last, one can get a general 
idea of the utility of magnetic nanoparticles. Recognized experts in materials science 
explain how such nanoparticles exhibit their usefulness in biotechnology and envi-
ronmental studies. Electronics specialists working on integrated circuits have partici-
pated in the miniaturization race, moving from micro- to submicrodimensions, while 
getting closer and closer to application in supercapacitors. The presented compila-
tion affects not only electronics, biotechnology, and environmental sciences, but also 
other disciplines such as biomedicine and water treatment. As might be expected, all 
these technological applications come with some concerns, mainly because of their 
potentially large impact on humanity and society. We therefore need to be aware of 
the current challenges and the associated risks. I would like to invite the reader to join 
the editors on their journey to put together an important and meaningful book aimed 
at a wide audience around the world. With the help of this book, let us discover the 
new world of magnetic iron oxide nanoparticles focusing on the main perspectives 
of their applications. 

Aleksander Czogalla 
Professor in Biotechnology 

University of Wrocław 
Wrocław, Poland
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Preface 

Nanotechnology, as a complement to physical chemistry, forms a means of knowl-
edge and mastery of the core materials or interface with antimatter. Nanotechnology 
provides many benefits in many areas of life. We are really happy to represent this 
book, keeping in mind the requirements of research in the fields of industries, aero-
nautics, biotechnology, electronics, medicines, chemistry, physics, environment, and 
ecology. Each chapter gives a broad perspective on the iron oxide-based nanomate-
rials used in various fields such as environmental, medical, supercapacitor, and photo-
voltaic applications. Chapter 1 includes various routes for the synthesis of iron oxide 
nanoparticles and details modifications of iron oxide nanoparticles. Chapter 2 of 
the book illustrates the action of magnetic iron oxide-based nanocomposite towards 
the removal of various organic dyes from wastewater. This chapter sums up the 
synthesis and characterization of the nanocomposites and discusses various param-
eters studied about organic dye removal and its mechanism. Chapter 3 presents the 
applications of iron oxide nanozymes in human health, such as cancer and tumours, 
wound healing, and cardiac diseases. Chapter 4 discusses the removal of organic 
pollutants from aqueous media using iron oxide-based photocatalysts. This chapter 
particularly focused on the evolution of composites and heterostructures of iron 
oxide-based photocatalysts and their photocatalytic applications towards the removal 
of organic pollutants. Chapter 5 of this book represents a brief study about function-
alized iron oxide in order to increase the electrochemical performance of supercapac-
itors. Chapter 6 interprets the medicinal use of iron oxide nanozymes (IONzymes). 
This chapter is a collective study of the synthesis, properties, and application of 
IONzymes. Chapter 7 explains the synthesis of nanoscale zero-valent iron (nZVIO) 
and its composites for the removal of toxic heavy metals from wastewater. Chapter 8 
represents the synthesis and application of bismuth ferrite (BFO) and its photovoltaic 
applications. Chapter 9 discusses the reusability of various magnetic adsorbents and 
the removal of organic pollutants using them. In this chapter, various adsorption 
parameters are also studied. Chapter 10 of the book presents the morphological study 
of iron oxide-based nanoarchitectures. This chapter contains the environmental appli-
cations of iron oxide-based nanostructures, such as the removal of heavy meals and 
organic contaminants. Chapter 11 explains the remediation of the environment using
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x Preface

magnetic nanomaterials. This study includes information about the uses of magnetic 
nanomaterials in the field of wastewater treatment, like the removal of toxic metal 
ions, pesticides, and antibiotics. Chapter 12 discusses wastewater treatment using 
iron oxide-based nanomaterials. This chapter briefly explains various parameters for 
the removal of pesticides, organic dyes, and other pollutants. Chapter 13 explains 
that iron and iron oxide-based catalysts or supports have been extensively tested due 
to their intrinsic activity or promotional activity as supports, high natural abundance, 
low cost, and no toxicity. Chapter 14 suggests the synthesis and application of non-
spherical iron oxide particles. This chapter also includes the interfacial behaviour of 
non-spherical iron oxide particles. Chapter 15 represents the application of different 
magnetic nanomaterials in the biotechnology field. This study states that magnetic 
nanoparticles provide significant future potential for efficient cancer treatment. This 
book was developed from a course taught by the author that is targeted towards 
master’s and research students of science and engineering. 

Rourkela, India 
Gunupur, India 

Harekrushna Sahoo 
Jitendra Kumar Sahoo 
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Chapter 1 
Introduction 

Jitendra Kumar Sahoo and Sourav Prusty 

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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Chapter 2 
Magnetic Iron Oxide-Based 
Nanocomposites: Synthesis, 
Characterization, and Its Application 
Towards Organic Dye Removal 

Jitendra Kumar Sahoo, Himanshu Shekhar, Jyoti Prakash Rath, 
Biswajit Mohanty, and Harekrushna Sahoo 

Abstract A significant release of toxic substances, particularly coloring agents and 
dye particles, into ecological regions such as water bodies has turned into a major 
environmental issue. An immense release of toxic dye pollutants from various anthro-
pogenic exercises might represent a tremendous challenge to the living organism and 
its adverse effect to the biological system. This chapter includes adsorption of organic 
dyes such as cationic and anionic dyes using various magnetic iron oxide-based 
nanocomposites that were reported by different researchers. Compare the impact of 
different parameters like pH, contact time, kinetics, and isotherm on dye removal 
which were discussed. The adsorption mechanism of cationic and anionic dyes on 
magnetic iron oxide-based nanocomposites was critically analyzed. 

Keywords Iron oxide · Nanocomposites ·Wastewater · Dye · Adsorption 

2.1 Introduction 

In the current scenario wastewater treatment is a major environmental issue. Around 
the world a number of researchers are working on wastewater treatment. Different 
researchers are synthesizing various materials such as activated carbon [1], aerogels 
[2], industrial solid waste [3], bio-adsorbent [4], nanoparticles [5], and nanocom-
posite [5] for wastewater treatment. Wastewater contains lots of contaminants such as 
metals [6], pesticides [7], industrial effluents [8], fluorides [9], organic dyes [10], and 
pharmaceuticals waste [11]. Among various contaminates organic dyes are highly
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carcinogenic toward aquatic life [12]. Industrialized activities such as paper, textile, 
cosmetics, tanning, dyeing, and printing manufacturing industries discharge indus-
trial effluents containing organic dyes. The organic dyes affect the human bodies 
and create multiple diseases such as gastrointestinal, weakness, respiratory toxicity, 
reduce fertility, cancer, teratogenesis, various skin problems, and blindness [13]. The 
classification of textile dyes is illustrated in Fig. 2.1. Furthermore, organic dyes were 
separated in to two parts (cationic and anionic) based on charge on their particle [14]. 
Due to carcinogenic nature of organic dyes, it is required to remove before discharging 
into water bodies. From literature study we know that there are several techniques 
available such as bio-degradation [15], precipitation [16], ion exchange [17], reverse 
osmosis [18], coagulation [19], ozonation [20], filtration [21], membrane separation 
[17], adsorption [22], electrodialysis [23], solvent extraction [24], flocculation [19], 
and distillation [25]. Magnetic nanocomposite was an efficient material for different 
environmental and biomedical applications. Among all removal techniques, adsorp-
tion technique is suitable for its cost-effective, ease to operate, time saving, simple, 
and no toxic waste produce [22]. 

The adsorbent having proper active functional groups and large surface area and 
pore volume plays a key role for any adsorption process [26]. Compared with general 
adsorbents, nanoparticles and nanocomposites have higher adsorption efficiency 
because of high surface area-to-volume ratio than bulk materials [27].  Due to the  
unique properties nanoparticles are used in various biomedical [28], drug analysis 
[29], sensor [30], solar panel [31], fuel additives [32], and environmental applications. 
The researches have greater interest on metal oxide nanoparticles and magnetic metal 
oxide-based nanocomposites as an effective adsorbent for organic dyes removal.

Dyes used 
in textile 

industries 

Natural 
Dye 

From animals From Plants 

Synthatic 
Dye 

Non Azo 
Dye Azo Dye  

Anionic Cationic Reactive Disperse Sulphur Vat 

Fig. 2.1 Classification of textile dyes 
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2.1.1 Metal Oxide Nanoparticles 

Metal oxides show metallic, insulating, and semiconductor character based on 
their structural geometries and electronic structures [33]. Metal oxides demonstrate 
magnetism, optics, thermal, optoelectronic, electrochemical, and catalytic nature 
based on their preparation and composition [34]. As compared to other bulk mate-
rials, metal oxide nanoparticles have higher surface area and novel properties that 
increase its adsorption efficacy toward various cationic and anionic dyes, making 
it one of the best options to use in wastewater treatment [35]. Various metal oxide 
nanoparticles such as copper oxide [36], cerium oxide [35], manganese oxide [37], 
zirconium oxide [38], titanium oxide [39], and iron oxide [40] have been commonly 
used in cationic and anionic dyes removal. Researchers were greater interest on 
magnetic iron oxide nanoparticles because of easy separation from aqueous solution 
using external magnetic fields. 

2.1.2 Magnetic Iron Oxide Nanoparticles 

Magnetic nanostructures have the capacity to eliminate the fine particles, natural 
contaminations, and colloids that turn out to be too dangerous to be isolated by regular 
strategies [41]. Among different attractive nanoparticles, magnetic iron oxide was 
found to be good for the adsorption of organic dyes due to its small size and ferro-
magnetic nature [42, 43]. They have the ability to adsorb many organic dyes, such as 
cationic and anionic. In current times, the application of magnetic nano-adsorbents 
for the decontamination process has become very efficient and has received consid-
erable demand and attention due to their easy separation ability from aqueous solu-
tion [44]. The iron oxide has several phases, such as Fe4O5, FeO, Fe3O4, Fe(OH)3, 
FeOOH, Fe4O3, and polymorphs of Fe2O3 (–Fe2O3, and –Fe2O3). Among these, 
maghemite (–Fe2O3), hematite (–Fe2O3), and magnetite (Fe3O4) are of superior 
interest for their electrical and magnetic properties [45–48]. This compound has a 
lot of influence and impact on the remediation of water, such as fast and easy prepa-
ration, high adsorption capacity, rapid uptake, high surface area, and easy separation 
[49]. Therefore, researchers are interested in magnetic iron oxide nanoparticles for 
removal of cationic and anionic dyes [50]. Then few researchers modified other 
materials with iron oxide nanoparticles to enhance the removal efficiency [51–85]. 

2.1.3 Magnetic Iron Oxide-Based Nanocomposites 

Magnetic iron oxide-based nanocomposites have many applications in various fields 
such as adsorbent for removal of cationic and anionic dyes [51, 55, 72, 83, 85–87], 
magnetic-optical materials [88], sensors [30], and biomedical [88] due to its unique
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physiochemical properties. Compared to simple magnetic iron oxide nanoparticles, 
magnetic iron oxide-based nanocomposite was potentially more efficient toward 
removal of cationic and anionic dyes from wastewater [89]. Bare magnetic iron oxide 
nanoparticles have some limitations like low adsorption capacity, leaching problem 
in low pH, and more time required. In current times many researches were reported 
on modification of cost-effective, nontoxic, and environmental-friendly material on 
the surface of magnetic iron oxide nanoparticles and to make potential adsorbent 
[90]. This modifications enhance the active binding sites of adsorbent, and the active 
binding sites play an important role in cationic and anionic dye adsorption. 

2.2 Characterization of Magnetic Iron Oxide 

The FT-IR spectrum of iron oxide (Fe3O4) nanoparticles shows the peak at 441 cm−1 

which is attributed to the shifting of Fe–O (the frequency υ2 band of bulk iron oxide 
phase), two strong peaks at 583 and 628 cm−1 corresponding to the presence of 
Fe–O, and two peaks at 3431 and 1622 cm−1 attribute to the stretching and bending 
frequency of water molecules [91]. The XRD patterns of Fe3O4 showed six intense 
peaks at 2θ = 220 (30.3°), 311 (35.7°), 400 (43.5°), 422 (53.9°), 511 (57.5°), and 440 
(63.0°), which have been attributed to the structure of Fe3O4 nanoparticles according 
to JCPDS no. 65-3107 [91]. As the XRD patterns of maghemite and magnetite are 
very similar to each other, Mossbauer spectroscopy has been performed to determine 
the oxidation states of iron as Fe+2 and Fe+3 oxidation states. The data of Mossbauer 
spectra are well fitted to two sextet patterns attributing to the tetrahedral and octa-
hedral sites of iron (Fe+2 and Fe+3), respectively, which corroborates the presence of 
magnetite [92]. 

2.3 Removal of Cationic Dyes Using Magnetic Iron 
Oxide-Based Nanocomposites 

This section describes various reported magnetic iron oxide-based nanocomposites 
for the adsorption of cationic dyes. Furthermore, compare the adsorption parameters 
such as optimum pH and contact time of various reported adsorbents. Some important 
observations such as maximum uptake capacity (qmax), isotherm model, and kinetic 
models of different adsorption are illustrated in Table 2.1. The mechanism of various 
dyes was also discussed.

Pietrzyk et al. [78] prepared superparamagnetic nanoparticles and green nanocom-
posites based on biomass adsorbents through the wet co-precipitation technique. In 
this experiment iron oxide nanoparticles were encrusted on the cores based on cellu-
lose, red volcanic algae waste, and coffee. Authors prepared adsorbents like Coffee@ 
Fe3O4, Cellulose@ Fe3O4, and Algae@ Fe3O4 that were used against methylene blue
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dye. Authors observed that Algae@ Fe3O4 shows the highest adsorption capacity 
of 48.1 mg/g at a pH 7 and contact time of 180 min. Coffee@ Fe3O4 and Cellu-
lose@ Fe3O4 show adsorption capacity of 38.2 mg/g and 41.6 mg/g, respectively, 
for pH and contact time of 8 and 180 min. From the above three adsorbents coffee-
and algae-based nanocomposites undergo Redlich–Peterson isotherm model, while 
cellulose-based nanocomposites undergo Langmuir isotherm. From kinetic model 
study all of them show pseudo-second-order kinetics. Ali and Ismail [79] inves-
tigated the removal of methylene blue using magnetic Fe3O4/polypyrrole/carbon 
black nanocomposite. This study revealed that maximum adsorption capacity of the 
adsorbent was found to be 90.9 mg/g under optimum pH of 8 and contact time of 
240 min. The mechanism of methylene blue dye on magnetic Fe3O4/polypyrrole/ 
carbon black nanocomposite was shown in Fig. 2.2. Four interactions were reported 
between adsorbent and adsorbate such as hydrogen bonding, π–π interaction, elec-
trostatic interaction, and surface complexation. Experimental data were well sweated 
with Langmuir isotherm R2 value and adsorption capacity of 0.995 and 90.9 mg/g, 
respectively. Kinetic model studies show that the adsorption process follows the 
pseudo-second-order kinetics. From the above literature studies we concluded that 
the highest adsorption capacity for methylene blue dye was seen in case of Algae@ 
Fe3O4 nanocomposite adsorbent. 

Fig. 2.2 Adsorption mechanism of methylene blue dye removal using magnetic Fe3O4/ 
polypyrrole/carbon black nanocomposite [79]
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In 2022 Valizadeh et al. [75] synthesized a nano-bio-adsorbent called 
Fe3O4@inulin nanocomposite using in-situ co-precipitation procedure while consid-
ering crystal violet dye removal. From different experimental data it was seen that 
Fe3O4@inulin nanocomposite has a maximum adsorption capacity of 223.57 mg/g 
in optimum conditions mentioned in Table 2.1. The mechanism of crystal violet dye 
adsorption on Fe3O4@inulin nanocomposite was shown in Fig. 2.3. Three types of 
interactions such as electrostatic attraction, dipole–dipole attraction, and hydrogen 
bonding were observed in adsorption mechanism of crystal violet. Langmuir adsorp-
tion isotherm was by far best suited for this adsorption process, which followed 
pseudo-second-order kinetics. Again Abu Sharib et al. [72] used weathered basalt-
activated nanocomposites (AWB-based Fe3O4) as adsorbents for effective removal 
of crystal violet from wastewater. This nanocomposite was prepared using thermal 
activation at 950 °C for 3 h. In his experiments he found that AWB-based Fe3O4 has 
a maximum adsorption capacity of 269.7 mg/g under a neutral pH. According to R2 

value, the Langmuir model was well fitted for crystal violet dye adsorption data as 
compared to the Freundlich model. The number of adsorbed crystal violet molecules 
per adsorption site suggested that it follows multi-interactions mechanism where the 
density of iron oxide active sites was governing the removal process. 

In the year 2020 Barakat et al. [76] published an article about modifying magnetic 
Fe3O4 nanoparticles (MNP) with surfactant-modified exfoliated Fayum clay (CTAB-
EC) to obtain final nanocomposite (MNP/CTAB-EC) by mixing CTAB-EC with 
magnetic Fe3O4 at 50 °C for 2 h. This composite was then tested against a model 
cationic dye, crystal violet, to estimate its adsorptive capability. The optimum pH

Fig. 2.3 Adsorption mechanism of crystal violet dye removal using Fe3O4@inulin nanocomposite 
[75] 
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was obtained as 8. The qmax value was found out to be 448 mg/g. They varied 
at some temperatures (25, 40, and 55 °C), and the pseudo-second order for the 
kinetics and Freundlich model for adsorption isotherm well suited the crystal violet 
removal experimental data. In the same year Ahmed et al. [77] published an article 
on magnetized orange peel as adsorbent for crystal violet dye which has a high 
adsorption efficacy of 556.6 mg/g at optimal pH of 8. Adsorption equilibrium data 
of magnetized orange peel were well fitted with Langmuir isotherm model. The 
pseudo-second-order model was confirmed by the kinetic data, and the mechanism 
indicating crystal violet adsorption was more probable to be chemisorption. 

Ansari Mojarad et al. [84] reported a clay/starch/iron oxide composite to elimi-
nate the methyl violet dye from aqueous media. Chemical precipitation method was 
employed to prepare clay/starch/Fe3O4 nanocomposite. Then, the effect of various 
parameters on the adsorption of methyl violet dye was examined. The outcomes 
demonstrated that maximum percentage of dye removal was obtained at pH of 9 and 
contact time of 150 min. The maximum uptake capacity of methyl violet dye was 
29.67 mg/g. The Freundlich isotherm model was in good agreement with Langmuir 
or Temkin isotherm models. The adsorption followed pseudo-second-order kinetic 
model. 

To remove methyl violet, activated carbon made from oak wood (ACOW600) and 
modified activated carbon made from ZnO and Fe3O4 nanoparticles (ACOW600/ 
ZnO/Fe3O4) were used by a researcher via Foroutan et al. [85]. The maximum 
adsorption capacity of methyl violet using ACOW600/ZnO/Fe3O4 was determined 
48.59 mg/g indicating that alteration of ACOW600 directed to increase its perfor-
mance in eliminating methyl violet. Optimum pH recorded for elimination of methyl 
violet dye was 9. The isotherm study revealed that the methyl violet uptake by the 
ACOW600/ZnO/Fe3O4 magnetic nanocomposite followed Freundlich model. 

Altintig et al. [83] studied removal of methyl violet using Fe3O4-loaded clinop-
tilolite (a natural zeolite) nanocomposite (Z-Fe3O4). The adsorption study of 
methyl violet was in good agreement with pseudo-second-order kinetic model. The 
maximum adsorption capacity was found to be 153.85 mg/g. The optimal pH was 
7 and contact time of 150 min. Langmuir isotherm model embodied the adsorp-
tion isotherm data of Z-Fe3O4 most appropriately. For clinoptilolite and clinop-
tilolite loaded with Fe3O4, the computed ΔH0 values are 11.65 and 11.96 kJ/mol, 
respectively, showing that the adsorption process was endothermic and spontaneous. 

De Marco et al. [69] prepared HNT-Fe3O4 magnetic adsorbent using chemical 
precipitation method from consuming a solution of halloysite clay and iron salts. At an 
optimal pH of 5.5, the maximum adsorption value was found to be 44.25 mg/g, and the 
adsorption kinetics well fitted with pseudo-second-order model. The equilibrium data 
were well fitted for the Freundlich isotherm model. Similarly, in the year 2020 Hasan 
et al. [66] prepared polyacrylamide-g-chitosan γ-Fe2O3 nanocomposite (PACT@γ -
Fe2O3) as an adsorbent for malachite green removal. According to the reactions 
dynamic factors, molecules are absorbed by PACT@-Fe2O3 through the formation of 
coordination bonds between the solute and the surrounding material. The optimized 
values obtained by researchers were found to be 170 min as contact time, pH 6,
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and uptake capacity of 86.28 mg/g. The experimental data well fitted with Langmuir 
isotherm model and pseudo-second-order model. 

Eltaweil et al. [68] published an article in the year 2020, regarding the appli-
cation of nZVI/BC composite as suitable adsorbent for malachite green removal. 
He reduced nZVI magnetic composite on the surface of corn straw-derived 
biochar to prepare this nZVI/BC composite. The maximum adsorption capacity 
was found to be 515.77 mg/g at pH of 6. From observations he saw that this 
extraction mechanism fits well with pseudo-second-order kinetics and Langmuir 
isotherm model. Dehbi et al. [65] reported the hematite iron oxide nanoparticles 
(α-Fe2O3) and found the maximum adsorption capacity of 973 mg/g for malachite 
green extraction in only 120 min. Precipitation method was implemented to prepare 
this adsorbent which is one of the most green methods. The equilibrium and kinetics 
data were well fitted for the Freundlich isotherm model and pseudo-second-order 
kinetic model, respectively. 

2.4 Removal of Anionic Dyes Using Magnetic Iron 
Oxide-Based Nanocomposites 

This section describes various reported magnetic iron oxide-based nanocomposites 
for the adsorption of anionic dyes. Furthermore, compare the adsorption parameters 
such as optimum pH and contact time of various reported adsorbents. Some important 
observations such as maximum uptake capacity (qmax), isotherm model, and kinetic 
models of different adsorption are illustrated in Table 2.2. The mechanism of various 
anionic dyes was also discussed.

Ali and Ismail [79] adsorbed Congo red dye using magnetic Fe3O4/polypyrrole/ 
carbon black nanocomposite. The qmax was observed to be 500 mg/g. Kinetic 
study was well allied with pseudo-second-order kinetics which indicates that it is a 
chemisorptions mechanism. The mechanism for Congo red dye chemisorptions was 
illustrated in Fig. 2.2 which shows π–π interactions as well as hydrogen bonding. 
For the maximum adsorption of Congo red, the optimum pH was 4 at a contact time 
of 180 min. 

Sahoo et al. [91] prepared Fe3O4-TSPED-Tryptophan using the given procedure 
in Fig. 2.4. In this preparation process Fe3O4 and TSPED were first processed 
with methanol in argon atmosphere, then Tryptophan was added in presence of 
SOCl2/DMF. Prepared nanocomposites followed Langmuir model of adsorption 
isotherm and pseudo-second-order kinetics for Congo red dye. The maximum adsorp-
tion capacity (qmax) for Congo red dye on the prepared Fe3O4-TSPED-Tryptophan 
nanocomposite was calculated to be 183.15 mg/g with an optimal pH of 3 and contact 
time of 10 min.

Mahmud and Benamor [93] published an article on preparation and application 
of magnetic Fe3O4-Kaolinite composite. Researcher prepared this nanocomposite 
using simplistic co-precipitation method for the effective removal of Congo red dye.
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Fig. 2.4 Illustration of the synthetic procedure for Fe3O4-TSPED-Tryptophan nanocomposite 
preparation [91]. Copyright 2019. Reproduced with permission from Elsevier

The maximum adsorption capacity 45.59 mg/g was observed at pH of 5.5 and contact 
time of 40 min. Langmuir isotherm model and pseudo-second-order kinetics were 
found to be the most suitable for Congo red dye adsorption. 

Koohi et al. [94] synthesized Fe3O4/NiO nanocomposite via precipitation process 
as an adsorbent to eliminate the Congo red from wastewater. Among the Langmuir, 
Freundlich, Halsey, Jovanovic, and Temkin isotherm model studies, it follows Lang-
muir isotherm with qmax value 210.78 mg/g at 293 K. Maximum adsorption effi-
ciency of congo red dye was observed at pH 5 and contact time 90 min. It followed 
the pseudo-second-order kinetic model. 

Sahoo et al. [95] used ferric nitrate, magnesium nitrate, and polyethylene glycol 
and carried out one-step hydrothermal method to produce Fe2O3–MgO nanorods. The 
process of Congo red adsorption on the nanorod surface is mostly due to pH where 
adsorbate molecules are linked to the adsorbent through electrostatic interaction as 
shown in Fig. 2.5. As Congo red adsorption mainly depended on the pH, maximum 
adsorption capacity (qmax = 200 mg/g) arises at pH of 4 with a contact time of 
60 min. Congo red adsorption on Fe2O3–MgO nanocomposites followed pseudo-
second-order kinetic and Langmuir isotherm models.

Barakat et al. [96] reported removal of methyl orange dye using Fe3O4@MUS 
composite. In the preparation process, layered silicate muscovite (MUS) was deco-
rated with magnetic Fe3O4 used. Maximum adsorption capacity of Fe3O4@MUS 
composite toward methyl orange adsorption was about 149.25 mg/g at pH of 3. 
Figure 2.6 gives an idea on the adsorption of methyl orange on Fe3O4@MUS 
composite. In this image hydrogen bonding and electrostatic attraction were shown
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Fig. 2.5 Mechanism of CR extractions on Fe2O3–MgO surface by electrostatic interaction [95]. 
Copyright 2020. Reproduced with permission from Elsevier

as the driving force behind adsorption of methyl orange on the prepared composite. 
Pseudo-first-order kinetics model and Langmuir isotherm model were well suited 
for this removal mechanism. 

Through a mild chemical co-precipitation method, Wang et al. [97] successfully 
developed a novel composite for methyl orange removal using chitosan-modified 
biochar (CPB) and MnFe2O4 (MnFe2O4@CPB). Due to π–π interactions between 
MO and MnFe2O4@CPB and the presence hydrogen bonding forces, the maximum

Fig. 2.6 Adsorption and degradation mechanisms of MO adsorption using Fe3O4@MUS 
composite [96]. Copyright 2020. Reproduced with permission from Elsevier 
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adsorption capacity of prepared composite was 160 mg/g at a pH of 3 after 240 min. 
Langmuir–Freundlich model was used for the isotherm data and pseudo-second-
order model for kinetics data obtained from observing the mechanism. 

Geramizadegan [74] removed methyl orange dye from wastewater using 
asparagus plant-capped Fe3O4 NPs. The isotherm and kinetics data well fitted with 
Langmuir monolayer isotherm model and pseudo-second-order kinetics, respec-
tively. The maximum adsorption capacity was found to be 167.7 mg/g. The 
percentage removal of methyl orange dye was obtained at pH of 7 and contact time 
of 20 min. 

Niknam and Davoudi [63] studied the application of Ricinus communis functional-
ized with iron oxide nanoparticles toward methyl orange dye removal. The optimum 
values for adsorption of methyl orange dye onto R. communis coated Fe3O4 NPs 
were pH of 5.0 and contact time of 60 min. The maximum adsorption was found 
to be 30.5 mg/g for methyl orange dye. The adsorption process follows Langmuir 
adsorption isotherm model and pseudo-second-order kinetics. 

Bhowmik et al. [98] published an article about efficiency of magnetic nano-scale 
adsorbent CF-MF-NC for the Eriochrome black T dye adsorption from wastewater. 
The mechanism of EBT dye adsorption on the surface of magnetic calcium ferrite 
and manganese ferrite nanocomposite was discussed in Fig. 2.7. The electrostatic 
interactions between the anionic part of EBT dye and the protonated surfaces of 
adsorbent were reported. The maximum adsorption of EBT dye was 416.667 mg/g. 
The maximum percentage of removal of EBT dye was achieved at pH of 2 with 
15 min contact time. Pseudo-second-order kinetic model and Langmuir adsorption 
isotherm were best fitted with observed isotherm and kinetic data.

Essandoh et al. [99] prepared iron oxide-coated polypeptidylated hemoglobin 
as an effective adsorbent for Eriochrome black T dye adsorption. Polypeptidy-
lated Hb/iron oxide (1:1) has qmax value of 217 mg/g which was calculated using 
Langmuir adsorption isotherm at a pH of 7. Electrostatic attraction, hydrogen 
bonding, and charge–charge interaction were the factors at work for the adsorp-
tion of EBT dye on polypeptidylated Hb/iron oxide adsorbent. EBT adsorption 
on prepared nanocomposites followed pseudo-second-order kinetic and Langmuir 
isotherm models (Fig. 2.8).

Raghu et al. [100] prepared GO-Fe3O4 adsorbent through the formation of amide 
bond between graphene oxide and amine containing Fe3O4. Researcher employed 
this adsorbent for the effective removal of Eriochrome black T dye. This GO-Fe3O4 

nanocomposite had an adsorption capacity of 147.25 mg/g at pH of 2. At contact time 
of 120 min maximum percentage of removal was obtained. The adsorption process 
follows pseudo-second-order kinetic and both Langmuir and Freundlich isotherm 
models. 

El-Desouky et al. [101] prepared magnetite with pores as high-performance adsor-
bent in order to remove anionic dyes like Remazol Red and acid red 57 from an 
aqueous solution. This adsorption process followed pseudo-second-order kinetics 
and Langmuir isotherm models for both the dyes. Maximum adsorption capacity 
for Remazol Red and acid red 57 dyes was 808.43 and 888.68 mg/g, respectively.
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Fig. 2.7 Mechanism of adsorption EBT dye on the active sites of CF-MF-NC [98]. Copyright 
2019. Reproduced with permission from Elsevier

Fig. 2.8 Mechanisms for the adsorption of EBT dye on polypeptidylated Hb/iron oxide (1:1) adsor-
bent. Here in the figure the round green shape represents the adsorbent, and red rectangular shape 
indicates the dye molecules [99]. Copyright 2020. Reproduced with permission from Elsevier
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Maximum adsorption of both these dyes was observed at pH range of 3–4 and contact 
time of 100 min. 

2.5 Conclusion 

This chapter summarized that the advancement of magnetic iron oxide-based 
nanocomposites showed potential adsorbents toward the cationic and anionic dyes 
removal because of their characteristics such as magnetic separation from aqueous 
solution, high adsorption limit, high surface area, and great recyclability. The char-
acterization of iron oxide was also discussed. Different parameters such as optimum 
pH, time, kinetics, isotherm, and maximum adsorption capacity were compared in 
detail. The percentage removal of cationic dyes was observed in higher pH and of 
anionic dyes was observed in lower pH. The maximum adsorption of cationic dyes 
such as methylene blue was 90.9 mg/g, crystal violet was 556.6 mg/g, methyl violet 
was 153.85, and malachite green was 973 mg/g. The maximum adsorption of anionic 
dyes such as Congo red was 500 mg/g, methyl orange was 167.7 mg/g, Eriochrome 
black T was 416.6 mg/g, Reactive Black 5 was 17.98, acid red was 888.8 mg/g, and 
Remazol Red was 808.43 mg/g. Most of the adsorbents follow pseudo-second-order 
kinetics model which means a chemical bond is formed in between adsorbent and 
adsorbate. Moreover, the research reported that most of the cationic and anionic dyes 
adsorbed on iron oxide-based materials through π–π interaction, hydrogen bonding, 
and electrostatic bonding. 

References 

1. Widiyastuti W, Fahrudin Rois M, Suari NMIP, Setyawan H (2020) Activated carbon nanofibers 
derived from coconut shell charcoal for dye removal application. Adv Powder Technol 
31:3267–3273. https://doi.org/10.1016/j.apt.2020.06.012 

2. Rong N, Chen C, Ouyang K et al (2021) Adsorption characteristics of directional cellulose 
nanofiber/chitosan/montmorillonite aerogel as adsorbent for wastewater treatment. Sep Purif 
Technol 274:119120. https://doi.org/10.1016/j.seppur.2021.119120 

3. Qiu B, Duan F (2019) Synthesis of industrial solid wastes/biochar composites and their use 
for adsorption of phosphate: from surface properties to sorption mechanism. Colloids Surf A 
Physicochem Eng Asp 571:86–93. https://doi.org/10.1016/j.colsurfa.2019.03.041 

4. Rehman R, Jamil A, Alakhras F (2022) Sorptive removal of diamond green dye by acid treated 
Punica granatum peels in eco-friendly way. Int J Phytoremediation 24:245–254. https://doi. 
org/10.1080/15226514.2021.1932732 

5. Joshi S, Garg VK, Kataria N, Kadirvelu K (2019) Applications of Fe3O4@AC nanoparticles 
for dye removal from simulated wastewater. Chemosphere 236. https://doi.org/10.1016/j.che 
mosphere.2019.07.011 

6. Hasdi ND (2020) Reviewing methods to prepare activated carbon from various sources. 
Nanoscale Res Lett 14:1–17

https://doi.org/10.1016/j.apt.2020.06.012
https://doi.org/10.1016/j.seppur.2021.119120
https://doi.org/10.1016/j.colsurfa.2019.03.041
https://doi.org/10.1080/15226514.2021.1932732
https://doi.org/10.1080/15226514.2021.1932732
https://doi.org/10.1016/j.chemosphere.2019.07.011
https://doi.org/10.1016/j.chemosphere.2019.07.011


34 J. K. Sahoo et al.

7. Panis C, Candiotto LZP, Gaboardi SC et al (2022) Widespread pesticide contamination of 
drinking water and impact on cancer risk in Brazil. Environ Int 165. https://doi.org/10.1016/ 
j.envint.2022.107321 

8. Iloms E, Ololade OO, Ogola HJO, Selvarajan R (2020) Investigating industrial effluent impact 
on municipal wastewater treatment plant in Vaal, South Africa. Int J Environ Res Public Health 
17:1–18. https://doi.org/10.3390/ijerph17031096 

9. Raj D, Shaji E (2017) Fluoride contamination in groundwater resources of Alleppey, southern 
India. Geosci Front 8:117–124. https://doi.org/10.1016/j.gsf.2016.01.002 

10. Das TR, Patra S, Madhuri R, Sharma PK (2018) Bismuth oxide decorated graphene oxide 
nanocomposites synthesized via sonochemical assisted hydrothermal method for adsorption 
of cationic organic dyes. J Colloid Interface Sci 509:82–93. https://doi.org/10.1016/j.jcis. 
2017.08.102 

11. Calisto V, Ferreira CIA, Oliveira JABP et al (2015) Adsorptive removal of pharmaceuticals 
from water by commercial and waste-based carbons. J Environ Manage 152:83–90. https:// 
doi.org/10.1016/j.jenvman.2015.01.019 

12. Kumar Sahoo S, Kumar Panigrahi G, Prakash Dhal J et al (2023) A greener approach to 
synthesize magnetically separable and photocatalytic recyclable g-C3N4-Fe3O4 nanomaterial 
for removing toxic organic dyes from water. Inorg Chem Commun 154:110969. https://doi. 
org/10.1016/j.inoche.2023.110969 

13. Radoor S, Karayil J, Parameswaranpillai J, Siengchin S (2020) Removal of anionic dye 
Congo red from aqueous environment using polyvinyl alcohol/sodium alginate/ZSM-5 zeolite 
membrane. Sci Rep 10:1–15. https://doi.org/10.1038/s41598-020-72398-5 

14. Sahoo JK, Hota A, Singh C et al (2021) Rice husk and rice straw based materials for toxic 
metals and dyes removal: a comprehensive and critical review. Int J Environ Anal Chem 1–23. 
https://doi.org/10.1080/03067319.2021.2003349 

15. Tian H, Hu Y, Xu X et al (2019) Enhanced wastewater treatment with high o-aminophenol 
concentration by two-stage MABR and its biodegradation mechanism. Bioresour Technol 
289:121649. https://doi.org/10.1016/j.biortech.2019.121649 

16. Shen C, Pan Y, Wu D et al (2019) A crosslinking-induced precipitation process for the simul-
taneous removal of poly(vinyl alcohol) and reactive dye: the importance of covalent bond 
forming and magnesium coagulation. Chem Eng J 374:904–913. https://doi.org/10.1016/j. 
cej.2019.05.203 

17. Cseri L, Topuz F, Abdulhamid MA et al (2021) Electrospun adsorptive nanofibrous membranes 
from ion exchange polymers to snare textile dyes from wastewater. Adv Mater Technol 
6:2000955. https://doi.org/10.1002/admt.202000955 

18. Cinperi NC, Ozturk E, Yigit NO, Kitis M (2019) Treatment of woolen textile wastewater using 
membrane bioreactor, nanofiltration and reverse osmosis for reuse in production processes. J 
Clean Prod 223:837–848. https://doi.org/10.1016/j.jclepro.2019.03.166 

19. Januário EFD, Vidovix TB, Bergamasco R, Vieira AMS (2021) Performance of a hybrid coag-
ulation/flocculation process followed by modified microfiltration membranes for the removal 
of solophenyl blue dye. Chem Eng Process Process Intensif 168. https://doi.org/10.1016/j. 
cep.2021.108577 

20. Li K, Xu L, Zhang Y et al (2019) A novel electro-catalytic membrane contactor for improving 
the efficiency of ozone on wastewater treatment. Appl Catal B Environ 249:316–321. https:// 
doi.org/10.1016/j.apcatb.2019.03.015 

21. Ramutshatsha-Makhwedzha D, Nomngongo PN (2022) Application of ultrafiltration 
membrane technology for removal of dyes from wastewater. In: Muthu SS, Khadir A 
(eds) Membrane based methods for dye containing wastewater: recent advances. Springer 
Singapore, Singapore, pp 37–47 

22. Moosavi S, Lai CW, Gan S et al (2020) Application of efficient magnetic particles and activated 
carbon for dye removal from wastewater. ACS Omega 5:20684–20697. https://doi.org/10. 
1021/acsomega.0c01905 

23. Ye W, Liu R, Chen X et al (2020) Loose nanofiltration-based electrodialysis for highly efficient 
textile wastewater treatment. J Memb Sci 608:118182. https://doi.org/10.1016/j.memsci.2020. 
118182

https://doi.org/10.1016/j.envint.2022.107321
https://doi.org/10.1016/j.envint.2022.107321
https://doi.org/10.3390/ijerph17031096
https://doi.org/10.1016/j.gsf.2016.01.002
https://doi.org/10.1016/j.jcis.2017.08.102
https://doi.org/10.1016/j.jcis.2017.08.102
https://doi.org/10.1016/j.jenvman.2015.01.019
https://doi.org/10.1016/j.jenvman.2015.01.019
https://doi.org/10.1016/j.inoche.2023.110969
https://doi.org/10.1016/j.inoche.2023.110969
https://doi.org/10.1038/s41598-020-72398-5
https://doi.org/10.1080/03067319.2021.2003349
https://doi.org/10.1016/j.biortech.2019.121649
https://doi.org/10.1016/j.cej.2019.05.203
https://doi.org/10.1016/j.cej.2019.05.203
https://doi.org/10.1002/admt.202000955
https://doi.org/10.1016/j.jclepro.2019.03.166
https://doi.org/10.1016/j.cep.2021.108577
https://doi.org/10.1016/j.cep.2021.108577
https://doi.org/10.1016/j.apcatb.2019.03.015
https://doi.org/10.1016/j.apcatb.2019.03.015
https://doi.org/10.1021/acsomega.0c01905
https://doi.org/10.1021/acsomega.0c01905
https://doi.org/10.1016/j.memsci.2020.118182
https://doi.org/10.1016/j.memsci.2020.118182


2 Magnetic Iron Oxide-Based Nanocomposites: Synthesis … 35

24. Khan MA, Momina SMR et al (2020) Removal of Rhodamine B from water using a solvent 
impregnated polymeric Dowex 5WX8 resin: statistical optimization and batch adsorption 
studies. Polymers (Basel) 12:1–12. https://doi.org/10.3390/polym12020500 

25. Yadav A, Sharma P, Panda AB, Shahi VK (2021) Photocatalytic TiO2 incorporated PVDF-
co-HFP UV-cleaning mixed matrix membranes for effective removal of dyes from synthetic 
wastewater system via membrane distillation. J Environ Chem Eng 9:105904. https://doi.org/ 
10.1016/j.jece.2021.105904 

26. Ebiad MA, Abd El-Hafiz DR, Masod MB (2020) β-FeOOH/C nanocomposite for elemental 
mercury removal as a new approach to environmental and natural gas processes. J Nat Gas 
Sci Eng 80. https://doi.org/10.1016/j.jngse.2020.103383 

27. Liu WX, Song S, Ye ML et al (2022) Nanomaterials with excellent adsorption characteristics 
for sample pretreatment: a review. Nanomaterials 12. https://doi.org/10.3390/nano12111845 

28. Nayak V, Singh KR, Singh AK, Singh RP (2021) Potentialities of selenium nanoparticles in 
biomedical science. New J Chem 45:2849–2878. https://doi.org/10.1039/d0nj05884j 

29. Pourtalebi Jahromi L, Ghazali M, Ashrafi H, Azadi A (2020) A comparison of models for the 
analysis of the kinetics of drug release from PLGA-based nanoparticles. Heliyon 6. https:// 
doi.org/10.1016/j.heliyon.2020.e03451 

30. Li Y, Wang Z, Sun L et al (2019) Nanoparticle-based sensors for food contaminants. TrAC 
Trends Anal Chem 113:74–83. https://doi.org/10.1016/j.trac.2019.01.012 

31. Dheyab MA, Aziz AA, Jameel MS, Oladzadabbasabadi N (2022) Recent advances in 
synthesis, modification, and potential application of tin oxide nanoparticles. Surf Interfaces 
28:101677. https://doi.org/10.1016/j.surfin.2021.101677 

32. Khan S, Dewang Y, Raghuwanshi J et al (2022) Nanoparticles as fuel additive for improving 
performance and reducing exhaust emissions of internal combustion engines. Int J Environ 
Anal Chem 102:319–341. https://doi.org/10.1080/03067319.2020.1722810 

33. Fernández-Garcia M, Rodriguez JA (2009) Metal oxide nanoparticles. Encycl Inorg Chem. 
https://doi.org/10.1002/0470862106.ia377 

34. Lahneman DJ, Kim H, Jiang H et al (2023) Electronic and optical properties of strain-locked 
metallic Ti2O3 films. Curr Appl Phys 47:9–14. https://doi.org/10.1016/j.cap.2022.12.006 

35. Bhuiyan MSH, Miah MY, Paul SC et al (2020) Green synthesis of iron oxide nanoparticle 
using Carica papaya leaf extract: application for photocatalytic degradation of remazol yellow 
RR dye and antibacterial activity. Heliyon 6:e04603. https://doi.org/10.1016/j.heliyon.2020. 
e04603 
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Iron Oxide-Based Nanozymes and Their 
Applications 
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Anupama Sahoo, Silpa Subhalaxmi, Dipti Mayee Sahoo, and Priyanka Patel 

Abstract In the past ten years, interest in nanozymes, which are nanomaterials 
with inherent enzyme-like capabilities, has skyrocketed because of their potential 
to overcome the drawbacks of conventional enzymes, such as their low stability, 
high cost, and difficult storage. Iron oxide-based nanozymes, among other forms of 
nanozymes, have magnetic properties (superparamagnetic), are biocompatible, and 
are stable. Iron oxide-based nanozymes are frequently used for many biomedical 
applications because of the aforementioned features. The basic concepts of iron 
oxide-based nanozymes and their biological applications are the main emphasis 
of this chapter. Also briefly covered are recent findings and the outlook for iron 
oxide-based nanozymes. 

Keywords Iron oxide · Nanozymes · Biomedical applications · Nanotechnology 

3.1 Introduction 

The manipulation, study, and comprehension of material properties at the nanoscale 
level are the focus of nanotechnology. One nanometer (nm) is one billionth of a 
meter (m). Over the past 20 years, interdisciplinary fields inspired by nanotech-
nology and nanoscience have made contributions to chemistry, physics, material 
science, and biomedical sciences [1–5]. The Nanotechnology Revolution aided in 
the creation of an environment that allowed chemists and other specialists in the 
fields of physics, biology, and engineering to cooperate until they reached a point of
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collaboration with material and industrial scientists, allowing scientists and special-
ists in all fields to advance their research quickly [6–8]. Over the last three decades, 
scientists have focused their research on simulating the functioning and structural 
features of natural enzymes [9]. The overarching objective was to develop “artificial 
enzymes” that imitate the fundamental activities of biologically occurring enzymes 
while also having better features such as cost-effectiveness and stability. Nanozyme 
research intends to merge features of nanomaterials and take inspiration from biolog-
ical enzymes to create the artificial enzymes of upcoming generation, which is an 
emerging topic connecting nanotechnology and biology [9–11]. 

Biological enzymes are macromolecular catalysts that catalyze natural biochem-
ical processes. Although each enzyme serves a specific job, it has various disadvan-
tages, which limit its use in broad-spectrum applications. To accomplish catalytic 
tasks, biological enzymes need specified physiological conditions. Some of the key 
downsides are low strength in extreme environmental conditions of the enzymes 
and also the large cost of manufacturing, separation, and refinement. As a result, 
numerous ways have recently been developed as a substitute to natural enzymes, with 
the production of complexes, molecules, and nanoparticles that mimic their intrinsic 
catalytic properties [12–14]. Nanozymes are the nanomaterials which are inherited 
with properties like natural enzyme those have exploded in popularity since the last 
decade due to the potential to get over the normal enzyme restrictions such as high 
cost, limited stability, and problematic storage [15]. Nanozymes are the nanoparticles 
that have the characteristics of an enzyme. Because of the rapid growth and improved 
knowledge of nanotechnology and nanoscience, nanozymes have the capability to 
act as direct surrogates for natural enzymes by reproducing and further altering the 
active centers of biological enzymes. It possesses the same kinetics (e.g., Michaelis– 
Menten equation) and catalytic mechanism (e.g., ordered, ping-pong, or random 
reaction) as a natural enzyme. It has inhibitors and activators to control how active 
it is. The nanozyme’s catalytic activity is obtained without the change of any extra 
natural enzymes or chemical catalysts [16, 17]. The activity of nanozymes is dramat-
ically simulated by typical nanoscale parameters such as shape, size, and surface, 
which gives a superior technique for modifying its activity. Nanozymes, like normal 
enzymes, frequently have active centers or electron-transport structures. Nanozyme 
has enzymatic or catalytic activity due to its active site. Nanozyme has the potential 
being used like the replacement of the enzyme for human health and surpasses natural 
enzymes in a variety of areas, including durability, cheap cost, and ease of manu-
facture. Nanozymes have substantial advantages over biological enzymes, leading 
to a surge in the development of artificial biocatalysts. These advantages include 
simple production techniques, smooth surface modification and dependable catalytic 
performance of nanomaterials [9, 12–14]. In today’s nanotechnology, nanozymes are 
being studied extensively to develop a variety of applications in immunoassays, ther-
anostics, biosensing, disease diagnosis and therapy, oxidative stress protection, cell/ 
tissue development, and pollution removal. Nanozymes have lower specificity and 
selectivity than biological enzymes, although having more reactivity. This drawback
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can be overcome if nanozymes are utilized for catalytic activities involving small 
molecules (e.g., oxygen radicals), where the steric characteristics of native enzymes 
is less significant [18–20]. 

Many metal oxide-based nanomaterials have also been investigated for their ability 
to replicate the functions of functional enzymes seen in natural defense systems. 
Metal oxide nanostructures have a lot of charge on their surfaces, which explains 
why they have such good electron characteristics. Metal oxide-based nanozymes, as 
a result, show up in the fields of fuel cells, sensing and electrocatalysis. In addition, as 
potential replacements for natural bioenzymes, they were found to be more stable and 
resilient under harsh circumstances than natural enzymes. Their uses are addition-
ally broadened by their noteworthy physicochemical qualities (e.g., excellent optical 
and photothermal exchange abilities and high surface energy), as well as their ease 
of manufacture and storage [21, 22]. Surprisingly, the physicochemical character-
istics and catalytic activities of metal oxide nanoparticles may be tailored without 
difficulty to meet convenient requirements. Surface modification, for example, has 
been identified as a possible technique for improving the biocompatibility of these 
nanozymes. Through proper management of synthetic circumstances, the structural 
design linked with catalytic efficiency is adaptable. As a result of this ascendency, 
metal- and metal oxide-related nanozyme research has increasingly expanded beyond 
the environment to the medicine, food, chemical industry, biomedicine, agriculture, 
and other industries [12, 19, 21, 22]. Metal oxide nanozymes have long been regarded 
as potential artificial enzymes because to their high surface energy and surface-to-
volume ratio. The most prevalent metal oxide nanozymes, such as Co3O4, Mn3O4, 
Fe3O4, Mn2O3, Fe2O3, and CeO2, have all been shown to exhibit activities like 
multi-enzymes. They also have a number of unique features, including fluorescence 
quenching, dielectric, and magnetic properties. Metal oxide-based nanozymes have 
a cheaper cost and a shorter manufacturing procedure than precious metal nanomate-
rials [23, 24]. Furthermore, their biopharmaceutical application has expanded due to 
their less biological toxicity and good accumulation in tissues. Natalio et al. investi-
gated the intrinsic activity of V2O5 nanowires like peroxidase enzyme generated by a 
hydrothermal technique, demonstrating that V2O5 nanowires functioned similarly to 
naturally occurring vanadium haloxidase, that could help to avoid marine biological 
contamination [25]. CeO2−x nanorods were manufactured by a hydrothermal tech-
nique, mimic haloperoxidase enzyme, that is, based on Ce4+/Ce3+ redox couples, 
which was created by Herget et al. [26]. Wang et al. investigated the influence of 
chloride ions on the suppression and eradication of biofilms by CuO peroxidase 
using the CuO-Fenton reaction (peroxidase) [27]. Karim et al. discovered that CuO 
nanorods were manufactured via a solution-based technique that possesses perox-
idase activity, and they used visible light as an external “trigger” to modulate the 
antibacterial activity of the CuO nanorods nanozyme [28]. Iron oxide NPs (IO-NPs), 
which primarily contain magnetite, i.e., iron(II, III) oxide, Fe3O4, and hematite, i.e., 
iron(III) oxide, Fe2O3 NPs, have been the focus of metal oxide research. This is 
because IO-NPs have the capacity to decrease reactive oxygen species (ROS) [11].
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Fig. 3.1 Magnetic properties and enzyme-like activities of iron oxide nanoparticles for various 
applications [29] 

One of the most common nanozymes is iron oxide nanoparticles (IO-NPs). In vivo 
cell monitoring, magnetic resonance imaging (MRI), hyperthermia, drug or gene 
delivery, and magnetic targeting are just a few of the biomedical uses for these [29]. 
The vast range of applications for IO-NPs, including electrochemical applications, 
data storage, and environmental clean-up, drew a lot of attention. Iron oxide NPs are 
commonly used in diagnostics (e.g., imaging, detection, or biosensing) due to their 
inherent magnetic characteristics (superparamagnetic) as well as their biocompati-
bility and stability. When exposed to an alternating magnetic field, IO-NPs can cause 
local heat enhancement, which is particularly useful for the reduction of cancer cells, 
those, unlike healthy cells, cannot survive in the temperature of 42–49 °C [29–31]. 
To be ready for diagnosis or therapy, cells of interest must be labeled with a rather 
high number of IO-NPs in each case, raising the issue of toxicity concern. In 2007, 
ferromagnetic (Fe3O4) nanoparticles were revealed to have inherent activity like 
peroxidase, exhibiting catalytic action comparable to horseradish peroxidase (HRP). 
Other nanozymes have been investigated using the analytical methods developed for 
iron oxide nanoenzymes characterization, particularly for kinetics and mechanism 
experiments to identify catalytic characteristics. Figure 3.1 shows the activities of 
iron oxide nanomaterials like enzyme with different utilizations. 

3.2 Enzymatic Activities of (Iron Oxide Nanozyme) 
IONzyme 

IONzyme is now being used to imitate two enzyme activity from the oxidoreductase 
family: peroxidase and catalase. While hydrogen peroxide is used by both enzymes 
as a substrate, only peroxidase produces free radicals that can be used to react with
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a hydrogen donor (AH2), while catalase produces oxygen (Eqs. 3.1 and 3.2). In 
aerobically respiring species, both peroxidase and catalase are important in avoiding 
cellular oxidative damage. 

H2O2 + AH2 
Peroxidase−→ A + 2H2O (3.1) 

2H2O2 
Catalase−→ O2 + 2H2O (3.2)  

(a) Peroxidase enzyme-like activity: The first enzyme-like characteristics discov-
ered in IONzyme were the activity like peroxidase enzyme, which catalyzes 
the standard colorimetric process using chromogenic reagents and hydrogen 
peroxide (H2O2). This characteristic is present in both Fe3O4 and Fe2O3 nano-
materials; however, the former is generally more active than the latter. Free 
radicals are produced as an intermediate, by catalyzed reaction of H2O2, 
and those subsequently react with a hydrogen donor (typically chromogenic 
molecules) to produce H2O and oxidized donor [17]. The ideal conditions 
for catalysis of iron oxide nanozyme are the same as HRP, with a tempera-
ture range of 37–40 °C and a pH range of 3–6.5 in an acidic buffer. When 
3,3',5,5'-tetramethylbenzidine (TMB) was used as the hydrogen donor, an 
excessive quantity of H2O2 might hold back the colorimetric reaction. The 
peroxide concentration must be within a certain range for both HRP and iron 
oxide nanozyme catalysis and to retain activity. O-phenylenediamine (OPD), 
TMB, 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulfonicacid) (ABTS), and 3,3'-
diaminobenzidine (DAB) are just a few of the chromogenic substrates that 
IONzyme may catalyze. Aside from chromogenic substrates, biomolecules such 
as polysaccharides, nucleic acids, proteins, and lipids can also be the targets. In 
biological systems, peroxidases have a variety of important activities, including 
detoxification of reactive oxygen species (e.g., glutathione peroxidase) and 
fighting in opposition to infections (e.g., myeloperoxidase). The enzyme perox-
idase is frequently utilized in clinical and bioanalytical chemistry, where it 
is conjugated to an antibody and used to enzymatically catalyze colorimetric 
substrates for signaling or imaging [10, 21, 22, 29]. 

(b) Catalase-like activity: IONzyme has activity like peroxidase as well as catalase 
in the decomposition of H2O2 into O2 and H2O. Under basic and neutral pH (pH 
7–10), dimercaptosuccinic acid (DMSA)-coated Fe3O4 and Fe2O3 nanoparticles 
converted H2O2 to O2, according to the Gu group. Fe3O4 has stronger catalase-
like activity than Fe2O3, similar to peroxidase-like catalysis. IONzyme has so 
far been able to conduct the two actions stated above while maintaining correct 
pH regulation [10, 21, 22, 29].
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3.3 Applications of Iron Oxide-Based Nanozyme 

3.3.1 Iron-Based Nanozymes for Tumor/Cancer Treatment 

Iron-based nanomaterials are some of the most effective nanomedicines. They were 
originally used in translational research, and the FDA has authorized numerous 
iron-containing nanoformulations for clinical use. Iron-based nanozymes have often 
showed a number of therapeutically beneficial features, many of which are partic-
ularly significant for tumor treatment [9, 29]. From a physiochemical standpoint, 
earlier research has shown that after being stored at room temperature, the nanopar-
ticles that are based on iron can be stable for 40 days and also that their catalytic 
efficacy can be maintained after numerous treatment sessions. 

Additionally, iron-based nanozymes have high biocompatibility that helps to 
the effectiveness and safety of treatment. Furthermore, because of their controlled 
magnetic characteristics, iron-based nanozymes might be effectively deposited into 
tumor tissues, increasing the therapeutic index. Furthermore, as compared to natural 
enzymes, iron-based nanozymes have enhanced resistance to environmental stress for 
instance acidic or basic conditions and severe temperatures. Additionally, iron-based 
nanozymes exhibit high morphological uniformity and are simple to manufacture at 
a low cost. Because of the benefits listed above, iron-based nanozymes have made 
major contributions to the advancement of nanocatalytic cancer treatment [9–11]. 

Iron-based nanozymes have the potential to mimic a variety of enzymes in vivo 
with their varied catalytic activities. This, together with the magnetic receptivity, 
variable surface chemistry, and superior biocompatibility of nanoparticles based on 
iron, has led to an increased use of iron-based nanozymes in the detection and treat-
ment of a wide range of tumor indications (Fig. 3.2). Cai et al., for example, revealed 
the iron core in ferromagnetic H-ferritin nanoparticles has catalytic activity similar 
to peroxidase and could be employed to stain tumor tissues immunohistochemi-
cally. The authors found that xenografted tumor tissues incubated with ferrimagnetic 
H-ferritin nanoparticles turned brown due to the nanozyme-catalyzed oxidation of 
3,3'-diaminobenzidine tetrahydrochloride substrates in the presence of excessive 
H2O2, whereas normal tissues were stained purple by hematoxylin [33]. Meanwhile, 
catalase-like iron-based nanozymes have been reported to degrade tumor H2O2 to 
create extra oxygen, which might be used to improve ultrasound imaging of the tumor 
region [34]. In terms of therapeutic applications, current research focuses mostly on 
the use of iron-based nanozymes as Fenton nanocatalysts or oxygen producers, which 
will be explored in the section below.

Iron-based nanozymes with catalase-mimicking characteristics have also been 
investigated for reducing hypoxia-induced resistance to cancer treatment. In a recent 
work, a hybrid nanosphere containing Fe3+ was used to overcome tumor hypoxia by 
decomposing endogenous H2O2. This strategy’s viability and prospective therapeutic 
benefits were proven.
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Fig. 3.2 IONzyme activity for tumor using magneto ferritin. Reproduced with permission from 
the Royal Society of Chemistry [32]

Aside from the iron-based nanozymes’ promising antitumor effectiveness, it is 
also important to look at their possible effects on the recipient host’s health in the 
short and long term. As a result, iron-based nanozymes should be non-toxic to normal 
tissues, disintegrate in biological settings, and finally be removed from the body 
when the therapeutic activities are completed. The biocompatibility and biosafety of 
enzymes and nanozymes are crucial in assuring their continued clinical use. Nonethe-
less, iron-based nanozymes are a new technology in its early stages of development, 
and the majority of their interactions with the biological environment are unknown, 
necessitating ongoing research into their pharmacokinetics, metabolism, absorp-
tion, therapeutic sustainability, excretion, distribution, and toxicity at the molecular, 
cellular, and systemic levels [10, 35]. 

3.3.2 Cardioprotection 

Iron oxide nanoparticles were also examined for their cardioprotective properties. 
Iron oxide NPs were found to protect hearts in vitro and in vivo against ischemia 
injury from various studies. Myocardial ischemia can be explained as a lack of blood 
supply to the heart, which is one of the most common causes of myocardial injury. 
This causes myocardial hypoxia that can lead to angina pectoris, coronary artery
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heart disease, or even a heart attack. There is currently no treatment for myocar-
dial ischemia damage that has been proved to be successful, and current treatment 
comprises the administration of a variety of pharmacological medications such as 
free-radical scavengers, antioxidants, calcium channel blockers, and anti-apoptotic 
agents [14, 19, 21, 23, 25]. Although, one of the most significant difficulties is that 
pharmacologic medications intend just one method, but myocardial ischemia damage 
is linked to a number of other pathogenic pathways. The cardioprotective effect of 
iron oxide NPs was investigated as an alternate strategy. The activity of the iron 
oxide NPs was compared to that of two pharmaceutical medications often used to 
treat myocardial ischemia injury: verapamil, a calcium channel blocker, and Salvia 
miltiorrhiza extract, an antioxidant. The researchers used a rat coronary artery liga-
ture model to investigate the cardioprotective effect of 2,3-dimercaptosuccinic acid 
(DMSA)-modified iron oxide NPs in a variety of tiny sizes [14, 19, 21, 23, 25, 36]. 
The cardioprotective impact of the iron oxide NPs was greater than that of both 
Salvia miltiorrhiza extract and verapamil, following ischemia reperfusion, as evalu-
ated by left ventricular developed pressure. The cardioprotective effect was shown 
to be dependent on the size of the iron oxide NPs, but not on their surface charge. 

Iron oxide NPs were used to stimulate cardiac mesenchymal stem cells (cardiac 
MSCs, cMSCs) by Han and colleagues. The MSCs were labeled with superparamag-
netic iron oxide NPs by Parivar’s team. Superparamagnetic iron oxide NPs are widely 
employed in MRI for cell tracking and contrast, as well as for cell magnetization 
in tissue engineering and medication targeting. To produce iron oxide NP-labeled 
MSCs, polyethylene glycol (PEG)ylated iron oxide NPs were manufactured and 
applied to the MSCs for 48 h. The iron oxide NP-labeled MSCs were then injected into 
the heart of a rat model of heart failure. A neodymium magnet was put over the heart 
for 48 h for the magnet-dependent iron oxide NP-labeled MSCs. In comparison with 
the unlabeled MSCs and the magnet-independent groups, the magnetic-dependent 
group had a higher restoration of the injected proportion. Because a larger percentage 
of iron oxide NPs were kept in the heart, the cardiomyocytes were preserved, and 
the formation of fibrosis following heart failure was reduced. 

3.3.3 Wound Healing 

Because of the negative and positive effects of oxygen and H2O2 on wound 
healing, iron oxide NPs that can catalyze H2O2 have been investigated for wound-
healing applications. It was discovered that incorporating iron oxide NPs into three-
dimensional (3D) cellular spheroids stimulated ECM synthesis. It was also feasible 
to change the composition of iron oxide NP by adjusting its concentration and prop-
erties. Magnetic iron oxide NPs (magnetoferritin) boosted the production of all the 
proteins that make up the ECM, while varying the iron oxide NP concentration had an 
influence on both collagen IV and elastin formation. Hu and colleagues employed iron 
oxide NPs in wound dressings manufactured from electrospun poly(vinyl alcohol) 
(PVA) membranes [37]. Because of its large surface-to-volume ratio as well as
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porosity, which allow for significant water absorption and robust oxygen perme-
ability, a polymeric PVA mesh was chosen as the scaffold. By combining spindle-
shaped iron oxide NPs with a PVA solution and electrospinning them, they were 
synthesized and incorporated into the scaffold fibers. The as-prepared fibers were 
TEM imaged with concentrations of iron oxide NPs that are homogeneously incor-
porated. The results, as indicated by a colorimetric test and an oxygen-sensitive elec-
trode, suggest that the iron oxide NP-containing PVA fibers had catalytic activity at all 
concentrations investigated. In the presence of H2O2 at harmful amounts, the effect 
of the iron oxide NPs on the scaffolds was studied in terms of fibroblast prolifera-
tion. More than 90% cell survival was observed after incubation with H2O2-disclosed 
nanofibrous dressings containing iron oxide NPs for overnight period, indicating that 
the catalytic scaffolds provided a superior environment for cell growth. Importantly, 
cells treated with bare scaffolds showed full apoptosis. The iron pxide NP PVA 
membranes have potential for wound-healing dressings because of their ability to 
reduce H2O2 concentrations to harmless levels. 

3.3.4 Antibacteria and Biofilm Elimination 

IONzyme combines with H2O2 in the catalytic process to produce free radicals 
as intermediate products; those are very harmful to bacteria because of targeting 
proteins, cell membranes, and nucleic acids, causing bacterial dysfunction. H2O2 

is a typical biocidal chemical that can be used for a variety of cleaning and disin-
fecting applications, as well as like an antibacterial agent in good hygiene and in 
medical treatments [9, 14, 18, 38]. The mechanism is also based on the reaction of 
hydrogen peroxide with cellular constituents, but for resistant bacteria, the effec-
tiveness is generally less. In terms of mechanism of the ping-pong reaction, an iron 
oxide nanozyme with activity like peroxidase enzyme may aid in the enhancement of 
antimicrobial properties of H2O2. In the previous studies, the enhanced impact was 
established on methicillin-resistant Staphylococcus aureus (MRSA) and Escherichia 
coli (E. coli). The antibacterial capability had demonstrated to be effective for wound 
healing in bacteria-infected wounds, as well as other treatment techniques against 
multidrug-resistant bacteria [9–11, 14, 18, 29, 38]. 

Enhancing H2O2 catalysis to create radicals also opens up the possibility of 
eradicating biofilm, a type of bacterium community that aids in the development 
of drug resistance by preventing antibiotics or other biocides from penetrating 
the organic matrix used for protection. Through improved oxidative breakdown of 
biofilm components (oligosaccharides, proteins, and nucleic acids) in the presence 
of hydrogen peroxide, Fe3O4 nanozyme with activity like peroxidase enzyme could 
amplify the effectiveness of H2O2 in breakdown and prevention of biofilm. The 
Fe3O4 nanozyme can break nucleic acids (DNA), proteins, and polysaccharides into 
minute pieces when combined with H2O2. IONzyme or H2O2 administered inde-
pendently, on the other hand, failed to balance the oxidative destruction. The Fe3O4 

NP-H2O2 system’s capacity to cleave biomolecules allows it to proficiently break
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the matrix of existing biofilm and avoid development of new biofilms, killing both 
planktonic bacteria and those within the biofilm, resulting in a unique technique for 
biofilm removal and other uses. This method had previously proved successful in 
the removal of dental biofilms. In vivo, IONzyme combined with H2O2 success-
fully inhibited the beginning and harshness of tooth caries while protecting normal 
biological tissues. These findings suggested that nanozymes could be used as a viable 
alternative treatment for the common biofilm-related disease [9–11, 14, 18, 29, 38]. 

3.4 Conclusion and Perception 

It has been ten years since iron oxide nanoparticles’ inherent enzyme-like activity was 
discovered. As a new generation of enzyme mimics, iron oxide nanozyme’s catalytic 
activity and kinetics have been thoroughly studied to better understand the mecha-
nisms. By attempting to control specific parameters, such as size, dopants, surface 
modification, morphology, nanostructure, or integration with other nanomaterials, 
we can then rationally design the appropriate nanozymes for potential implemen-
tation. IONzyme is a platform with multifunctionality and adaptability that may 
be functionalized with additional labels or compounds. It has significantly more 
stability than conventional enzyme mimetics or natural enzymes. These advantages 
have made it possible to use iron oxide nanoparticles in a new way that does not rely 
on magnetism. In clinic and biomedical applications such as cancer imaging, gene 
transfer, DNA extraction, and cell sorting, magnetic iron oxide materials have long 
been used. All of these applications make use of the magnetism of these materials. 
The enzyme-like actions will be useful for pathogen detection and immunoassay, 
boil removal, cancer detection and therapy, and ROS modulations at various levels 
for neuroprotection, cell differentiation, and cardioprotection. These nanozymes can 
also break down influenza virus by inducing lipid peroxidation in the viral envelope. 
These advantages have made it possible to use iron oxide nanoparticles in a new 
way that does not rely on magnetism. In clinic and biomedical applications such as 
cancer imaging, gene transfer, DNA extraction, and cell sorting, magnetic iron oxide 
materials have long been used. All of these applications make use of the magnetism 
of these materials. The enzyme-like actions will be useful for pathogen detection and 
immunoassay, boil removal, cancer detection and therapy, and ROS modulations at 
various levels for neuroprotection, cell differentiation, and cardioprotection. These 
nanozymes can also break down influenza virus by inducing lipid peroxidation in the 
viral envelope. There must be a detailed investigation of the final effect on biological 
systems that are ROS-sensitive, such as immunological activation, brain develop-
ment, stem cell proliferation and differentiation, cardiac stress, and cancer growth. 
Therefore, serious efforts are needed to solve the underlying issues and boost iron 
oxide nanozyme activity for biological applications in vitro and in vivo. 
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Chapter 4 
Photocatalytic Degradation of Aqueous 
Organic Pollutants Using Iron 
Oxide-Based Photocatalysts 

Yagna Prakash Bhoi and Weixin Huang 

Abstract Pollution of water bodies arose due to invade of pollutants from various 
sector of society such as industries, agricultural field and domestic effluent water, 
etc. Heavy metals, pathogens and recalcitrant organic chemicals are typical examples 
of deleterious elements that adversely affect the health of aquatic environment. The 
removal of such pollutants has become an urgent need across the globe, which brings 
the discovery of various water treatment techniques in order to get clean water. In 
past few decade, outstanding result has been achieved in the field of water desalina-
tion. The application of heterogeneous photocatalysis route for the cleaning of water 
is reflected as one of the potential and sustainable approach since it makes use of 
renewable solar light as source of energy. In this chapter, we will discuss the appli-
cation of iron oxide-based photocatalysts towards the removal of pollutants from 
aqueous source. Various research approaches progressed to improve the photocat-
alytic ability of iron oxide will be discussed in detail. The discussion of this chapter 
particularly focussed on the evolution of composite/heterostructure of iron oxide-
based photocatalysts and their photocatalytic applications towards the removal of 
aqueous pollutants. 

Keywords Photocatalysis · Water pollutant · Solar energy · Iron oxide 
nanocomposite 

4.1 Introduction 

The water pollution and its impact on the all life on the earth is a global concern. The 
discharged water from the chemical and agrochemical industries contains substan-
tially huge amount of toxic and carcinogenic organic chemicals such as VOC, pesti-
cides, dyes, etc., which infused into water bodies. This water pollution is one of the
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responsible factor for many water-borne diseases and scarcity of portable water. In 
this perspective, development of low-cost and high efficient water treatment tech-
nologies to treat and recycle the wastewater in a sustainable way is prime importance 
in order to get portable water for our society. Various methodologies were devel-
oped in recent past, which includes wet air oxidation, UV photolysis, adsorption and 
biodegradation methods are available for wastewater treatment [1–3]. The adsorp-
tion or coagulation techniques are among the widely used desalination technique 
in order to remove organic and inorganic pollutants from contaminated water [2]. 
However, these techniques simply concentrate the pollutants by transferring them 
to other phases. Sedimentation, filtration, chemical and membrane technologies are 
some examples of some conventional water treatment techniques, which suffers with 
the limitations like high operational cost and could produce toxic by-products into 
the environment. It is highly essential to develop advanced water treatment tech-
nology, which can mineralize the organic pollutants completely by a simple and 
easy experimentation process, less expense of energy and cost. In this perspective, 
the complete mineralization of organic pollutants by heterogeneous photocatalytic 
process using solar light as energy source and semiconductor nanoparticles as catalyst 
is a sustainable strategy to deal. 

4.2 Fundamental of Photocatalysis 

Photocatalysis is the science, which employed a catalyst and light as energy source 
to speed up chemical reactions and photocatalyst is a material that is capable of 
absorbing light, producing electron–hole pairs that enable chemical transformations 
of the reactants and regenerate after each cycle. When light energy with greater than 
the band gap energy (Eg) of the photocatalyst falls on the photocatalyst surface, the 
electron gets excited to the conduction band (CB) leaving a hole in the valance band 
(VB). The electron hole migrates to the surface of the photocatalyst and participate 
in reaction with different substrate. On the other hand, some of the electron hole 
recombines themselves, which leads to the poor photocatalytic activity of the cata-
lyst (Fig. 4.1). The splitting of water by Fujishima and Honda over TiO2 surface 
in the presence of light and electricity put the foundation for the semiconductor-
based photocatalysis [4]. Until now TiO2 is the most widely studied photocatalyst 
with promising field of applications such as environmental cleaning, self-cleaning 
surfaces, air and water purification, sterilization, hydrogen evolution, and photo-
electrochemical conversion of energy, etc. [4]. TiO2 is a wide band gap photocatalyst 
with band gap of 3.2 eV. Although, TiO2 photocatalyst possess advantages such as 
high oxidation ability, excellent chemical stability, nontoxicity and inexpensive, it 
suffers limitations like fast recombination of photogenerated electron–hole pair and 
poor utilization of solar spectrum [4, 5]. Moreover, the solar spectrum comprises 
only 5–7% of UV light, while 46% and 47% of the solar spectrum has visible light 
and infrared radiation, respectively [6].
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Fig. 4.1 General schematic 
representation for the 
working principle of a 
photocatalyst 

In recent past, several research efforts has been put in order to design photocatalyst, 
which can able to absorb visible light of solar spectrum. MoS2, CdS, Fe2O3, Bi2WO6, 
Bi2W2O9, BiFeO3 and bismuth oxyhalides (BiOX, X = Cl, Br, I) are few examples 
of metal oxide and metal sulphide-based visible light active photocatalyst widely 
studied for the degradation of a wide range of harmful aqueous organic pollutants into 
CO2 and H2O [7–13]. The pristine photocatalysts suffers with a poor separation of 
charge carriers, which leads to a poor photocatalytic efficiency of the photocatalysts. 
With time, noticeable research attempts have been devoted in order to minimize the 
recombination process of charge carriers and to enhance the light absorption ability 
of the photocatalyst, by adopting several strategies such as decoration of noble metal 
nanoparticles over photocatalyst surface, doping, and composite/heterojunction 
formation by coupling with suitable a semiconductor [14, 15]. Fe2TiO5/α-Fe2O3/ 
TiO2, α-NiS/Bi2O3, Bi2S3/BiFeO3, CuS/Bi2O2CO3, Bi3S3/β-Bi2O3/ZnIn3S4, CuS/ 
BiFeO3, CuS/Bi4Ti3O12, Bi2S3/Bi2W2O9, CuS/Bi2W2O9, Bi2O3/CuBi2O4, UiO-
66/CdIn2S4, SnS2/Bi4Ti3O12, CdS/BiOBr/Bi2O2CO3 and CdS/Bi20TiO32/Bi4Ti3O12 

are few examples of recently studied heterojunction photocatalytic systems with 
improved light absorption and charge carrier separation ability [12, 16–27]. 

4.3 Iron Oxide-Based Photocatalyst 

The iron oxides are composed of Fe and O. Among eight different form of iron 
oxides, the hematite (α-Fe2O3), magnetite (Fe3O4) and maghemite (γ-Fe2O3) are  
widely studied oxides due to their unique biochemical, magnetic and catalytic prop-
erties. The Fe2O3 exists in three of different crystalline structures, such as hematite 
(α-Fe2O3), maghemite (γ-Fe2O3) and ε-Fe2O3 [6, 28]. The α- and γ-phases are exten-
sively studied materials, while β-Fe2O3 phase is less studied material because of
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the difficulty in the preparation of single-phase material. Rhombohedral–hexagonal 
α-Fe2O3 is highly stable and has significant potentials in photocatalytic applications, 
as it is nontoxic, inexpensive, earth abundance, corrosion resistance property with a 
suitable band gap value (Eg = 2.0–2.2 eV) to harvest visible light of the solar spec-
trum, whereas the maghemite is a metastable phase between hematite and magnetite. 
It has similar crystal structure as magnetite and chemical composition similar to 
hematite. In the hematite crystal structure, iron occupies the octahedral sites where 
oxygen is hexagonally close packed. On the other hand in both maghemite and 
magnetite, iron present in both octahedral and tetrahedral sites and oxygen cubically 
close packed. The ε-Fe2O3 is a transition phase between hematite and maghemite, 
which attract research attention owing to its unique magnetic properties. Seeing the 
extensively used of both hematite and maghemite form of Fe2O3 than the other 
polymorphs, this study is focussed on their utilizations in the field of heterogeneous 
photocatalysis towards the degradation of various persistent organic contaminants 
from aqueous medium. 

Song and co-worker prepare α-Fe2O3 nanodisks by the assembly of single-
crystalline nanoplates with layered structures by using a silicate-anion-assisted 
hydrothermal method. The silicate anions believe to adsorb selectively onto the 
{0001} plane of α-Fe2O3 nanoplates and induce the self-assembly of the plates to 
give the layered nanodisks structure. The α-Fe2O3 nanodisks display enhanced visible 
light absorption with excellent photocatalytic activity for the degradation of methy-
lene blue under visible light irradiation [29]. Heidari and co-worker reported the 
synthesis of porous network-like α-Fe2O3 and α/γ-Fe2O3 nanoparticles by a simple 
solution combustion method and evaluated the photocatalytic activity towards the 
degradation of methylene blue (MB) dye under. The Fe2O3 materials calcined at 700 
and 800 °C contains diffraction peaks for only α-Fe2O3, where Fe2O3 material obtains 
after a calcination at 450 °C, which contains both the α and γ-Fe2O3 for of Fe2O3. 
The higher photocatalytic efficiency of the α/γ-Fe2O3 heterophase material may be 
account for the formation of junction between α-Fe2O3 and γ-Fe2O3 phases, which 
reduced the recombination of photogenerated electrons, and holes [30]. Jing and 
co-workers studied the photocatalytic activity of pure α-Fe2O3 as well as phosphate-
modified α-Fe2O3. They have employed the simple one-pot water-organic two-phase 
separated hydrolysis-solvothermal (HST) method for the preparation of α-Fe2O3 

nanoparticles. The phosphate-modified α-Fe2O3 exhibits high visible photocatalytic 
activity for the degradation of liquid-phase phenol and gas-phase acetaldehyde. After 
surface modification with phosphate, the surface –Fe–OH substituted with –Fe–O– 
P–OH groups, which significantly promote O2 adsorption over the catalyst surface. 
The enhanced photocatalytic activity is due to the enhancement in charge carriers 
separation ability after the modification with phosphate groups [31]. By using elec-
tron beam evaporation through a normal thin film deposition and oblique angle 
deposition (OAD), Fe2O3 thin films and nanorod arrays fabricated by Larsen and 
co-workers [32]. The growth of the materials aligns towards the (110) direction. 
Under visible light, the Fe2O3 thin film samples shows more photocatalytic effi-
ciency towards the degradation of methylene blue dye. Whereas the Fe2O3 nanorod 
inactivate more efficiently to the Escherichia coli O157:H7 bacteria as compared to
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the Fe2O3 thin films. Bahnemann and co-workers demonstrated the generation of 
H2O2 species during the photocatalytic oxidations of organic compounds by using 
α-Fe2O3 photocatalyst. In a comparison study, the ZnO and TiO2 photocatalysts 
found to be more active in the generation of H2O2 and in the degradation of chlo-
rinated hydrocarbon molecules as compared to the α-Fe2O3 photocatalyst [33]. 
Hameed and co-workers successfully fabricated the α-Fe2O3 and γ-Fe2O3 poly-
morphs by using a simple surfactant (Triton X) aided hydrogel synthetic route. The 
photocatalytic properties of both the form of Fe2O3 were studied for the miner-
alization of 2-chlorophenol and 2-nitrophenol pollutants under the visible light as 
well as under natural sunlight illumination. Both the polymorphs showed a consid-
erably high activity for the degradation of the phenolic compounds under solar light 
as compared to visible light irradiation. A significant improvement in the photo-
catalytic activity under visible light was noticed when the polymorphs were pre-
exposed to sunlight preceding to the photocatalytic tests. The higher photocatalytic 
activity of the exposed polymorphs as compared to the unexposed one is due to 
the introduction of defects sites which traps the excited electrons during the photo-
catalysis mechanism [34]. Wang and co-workers fabricated a dodecahedral α-Fe2O3 

nanoparticle with 6 (012) and (104) exposed facets, respectively. The coexistence 
of these different facets account for a better photocatalytic ability in comparison 
with the crystals having single exposed facet. They have also demonstrated that the 
separation of charge carriers between anisotropic facets also has a significant contri-
bution on photocatalytic degradation of Rhodamine B and methylene blue organic 
dyes [35]. Ramakrishna and co-workers prepared pure α-Fe2O3 with nanobraids and 
nanoporous like structures using an electrospinning synthesis method followed by 
annealing at 500 °C for 5 h. Both of the nanobraids and nanoporous display excel-
lent photocatalytic degradation activity for Congo red dye with 91.2% and 90.2% 
degradation, respectively after 140 min of irradiation under visible light. They have 
demonstrated the significant role of porous surface and small particle size of the 
α-Fe2O3 towards the excellent photocatalytic activity. The superoxide radicals (O2 

·−), 
H+ ion, hydroperoxyl radicals (·HO2), hydroxyl radicals are generated by the reac-
tion of water and oxygen on the photogenerated hole and electron are responsible 
for the degradation of Congo red dye over the photocatalyst surface [36]. Zheng and 
co-workers successfully fabricated dendritic α-Fe2O3 nanostructures with controlled 
dimension and morphology by a facile solvothermal synthesis method in the pres-
ence of 1-N-butyl-3-methylimidazolium benzoate ([Bmim][PhCOO]) ionic liquid. 
A change in the molar ratio of [Bmim][PhCOO] to K3[Fe(CN)6] from 0:1 to 2:1, and 
5:1 can bring the dendrite structure to hexagonal nanoplates and rods. The ionic liquid 
plays a crucial role in deciding the formation of α-Fe2O3 with different morphologies. 
The α-Fe2O3 with rod morphology exhibit superior photocatalytic activity towards 
visible light-induced degradation of Rhodamine B (RhB) dye as compared to the 
dendrites and plates structured α-Fe2O3 materials. The degree of crystallinity and 
exposed crystal facets of α-Fe2O3 materials accounts for improving the photocatalytic 
activity [37].
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Song and co-workers recently fabricated a snowflake-like α-Fe2O3 materials by 
using a simple single-step hydrothermal approach and studied there photocatalytic 
activity towards the degradation of a wide variety of organic pollutants such as crystal 
violet, Rhodamine 6G, methyl orange, etc. The α-Fe2O3 snowflakes exhibit a supe-
rior photocatalytic activity towards degrading cationic organic dyes (crystal violet, 
Rhodamine 6G) than for the anionic dye (methyl orange) degradation [38]. Shim 
and co-workers synthesized porous natured Fe2O3 nanorod by a two-step process. 
First ferrous oxalate dihydrate (FeC2O4·2H2O) precursor synthesized by a chem-
ical solution processes and second the ferrous oxalate dehydrate on annealing in air 
at 500 °C for 2 h to get the porous Fe2O3 nanorod. The ferrous oxalate dihydrate 
nanorods precursor has the length 3–9 μm and diameter of between 110 and 150 nm. 
After thermal annealing, the nanorods structured remain intact in the Fe2O3 mate-
rials. The Fe2O3 nanorod exhibited excellent photocatalytic degradation ability for a 
wide range of organic pollutants such as RhB, methylene blue (MB), p-nitrophenol 
(pNP), eosin B and methyl orange (MO), respectively. The porous structures believe 
to provide more active reaction sites and also facilitates the efficient separation of 
photogenerated electrons and holes which is accountable for the excellent photocat-
alytic efficiency of the prepared porous Fe2O3 nanorods [39]. Zhou and co-workers 
has prepared γ-Fe2O3 nanoparticles with spherical morphology by using an oxidizing 
environment via a solution synthesis method by changing the pH and reaction temper-
ature. The spherical nanoparticles has a particle size around 17–55 nm and a BET 
surface area of 14.357 m2/g. The pH of the reaction media crucially influence the 
particle size of the nanomaterials. With increase in the pH value from 6 to 12, the 
particle size also increases. The as-synthesized γ-Fe2O3 nanoparticles show poten-
tial photocatalytic activity towards the degradation of Orange I dye under UV and 
visible light illumination. The γ-Fe2O3 nanoparticles prepared at pH 6 at a reac-
tion temperature 60 °C with smallest particle size show highest photocatalytic effi-
ciency than other synthesized γ-Fe2O3 nanoparticles [40]. Fardood and co-workers 
synthesized hematite (α-Fe2O3) nanoparticles by a simple, environment-friendly and 
less-expensive sol–gel synthesis method in the presence of a bio template (Arabic 
gum). The average particle size of the prepared materials is 45–50 nm. The α-Fe2O3 

materials evaluated as a potential photocatalyst with a photocatalytic activity of 90% 
degradation of Congo red dye after a 90 min of irradiation time [41]. Wang and co-
workers fabricated hollow microspherical α-Fe2O3 nanostructure material by ionic 
liquid-assisted solvothermal method followed by calcination at 250 °C for 6 h. The 
α-Fe2O3 have a specific surface area up to 220 m2/g. The α-Fe2O3 microspheres show 
excellent photocatalytic activity towards the degradation of Rhodamine B dye. The 
as-synthesized α-Fe2O3 microspheres exhibit a photocatalytic activity 2–3 times 
higher than the α-Fe2O3 nanoparticles. The higher specific surface area, porous 
nature and hollow nanostructure play crucial role in the enhanced photocatalytic 
activity of the α-Fe2O3 microspheres [42]. Zhu and co-workers prepared hierarchical 
α-Fe2O3 hollow microspheres using a surfactant-free solvothermal synthesis method 
and post-thermal treatment at 450 °C for 2 h. The prepared photocatalyst evaluated 
as a potential catalyst for the degradation of salicylic acid under UV light irradiation 
[43]. Wang and co-workers fabricated α-Fe2O3 nanospheres/microsphere by using
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a surfactant and template-free two-step synthesis procedure, hydrothermal treat-
ment followed by a thermal decomposition. The α-Fe2O3 nanospheres/microsphere 
composed of interlinked elongated nanoparticle and nanospheres/microsphere has 
a diameter around 5 μm, and the elongated particle size is below 30 nm. The α-
Fe2O3 nanospheres/microsphere is mesoporous in nature, with a pore size distribu-
tion between 2 and 50 nm with specific surface area of 20 m2/g. The photocatalytic 
activity of the as-synthesized α-Fe2O3 nanospheres/microsphere evaluated for the 
degradation of Rhodamine 6G dye under visible light illumination. The α-Fe2O3 

nanospheres/microsphere exhibit a photocatalytic efficiency 2 times that of nano-
sized α-Fe2O3 particles and around 12 times higher than the micron-sized particles. 
The higher photocatalytic activity of the α-Fe2O3 nanospheres/microsphere was due 
to combined contribution of the high specific surface area and the porous architec-
ture [44]. Wang and co-workers develop a facile solvothermal route to prepare 3D 
porous flower-like α-Fe2O3 nanomaterial with hierarchical architecture without using 
any structural templates. Two-dimensional α-Fe2O3 nanopetals organize themselves 
in a hierarchical fashion in order to give the 3D porous flower-like structure. The 
depth morphological analysis reveals that the nanopetals has a thickness between 
20 and 50 nm and width of 300–500 nm; moreover, these nanopetals composed of 
nanobricks with 100 nm in length and 30 nm in diameter. The 3D α-Fe2O3 mate-
rials has high specific surface area (∼ 52.51 m2/g) with the presence of numerous 
mesopores and macropores that facilitate the efficient transportation of the substrate 
during the catalytic reaction. The photocatalytic activity of the 3D α-Fe2O3 nanoma-
terial explored by the mineralization of Rhodamine B dye under UV light irradiation 
[45]. Geng and co-workers prepared α-Fe2O3 with flue-like 3D porous nanoarchi-
tectures by using a Ni2+/surfactant-assisted solvothermal method at 200 °C for 24 h. 
The α-Fe2O3 material has a specific surface area of 88.82 m2/g with potential photo-
catalytic activity towards the degradation of methylene blue dye under visible light. 
They have closely demonstrated the influence of the Fe3+ and Ni2+ ion ratio on the 
morphology of the α-Fe2O3 materials. At a molar ratio of Fe3+ to Ni2+ ion at 1:2 in 
the solution gives rise to a micro-balls constituted of fine α-Fe2O3 nanorods, while at 
molar ratio of 1:3 gives the 3D flue-like structure and the micro-balls structure again 
regain on further changing in the molar ratio to 1:4. The 3D flue-like α-Fe2O3 shows 
highest photocatalytic ability for the degradation of methylene blue dye as compared 
α-Fe2O3 nanoparticles and P25 photocatalyst under visible light illumination [46]. 
The pristine Fe2O3 photocatalyst has some limitations such as rapid recombination of 
photogenerated electron–hole pair and poor response to solar spectrum, which result 
in poor photocatalytic performances. Within short span of time, a lot of research 
effort have been devoted to prepare novel hybrid materials such as modification with 
noble metal, doping and formation of binary and ternary composite/heterojunction 
material. These strategies believe to suppress the recombination process of charge 
carriers and enhance the light photocatalytic efficiency as a whole. In the subse-
quent text, we will discussed the hybrid, doped and noble metal-modified Fe2O3 

photocatalyst and their photocatalytic applications.
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Generally, doping of foreign elements (metal or non-metal) significantly alter the 
physical parameters, chemical reactivity and redox behaviour of the host material. 
The doping with non-metal such as nitrogen and sulphur widely studied. The main 
purpose of non-metal doping in Fe2O3, TiO2 or with metal oxide photocatalysts is to 
alter the band gap value by mixing the oxygen 2p orbital with that of non-metal. The 
doping of non-metals believe to creating a trap state (separate band) in between the 
valence band and conduction band which controls the electron–hole recombination 
and delay the recombination process so that the photogenerated electron–hole pair 
could be available for the redox reaction. Parida and co-workers prepare α-Fe2O3 

material co-doped with S and N by using co-precipitation method. They have used 
thiourea both as precipitating agent and as the sulphur and nitrogen source. The S 
and S–N co-doping induced growth along the (104) plane, whereas the N doping 
induced along the (110) crystal plane. After S and N doping, the specific surface 
area increases significantly than the un-doped pristine α-Fe2O3; on the other hand, 
the highest surface area has been noticed for the S–N co-doped sample (57.85 m2/g). 
This observation indicates the significant contribution of minute amount of sulphate 
ion in the samples. The doped sample shows improved visible light response than 
the pure α-Fe2O3 sample. The photocatalytic activity of the un-doped and doped 
sample was evaluated for the degradation of Rhodamine B dye under natural sunlight. 
A maximum degradation efficiency of 95% was obtained after a reaction time of 
4 h [47]. Almazroai and co-workers prepared S-doped α-Fe2O3 nanomaterial by 
microwave irradiation (300 W for 20 min) using thiourea as sulphur precursor. The 
crystallinity of the α-Fe2O3 nanomaterial has found to decrease after S doping on the 
α-Fe2O3 lattice. After the sulphur-doping enhancement in the visible light absorption, 
intensity was noticed with a small decrease in the band gap value. This enhancement 
in the absorbance intensity of the doped photocatalyst can be attributed to the charge 
transition between the p-orbitals of the S atom and the conduction band (CB) of 
the α-Fe2O3 nanomaterial. The S-doped α-Fe2O3 nanomaterial display improved 
photocatalytic degradation efficiency than the pristine α-Fe2O3 nanomaterial [48]. 
Suganthi and co-workers fabricated metal (M = Cu, Ni and Co)-doped iron oxide (α-
Fe2O3) nanoparticle by chemical precipitation followed by calcination. The specific 
surface area and mesoporosity of the Fe2O3 increases after doping with metal was 
observed. The metal-doped α-Fe2O3 exhibits higher photocatalytic activity than the 
pristine α-Fe2O3 nanomaterial towards the degradation of Acid Red-27 organic dye 
under visible light illumination. Among the metal-doped α-Fe2O3 materials, the 
Cu-doped α-Fe2O3 exhibits highest photocatalytic activity [49]. Gao and co-workers 
prepared multiple metal-doped Fe3O4@Fe2O3 nanoparticles from Waelz slag, an iron 
containing hazardous waste. They have employed acidolysis, sol–gel and calcination 
in order to prepare the multiple metal (Al, Zn, Cu and Mn)-doped Fe3O4@Fe2O3 

nanoparticles from the waste slog. The photocatalytic activities of the synthesized 
multiple-metal-doped Fe3O4@Fe2O3 nanoparticles as well as the pristine Fe2O3 

nanoparticles were compared for the photocatalytic degradation of methyl orange 
dye under UV and simulated sun light irradiation. It was observed that all of the doped 
Fe3O4@Fe2O3 nanoparticles shows improved photocatalytic activities as compared
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to the pristine Fe2O3 [50]. So far, TiO2 and ZnO are widely studied UV-active photo-
catalyst. However, there UV light response and poor separation of charge carriers 
limits their practical utility. Hence, a lot of research effort has been made in recent 
past in order to make heterojunction and composite by combining with different suit-
able visible light active semiconductor photocatalyst. α-Fe2O3 is a narrow band gap 
visible light active photocatalyst and its suitable band alignment makes α-Fe2O3 an 
ideal candidate to combine with other wide band gap semiconductor with improved 
light absorption and charge carrier separation ability. In the subsequent text, we 
will discuss the research progress in the preparation of composite/heterojunction of 
α-Fe2O3 with various semiconducting photocatalytic materials. 

Omri and co-workers recently fabricated α-Fe2O3/TiO2 nanocomposite material 
containing 10 and 50 mol% of TiO2 by using a simple precipitation method. The 
α-Fe2O3/TiO2 nanocomposite materials were characterized using various analytical 
instruments and studied as photocatalyst to degrade methylene blue dye (MB) under 
visible light. A maximum of 92% of MB dye degradation was recorded after 120 min 
of irradiation by using α-Fe2O3/TiO2 composite material 50 mol% of TiO2, whereas 
the pure α-Fe2O3 and TiO2 exhibited relatively lower photocatalytic efficiency than 
the composite materials. Under the visible light, the TiO2 material is unable to 
generate electron–hole pair, whereas the α-Fe2O3 material produce electron–hole 
pair. After material contact, the excited electron from the conduction band (CB) of 
α-Fe2O3 migrate to the CB of TiO2, whereas the hole accumulate in the valance 
band (VB). This process minimize the recombination process of photogenerated 
electron–hole pair. The improved visible light absorption and charge carrier separa-
tion properties are account for the higher photocatalytic activity of the α-Fe2O3/TiO2 

nanocomposite material [51]. Qu and co-workers prepared α-Fe2O3/TiO2 dendritic 
heterostructure nanomaterials in a two-step processes, first TiO2 nanofiber prepared 
by electrospinning method and in second step the α-Fe2O3 nanomaterial deposited 
over the TiO2 nanofiber by hydrothermal method. Four different sets of α-Fe2O3/TiO2 

dendritic heterostructure materials were prepared containing different amount of 
α-Fe2O3. From morphology, it is clearly seen that the heterostructure are comprises 
of TiO2 nanofiber (diameter 70 nm) and α-Fe2O3 nanorods (length 100–200 nm 
and diameter ~ 30 nm), and the TiO2 nanofibers are homogeneously covered by the 
α-Fe2O3 nanorods giving a typical branched and dendritic heterostructure configura-
tion. The heterostructure materials exhibit enhanced visible light absorption feature. 
The photocatalytic activity of the α-Fe2O3/TiO2 dendritic heterostructure nanomate-
rials demonstrated towards the degradation of a wide range of organic dye pollutants 
such as Congo red (CR), methylene blue (MB), methyl orange (MO) and eosin red 
(ER). All the heterostructure materials show enhanced degradation efficiency than the 
parent TiO2 and commercial α-Fe2O3 materials. The enhanced photocatalytic activity 
of the heterostructured material is due to improved visible light response, charge 
carrier separation and efficient generation of hydroxyl radical [52]. Fu and co-workers 
fabricated magnetic γ-Fe2O3 nanosheets/mesoporous black TiO2 hollow spherical 
heterojunctions material by employing a metal-ion intervened hydrothermal process 
followed by high-temperature hydrogenation technique. The hybrid γ-Fe2O3/b-TiO2 

hollow structure material have high specific surface area of ∼ 63 m2/g and a pore size
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of 10.5 nm. The resulting hybrid material contains oxygen vacancies which influence 
the recombination process of electron–hole pairs and extend the lifetime of the charge 
carriers, by this means improving the photocatalytic performance of the photocata-
lyst. The photocatalytic activity of the hybrid γ-Fe2O3/b-TiO2 heterojunctions mate-
rial has been studied by degrading tetracycline pollutant. The hybrid γ-Fe2O3/b-TiO2 

display the photocatalytic degradation efficiency about three times greater than that 
of the pristine photocatalyst. The high photocatalytic property of hybrid γ-Fe2O3/ 
b-TiO2 heterojunctions is account to the narrow bandgap nature which extending the 
photo response from visible light to near infrared regions and the efficient separation 
and trapping of charge carrier due to generation of vacancies [53]. Jeevanandam 
and co-workers have synthesized TiO2@α-Fe2O3 core–shell nanoheterostructured 
material by using a simple thermal decomposition technique. Microscopic studies 
confirm the deposition of the uniform α-Fe2O3 shell on the surface of TiO2 spheres. 
The photocatalytic application of the TiO2@α-Fe2O3 core–shell nanoheterostruc-
tured material was explored towards the degradation of RhB dye under sunlight 
illumination. The nanoheterostructured material displays enhanced photocatalytic 
ability than the pristine TiO2 and α-Fe2O3 materials. This enhanced photocatalytic 
activity of the heterostructured material can be ascribed to the facile transfer of elec-
trons from TiO2 and α-Fe2O3 phase, which reduce the recombination processes of 
electron–hole pair over the photocatalyst surface [54]. 

The zinc oxide (ZnO) is an n-type wide band gap semiconductor, low price 
and non-toxic nature and a very good photocatalyst photocatalysis. Zhang and co-
workers fabricate of magnetic 3D γ-Fe2O3@ZnO core–shell nanomaterial by using 
hydrothermal sintering followed by atomic layer deposition (ALD) method. ZnO 
shell layer was uniformly deposited on the γ-Fe2O3 core. The band alignment of the 
γ-Fe2O3 and ZnO photocatalyst are so aligned in a manner to give the character-
istic feature of a type-II heterojunction photocatalyst. The photocatalytic activity of 
the synthesized core–shell nanomaterial was evaluated for ciprofloxacin degradation 
under simulated sun light illumination. The hydroxyl radical and the hole contribute 
significantly on the degradation of ciprofloxacin is noticed. The γ-Fe2O3@ZnO 
core–shell nanomaterial displays enhanced photocatalytic efficiency than the pristine 
γ-Fe2O3 and ZnO counterpart. The improved photocatalytic activity of the 
heterostructured material is due to the formation of type-II heterojunction and the 
core–shell structure, which facilitate the efficient migration and separation of the 
charge carrier [55]. Carmalt and co-workers fabricate α-Fe2O3/ZnO heterojunction 
films by using aerosol-assisted chemical vapour deposition technique. The band 
alignment and electron migration gives a characteristic feature of a type-I hetero-
junction system. The prepared α-Fe2O3/ZnO heterojunction films exhibit remarkably 
improved photocatalytic efficiency towards the degradation of stearic acid under UVA 
light, which is 16 times higher than that of the α-Fe2O3 and 2.5 times than that of the 
ZnO photocatalysts. Upon irradiation photogenerated electrons migrate from the CB 
of ZnO layer to the α-Fe2O3 layer that increase the life time of the electron which is 
responsible for the enhanced photocatalytic property of the α-Fe2O3/ZnO heterojunc-
tion films [56]. Mohapatra and co-workers fabricated a ternary α-Fe2O3/ZnFe2O4/
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ZnO nanohybrid material by using a microwave-assisted co-precipitation and co-
precipitation and thermal annealing synthesis technique. The co-precipitation method 
gives raise to nanoparticle where microwave-assisted synthesis gives nanodisks like 
morphology of the ternary photocatalyst. The ternary α-Fe2O3/ZnFe2O4/ZnO photo-
catalyst materials were examined as photocatalyst towards the degradation of methy-
lene blue and malachite green dyes under solar light. The material prepared by using 
microwave-assisted synthesis shows highest photocatalytic activity than the mate-
rial obtained by co-precipitation method. A maximum of 93.2% of MB degradation 
noticed after 32 min of irradiation using the α-Fe2O3/ZnFe2O4/ZnO nanodisks. The 
hydroxyl radical plays a crucial role in the degradation of the organic dyes which 
was confirmed from the radical scavenger experiment. They have proposed a cascade 
movement of electron across the CB band of the three component of the ternary 
photocatalyst, which efficiently reduce the recombination rate of the photogener-
ated charge carriers. This property may accountable for the improved photocatalytic 
activity of the synthesized ternary photocatalytic material [57]. Hota and co-workers 
have fabricated Fe2O3/ZnFe2O4, ZnFe2O4/ZnO and Fe2O3/ZnFe2O4/ZnO binary and 
ternary composite photocatalyst systems by using a simple hydrothermal method 
followed by calcination at 500 °C. All the synthesized nanocomposite materials 
display improved visible response as compared to the Fe2O3 material. The Fe2O3/ 
ZnFe2O4/ZnO ternary composite material has the highest specific surface area of 
49.464 m2/g, which is much higher than that of the pure Fe2O3 and the binary 
composite material. The photocatalytic activity of the synthesized composite mate-
rials was evaluated for the degradation of malachite green (MG) dye under natural 
sunlight. A maximum of 96.92% of degradation of MG dye was achieved after 90 min 
of irradiation using the Fe2O3/ZnFe2O4/ZnO ternary composite material. They have 
proposed a cascade migration of electron across the CB of the different component 
of the ternary photocatalyst, which significantly reduce the recombination process 
of charge carriers [58]. 

Graphic carbon nitride (g-C3N4) has been emerged as a potential visible light 
active photocatalyst with a band gap of 2.7 eV due to high chemical stability, suit-
able band alignment, natural abundance and easy synthesis. However, low specific 
surface area, moderate band gap value and poor separation of photogenerated charge 
carriers limits its practical applications. So many research approaches have been made 
in recent past in order to prepare composite and heterojunction with Fe2O3, which 
has a suitable band alignment to prepare hybrid material with improved visible light 
response and charge carrier separation properties. Lu and co-workers has recently 
fabricated a series of α-Fe2O3/g-C3N4 hybrid materials and studied their photocat-
alytic activity towards tetracycline degradation under visible light. The α-Fe2O3/ 
g-C3N4 hybrid materials were prepared by the calcination of Fe-based metal organic 
framework (Fe-MOF) and melamine. They have demonstrated the uniform distri-
bution of α-Fe2O3 nanoparticles (3–5 nm) over the porous g-C3N4 nanosheet. The 
existence of close microscopic contact between these two phases further confirmed
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from the TEM analysis. The α-Fe2O3/g-C3N4 hybrid material displays higher photo-
catalytic activity than the bulk g-C3N4 photocatalyst. The band alignment of both the 
component of the hybrid α-Fe2O3/g-C3N4 material are aligned in a type-II fashion, 
and this is responsible for the enhanced charge carrier separation and photocurrent 
density. The improved visible light absorption, greater specific surface area and effi-
cient charge carrier separation property of the α-Fe2O3/g-C3N4 hybrid material are 
responsible for the enhanced photocatalytic activity [59]. Prakasam and co-workers 
prepared g-C3N4/α-Fe2O3 hybrid nanocomposites material by changing the mass 
ratio of both the components by using a simple one-step hydrothermal method. The 
photocatalytic activity of the hybrid material evaluated by degrading Congo red (CR) 
and malachite green (MG) dye under visible light. The FESEM study of g-C3N4/ 
α-Fe2O3 composite material clearly indicates the incorporation of α-Fe2O3 nanopar-
ticles over the g-C3N4 nanosheet. The absorption edge of both the pristine g-C3N4 

and α-Fe2O3 materials commence around 455 and 460 nm, respectively. A consider-
able red shift in the absorption edge was observed for the hybrid material indicating 
the better visible light absorption and decrease in the band gap value of the photo-
catalyst. The hybrid material exhibits 87 and 95% of CR and MG dyes degradation 
after 100 min of irradiation time, which is around 2 times higher than that of the 
pristine g-C3N4 photocatalyst. The type-II nature of the electron–hole migration in 
the heterojunction is responsible for the higher photocatalytic activity of the hybrid 
photocatalyst [60]. Li and co-workers prepared a cocoon-shaped magnetic Fe2O3/ 
g-C3N4 nanocomposite material by two-step hydrothermal synthesis. The cocoon-
shaped Fe2O3 dispersed uniformly over the porous and layered g-C3N4 surface. The 
Fe2O3/g-C3N4 composite photocatalyst exhibits better photocatalytic efficiency for 
the degradation of Rhodamine B dye than the pristine Fe2O3 and g-C3N4 counterpart 
[61]. Li and co-workers prepared a Z-scheme g-C3N4/α-Fe2O3 heterojunction photo-
catalytic system with enhanced charge carrier separation and photocatalytic activity. 
They have demonstrated the establishment of the Fe–O–C bond in the heterojunc-
tion system, which believe to induce facile migration of electron across the grain 
boundary. The improved visible light response and facile migration of electron makes 
the heterojunction photocatalyst a better one than the pristine counterpart towards 
visible light-induced degradation of methylene blue dye [62]. Due to narrow band 
gap nature and suitable band alignment of the Fe2O3 semiconducting nanoparticle, 
it is not only involve in making hybrid photocatalyst with TiO2, ZnO and g-C3N4 but 
also a lot of new Fe2O3-based hybrid materials with improved photocatalytic activity 
that has been evolved with time. The Fe2O3-based hybrid materials, their synthesis 
method, photocatalytic application and their photocatalytic efficiency is presented in 
Table 4.1.
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4.4 Conclusions 

In this chapter, we emphasized the photocatalytic applications of iron oxide and iron 
oxide-based materials towards the degradation of various persistent aqueous organic 
pollutants such as dyes, pesticides and phenolic compounds. In terms of synthesis, 
this chapter provides an overview of morphology control preparation of phase pure 
iron oxide as well as single-step and multiple-step preparation of iron oxide-based 
hybrid materials. We believe that this chapter gives an idea in order to prepare iron 
oxide-based hybrid materials and their applications in the emerging field of research 
such as electronic, energy and environment. 
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Chapter 5 
Iron Oxide-Functionalized Graphene 
Nanocomposites for Supercapacitor 
Application 

Meenaketan Sethi, U. Sandhya Shenoy, and D. Krishna Bhat 

Abstract The wonder material graphene after its discovery in 2004 has attracted 
enormous research attention globally in various domains such as energy, environ-
ment, biomedical, food packaging, to name a few. Graphene is a 2D carbon nano-
material and possesses excellent properties such as high electrical conductivity, high 
surface area, good thermal and chemical stability, wide potential window and rich 
surface chemistry. Due to its high surface area and electronic conductivity, it has 
been widely used as an electrode in supercapacitors. Generally, carbon-based mate-
rial like graphene falls under the category of electrochemical double-layer capacitors 
(EDLCs), and the EDLC phenomena depend on the electrode/electrolyte interface 
transport and storage of the developed electrical charge. Graphene-based materials 
provide high specific capacitance, high power density and long cyclic stability. In 
contrast, pseudocapacitive materials, e.g. iron oxide-based materials (Fe2O3, Fe3O4), 
render high energy density, comparatively low power density and cyclic stability. 
However, the combination of EDLC and pseudocapacitive materials will be a good 
choice to ameliorate the capacitance, cyclability, energy and power density to improve 
the electrochemical performance as a whole. In this chapter, we briefly describe 
about supercapacitors, the use of different graphene forms, iron oxide nanomaterial 
and its composites with graphene designed in order to increase the electrochemical 
performance of the supercapacitors. 
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Pseudocapacitor
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5.1 Introduction to Supercapacitors 

Capacitors are devices in which electric charges are accumulated on the electrodes 
with lateral repulsive force and without involving redox chemical changes [1]. Capac-
itors are classified into three types by their mode of charge storage: (i) electro-
static, (ii) electrolytic and (iii) electrochemical capacitors. In an electrostatic capac-
itor, vacuum or a dielectric material is sandwiched between two conducting metal 
plates. Capacitance arises from the electrostatic charge separation between these two 
conducting metal plates. A thin film of an oxide such as Al2O3 and Ta2O5 is sand-
wiched between two conducting metal plates in electrolytic capacitors. Capacitance 
arises from the buildup of electrostatic charges between two interfaces. Electro-
chemical capacitors (ECs) on the other hand are complementary to batteries and 
fuel cells, which bridge the gap between batteries and conventional capacitors. As 
the magnitude of capacitance of ECs is very high, these devices are also known as 
supercapacitors or ultracapacitors [2, 3]. A supercapacitor is an ideal electrochem-
ical capacitor that stores the charge on the electroactive surface using the reversible 
adsorption of electrolyte ions of the active materials electrostatically [4, 5]. Superca-
pacitors can store and deliver energy at high rates in comparison to batteries and fuel 
cells due to long cyclic stability and rapid charging and discharging at high power 
densities [5]. 

Based on the charge storage mechanisms, supercapacitors are of three types as 
shown in Fig. 5.1. (a) Electrical double-layer capacitors (EDLCs), where the elec-
trical charge is stored at the interface between the electrode and electrolyte; (b) 
redox electrochemical capacitors, where capacitance arises from reversible Faradaic 
reactions taking place at the interface of electrode/electrolyte; (c) hybrid capaci-
tors which combine the capacitive and pseudocapacitive electrode and hence exhibit 
better performance [1, 6].

Supercapacitors store and discharge energy very quickly and hence are used in 
several different applications. Supercapacitors complement a primary energy source 
like an internal combustion engine, fuel cell or battery, which cannot repeatedly 
provide quick bursts of power. The future horizon looks promising for supercapacitors 
as a green, alternative energy resource. The supercapacitors can be efficiently utilized 
in a host of application spheres such as, for the acceleration of hybrid vehicles, 
wherein power is derived from regenerative braking systems, to start the vehicles in 
cold weather or when batteries are drained, when burst power is needed for lifting 
loads, to help power electrical systems, starter systems and power steering in hybrid 
and electric cars apart from providing starting power in start–stop systems and in 
systems where quick discharge and charge of power is required such as, power grid, 
solid-state memory drives and electronic toys.
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Fig. 5.1 Types of supercapacitors

5.2 Working Principle 

A conventional capacitor has a sandwich structure consisting of two conducting elec-
trodes (generally made of metal) separated by an insulating dielectric material such 
as air, oiled paper, mica, glass, porcelain, or titanate. For an electrostatic charge to 
develop along the electrodes of a capacitor, work must be done by an external driving 
force. When an external voltage is applied across the two electrodes, opposite charges 
assemble on the surfaces of each electrode. When the external voltage difference is 
removed, both the charges remain in their corresponding electrodes. The voltage 
difference between the two electrodes is called the cell voltage of the capacitor. The 
charges are kept separated by the dielectric, thus producing an electric field that 
permits the capacitor to store and delivery energy. This is illustrated in Fig. 5.2.

For a conventional capacitor, capacitance ‘C’ is proportional to the electrode 
surface area ‘A’ and inversely proportional to the distance ‘D’ between the electrodes 
as expressed by the following Eq. (5.1) 

C = ε0εr A 
D 

(5.1) 

where ‘E0’ is the dielectric constant (or permittivity) of free space and ‘εr’ is the  
dielectric constant of the insulating material between the electrodes. In electrochem-
ical capacitor, the electrical energy is stored in an electrochemical double layer 
(Helmholtz layer) formed at the electrode/electrolyte interface. At the electrode 
surface, positive and negative ionic charges within the electrolyte accumulate and 
counterbalance the electronic charge. The concentration of the electrolyte and the 
size of the ions decide the thickness of the double layer which is usually in the order 
of 5–10 Å for concentrated electrolytes. This is illustrated in Fig. 5.3.
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Fig. 5.2 Schematic view of 
a conventional capacitor

Fig. 5.3 Schematic view of 
an electrochemical capacitor. 
Reproduced with permission 
from Elsevier [7] 

Energy density and power density are the two vital properties of any energy storage 
devices. The energy density is the maximum quantity of energy that can be stored, 
while power density is a measure of how quick the stored energy can be delivered. 
The maximum energy stored ‘Em’ and maximum usable power ‘Pm’ for a capacitor 
are calculated by Eqs. (5.2) and (5.3).
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Fig. 5.4 Ragone plot of 
energy devices. Reproduced 
with permission from 
Elsevier [4] 

Em = CV  2 

2 
(5.2) 

Pm = V 
2 

4R 
(5.3) 

where ‘V ’ is the applied voltage, ‘C’ is the specific capacitance and ‘R’ is the equiv-
alent series resistance (ESR). An ideal energy storage system must have high energy 
and high power density apart from high capacitance, large voltage window and low 
ESR values. 

Figure 5.4 shows a Ragone plot of different energy storage devices with power 
densities plotted against energy densities. Electrochemical capacitors currently fill 
the gap between batteries and conventional solid-state and electrolytic capacitors. 
Despite greater capacitance than conventional capacitors, electrochemical capacitors 
have lower energy densities in comparison to mid and high-end batteries. In the recent 
years, due to extensive research on new electrode materials, improved understanding 
of ion behaviour and the design of new hybrid systems combining capacitive and 
pseudocapacitive electrodes, increased performance of ECs is observed. 

5.3 Types of Supercapacitors 

5.3.1 Electrochemical Double-Layer Capacitors (EDLCs) 

The electrochemical double layer theory, which is the foundation of electrochemistry, 
was first established by Helmholtz and developed further by Gouy, Chapman, Graham 
and Stern. It investigates the electrochemical processes occurring at an electrostatic
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interface between the charged electrode material and the electrolyte. An electrostatic 
charge accumulation is achieved on either side of the electrode conductor, when it is 
placed in contact with the solid or liquid ionic conductor, leading to the development 
of an electrical double layer. In electrical double layer, charge transfer is not occurring 
across the interface and the current observed during this process is essentially a 
displacement current due to the arrangement of charges. Therefore, this process 
is non-Faradaic in nature. A schematic of an electrical double layer (EDL), i.e. 
Helmholtz layer and a more fundamental model of the EDL, is shown in Fig. 5.5 
indicating the different size of the ions and their reactivity at the negative electrode 
surface. 

An EDLC consists of two electrodes which are immersed in an electrolyte with a 
separator between the electrodes. The electrode materials used for the fabrication are 
carbon-based materials because these materials possess high surface area, high elec-
tronic conductivity, high chemical and electrochemical stability with porosity in the 
diameter range of nanometer [4]. EDLCs utilize the double layer to store the charge 
electrostatically, and there is no charge transfer between electrode and electrolyte. 
EDLCs can attain higher energy densities than the conventional capacitors which is 
attributed to the double layers with a high surface area and higher contact between 
the electrodes [1, 7, 8].

Fig. 5.5 Schematic 
representation of 
electrochemical double-layer 
capacitor. Reproduced with 
permission from Elsevier [4] 
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The double-layer capacitance of each electrode is calculated according to 
Eq. (5.1). Due to the smaller thickness of the double layer (fraction of nm in 
liquid electrolytes), the charged electrode/electrolyte interface has a high a real 
specific capacitance of 15–30 μF cm−2. With electrodes having a large surface area 
(> 1000 m2 g−l) such as activated carbon, felts, and xerogels, capacitances as large as 
200–300 F g−1 can be achieved, which is far superior to the conventional capacitor 
[9]. Further, non-Faradaic processes are not associated with any chemical or compo-
sitional changes as there is no transfer of charge between electrolyte and electrode. 
Hence, EDLCs exhibit a great degree of reversibility in cyclical charge/discharge 
process with stable performance characteristics and have demonstrated cycle lives 
in excess of 500,000 cycles. Carbon and its various other forms are widely used as 
electrodes for EDLC with studies focused on increasing the surface area and reducing 
the matrix resistivity [10]. Different materials based on carbon which can be used for 
charge storage in EDLC electrodes are activated carbons, carbon nanofibres, carbon 
nanotubes, graphene, porous graphene, etc. 

5.3.1.1 Activated Carbons 

It is a type of carbonaceous material that possesses high surface area (internal 
porosity), which may be obtained by thermal or chemical treatment. The process 
by which the surface area can be increased is known as ‘activation’, and the resulting 
broad group of materials is known as activated carbon. Generally, physical activa-
tion is carried out at elevated temperatures between 750 and 1100 °C using oxidants, 
such as steam [11], carbon dioxide [12] or mixture of these gases [13]. Impregnating 
the precursor with activating agents, such as phosphoric acid [14], zinc chloride 
[15] and later pyrolysing between 400 and 800 °C in the absence of oxygen are the 
usual means of chemical activation. Due to its low cost (as it can be produced from 
carbonaceous materials, such as wood, coconut shell) and higher specific surface 
area than other carbon-based materials, activated carbon is widely used as electrode 
material in EDLCs. It utilizes a complex porous structure composed of micropores, 
mesopores and macropores to achieve the desired high surface area [16]. Activation 
does not produce any significant change in the morphology, dimension and electrical 
conductivity but leads to formation of new micropores and higher surface areas along 
with more number of basic oxygen groups [17]. 

5.3.1.2 Carbon Nanofibres 

Carbon nanofibres (CNFs) are carbon materials with a cylindrical shape like carbon 
nanotubes (CNTs) but with structural and textural characteristics different from 
CNTs. CNFs are obtained from thermosetting of organic molecules such as cellulose, 
phenolic resins, polyacrylonitrile and pitch-based substrates. After extrusion, the 
nanofibre will be activated in a controlled oxidizing environment to obtain required
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size and porosity. The pores obtained on the fibre surface provide a good accessi-
bility to ions. High adsorption capacities and high adsorption rates have led CNFs 
to be widely used in EDLCs. CNFs usually exhibit diameters in the range of 100– 
300 nm with lengths up to 200 μm. They can be categorized into (i) high graphitic 
fibres and (ii) low graphitic fibres. The former can be obtained either by a catalytic 
vapour-grown procedure with a metal catalyst floating in the reaction media [18] or  
by catalytic chemical vapour deposition with the metal catalyst on a support [19]. 
These CNFs show a high electrical conductivity on the order of 1 S cm−1 for the 
compacted pellets and a low specific surface area of 10–50 m2 g−1. Their specific 
capacitance is very low (1–10 F g−1) due to their low surface area. However, capac-
itance retention of these fibres at high currents is very high. However, activation can 
increase the specific surface area up to 100 m2 g−1 leading to a moderate increase in 
specific capacitance value, i.e. 100 F g−1. 

Graphitic carbon nanofibres of second category may be obtained by (a) blending 
of polymers in which the polymer acts as the carbon source and provides porosity 
[20], (b) electrospinning of precursors [21], (c) using an anodic alumina as a template, 
which leads to CNFs with marked mesoporosity [22], (d) electrochemical decom-
position of chloroform [23] and (e) flames of ethanol [24]. These CNFs possesses 
conductivity of 0.1 S cm−1 for compacted pellets, but their specific surface area is 
much higher (100–500 m2 g−1) giving a higher specific capacitance. The limitation 
of activated carbon fibres is that they are generally more expensive than the products 
of powder carbon [10]. 

5.3.1.3 Carbon Nanotubes 

Carbon nanotubes became one of the most special materials since its discovery by 
Iijima and Ichihashi [25]. These have received great attention in the field of the 
fundamental research to applied perspectives. Numerous studies were carried out 
on CNTs due to its novel hollow tube structure, dimensions in the nanorange, high 
specific surface area and an excellent conductivity. CNTs are of two types namely 
single-walled (SWCNT) and multiwalled (MWCNT). Recent research trends show 
that there is an increasing interest in using CNTs as electrode materials for EDLCs 
[26]. Electrodes made from SWCNT show a high specific capacitance (180 F g−1) 
and high-power density [27]. But electrodes made from MWCNT show a capac-
itance (135 F g−1) less than SWCNT [9]. The high capacitance of SWCNT may 
be attributed to its high surface area accessible to electrolyte and good mechanical 
strength. Comparative study of the specific capacitance achieved with CNTs and 
activated carbon shows that the later one shows higher specific capacitance [28]. 
ECs made from CNT films (directly grown or by casting of colloidal suspension on 
to current collectors) show close rectangular CV curve even at a high scan rate of 
1000 mV s−1 [29]. The high cost of production limits its application, but it can be 
used as conductive agent, in conjugation with other active materials for fabricating 
electrodes.
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5.3.1.4 Graphene 

Carbon atoms arranged in a monolayer honeycomb network is known as graphene. 
Graphene, a rising 2D honeycomb layer of sp2-bonded carbon atoms is considered as 
mother of all carbon dimensionalities [30]. It is the planar thinnest known material 
in the world and the strongest ever measured [31]. Instead of its planar structure, 
graphene can be rolled into one dimensional CNTs, which is further subdivided 
depending on the number of graphene layers into SWCNTs and MWCNTs, also 
wrapped into zero-dimensional spherical fullerenes (Fig. 5.6) [32]. Graphene was 
first prepared by scotch tape method by attaching a tape onto graphite face and peeling 
off the tape [33]. It is important to clarify that graphene nanosheet (GNS) refers to 
graphene in its standard form, i.e. a single layer of graphene. In addition to single layer 
graphene, few layer graphene (FLG) has also been studied [34, 35]. Before synthesis 
of graphene nanosheets, it should be oxidized to graphene oxide (GO) and reduced 
chemically or electrochemically [36]. The synthetic process determines not only the 
properties but also its application in a particular field which has led to immense 
interest in research field. The extensive use of this material is due to the spectacular 
properties like high electrical and thermal conductivity [37], high specific surface 
area [38] and high mechanical strength [39]. Due to these properties, they are used 
in many technological applications such as in nanocomposites [40], sensors [41], 
nanoelectronics [42], batteries [43], supercapacitors [44, 45] and hydrogen storage 
[46]. 

Fig. 5.6 Various structures of carbon materials. Reproduced with permission from Elsevier [32]
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Numerous bottom–up such as chemical vapour deposition [CVD]; epitaxial 
growth onto metal catalyst substrates and arc discharge method and top down such 
as micromechanical cleavage, reduction of graphite oxide, sonication and exfolia-
tion approaches have been adopted to synthesize graphene-based materials. But the 
widely accepted one is the chemical exfoliation method, i.e. oxidation of graphite to 
graphene oxide and subsequent reduction of graphene oxide to graphene. Graphene-
based supercapacitors have high specific capacitances ranging from 197 to 350 F g−1 

in aqueous electrolytes [45, 47]. 

5.3.1.5 Porous Graphene 

Porous graphene is a new kind of spongy planar sheet material resembling graphene 
with some hole/pores created by the removal of sp2 carbon atoms. Depending on 
their pore diameters, they are categorized as microporous (diameter < 2 nm), meso-
porous (diameter from 2 to 50 nm) and macroporous (diameter > 50 nm) mate-
rial [48]. Depending on the fabrication methods used, the pore size varies from 
atomic to nanoscale dimensions. The mesoporous and macroporous structures are 
used in chromatographic separations, as catalyst for water and air purification and 
as electrochemical capacitors [49, 50]. 

The pioneering work on porous graphene was first done by Bieri et al. [51]. 
They used cyclohexa-m-phenylene as a precursor and produced a 2D polyphenylene 
networks with regular distribution of pores of single atom wide and subnanometer 
periodicity by the aryl–aryl coupling on a metal surface. The 2D polyphenylene 
porous graphene is shown in Fig. 5.7. The structure of the precursor CHP resembles 
graphene, and in porous graphene the phenyl rings are missing periodically. Struc-
turally graphene’s unit cell consists of two carbon atoms, whereas in polyphenylene, 
the unit cell consists of 3 × 3 supercells of 2 C6H3 rings linked by C–C bonds [51].

Till date, the preparation of porous graphene includes chemical bottom–up 
approach through the surface assisted aryl–aryl coupling reaction [52], etching 
of graphene sheets by MnO2 [53] and in-situ hydrothermal polymerization/ 
carbonization of biomass [34]. Physical methods of preparation involve electron 
beam irradiation [54], helium ion bombardment [55] and laser irradiation [56]. Such 
methods involve a greater number of steps to produce porous network and requires 
expensive conductive substrate. Further, the yield is also very poor, and sometimes 
microporous structure is produced which hinders its practical applications. 

5.3.2 Pseudocapacitors 

Pseudocapacitors store charge Faradaically, through the transfer of charge between 
electrode and electrolyte in comparison to EDLCs, which store charge electrostat-
ically. Processes like electrosorption, redox reactions and intercalation help in the
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Fig. 5.7 STM image of 2D 
polyphenylene model for 
porous graphene. 
Reproduced with permission 
from Royal Society of 
Chemistry [51]

accomplishment of this which allows the pseudocapacitors to achieve greater capac-
itances and energy densities [57, 58]. The charges transferred in these reactions are 
voltage dependent. The capacitance can be calculated using the following Eq. (5.4). 

C = Qtot 

Vtot 
(5.4) 

where the ‘Qtot’ and ‘V tot’ are the total charge and voltage change for a charge or 
discharge of the electrode. The most widely used electrode materials for pseudoca-
pacitors are transition metal oxides or hydroxides [59] and electronically conducting 
polymers [60]. 

5.3.2.1 Conducting Polymers 

Conducting polymers are known to possess a relatively high capacitance, conduc-
tivity, energy and power density values. In addition to this, they have low ESR value 
and are cost-effective in comparison to other carbon-based materials [61]. But the 
major disadvantage is the lack of cycling stability due to high mechanical stress during 
the oxidation and reduction reactions [8, 60]. In addition to this, dearth of efficient 
n-doped-type materials based on conducting polymers has hindered the development 
of conducting polymer pseudocapacitors for practical applications [62].
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5.3.2.2 Metal Oxides 

Metal oxides are suitable electrode material for supercapacitor due to abundant avail-
ability, low cost, environmentally friendly and easy synthetic process [59]. Generally, 
metal oxides provide high surface redox properties leading to high energy density 
in Faradaic supercapacitors [1]. The achieved high energy density in metal oxides is 
far more than carbon-based materials, and it also has high stability than polymeric 
substrates. Metal oxides exhibit Faradaic electrochemical reactions between elec-
trode materials and ions within an appropriate potential window [63]. The primary 
criteria for the metal oxides to be used as an electrode material are (a) it must be 
electronically conductive, (b) metals must possess variable oxidation states and (c) 
there must be provision for intercalation of protons into the oxide lattice on reduc-
tion and out of the lattice on oxidation, allowing easy interconversion of O2− and 
OH− [2]. Some of the finest pseudocapacitive materials, such as RuO2, MnO2, ZnO,  
MoO2, SnO2, Co3O4, NiO, Fe2O3, Fe3O4, V2O5, MoO3, TiO2 and WO3, are used as 
an electrode material for supercapacitor. In the recent years, Fe2O3 and Fe3O4 have 
emerged as new type of pseudocapacitive electrode material due to their low-cost, 
ecofriendly nature and high abundance [64, 65]. 

5.3.3 Hybrid Capacitors 

Combining the double-layer capacitor and pseudocapacitor a new type of capacitor 
named as hybrid capacitors can be generated. This capacitor provides high power and 
energy density in comparison to the conventional capacitors. This system also shows 
high-rate capability and cycling stability. Based on their electrode configuration they 
are grouped into three types: composite, asymmetric and battery type, respectively 
[6]. 

5.3.3.1 Composite 

Composite electrodes are fabricated by the integration of carbon-based precursors 
with either conducting polymers or metal oxide nanostructures containing both phys-
ical and chemical charge storage processes jointly in a single electrode. Incorporation 
of carbon-based materials provides better contact between the electrolyte and pseu-
docapacitive material due to higher surface area leading to a double layer of high 
capacitance. Further, the pseudocapacitive materials also increase the capacitance 
through Faradaic reactions [66, 67].
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5.3.3.2 Asymmetric 

Combination of Faradaic processes and non-Faradaic processes by pairing of an 
EDLC electrode with a pseudocapacitor electrode led to the generation of asymmetric 
supercapacitor. In particular, the coupling of an activated carbon negative electrode 
with a conducting polymer positive electrode has attained enormous attention [68]. 
Due to the unavailability of an efficient, negatively charged material, conducting 
polymer material has limited success in pseudocapacitor field. But the application of a 
negatively charged, activated carbon electrode solved this problem. While conducting 
polymer electrodes generally have higher capacitances and lower resistance than 
activated carbon electrodes, they have lower maximum voltages and less cycling 
stability. Asymmetric hybrid capacitors strike a compromise to achieve higher energy 
and power densities with better cycling stability. 

5.3.3.3 Battery Type 

Battery-type hybrids are an answer to the demand for supercapacitors with higher 
energy densities and batteries with higher power densities obtained by combining a 
supercapacitor electrode with a battery electrode. These are characterized by higher 
life cycle with excellent recharging capacities. The gap between the supercapaci-
tors and batteries is bridged by using activated carbon as one electrode and nickel 
hydroxide or lead dioxide as another [69]. Full potential of these hybrid materials 
can be exploited by further research [70]. 

5.4 Electrolytes 

One of the important components of EC is the electrolyte. These exist in contact 
with the active material and also reside partially inside the separator [2]. A good 
electrolyte should be economic and of high purity and possess large voltage window, 
low resistivity and high electrochemical stability. It should also have low viscosity, 
volatility and toxicity. The electrolytes ideally should have high ionic concentration 
and low solvated ionic radicals. Electrolytes belong to three major kinds, namely (a) 
aqueous, (b) organic and (c) ionic liquids. 

5.4.1 Aqueous Electrolytes 

Aqueous electrolytes deliver higher ionic concentration, lower resistance in addi-
tion to smaller ionic radius which leads to higher capacitance and power density of 
the ECs. Electrolytes like H2SO4, KOH, Na2SO4 and NH4Cl hold an advantage of 
having simple synthetic procedure for obtaining highly pure material. But the major
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drawback in improving the energy and power density while using aqueous electrolyte 
is the small potential window of about 1.2 V. 

5.4.2 Organic Electrolytes 

High-voltage window of around 3.5 V of organic electrolyte makes it a poten-
tial replacement of aqueous electrolyte. Solvents such as acetonitrile, propylene 
carbonate, salts based on tetrafluoroborates are commonly used [2]. Although 
acetonitrile has a power to dissolve higher concentration of salts its toxicity is known 
to affect the environment adversely. On the other hand, propylene carbonate is an 
ecofriendly electrolyte with wide range of voltage window and operating tempera-
tures. The major disadvantage of organic electrolytes is the charge-induced depletion 
and safety concerns associated with the usage. In addition to it, high precautions must 
be taken to keep the water content below 3–5 ppm to avoid reduction in the voltage 
of the ECs [2]. 

5.4.3 Ionic Liquids 

Ionic liquids (ILs) are obtained by providing heat to the salts to acquire them in molten 
state by counterbalancing the crystal lattice energy [2]. They exhibit low vapour 
pressure and flammability and possess high chemical and thermal stability. Higher 
conductivity of around 10 mS cm−1 and wide window of stable electrochemical 
activity of 2–6 V make them potential candidates as electrolytes for ECs [71, 72]. In 
addition, they provide a well-recognized ion size due to lack of solvation shell. While 
the quaternary ammonium salts are used for room temperature studies, sulphonium 
and phosphonium salts are used for lower temperatures [73]. 

5.5 Separator 

A separator is used to prevent the electrical contact between the electrodes. However, 
it should allow the rapid transfer of ionic charge by being permeable to the ions. High 
electrical resistance and low thickness are the desired features for a separator. Paper 
or polymer-based separators are often used in ECs in combination with aqueous and 
organic electrolytes.
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5.6 Electrode Characterization and Device Fabrication 

The three-electrode setup consists of (a) reference electrode which is usually satu-
rated calomel electrode or Ag/AgCl electrode, (b) counterelectrode which is usually 
a platinum wire and (c) working electrode which is usually sheet of Ni or stainless 
steel coated with the electroactive material under consideration. The ink is prepared 
by mechanically mixing the electroactive material with another material like acety-
lene black to improve the conductance, in presence of a binder in a definite ratio 
[35, 45, 50]. This is later coated on to the sheet or carbon paper or carbon cloth 
or Ni foam using various techniques like Doctor’s blade technique or layer brush 
coating technique to get a working electrode. The symmetrical supercapacitor setup 
consists of stainless steel panels which act as current collectors, separator which is 
usually filter paper soaked in the electrolyte, working electrode in contact with the 
electrolyte which could be either aqueous, organic or ionic liquid [45, 74, 75]. 

The electrodes and the device are characterized by cyclic voltammetry (CV), 
galvanostatic charge–discharge (GCD) and electrochemical impedance spectra (EIS) 
to study the electrochemical properties [74–79]. 

The specific capacitance values from the CV curves and GCD curves can be 
calculated according to Eqs. (5.5) and (5.6), respectively. 

Cs = nA

ΔV × m × ν 
(5.5) 

Cs = n × I × Δt 

m × ΔV 
(5.6) 

The specific capacity can be calculated from the GCD data for 3-electrode system 
and supercapacitor device by using Eqs. (5.7) and (5.8), respectively. 

Qs = I × Δt 

m 
(5.7) 

Qs = Cs × ΔV (5.8) 

The energy and power density can be calculated according to Eqs. (5.9) and (5.10), 
respectively. 

E = 1 
2 
CsΔV 2 

1000 

3600 
(5.9) 

P = E
Δt 

× 3600 (5.10) 

where Cs is specific capacitance (F g−1), Qs is the specific capacity (C g−1), E is 
energy density (W h kg−1), P is power density (W kg−1), A is the integrated area of
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the CV curve, ΔV is the maximum potential window (V), m is the deposited mass 
on one single electrode (g) and ν is the scan rate (V s−1), I m is the applied current 
density, and Δt is the discharging time. For 3-electrode system, n = 1 and for 2-
electrode system n = 2 (owing to the formation of series capacitance in symmetrical 
supercapacitor device) [3, 50, 59, 67]. 

The coulombic efficiency η (%) can be determined from the GCD curves using 
Eq. (5.11). 

η (%) = Δtd
Δtc 

× 100 (5.11) 

where Δtd and Δtc are the discharging and charging times, respectively. 
The individual contributions to the total capacitance can be estimated by using 

Eq. (5.12) [80, 81]. 

Cs(T ) = CEDLC + CP (5.12) 

where Cs(T ) is the total specific capacitance, CEDLC and CP are the respective 
contribution of double-layer capacitance and pseudocapacitance [50, 59]. 

5.7 Synthesis of Graphene Oxide (GO) and Graphene 

The pioneering work on the synthesis of graphene oxide was done by Brodie [82], 
where he treated graphite with KClO3 in 1:3 weight ratios in strong fuming nitric 
acid; however the major drawbacks of this method was longer reaction time of 4 days, 
extensive purification process, generation of toxic and explosive gases which stifled 
further study. Later in, 1898, Staudenmaier proposed a simplified method for GO 
synthesis in one reaction vessel by taking fuming nitric acid, H2SO4 with KClO3 in 
multiple proportions [83]. However, the reaction time was still 4 days, and evolution 
of explosive ClO2 gas was observed during the synthesis [83]. Therefore, these two 
methods were unsuitable for the oxidation of graphite. 

In 1958, Hummers and colleagues developed a safe method for the synthesis of 
GO, which has been widely accepted for the large-scale GO synthesis [84]. In this 
method, oxidation was done in a reaction vessel by using an anhydrous mixture of 
H2SO4, NaNO3, and KMnO4 as oxidizing agents. Also, the reaction temperature and 
time were very less [84]. The advantages of Hummers’ protocol include formation 
of no toxic and explosive gases, and the use of strong oxidant, i.e. KMnO4 ensures 
the reduction in duration of completion of reaction from several days to few hours. 
However, some limitations such as formation of NO2/N2O4 due to introduction of 
NaNO3, removal of Na+ and NO3− ions from wastewater, while purification process 
and incomplete oxidation process resulting in graphite-core/GO-shell particles are 
observed. After 40 years, Kovtyukhova and colleagues prepared graphite oxide by 
using Hummers’ protocol with some modifications, named as modified Hummers’
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method [85]. The authors stated that before GO synthesis, an additional pre-oxidation 
step was necessary, otherwise incomplete oxidation of graphite-core/GO-shell parti-
cles was observed. The pre-oxidation was carried out by treating graphite with H2SO4 

and 1:1 weight ratio of K2S2O8:P2O5. Later, Stankovich et al. prepared GO by 
using Hummers’ method and sonicated to form a stable graphene oxide suspension 
[86]. The reduction of graphene oxide to graphene sheets was carried out by using 
hydrazine hydrate over a period of 24 h. Later in 2010, Marcano’s group reported 
an improved version of the Hummers method [87]. Removing NaNO3 and treating 
graphite with a 9:1 mixture of concentrated H2SO4 and H3PO4 in one reaction vessel 
leading to a high degree of oxidation with no release of toxic gases. The oxidation 
product was also larger in quantity, which is a significant achievement for the large-
scale graphene oxide synthesis. In recent years, further modification of Hummer’s 
method was carried out by Bhat’s group, wherein graphite flakes were stirred with 
H2SO4 and to the cooled solution KMnO4 was added. Later, H2O2 was added to 
obtain GO [75, 88, 89]. This method was a modification of an earlier procedure, 
wherein NaNO3 was added prior to the addition of KMnO4 [90]. Thus, formation 
of oxides of nitrogen was eliminated making the procedure safer and applicable for 
large-scale production. They also reported GO synthesis by modifying the method 
reported by Marcano’s group by addition of H2O2 at a later stage resulting in pure 
and large quantities of GO product [3, 50]. 

5.8 Fe2O3-Graphene Composites for Supercapacitor 
Applications 

5.8.1 Hydro/Solvothermal Method 

Hydrothermal method is a fascinating route for the synthesis of nanomaterials and by 
adopting this route various nanostructures of α-Fe2O3 such as nanotubes, nanocubes, 
nanodots, nanoplates, nanoring like structures have been prepared, and its compos-
ites with graphene have been studied thoroughly (Fig. 5.8). The electrochemical data 
from several works revealed enhancement in the specific capacitance value of the 
composite structures in comparison to the components due to the synergistic effect. 
Some of these are summarized below. The α-Fe2O3 nanotubes–RGO composite 
prepared by Lee’s group exhibited a capacitance value of 215 F g−1 in comparison 
to 30 F g−1 exhibited by the nanotubes at a scan rate of 2.5 mV s−1 with only 
8% reduction in value after 700 cycles and remained totally unchanged up to 2000 
cycles at a high current density of 5 A g−1 [91]. The excellent electrochemical perfor-
mance of the composites was attributed to the high surface area of hollow α-Fe2O3 

nanotubes and the incorporation of RGO which boosted the conductive pathway for 
the fast and reversible reaction. Another attempt was made by Chaudhari’s group to 
synthesize cube like structure of α-Fe2O3 on multimodal porous carbon with very 
high surface area for supercapacitor applications [92]. The prepared composite has
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delivered double the capacitance value in comparison to porous carbon and four 
times higher value than that of α-Fe2O3. The enhanced electrochemical performance 
of the composite was mainly accredited to the high structural stability, conduc-
tivity and porosity. Hydrothermal method was adopted by Zhao and co-workers 
for the doping of hetero atoms (N-doping) and the prepared N-doped graphene/ 
Fe2O3 nanoparticles composite study showed that nitrogen doping in the graphene 
composite ameliorated the capacitance value to 260 F g−1 at a high current density 
of 2 A g−1 in comparison to a value of 150.4 F g−1 obtained for graphene/Fe2O3 

[93]. Additionally, 82.5% initial capacitance value was retained after 1000 cycles 
at a current density of 2 A g−1 by the N-doped graphene/Fe2O3 nanocomposite in 
comparison to 61.4% by graphene/Fe2O3. The superior electrochemical performance 
of the N-doped composite was primarily ascribed to the good electronic conductivity 
induced by the extra lone pair of electrons from nitrogen (pyrrolic) and more active 
sites. Similarly, Liu’s group studied the effect of N-doping in the amelioration of 
electrochemical performance of supercapacitors and synthesized Fe2O3 nanodots-
N-doped graphene through solvothermal method [94]. The synthesized electrode 
material depicted excellent electrochemical performance in KOH electrolyte with a 
high specific capacitance value of 274 F g−1 at a current density of 1 A g−1 and even 
retained capacitance value of 140 F g−1 at a current density of 50 A g−1. Also, the 
electrode material showed superior cyclic stability up to 100,000 cycles with 75% 
initial capacitance retention at a high current density of 5 A g−1. Such an excellent 
electrochemical performance is mainly attributed to the good combination of Fe2O3 

nanodots and appropriate doping of nitrogen in the composite, which offered plenty 
of electroactive sites for the electron transfer and diffusion and reduced the volume 
change during the charge–discharge cycles. Wang’s group aimed to increase the 
electrochemical performance of the anode materials in supercapacitors [95]. Single-
crystalline Fe2O3 nanoparticles grown over graphene hydrogel by hydrothermal route 
displayed a high specific capacitance value of 908 F g−1 at a current density of 2 A g−1 

and 622 F g−1 at a higher current density of 50 A g−1, whereas the Fe2O3 nanoparti-
cles and graphene hydrogel displayed a capacitance value of 91 F g−1 and 272 F g−1 

at a current density of 2 A g−1, respectively. The anode material displayed a retention 
value of 75% after 200 cycles at a scan rate of 20 mV s−1. The retention value of 
Fe2O3 nanoparticles was only 51%. The observed superior electrochemical perfor-
mance of the composite structure is mainly ascribed to the synergistic effect from the 
constituent materials. Song’s group fabricated nano-Fe2O3 and 3D graphene aerogel 
composite through hydrothermal method for the utility in supercapacitors [96]. The 
prepared supercapacitor depicted a capacitance value of 81.3 F g−1 at a current 
density of 1 A g−1 and 62.7 F g−1 at a current density of 10 A g−1 in a wide potential 
window in aqueous 0.5 M Na2SO4 electrolyte. Yang and co-workers synthesized 
porous α-Fe2O3-graphene composites to enhance the electrochemical performance 
in supercapacitors [97]. The hydrothermal route led to a high specific surface area 
and high pore volume, which resulted in high capacitance value of 344 F g−1 at a 
current density of 3 A g−1 and retention of 97% of its initial capacitance value after 
50,000 cycles at a high current density of 10 A g−1, suggesting its utility in high-
performance supercapacitor applications. The high electrochemical performance of
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the composite structure is mainly ascribed to the synergetic effect of optimal loading 
of porous α-Fe2O3 nanostructures and crumpled structure of graphene nanosheets, 
which facilitated the smooth passage of electrolyte ions, shortened ion diffusion path 
length and enhanced electrical conductivity. The nanoplate kind α-Fe2O3 structures 
decorated on interconnected RGO sheets prepared through a facile hydrothermal 
method by Quan and co-researchers have shown superior electrochemical properties 
as compared to α-Fe2O3 nanoplates [98]. The composite depicted a high capacitance 
value of 903 F g−1 in comparison to 347 F g−1 by the α-Fe2O3 nanoplates at a current 
density of 1 A g−1. 70% initial capacitance retention value by the composite after 
1000 cycles at a high current density of 5 A g−1 was ascribed to high surface area 
with mesoporous structure and high electrical conductivity of the electrode mate-
rial. Gao and co-workers adopted a solvothermal method to prepare quasi-hexagonal 
nanoplates-graphene nanocomposite structure with high surface area compared to 
Fe2O3 nanoplates [99]. A high capacitance value of 1083 F g−1 is shown by the 
material at a current density of 2 A g−1. With tenfold increase in the current density 
electrode material showed 199 F g−1 capacitance, which is 18.4% of the initial value, 
suggesting the good rate capability. The composite material displayed capacitance 
retention of 75% after 1000 cycles at a high current density of 4 A g−1, whereas the 
Fe2O3 only retained 21% after 1000 cycles. Zhu and co-workers prepared thumb ring 
like α-Fe2O3 and RGO composites through hydrothermal method as an anode for 
supercapacitors [100]. The composite delivered a good capacitance value of 255 F g−1 

at a current density of 0.5 A g−1 with 90% retention value after 10,000 cycles at a high 
current density of 10 A g−1 in a potential window of 1.2 V. Zhang’s group prepared 
core–shell nanostructures of 3D graphene anchored on Fe2O3@C through a scalable 
and simple one-pot hydrothermal process followed by annealing [101]. The highly 
conductive 3D carbon network enabled fast ion and electron transport. In addition 
to it, the remarkable specific surface area contributed to a good performance with 
high specific capacitance, enhanced rate capability and excellent cyclic stability. The 
composite electrode material showed a capacitance value of 211 F g−1 at a current 
density of 0.5 A g−1 and 177 F g−1 at a current density of 20 A g−1 with no decay 
in the initial capacitance value after 2500 cycles. It is worth noting that by changing 
the compounds or adjusting the heating strategy, various types and structures of 3D 
carbon composite materials can be developed. Gao’s group adopted a hydrothermal 
method followed by thermal reduction method to prepare graphene-Fe2O3 nanopar-
ticle composite [102]. The microscopic results displayed the anchoring of iron oxide 
nanoparticles over the graphene surface providing rich redox active sites for the 
electrochemical process. Owing to the availability of plenty of redox chemical sites, 
the electrode material displayed a high capacitance value of 378.7 F g−1 at a current 
density of 1.5 A g−1 and retained 88.8% initial capacitance retention value after 3000 
cycles at the same current density. Furthermore, the prepared asymmetric superca-
pacitor by using graphene as positive electrode and graphene-Fe2O3 composite as 
negative electrode has displayed high energy and power density at higher applied 
current densities, suggesting its excellent power capabilities. The supercapacitor 
device retained 78% of its initial value after 3000 cycles at a high current density 
of 5 A g−1. The superior electrochemical performance of the composite electrode is
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Fig. 5.8 a FESEM image of α-Fe2O3 nanotubes–RGO composite. Reproduced with permission 
from Royal Society of Chemistry [91]. b Fe2O3 nanoparticles over graphene surface. Reproduced 
with permission from Elsevier [93]. c TEM image of Fe2O3 nanodots@nitrogen-doped graphene. 
Reproduced with permission from American Chemical Society [94]. d FESEM image of Fe2O3 
nanoparticles grown over graphene hydrogel. Reproduced with permission from Elsevier [95]. 
e TEM image of α-Fe2O3 nanostructures on RGO sheets. Reproduced with permission from Amer-
ican Chemical Society [97]. f FESEM image of α-Fe2O3 nanoplates on RGO sheets. Reproduced 
with permission from Elsevier [98]. g FESEM image of quasi-hexagonal Fe2O3 nanoplates on 
graphene sheets. Reproduced with permission from Elsevier [99]. h α-Fe2O3 nanostructures on 
RGO sheets. Reproduced with permission from American Chemical Society [100] 

mainly ascribed to the sufficient number of accessible active sites for electrochemical 
reaction, which provided a pathway for smooth passage of electrolyte ions diffusion 
into the interior pores. 

5.8.2 Self-assembly Method 

Self-assembly technique is one of the most fascinating synthetic techniques in 
nanoscience. In this route, the nanostructures are designed at the atomic and molec-
ular level. Lin’s group synthesized mesoporous carbon/iron oxide composites by 
cooperative self-assembly method (Fig. 5.9) and fabricated a symmetrical superca-
pacitor device [103]. The resulted nanocomposites (neat mesoporous carbon) have 
shown a high surface area and high pore volume, which led to a capacitance value 
of 235 F g−1 at a current density of 0.5 A g−1 and retained 51% of the initial 
capacitance value at a current density of 10 A g−1 in 1 M Na2SO3 electrolyte. The 
fabricated supercapacitor has exhibited more than 95% initial retention value after 
380 cycles at a current density of 1 A g−1. Similarly, Zhang’s group adopted colloidal 
electrostatic self-assembly method followed by hydrothermal reduction method to 
prepare 2D-layered α-Fe2O3–RGO flexible films for electrochemical capacitors 
[104]. The prepared composite material displayed a high gravimetric capacitance



5 Iron Oxide-Functionalized Graphene Nanocomposites … 97

Fig. 5.9 Self-assembly method for the preparation of Fe2O3–RGO composite structure. Repro-
duced with permission from American Chemical Society [103] 

value of 714 F g−1 at a current density of 1 A g−1, whereas α-Fe2O3 has shown only 
274 F g−1. The fabricated symmetrical supercapacitor by using this composite has 
exhibited retention of 79% capacitance value after a long 1000 charge–discharge 
cycles at a high current density of 2.5 mA cm−2. Wu’s research group adopted metal 
ion induced self-assembly followed by calcination method to produce novel ultra-
small amorphous Fe2O3 nanodot-graphene aerogel nanocomposite structure with a 
high surface area of 261.7 m2 g−1 with improved energy storage properties [105]. 
The high surface area and good pore volume provided more electroactive sites for 
ion transport, resulting in a high capacitance value (347 F g−1) and high capacitance 
retention value of 94% after 2500 cycles at 5 A g−1 along with high energy and power 
density value in a wide potential window of 1.5 V. The method opened up a new 
strategy to design new electrode materials of high surface area for energy storage 
devices. 

5.8.3 Thermal Decomposition Route 

Thermal decomposition route is an attractive one for the synthesis of ultrafine 
nanoparticles. Xia’s group synthesized hematite quantum dots functionalized on 
graphene sheets for high energy density supercapacitors [106]. The large surface 
area of the Fe2O3/FGS composites undoubtedly shortened the ion diffusion path and 
led to improved pseudocapacitive performance of the composite electrodes with a 
capacitance value of 347 F g−1 at a scan rate of 10 mV s−1. As an asymmetric super-
capacitor electrode material with MnO2 the supercapacitor device (2 V) displayed a 
high energy density value of 50.7 W h kg−1 while maintaining a power density of 
100 W kg−1. Apart from this, the device retained 95% of the capacitance after 5000 
cycles at a current density of 0.5 A g−1.
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5.8.4 Template-Assisted Method 

Ordered mesoporous carbon/Fe2O3 nanocomposites were successfully synthesized 
by Hu and co-workers for high-performance supercapacitors [107]. The template-
assisted method led to the formation of a mesoporous network with high specific 
surface area. The obtained capacitance value for the composite was 264 F g−1 at 
a scan rate of 5 mV s−1 with 90% retention of the capacitance after 1000 cycles. 
The synergistic effects of the dual-template method demonstrated in this work had a 
significant impact on the design of electrode materials on both the mesoscale porous 
structure and macroscale morphology and could be applied to other electrochemical 
energy storage systems to improve both energy density and power density. 

5.8.5 Wet Chemical Route 

Sun’s group prepared Fe2O3-graphene nanosheet composite through wet chemical 
method by engineering highly porous nanostructures using ionic liquids to ameliorate 
energy density and power density values [108]. The composite electrode displayed 
a capacitance value of 143 F g−1 at a current density of 0.2 A g−1 as compared 
to Fe2O3, which displayed a capacitance value of 53.5 F g−1. The prepared asym-
metric supercapacitor (4 V) by using Fe2O3-graphene nanosheet composite and acti-
vated polyaniline-derived carbon nanorods displayed a high energy density value of 
177 W h kg−1 at a power density of 200 W kg−1. 

5.8.6 Gas Liquid Diffusion Method 

Huang’s group synthesized flexible and transparent supercapacitor electrode made 
up of biographene-wrapped Fe2O3 nanowire networks through a bio-inspired gas 
liquid diffusion method [109]. The flexible film showed an aerial capacitance of 
3.3 mF cm−2 at a scan rate of 10 mV s−1, which was higher than the value of 
graphene films. The composite film had high power density of 191.3 W cm−3, an  
energy density of 8 mW h cm−3 and superior cycling stability up to 10,000 cycles with 
92% retention of initial capacitance value. The superior electrochemical performance 
of the flexible electrode was mainly ascribed to the nanowire structure of Fe2O3, and 
the wrapping of graphene on the nanowires, which not only improved the capacitance 
but also improved the cyclic stability by enhancing the ion transport rate through the 
3D structure (Fig. 5.10).
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Fig. 5.10 a Low- and b high-resolution SEM micrographs of Fe2O3 nanowire; c, d low- and e high-
resolution SEM micrograph of Fe2O3 nanowire@graphene surface. Reproduced with permission 
from IOP Science [109] 

5.8.7 Electrochemical Method 

Yang’s group prepared electrochemically reduced graphene oxide sheet iron oxide 
composites and used it as binder-free electrode material for supercapacitors 
[110] [Fig. 5.11]. The obtained composite material has shown good mechanical 
strength and displayed a good capacitance value of 235 F g−1 at a scan rate of 
10 mV s−1, and initial capacitance retention value of 92% after 2000 cycles at a 
current density of 1 A g−1.

5.8.8 Microwave Method 

Saraf and co-workers adopted a two-step process consisting of precipitation of 
starting precursors followed by microwave heating for the formation of reduced
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Fig. 5.11 Schematic illustration for the fabrication of electrochemical synthesized RGO/Fe2O3 
electrodes. Reproduced with permission from Elsevier [110]

graphene oxide-Fe2O3 nanocomposites [111] [Figs. 5.12 and 5.13]. The composite 
structure rendered excellent capacitance value of 577.5 F g−1 at a current density of 
2 A g−1 and produced a high capacitance value of 437.5 F g−1 at a current density of 
10 A g−1, which suggests the good rate capability of the electrode material. Further, 
the electrode material displayed 85.7% retention of initial capacitance value after 
1000 cycles at a current density of 2 A g−1. The electrode material delivered high 
energy and power density values in high current range.

5.8.9 Mechanical Agitation Method 

Chen’s group synthesized α-Fe2O3–RGO composites through in-situ process 
followed by mechanical agitation method [112]. The microscopic analysis revealed 
that the α-Fe2O3 nanoparticles densely covered the RGO sheets, forming a compact 
structure. The composite structure of α-Fe2O3 and RGO not only prevented the 
agglomeration of nanoparticles and restacking of RGO sheets but also sustained the 
severe volume change during the repeated electrochemical cycles. The nanocompos-
ites gave a high capacitance value of 920 F g−1 at a current density of 2 A g−1. The  
obtained good electrochemical result is mainly ascribed to the synergetic effect of 
the components of the composite.
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Fig. 5.12 Schematic representation of synthesis of RGO–Fe2O3 composite. Reproduced with 
permission from Royal Society of Chemistry [111]

5.8.10 Novel Intercalation Method 

Haridas and co-workers fabricated a hybrid supercapacitor consisting of Fe2O3 

nanorods and graphene sheets through a novel intercalation method followed by calci-
nation of the intermediates in air [64] [Fig. 5.14]. The hybrid composites possessed 
a high conductivity value of 3.1 × 106 S cm−1. The high electrical conductivity and 
low resistivity of the hybrid composite structure resulted in a high capacitance value 
of 1135 mF cm−2 at a scan rate of 5 mV s−1 and 815 mF cm−2 at a current density of 
0.5 mA cm−2 with 55% retention of capacitance after 10,000 cycles at a high current 
density of 4 mA cm−2.
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Fig. 5.13 a, b FESEM images of RGO at different magnifications; c TEM image of RGO; d– 
f FESEM images of RGO–Fe2O3 composite at different magnifications; g–i TEM image of RGO– 
Fe2O3 composite at different magnifications. Reproduced with permission from Royal Society of 
Chemistry [111]

5.9 Fe3O4-Graphene Composites for Supercapacitor 
Applications 

5.9.1 Hydro/Solvothermal Method 

Shi’s group adopted a facile solvothermal method for the synthesis of Fe3O4 nanopar-
ticles decorated over RGO sheets [113]. The composite electrode material has 
depicted a high capacitance value of 480 F g−1 at a high current density of 5 A g−1 

with excellent energy and power density values. The composite electrode has retained 
100% of its initial capacitance value after 1000 cycles at a current density of 5 A g−1, 
suggesting its utility in high-performance electrochemical supercapacitors. Similarly, 
Wang and co-workers adopted a hydrothermal method for the preparation of Fe3O4-
graphene composites without the use of surfactants or templates [114]. The addition
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Fig. 5.14 Schematic representation of the formation of α-Fe2O3/graphene nanosheets. Reproduced 
with permission from Elsevier [64]

of graphene sheets increased the surface area of hybrid composite (49.5 m2 g−1) in  
comparison to Fe3O4 (19.25 m2 g−1). The increase in surface area of the composite 
led to increase in specific capacitance value of the composite structure to 220 F g−1 

at a current density of 0.5 A g−1 as compared to Fe3O4 (65.4 F g−1). Wasiński’s 
group studied the effect of loading of double-layer electroactive materials on the 
enhancement in the capacitance values [115]. They adopted a solvothermal method 
to combine the electrochemical double-layer materials as positive electrode and 
battery-type materials as negative electrode to form a hybrid composite structure 
in order to enhance the capacitance, energy and power density values. The high 
conductive RGO sheets acted as a positive electrode and Fe3O4 nanoparticles acted 
as a negative electrode. They found that the 30 wt.% loading of graphene displayed 
a high capacitance value of 83 F g−1 as compared to the 10 and 20 wt.% loading. 
Beyond 30 wt.% loading they observed a decrease in the capacitance value due 
to the agglomeration of the constituent materials. Li’s group synthesized a hybrid 
composite structure consisting of Fe3O4 nanoparticles on RGO sheets through a novel 
hydrothermal method [116]. The high surface area and mesoporous structure of the 
composite led to a good capacitance value of 241 F g−1 at a current density of 1 A g−1 

with good initial capacitance retention of 79% after 1000 cycles at a high current 
density of 10 A g−1. Mezgebe’s group studied the electrochemical performance of 
Fe3O4–RGO nanocomposite synthesized through hydrothermal method [117]. The 
obtained nanocomposite had a BET surface area of 27.6 m2 g−1 with pore volume of 
0.184 cc g−1. The obtained composite structure had a capacitance value of 116.4 F g−1 

at a current density of 1 A g−1 in 1MH2SO4 electrolyte. Lin and co-workers deposited 
Fe3O4 nanosheet arrays on graphene surface through in-situ hydrothermal method 
followed by plasma-enhanced CVD heating for the enhancement of electrochemical
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performance of the supercapacitors [118]. The fabricated anode material had a high 
capacitance value of 732 F g−1 at a current density of 2 A g−1 with excellent rate 
capability of 54% at a high current density of 50 A g−1. The cyclic stability test 
performed at a high current density of 20 A g−1 showed retention of 90.4% of the 
initial capacitance value after 10,000 cycles, whereas the Fe3O4 electrode displayed 
only 61.8% retention. Pal’s group adopted a simple one-pot hydrothermal method 
for the synthesis of Fe3O4–RGO hybrid material and studied the effect of applied 
magnetic field on the electrochemical performance of the hybrid composite [119]. 
The hybrid composite had a capacitance value of 868.9 F g−1 (451 F g−1) with applied 
magnetic field (without applied magnetic field). The external magnetic field (0.125 T) 
had huge impact on the enhancement of electrochemical properties along with high 
surface area which allowed the deep penetration of electrolyte ions into the elec-
trode thus ameliorating the electrochemical performance. Sheng’s group deposited 
Fe3O4 nanospheres onto graphene surface through hydrothermal process for high 
energy density supercapacitors [120]. The fabricated supercapacitor displayed a high 
capacitance value of 268 F g−1 at a scan rate of 2 mV s−1 with 99% retention of 
initial capacitance value after 10,000 cycles at a high cycling rate of 200 mV s−1. 
The hybrid composite promoted the electron transport and ion diffusion/transport, 
resulting in the remarkable enhancement of the electrochemical performance. Khan’s 
group prepared Fe3O4 nanodiscs embedded on reduced graphene oxide through a 
facile hydrothermal method [121]. The composite was tested as a negative electrode 
in aqueous KOH electrolyte, and it displayed a capacitance value of 1149 F g−1 

in comparison to a value of 920 F g−1 for Fe3O4 nanodiscs at a current density of 
1.5 A g−1. Apart from this, excellent cyclic stability was shown by the composite 
material with 97.53% retention of initial capacitance compared to 87.8% for the 
Fe3O4 nanodiscs after 10,000 cycles at a current density of 10 A g−1. Liao and 
co-workers utilized solvothermal route for synthesis of Fe3O4 graphene nanocom-
posite with a good surface area and porous structure [65]. The composite material 
had a good capacitance value of 300 F g−1 at a current density of 0.4 A g−1, which 
was higher compared to the Fe3O4 nanomaterial and graphene sheets. The electrode 
material retained 93% of its initial capacitance after 500 discharge cycles at a low 
current density of 0.4 A g−1. Although the electrode material displayed a good gravi-
metric capacitance value, it failed in the long-term cyclic stability study owing to 
the agglomeration effect, which restricted the smooth passage of electrolyte ions 
into the electroactive surface lowering the electrochemical performance. Figure 5.15 
depicts the anchoring of various nanostructures on graphene surface in the hybrid 
composites.

5.9.2 Chemical Vapour Deposition Method 

Shi and co-workers prepared iron oxide impregnated hollow carbon spheres for 
supercapacitor electrode material (Fig. 5.16) [122]. Due to the pore size which was 
found to be optimum and cavity which was partially filled, electrolyte ions exhibited
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Fig. 5.15 a SEM image of Fe3O4 nanoparticles/RGO composite. Reproduced with permission 
from Elsevier [114]. b High-magnification SEM image of Fe3O4–RGO composite. Reproduced 
with permission from Elsevier [116]. c SEM image of RGO/Fe3O4 composite. Reproduced with 
permission from Elsevier [117]. d SEM image of graphene@Fe3O4 nanosheets. Reproduced with 
permission from Royal Society of Chemistry [118]. e TEM image of Fe3O4/RGO sheets. Repro-
duced with permission from IOP Science [119]. f SEM image of graphene-Fe3O4 nanocomposites. 
Reproduced with permission from Elsevier [120]. g TEM image of Fe3O4/RGO nanocomposites. 
Reproduced with permission from Elsevier [121]

Fig. 5.16 a TEM image of hollow carbon sphere-Fe3O4 nanocomposite; b CV curves showing the 
EDLC behaviour of the composite. Reproduced with permission from Elsevier [122] 

easy and reversible transport through the porous composite leading to a capacitance 
value of 193Fg−1 at a scan rate of 1 mV s−1 and retained 94.75% of initial capacitance 
values after 10,000 cycles in 5 M LiCl electrolyte. 

5.9.3 Electrochemical Process 

Qu’s group synthesized 2D sandwich like Fe3O4@graphene nanocomposites through 
electrochemical process [123]. The obtained nanocomposite displayed good surface
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area along with high capacitance value of 349 F g−1 at a current density of 0.5 A g−1. 
Also, the prepared electrode retained 95% of its initial capacitance value after 1000 
cycles at current density of 2 A g−1. The excellent electrochemical performance of 
the nanocomposite is mainly attributed to the 2D sandwich like structure of Fe3O4, 
which uniformly anchored on the graphene sheets, prevented the aggregation of both 
the nanostructures and helped in the increase of electrical conductivity and overall 
electrochemical properties. Li’s group deposited Fe3O4 nanoparticles on functional 
exfoliated graphene sheets over a carbon paper to prepare a binder-free electrode with 
porous structure and good conductivity [124]. A high capacitance value of 470 F g−1 

is delivered by the composite structure at a current density of 1 A g−1 with 91.9% 
initial capacitance retention after 5000 cycles at a current density of 1 A g−1. 

5.9.4 Microwave Method 

Low-cost microwave method was adopted by Karthikeyan’s group to synthesize 
Fe3O4-graphene composite to fabricate a symmetrical supercapacitor device of 1 V 
[125]. The supercapacitor device displayed a capacitance value of 88 F g−1 at a low 
current density of 0.25 A g−1. However, the device showed a high cyclic stability 
up to 100,000 cycles at a high current density of 3.75 A g−1 with 99.5% retention 
of initial capacitance value. Apart from high cyclic stability rate, the device also 
produced good energy and power density values, suggesting its utility for the practical 
applications. Kumar and group synthesized interconnected 3D network of Fe3O4/ 
RGO nanosheet composite for high-performance supercapacitor electrode material 
through microwave approach [126]. The specific capacitance of the composite was 
estimated to be 455 F g−1 at a current density of 3.6 A g−1, which is superior 
compared to the Fe3O4 nanoparticles. The composite electrode retained 91.4% initial 
capacitance value after 9600 cycles at an applied current density of 3.8 A g−1. 

5.9.5 Reflux Method 

Qi’s group synthesized Fe3O4/RGO nanocomposites through a facile hydrolysis 
route followed by post-annealing method [127]. The nanocomposite provided a good 
capacitance value of 350.6 F g−1 at a scan rate of 1 mV s−1, and with 100-fold increase 
in scan rate, the capacitance value was 157.6 F g−1, which showed the material had 
good rate capability. In addition to this, the electrode material retained 100% initial 
capacitance value after 10,000 cycles at a high scan rate of 100 mV s−1. Liu and group 
fabricated a negative flexible paper supercapacitor, which possessed a high surface 
area of 346 m2 g−1 with mesoporous structure [128]. The wet chemical synthesis 
followed by vacuum drying led to the formation of Fe3O4 nanoparticles uniformly 
deposited over the graphene surface by covalent bonding. The intact hybrid structure 
resulted in good capacitance value of 368 F g−1 at a current density of 1 A g−1 and at
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a current density of 5 A g−1; the capacitance value was 225 F g−1, which is 61% of 
the former capacitance value. The cyclic stability test of the hybrid material revealed 
66.6% retention of initial capacitance value at a high current density of 5 A g−1 

after 1000 cycles. Sarno and group synthesized FLG-Fe3O4 nanohybrid composite 
for supercapacitor application [129]. The prepared composite gave a capacitance 
value of 227 F g−1 at a current density of 0.23 A g−1 along with high energy density 
and power density values. It also retained 95% of its initial capacitance value after 
1000 cycles at a high current density of 20 A g−1. The excellent electrochemical 
performance of this nanohybrid composite was due to the favourable function of 
FLG for anchoring nanosized Fe3O4 particles, which prevented the aggregation of 
nanoparticles and provided effective pathways for the electron transport. 

5.9.6 Electrophoretic Deposition Method 

Ghasemi’s group adopted electrophoretic deposition method to synthesize RGO– 
Fe3O4 films [130]. A specific capacitance of 154 F g−1 at current density of 1 A g−1 

was observed which was higher than that of RGO (81 F g−1) in 0.5  M Na2SO4 elec-
trolyte. The electrochemical behaviour of RGO–Fe3O4/SS electrodes was improved 
with the addition of three kind of surfactant, i.e. sodium dodecyl sulphate (SDS), 
cetyltrimethylammonium bromide (CTAB), t-octyl phenoxy polyethoxyethanol 
(Triton X-100) to Na2SO4 aqueous solution. The RGO–Fe3O4/SS in Na2SO4 elec-
trolyte containing Triton X-100 showed maximum specific capacitance of 236 F g−1 

at 1 A g−1 with retention of 97% initial capacitance after 500 cycles. Yang’s group 
studied the electrochemical performance of porous edge-functionalized graphitic 
carbon nitride/iron oxide nanoparticle composites prepared through electrophoretic 
deposition method [131]. The synthesized binder-free electrodes, graphitic carbon 
nitride/iron oxide nanoparticles on Ni foam current collector delivered a specific 
capacity of 197 mA h g−1 at a current density of 0.5 A g−1. In comparison to 
77 mA h g−1 delivered by Fe3O4. The capacitance retention of the composite was 
88.5% after 4000 cycles in comparison to 60.8% of Fe3O4 at an applied current 
density of 3 A g−1. 

5.9.7 Self-assembly Method 

Yan’s research group synthesized irregular hexagonal-Fe3O4 sheets-RGO composite 
through a colloidal electrostatic assembly process followed by a heat treatment 
process (Fig. 5.17) [132]. The porous composite electrode displayed a BET surface 
area of 173.3 m2 g−1 with mesoporous structure. A capacitance value of 193 F g−1 at 
a current density of 0.3 A g−1, and 112.3 F g−1 at a current density of 2 A g−1 which 
is 58.2% after 6.7-fold increase in the current density was obtained suggesting its
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Fig. 5.17 Schematic representation of colloidal electrostatic assembly process for the synthesis of 
hexagonal-Fe3O4 sheets-RGO composite. Reproduced with permission from Elsevier [132] 

Fig. 5.18 TEM image of 
Fe3O4 nanorods-RGO 
composite. Reproduced with 
permission from Royal 
Society of Chemistry [133] 

good rate capability. The cyclic stability test at a current density of 1 A g−1 for 1000 
cycles revealed that around 83.2% of the initial capacitance value was retained. 

5.9.8 Wet Chemical Route 

Das and co-workers adopted a wet chemical route for the synthesis of Fe3O4 

nanorods-RGO composite for enhancement of the electrochemical properties [133]. 
The hybrid composite showed a high capacitance value of 315 C g−1 at a current 
density of 5 A g−1. The electrode material also displayed high initial capacitance 
retention (95%) after 2000 cycles at an applied current density of 5 A g−1 (Fig. 5.18). 

5.9.9 Bio-inspired Green Method 

Madhuvilakku’s group adopted a biosurfactant assisted green one-pot method for the 
fabrication of flower-like Fe3O4 anchored on RGO sheets to form a hybrid composite 
(Fig. 5.19) [134]. The synergetic effect and fast redox reaction owing to the short 
ion diffusion path led to a high capacitance value of 425 F g−1 at a current density 
of 1.5 A g−1, which is more as compared to Fe3O4 (144.8 F g−1) and RGO sheets 
(159 F g−1). Although the hybrid composite showed a high capacitance value, it did
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Fig. 5.19 a FESEM image of Fe3O4 nanoflowers; b Fe3O4/RGO nanocomposite. Reproduced with 
permission from Elsevier [134] 

not fare well in cyclic stability test as it retained 80% of the initial capacitance value 
after only 750 cycles. 

5.9.10 Graphenothermal Method 

Rosaiah’s group adopted a cost-effective graphenothermal method to synthesize 
flower-like RGO–Fe3O4 nanoparticle composite, which displayed a high surface 
area of 141.3 m2 g−1 with mesoporous structure [135]. The nanocomposite electrode 
exhibited a high capacitance value of 498 F g−1 at a high scan rate of 10 mV s−1 

and 454.3 F g−1 at a current density of 1 A g−1. The nanocomposite electrode 
also retained 94% of the initial capacitance value after 10,000 discharge cycles at a 
current density of 3 A g−1. The excellent electrochemical performance displayed by 
the composite structure as compared to the constituents was due to the high surface 
area and mesoporous structure of the composite. 

5.9.11 Chemical Reduction Method 

Aruna Devi and co-workers studied the electrochemical performance of Fe3O4– 
RGO nanocomposites for supercapacitor applications prepared by one-step chem-
ical reduction method (Fig. 5.20) [136]. It was found that the high concentration of 
Fe(NO3)3 led to a capacitance value of 416 F g−1 as compared to low Fe concen-
tration, which showed a capacitance value of 398 F g−1. The high specific capaci-
tance values of the Fe3O4/RGO nanocomposites obtained are due to the combined 
effect of RGO possessing EDLC behaviour and Fe3O4 possessing pseudocapaci-
tive behaviour causing fast Faradaic reaction. Apart from high capacitance value,
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Fig. 5.20 Schematic illustration for the synthesis of RGO–Fe3O4 nanocomposite. Reproduced 
with permission from Elsevier [136] 

the electrode material was able to retain 88.6% initial capacitance value after 1000 
cycles at a high current density of 5 A g−1. 

5.10 Conclusions 

This book chapter presents the basics of supercapacitors, their types and materials 
used as electrodes in the fabrication of supercapacitors. Owing to the discovery of 
graphene and its spectacular properties, this material has been widely accepted by 
researchers across the globe. The high electron mobility, high surface area, high 
mechanical and Young’s modulus help in the enhancement of capacitance value. 
However, the presence of van der Waal’s forces makes the graphene sheets to come 
closer which would lead to the agglomeration of sheets. To overcome this issue, the 
introduction of foreign molecules was found to be an attractive approach. In this 
chapter, various methods implemented to introduce iron oxide nanostructures into 
graphene derivatives to form hybrid composites have been discussed. The incorpo-
ration of foreign moieties led to increase in the electrochemical performance of the 
hybrid composites by many folds with high cyclic stability at high applied current
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density. The electrode materials exhibited high electrochemical activity and cyclic 
stability due to the synergistic effects of the components of the nanocomposite mate-
rials. The impressive electrochemical accomplishment of various composite mate-
rials is attributed to the increase in active surface area and electronic conductivity. The 
published works suggest that these graphene-based nanocomposites with iron oxides 
are potential candidates as electrode materials for the supercapacitor applications. 
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Chapter 6 
Iron Oxide Nanozyme in Biomedicine 

Amit Kumar, Diptikanta Acharya, Sagarika Satapathy, 
and Sushil Kumar Sahu 

Abstract Iron oxide nanoparticles with intrinsic enzymatic properties are consid-
ered as iron oxide nanozymes (IONzymes). IONzymes are bridging the gap between 
nanotechnology and biomedicine. Their catalytic actions mimic those of natural 
enzymes such as peroxidase and catalase. IONzymes are synthesized chemically 
and are less expensive than the preparation of natural enzymes. They are stable over 
a wide range of pH and temperature, an advantage over natural enzymes. In addition 
to IONzyme’s enzymatic properties, their magnetic properties provide opportunities 
for developing of bioseparation assays, imaging tools, targeted drug delivery and 
hyperthermia therapy in the field of biomedicine. 

Keywords IONzymes · Nanotechnology · Biomedicine · Peroxidase · Catalase ·
Drug delivery 

6.1 Introduction 

Iron oxide particles show the properties of remanence and coercivity. Remanence 
refers to the amount of magnetization retained by iron oxide at zero driving field, 
and coercivity is the amount of driving field needed to demagnetize it [1]. Iron 
oxide nanoparticles are paramagnetic or superparamagnetic in nature, which is a 
superior characteristic over iron oxide particles [2]. So, they quickly aggregate and 
re-disperse by applying and removing an external magnetic field, respectively [3]. 
Due to this property, iron oxide nanoparticles have multiple biomedical applications,
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Fig. 6.1 Enzyme-like 
activities and magnetic 
properties of iron oxide 
nanoparticles (IONzymes) 
for biomedical applications 

which include but are not limited to biosensors [4, 5], bioseparation [6, 7], targeted 
drug delivery [8, 9], magnetic resonance imaging [10] and hyperthermia therapy 
[11, 12]. Haematite (Fe2O3) and magnetite (Fe3O4) nanoparticles are considered 
as iron oxide nanozymes (IONzymes) due to their enzymatic properties. The first 
reported nanozyme was Fe3O4 nanoparticles, which possess horseradish peroxidase 
(HRP)-like catalytic activity [13]. Subsequently, different metals and metal oxides 
having enzymatic activities similar to peroxidase, oxidase, catalase and superoxide 
dismutase were studied [14–16]. Here, we present the catalytic activities of IONzyme 
and their applications in biomedicine (Fig. 6.1). 

6.2 Enzymatic Activities of IONzyme 

IONzyme is considered an enzyme mimetic as it possesses catalytic mechanisms 
similar to natural enzymes [17]. They mimic the properties of enzymes such as 
peroxidase and catalase of the oxidoreductase family [13, 18]. Both contain a non-
protein part (or cofactor), i.e. haem. Peroxidase acts on hydrogen peroxide (H2O2) 
and gives rise to free radicals, whereas catalase acts on H2O2 to give rise to oxygen. 
Both of them play a crucial role in preventing oxidative damage in aerobic organisms.
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(1) IONzymes as peroxidase: 

IONzymes (nanomaterials of Fe2O3 and Fe3O4) mimic peroxidase activity (Eq. 6.1). 
Fe3O4 nanomaterial has been reported to exhibit better activity than Fe2O3 nano-
material [19, 20]. IONzymes show optimum peroxidase activity at 37–40 °C in an 
acidic (pH 3–6.5) medium [18]. They can act on polysaccharides, lipids, proteins, and 
nucleic acids and peroxidize all these substrates [19, 21]. Activators of IONzymes are 
AMP, ADP and ATP [22], and inhibitors are free radical quenchers such as sodium 
azide, ascorbic acid, hypotaurine and catecholamines [17, 23]. 

H2O2 
Peroxide−→ 2A + 2H2O (6.1) 

(2) IONzymes as Catalase: 

IONzymes also mimic catalase activity (Eq. 6.2). It has been shown that maghemite 
(γ-Fe2O3) and Fe3O4 nanoparticles decompose H2O2 both at neutral and basic pH 
[18, 19]. 

2H2O2 
Catalase−→ O2 + 2H2O (6.2)  

6.3 Kinetics and Mechanism of Action of IONzyme 

IONzymes follow Michaelis–Menten kinetics as in Eq. 6.3 [24]. 

v = (Vmax[S])/(Km + [S]) (6.3) 

where ‘v’ is the initial velocity of the reaction, ‘Vmax’ is the maximal rate of the 
reaction, ‘[S]’ is the concentration of the substrate, and ‘Km’ is the Michaelis–Menten 
constant. 

Kcat = Vmax/[E] (6.4) 

where ‘Kcat’ is the catalyst rate constant that describes the limiting rate of any enzyme-
catalysed reaction at saturation (Eq. 6.4). 

The determinations of Vmax, Km and Kcat for IONzymes are apparently determined 
based on the peroxidase reaction. Tetramethyl benzidine-hydrogen peroxide (TMB-
H2O2) is a chromogenic substrate for HRP. This substrate produces a soluble blue 
colour in the presence of HRP. This reaction can be stopped with an equal volume 
of 1N sulfuric acid. The optical density of the resulting yellow colour can be read at 
450 nm. HRP can be replaced with IONzyme, which has a greater affinity for TMB 
than the native enzyme. IONzyme’s surface has abundant iron in contrast to the one 
iron in the HRP molecule, which may be attributed to its higher affinity.
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For the measurement of catalase activity, oximetry is preferred. An oxygen elec-
trode senses the rate of O2 generation. The reaction rate of catalase is positively 
correlated with the amount of molecular oxygen generated in the solution. However, 
it may be affected by external factors such as temperature, diffusion and oxygen 
in the air. Catalase can be replaced with IONzyme to perform the above process 
[25, 26]. 

A haem group and a coordinated iron are present in the active sites of the enzymes 
peroxidase and catalase. This helps with electron transfer during redox reactions. 
In an IONzyme, the superficial surface may act as an active site. The affinity of 
IONzyme towards H2O2 can be enhanced by manipulating the surface of IONzyme 
by molecular coating, imprinting or grafting other substances on its surface [24, 27]. 

6.4 Synthesis of IONzyme 

IONzyme synthesis is achieved using the chemical methods, co-precipitation, 
solvothermal preparation, sol–gel, oxidative hydrolysis, thermal decomposition and 
Massart hydrolysis [27]. However, shape, size, morphology, nanostructure and 
activity change from one method to another. Biogenic methods of IONzyme synthesis 
like bacterial magnetosomes are possible, and they produce uniform-size IONzymes 
with better dispersity and biocompatibility than chemical methods [28, 29]. Addi-
tionally, modification of IONzyme’s surface or its integration into other substances 
can be done to form multifunctional hybrid nanocomplexes to facilitate its further 
applications. For example, iron oxide is integrated onto the surface of graphene 
oxide and hydrogel [30, 31]. It is hard to compare IONzymes produced by different 
available methods and find the best one. 

6.5 Properties of IONzyme 

(1) Stability: IONzymes are more stable in comparison to natural enzymes like 
peroxidase and catalase in a broad range of pH and temperature. For instance, 
Fe3O4 nanozyme is stable at pH 1–12, with temperatures 4–90 °C although the 
catalytic activity reduces at a pH below 5 and above 40 °C [32–34]. 

(2) Tunability: IONzymes can be tuned to enhance their activity by modulating their 
shape, size and surface. Usually, the smaller the size of IONzymes, the supe-
rior the catalytic activity [35]. The activity of IONzymes could be improved by 
doping with other elements like gold (Au), silver (Ag) and platinum (Pt). Au– 
Fe3O4 nanoparticles (NPs) have more peroxidase-like activity than Fe3O4 NPs 
due to the synergistic effect of Fe3O4 NPs and Au NPs. Also, polarization effects 
from Au to Fe3O4 occur. Ag-nanowire coated on Fe3O4 NPs gives enhanced 
peroxidase-like activity compared to Fe3O4 NPs. Pt–Fe3O4 NPs show enhanced 
catalytic activity compared to Fe3O4 nanoparticles. Iron oxide NPs integrated
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into carbon nanomaterials exhibit better peroxidase activity than pure iron oxide 
nanoparticles [24, 36, 37]. Surface modifications of IONzyme may substan-
tially increase, decrease or reduce its activity depending upon the microen-
vironment and nature of the substrate. Fe3O4 NPs modified with polyethylene 
glycol decrease enzyme activity, but modifications with dextran have no substan-
tial effect. Likewise, the surface charge of IONzyme may increase or decrease 
its activity. Heparin-coated negative surface charges of iron oxide nanoparticles 
showed nearly sixfold higher peroxidase activity than those with ethyleneimine-
coated positive surface charges using TMB as the substrate. However, posi-
tive surface charges showed more than 11-fold higher peroxidase activity than 
those with negative surfaces using 2,2'-Azinobis [3-ethylbenzothiazoline-6-
sulfonic acid]-diammonium salt (ABTS) as the substrate. ABTS is a chro-
mogenic substrate for HRP that yields a green end product after reacting with 
peroxidase. Catalytic efficiency was further increased by lowering the size of 
NPs [24]. Integration of biomolecules can enhance the IONzyme’s activity. For 
instance, the peroxidase-like activity of DNA-capped iron oxide nanoparticles 
and casein-coated magnetic nanoparticles has more effect than that of naked 
nanoparticles using the TMB system [38]. 

(3) Multifunctionality: IONzyme has the property of superparamagnetism, and 
enzymatic activity is an additional nanoscale feature. Hence, both of these 
properties allow IONzymes for multi-purpose performance. IONzyme mimics 
peroxidase activity in acidic pH and catalase activity in neutral pH [19]. So, 
these activities can be regulated by changing pH in a cancer microenvironment 
or a biofilm formed by dysbiotic microbiota. Moreover, IONzyme can be used 
as a vehicle to load numerous molecules into a pathway to perform cascade 
reactions [39]. 

6.6 Applications of IONzyme in biomedicine 

In the area of biomedicine, the enzymatic activity of IONzyme has been widely 
reported. The peroxidase-like activity of IONzyme provides an opportunity for 
designing colorimetric assays. Free radicals generated by it help kill microbes and 
cells via the ROS-mediated signalling pathway. 

(1) Enzyme alternative for immunoassay and pathogen detection 

IONzymes can be used instead of peroxidase in assays based on peroxidase activity. 
For example, IONzymes can be use in place of HRP-based detection in enzyme-
linked immunosorbent assays (ELISA) and other similar assays by conjugating 
antibodies to them (Fig. 6.2).

Similarly, the superparamagnetism properties of IONzyme help enrich a small 
amount of antigens and improve the sensitivity of the assay. For example, chitosan-
modified magnetic nanoparticles successfully detect a very small amount (1 ng/ 
ml) of carcinoembryonic antigen. This immunoassay has been reported to detect
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Fig. 6.2 IONzymes for immunoassay. The antibody recognizes the antigenic site of the analyte 
and is then detected by the second antibody-coated IONzymes, which catalyse the oxidation of 
colorimetric (TMB) substrates to give rise to a coloured product

IgG, human chorionic gonadotropin, epidermal growth factor receptor and human 
epidermal growth factor receptor [18]. IONzyme can be used to develop a lateral flow-
based diagnostic test kit. This has been successfully achieved to detect glycoproteins 
of the Ebola virus and is more sensitive than the standard colloidal gold strip. A 
similar method has been used to detect the new bunyavirus. IONzyme’s surface is 
coated with a forward primer and a biotinylated reverse primer, which can amplify the 
target DNA during PCR. This can bind to a streptavidin-coated surface and produce 
a signal via the catalysis of IONzyme. This assay can detect Vibrio cholerae with a 
minimum of 103 colony-forming units/mL and show directions for detecting other 
bacterial DNAs in food and water. IONzyme’s surface, coated with aptamers, has 
the potential to identify target molecules with high specificity. This method has been 
reported to detect Listeria monocytogenes in food [40]. 

(2) Enzyme cascades and substrate-based detection 

Multiple enzymes can be brought together onto the IONzyme surface to execute a 
cascade of enzymatic reactions to react with the substrate, followed by its detec-
tion indirectly by analysing the product. Glucose oxidase was bonded with Fe3O4 

nanoparticles. Then, glucose was catalysed by glucose oxidase to produce H2O2. 
H2O2 was catalysed by IONzymes due to its peroxidase activity. By using a chro-
mogenic substrate, a colour signal can be formed in proportion to the concentration of 
glucose [19, 39]. This glucose detection method was reflected in many other reports 
[24, 41, 42]. Similarly, different oxidases that can produce H2O2 as an intermediate 
in a cascade of reactions can be bonded to IONzyme to detect the corresponding 
substrates. In this regard, galactose oxidase for galactose, cholesterol oxidase for 
cholesterol and alcohol oxidase for alcohol have been reported to be used in IONzyme 
base detection [43, 44]. Integrating of a series of natural enzymes into IONzyme to 
participate in a cascade reaction offers a novel approach to developing assays for 
detecting any molecules present in the cascade. 

(3) Diagnosis of tumour and its therapy 

IONzyme shows promising applications for the diagnosis of tumours and their 
therapy. For tumour diagnosis, an IONzyme called magnetoferritin (MFt) nanopar-
ticles, a superparamagnetic protein, can be used. MFt nanoparticles were encapsu-
lated inside the shell of human heavy-chain ferritin. Upon delivery, this binds to
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cancerous cells overexpressing transferrin receptor 1. The peroxidase activities of 
IONzyme allow the oxidation of target substrates in the presence of H2O2, resulting 
in the formation of coloured products. The coloured product can be seen in the solid 
tumour [45]. In a therapeutic approach, IONzyme can be used to kill cancer cells by 
catalysing H2O2 and producing toxic radicals in the tumour microenvironment. For 
this, delivery of H2O2 into the target tissue in vivo or integrating an enzyme that can 
produce H2O2 using a substance in the target tissue as a substrate may be consid-
ered. This approach has been tested using Fe3O4 nanozyme and H2O2 in a mouse  
model of cervical cancer [46]. Iron present in the nanomaterials produces a lot of 
ROS, resulting in the death of cancer cells, or induces polarization of macrophages 
in tumour tissues to reduce their further growth without administration of H2O2 from 
outside [47, 48]. Such anti-cancer effects may be attributed to the enzymatic action 
of iron in nanomaterials, which is similar to IONzyme. It is crucial to understand 
the safety of IONzyme in terms of its distribution, kinetics, action and clearance in 
an animal model. Fe3O4 nanoparticles coated with dextran were localized mostly in 
the liver, lung and spleen and less in the kidney, lymph nodes and thymus. Usually, 
nanoparticles are taken up by the reticuloendothelial system and circulated to the 
liver, lung and spleen. 

(4) Anti-bacteria and biofilm elimination 

IONzymes have the potential to kill bacteria and reduce biofilm formation [49]. H2O2 

gives rise to free radicals in the presence of IONzyme, which can destroy bacterial 
cells by attacking their membrane proteins or genetic material in the nucleus. The free 
radicals inhibit bacterial biofilm formation. The peroxidase-like activity of IONzyme 
facilitates increasing the anti-bacterial action of H2O2. The increased effect has been 
reported on Escherichia coli and Staphylococcus aureus [46, 50]. These anti-bacterial 
properties are helpful to kill multiple-drug-resistant bacteria, inhibit sepsis and heal 
injuries. Free radical production and peroxidase activity in the presence of Fe3O4 

nanozyme lead to oxidative damage of the components of biofilm, such as oligosac-
charides, nucleic acids and proteins. The action of IONzyme and H2O2 independently 
is not efficient, but synergistic effects work better for oxidative degradation [18]. The 
Fe3O4 nanoparticles and H2O2 work as a system to cleave biomolecules, resulting in 
the degradation of existing biofilms and preventing the formation of new ones. This 
approach has been reported to target microorganisms in the oral microenvironment 
to inhibit the formation of plaque and dental caries [51]. The peroxidase-like action 
of IONzyme breaks glucans in the biofilm matrix into glucose and kills microbes 
like Streptococcus mutans. It also reduces the demineralization of teeth in an acidic 
environment created by dysbiotic microbiota. These reports suggested the potential 
of nanozymes as a compelling option for managing of biofilm-related illnesses.
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6.7 Conclusion 

IONzyme is regarded as an enzyme mimetic of the new generation due to its strong 
catalytic properties. The kinetics of IONzyme were subsequently investigated to 
elucidate its mechanism of action and improved by manipulating its size, shape, 
surface, dopants and combination with other nanoparticles. This facilitates sensibly 
designing the appropriate nanozymes for practical appliances. Compared to natural 
enzymes and other mimetic of natural enzymes, IONzymes are more stable. Also, 
they are multifunctional and versatile since they can be modified by additional 
labelling to function on multiple platforms in terms of assay development and therapy. 
These properties have shown a new direction for using magnetism-independent iron 
oxide nanomaterials. It has been reported that magnetic iron oxide materials can 
be used in the field of biomedicine in some specific instances, like DNA isolation, 
delivery of genes to the target, sorting of desired cells and imaging of solid tumours. 
For instance, we can sort T-cells to be used in chimeric antigen receptor (CAR) T-
cell therapy, an important immunotherapy for treating cancer. These uses are based 
on their magnetic properties. IONzymes, to which the enzyme-like properties bring 
further advantages like immunoassays, detection of microbes, diagnosis and therapy 
of tumours, biofilm removal, and free radical modulations at different levels for 
cellular differentiation and development. As yet, several IONzymes and their appli-
cations have been addressed, but several insight challenges still need to be addressed. 
A standard procedure is needed to calculate and compare the activities of different 
IONzymes from independent preparations. Specific activity is one way to evaluate 
enzyme activity. More specific evaluation is needed for calculating the KM, Kcat or 
Kcat/KM in the same reaction conditions in terms of substrate quantity, temperature, 
pH and buffer. 

IONzymes are not natural, and their interaction, affinity and action are not the same 
as those of natural enzymes; the method to improve their selectivity is still incomplete. 
The feature of interaction at the molecular level between enzyme and substrate may 
help to synthesize IONzymes with enhanced selectivity. Molecular imprinting is 
one way to improve the IONzyme’s selectivity. Enzyme-mimicking activities of 
IONzyme are studied mostly in catalase and peroxidase. Numerous natural enzymes 
utilize iron as a cofactor to execute catalytic activities. Therefore, it is vital, though 
difficult, to design IONzyme with a preferred action. The probable clue remains 
in understanding the detailed structure and functions of natural enzymes. In vivo 
activities of IONzyme and their correlation with catalytic activity, therapeutic effect, 
and biocompatibility still need to be clearly understood. Iron oxide nanoparticles 
got clinical permission for magnetic resonance imaging (MRI) of tumours in vivo. 
However, its biocompatibility and intrinsic peroxidase and catalase-like activities 
need to be carefully evaluated. Influences on reactive oxygen species-sensitive events 
in vivo need to be investigated. These include immune activation and repression, the 
development of nerves and the nervous system, heart regulation, stem cell lineage 
maintenance, differentiation and growth. Overall, great efforts are needed to address 
and overcome the fundamental challenges and advance IONzyme’s activity for both 
in vitro and in vivo applications.
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Chapter 7 
Nanoscale Zerovalent Iron and Its 
Composites for the Removal of Toxic 
Pollutants from Water 

Uttam Kumar Sahu and Shengyan Pu 

Abstract Organic chlorinated compounds and carcinogenic heavy metals like 
arsenic in surface and groundwater are a worldwide problem. Therefore, these studies 
focus on the removal of chlorinated hydrocarbons (CHCs) and heavy metals (arsenic) 
from an aqueous environment by using only nano zerovalent iron (nZVI) and biochar-
supported nZVI. Here, biochar is prepared from naturally occurring environmentally 
friendly materials and then nZVI decorated on its surface through a chemical reduc-
tion process. The composite materials have been used for CHCs and arsenic removal 
with variations in solution parameters. The mechanism of interaction between adsor-
bate and adsorbent has also been discussed. Here, nZVI decorated biochar can be a 
potential adsorbent for wastewater treatment. 

Keywords Chlorinated hydrocarbons · Arsenic · nZVI · Adsorption · Removal 

7.1 Introduction 

7.1.1 Water Pollution 

Water is a renewable source, but the feasibility of freshwater is not renewable. A 
specific number of people in the world are suffering due to this lack of fresh-
water. Yet again, this water demand increases rapidly with population growth 
worldwide. A World Health Organization (WHO) survey revealed that only 2.6 
billion people accessed drinking water in 1990. Still, it increased to 663 million 
in 2015, and by 2030, this ratio will increase very spontaneously and highly
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affect the living organism [1]. The toxic, carcinogenic materials like chlorinated 
hydrocarbons (CHCs), perchloroethylene (PCE), polychlorinated biphenyls (PCBs), 
dichloroethane (DCE), trichloroethylene (TCE), hexachloroethane (HCA), and vinyl 
chloride (VC)) [2–4], heavy metals [5] (arsenic (As(III) and As(V))) are presented 
in water, which are not good and create problems for living beings. These toxic 
pollutants in water are mainly caused by growth in globalisation, increased popula-
tion, and high-speed development in the industrialisation sector. The concentration 
or intensity of the above poisonous materials is so high that only 40% of people 
worldwide can access clean or pure water. By 2030, the availability of fresh drinking 
water will be less than 10%. Again, various problems arise due to the intake of 
this toxic water, including diseases like sickness, fever, change in colour of urine, 
headache, irritations in the skin, respiratory problems, anaemia, eye inflammations, 
kidney disease, hypertension, bladder irritation, nervous disorders, cardiovascular 
issues, neurological, endocrine disorders, heart disease, and lung cancer [2, 5]. 

To reduce the concentration level of the above pollutants, electrochemical 
processes [6] such as chemical precipitation [7], membrane filtration [8], reverse 
osmosis [9], adsorption [10], photocatalytic degradation [10], and ion-exchange [10] 
are applied by the different research groups. But the adsorption process gains visi-
bility due to its easy maintenance, low cost, and efficient, non-toxic process. A 
number of carbon-based materials like biochar [11], clay minerals [12], and nano-
sized metal oxide [13] are frequently applied to remove pollutants from the wastew-
ater system. In recent times, zerovalent iron oxide [10] has been widely used as an 
adsorbent for pollutants removal by chemical reduction processes, and its removal 
performance is thrilling and convincing. As compared to others, nanosized zerovalent 
iron oxide nanoparticles have greater redox potential and good adsorptive properties 
to remove toxic material from water. 

There are different types of iron oxide nanoparticles (Fe2O3, Fe3O4, and nano 
zerovalent iron (nZVI)), which are used singly or supported with other materials that 
have been used for phenols, heavy metals, CHCs, and dye removal from aqueous 
environments. However, Fe2O3 and Fe3O4 have a lower ability and also mineralise 
with contaminants. Therefore, nano zerovalent iron (nZVI) is used for wastewater 
applications due to its low cost, abundance, and good reduction potential (ORP) 
of 0.44 [14]. Hence, a lot of studies have been done where halogenated organic 
compounds [15] and heavy metals (arsenic) [16] are effectively removed by using 
nZVI and show good results for its small particle size and outstanding chemical 
reactivity [16, 17]. The only problem with the nZVI is agglomeration, which reduced 
the active binding sites and decreased its efficiency. Hence, to check agglomeration, 
nZVIO has been decorated in the novel with other materials. The main reaction 
mechanism is the transfer of electrons (e) from ZVI to toxic materials, which are 
transformed into non-toxic elements.
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The main objective of this review chapter is the preparation and application 
of nZVI and nZVI-based composites. The major objectives are (1) to explain the 
synthesis of the nZVI and nZVI-based bio-composites; (2) to explain the details 
of the solution parameter conditions for the removal of toxic heavy metal ions and 
halogenated hydrocarbon pollutants from wastewater; (3) to analyse the adsorption 
mechanisms of contaminants on nZVI nanoparticles; and (4) to give expected future 
research and conclusions. 

7.1.2 Synthesis of Single nZVI Nanoparticles 

There are two ways to synthesise nZVI nanoparticles: physical and chemical 
methods. But the physical method is very costly, time-consuming, and low-yielding. 
Therefore, the researcher has chosen the chemical method (mainly liquid-phase 
reduction) because of its easy operation and good yield to produce nZVI nanoparti-
cles [10]. In liquid-phase reduction, the sodium borohydride process is mainly used 
to synthesise nZVI particles. An iron salt (FeCl3·6H2O) solution is shaken at 150 rpm 
in a three-necked flask under a nitrogen atmosphere for 6 h at 80 °C. Then, NaBH4 

solutions have been added to it at regular intervals. Thereafter, washed with water, 
dried, and zerovalent iron nanoparticles are prepared as given in Eq. 7.1. 

Fe3+ + 3BH− 
4 + 3H2O = Fe0 + 3B(OH)3 + 4.5H2 (7.1) 

Researchers have produced different shapes and sizes of nZVI particles in the 
above-explained process. The particle sizes of 1–100 nm with chain-like nZVI parti-
cles [18], spherical nanoparticles [19], and quasi-spherical amorphous nZVI particles 
[20] have been successfully synthesised. 

7.1.3 Synthesis of NZVI-Based Composite Materials 

Single nZVIO particles show aggregation due to their nanosize and high surface 
energy, which limits their practical applications. To reduce the aggregation and 
increase the surface area, several nZVI-based composites have been prepared by 
using layered double hydroxides [21], graphene [22], clay minerals [23], polymers 
[24], and biochar [10] through a different process. This synthesis process contains 
inert gas condensation, thermal decomposition, chemical vapour deposition, hydro-
genation of metallic oxides, pulsed laser ablation, template methods, and thermal 
reduction. However, biochar is considered one of the best supporting materials as it 
is a plant-based material, easily available everywhere, has good thermal stability, is 
non-toxic, and is low in cost.
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7.2 Environmental Applications of nZVI-Based Biochar 
for the Removal of Contaminants from Water 

Presently, the rapid use and synthesis of nZVI nanoparticles show their ability and 
potential for environmental applications for wastewater treatment. But as discussed 
above, the single nZVI nanoparticles show aggregation, which limits their practical 
applications. Hence, nZVIO has been modified with biochar prepared from different 
plant materials. The obtained nZVIO decorated biochar has a higher removal effi-
ciency than single nZVI nanoparticles. The nZVI-based adsorbent will be an effective 
and promising adsorbent to remove toxic substances (CHCs and heavy metals) from 
the aqueous environment. 

7.2.1 Chlorinated Hydrocarbons (CHCs) 

Generally, groundwater is polluted due to chlorinated hydrocarbons (CHCs). The 
different types of CHCs are hexachloroethane (HCA), perchloroethylene (PCE), 
vinyl chloride (VC), polychlorinated biphenyls (PCBs), trichloroethylene (TCE), 
and dichloroethane (DCE). These chlorinated compounds are very toxic and harmful 
to both humans and animals [3, 4]. Hence, to remove or degrade this contaminant, 
single nZVI and biochar decorated nZVI have been used as promising materials as 
influential electron donors from the surface of iron to hydrocarbons for the reduc-
tive degradation of chlorinated compounds. Shan et al. applied the nZVI-Ni@BC 
composite for the elimination of trichloroethylene and found 99% degradation at 
pH 4 [25]. Semerad et al. applied nZVI/BC for chloroethene removal, and, here, 
they found that 99% of chlorine compounds were removed in 30 days [26]. Simi-
larly, in another work, biochar was prepared from Nephelium lappaceum (Rambutan) 
fruit peel, and nZVI was decorated on its surface [27]. This composite was able to 
dechlorinate 96–99% at 120 min and pH 4. 

7.2.2 Heavy Metals 

Like organic pollutants, heavy metals are present in water and make it unusable for 
living beings and aquatic life. These heavy metals are non-biodegradable and carcino-
genic. There are different types of heavy metals, such as arsenic, lead, chromium, 
mercury, copper, cadmium, and nickel. But amongst these, arsenic is very toxic and 
occupies the number one position in the toxic metal list, so we chose arsenic as a 
target heavy metal in this study. In groundwater, arsenic is mainly present in arsenite 
(As(III)) and arsenate (As(V)) forms [28]. National agencies like WHO and USAPA
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have set the maximum amount of arsenic in drinking water to be less than 10 g/L. 
Therefore, nZVI and nZVI decorated materials have been used to remove arsenic in 
recent years. 

Zhang et al. use single nZVI to remove As(III) through the oxidation-adsorption 
process, where electrons transfer from nZVI to As(III) which oxidises As(V), then 
adsorb on the surface of nZVI [29]. Similar results were observed by Yin et al. when 
nZVI was used to oxidise As(III) to As(V) [29]. About 99% of As(V) and 70.9% of 
As(III) were removed from the aqueous solution through the chemisorption process 
by using nZVI. Again, the same mechanism has been found by Liu et al., but they 
decorated nZVI on the graphene-like biochar surface [30]. The composite had a 
very high surface area and reduced As(III) to As(V) and As(V) was easily attached 
to the biochar surface. The adsorption capacity obtained was 363 mg/g. Mao et al. 
synthesised biochar from solid waste, put it on its surface, and applied it for arsenic 
removal [31]. About 90% of As(III) was removed in the optimum conditions of 20 mg/ 
L of initial arsenic concentration, pH 7, and a contact time of 10 min, respectively. 
The adsorption capacity obtained was 121 mg/g. Zhu et al. also found an adsorption 
capacity of 18 and 12 mg/g for As(III) and As(V) by using activated-supported nZVI 
[29]. Here, arsenic removal by adsorbent proceeded with a pseudo-second-order 
kinetic model and was endothermic. The maximum amount of arsenic was removed 
at pH 7 and had a contact time of 72 h. The 0.1 M NaOH solution was used for 
regeneration studies. Xu et al. used carbonising biomass for biochar preparation, and 
18.5–30.9% of Fe was loaded on its surface in the form of nZVI [32]. The adsorption 
was done in a large pH range, is highly efficient, and can be applied for several cycles 
without loss in efficiency. The maximum adsorption capacities of As(III) and As(V) 
were 129.24 mg/g and 127.15 mg/g, respectively. 

7.3 Conclusions and Future Research Expected 

Here, the review explains the synthesis of nZVIO and nZVIO decorated biochar, 
its application for heavy metal (arsenic) and chlorinated hydrocarbon removal from 
water, and the mechanism of target pollutants removal by reduction and adsorp-
tion processes. The effects of various experimental conditions have been explained 
thoroughly. In recent times, a lot of work has been done using nZVI for the above 
toxic substance removal, but still, there should be more discussions on the influence 
of environmental conditions, details of the adsorption mechanism, and large-scale 
application cost analysis studies. Therefore, future studies should be done to establish 
the interaction mechanism of nZVI with heavy metals and chlorinated hydrocarbons 
in groundwater and surface water, which will be highly beneficial for situ remediation.
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Chapter 8 
Oxide Phases in Bismuth Ferrite 
(BFO)—Key for Photovoltaic Application 

Dillip Pattanayak, Samita Pattanayak, and Chinmaya Rout 

Abstract Iron oxides have gained recognition in the twenty-first century for their 
innumerable applications in a variety of sectors, including nano-biotechnology, 
biomedical engineering, and many more. Iron oxides’ super-paramagnetic charac-
teristic and smaller size are the main factors in their widespread application. There 
are numerous polymorphic forms of iron oxide that display various magnetic prop-
erties, catalytic activity, biocompatibilities, and other multifunctional qualities. Iron 
oxide possesses five unpaired electrons and is ferromagnetic by nature, with Ms value 
1.7 emu/g, according to magnetic experiments. Five are arranged in a 3D shell that is 
half filled in Fe3+. The Fe3+ magnetic moments are connected anti-ferromagnetically 
between adjacent planes and ferromagnetically inside the pseudo cubic (111) planes. 
A shifting magnetic field in the iron oxide-based materials allows an electric current 
to flow through conductive material. This induced electrical current can be measured 
with a magnetoelectric sensor. In ferromagnetic materials like Fe2O3, spin creation 
is introduced, which created the device application known as spintronics. 

Keywords BFO · Octahedral · Polarisation · Multiferroelectric 

8.1 Introduction 

Iron oxide is the mineral component that is most abundant in nature. It displays a 
variety of crystal structures, each with distinct structural as well as magnetic charac-
teristics. They commonly take the forms of hematite, magnetite, and maghemite [6]. 
The close interaction of iron cations in octahedral or tetrahedral interstitial spaces 
with oxygen anions in planes explains the crystal structure of the three oxides. Due 
to its distinctive crystal structure, the crystallographic phase of iron oxide known
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as magnetite (Fe3O4) is one of the most fascinating. There are four unique crystal 
polymorphs, each with a different magnetic property. The two primary forms of iron 
oxide, hematite and maghemite, are found in nature, although other oxides, such 
beta (–Fe2O3) and epsilon (–Fe2O3), are typically made in laboratories [6]. Iron 
oxides are most frequently found in rocks and soils, and hematite, also known as 
–Fe2O3, is the most common form of iron oxide. It is an oxide that exhibits weak 
magnetic characteristics at ambient temperature and can be either ferromagnetic or 
antiferromagnetic. It possesses paramagnetic characteristics above the Curie temper-
ature, the Néel temperature, or the Curie–Weiss equation, respectively. Two-thirds 
of the octahedral interstices in –Fe2O3 are filled with Fe+3 ions in alternate layers, 
and the rhombohedral structure is of the corundum type. The hexagonal crystallo-
graphic structure that makes up the ion O−2 reticle is tightly packed; other forms of 
iron oxide are transformed into hematite, which is very stable under environmental 
circumstances and simpler to synthesise than other forms of oxide. A typical ferro-
magnetic mineral called g-Fe2O3 called maghemite is thermally unstable and turns 
into hematite at higher temperatures. According to Zboril et al., the crystal structure of 
its spinel is identical to that of magnetite, with the exception of vacancies in the cation 
sub-lattice. Fe(III) ions occupy two-thirds of the sites, which are filled in an orderly 
fashion with one vacant site followed by two full sites. Due of their rapid magneti-
sation, G-Fe2O3 and magnetite (Fe3O4) both exhibit significant magnetic responses, 
when subjected to an external magnetic field. They oxidise to –Fe2O3 at temperatures 
over 673 K because they are metastable oxides in an oxidising atmosphere. Fe2O3 

is a peculiar iron oxide with a body-centred cubic structure and two non-equivalent 
octahedral crystallographic positions for the Fe+3 ions. It is the only kind of iron 
oxide that displays paramagnetic behaviour at room temperature. The Neel magnetic 
transition temperature is between 100 and 119 K; below this temperature, –Fe2O3 is 
magnetically organised in an anti-Ferro fashion. It changes into either g-Fe2O3 or α-
Fe2O3, depending on the thermodynamic stability, when heated. The orthorhombic 
crystal structure of the epsilon form of iron oxide results from the tightly packed 
arrangement of four layers of oxygen (–Fe2O3). Consider g-Fe2O3, a polymorphous 
intermediate that resembles both g-Fe2O3 and –Fe2O3, as well as –Fe2O3. There are 
two magnetic transitions that –Fe2O3 passes through, one at about 495 K (the Curie 
temperature) and the other at about 110 K. One of the most important objectives 
of study into the solid chemical state of iron is to comprehend the processes and 
dynamics of the polymorphous transformation (kinetics of the transition crystalline 
phase) of iron oxides (2012 Callister Jr). Moreover, for these problems, it is equally 
crucial to comprehend the mechanism underlying any prospective uses of Fe2O3 in 
combination with other substances like bismuth. The most stable multiferroic mate-
rial that exhibits both ferroelectric and antiferromagnetic properties in a single phase 
is BiFeO3 (BFO). The mechanism of BFO-related material for prospective device 
application is given a special emphasis in this chapter.
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8.2 About BFO 

In multiferroelectricity, there are multiple primary ferroic order parameters present 
in a single material, including ferromagnetism, ferroelectricity, ferroelasticity, and 
ferrotoroidicity. Of these, ferromagnetism (or anti-ferromagnetism) and ferroelec-
tricity are the two most intentional multiferroics that have been observed. Therefore, 
such materials have a wide range of potential applications that can be investigated in 
device application in spintronics, information storage devices, high sensitivity AC 
magnetic field sensors, electrically tunable microwave devices like filters, oscilla-
tors, and phase shifters, advance multifunctional devices with quick speed having 
efficiency, etc. BiFeO3 is the most exceptional and eminent inorganic chemical 
compound that exists in a single phase at room temperature and has a rhombohedrally 
deformed ABO3-type perovskite structure [22] (BFO). For many device applications, 
it is still possible to modify the structural, microstructural, electrical, and magnetic 
properties of perovskite oxide by substituting either on the A site, B site, or both while 
maintaining the original structure [24, 34, 41]. Perovskite has multiferroic charac-
teristics at room temperature, with a lattice constant of a = 5.63, a rhombohedral 
angle of 89.45°, and a space group of R3c [45]. According to calculations made by 
Kreiselt et al. [15], BFO has a high curie temperature (TC) of roughly 1143 K, a phase 
transition that is G-type antiferromagnetic, a high Neel temperature (TN) of roughly 
647 K, and high intrinsic polarisation (100 μC/cm2) that is aligned with the (1 1 1) 
direction. Typically, in an ideal ABO3 structure, “A” stands for a larger metal cation 
(12-fold coordination), which is located at the cube’s corner, “B” for a smaller metal 
cation (sixfold coordination), which is located in the middle, and “O” for a negatively 
charged anion, which is located at the cube’s face centre. At room temperature, many 
oxides display slightly distorted fluctuations with less symmetry. The ferromagnetic 
(FM) or ferroelectric (FE) properties of perovskites are related to some structural 
aberrations in those materials. The structural deformation of the perovskite structure 
is measured by the ratio of the A to B cation size for metal ions. The Goldsmith’s 
tolerance factor (t) was used to calculate and identify the compatibility of an ion with 
the perovskite crystal structure (Wang et al.; [19]. The displacement of the Bi3+ from 
Centro symmetric positions as a result of the Bi3+ lone pair (6 s orbital) and O2 (2p 
orbital) hybridisation is what results in the ferroelectric polarisation in BFO. Despite 
the high values of (TC) and (TN) for BFO (unique multiferroic material), the majority 
of researchers are interested in using at least two switchable states, such as polarisa-
tion, magnetisation, and strain, for multifunctional devices (Kreiselt et al.). Due to 
the fact that a single BFO material has both ferromagnetic and ferroelectric charac-
teristics, an electric field can alter the magnetisation while an external magnetic field 
can alter the electric polarisation. This phenomenon is known as the magnetoelec-
tric effect (ME), and the materials that exhibit it are referred to as magnetoelectrics. 
Due to urgent prospective uses and ecologically friendly electronics such as spin-
tronics, multifunctional low-power sensors, actuators, and transducers, as well as the 
possibility of mutual control of magnetic and electric properties, this possibility is 
the focus of the majority of research [10]. However, the main drawback of BiFeO3 

is high dielectric loss and higher leakage current, which are caused by the oxygen
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vacancy at the Bi site of BFO and restrict the material’s ability to be employed for 
device manufacturing [38, 55]. By applying an electric field at ambient temperature 
to create the proper ferroelectric hysteresis loop, the semiconducting behaviour and 
high leakage current of the BFO material are constrained [16]. 

Ion replacement is the most effective way to get around these problems, making 
it a possible contender for use in devices. 

8.3 Mechanism for Device Application 

8.3.1 Crystal Structure of BFO 

The majority of crystal oxides of the ABO3 class share the same structure as the 
perovskite mineral (CaTiO3). The ideal perovskite structure has a Pm3m space group 
and a cubic unit cell with a side of about 3.9 A0. The most typical perovskite structure 
is the BFO (BiFeO3) bulk ceramic perovskite structure seen in Fig. 8.1. It belongs to 
the space group R3c at room temperature, with a rhombohedral symmetry structure, 
a lattice constant of 5.63, and a rhombohedral angle of 89.45. The “A” and “B” ions 
each contains octahedral oxygen coordination, and the oxygen ions are linked to six 
cations (4A + 2B). A bigger metal cation (+ve) is located at the cube’s corner in 
the perovskite structure, B represents a positive metal cation in the centre, and O is 
a negatively charged anion located at the cube’s face. The ferroelectric polarisation 
property is led by the A site, or Bi3+, through structural distortions brought on by its 
stereo-chemically active lone pairs of electrons. The magnetisation property is led by 
the B site, or Fe3+, with its five 3D electrons. The A and B ions must be big enough to 
form 12-fold and sixfold (octahedral) anion coordination, respectively (rA > 0.9  A°  
and rB > 0.51 A°), as this is a crucial requirement for the stability of the perovskite 
structure. For metal ions, the ratio between cation sizes A and B measures structural 
deformation. Goldsmith’s tolerance factor was used to calculate and determine the 
compatibility of an ion with the perovskite crystal structure [16, 38] (t). 

t = (rA + rO) √
2(rB + rO) 

t is equal to one for the ideal perovskite structure and ranges between 0.75 and 1 
for other structures. If either t < 1 or  t > 1 occurs, the structural distortion occurs. 
Though they have a specific place in the rhombohedral BFO structure, the substitution 
of another element will cause a significant change in the physical and structural 
characteristics of Bi3+ and Fe3+. The material structure and its many components are 
changed when there is partial substitution of captions at site A, site B, or concurrently 
at both, which results in a variety of odd features including multiferroicity [8, 46] 
piezoelectricity [39], superconductivity [21], ionic conduction, dielectric and optical 
properties, insulator metal transition properties, and ferroelectricity [4, 13, 32].
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Fig. 8.1 Perovskite crystal 
structure of BiFeO3 

8.3.2 Ion Substitution in BFO Bulk Ceramic 

The common method for altering ion substitutions on either the Bi or Fe sites in 
BFO bulk ceramics, or both, in order to improve the electrical characteristics. When 
an ion is substituted at the Bi site, the ferroelectric and piezoelectric properties are 
changed by lowering leakage current. The effects of ion replacements, especially 
those involving rare earth ions, are detailed in detail below for each site in BFO. 

8.3.2.1 Substitution for Bi Site 

The rare earth ion (Bi3+) in the BFO has a partially filled f-shell that is close to the core 
area and is shielded by a stable outer shell of 5s and 5p orbitals. The rare earth ions fill 
the vacant space between the oxygen octahedrons, affecting the bond by providing an 
electron to the B site and affecting the bond’s bond angle. However Bi3+ in BFO has 
6s electron in the outer shell resulting reaction phenomena in terms of spatial position 
and electron energy level. It produces covalent bond with neighbouring oxygen ion 
(Bi6sp–O2p) or makes 6s lone pair (shown Fig. 8.2).

Since polarisation is generated by the Bi site, the ferroelectric and magnetic char-
acteristics of BFO ceramic bulks are both significantly impacted by the appropriate 
ion substitution. It has been noted that rare earth element doping enhances the elec-
trical characteristics of BFO ceramics. When rare earth elements are substituted (e.g. 
Sm [36, 37, 42, 56], Nd [49, 51], Dy [37, 54], La (Ying, [50]), Ce [28], Ho [11, 40], 
Yb, Eu, Gd, Tb, and Pr) in the Bi site, it is possible to successfully control the leakage 
current of BFO ceramics, enhancing the piezoelectric and ferroelectric properties. In
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Fig. 8.2 Ordering of lone 
pairs (yellow” lobes”) of 
Bi3+ ions (orange), 
contributes to the 
polarisation (green arrow) 
[Ref: D. Khomskii, Physics 
2, 20 (2009)]

the case of BFO (Bi1–x–ySmxLayFeO3) ceramics, for instance, Wu et al. observed that 
co-substitution of La and Sm at the Bi3+ site revealed that for high value of d33 of 50 
pC/N will decrease leakage current. A moderately high remnant polarisation Pr value 
of 10–50 pC/cm2 was also noted when Sm, Dy, Eu, Gd, Tb, and other elements were 
substituted on BFO ceramics. The BFO’s ferroelectric and piezoelectric character-
istics will surely be improved by the rare earth replacement for the leakage current. 
Phase structural alterations brought about by ion substitution at the Bi site may poten-
tially be significant. Therefore, it is crucial to look into how various ion substitutions 
affect the phase structure of BFO ceramics. Rare earth elements undergo a phase 
change from rhombohedral structure to others when doped with BFO compounds. 
The kind and amount of doped rare earth elements have a significant impact on the 
phase structures. Yuan and Or [50], Anbusathaiah et al. [3], Ceramics et al. [7], 
Levin et al. [17], Sun et al. [44], Karpinsky et al. [14], and others all mention this. 
For example, according to Yuan et al., the phase transformation of the Bi1–xNdxFeO3 

ceramics occurs from rhombohedral structure (x = 0) to triclinic structure (x = 
0.05–0.15) and finally to pseudo-tetragonal structure (x = 0.175–0.2). The magnetic 
behaviour was impacted by the slow collapse of the space-modulated spin struc-
ture. The ferroelectric characteristics deteriorate as x grows due to the presence of 
non-ferroelectric phases. Between x = 0 and 0.12, Bi1–xSmxFeO3 ceramics exhibit 
a rhombohedral structure. Between x = 0.125 and 0.20, triclinic and orthorhombic 
phases are seen, and at x = 0.25, a paraelectric orthoferrite-type phase is visible. The 
ceramic system of Bi1-x-ySmxLayFeO3 with triclinic phase showed increased d33 of 
50 pC/N by additional La doping. Other rare earth elements like Dy, Nd, Eu, Gd, and 
Tb have also been studied in relation to their effects on BFO phase transitions. To 
change the phase structure and create the improved characteristics, additional Group 
II elements like Sr, Ba, and Ca may be added. For instance, the basic R3c structure in 
Bi1–xBaxFeO3 was twisted into a monoclinic or tetragonal structure when x changed. 
The magnetic behaviour (Ms = 0.75 emu/g) was enhanced by the pseudo-tetragonal 
structure’s shape. The suppression of the inhomogeneous magnetic spin structure 
and the rise in canting angle may have caused the transition of rhombic structures
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into triclinic ones after the addition of Sr. It was shown, however, that other elements, 
such as Ce, Yb, Pr, and Ho, could not cause phase changes in BFO ceramics. The 
decrease in leakage current caused by these elements was largely responsible for 
the enhancement of the ferroelectric characteristics [11, 26–28, 30, 40, 53]. The 
effects of phase structures on the piezoelectric properties of Sm or Eu modified BFO 
ceramics have recently undergone additional development utilising the quenched 
method. In contrast to mixed phases or other phases, which result in a lower d33, 
pure R phases have been developed in ceramics, and this has resulted to a higher d33 
of 45–46 pC/N. Accordingly, when Sm and Eu were utilised to alter BFO in ceramic 
form, the R phase did indeed show increased piezoelectric activity. To improve the 
piezoelectric performance of BFO ceramics in this situation, “MPB” (morphotropic 
phase boundary) may not be required. The current results indicate that an MPB for 
the A site modified BFO ceramics that is comparable to that in PZT is difficult to 
produce. Their electrical properties, especially the behaviour of the ferroelectric and 
piezoelectric materials, were significantly impacted by the leakage current. The type 
of replacement ion is therefore crucial for the alteration of the characteristic. 

8.3.2.2 Substitution for Fe Site 

InBFO, Fe3+ ions exist at B site which is surrounded by six oxygen neighbouring 
anions resulting FeO6 octahedral. The empty spaces at A site are occupied by Bi3+ 

ions. Such an ABO3 structure is produced by doping the B site with a transition 
metal ion and doping the A site with trivalent rare earth ions or divalent alkali earth 
ions. When different researched elements (such Ho, Co, Zn, Mn, Sc, Nb, and Ni) are 
substituted on the Fe site, the phase structure of BFO ceramics is preserved. Similar 
to how the Bi site substitution affects the structural phase and relevant (electrical 
and magnetic) properties of BFO ceramic, the ion replacement on the Fe site does 
as well. On BFO ceramics, however, the replacement of Ti caused the occurrence of 
the R (rhombohedral)–O (orthorhombic) phase boundary. In contrast to the Bi site 
replacement, the Fe site of the BFO’s ion replacement often led to lower ferroelectric 
and piezoelectric behaviour while still having some increased magnetic behaviour. 
According to the information, secondary phases created by dopants, such as Co, Nb, 
Sc, Zn, Zr, and Ni, may be the reason of the decreased electrical properties (ferro-
electric and piezoelectric). The BFO’s magnetic properties could be enhanced by 
substituting some magnetic elements (such Co and Ni) at the Fe position. By way of 
illustration, the FM super-exchange interaction between Fe3+–O–Ni2+ enhanced the 
remnant magnetisation (Mr) of BFO ceramic bulk from 0.006 to 0.10 emu/g when Ni 
was substituted. Another example is how the Co substitution significantly enhanced 
the magnetic properties of BiFe0.95Co0.05O3 (Mr-0.7 emu/g) by resulting in a distorted 
rhombohedral structure with compressive lattice distortion. While switching out the 
Fe site for an appropriate magnetic element may usually improve the magnetic prop-
erties, it is still challenging to balance the magnetic and ferroelectric properties in 
BFO ceramics.
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8.3.2.3 Substitution for Both Bi and Fe Sites 

If ions are simultaneously substituted on the Bi and Fe sites of BFO ceramic bulk, 
the physical properties and phase structure of the materials are changed. The Bi3+ 

6 s lone pair electrons and partially filled d orbitals of Fe, respectively, in the BFO, 
generate ferroelectrical and magnetic properties. As a result, the electrical (i.e. ferro-
electric and piezoelectric) and magnetic properties can be promoted by appropriate 
chemical alterations in both sites. The authors reported, for example, that both Nd 
and Mn replacements on Bi0.85Nd0.15Fe0.98Mn0.02O3 ceramics exhibit a structural 
phase change from the rhombohedral (R3c) phase to the tetragonal (P4mm) phase, 
and better ferroelectric characteristics are being noted. The BFO-based ceramics RT 
by La and Ti, R-Pbnm by Ca and Nb, R-pseudo-tetragonal by Ba and Ti, and R–O by 
Pr and Ti all have both sites doped and have also reported distinct phase boundaries. 
Some elemental combinations, such as La and (Nb, Zr, Tb), Mg, (Ho, Ca, Pr, Gd) and 
Ti, Zn and Ni, Ca and Mg, Ho and Ni, Y and Zr, Ba and Ni, and Sm and Co, however, 
do not significantly alter the phase structure of BFO. Piezoelectric and ferroelectric 
technologies fail. Recent research has shown that improving the piezoelectric activity 
of BFO ceramics by substituting certain elements for the Bi and Fe sites is possible as 
long as the leakage current is maintained under control [24]. Bi0.925La0.05A0.025FeO3 

(i.e. A: Sm, Yb, Ho, Y, Nd, Pr, Dy, Gd) and Bi0.925La0.05Sm0.025Fe0.95M0.05O3 (i.e. 
M: Sc, In, Al, Ga, Ni, Co) ceramics, for instance, showed that the kinds of A and 
M ions seemed to affect the piezoelectric behaviour. While the majority of the M 
ions, including In, Al, Ga, Ni, and Co, were unable to help prevent the formation of 
impurity phases, this led to a decline in piezoelectricity; some of these ions, including 
A = Sm, Yb, Ho, and Y, could result in both a single-phase structure and reason-
ably good piezoelectricity [45]. Ca0.15Bi0.85Mn0.05Fe0.95O3nanofibers demonstrated 
a higher saturation magnetisation, probably as a result of greater double exchange 
interaction of Fe3+–O–Fe2+ that improves the photo-response. 

8.4 Distinguished Properties of BFO Responsible 
for Device Application 

8.4.1 Ferroelectric Properties 

Perovskite oxides like BaTiO3, PbZrO3, and their doped compounds are important 
for ferroelectricity for their specific temperature. The phase transition that causes 
ferroelectricity is usually described by a soft-mode model which is proficient in 
ceramics for electronic industry and engineering. When electric field is applied, 
ferroelectric material exhibit spontaneous polarisation which is key for application 
in the field of multipurpose sensors, dynamic random access memory (DRAM, RAM, 
and RFID cards, input devices for imaging tunable capacitors, etc.).
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8.4.2 Piezoelectricity 

Pierre and Paul-Jacques Curie two brothers in 1880 revealed the existence of piezo-
electricity in different crystals like quartz, tourmaline, and Rochelle salt. Piezoelec-
tricity is the capacity of some materials to generate an electric charge in response 
to applied mechanical stress. It has a perovskite crystal structure of A2+ B4+ O2-3 
general formula in which A denotes a large divalent metal ion such as barium or 
lead and B denotes a tetravalent metal ion such as titanium or zirconium. Perovskite 
materials having piezoelectric properties have important applications like motors 
sensing devices [25], optic modulators, energy harvesting devices, used on solar 
panels, speakers, voltage multipliers, gauge, lighters, etc. 

8.4.3 Photo-Catalytic Activity 

Perovskite also exhibits outstanding catalytic activity and high chemical stability. The 
structural stability of perovskites enables the production of compounds from elements 
with significant oxygen deprivation. High surface activity to oxygen reduction ratio is 
partly responsible for high catalytic activity. It is used in cleaning catalysts, intelligent 
automobile catalysts, and exhaust gas catalysts for vehicles, among other things. 
Perovskites containing Cu, Co, Mn, or Fe demonstrated outstanding direct catalytic 
activity at high temperatures. 

8.5 Application of BFO 

The advantages of good execution make BFO materials extremely promising for 
designing and fostering a wide variety of gadgets with new capabilities. Uses of 
electronics, spintronics, and photonics technologies will be the main topic of this 
section. 

8.5.1 For Electronics 

Bismuth ferrite-based nanomaterials combine ferromagnetism and ferroelectricity 
at ambient temperature, which makes them an excellent candidate for use in 
high-thickness ferroelectric devices like non-volatile memory (Wang et al.; [18]). 
However, a reliable reversible switchable with slow operating speed, stability, and 
persistence is required by the quick high-density, non-volatile data storage, and logic
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devices (Ma et al.; Wang et al.; [52]). Different adjustments were made to the BFO-
based nanomaterials in order to change the ferroelectric resistive exchange. An atom-
ically tetragonal BFO ultrathin film was used by Wang et al. to achieve this by moni-
toring the behaviour of ferroelectric polarisation switching (Wang et al.). Figure 8.3 
represents the piezoresponse force microscopy (PFM) images and switchability of 
the ferroelectric polarisation. Strong hysteresis behaviour and a butterfly-like shape 
were seen in BFO films as thin as 2 (u.c) indicating persistent ferroelectric perfor-
mance. The powerful reversibly switchable is supported even more by the superb 
PFM images. Additionally, when a BFO film is employed at room temperature, the 
burrowing electro opposition influence shown in ferroelectric burrow crossings can 
reach 370%. Ferroelectric-based non-volatile memory might be made smaller thanks 
to these brilliant displays, which were acquired in atomically thick BFO film as a 
result of ionic movements in oxide electrode and surface charges. 

A prototype for an electric-optical memory was put forth by Lu et al. [20] using  
Ti-doped BFO films. This technology allows for both optical and electric modes of 
reading and writing. The control can be successfully repeated because the resistance 
state allows the photovoltaic open-circuit voltage to be controlled. The films exhibit 
fibre-type RS impact. They also found that the doping of Ti benefited high execution, 
opening up a promising approach for the creation of next-generation memory devices. 
Another group of devices understands strong, reversibly switchable states with signif-
icant thickness using ferroelectric space barriers (Ma et al.; [18, 35]). Nanoscale 
topological defects known as ferroelectric domain barriers have the ability to sepa-
rate and independently govern spontaneous topological forms. For high-density and

Fig. 8.3 Piezoresponse force microscopy (PFM) images and switchability of the ferroelectric 
polarisation 
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well-ordered BFO nano-islands and nano-dots, the use of BFO nanostructures as 
non-volatile memory has been proposed. A non-volatile ferroelectric domain wall 
memory prototype was presented by Sharma et al. in [35]. With low voltages of 
3 V, this device can be read out non-destructively and has a good OFF–ON ratio 
(103). Additionally, there is a scale that is smaller than 100 nm. It also has strong 
endurance and excellent retention capabilities (104 and 103 cycles, respectively). 
The square BFO nano-island self-assembled array served as the foundation for the 
cross-bar memory device presented by Ma et al. They discovered that square-shaped 
BFO nano-islands contain domains with charged DWs that have cross-shaped shapes. 
Every time an electric field was employed to adjust the ferroelectric polarisation, the 
regions may alternate between centre-convergent and centre-divergent states, where 
all polar vectors directed in one direction or the other. Following the centre-type 
domains’ transition to divergent states, a three-order rise in conductance was also 
observed. It was then that they understood that there was a reversible exchange of 
electric fields between the two stable community type area states. For a long time, this 
device exhibits 100 cycles of exchange stability and polarisation stability. Contrary to 
popular belief, the majority of ferroelectric-based non-volatile memories swapping 
speeds announced are on the microsecond time scale. It was still not possible for BFO 
non-volatile memory devices to meet the switching speeds and endurance require-
ments for the intrinsic ferroelectric switching in universal memory, which might 
take place at the nanosecond level. As a result, BFO non-volatile memory technolo-
gies that have fast switching and outstanding switching endurance still merit further 
research. Ferroelectric memory employs the photovoltaic effect of BFO, according 
to Wang et al. [9]. The fact that V oc and Isc reversed in less than 10 ns suggested 
a quick writing speed. The viability of creating a ferroelectric memory based on 
the sun effect was further demonstrated by the development of a 16-cell prototype 
memory. Energy capacity nanoparticles with enhanced power and energy thickness 
are becoming more and more necessary as interest in energy grows. Recent advances 
have led to significant gains in energy storage. Features of BFO-based nanoparticles 
energy densities and efficiencies of up to 100–150 J cm−3 and 80–88%, respectively, 
are theoretically expected for a Bi1–xNdxFeO3 system, according to Xu et al. [47]. 
Wang et al. [43] developed a doped BFO-BTO ceramic energy storage device by 
attaining an electrically homogenous microstructure. An energy discharge of up to 
10.5 J cm−3 is possible with an efficiency of 87%. Additionally, two-dimensional 
electron gas was made using nanomaterials based on BFO (2DEG). Zhang et al. 
demonstrated that ferroelectric triggered interfacial 2DEG using a BFO-TbScO3 
(BFO/TSO) heterostructure. It is easy to see that there is a noticeably polarisation-
dependent anisotropic conductivity at the BFO/TSO interface. The conductivity of 
the 109° domain stripes was also found to be higher than that of the direction parallel 
to them. Hypothetical modelling predicts that the domain structure-induced p-type 
directed channels will swap the polarisation subordinate interfacial conductivity. An 
insulating interface is created at the p–n junction by the construction of a recurring 
potential barrier for free carriers, which also generates electrons or holes along the 
109° domain stripes. Through the manipulation of ferroelectric polarisation, this 
discovery paved a brand-new way for the creation of high-tech gadgets that can
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control two-dimensional anisotropic electronic transport. Li et al. also looked at 
the elastic dynamics of the BFO’s transition from the rhombohedral to the tetrag-
onal phase [12]. Around this transition, they discovered that Young’s modulus values 
concurrently reduced by almost 30%, while the piezoresponse was multiplied by two 
to three. This incredibly stretchy material is electrically controlled. The large elastic 
stiffness with electrical control and associated electromechanical features improves 
the potential applications of BFO towards frequency-agile electroacoustic systems. 

8.5.2 For Spintronics Devices 

The magnetoelectric coupling property at ambient temperature makes it possible 
to control the attractive ways that BFO-based nanomaterials behave in an electric 
field. BFO-based materials are thus now a competitor for spintronic device applica-
tions [1, 5]. To explore the possibilities for BFO-based nanomaterials in electrically 
written spintronic devices, Allison et al. proposed a large magneto-resistive device 
based on BFO utilising spin valve exchange. The device’s STO/SRO/BFO-Mn/BFO/ 
CoFeB/Cu/Co structure was used to assess a 1% large magneto-resistance signal. The 
applied voltages also controlled the trading disposition. In fact, the unstable BFO/ 
CoFeB interfaces prevented the growth of the weak magneto-resistance signal. The 
underlying physical mechanism for the thermal stability of the BFO/CoFeB contact 
was later investigated by Zhang et al. [53]. It was established that the primary factor 
affecting thermal stability was the differentiation of oxygen vacancies brought on 
by BFO polarisation course. In order to raise the large magneto-resistance value 
to 4.2%, a workable plan of action was also suggested. The impact of stress on 
the enormous magneto-resistive reaction was the main topic of Sando et al. studies 
[33]. They discovered that pseudo-collinear anti-ferromagnetism at high strain can 
be caused by tractable and compressive loads, illustrating the tendency for magnetic 
response to change with strain. The trade coupling between the antiferromagnetic 
request and the ferromagnetic over layer was then examined by Saenrang et al. 
in order to further research BFO-based spintronic devices. The Co magnetisation 
and the BFO antiferromagnetic request were seen to trade coupling spontaneously. 
The substrate step edges are where the Co uniaxial anisotropy axis is placed in the 
down state, whereas in the up state, it turns nearly 90°. You can repeat this furious 
and dependable exchange 100 times. Manipatruni et al. recently demonstrated that 
voltage controls unidirectional anisotropy in CoFe/BFO heterostructure [23]. At the 
junction between the huge magneto-resistance and the BFO, a significant, electrically 
switchable exchange bias is seen. Figure 8.4 shows switchable exchange ferroelec-
tric and magnetic bias in hysteresis loop. In order to develop exchange bias, this is 
required. In order to accomplish this, the horizontal sections of the large magneto-
resistance stack must shrink. They also discovered that a bipolar electric field might 
be used to reverse the exchange bias. These investigations provide insight on how to 
reduce the energy required switching out magnetoelectric devices.



8 Oxide Phases in Bismuth Ferrite (BFO)—Key for Photovoltaic Application 151

Fig. 8.4 Switchable exchange ferroelectric and magnetic bias in hysteresis loop 

8.5.3 For Optics 

Growing interest in perfect and sustainable electricity has led to the development 
of ferroelectric photovoltaic nanoparticles, which can transform solar cell energy 
into electrical power. BFO-based nanomaterials have unique qualities above ordi-
nary ferroelectric nanoparticles, including a small bandgap, enhanced carrier trans-
port, and light-absorbing capabilities. Therefore, employing BFO nanoparticles 
to construct ferroelectric PV systems is crucial. Outstanding research using BFO 
nanoparticles in the field of solar application has been produced by Yang et al. [3, 31, 
48]. A self-powered ITO/BFO/Ag photodetector was created using the photovoltaic-
pyroelectric coupled effect to investigate potential uses for the BFO photodetector 
[52]. The photodetector used in this experiment picked up a photocurrent of about 10 
nA. The pyroelectric effect can change the height of the Schottky barrier, increasing 
photocurrent. The relationship was established between the current signal of the 
sharp peak in the I–t curves and the photovoltaic and pyroelectric effects. Only the 
photovoltaic effect may explain why the terrace had a steady current. The pyroelec-
tric current had gradually depleted by the time the steady state of the light-induced 
temperature was established, leaving just the photovoltaic current. Then, to quickly 
identify 450-nm light, a self-powered photodetector array was developed. Nearly 
every channel displays the same shade of green when there is no light illumination. 
Channel 5 clearly showed a different image when only pixel 5 was illuminated with 
the 450-nm light. The photodetector is shown to be capable of instantaneous detec-
tion of 450-nm light. The enhancement of photovoltaic performance is also greatly 
impacted by temperature, they discovered. A 16-unit self-powered photodetector 
array was created to examine how temperature affects the photovoltaic impact of BFO 
[29]. The BFO photodetector’s photovoltaic performance is illustrated in connection 
to the effects of applying different temperatures by sensing output current and voltage
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signals in two states—heating and cooling. In heated environments, the output current 
can be increased, yet cooling environments can improve the voltage responsiveness. 
Improved photocurrent in photovoltaic activities is influenced by temperature and 
thermal optical effects. In specifically for possible use in photodetector systems, these 
studies offer methods to enhance the ferroelectric nanoparticles’ photovoltaic effect. 
A surprising photovoltaic effect of the BFO at the nanoscale was also proven. The 
photovoltaic effect in BFO single crystals was investigated using AFM by Marin 
Alexe et al. [7]. They discovered that it was feasible to multiply the photovoltaic 
impact by seven. The term “tip augmentation” refers to this nanoscale enhance-
ment. Because of the clever top electrode design, a point-contact geometry with 
nanoscale dimensions is created, which is ideal for collecting photoexcited particles. 
This work may provide a better understanding of the physical mechanisms under-
lying the photovoltaic properties of BFO-based nanomaterials. The strain gradient 
regulates the local morphotropic phase boundaries as well as the optical response 
of BFO, as was before mentioned. The optical response of BFO thin films was 
altered by Sando et al. using epitaxial strain engineering [2]. They discovered that 
under tension, the optical index varied dramatically. This indicates a high effective 
elastoptic coefficient for the system. Additionally, they discovered piezochromism, 
a shift in the optical bandgap caused by stress in other nanomaterials. Due to the 
electric-controlled piezochromism’s potential for reversibility and persistence, this 
discovery broadens the BFO’s potential applications to photonics and acousto-optic 
devices. The ferroic ordering can also be carefully controlled under all-optical light at 
room temperature, according to Liou et al. The significant energy difference between 
the coupling strengths of the order parameter and the sun spectrum makes it difficult 
to properly alter ferroic orders using optical techniques, as was already mentioned. 
The prospect of light-induced tuning of ferroelectricity, magnetism, and ferroelas-
ticity is made possible by the finding of relatively low phase transition barriers in 
mixed-phase BFOs with tetragonal and rhombohedral phases. Using light at ambient 
temperature, researchers were able to regulate the distinct ferroic ordering in an 
epitaxial mixed-phase BiFeO3 thin film. The results show that light illumination can 
affect the domain transformation as well as the R–T phase distribution. It is feasible 
to do precise sequential laser writing and other laser-related activities by using light 
to reversibly change the piezoelectric property. Additionally, they discovered that 
light-induced thermal and flexoelectric effects can influence the associated ferroic 
ordering. These investigations offer insight into the optical control of various capabil-
ities as well as theoretical and practical support for the prospective use of BFO-based 
materials in optoelectronic applications. 

8.6 Conclusion 

Due to the volatility of bismuth and the oxygen vacancy created during sintering, a 
single-phase BFO is challenging to make. An appropriate rare earth or transitional 
element dopant must be substituted at the A site or B site, or we can do both sides of
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the doping, in order to obtain a stable form of BFO. This gives us more control over the 
BFO’s stability, which is essential for many photovoltaic applications, and the ability 
to modify the band gap of the BFO. The BFO composite with a nanostructure, on the 
other hand, has better characteristics that could make it a candidate for photovoltaic 
usage. 
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Chapter 9 
A Perspective on Environmental 
and Disposal Assessment of Magnetic 
Sorbents 

Nishesh Kumar Gupta, Herlys Viltres, and Carolina Leyva 

Abstract While adsorption is an age-old technique for the treatment of contam-
inated water, the involvement of magnetic phase separation is relatively new. 
Magnetism in adsorbents (or magnetic adsorbents) has eased the recovery of micro/ 
nano-adsorbents post-adsorption. Magnetic adsorbents could lower the operation 
time/cost and improve the overall efficacy of the adsorption process. In this book, 
most of the chapters have highlighted the use of magnetic adsorbents in water 
remediation applications. This chapter is focused on the regeneration strategies 
and disposal assessment of magnetic adsorbents and eluents post-exhaustion. More-
over, the chapter has been updated with some accounts of repurposing strategies for 
exhausted magnetic adsorbents. 

Keywords Green strategies ·Magnetic adsorbents · Regeneration · Repurposing 

9.1 Introduction 

In general, adsorbents are judged based on their robustness and efficacy for pollu-
tant uptake [1, 32]. Apart from the efficacy, ease of recyclability and the extent to 
which an adsorbent could be recycled are equally important, which are often ignored
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in the published works [26]. In wastewater treatment facilities, the cost of sludge 
processing and disposal is significantly higher than the cost of the adsorbent. Thus, 
the commercialization of magnetic adsorbents for wastewater treatment relies on 
the regeneration process and management of fully used adsorbents. Another feature 
that the studies lack is the environmental significance of the magnetic adsorbents-
based treatment processes. The use of toxic chemicals or high energy input in the 
regeneration process needs to be criticized in the interest of achieving sustainability. 
At the same time, the disposal of toxic spent adsorbents in the landfills should be 
strictly monitored and guided by environmental norms. Reuse and disposal are two 
different aspects of waste management. Though regeneration of adsorbents is always 
an energy-intensive process, the choice of the regeneration process and the economic 
value of pollutants may balance the equation. Disposal is the process of discarding 
spent adsorbents either by burning in incinerations (applicable for organic adsorbent-
pollutant systems) or in landfills. Since magnetic adsorbents cannot be incinerated, 
a landfill is considered the only viable option. In the subsequent sections, we have 
discussed different approaches for regeneration and disposal (Fig. 9.1). 

Fig. 9.1 A schematic representation of the adsorption process as an economical and greener 
initiative



9 A Perspective on Environmental and Disposal Assessment of Magnetic … 159

9.2 Regeneration and Reuse of Spent Adsorbents 

The regeneration of a spent magnetic adsorbent is a crucial process to cover the 
environmental and monetary cost of the adsorbent. An ideal regeneration process 
should revert the adsorption process and restore the physicochemical properties of 
the adsorbent. In the regeneration process, adsorbed pollutants are stripped out of 
the adsorbent and a limited number of adsorption sites are made available for the 
next cycle. The choice of the regeneration process is based on the physicochem-
ical properties of pollutants, stability of adsorbent, and economic constraints. For 
heavy metal-loaded magnetic adsorbents, stripping agents (eluents) are recommend-
able. The eluents are either acid/base solutions or solutions of complexing agents, 
which could extract heavy metals into the solution phase [26]. The strength of eluents 
depends on the nature of adsorbate–adsorbent interactions, contact time, and temper-
ature. For extracting organic pollutants from the spent adsorbent, the use of polar 
solvents like ethanol and methanol is recommendable [35]. In some studies, regen-
eration methods like thermal regeneration and ultrasonication have been reported, 
which are less tedious and suitable for stable adsorbents. The reusability of magnetic 
adsorbents for the removal of heavy metals and organic pollutants has been listed 
in Table 9.1. In general, the choice of using acid/base solutions for the desorption 
process is largely based on adsorbent–adsorbate interactions as a function of pH. In 
the pH-dependent adsorption profiles, the pH at which the pollutant uptake is the 
least is considered a suitable pH to desorb it. The adsorbed cations of heavy metals 
are stripped using strong acidic solutions due to the competitive nature of protons 
for the adsorption sites [39, 43, 44]. The use of strong acids for desorption lowers 
the structural stability of the adsorbent, which is due to the dissolution of magnetic 
nanoparticles. In some cases, where heavy metals are adsorbed via an ion-exchange 
mechanism, the use of electrolytic solution (KCl/NaCl) is preferred. The choice of 
using electrolyte solution for desorption of Tl(I) from magnetic Prussian blue deriva-
tive adsorbent was reported by Yeisy et al. [29]. The study reported the use of HNO3, 
NaOH, and KCl as three elution agents, where pH swing does not affect Tl(I) desorp-
tion (Fig. 2a). Though HNO3 could desorb 26% of the adsorbed Tl(I) through proton 
exchange, KCl was the best eluent with a 97% desorption efficacy (Fig. 2b). The 
oxyanions (arsenate and chromate) are usually desorbed with strong basic solutions 
(NaOH) [6, 25]. Chen et al. reported the use of 0.5 mol L–1 NaOH solution for the 
elution of chromate from spent polyethyleneimine-functionalized Fe3O4 [6]. The 
pH-dependent adsorption profile showed very low chromate uptake at pH 12, which 
made 0.5 mol L–1 NaOH solution, an ideal choice for the desorption studies. For this 
reason, the adsorbent was used for 20 cycles with a 13% loss in the uptake capacity 
after the 20th cycle.

The method of pH swing is equally applicable to the stripping of organic pollutants 
from spent adsorbents. Since organic charged dyes are adsorbed by electrostatic inter-
action, pH variation using an acid/base could give a better desorption efficacy [42, 50].
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Fig. 9.2 a Tl(I) removal versus pH (right axis: ζ potential); b Tl(I) recovery percent versus Eluting 
solution for magnetic Prussian blue derivative adsorbent. Reproduced with permission from Elsevier 
(2021) [29]

Organic solvents like ethanol and methanol are also recommended as eluents either 
in the form of pure solvents [2] or acid/basic solvents [13] due to their high solubility 
in polar organic solvents. As compared to solvent stripping, thermal regeneration is 
a simplistic approach to eliminating organic pollutants from spent adsorbents. For 
a thermally stable adsorbent, heating at an elevated temperature could volatilize the 
adsorbed organic pollutants. Gupta et al. demonstrated the use of thermal regener-
ation of methylene blue-adsorbed CoFe2O4/graphene oxide by heating at 400 °C 
for 1 h in an inert atmosphere [15]. The nanocomposite adsorbent retained 80% 
of its dye uptake capacity even after the 4th cycle. In another study, the combined 
effect of pH variation and thermal regeneration was used to desorb rhodamine B 
from magnetic hollow carbon microspheres. The spent adsorbent was treated with 
1.0 mol L–1 NaOH solution and heated at 400 °C for 1 h in an inert atmosphere. The 
method successfully regenerated the adsorbent with a 6% loss in the performance 
after the 6th cycle, which made it suitable for more adsorption–desorption cycles 
[30]. Thus, the development of regeneration strategies is largely dependent on the 
chemical/thermal stability of the adsorbent, the strength of interactions, the chemical 
state of pollutants, and so on. More information on the regeneration of adsorbents 
and recovery could be found in the published specialized reviews [14, 26, 34]. 

9.3 Disposal of Spent Stripping Solutions 

The regeneration of spent adsorbents by solvent stripping methods generates large 
volumes of toxic organic/inorganic solutions, which need to be managed as per the 
rules set by the environmental protection agencies. So far, research works are the least 
concerned with the management of spent eluents. The most judicious way is the use 
of the same eluent for multiple cycles to produce solutions with a high concentration 
of heavy metals, which are like ore leachates. Heavy metals like copper, platinum, 
palladium, and nickel have a high monetary value due to their widespread use. The
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heavy metals from the spent solutions could be extracted by different metallurgical 
technologies like flotation with pyrometallurgy [38], solvometallurgy, and electrol-
ysis [3]. Even multi-elemental solutions could be processed by varying the pH to 
extract precious metals [47]. Moreover, heavy metals are used as catalysts and co-
catalysts in different industrial processes like catalytic cracking, syngas production, 
and Fischer–Tropsch process [4, 27]. These spent solutions can be converted to metal 
oxide catalysts by precipitation and thermal treatment, which will be an alternative 
way to convert waste into value-added products [10]. Many of the heavy metals (e.g., 
arsenate, chromate, and mercury) are costlier to recover than their market value but 
are highly toxic to living beings. Spent solutions, rich in such heavy metals are 
concentrated, encapsulated, and disposed of in well-maintained landfill sites [33]. 
Organic solvents used as dye-stripping agents like acetone, methanol, and ethanol 
have a low boiling point of 56, 65, and 78 °C, respectively. The dye-rich organic 
solvents could be regenerated by evaporation to recover the stripping solvents and 
dyes. Though the evaporation process is energy-intensive, the use of acetone as the 
stripping agent in combination with the concentrated solar radiation as the heating 
source could be a cost-cutting solution for the management of dye-rich spent solvents. 
Most of the suggested methods are yet to be reported in the literature in detail. The 
research work dealing with wastewater treatment is largely focused on answering 
whether the fabricated adsorbent can adsorb. If yes, then how much? Whether it 
could be reused and if yes, then for how many cycles? But it is expected that in the 
future studies, researchers will be more interested in exploring disposal strategies 
for exhausted eluents. 

9.4 Disposal of Exhausted Adsorbents 

After numerous cycles of adsorption-regeneration, the pollutant uptake capacity of 
an adsorbent reaches a point where it is no more economically feasible to reuse it. 
The spent adsorbent is replaced by a fresh one and the spent adsorbent is treated as a 
highly toxic solid waste. Dumping of these toxic exhausted adsorbents in open spaces 
poses severe risks to human health and the environment, especially in countries where 
waste segregation and disposal strategies are limited [5]. Even improper disposal of 
exhausted adsorbents in landfills or poor maintenance after disposal could generate 
the issue of secondary pollution of groundwater or soil [51]. Thus, it is critical to 
construct suitable waste-disposal mechanisms from the environmental perspective. 
However, the concept of finding an alternative application for a waste product is 
more valuable than finding a new path for disposal. Gupta et al. reported an alterna-
tive application of exhausted CuO after the H2S desulfurization process. The study 
reported better methylene blue photodegradation efficiency for exhausted materials 
compared to the fresh CuO (Fig. 9.3) [16]. A mesoporous silica (MCM-41) was 
developed for the removal of chromate from waste solutions. The Cr-loaded MCM-
41 was calcined in air at 550 °C for 6 h to produce the Cr/MCM-41 catalyst, which 
was used for the catalytic degradation of methyl mercaptan (a volatile organosulfur
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Fig. 9.3 The exhausted CuO was repurposed for dye photodegradation as an environmentally 
benign route to provide value to the waste. Reproduced with permission from the American Chemical 
Society (2021) [16] 

compound with an obnoxious odor) [19]. The waste-to-wealth concept has been 
used for the conversion of spent Pb-loaded hydrochar to a carbonaceous anode for 
lithium-ion batteries [48]. 

On a similar note, reports on the waste-to-wealth concept are available 
for spent magnetic adsorbents as well. A magnetic mesoporous silica/poly(m-
aminothiophenol) nanocomposite was fabricated for Hg(II) removal [11]. The adsor-
bent showed a remarkable sorption capacity of 243 mg g−1 within 10 min of agitation. 
The adsorbent was reused for 5 cycles with a retention of 76% of its initial adsorp-
tion capacity. The spent adsorbent was repurposed as a catalyst for the conversion 
of phenylacetylene to acetophenone with a 97% yield. Further modifications were 
made to the material to develop a magnetic network polymer composite by intro-
ducing poly(m-aminothiophenol) and chitosan onto the magnetic nanoparticle using 
tannic acid as a cross-linking agent. The material possessed a Hg(II) removal capacity 
of 245.5 mg g−1 with excellent reusability and selectivity. Moreover, the exhausted 
adsorbent catalyzed the transformation of different phenylacetylene derivatives into 
corresponding acetophenone with ~ 98–99% yield [12]. In another study, the fabri-
cated magnetic mesoporous silica/chitosan composite was studied for Hg(II) removal 
[20]. The adsorbent has an uptake capacity of 437.8 mg g−1 with the retention of 
87% of its initial adsorption capacity after the 6th adsorption-regeneration cycle. The 
spent adsorbent was used as a thermal catalyst for the conversion of phenylacetylene 
to acetophenone with a yield of 98.3%. 

Cruz et al. have reported a novel concept of turning waste into wealth on two 
fronts [7]. The natural organic matter (NOM)-rich water from a waterfall was used 
for the synthesis of CoFe2O4/NOM as an adsorbent for the removal of chromate. The 
adsorbent was reusable, where the adsorption performance was 82% in the 5th cycle
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as compared to 96% in the 1st cycle. The spent adsorbent was used as a catalyst for 
the reduction of 4-nitrophenol in the presence of NaBH4 as the reducing agent, where 
a conversion efficiency of 99.9% was recorded within 3 s. The catalyst was studied 
for two additional cycles, where the conversion efficiency was still 99.9% within 
30 s. Apart from excellent reusability, the material showed insignificant leaching of 
chromium and iron in the solution phase. On the same concept, an adsorbent and 
subsequently a catalyst was developed using waste biomass [28]. Fir sawdust was 
used as a bio-sorbent for the adsorption of Cu(II) and Fe(III) ions. This metal-loaded 
biomass was pyrolyzed to yield Cu–Fe3O4–carbon material, which found application 
as a reusable catalyst for the reduction of 4-nitrophenol. 

A low-cost Fe3O4/Carbon composite, developed for the adsorptive capture of 
chromate from wastewater, was repurposed as an anode material for potassium-ion 
batteries after chromate adsorption. The redox reaction between Cr(VI) and Cr(III) 
was responsible for the K-storage mechanism. Thus, more adsorption on chromate 
was favorable for improving the K-storage capacity of the material [31]. Zn–Al– 
La layered double hydroxide is an inorganic synthetic clay, which showed a high 
uptake behavior for amaranth (azo dye). After dye adsorption, the spent material was 
calcined (to form a carbonaceous composite material) and repurposed as a photocat-
alyst for the degradation of ibuprofen [41]. On the same line, spent magnetic adsor-
bents could be used as suitable photocatalysts for the degradation of organic pollu-
tants. Specifically, transition heavy metals along with iron oxide in these adsorbents 
are excellent UV–visible responsive photocatalysts [17, 18]. Thus, spent magnetic 
adsorbents could be used for alternative applications of catalysis that comply with 
the principles of industrial symbiosis with extraordinary environmental benefits. 

Spent adsorbents rich in heavy metals could be repurposed to produce ceramic 
materials, which works as an alternative method for stabilizing toxic metals and at the 
same time serves the purpose of construction material. One such example was the use 
of lime activated fly ash for adsorptive removal of heavy metals (Pb, Zn, and As) and 
subsequent valorization of exhausted adsorbent as an additive in construction material 
[23]. Rathore and Mondal have reported the stabilization of arsenic-loaded adsor-
bents namely, thermally treated laterite, acid–base treated laterite, and aluminum 
oxide/hydroxide nanoparticles as clay bricks. Brick properties like density, water 
absorption, shrinkage, compressive strength, and efflorescence complied with the 
Indian standards set for construction materials. Moreover, the maximum amount of 
arsenic in the brick leachate was well below the United State Environmental Protec-
tion Agency permissible limit of 5.0 mg L−1 [36, 37]. Though stabilization of spent 
magnetic adsorbent as clay bricks has not been studied, Verbinnen et al. developed 
a novel method to stabilize heavy metals and oxyanions forming elements (Cr, Ni, 
Cu, Zn, As, Cd, and Pb) by adsorbing it on zeolite- or perlite-supported magnetite. 
This was followed by mixing the spent adsorbent with industrial sludge (sludge/ 
adsorbent ratio of 97/3) at 1100 °C for 0.5 h. Based on the study, the leaching of 
toxic metals from the ceramic was below the regulatory limits [46]. The produc-
tion of lime and cement used for the solidification/stabilization of spent adsorbents
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before being dumped in landfills has a high carbon footprint due to CO2 release [22]. 
Stabilization of spent adsorbents as bricks and ceramics saves raw clay materials and 
lowers the environmental impact and cost of the landfill process. 

9.5 Conclusion 

Repurposing of spent adsorbents is a new concept, which needs to be explored more 
often to make the overall adsorption process, environmentally benign and affordable. 
In the literature, only a handful of research works have been dedicated to the cause. 
Nevertheless, the idea that has cropped up in these studies is worth reporting in the 
context of the environmental sustainability of the process. While the researchers are 
dedicated to exploring regeneration techniques, finding alternative applications for 
the exhausted adsorbents is highly lucrative and novel. With the enrichment of the 
literature with such studies in the future, it will be easier to judge the environmental 
applicability of the adsorption processes. 
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Chapter 10 
Synthesis, Morphology 
and Environmental Applications of Iron 
Oxide-Based Nanoarchitectures 

Tushar Kanta Sahu and Mohammad Qureshi 

Abstract Iron oxide-based nanostructured materials have been extensively studied 
and developed for various environmental applications in last few decades. Herein, 
we discussed about various synthesis techniques used to synthesize iron oxide-based 
nanostructures with different morphologies and their environmental applications. 
Furthermore, the importance of understanding and controlling the morphology is 
discussed to realize more efficient environmental applications. 

Keywords Iron oxide · Synthesis ·Morphology · Nanoarchitectures ·
Environment · Applications 

10.1 Introduction 

Iron oxide-based nanomaterials have excellent potential for different environmental 
applications due to their abundance, low cost and non-toxicity. Although the oxide 
form of iron is known to have many different phases, among them magnetite (Fe3O4), 
hematite (α-Fe2O3) and maghemite (γ-Fe2O3) have been widely explored due to 
their stability, ease in synthesis and magnetic properties. These iron-based oxides 
have been investigated for various applications such as biomedicine, environmental 
remediation, catalysis, energy harvesting and energy storage devices due to their 
tunable optical, electronic and magnetic properties. The morphology control starting 
from 0 to 3D plays a crucial role in tuning the properties and performance of iron 
oxide-based materials which not only depend on their chemical composition and 
characteristic crystallographic structure, but also on their morphology, crystal size 
and the exposed facets [1–3]. In this chapter, we will briefly discuss about synthesis, 
morphology and environmental applications of iron oxides nanoarchitectures.
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10.2 Preparation Methods for Iron Oxide 
Nanoarchitectures 

Preparation methods play a key role in controlling the nanostructures of iron oxides, 
including the regulation of the sizes, structures and morphologies. Various synthetic 
protocols are known in literature for the morphological synthesis of iron oxides 
among which hydrothermal, chemical co-precipitation, sol–gel, microemulsion, 
sonochemical, thermal decomposition and electrochemical decomposition are mostly 
used. 

10.2.1 Hydrothermal/Solvothermal Methods 

Hydrothermal method is generally used to crystallize substances in a sealed container 
from their aqueous solution at high temperature (100–250 °C) and high vapour 
pressure (0.3–4 MPa) [4]. The conditions of the reaction are very crucial during 
the hydrothermal process as solvent type, temperature and reaction duration affect 
the final products. For example, with higher water contents and prolonged reac-
tion duration, the size of the Fe3O4 particles increases. The nucleation and grain 
growth process can control the size of the particles during hydrothermal process 
[5]. Also, different iron oxide nanoarchitectures can be synthesized using surface 
directing agents and various solvent mixtures [6–10]. The only difference between 
a hydrothermal and solvothermal method is that aqueous solution is used in 
hydrothermal, whereas non-aqueous solution is used in solvothermal during the 
crystallization process. Both of these synthetic protocols are crucial for synthesis 
of different morphological iron oxides [11]. 

10.2.2 Sol–Gel Methods 

In sol–gel method, the molecular precursors in solution undergo hydroxylation 
followed by condensation which results in a ‘sol’ stage from the nanometric particles. 
With the removal of solvents or by some chemical reaction, three-dimensional metal 
oxide is formed in wet ‘gel’. As these sol–gel processes are generally performed 
at room temperature further heat treatment is needed to obtain the final crystalline 
structure [12, 13]. The parameters such as hydrolysis, condensation, kinetics, pH 
of the precursor, properties of the gel and agitation influence the synthesis proce-
dure and final structures [14]. The main advantages of this method are that we can 
have a good control over particle size, monodispersity, homogeneity, predetermined 
structure and pure amorphous phase [15, 16].
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10.2.3 Co-precipitation Method 

Co-precipitation is the facile and conventional method for the preparation of metal 
oxide-based nanoparticles. This method involves the reaction of metal salts in 
aqueous medium in suitable acidic/basic conditions with the presence of as mild 
oxidant [17, 18]. The factors such as pH of the solution, reaction temperature, stir-
ring rate and ionic strength decide the size and shape of nanoparticles [19]. For 
example, iron oxide needs basic pH condition for precipitation [17]. Generally, the 
crystallinity of iron oxide nanoparticles is very low in this method which can be 
improved by heat treatment after the synthesis [20]. The adjustment of experimental 
conditions to obtain monodispersed nanoparticles with stable size and its scale-up is 
the major drawbacks of this process [11, 19]. 

10.2.4 Microemulsion 

Microemulsion system uses simple and mild reaction conditions where we can easily 
control the particle size, morphology and homogeneity. Components of microemul-
sion system consist of an aqueous phase, hydrocarbons, surfactants and co-surfactants 
[21]. In this process, two immiscible phases such as water and oil undergo isotropic 
dispersion in the presence of a surfactant, where it forms a monolayer in between the 
interface of water and oil [16]. More specifically, the hydrophobic part of the surfac-
tant dissolves in the oil phase, whereas the hydrophilic part dissolves in aqueous 
phase. The lamellar phase generally helps in particle growth, nucleation and agglom-
eration [22]. The main advantage of this method is that a diverse range of controlled 
iron oxide nanoparticles with different shape and size can be obtained. However, 
the adverse effects of residual surfactants on the properties of the synthesized iron 
oxides and difficulty in scale-up procedures is the disadvantage associated with this 
method [23, 24]. 

10.2.5 Thermal Decomposition 

Thermal decomposition method is an effective technique in terms of size and 
morphology control of the iron oxide nanoarchitectures. It includes decomposition 
of organometallic iron precursors including metallic acetate, acetylacetonates and 
carboxylic acids of organic surfactants which is generally decomposed at higher 
temperature to form iron oxides [25]. Thermal decomposition method has many 
advantages such as production of highly monodispersed particles with a narrow size 
distribution, however the main disadvantage is that as synthesized nanoparticles are 
generally dissolved only in nonpolar solvents [26].
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It should be noted that the methods of preparation have a significant role on the 
size of the particle and forms of the materials, distribution of size, surface chemistry 
and therefore on their properties and applications. Besides, the preparation method 
also commands the level of structural defects, their distribution and the amount of 
impurities possibly present in the synthesized materials [27]. 

In the following sections, we will discuss the recent development and various 
strategies for obtaining different morphologies of iron oxide. 

10.3 Morphology of Iron Oxide 

In this part of the chapter, synthesis of iron oxide-based nanoarchitectures starting 
from 0 to 3D architectures is discussed. As we know, morphology plays a crucial role 
in enhancing the efficiency of iron oxide base nanoarchitectures for different environ-
mental applications. In principle, 0D morphology generally refers to nanoparticles 
with same dimensions on each axis with size less than 100 nm. When the dimension 
in one of the particular directions is greater than other dimensions, it is referred to 
1D morphology such as nanorods, nanotubes and nanowires. The 2D morphology 
generally refers to nanoplates, nanodiscs and nanoplates. The 3D morphology typi-
cally includes different hierarchical structures such as urchin-like, flower-like and 
star-like nanostructures. In this section, we will briefly discuss about the synthetic 
methods for fabrication of iron oxide nanoarchitectures and different parameters that 
influences the formation and growth of these nanostructures. 

10.3.1 0D Morphology 

Iron oxide nanoparticles are the commonly known 0D nanoarchitecture which are 
widely studied due to their ease in synthesis and utilizations in biomedical and 
catalytic applications. For efficient utilization in various applications, iron oxide 
nanoparticles should have a narrow size distribution, high magnetic response, better 
stability and dispersity in solutions. To achieve the abovementioned properties, many 
factors such as choice of precursor, solvent, reducing agent, reaction temperature, 
and reaction time are very crucial. 

Co-precipitation is the most popular synthetic method for the synthesis of iron 
oxide nanoparticles in aqueous medium. The phase of iron oxide nanoparticles can 
be tuned by employment of different bases to the iron precursors [18]. For example, 
by addition of Na2CO3 to iron precursor solution, highly monodispersed α-FeOOH 
particles with size around 60 nm can be obtained, whereas addition of NaOH instead 
of Na2CO3 leads to the formation of α-Fe2O3 particles with higher size of around 
230 nm. This is due to the capabilities of bases to maintain a constant pH of the solu-
tion during precipitation. Specifically, the molar ratio of OH to Fe decides the final 
particle size and elongation by controlling the rate of hydrolysis, whereas carbonate
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ions help to maintain a constant pH throughout the entire reaction [28]. Although 
precipitation method is mostly convenient for Fe3O4 nanoparticles, it is relatively 
difficult to control the particle size of others iron oxide-based nanoparticles. 

Besides co-precipitation method, hydrothermal and solvothermal synthetic 
methods are suitable for the preparation of iron oxide nanoparticles with control over 
size, phase and morphology by changing the reaction parameters [29]. For example, 
with increasing the concentration of iron precursor, the size of the resulting Fe3O4 

nanoparticles decreases. This is because the nucleation and growth rate of Fe3O4 

particles is strongly affected by concentration of Fe(II) in the precursor solution [30, 
31]. The higher initial concentration of precursor leads to the formation of a large 
number of seed nuclei which leads to smaller particles size [32]. 

Ultra-large-scale monodispersed iron oxide nanocrystals also can be synthesized 
by varying the experimental conditions using inexpensive and non-toxic metal salts as 
reactants. Firstly, iron-oleate complex precursor is formed by reaction between iron 
chloride and sodium oleate. The thermal decomposition of this iron-oleate complex 
precursor in a high boiling solvent results in monodispersed iron oxide nanocrystals. 
The size of these nanocrystals can be controlled by using various solvents such as 
trioctylamine (b.p. 365 °C), 1-eicosene (b.p. 330 °C), 1-octadecene (b.p. 317 °C), 
octyl ether (b.p. 287 °C) and 1-hexadecene (b.p. 274 °C). Also, by varying the concen-
tration of oleic acid, the size of the nanocrystals can be further fine-tuned [33]. 
Figure 10.1 shows TEM images of typical iron oxide nanoparticles with uniform 
size distributions. 

(a) (b) 

Fig. 10.1 Transmission electron microscope (TEM) image of iron oxide nanoparticles with two 
different magnifications (a, b). Obtained from Ref. [8]. Copyright Springer Nature
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10.3.2 1D-Nanoarchitectures 

1D nanostructures are mostly studied due to their enhanced electron and mass 
transport properties as they have a higher length along the longitudinal direction 
as compared to any other axis. Nucleation and subsequent anisotropic growth in 
one specific direction gives rise to formation of 1D nanostructures. It is necessary 
to control the growth rates of different facets of the crystals kinetically during the 
synthesis process. For this kinetic control, various surfactants and additives are often 
used. For instance, some specific surfactants block the growth on x-axis and y-axis 
planes by adsorption and enables selective growth in z-axis direction for generation of 
1D nanostructures [34]. 1D iron oxide nanostructures such as nanowires, nanorods, 
nanotubes and nanospindles are mainly synthesized by both template-assisted and 
template-free methods [35–40]. 

Annealing of β-FeOOH nanorods in air at temperature more than 350 °C results in 
the formation of uniform α-Fe2O3 and Fe3O4 nanorods, where β-FeOOH nanorods 
are generally produced through hydrothermal method using FeCl3 at 80 °C [41, 42]. 
Preparation of iron oxide nanotubes generally needs a template-assisted method. 
After the preparation of a coating layer over the template, the metal-based template is 
etched through NaOH solution and undergo subsequent high-temperature annealing 
to form iron oxide nanotubes. The arrangement of Fe2O3 nanotubes is similar to 
the metal-template matrix [43, 44]. α-Fe2O3 nanowires can be synthesized in large 
scale by solvothermal method using organic chains as a mediating template and 
annealing at high temperature [45]. Figure 10.2 shows SEM and TEM images of 
different 1D iron oxide nanoarchitectures such as nanowires, nanorods, nanotubes 
and nanospindles.

10.3.3 2D Nanoarchitectures 

Owing to their unique properties such as high surface to volume ratio and unique 
physicochemical, optical and electronic properties, 2D nanostructures have attracted 
significant research interests in the recent years. These attractive properties of 2D 
nanostructures made them attractive for various environmental applications. 2D 
nanostructures morphologies of iron oxides such as nanoplates and nanosheets 
have been successfully synthesized using various methods, including hydrothermal, 
thermal decomposition, thermal oxidation and electrodeposition [46–50]. 

Hexagonal magnetite (Fe3O4) nanoplates can be synthesized trough hydrothermal 
method by using β-cyclodextrin as a reducing agent and urea as a modifier. Herein, 
urea is used as a growth modifier for controlling the shape of iron oxides as it 
can undergo hydrolysis slowly and can adjust the pH of the solution [51]. Fe3O4 

nanoplates can also be synthesized by one-step hydrothermal route by Schikorr reac-
tion. In this reaction, Fe(OH)2 is oxidized by protons of water to form Fe3O4 and 
H2 under anaerobic conditions. In addition, use of elthylene glycol as a solvent
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Fig. 10.2 a Scanning electron microscope (SEM) image of α-Fe2O3 nanowires. Reprinted with 
permission from Ref. [45], copyright American Chemical Society, b TEM image of Fe3O4 
Nanorods. Reprinted with permission from Ref. [40], copyright American Chemical Society. c 
SEM image of α-Fe2O3 nanotubes, d TEM image of α-Fe2O3 nanotubes. Reprinted with permis-
sion from Ref. [44], copyright Springer Nature. e TEM image of spindle like α-Fe2O3. Reprinted 
with permission from Ref. [35], copyright IOP Science

besides water can adjust the morphology and thickness of the product [47]. Hematite 
nanodiscs with (001) exposed can be synthesized by one-pot solvothermal method. 
During the synthesis, the concentrations of OH− and H+ play crucial role on the final 
morphology of the product. The nanodiscs morphology is due to the anisotropic 
packing of the ions in Fe2O3 crystals, where (001) facet is densest and stable [52]. 
Silicate anions and citric acid are the commonly used capping agents for the forma-
tion of disc and prism type iron oxide nanostructures due to their selective adsorp-
tion towards {001} facet of iron oxide seeds during the hydrothermal synthesis 
[50, 53]. Figure 10.3 shows SEM and TEM images of different 2D iron oxide 
nanoarchitectures such as nanodiscs, nanoplates and nanosheets.

10.3.4 3D Iron Oxide Nanoarchitectures 

3D nanoarchitectures are generally formed by integration of 1D and 2D nanoscale 
building blocks such as nanowire, nanorod, nanosheet and nanoplates. These hier-
archical architectures have unique properties as a result of combined features of
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Fig. 10.3 a TEM image of hexagonal Fe3O4 nanoplates. Reprinted from Ref. [47], copyright 
SpringerOpen. b SEM image of α-Fe2O3 nanoplates formed using NaOH, c SEM image of α-Fe2O3 
nanoplates formed using CH3CH2COONa. Reprinted with permission from Ref. [52], copyright 
Royal Society of Chemistry. d TEM image of γ-Fe2O3 nanosheets. Reprinted with permission from 
Ref. [48], copyright American Chemical Society. e TEM image of hexagonal Fe2O3 nanoplates and 
f TEM image of a Fe2O3 nanoplate with corresponding SAED pattern. Reprinted with permission 
from Ref. [53], copyright American Chemical Society

nanoscale building blocks that are distinct from the features of single nanoarchitec-
tures. These 3D nanoarchitectures are utilized in various environmental applications 
such as catalysis, chemical and biological sensors. 

Many synthetic strategies like ultrasonic irradiation, solvothermal and polyol-
assisted self-assembly process are known for the synthesis of various 3D iron oxide 
nanostructures with distinct shapes, such as urchin-like, flower-like, chestnut-like, 
dendrites-like, stars-like and peant-like morphology [54–62]. 

3D nanotubular sea urchin-shaped iron oxide nanostructures can be synthesized by 
a simple and rapid sonochemical method with template-free approach. This urchin-
like nanostructure is composed of spherical core with perpendicular 1D tubular struc-
ture with high surface area. Also, the interconversion from γ-Fe2O3 phase to α-Fe2O3 

phase can be easily achieved by following a post calcination procedure [54]. 3D 
γ-Fe2O3 and Fe3O4 chestnut-like nanostructures can be synthesized by annealing 
the Fe2O3 chestnut-like amorphous core/γ-phase shell nanoarchitectures at different 
temperatures in a nitrogen atmosphere. Firstly, Fe2O3 chestnut-like nanostructures 
is synthesized by solvethermal method using DMS as solvent along with tin and 
iron precursor [55]. 3D flower-like iron oxide nanostructures can be produced by 
an ethylene glycol-mediated self-assembly process. Use of ferric chloride precursor, 
urea and tetrabutylammonium bromide (TBAB) with ethylene glycol with a 30 min 
reflux at 195 °C followed by calcination leads to the formation of either α-Fe2O3,
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Fig. 10.4 SEM image of 3D iron oxide with a Flower-like nanostructures. Reprinted with permis-
sion from Ref. [62], copyright Elsevier. b Chestnut-like Nanostructures. Reprinted with permis-
sion from Ref. [55], copyright American Chemical Society. c Multi-leaf α-Fe2O3 nanostructures. 
Reprinted with permission from Ref. [57], copyright Elsevier and d Star-like nanostructures. 
Reprinted with permission from Ref. [58], copyright Elsevier 

χ-Fe2O3 or Fe3O4 by controlling the calcination temperatures. The original flower-
like morphology is maintained even after the calcination process [56]. Figure 10.4 
shows SEM images of different 3D iron oxide nanoarchitectures such as flowers-like, 
urchin-like, multi-leaf-like and star-like morphology. 

10.4 Environmental Applications of Iron Oxide 
Nanostructures 

Iron oxide nanostructures with various morphology and high tailorabilities have many 
potentials towards environmental applications such as catalysis, sensors, biomed-
ical and water remediation fields. In this section, we will briefly discuss about the 
potentials of various iron oxide-based nanostructures for different applications.
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10.4.1 Removal of Heavy Metals 

Contamination of natural water sources by heavy metals due to industrial and 
geographical reasons makes it unhealthy for consumption. Heavy metal contamina-
tion is a great concern because of their toxic effect on human beings, animals as well 
as plants, and their removal is necessary [63]. Iron oxide nanomaterials are known 
for its efficient heavy metal adsorption properties due to its high surface area, surface 
reactivity and strong magnetic behaviour [56, 64–67]. Iron oxide with different 
nanoarchitectures is being widely used as effective adsorbents for the adsorption 
and removal of heavy metals such as arsenic, chromium, mercury, lead, copper and 
cadmium [68–79]. 

10.4.2 Removal of Organic Contaminants 

Besides heavy metal adsorption, iron oxide is also known for the efficient removal 
of organic contaminants such as industrial dyes, pesticides and hydrocarbons from 
water through adsorption and photocatalytic degradation. In adsorption process, the 
dyes are not destroyed, they only transfer from one phase to another. However, in 
degradation process, the dyes and pollutants are converted into organic acids with 
low-molecular-mass and even into CO2, water and small inorganic molecules [80]. 
Iron oxide nanoparticles degrades the pollutants in Fenton-like reaction systems 
which effectively decompose hydrogen peroxide (H2O2) to free hydroxyl radicals 
(·OH) [81]. In this process, dyes such as methyl blue, azo dye, rhodamine B, methyl 
orange, chlorinated hydrocarbons and phenols have been efficiently removed from 
water through iron oxide nanoarchitectures materials [82–85]. 

10.4.3 Carbon Monoxide (CO) Oxidation 

Air pollutants such as NOx, CO,  SOx, NH3 and many volatile organic compounds are 
harmful for both human beings and environment. Among these air pollutants, CO is 
most toxic and can cause severe health issues upon exposure. So, efficient oxidation 
of CO through catalyst is highly desired [86]. Among different catalytic materials, 
iron oxide nanomaterials have great potential for oxidation of CO due to its high 
surface area, surface reactivity and dual functionality as oxidant as well as catalyst 
[87]. It is also found that nanoscale iron oxide is more significant as a catalyst and 
as a reagent compared to non-nanoscale iron oxide for oxidation of CO [88].
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10.4.4 Biosensors 

Due to its simple preparation methods, non-toxicity and biocompatibility, iron oxide 
nanostructure materials have attracted a great attention towards biosensors. Func-
tionalized iron oxide nanoparticles have been utilized in biofuel cells, bioelectronic 
devices andelectrochemical biosensors [89–91]. Iron oxide is known to be effectively 
selective towards the electrochemical sensing of dopamine which is inexpensive and 
highly sensitive towards dopamine detection [92–95]. 

Beside abovementioned environmental applications iron oxide nanostructures 
have been used in various others applications such as photocatalytic water split-
ting, pollutant sensors, artificial leaf for CO2 sequestration, biomimetic carbonation, 
mineral carbonation, N2O decomposition, methane combustion, drug delivery and 
bio imaging [42, 96, 97]. 

10.5 Conclusions 

Owing to their abundance, cost-effectiveness, low toxicity, magnetic behaviour and 
ease in preparation, iron oxide nanoarchitectures have been explored significantly 
for various applications. Fabrication of iron oxide nanomaterials with different 
morphology starting from 0 to 3D in a controlled manner has also been attained 
through various synthetic methods such as hydrothermal, sol–gel, co-precipitation, 
thermal decomposition, sonochemical and microemulsion. All these preparation 
methods have both advantages and disadvantages owing to their control over size, 
shape and morphology. Relatively due to their magnetic properties and high surface 
area, iron oxide has been used in many environmental applications. Use of iron 
oxide nanomaterials instead of rare-earth-based nanomaterials has proven to be cost-
effective and efficient alternative for many applications. Although magnetic iron 
oxide nanomaterials show many distinctive properties, further research is needed for 
clarity over the toxicity level and biocompatibility of iron oxides. 
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Role of Magnetic Nanomaterials 
in Environmental Remediation 
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Abstract “Nanomaterials,” or substances having a diameter of less than 100 nm, 
have piqued the interest of scientists. The number of studies on magnetic nano-
materials has increased extraordinarily over the previous two decades. Recently, 
ecologists have developed a keen interest in the development of nanomaterials that 
are both economical to produce as well as benign to both the environment and the 
biosphere. There is a lot of interest in ferrite nanomaterials for use in environmental 
remediation due to the materials’ unique magnetic properties, which can be tuned to a 
wide variety of functionalization. This chapter summarizes magnetic nanomaterials 
and their potential uses in environmental remediation. Environmental remediation 
benefits from the use of magnetic nanomaterials since they can remove pollutants and 
biological contaminants rapidly. New applications are being developed for magnetic 
nanomaterials with unusual optical, magnetic, thermal, and mechanical properties 
of magnetic nanomaterials. Magnetic nanoparticles can transform magnetic energy 
into thermal energy, opening the door to a wide range of analytical methods. The 
easy separation of magnetic nanoparticles by a magnet and their reusability makes 
them highly efficient. In addition, the difficulties of employing adsorbent materials, 
the time required, and the volume of the samples can be overcome by using them. In 
this chapter, the use of magnetic nanomaterials in various environmental remediation 
applications and their mechanism of action has been outlined. 
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11.1 Introduction 

Nanoscience mainly deals with nanoparticles (NPs), which range from around 
1–100 nm and can be made from a variety of materials. These NPs have very specific 
and unique properties as compared to their bulk forms and hence are used in a variety 
of applications ranging from the development of devices and sensors to applications 
in biotechnology and environmental remediation. To classify them, geometrical char-
acteristics such as morphology and composition, uniformity, and agglomeration are 
taken into consideration. In addition, nanostructures can be spherical, flat, needle-
like, or random in orientation, and they can be D, 1D, 2D, or 3D. (e.g., nanotubes 
and nanowires) [1, 2]. Nanomaterials are mainly obtained in powder, colloidal, and 
suspension forms and come in a variety of morphologies [3]. Nanomaterials can 
be a combination of two or more materials and in such cases, they are known as 
composites. Composites are made up of polymers, metals, ceramics, alloys, etc. 
Polymers, metals, ceramics, and alloys are examples of single-material composites 
[4]. Their chemical and electrostatic properties can be achieved through a variety 
of methods, including gas-phase processes, mechanical processes, vapor deposition 
synthesis, and co-precipitation, as well as by dispersing them uniformly in a matrix 
[5]. To achieve proper uniformity, chemical synthesis methods are often preferred 
over others. Nanomaterials based on their composition can be divided into a number 
of categories, such as monometallic, bimetallic, trimetallic, metal oxide, magnetic 
hybrid, semiconductor, composite, etc. [6]. 

This chapter focuses on magnetic nanomaterials which are increasingly common 
in an extensive range of fields, including, environmental remediation and biotech-
nology [5, 7–15]. There are a plethora of applications for magnetic nanomaterials, 
each with its own set of advantages. Magnetic nanoparticles have a wide range of 
uses, each with a unique set of benefits. They are utilized in a wide range of prod-
ucts, such as supercapacitors, batteries (fuel and solar cells included), biosensors, 
antimicrobial materials, and sharp memory products [16]. In addition to this, bioac-
tive proteins and magnetic nanomaterials have been utilized in recent developments 
in the fields of point-of-care diagnosis, environmental remediation, and food safety 
[17]. With regard to mechanical engineering, it has long been established that the 
use of magneto-ferric oxide as well as other types of magnetic materials in concrete 
results in increased durability as well as sustainability [18]. This chapter also high-
lights the basic utility of magnetic nanomaterials in biotechnology with respect to 
environmental remediation [19]. 

11.1.1 The Evolution of Nanomaterials: A Historical 
Overview 

Nanoscale smoke particles were created by early humans as a result of their use of fire 
[20]. Nanomaterials, on the other hand, were discovered much later in the history of
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science. In 1857, Michael Faraday published his findings on the synthesis of colloidal 
gold particles, which was one of the earliest scientific publications on the subject [3, 
20]. Nanostructured catalysts, on the other hand, have been under investigation for 
more than seven decades. Precipitated silica nanoparticles and flaming silica nanopar-
ticles were being developed and commercialized in the United States and Germany 
during the early 1940s as alternatives to ultrafine carbon black for use in rubber rein-
forcements in the United States and Germany, respectively [21]. In the 1960s and 
1970s, researchers discovered metallic nano powders for magnetic recording tapes, 
which were later commercialized. Using the now widely used inert-gas evaporation 
process, Granqvist and Buhrman published the first paper on nanocrystals in 1976, 
which was considered groundbreaking [22]. According to recent research, Maya blue 
paint has been discovered to be a nanostructured hybrid material that can be used in 
a variety of applications. Although authentic samples from Jaina Island have not yet 
been identified, investigations into them have revealed that the material is composed 
of needle-shaped palygorskite (clay) crystals that combine to form superlattices with 
periods as short as 1.4 nm [23]. 

Nanophase engineering is now applying to a growing number of structural and 
functional materials, both inorganic and organic, allowing us to manipulate their 
mechanical, catalytic (electrical and magnetic), optical (optical-electronic), and 
electrical properties. Manufacturing nanophase or cluster-assembled materials is a 
common practice, and it involves first creating distinct, smaller clusters that are then 
fusing them together to form a bulk-like material or embedding them into a compact 
liquid or solid matrix material during the manufacturing process [2]. 

11.1.2 Nanoparticles with Magnetic Properties 

Magnetic nanoparticles have the advantage of being non-electrical and requiring 
less sample than conventional techniques (filtration and centrifugation) [24, 25]. 
Most of the arsenic-tainted water is found in outlying areas where power is scarce. 
Magnetic nanoparticles are the best method for treating wastewater in these areas. A 
powder made of Fe3O4 nanoparticles and iminodiacetic acid has been used to remove 
~ 84.9% of the Cd and ~ 72% of the Pb [26]. The use of this magnetic nanoparticle is 
beneficial because it simplifies the chelation and subsequent magnetic separation of 
heavy metals [27]. Magnetic nanoparticles find excellent application in biomedicine 
and biotechnology. Internal (in vivo) and external (ex vivo) administrations are the 
most common methods of delivery in these applications. Magnetic nanoparticles 
are used for therapeutic (drug delivery and hyperthermia) and diagnostic (nuclear 
magnetic resonance imaging) purposes. Diagnostic applications are the primary focus 
of in vitro research [28, 29]. 

Increasing numbers of scientific studies on nanomagnetic materials with drug-
delivery functions have been conducted in recent years. These studies have been 
focused on developing, characterizing, and improving nanomagnetic materials with 
high-specificity surface functionalization. Modern technology is heavily reliant on
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these materials because they are used in so many industrial products and processes 
across a wide range of different industries [30]. Different magnetic materials have 
a wide range of unique properties that can be used in a variety of applications. 
Magnetic nanoparticles can exist in a variety of structures in polymorphic materials, 
which are distinguished by their ability to change shape. In addition to other physical 
characteristics such as magnetic character and chemical properties such as the bonds 
between atoms or ions, particle size, and the degree of hydration also varies. As a 
rule, particles of super-paramagnetic iron oxide are classified according to their size, 
which is less than 10 nm. This is because mono-domain magnetic particles with a 
size less than 10 nm prevent saturation magnetization or complete pairing of the 
spins [31]. When compared to other magnetic materials based on oxides or pure 
metals, iron oxides as magnetic materials having superior biocompatibility find wide 
applications in biotechnology. The two iron oxides which are used in biomedical 
applications are magnetite (Fe2O3) and magnetite (Fe3O4) [32]. 

The magnetic nanoparticles used for biotechnological purposes must have high 
magnetic moments, chemical stability under physiological conditions, and low toxi-
city, low production costs. It is important to note that the size and shape of nanoparti-
cles, as well as their degree of crystallinity and dispersibility, have a significant impact 
on their performance in therapeutic and diagnostic techniques, such as magnetic reso-
nance imaging (MRI) and hyperthermia. These parameters have a strong relationship 
with them because of the manner in which they are prepared. Magnets coated with 
carbon powder are currently being evaluated for their potential application in a variety 
of fields. Carbon nanotubes can coat these nanoparticles, preserving their magnetic 
properties while also binding to a variety of other substances, such as metals, cata-
lysts, polymers, and organic compounds. This coating acts as a wrapper around the 
nanoparticles [33]. 

11.1.3 Classification of Magnetic Nanomaterials—Based 
on Properties 

Metal nanoparticles, metal oxide nanoparticles, and metal alloy nanoparticles are 
the three most common types of magnetite nanoparticles (NPs) currently in use 
in research and development. FeCo, FePt, and others are examples of metal alloy 
nanoparticles, whereas cobalt oxides (CoFe2O4) and ferrites (MnO·6ZnO·4Fe2O4) 
are examples of metal oxide nanoparticles. Metal oxide Fe2O3 and Fe3O4 nanopar-
ticles are the most widely used magnetic nanoparticles [17]. These nanoparticles are 
easy to prepare and can have their particle size and shape precisely controlled. Incor-
porating metallic elements such as manganese (Mn) and zinc (Zn) into the structure 
of iron oxide nanoparticles allows them to be transformed into a variety of ferrite 
nanoparticles (Mn3Zn7Fe2O4, MnO·6ZnO·4Fe2O4, and so on). They are particularly 
well suited for magnetic resonance imaging due to their higher relaxation rate and 
stronger magnetism, which makes them ideal for MRI application [34]. Another
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characteristic of magnetic NPs is that they exhibit interesting surface activity. Its 
specific surface area makes it well suited for transporting numerous DNA fragments, 
drugs, and chemically modified compounds. Modifications allow them to be used as 
an effective vector. Secondly, the biocompatibility of most modified magnetic NPs 
is excellent [35]. The metamagnetic domain structure is common to most magnetic 
materials. A single magnetic domain structure is formed when magnetic materials 
are reduced to the nanoscale, resulting in paramagnetic material [36]. 

This disordered and super-paramagnetic spin can be rapidly magnetized by an 
alternate magnetic field and can move in an alternating direction with the magnetic 
field if the magnetic material has a critical size. When the magnetic field is removed, 
the magnetization of the material is zero, indicating that the material does not exhibit 
magnetism when there is no external magnetic field present in the environment. 
When subjected to an external magnetic field, super-paramagnetic materials exhibit 
a magnetic susceptibility that is significantly greater than general paramagnetic mate-
rials. This indicates that they are more susceptible to magnetic fields. In addition, 
because magnetic nanoparticles (MNPs) can produce thermal effects when subjected 
to alternating magnetic fields, they can be used in tumor thermotherapy [37]. The 
groundwork and modification of numerous nanoparticles have taken a significant 
amount of time and effort on the part of researchers to overcome this resistance. 
Iron oxide nanoparticles have several advantages over conventional nanoparticles, 
including their biodegradability and low cytotoxicity, as well as the fact that they 
can be altered by a variety of substances and interact with many specific ligands or 
antibodies. They have been used with MRI and tumor thermotherapy [38]. 

11.1.4 General Applications of Magnetic Nanomaterials 

In biotechnology and environmental remediation, magnetic nanomaterials (MNMs) 
offer a broad variety of uses [39, 40] and high amounts of organic–inorganic chem-
icals in environmental matrices might be removed in this way [17, 41–45]. Heavy 
metals, colors, oils, medications, insecticides, and nutritional components are among 
the substances found in these complexes [13, 17, 45]. Particles chemical composition, 
granulometric uniformity, crystal structure, magnetic behavior, surface structure, 
adsorption properties, solubility, and low self-toxicity must meet strict requirements 
for biotechnology applications in terms of their physical, chemical, and pharma-
cological characteristics as well as [11, 35] reported by Mohammed et al. electro-
static attraction, co-precipitation, and strong reductive reactivity are all possible reac-
tions between magnetic nanoparticles and contaminating molecules [46]. Magnetic 
nanoparticles may also be used in water purification as non-absorbents or immo-
bilization carriers to improve the efficacy of contaminant removal [15, 45]. As a 
result of their small size at the nanometer scale, relatively large surface area (10–500 
m2/g), super-paramagnetic, and biocompatibility with biomolecules, these applica-
tions offer significant environmental advantages, such as higher removal efficiency 
(usually greater than 85%), faster kinetics (such as first and second-order kinetics),
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as well as stronger reactivity with numerous contaminants (both organic and inor-
ganic) [47]. In the selective and highly effective adsorption of dangerous metal ions 
from complex matrices, such as Pb2+, Cd2+, Cu2+, Zn2+, Ni2+, and As3+, magnetic 
nanoparticles are an essential application [17, 48, 49]. Acid-resistant and very effec-
tive at neutral pH adsorption capacity, diethylenetriamine modified chitosan MNPs 
can remove rare-earth metal ions like Dy3+, Nd3+ , and Er3+ [50]. MNPs may also 
successfully remove radioactive metal ions. Using MNPs of CeO2–TiO2–Fe2O3, 
radioactive uranium (U) may be removed from aqueous solution with an efficiency 
of around 96% [51]. The removal of colors from industrial wastewater, such as those 
from the dyeing, textile, tannery, and painting industries, is another key use for MNPs 
in remediation [52]. The use of bare MNPs, such as maghemite, magnetite, and ferrite 
NPs, as new adsorbents for dye separation has been described. Maghemite [53] and 
MIONs may remove both anionic and cationic dyes [54]. Dyes may be removed using 
surface coating MNPs and magnetic core–shell nanocomposites. If you are looking 
to extract Acid Black 1 from diverse aqueous environments, for example, a new 
magnetic adsorbent of Fe3O4/Al2O3 hybrid composite has been produced electro-
chemically using Fe3O4 [55]. Cationic methylene blue is electrostatically attracted to 
ZnFe2O4 NPs that have been modified with anionic sodium dodecyl sulfate surfactant 
(SDS). Adsorption capacity of 699.30 mg/g was achieved at pH = 12 [56]. 

Human health and the ecological system are gravely jeopardized due to the persis-
tence and hydrophobicity of oil in soils and groundwater [57]. MNPs coated with 
a surface coating may remove more than 85% of oil from wastewater. Oil-field 
wastewater is treated using MNPs with three different layers of filtration: ferro ferric 
oxide as the core, nonporous silica as the interlayer, and mesoporous silica as the 
outside [58]. An external magnetic field has recently been employed to separate 
emulsified oil droplets quickly and obtain high oil removal efficiency (92.3%) using 
polyoxyallcylated N, N-dimethylethanolamine-Fe3O4-MNPs [59]. Surface-coated 
hydrophobic MNPs have a great attraction for oil and are capable of removing oils of 
any viscosity from the water surface regardless of their density [60]. Groundwater, 
vadose zones, and soils have been plagued by the presence of pharmaceuticals during 
the previous several decades [61, 62]. The synthesis of MNPs for the removal of phar-
maceuticals from environmental matrices is only the subject of a small number of 
investigations. Nickel ferrite NPs have absorption capacities of 30.4 mg/g (at a pH 
of 6) and 25.0 mg/g (at a pH of 4) that make them promising dipyrone adsorbents 
[63]. Tetracycline may be adsorbed by Chitosan–Fe3O4 MNPs, and this adsorp-
tion exhibits pseudo-second-order kinetics [64]. Following Freundlich and Langmuir 
isotherms and pseudo-second-order kinetic models, it is possible to remove amoxi-
cillin as adsorbents using magnetic Fe3O4@C NPs [65]. As a consequence, certain 
MNPs are devoted to the remediation of pesticides, which have a high persistence 
in the environment and hence require an extraordinarily long time for natural atten-
uation in soils, resulting in significant harm and dangers to human and ecosystem 
health [66, 67]. Polymer nanoparticles (NPs) with molecularly imprinted molecular 
patterns may be used to remove di-(2-ethylhexyl) phthalate from water using surface 
imprinting technology and the sol–gel technique, according to new research [68]. 
The removal effectiveness of isomeric endrin and dieldrin pesticides is 86.0 and
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74.0% for graphene oxide/MION nanocomposites, demonstrating a unique stere-
oselective removal behavior [69]. The extraction efficiency of several pesticides, 
such as parathion, fenthion, phoxim, temephos, and paraquat, has been shown to 
be improved by MNPs treated with ionic liquids [70]. Adsorption and recovery of 
nutrients from industrial wastewater facilities, such as nitrate and phosphate, has 
recently been applied to MNPs. Al-doped MNPs, for example, have good phosphate 
removal effectiveness in chicken washing and urban wastewater [71]. Adsorbents 
made of (MgFe2O4)/biochar magnetic composites have the potential to recover phos-
phate from wastewater. They are very efficient and reusable [55]. Magnetic activated 
carbons have a 76.29% adsorption effectiveness for nitrate ions at pH = 4 and an 
equilibrium period of 20 min [72]. 

Magnetic nanoparticles are used to construct a variety of environmental remedia-
tion systems, which makes them even more intriguing [73]. It is now possible to better 
understand and control nanomagnetic phenomena, which can apply to a wide range 
of industrial applications ranging from engine seals to bank checks. Nanomagnetic 
phenomena are now better understood and controlled [74]. Several useful inven-
tions, such as powerful permanent magnets and magnetic storage systems capable of 
storing large amounts of information, are the outcome of this technology. The surface 
effects at the nanoscale can be beneficial or detrimental depending on its application 
[5]. Recording industry has addressed this issue extensively because even the tiniest 
“bit” of information can be constrained, and it is also possible that these systems 
are limited by magnetic interactions [75, 76]. This chapter describes the most recent 
developments in nanomagnetic materials research and their uses in environmental 
remediation and biotechnology. 

11.2 Magnetic Nanomaterials in Environmental 
Remediation 

Toxins such as heavy metal ions, pesticides, and chemical toxins are a huge concern 
to the ecosystem since they are found in water, food, and the atmosphere. Magnetic 
nanoparticles can address these environmental concerns [24, 77, 78]. Because of 
nano biosensors, such as magnetic nano biosensors, environmental remediation has 
reached a new level. Pollution from metallurgical industries (such as heavy metal 
waste (Pb, Cd, Hg, etc.)) is caused by the poisonous nature of heavy metals. Another 
major contributor to environmental pollution is the widespread and excessive use of 
pesticides to increase agricultural yields. Pesticide residues are detected in water 
and food, which can have an impact on human health. To combat these prob-
lems, nanomaterial-based immuno- and genosensors are powerful instruments [79]. 
Quantum Dots (QD)-based magnetic nano biosensors have been used to monitor 
environmental pollutants such as pesticides, heavy metal ions, and chemical toxins. 
Quasi-dielectric (Qd)-based magnetic nano biosensors are extremely effective as 
metal sensors for toxic heavy metal ion detection in water, and they are required due
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to the fact that heavy metal contamination is the primary source of water pollution [11, 
80]. Hg2+ has been detected in water samples using ZnS QD magnetic nanomaterial-
based sensors. According to a new investigation, Dithizone-functionalized CdSe/ 
CdS NPs have been reported to be an ultra-sensitive technique for the detection 
of Pb2+. Also, ZnS-QDs and Mn2+-QD magnetic nano biosensors have been used 
to detect several pesticides like cyphenothrin, pentachlorophenol, acetamiprid, and 
pyrethroids [81–83]. 

Many studies have shown that carbon-based magnetic nanomaterial biosensors 
can be used to detect and monitor environmental pollutants such as heavy metal 
ions, explosives, pathogens, and pesticides due to the unique electrical and phys-
ical properties of these sensors [84, 85]. A waterborne virus that causes diarrhea 
has been detected using magnetic nano biosensors and rGO field-effect transistors. 
Pb2+ can be detected in water using DNA-wrapped metallic SWCNT electrochemical 
magnetic biosensors [83, 86]. The body’s own sensors Plant and animal growth are 
inhibited by pesticides in agriculture, resulting in increased agricultural output. Toxic 
to humans and animals alike, organophosphates are the most hazardous pollutants 
for human health. Organophosphorus hydrolase, butyrylcholinesterase, tyrosine, and 
acetylcholinesterase are only a few of the enzymes used in carbon nanotube-based 
enzymatic magnetic biosensors to detect pesticides. Organophosphorus pesticide tria-
zophos has been detected using biosensors based on multiwalled carbon nanotubes 
and chitosan [13, 87]. 

Liposomes containing potassium ferrocyanide-labeled molecules have been 
utilized by Viswanathan et al. for environmental remediation and biomedical diag-
nostics applications. It has been reported that the adsorption mechanisms of Fe3O4 

are extremely effective at removing arsenic from water [88]. In another study, Li et al. 
used a dye-coded AgNP magnetic nano biosensor to detect environmental pollutants 
such as Cu2+ and Hg2+ ions [89]. Magnetic nanoparticles designed from polymer-
based materials have excellent encapsulation properties, making them particularly 
well suited for environmental remediation applications. The detection of As3+ and 
As5+ ions in groundwater has been accomplished by using iron oxyhydroxide 
nanoparticles (NPs) on cellulose polymer matrix-based biosensors have developed 
a nano biosensor based on chitosan–Au that can detect Zn2+ and Cu2+ ions [90, 91]. 

Among other things, magnetic nanomaterials are used in a variety of applications 
such as catalysis and oil processing; sensors; medicine; food; energy storage; and 
construction materials. The production, transformation, and exportation of natural 
and synthetic nanomaterials on a daily basis have a negative impact on the envi-
ronment, as has been demonstrated. Artificial nanomaterials are being released into 
the environment, water sources, soil, and landfill waste streams as a result of the 
widespread use of these materials. Drilling for natural gas and enhanced oil recovery 
have been made possible through the use of carbon-based nanostructures such as 
graphite and graphene, as well as other materials such as fullerene, carbon nanotubes, 
and diamonds, as well as carbon black and other carbon-based materials [13, 74]. 
Only a few magnetic nanomaterials can be easily degraded by the environment, 
which is why they have become commonplace in our daily lives despite their envi-
ronmental sensitivity. Researchers are experimenting with iron nanoparticles as well
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as nanocomposite synthesis techniques that incorporate plant and microorganism 
sources such as cellulose, biopolymers, hemoglobin, and glucose in order to improve 
environmental applications. Although magnetic nanomaterials are widely used in the 
environment, including the air, soil, and water, the possibility that they are toxic to 
aquatic life cannot be ruled out [92, 93]. Electrochemical, magnetic, and optoelec-
tronic nanomaterials derived from molten salt synthesis can be found in a wide range 
of applications, including medicine and electronics [94]. 

The exposure to lead poisoning, which is a toxic heavy metal, is putting the 
public’s health at risk in developing countries, especially. To detect lead ions in 
environmental media (such as soil, water, food, and other food-contact surfaces), 
a fluorescent magnetic nanomaterial has been developed [95, 96]. Electrochemical 
sensors based on carbonaceous magnetic nanomaterials (dihydroxy benzene isomers) 
have been reported [97] for the simultaneous electrochemical sensing of multiple-
environmental contaminants. However, while rapid urbanization and industrializa-
tion have improved the well-being of many people, they are depleting the planet’s 
natural resources and endangering the lives of all living things. When released into 
an aqueous system, magnetic nanomaterials, according to Hasanpour and Hatami 
have the potential to remove heavy metal ions and radionuclides from the environ-
ment [98]. According to the researchers, molecularly imprinted Polymers (MIPs) 
based on carbon-based magnetic nanomaterials are used to detect a wide range of 
environmental pollutants [99]. For example, 2D titanium carbide is a type of MXene 
magnetic nanomaterial that can degrade organic pollutants via photocatalysis [99]. 
Dye, heavy metals, and pathogen contamination pollute water, resulting in both 
human and animal health complications. Water sources, such as rivers, ponds, and 
lakes that have become polluted, can be cleaned using nanoscale adsorbents [100]. 

For the cleanup of oil spills and the protection of oceanic life from water pollution, 
which can disrupt the ecological framework of marine biodiversity, new materials 
are being developed. These new materials include magnetic nanocomposites and 
nanofluids, functionalized super-paramagnetic iron oxide nanoparticles and poly-
mers, and magnetic nano adsorbents, all of which are being developed to clean up 
oil spills and protect oceanic life from water pollution. This has the potential to 
significantly improve oil recovery from oceanic spills as a result of the use of nano-
materials in this manner [101]. Carbon dots, carbon nanotubes, graphene, and carbon 
electrodes are being used to identify and analyze biological, environmental, and food 
samples [102]. Biologically active chemicals that disrupt the endocrine system pose 
a serious threat to the health of humans and animals. For the detection of estrogens 
in food and the environment, a variety of nanomaterial-based fabricated biosensors 
based on the detection of Hg2+ ions are used. Nano biosensors have shown poten-
tial in a variety of applications. Mercury is a toxic heavy metal that has a negative 
impact on the health [103]. Toxic gases in the air are harmful to both humans and 
animals, and the problem must be addressed immediately, regardless of how long 
it takes. The application of magnetic nanomaterials for organic pollutant removal 
from water is the most effective alternative for combating water pollution caused 
by industrial development, population growth, and climate change throughout the 
world using carbon-based magnetic nanomaterials or nanocomposites as a magnetic
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field source [104]. It has been discovered that these materials can detect and remove 
lead (II) ions. Unusual sorbents based on carbon nanomaterials are widely used in the 
removal of contaminants from water and soil. Toxic metals chromium and arsenic are 
both present, and nanomaterials can be used to remove these toxins from the environ-
ment (wastewater) [105]. Carbonaceous nanomaterials have also been investigated 
for their ability to remove Cr and As ions from wastewater [106]. 

Environmental pollution has increased in recent years because of an increase in the 
number of industries that release hazardous waste into the environment. Therefore, 
new water treatment methods based on the use of adsorptive materials such as carbon 
and adsorbents are urgently needed to remove both inorganic and organic contam-
inants from water. According to Yu et al. magnetic nanomaterials such as MXene 
can remove both inorganic and organic contaminants from water [107]. Zeidman 
et al. removed antibiotics from the aqueous phase by using synthetic silica-based 
nanocomposite materials [108]. Using synthetic silica-based nanocomposite mate-
rials. Cheng et al. reported that the photocatalytic degradation of heavy metal and 
organic dye ions could be accomplished by using engineered magnetic nanomate-
rials [10]. According to Lunge et al. nanomaterials such as metal or carbon-based 
materials are emerging adsorbents used in water treatment processes [109]. It is 
possible that the antibiotic chloramphenicol will be harmful to human health if used 
in large quantities in the environment. The detection of chloramphenicol was accom-
plished through the use of an electrochemical aptamer sensor. Rare-earth elements 
are removed from waste through the use of efficient nanomaterials in the adsorption 
process. 

The detection of chloramphenicol was achieved using an electrochemical aptamer 
sensor [7, 110]. The removal of rare-earth elements from wastewater is accomplished 
through the use of efficient nanomaterials in the adsorption process [7, 111]. Toxicity, 
manifested in the form of toxic chemicals originating from both natural and man-
made sources, is a worldwide issue. There is a widespread problem with harmful 
substances, which may come from both natural and man-made sources. In research 
by Basheer, carbon nanoparticles were utilized as adsorbents in the treatment of 
wastewater [112] To give an example, several articles on nano adsorbents for water 
purification by removing heavy metal ions from wastewater have been published in 
recent years [45, 113, 114] and are available online. 

11.2.1 Wastewater Treatment Using Magnetic Nanomaterials 

However, researchers are working to find new ways to prevent agricultural waste 
from spreading into the environment and causing harm to human health because 
of the presence of pesticides and other non-biodegradable organic and inorganic 
contaminants. Even at extremely low concentrations, these water contaminants can 
cause respiratory, cardiovascular, and even irreversible organ damage, according to 
the Environmental Protection Agency.
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Adsorbents that have at least one dimension below 100 nm, as well as tunable 
nanomorphology’s and multifunctionalities, have emerged as highly promising 
candidates for the removal of toxic metal elements and organic contaminants found at 
extremely low concentrations in wastewater, according to recent research [12]. Water 
remediation processes benefit greatly from the high specific surface area and variety 
of surface functionalizations of these materials. Functionalized magnetic nanopar-
ticles (MNPs) have been used as adsorbents to remove harmful metal ions from 
wastewater and agricultural waste [115]. 

Aqueous solutions containing magnetic materials can be recovered after the 
adsorption process is complete and the adsorbent has been removed. With their large 
surface area, they can develop electrostatic interactions and cation-interactions, as 
well as hydrophobic interactions and metal ion complexation. To degrade organic 
pollutants in agricultural wastewater, a combination of adsorption and catalytic 
performance can be used [116]. 

11.2.2 Magnetic Nanoparticle for Removal of Toxic Metal 
Ions 

By using Magnetic Nanoparticle to Remove Toxic Metal Ions, many scientists are 
working to find a solution to the wastewater problem, which is a major health concern 
that impacts all living things. Even at low concentrations, various toxic metals like 
Pb2+, Ni2+, Zn2+, Cr3+, Cu2+, and Cd2+ wreak havoc on the environment and human 
health and well-being. In order to develop new technologies that efficiently remove 
toxic metals from agricultural wastewater, numerous studies have been carried out 
[24, 90, 117–119]. Coagulation/flocculation and electrochemical treatment are just 
some of the cutting-edge methods currently being investigated in this field. The 
adsorption technique appears to be the most convenient because of its simplicity, 
high availability, and low cost [120]. 

One of the most important issues in this case is the regeneration and separation 
of adsorbent from wastewater. Magnetic nanomaterials have been proven to be a 
highly effective and dependable solution for the removal of hazardous metal ions 
from wastewater [115]. A magnetic field can be used to remove the adsorbent from 
water because of its magnetic properties. A variety of factors must be taken into 
consideration when determining the most effective method for removing metal ions 
from water, including the amount of metal ions present, operating costs, and even 
how the water is produced [120]. A metal ion adsorbent material must have the 
following features and needs in order to be regarded effective: low pH adsorption, 
metal ion desorption ease, quick desorption/adsorption rate, high adsorption capacity, 
regeneration, and reuse, as well as excellent mechanical properties [121]. Chemical 
waste, industrial wastewater, and agricultural waste may all be treated using a variety 
of adsorbers to remove metal ions that are detrimental to the environment. Some 
examples of these adsorbers include: Cu(II), Ni(II), Zn(II), Cd(II), and Hg(II).
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Because of its high toxicity, lack of biodegradability, and high abundance in 
sewage, lead (Pb) is unquestionably one of the most hazardous heavy metals for the 
environment and living organisms. Pb is widely used in a variety of applications, 
including electroplating, microelectronics, battery manufacturing, metal coloring, 
and others. Because of a combination of factors, including its widespread use, high 
demand, and toxic properties, it is considered being one of the most dangerous heavy 
metals for biological systems. There has been a great deal of research into how to 
remove lead (II) from water [122]. 

Fatemeh et al. reported the removal of Pb(II) from aqueous solutions using amine 
magnetic Fe3O4 nanoparticles (MBA-Fe3O4) in aqueous solutions. After they were 
synthesized using a solvent-based method, the surface of the magnetic nanoparticles 
was grafted with melamine to improve their magnetic properties. Under ideal condi-
tions, the endothermal and spontaneous metal ion adsorption processes were able to 
remove 85.6% of the lead from the solution (II). Five cycles of adsorption and desorp-
tion revealed that only 7% of the adsorption capacity of these adsorbents has been 
lost during the experiment [123]. Maghemite nanotubes synthesized by microwave 
irradiation. Maghemite nanotubes have been used for metal ion removal from ground-
water [124]. The nanotubes had maximum adsorption capacities of 111.11, 84.95, 
and 71.42 mg/g of maghemite. 

Pannenrselvan et al. showed Ni(II) ions can be removed from aqueous solutions 
using a magnetic-based adsorbent, which they called the Ni(II) adsorbent [125]. In 
another study, tea waste has been coated with Fe3O4 nanoparticles [109]. The depen-
dence of the adsorbent on pH, initial Ni(II) concentration, and temperature has also 
been investigated in the same study. The tea waste coated Fe3O4 magnetic nanopar-
ticles exhibit dated an adsorption capacity of 38.3 mg/g, indicating a significant 
improvement in Ni2+ removal from agricultural biomass waste [126]. 

Using the co-precipitation method developed by Gautam et al., synthesized Fe3O4 

super-paramagnetic nanoparticle having a size range of 5–15 nm and with a high 
magnetic field. These nanoparticles are highly effective Ni(II) adsorbents, having 
adsorbing capacity in the range of 209–362 mg/g. In addition, these NPs are inex-
pensive, and are easy to separate and have an adsorption capacity of nearly 85% 
during the first four cycles [127]. The presence of Cr (VI) ions, which are extremely 
toxic to humans and aquatic life, has been linked to a variety of health issues. Using 
Ppy-mPD composite nanomaterials, which are composed of modified polypyrrole 
and m-phenylenediamine, the scientists could remove Cr from the sample (VI). In the 
field, they were created through the process of oxidative polymerization [128]. The 
Ppy-mPD/Fe3O4 magnetic nanocomposites had an adsorption capacity of 555.6 mg/ 
g when compared to other materials. Dai et al. developed a magnetic adsorbent for 
the removal of Cr(III) from wastewater that is both cost-effective and environmen-
tally friendly. They used AL-DA/Fe3O4 NPs as the magnetic adsorbent [129]. In 
this study, the functionalization of alkaline lignin with dopamine molecules has been 
achieved using a nanoprecipitation procedure. It is possible to regenerate and reuse 
these materials five times with their magnetic properties. The adsorption capacity of 
these materials after five desorption cycles is found to be 44.56 mg/g.
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In addition to chromium, cadmium is also a very toxic metal as a variety of 
industrial products, such as cadmium batteries, pigments, and solar panels, are all 
made from the element. Water containing more than 0.003 mg/L of Cd(II) has been 
set by the World Health Organization and the Environmental Protection Agency 
as safe for consumption. Cd(II) exposure has been linked to kidney damage, high 
blood pressure, and extensive organ damage, among other things [130]. The ability 
of magnetite nanoparticles coated with citric acid to remove Cd(II) from aqueous 
media has been investigated using citric acid-coated magnetite nanoparticles. In this 
study, it is seen that at 298 °C, the adsorption capacity of the material is 0.2 g/L of an 
adsorbent, with a removal efficacy of ~ 96% at 40 min [121]. Bio-magnetic membrane 
capsules created by cross-linking a polyvinyl alcohol and sodium alginate matrix with 
phytogenic magnetic nanoparticles (BMMCs) have been used as substrates for the 
removal of toxins such as Pb(II) and Cd(II) from water with a binding capacity of 
548 and 611 mg/g, respectively. Each of the adsorbents was regenerated with HNO3 

and used seven times, in order to maintain their initial adsorption capacity [131]. 

11.2.3 Pesticides and Antibiotic Removal by Magnetic 
Nanoparticles 

Organic compounds are being used in agricultural practices, which have resulted 
in serious environmental concerns. Because of the non-biodegradability and toxi-
city of agricultural chemicals such as pesticides and antibiotics, they accumulate in 
the environment, including water and soil causing contamination. Using functional 
magnetic nanomaterials as adsorbents to remove harmful organic contaminants from 
agricultural wastewater has been investigated by several research groups. Electro-
static interactions, stacking, donor–acceptor, hydrophobic, and other types of inter-
actions are commonly used to explain adsorption of dyes on the NPs. In order to 
remove pesticides from agricultural wastewater, various magnetic nano adsorbents 
have been developed [132]. There are numerous applications for these substances, 
including pest control, disease prevention, and increased crop quality and yield. 
Additional information about pesticide removal from agricultural wastewater using 
MNP mediation is provided in a brief description [133] 

A monolithic Fe2O3/TiO2 nano photocatalyst developed by Singh et al. has been 
used for the degradation of Fibronil [109, 134]. The degradation efficiency of Fibronil 
reached a maximum of 88.71% under optimized experimental conditions. Fortu-
nately, the Fe3O4 monolith could be reused for a further four runs before it lost 
its photo catalytic efficient [135]. It has recently been reported that the surface of 
magnetic (Fe3O4) chitosan decorated with Co–Ni nanoparticles exhibited excellent 
water remediation activity as well as showed high adsorption capacity for the pesti-
cide 2,4-DCPOA (2,4-D) [136]. The authors achieved optimal experimental condi-
tions for pesticide degradation by modulating the concentration of oxidant (H2O2),
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catalyst, and pH. Two metals (Co and Ni) synergistically worked together to achieve 
~ 95.50% decomposition of 2,4-D in a bimetallic Co–Ni@CS@Fe3O4 magnetic 
nanoparticle. 

In another study, eight triazole fungicides have been extracted from environmental 
water samples using carbon nanospheres coated with Fe3O4. All of the extracts had 
high extraction percentages of nearly 80% or above [137]. 

Zr-based magnetic metal organic frameworks (MMOFs) have been created by 
immobilizing the UiO-66 MOF on Fe3O4/SiO2 NP cores and then annealing the 
resulting structure. This magnetic nanomaterial synthesized adsorbed TCS and TCC, 
two fungicides that are commonly found in wastewater, groundwater, and drinking 
water. Hydrogen bonding and hydrophobic interactions between the fungicides and 
MMOFs played an important role during the adsorption process [115]. In this study, 
the adsorption capacity of the nanomaterial for TCS and TCC are 476.27 mg/g 
and 602.40 mg/g, respectively. Antibiotics are substances that stop bacteria from 
multiplying and spreading in animals and humans. Environments are contaminated 
because of the widespread use of antibiotics in agriculture. Adsorbents containing 
magnetically functionalized materials have been used to remove antibiotics from 
wastewater, including tetracycline, sulfonamide, quinolones, and sulfamethoxazole 
[138]. Various materials can be used to create magnetic devices, including micro-
spheres, magnetic molecularly imprinted polymers, magnetic nanoparticles, and 
magnetic carbon-based materials, magnetic molecularly imprinted ferrites (MOF), 
and covalent organic frameworks. Microspheres are the most common type of 
magnetic device, and they can be made from any type of material l [139]. To 
detect sulfadimidine, sulfadimidine, sulfathiazole, and sulfathiazole from water, 
Fe3O4@SiO2@Fe–pamoate ternary single-core double-shell magnetic microspheres 
have been used. The detection limits of 0.08–0.12 mg/mL have been achieved with the 
aid of this magnetic microsphere. The water samples contained high concentrations 
of all antibiotics, ranging from 86.3 to 99.7% [140]. 

Imprinted molecular polymers with molecular recognition, thermo responsive-
ness, and super paramagnetism have been discovered in magnesia, silica, and polymer 
by Xu et al. The antibiotic sulfamethazine has been used as a model for the develop-
ment of these materials. The batch experiments showed that temperature and contact 
time played a vital role in the adsorption of the magnetic material on the magnetic 
nanomaterial. The release of the antibiotic from the magnetic material increases with 
the increase in the temperature beyond the LCSTS [141]. In another study, magnetic 
nanocomposites with surface-oxidized cobalt wrapped in carbon nanotubes have 
been used to remove organic waste and dye rhodium B from water [142]. Yang and 
coworkers have recently developed Fe3O4-N-doped carbon sphere activated with 
peroxymonosulfate that removed and catalytically degraded tetracycline from the 
solution [143]. This magnetic material removed ~ 97% of tetracycline as compared 
to peroxymonosulfate only. Lead (Pb) is one of the most toxic heavy metals for the 
environment and living organisms because of its high toxicity, lack of biodegrad-
ability, and abundance in waste. It is used in a variety of applications, including 
electroplating, microelectronics, battery manufacturing, metal coloring, and many
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others. Besides its toxic properties, it is considered being among the most toxic 
heavy metals. The removal of Pb(II) from aqueous media has thus been a subject of 
active research [122]. 

For the removal of Pb(II) from drinking water, Fatemeh et al. developed a nanopar-
ticle made of melamine and Fe3O4 amines (MBA-Fe3O4) which was used in the study 
by solvo thermal method, and the amine-grafting procedure [144]. The magnetic 
nanomaterial synthesized removed ~ 85% of lead ion. The efficiency of the nanomate-
rial decreased by 7% after five consecutive adsorption–desorption cycles. Microwave 
synthesized maghemite nanotubes removed copper, zinc, and lead from water by the 
processes of electrolysis. The nanomaterial exhibited a maximum adsorption effi-
ciency for of 111.11, 84.95, and 71.42 mg/g for all the three metals. When the 
concentration of Ni(II) ions in drinking water rises above 0.01 mg/L, which occurs 
because of various industrial waste products released from processes used in battery 
manufacturing and electronics manufacturing, it can pose serious health problems 
[124, 145]. Pannenrselvan and coworkers have shown that magnetic adsorbents can 
remove Ni(II) ion from water. They achieved an adsorption capacity of 38.3 mg/g 
[126]. In another study at pH 6.5, using magnetic nanomaterial a maximum adsorp-
tion of 548 and 611 mg/g for lead and chromium ions, respectively have been reported. 
In the same study when the adsorbents are treated with HNO3 and then used repeat-
edly for seven cycles, their capacity returned to the level it had been before treat-
ment [146]. Agricultural practices rely heavily on organic compounds which lead to 
serious environmental concerns in recent decades. Because of their toxicity and non-
biodegradability, they are classified as non-selective toxins. Pesticides and antibiotics 
are just a couple of examples of the agricultural chemicals available today [147]. 

To remove the harmful organic contaminants, more than a dozen research groups 
are investigating the use of functional magnetic nanomaterials as adsorbents in 
agricultural wastewater. The development of electrostatic interactions is primarily 
responsible for the adsorption in the majority of cases. Some examples of such 
phenomena include stacking, donor–acceptor interactions, hydrophobic interactions, 
and other phenomena with a similar nature. Pesticides and herbicides are widely used 
in agriculture for a variety of purposes, including the control and repulsion of pests, 
the prevention of plant diseases, and the improvement of crop quality and yield, 
among others [148]. Singh and coworkers developed a ferromagnetic Fe2O3/TiO2 

monolithic photocatalyst for fibronil photodegradation [134]. Other than in agricul-
ture, this pesticide is widely used in the veterinary and domestic fields, as well as in 
the food industry. The photocatalytic performance of the above-mentioned catalyst 
in the degradation of fibronil has been evaluated using UV–Vis spectrophotometry. 
Under optimal experimental conditions, the maximum fipronil degradation efficiency 
of 88.71% has been, which is the highest ever recorded [149]. Researchers recently 
discovered that the synthesis of magnetic (Fe3O4) chitosan, which is then coated 
with Co–Ni nanoparticles, resulted in an effective nano catalyst, having the ability 
to degrade the pesticide 2,4-DCPOA, among other contaminants. The degradation 
efficacy of the nano catalyst at optimized condition is ~ 95.50% and this magnetic 
nano catalyst can be recovered and reused.
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The self-assembly of carbon nanosphere surfaces with Fe3O4 nanoparticles 
resulted in an innovative magnetic adsorbent. This magnetic nanomaterial has the 
ability to adsorb triazole fungicides from the wastewater with the adsorption effi-
ciency of more than 80%. These nanomaterials can be recycled and reused for several 
adsorption–desorption cycles [129]. In another study, with the aid of solvothermal 
method, a zirconium based magnetic metal organic framework having a core-shell 
Fe3O4/SiO2 nanoparticle has been designed which has the ability to adsorb triclosan 
and triclocarban fungicides [150]. These fungicides are mainly found in wastewater 
as well as drinking water. The adsorption interaction between the nanomaterial and 
the fungicides is mainly dominated by hydrogen bonding and hydrophobic interac-
tions. In the same study, they have shown that the adsorption–desorption cycles can 
be repeated for eleven cycles. These nanomaterials have very high adsorption capac-
ities of 476.27 mg/g and 602.40 mg/g, for triclosan and triclocarban, respectively 
[151] (Fig. 11.1). 

An antibiotic is a compound that is used to prevent the growth and spread of 
bacteria in both animals and humans. The widespread use of antibiotics in agriculture 
has resulted in significant environmental contamination [138]. In another study, a 
ternary core-shell magnetic nanoparticle composed of Fe3O4@SiO2@Fe–pamoate 
removed five sulfonamide antibiotic compounds both from drinking and river water 
[153] (Fig. 11.2).

Fig. 11.1 The use of MMOFs for the efficient adsorption removal of two fungicides from aqueous 
environments has been demonstrated (adapted from permission from Elsevier [152]) 
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Fig. 11.2 a Schematic diagram of adsorption of RhB (on the left) and TC (on the right) on 
Co@CoO/NC (Adapted with permission from Elsevier [154]) 

A chitosan-iron complex composite activated with peroxymonosulfate is able to 
remove and degrade tetracycline from wastewater [155]. Similarly, a Fe3O4-N-doped 
carbon sphere composite is able to extract ~ 97% of chromium from wastewater [156]. 
The catalyst is composed of a carbon sphere composite made of a chitosan–iron 
complex that is biodegradable and environmentally friendly. By activating peroxy-
monosulfate, which we accidentally discovered, we were able to remove and catalyt-
ically degrade the tetracycline and other antibiotics (TC). The magnetic Fe3O4-N-
doped carbon sphere composite catalyst removed 97% of the total chromium in a 
25 °C environment, whereas PMS alone removed only 50%. 

With this catalyst’s outstanding adsorption and catalytic efficiency, tetracycline 
may be safely and efficiently extracted from water. Decomposition rates of function-
alized magnetic carbon porous frameworks rose from 0.133 to 96% when they were 
brought into the system 10 min after H2O2 was injected, but only 13% degradation 
rates were detected when H2O2 was not present. The authors argue that in order for 
catalytic degradation to occur, TC molecules must collect in holes of porous materials 
with a high specific surface area. A constrained microenvironment is created as a 
consequence of this, according to the authors. ·OH and other reactive radical species 
generated by Fe2+ and Au(0) catalytic centers contribute in the breakdown of target 
substances as well as hydrogen peroxide activation by Fe(II) and Au(0) [157]. The 
rate of decomposition increased from 0.133 to 96% when functionalized magnetic 
carbon porous frameworks were introduced into the system 10 min after H2O2 was 
introduced, whereas only a 13% degradation rate could be observed after 30 min of 
operation when H2O2 was not present. The authors argue that in order for catalytic 
degradation to occur, TC molecules must collect in holes of porous materials with a 
high specific surface area. According to the authors, this creates a microenvironment 
that is more constrained. ·OH and other reactive radical species generated by Fe(II) 
and Au(0) catalytic centers contribute in the breakdown of target substances as well 
as hydrogen peroxide activation by Fe(II) and Au(0) [158].
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11.3 Summary and Future Prospectives 

The inherent properties of magnetic nanoparticles have a lot of benefit in enhancing 
and remediating the environment. In this chapter, most work is focused on remedi-
ation of various types of water such as wastewater, groundwater, industrial water, 
etc. in removing various types of pollutants, such as toxic metal ions, dyes, pesti-
cides, etc. Almost all the water remediation works are based on the adsorption of the 
contaminant on the nanoparticle or the magnetic nanomaterials. In addition, some 
of the research works are focused on synthesizing various magnetic nanocomposites 
which have better removal capacity than the simple magnetic nanoparticle. Although 
a lot of work has been done on the laboratory scale in water and environmental reme-
diation but in the field that conditions may be different. Therefore, the translation of 
the laboratory work into the real applications is the need of the hour. But before field 
applications, a lot of research gaps are still there in understanding the mechanism of 
the action of the magnetic materials in environmental remediation and the potential 
reusability and toxicity of the synthesized magnetic nanomaterials toward the various 
organisms existing in the environment. 
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Chapter 12 
Applications and Working Mechanism 
of Fe2O3 Nanoparticle and Its Composite 
for Wastewater Treatment 

Manoj Kumar Sahu, Hari Sankar Mohanty, Raj Kishore Patel, 
and Sudarshan Khudwakar 

Abstract The impacts of various added substances on the morphology and related 
photocatalytic properties of different hematite (α-Fe2O3) nanostructures were exam-
ined. α-Fe2O3 croissant-like designs and finished microspheres were framed by 
aqueous treatment at 120 °C for 6 h within the sight of NaCl, Na2SO4, and Na2C2O4 

as added substances, separately. After heat treatment in air, the photocatalytic move-
ment of the α-Fe2O3 powder was surveyed by degrading methyl orange (MO) under 
UV light with hydrogen peroxide (H2O2) as an activator. The α-Fe2O3 progressive 
designs displayed the best photocatalytic activity with a 76.5% evacuation or degra-
dation of dye molecules. This is credited to the high surface region of the iron oxide 
like morphology, which gives more dynamic locales for the degradation of dyes. The 
activation energy has also been well compared to the kinetic and isotherm models in 
the review, which shows that degradation of dyes on the outer layer of iron oxide is 
much more effective. 
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12.1 Introduction 

Water is the most precious resource and is crucial for all living creatures in its pure 
state on earth. It plays a key role in the world economy. An exclusively broad spectrum 
of hazardous contaminants is released into the watercourse due to rapid urbanization, 
industrialization, population growth, and long-term droughts, which has grown to be 
a serious issue worldwide [1–4]. So far, industries have generated a huge amount of 
miscellaneous carcinogenic contents, and the disposal of these untreated contami-
nants has been observed to be the main source of water pollution [5, 6]. This may 
lead to major social evils such as drinking water deficits [7], water evaporation [8], 
and surface water contamination [7]. The most important factors contributing to this 
global water pollution are industrial sewage containing hazardous dyes and heavy 
metals, along with some poisonous chemicals. In fact, these untreated industries 
discharged the contaminants that contaminate surface water as well as groundwater 
by spreading their toxicity and causing severe protozoan infections, fungal attacks, 
and other deadly diseases in aquatic organisms [9–11]. These pollutants, which have 
tempted increasing concerns about wastewater, can cause adverse ecological prob-
lems for wildlife and the environment, such as health effects and mutagenic effects in 
human beings, aquatic beings, and other living beings [12]. Moreover, the release of 
these miscellaneous dyes as well as a number of toxic natural contaminants in soils 
and aqueous environments has made the global water source’s condition of inferior 
quality [13]. 

Commonly, dyes are classified into two major types such as: herbal/natural and 
synthetic/artificial dyes. Natural dyes are derived from plant resources such as leaves, 
roots, wood, berries, fungi, bark, and lichens, whereas synthetic dyes are produced 
from chemicals, earth minerals, and petroleum derivatives [3, 4]. Artificial dyes 
are considerably used in sports as well as in paper; in printing, they are used as 
colorants, and they are also used in the beauty and leather industries too [14]. It has 
been previously affirmed that dyes were comprehensively used in textile industries 
(~200,000 tons/year), and without a precise remediation method, they were tended 
to release into the sewage [2, 15]. 

In general, dyes possess a very complicated shape with a high molecular weight, 
are water-soluble, degradation-resistant, potentially carcinogenic as well as muta-
genic, and also have the tendency to inhibit sunlight penetration and reduce photo-
synthetic reactions [6]. The water pollutants may be labeled into numerous prin-
cipal types, which include natural and inorganic contaminants, vitamins, agricultural 
waste, pathogens, suspended solids, radioactive wastes, and thermal pollution as well 
[16]. 

Generally, there have been various treatment methods implemented to eliminate 
hazardous organic contaminants from aqueous solutions over the past decades [17]. 
Several chemical, physico-chemical, and biological techniques, such as membrane 
separation [18], flocculation [19], adsorption [20], coagulation [21], fungal decol-
onization [22], degradation [23–26], and ultra-chemical treatments [27], have been 
widely implemented for the successful removal of dyes from wastewater. Among
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those methods, chemical degradation by the advanced oxidation process (AOP) has 
been proven to be the most efficient one for the resolution of these hazardous chem-
icals due to their refractory and persistent structure [28]. This process has also been 
demonstrated to be much more efficient, non-toxic, cost-effective, easy-handling, 
energy-saving, and eco-friendly in nature. 

In the present scenario, nanotechnology has materialized as a cutting-edge tech-
nology and a state-of-the-art with broad applications in every field of life. At present, 
scientists and researchers are putting more focus on the fabrication of nanocom-
posite, and various techniques are also being implemented for this purpose [29]. 
Physical methods and chemical techniques are conventionally applied to prepare 
these nanosheets. Furthermore, magnetic nanocomposites consist of a significant 
group of inorganic materials and propose a number of applications in research fields 
by virtue of their unique and distinctive properties [30]. 

Magnetic nanostructures hold the capability to remove these finely shaped 
nanoparticles of toxic dyes, heavy metals, and colloids, which cause a very prob-
lematic situation when they are supposed to be removed by those pre-conventional 
techniques. Among those several magnetic nanocomposites, iron oxide has been 
considered to be the most efficient as well as convenient for the adsorption technique 
due to its very small size and ferromagnetic nature [31]. They have the potential 
to remove several heavy metal ions, such as lead, cadmium, copper, or chromium, 
as well as dyes and pesticides, simultaneously from wastewater [32]. In current 
times, the application of magnetic nanoadsorbents for the decontamination process 
has become very efficient and has received considerable demand and attention due 
to their easy separation ability [33–38]. The iron oxide possesses many kinds of 
phases, such as FeOOH, FeO, Fe4O5, Fe3O4, Fe4O3, Fe(OH)3, polymorphs of Fe2O3 

(α-Fe2O3, and γ -Fe2O3), and so on. Among these, maghemite (γ -Fe2O3), hematite 
(α-Fe2O3), and magnetite (Fe3O4) are of greater interest for their drinking water 
treatment, electrical, magnetic properties, optical properties, ferrofluid technology, 
magneto caloric refrigerant, gas sensing, etc. [39–42]. This compound has a lot of 
influence and impact on the remediation of water, such as fast and easy production, 
rapid uptake, high adsorptive capacity, easy separation, etc. 

Over the last few years, the elimination of different organic dyes has grown to be 
a global concern considering their carcinogenic effects on the environment. Approx-
imately 70–80% of total illnesses in women and children in developing countries are 
initiated by different water contaminants, according to WHO and UNICEF reports 
from 2000. The several toxic things caused by dyes are shown in Fig. 12.1. Thus, 
in this session, different applications of Fe2O3 in the removal of organic dyes and 
pesticides are discussed.
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Fig. 12.1 Toxic things caused by dyes on environment and living beings 

12.2 Removal of Organic Dyes 

A dye is a substance that imparts color through physical or chemical binding. 
The chromophoric units present in the dye develop a color to which auxochromes 
are attached. Dyes are used in various applications in our day-to-day lives that 
release toxic organic and inorganic chemicals from industries wastewater, resulting 
in harmful effects on the environment. Therefore, it is essential to protect the environ-
ment from the toxic effluents released into the water body by treating them through 
different physical, chemical, and biological treatments. In the following sections, the 
adsorptive and photocatalytic removal of dyes using various classes of adsorbents 
and catalysts and their adsorptive and photocatalytic mechanisms are presented. 

Guo et al. synthesized a heterogeneous Fenton catalyst i.e., α-Fe2O3/Cu2O(SO4), 
which was highly efficient as well as a novel reagent for the removal of organic dye in 
the field of advanced oxidation processes (AOPs). It had become a widespread inves-
tigation which resulted in the formation of Cu2O(SO4)-Fe9 [43] composite showing 
brilliant catalytic removal efficiency for the degradation of orange II. Considering 
its effectiveness, it showed the rate of removal of about 98.9% at 50 mg/L Orange II 
in 100 ml (under the condition of 0.3 g/L Cu2O(SO4)-Fe9 catalyst, 3 mm H2O2, and 
pH = 3.5). In this concern, PL spectra were used to measure the dissociation effi-
ciency of photon-generated carriers. The intensity of this PL spectra indicated that the 
Cu2O(SO4)-Fe9 nanocomposite excited the dissociation of carriers by showing the 
peaks as Cu2O(SO4) >  α-Fe2O3 >Cu2O(SO4)-Fe9. Again a number of scavengers like 
1,4-benzoquinone, isopropanol, CCl4, and CH3OH were added to the photo-fenton 
system to adsorb the superoxide, hydroxyl radicals, electrons, and holes respectively. 
When the rate of degradation of Orange II was compared without and along with the 
scavengers, it was found that when isopropanol (10 mM) was added to the system,
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the degradation efficiency of Orange II was decreased to 21.4% from 98.9% within 
15 min. Based on this decreasing efficiency, the catalytic mechanism was analyzed 
as shown below. 

Fe3+ 
surf − OH + H2O2 → (H2O2)S (12.1) 

(H2O2)S ↔ Fe2+ 
surf − ·O2H + H2O (12.2) 

Fe2+ 
surf − ·O2H ↔ Fe2+ 

surf − ·O2H (12.3) 

(H2O2)S ↔ Fe2+ 
surf − ·O2H + H2O (12.4) 

Fe2+ 
surf + H2O2 → Fe3+ 

surf − OH + ·OH (12.5) 

Fe2+ 
surf − OH + ·O2H → Fe2+ 

surf + H2O + O2 (12.6) 

Fe3+ + H2O2 → Fe2+ + ·O− 
2 + 2H+ (12.7) 

Fe2+ + H2O2 + H+ → Fe3+ + ·OH + H2O (12.8) 

First of all, surface complex precursor was formed between Fe3+ 
surf−OH and H2O2 

which may be considered as the initiation step (Eqs. 12.1–12.4). For the oxidation 
of organic pollutants, more number of hydroxyl radicals were needed which was 
produced by the dissociation of peroxide and reduction of Fe by interface electron 
transfer (Eqs. 12.5–12.6). The amount of Fe2+ on the surface of catalyst was increased 
to 38.7% from 26.1%. At the same time, these cyclic reactions for Cu2+/Cu+ and 
Fe3+/Fe2+ were carried out under acidic circumstances (Eqs. 12.7–12.8). And it was 
observed that the combined effect of Cu and Fe in the above reaction became very 
helpful in enhancing the hydroxyl radical production for the degradation of H2O2. 
It was also inferred from the above study that orange II was very well-attacked by 
Cu2O (SO4)-Fe9 nanocomposite. 

Another researcher Mai et al. reported the AOP reaction of Fenton system modified 
with Fe2O3 and NaHSO3. This novel nanocomposite showed a very well-organized 
synergistic effect for the removal of Orange II and azo dye. In this study, the radical 
species produced were %OH and %SO− 

4 showing very high competence to oxidize 
and degrade organic contaminants. In this concern, hydroxyl radical was formed by 
activating NaHSO3 with Fe3+ reduced to Fe2+. The removal efficiency was found to 
be 90% in 20 min when the pH was adjusted between 8 and 10. The experimental 
result and the pathways of the experiment are shown by the following equations. 

≡ Fe3+ + HSO− 
3 + OH− → ≡  Fe2+ + ·SO− 

3 + H2O (12.9)
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·SO− 
3 + ·O2 → SO− 

5 (12.10) 

·SO− 
5 + 2 ≡ Fe2+ + H2O → 2 ≡ Fe3+ + ·SO− 

4 + OH− (12.11) 

·SO− 
5 + HSO− 

3 → ·SO− 
4 + ·SO2− 

4 + H2O (12.12) 

·SO− 
3 + Fe2+ + H+ → Fe3+ + HSO− 

3 (pH < 6) (12.13) 

·SO− 
4 + Fe2+ → Fe3+ + SO2− 

4 (12.14) 

·OH− + Fe2+ → Fe3+ + OH− (12.15) 

·SO− 
4 + HSO− 

3 → ·SO− 
3 + SO− 

4 + H2O (12.16) 

·SO− 
4 + ·SO− 

4 → S2O2− 
8 → 2SO2− 

4 (12.17) 

·SO− 
3 + ·SO− 

3 → S2O2− 
6 → 2SO2− 

3 → 2SO2− 
4 (12.18) 

First of all, HSO− 
3 was accumulated on Fe2O3 catalyst surface and it was studied 

under both acidic and alkaline conditions (Eq. 12.9). The ·SO− 
3 which was supported 

by dissolved oxygen generated the powerful oxidizing peroxy-sulfate ion ·SO5 

(Eq. 12.10) which was further reacted to Fe2+ along with HSO3 (Eqs. 12.11–12.12) 
generating the stability and catalytic activity. This overall mechanism of degradation 
by ·SO4 and ·OH was found to be more consistent for Orange II with the formation 
of organic intermediates along with CO2 and H2O. 

The core–shell nanocomposites of Fe@Fe2O3 were synthesized by Yang et al. 
for the degradation of Orange II dye. This heterogeneous catalyst was found to be 
very effective in the reaction of Fenton to degrade organic pollutants as well as dyes 
[44]. The efficiency of this nanocomposite was increased when this Fe@Fe2O3 was 
assisted by NaHSO3. This combined form of the experimental nanocomposite was 
inferred for the removal of Orange II dye in both acidic as well as in alkaline medium. 
The mechanism of degradation process is shown below. 

≡ Fe3+ + 2HSO− 
3 + 2OH− → ≡  Fe2+ + 2SO−· 

3 + H2O (12.19) 

SO−· 
3 + O2 → ·SO−· 

5 (12.20) 

SO−· 
5 + HSO− 

3 → SO−· 
4 + SO2− 

4 + H+ (12.21)
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Fe0 + 2FeIII → 3FeII (12.22) 

FeII OFeIII → FeIII OFeII (12.23) 

FeII OFeIII + O2 → O−· 
2 (12.24) 

2O−· 
2 + 2H+ → H2O2 + O2 (12.25) 

≡ Fe2+ + H2O2 → ≡  Fe3+ + OH· + OH− (12.26) 

This process involves solid–liquid interface of Fe@Fe2O3 nanocomposites. First 
of all, the HSO− 

3 radical species assembled on the surface of Fe@Fe2O3 catalyst. 
After that, SO− 

5 was produced as a result of reaction of ·SO− 
3 and dissolved O

− 
2 . 

The ·SO− 
5 so obtained treated with HSO

− 
3 to obtain ·SO4 (Eqs. 12.19–12.21). This 

Fenton catalyst could persuade electron transfer in between the Fe2O3 shell and Fe 
core which accelerated the generation of ·O− 

2 (Eqs. 12.22–12.24). The generation of 
radical resulted in the removal of Orange II. This mechanism was well-established 
for the removal of Orange II dye. 

MgO/α-Fe2O3 nanocomposite was prepared by Allawi et al. with the help of 
hydrothermal process, and photo-oxidation operations were carried out for the degra-
dation of MB dye. The study is mainly based on two assumptions i.e., (1) the decrease 
in recombination possibility of electron–hole pairs and (2) the increase in absorption 
of photon by MgO. So this study was made on combined photocatalytic outcome of 
MgO-Fe2O3 nanocomposite [45]. The mechanism of the reaction of as follows: 

MgO/Fe2O3 + hν(Vis Region) → MgO/Fe2O3
(
H+ + e−)

(12.27) 

H+ + H2O(OH·) → (OH·) + h+ (12.28) 

h+ + Dye → Dye·+(Oxidation of Dyes) (12.29) 

e− + O2 → O ·− 
2 + Semiconductor (12.30) 

Dye + O·− 
2 → Degradation Products (12.31) 

The result of degradation of MB dye was found to be 91.7% at pH 12 which 
was designated to be very cost-effective as well as efficient photocatalyst for 
mineralization of dye pollution.
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Bouziani et al. synthesized the heterogeneous nanocomposite α-Fe2O3/TiO2 by 
sol–gel method to integrate the photocatalytic activity of titanium oxide. The α-
Fe2O3/TiO2 nanocomposite showed great photocatalytic efficiency for the degrada-
tion of methylene blue i.e., 90% in 180 min of photo-illumination [46]. The process 
involved the generation of active species like ·OH, ·O− 

2 , holes. The mechanism of 
the process is: 

TF6 + hν → TF6
(
h+ + e−)

(12.32) 

O2 + e− → O−· 
2 (12.33) 

O−· 
2 + H+ → HO· 

2 (12.34) 

2HO· 
2 → O2 + H2O2 (12.35) 

H2O2 + O−· 
2 → OH· + OH− + O2 (12.36) 

H2O2 + hν → 2OH− (12.37) 

A well-organized photocatalyst for the decolorization of MB dye was studied by 
Hojamberdiev et al. The Porolas-Fe2O3 nanocomposite (1%) was prepared using the 
precursor iron nitrate which was more amorphous as compared to 7% of the same 
nanocomposite. The heterogeneous photodecomposition on the nanomaterial surface 
by UV photo-irradiation [47]. 

H2O → H+ + OH− (12.38) 

eCB− + O2 → O·− 
2 (12.39) 

O·− 
2 + H+ 

aq → HO· 
2 (12.40) 

HO· 
2 + HO· 

2 ↔ H2O2 + O2 (12.41) 

hVB+ + OH− 
aq → OH·− (12.42) 

MB· + MB·+ + O·− 
2 , HO

· 
2, H2O2, OH·− → Degradation Products (12.43) 

Mohamed et al. studied a Z-scheme photocatalytic system which simulated the 
photosynthesis by recombination of charge carrier and having great redox capacities. 
They produced the Fe2O3/GO/WO3 3Z-Scheme nanocomposite [48] which was seen
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to be very effective for the decolorization of MB and CV dyes. The mechanism of 
the reaction in α-Fe2O3/WO3 system includes the electron–hole generation under 
solar light. The photo-generated electrons and photo-generated holes lead to the 
increase in oxidizing and reducing abilities of Fe2O3 and WO3. These radical species 
generated in this reaction were responsible for the degradation of organic pollutant 
like methylene blue. The result of this study revealed that the efficiency of this 
nanocomposite for the removal of MB was 95.4% in 120 min. This process was 
found to be a green synthesis of Fe2O3/GO/WO3 nanocomposite with the utilization 
of solar light. 

The nanocomposite Fe2O3/Graphene/CuO (FGC), which is known to be a visible 
photo-sensitive material was successfully synthesized by Nuengmatcha et al. using a 
very simple solvothermal method. In this context, the photocatalytic activity of FGC 
was evaluated for the removal of MB when the nanocomposite was subjected to act 
in presence of visible light. It was found that the nanocomposite showed very great 
efficiency as compared to other types of catalysts. Furthermore, the mechanism of 
photocatalytic property of this hybrid composite was also studied. The synthesis of 
Fe2O3/graphene/CuO (FGC) [49] photocatalyst in a visible light system showed very 
good photocatalytic activity and brilliant magnetic separation capability. This method 
was very well-established for the removal of MB dye with an efficiency of more than 
90% in 5 cycles. When FGC nanocomposites were used as a catalyst the valence 
band (VB) electrons of CuO were shifted to its conduction band (CB). This exci-
tation results in the generation of electron–hole pairs (e−/h+) that mainly cause the 
photocatalytic as well as a redox reaction. As grapheme showed brilliant electronic 
conductivity and possessed large surface area, it behaved as electron transporter and 
acceptor. These reacted with O2 which was dissolved in water and transformed to 
O−· 

2 radical species. At the same time, the holes reacted to OH−/H2O absorbed on 
the surface of FGC to form ·OH. These radical species had a strong ability to oxidize 
and degrade MB to CO2, H2O with other byproducts. Following figure shows the 
mechanism of degradation of MB using this method. 

Narendhran et al. [50] synthesized Fe2O3/FeWO4/WO3 nanostructures to examine 
the photocatalytic effect on methyl orange under UV–VIS irradiation method. When 
the nanoparticles were exposed to visible light, the band intensity of absorbed dye 
decreased. The hetero compound showed an efficiency of 98% within 160 min which 
was very high as compared to the individual reagents. These nanoparticles were 
synthesized by hydrothermal and precipitation method and no surfactant was added 
in the synthesis process. Santana et al. [51] synthesized a Fenton-like nanocomposite 
i.e., Fe2O3/MCM-41 for the photocatalytic degradation of methyl orange it showed 
a degradation efficiency of 70% in 120 min. The reaction mechanism of this reaction 
was as that of Fenton-like process which involves the production of hydroxyl radicals 
from hydrogen peroxide (H2O2) along with non-selective and highly oxidative OH 
radicals. These OH radical species showed brilliant efficiency toward degradation of 
organic pollutant like methyl orange. This study shows that Fe2O3/MCM-41 catalyst 
showed promising approach for the removal of MB dye.
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Friendy and Sillanpaa synthesized a novel α-Fe2O3/Graphene nanomaterial for 
the removal of Rhodamine B (RhB) by visible light. α-Fe2O3/Gr nanocomposite 
[30] showed a brilliant catalytic activity with 98% toward the degradation of RhB 
under visible light. The series of disintegration process was performed to evaluate 
the reusability of the photocatalyst. This overall study showed that the nanocom-
posite was very effective, efficient, reusable, and eco-friendly. A novel nanocom-
posite was reported by Ouachtak et al. [12] for the adsorption of Rhodamine B 
by co-precipitation method and the nanocomposite was named as ν-Fe2O3@Mt 
or magnetic montmorillonite nanostructure. The adsorption property of RhB on ν-
Fe2O3@Mt surface was measured. It was well-fitted with a great efficiency for the 
removal of RhB. 

Jasmindar et al. [52] prepared a mesoporous Fe2O3/g-C3N4 nanomaterial for the 
removal of RhB. This novel nanocomposite showed an efficiency of 94.7% catalytic 
activity in 140 min. Due to the porous nature of Fe2O3/g-C3N4 monoliths, with higher 
charge separation ability, this leads to increase the catalytic property. This nanocom-
posite was found to be very effective and reusable. However, the nanocomposite was 
found to be very difficult to synthesize. The mechanism of the reaction involved 
the formation of holes (h+), superoxides (O−· 

2 ), and hydroxide radical species. This 
radical was used to decolorize the harmful RhB dye. Following figure shows the 
mechanism of the proposed reaction. 

Another researcher Yang and Li studied the ZnO/Fe2O3 nanomaterial for the 
degradation of RhB in presence of UV-Light. The nanocomposite was synthesized 
by co-precipitation method. It showed brilliant photocatalytic activity for the degra-
dation of RhB [53] when applied to external magnetic field, the magnetic satura-
tion was sufficiently high. And the nanocomposite was found to be very efficient, 
eco-friendly, and showed outstanding photocatalytic activity. The following figure 
shows the mechanism of the reaction. Hasan et al. prepared a U-Fe2O3 nanomaterial 
for the removal of malachite green. The process was carried out by polymerization 
of oxidative free radical with acrylamide monomer. The novel material PACT@U-
Fe2O3 nanocomposite [54] was utilized on the removal of MG with an efficiency 
of 77% in 170.28 min. as the conventional methods for the removal of dyes were 
found to be due to excessive cost, a most favorable approach could be adopted for its 
moderate approach, easy-handling and low cost as well. The optimization of various 
kind of processes could be maintained by the association of central composite design 
with response to surface methodology. The experimental process concludes toward 
degradation of MG with an easy access. 

Jiang et al. synthesized novel Fe2O3 hollow box with double shell structure for the 
adsorption of MG by template-engage process. This nanocomposite was formed from 
diatomite@FeOOH [55] using the diatomite@MnO2 material by a very simple route. 
The mechanism involved the introduction of Fe2O3/H2O2 in the solution of MG under 
irradiation of visible light. The Fe2O3 nanostructures are uniformly spreaded on the 
framework which was found to be 100% efficient in 60 min for the removal of MG 
in presence of H2O2. It exhibited great catalytic efficiency even after 5 cycles. This 
implies the nanomaterial can be taken as one of the promising catalysts used for the 
degradation of MG. Dehbi et al. used iron oxide nanoparticle from Fe (NO3)3·9H2O
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and NH4OH for the removal of malachite green (MG). The elimination efficiency 
was found to be 86.13% in 45 min using iron oxide. The nanocomposite was seen to 
be very recognized by thermodynamics stability. This α-Fe2O3 nanocomposite [56] 
was used as an efficient photocatalyst for the removal of MG. 

Again another researcher introduced the application of U-Fe2O3 nanocomposite 
[57] for the removal of BTEX. The process was followed by photocatalytic degra-
dation of semiconductors by gaining energy of the electrons present in the valence 
band (VB) and excited to CB. These electron–hole pairs (e− and h+) and hydroxyl 
radical were used for the degradation of BTEX in simpler compounds. The U–C 
nanomaterial was found to be very useful, cost-effective, and eco-friendly for the 
removal of BTEX. Ismail et al. [58] reported a very simple process to synthesize 
very efficient photocatalyst i.e., CNT-α-Fe2O3 nanocomposite for the removal of 
Bismarck Brown R dye (BBR). This nanomaterial showed an effectiveness of 98% 
for dye degradation when there was a synergistic effect of CNT and Fe2O3 interface. 
The main purpose of this study was to prepare an efficient photo-active mesoporous 
nano hybrid such as CNT-α-Fe2O3 with high sensitivity toward UV–VIS light. This 
nanomaterial can also be used as electrochemical sensor electrode. The photocatalyst 
showed remarkable efficiency for the removal of BBR dye. 

Ghaffari et al. studied the AOPs for degrading organic dyes from wastewater. The 
process was followed by photocatalysis of fenton reactions with a very high effi-
ciency. This involved a combined nanocomposite of Fe2O3/Mn2O3 [59] fabrication 
using the method of surfactant mediated co-precipitation. The recyclability was seen 
for seven cycles of catalytic reaction. The organic dye removal onto FMNC was 
found to be very efficient and sensitive for UV–VIS light. 

Chen et al. [60] proposed a novel nanostructure for the degradation of organic 
contaminants which was a functionalized biochar of Fe2O3/TiO2 (Fe2O3/TiO2-BC). 
The preparation of the composite involves pyrolysis process, and the removal process 
involves oxidation and fenton-like reaction. In this context the MB (75%), RhB (60%) 
and MO (40%) were removed. Overall this system possesses brilliant potential for the 
degradation of organic pollutants. Liu et al. [61] reported a novel nanocomposite such 
as α-Fe2O3 having a silkworm–cocoon structure with brilliant adsorption capacity 
of 99.2–100% efficiency in the removal of several heavy metals along with various 
organic dyes such as CR, MO, etc. In this study, simple hydrothermal process to 
synthesize the nanocomposite and fenton-like photo-catalysis for the degradation of 
organic pollutants. This catalyst was well organized and possess high efficiency in 
the removal process even if at very low temperature and concentration. The overall 
study became very promising, cost-effective adsorbent for wastewater treatment. 
A hierarchically structured nanocomposite of U-Fe2O3-PPy [62] was prepared by 
Gopal et al. for the decolorization of cationic and anionic dyes. It was known to be 
an eco-friendly, low cost, and earth abundant composite for removing MB. These 
U-Fe2O3 nanocomposites possess very strong magnetic properties, high adsorption 
ability, and high surface area. This eco-friendly Fe2O3-PPy nanostructure was applied 
successfully in the removal of organic dyes.
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12.3 Removal of Pesticides and Other Organic Pollutants 

Along with the rapid progress of urbanization and industrialization, environmental 
pollution also increases rapidly. The wastewater from the developing industries 
is discharged into the water bodies, which contain different organic pollutants. 
Among them, different kinds of organic pollutants, such as pharmaceutical products, 
phenols, benzene compounds, antibiotics, and halogenated hydrocarbons, are toxic 
and harmful. Thus, it is necessary to discover an eco-friendly and high-productivity 
method to change organic pollutants into non-toxic and harmless products. 

Singh et al. investigated the monolithic catalyst for the removal of industrial 
pesticides and dyes through a photo-Fenton-like system. This process involved the 
advanced oxidation process with the generation of hydroxyl radical (.OH) radical 
resulted in the degradation of pesticides as well as dyes. The novel nanocomposites 
formed in this process were Fe2O3/TiO2 [63]. The mechanism of the system was 
found to be as like fenton system with the wide generation of various radical species. 
The nanocomposite obtained in this process was very cost-effective, non-toxic, and 
chemically stable in nature. It showed 95.7% efficiency in 150 min for reactive 
brilliant red X-33 dye and the herbicide 2,4-dichlorophynoxyacetic acid was removed 
with an efficiency of 18% in 1 h. Sun et al. [11] investigated the degradation of 
organic pollutant using a magnesium Mg-dopped CuO–Fe2O3 nanomaterials. Mg 
doping increased the catalytic activity of novel nanocomposite and the efficiency for 
degradation of phenol was found to be 84.36% in 45 min using 3.2% Mg doped CuO-
Fe2O3 nano sheet modified with persulfate system (PS). This novel nanocomposite 
was prepared by hydrothermal method and inferred to be a cost-effective and eco-
friendly photocatalyst. 

Salari et al. reported the photocatalytic degradation of organic pollutant in aqueous 
solution under UV–VIS light. In this contest, the Fe2O3/MoO3/AgBr nanocomposite 
[64] was prepared by facile method. Various parameters such as amount of photo-
catalyst calcinations temperature, dye concentration pH of the solution, and contact 
time were observed. It was inferred that the photocatalytic activity was increased 
with maximum peak at pH = 6.5. The experiment followed Langmuir Hinshelwood 
isotherm and Pseudo-first-order kinetics. Guo et al. [65] synthesized Ca-doped-
Fe2O3 nanocomposites and used for the degradation of organic pollutants. They 
prepared low cost and environment-friendly calcium-doped α-Fe2O3 (Ca-Fe2O3) 
with abundant oxygen vacancies by precipitation method and used for the degrada-
tion of Rhodamine B (RhB). RhB was efficiently degraded by the 5% Ca-Fe2O3/ 
PMS system over a pH values of (3.0–10.0), and the catalyst shows good constancy, 
flexibility, and less iron leaching. They reported that the process fitted well with the 
pseudo-first-order kinetics model. 

Huang et al. synthesized magnetic CuS/Fe2O3/Mn2O3 nanocomposite via a 
facile Strategy and investigated the degradation of peroxymonosulfate (PMS) for 
ciprofloxacin (CIP) from aqueous solution. They reported that the magnetic CuS/ 
Fe2O3/Mn2O3 nanocomposite [66] possessed higher catalytic activity for degrada-
tion of ciprofloxacin than bare CuS and Fe2O3/Mn2O3 composite. The degradation
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process of ciprofloxacin was best fitted with the pseudo-first-order kinetic model and 
the highest rate was reached 0.10083 min−1 at the optimized conditions i.e., catalyst 
doses 0.6 g·L−1, PMS of 0.6 g·L−1, pH of the solution 5.84, initial concentration of 
0.2 g·L−1 and time 120 min, the degradation efficiency was reported to be 88 and 
48.6% corresponding to degradation and mineralization of ciprofloxacin, respec-
tively. Ahmed et al. [67] studied the removal of Ciprofloxacin from wastewater via 
Pickering Emulsion Liquid Membrane Stabilized by Magnetic Nano-Fe2O3. They  
prepared the nanocomposite by ultrasonication for adsorption of Ciprofloxacin. They 
investigated the high rate of adsorption reached to 98.85% and minimum emulsion 
crack of 0.06% within 10 min addition time taken at the optimal operating conditions: 
12,700 rpm homogenizer speed, 0.7 (%w/v) nano-Fe2O3 particles concentration, 6% 
(v/v) TBP concentration at emulsification time of 7 min and 0.1 M HCl in the internal 
phase. 

Anfar et al. [68] prepared the Fe2O3/biochar by the process of green synthesis in 
microwave. They investigated the adsorption under different experimental parameters 
time (0–120 min), initial concentration (10–500 mg/L), pH (2–12). They reported the 
ultrasound-assisted adsorption capacity of salicylic acid, naproxen, and ketoprofen 
(SA, Nap, and Keto) from wastewater. For the removal (adsorption) of SA, Nap, and 
Keto the fitted kinetics and isotherm are pseudo-second-order model and Langmuir 
isotherm and maximum adsorption rate of SA, Nap, and Keto reaches to 683, 533, 
and 444 mg g−1, respectively. Ding et al. [69] studied the degradation of salicylic 
acid from wastewater by using the α-Fe2O3/MXene. They prepared α-Fe2O3/MXene 
by facile hydrothermal method which is good degradation of salicylic acid from 
wastewater. The degradation rate of salicylic acid was reported 97% at 0.2 g/L FM-2 
catalyst (17.1 wt.% of α-Fe2O3 loading) and 0.2 g/L PMS under neutral conditions. 

Niu et al. [70] synthesized persulfate activated with magnetic γ -Fe2O3/CeO2 by 
oxidation-precipitation method. They reported effective removal of tetracycline from 
wastewater by degradation process. They investigated γ -Fe2O3–CeO2 had high crys-
tallinity and good magnetism which leads good removal efficiency of tetracycline. 
The percentage of removal of tetracycline was reached to 84% under condition of 
a wide pH application range (pH 3–pH 9). Shan et al. synthesized magnetically 
recyclable La2O2CO3/γ -Fe2O3 by using calcinating La-Fe binary MOF precursors 
as an adsorbent. They examined the adsorption of phosphate from wastewater by 
La2O2CO3/γ -Fe2O3 [71]. Batch adsorption experiments showed that La2O2CO3/ 
γ -Fe2O3 (2:1) adsorbent exhibited a remarkable phosphate sorption capacity of 
134.82 mg P/g, a fast sorption kinetic, strong selectivity for phosphate in the pres-
ence of co-existing anions, and a wide applicable pH range of 3–9. They reported 
the adsorption rate reached to 83.1%. Experimental data showed that the adsorption 
process followed Langmuir model and kinetics followed pseudo-second-order. 

Wang et al. [10] prepared γ -Fe2O3@BC by pyrolysis of the pomelo peel-based 
biochar at a temperature of 400 °C and loaded with γ -Fe2O. They studied the 
adsorption of norfloxacin from wastewater by using γ -Fe2O3@BC. The experi-
mental study revealed that adsorption of norfloxacin followed the pseudo-second-
order kinetic model. Again the experimental study confirmed the adsorption isotherm 
followed the Sips mode. García-Muñoz et al. investigated the wastewater treatment
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by removing norfloxacin via degradation. They used mesoporous Fe2O3–TiO2 [72] 
for the wastewater treatment which was prepared via structure-directing-surfactant 
method. They reported the best results were obtained with catalysts that had a surface 
Fe2O3 content of 3% (w/w), where the breakdown of H2O2 led to the maximum 
norfloxacin running down rate. They examined using 405 nm LED light, Fe2O3– 
TiO2 improved the process efficiency and under UV illumination at 405 nm and with 
a stoichiometric amount of H2O2, almost complete norfloxacin removal and almost 
total mineralization were achieved in 120 min at 298 K and pH = 7. 

Abdel-Wahab et al. [73] studied the treatment of pharmaceutical wastewater 
containing paracetamol by the help of magnetic flower-like TiO2/Fe2O3 core–shell. 
They synthesized the magnetic flower-like TiO2/Fe2O3 core–shell nanocomposite 
which was ultrasonically assisted by sol–gel method with some alterations. They 
mentioned that paracetamol was completely degraded after 90 min with 50% TiO2/ 
Fe2O3 under light irradiation and 66% paracetamol mineralization had occurred. 
They investigated the attack of the –OH radical on the aromatic ring which was 
supposed to be the initial point for photo-degradation of paracetamol. By experi-
mental data, the kinetics study indicated that degradation fitted with pseudo-first-
order reaction. Chahm et al. [74] reported the adsorption of ibuprofen from wastew-
ater with the help of O-carboxymethyl-N-laurylchitosan/γ -Fe2O3. For the adsorption 
mechanism, they studied Langmuir, Freundlich, and Sips isotherms and kinetics of 
pseudo-first-order, pseudo-second-order, and intra-particle diffusion model. They 
reported the maximum adsorption of ibuprofen was found to be 395 mg/g at 25 °C 
and pH 7.0 which was well-fit for Sips isotherms and pseudo-second-order kinetics. 

Lin et al. investigated the treatment of wastewater by using Ag/TiO2/Fe2O3. 
They reported the removal of deleterious and recalcitrant compounds by using this 
novel nanoparticle [75]. The maximum TOC removal at optimum conditions of 
light wavelength (254 nm), pH (4.68), photocatalyst dosage (480 mg/L), and initial 
TOC concentration (11,126.5 mg/L) was calculated using a numerical optimization 
approach of 9.78% and validated with experimental results of 9.42%. Ding et al. [76] 
studied the anode and cathode of an electrochemical/electro-Fenton oxidation (EC/ 
EF) device to degrade atrazine were boron-doped diamond (BDD) and Fe@Fe2O3 

core–shell nanowires loaded active carbon fiber (Fe@Fe2O3/ACF), respectively. 
Fe@Fe2O3 could activate molecular oxygen 31 to produce more ·OH via Fenton 
reaction, preferring atrazine degradation, according to an active 30 species trapping 
experiment. 

He et al. [77] were studied the treatment of municipal wastewater. They prepared 
Fe@Fe2O3 nanomaterial combined with polydiallyldimethylammonium chloride 
(PDMDAAC) and H2SO4 for sludge dewatering and found that the nanocomposite 
was very effective. Cao et al. studied the wastewater treatment which contains refrac-
tory pollutants via adsorption and catalytic oxidation. They performed the adsorption 
experiment by use of γ -Fe2O3/Bentonite [78] Modified which was prepared via a 
facile and eco-friendly reaction. They investigated the removal of BPA (bisphenol A). 
The experimental data showed that Langmuir isotherm well-fitted with adsorption 
with adsorption capacity of 77.36 mg/g. BPA photocatalytic degradation by product 
had a reaction rate constant of 0.00104 min−1. They reported the catalytic activity
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of the material still reached 91% after 5 experiment repeatedly. Pan et al. exam-
ined the degradation of bisphenol A (BPA) from wastewater. They used Aldehyde-
modified a-Fe2O3/graphitic carbon nitride (α-Fe2O3-DBD/g-C3N4) [79] prepared 
by complexation reaction for the degradation of bisphenol A. They reported under 
180 min of photocatalytic irradiation, the mineralization rate of BPA over 1.6% and 
α-Fe2O3-DBD/g-C3N4 was 52.2%, which is 6.14 times higher than that over g-C3N4. 

Gao et al. synthesized heterogeneous Fenton-like catalyst which was used to 
treat the wastewater. By the use of sol–gel technique and sufficient oxygen vacan-
cies (OVs) promoted the synthesis of Fe2O3–CeO2 photocatalyst. They degraded 
sulfamerazine from wastewater with an efficient manner. They reported that the 
Fe2O3–CeO2 catalyst [80] was confirmed to have very good activity and stability 
after 75 min at pH 3.0 and temperature 45 °C in an Oxygen atmosphere and in 
these conditions, the Fenton-like reaction achieved complete SMR conversion. The 
main active species of the reaction were surface-bound OH radicals. In the Fenton-
like method, OVs on the surface of the Fe2O3–CeO2 catalyst highly improved the 
formation of OH under the atmosphere of O2. Huo et al. [81] developed Z-scheme 
α-Fe2O3/MIL-101(Cr) hybrid materials for the treatment of wastewater under the 
irradiation of UV–VIS light. They reported the degradation of carbamazepine from 
contaminated water. They prepared the Z-scheme α-Fe2O3/MIL-101(Cr) structure 
via hydrothermal method. The experimental data indicated that the carbamazepine 
was completely adsorbed from contaminated water after 180 min irradiation over the 
optimum α-Fe2O3 (0.3)/MIL-101(Cr) hybrid. 

Yan et al. studied the treatment of wastewater by removing nitrobenzene from 
aqueous solution. The degradation of nitrobenzene was done by preparing Si-doped 
α-Fe2O3 nanocomposites [82]. The adsorption experiment suggested that pH of the 
solution is 6.5. They reported best Si/Fe ratio of Si-doped α-Fe2O3 catalyst was 
0.5 in present and suggested that a heavy dose of Si-doped α-Fe2O3 makes high 
removal of nitrobenzene. Gao et al. [83] studied degradation of phenol from wastew-
ater by using magnetic Fe2O3–ZrO2. They synthesized the nanocomposite by sol–gel 
method. Hydroxyl and superoxide radicals were generated by the Fe2O3–ZrO2 photo-
catalyst they reported. In the heterogeneous system, complete phenol conversion and 
56% TOC removal were attained after 210 min at 60 °C at neutral pH. Wang et al. 
investigated the degradation of 4-chlorophenol and 4-nitrophenol for the treatment of 
wastewater. They prepared the nanocomposite oleophilic Fe2O3/polystyrene fibers 
[84] via electrospinning and γ -Ray irradiation methods. The photocatalytic degra-
dation of 4-CP and 4-NP were stated to be 80 and 75% in the 6th cycling and 
the composite fiber showed the batter recyclability of about 90%. Salih et al. [85] 
prepared the hematite (α-Fe2O3) nanocomposite by a modified method i.e., solu-
tion combustion and applied for the degradation of pollutants present in petroleum 
refinery wastewater using hematite (α-Fe2O3) and reported the biodegradability rate 
of BOD/COD was increased from 0.074 to 0.604. The removal rate was observed to 
be 90.85% for 90 min at a catalyst concentration of 5 gL−1, pH of 7.5, and H2O2/ 
COD ratio of 1 mg g−1 (Table 12.1).
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12.4 Conclusion 

This chapter explains the recent investigations on photocatalytic degradation of 
various organic as well as azo dyes. The decoration of these dye particles has been 
found to be very well-established due to the large surface area of iron oxide nanocom-
posite and its magnetic properties. To give a superior comprehension of the impact of 
various photocatalytic frameworks and the impact of planning methods on morpho-
logical properties for improved iron oxide execution, general data on photocatalytic 
corruption, a few instances of the Fenton oxidation process, and different amalgama-
tion courses of various morphologies of iron oxide have been incorporated. To sum up, 
utilizing appropriate help materials, a very scattered photocatalyst with a high surface 
region, abundant dynamic destinations, and better contamination particle adsorption 
could be understood. Moreover, acquiring a useful old-style heterojunction or Z-
plot heterojunction requires a cautious choice of a semiconductor photocatalyst with 
a sufficient band hole to be combined with iron oxide. The expanded reaping of 
noticeable light because of diminished band holes decreased charge recombination, 
and more successful charge transporter partitions show that both heterojunctions 
were well planned. However, it’s actually quite important that there are still a large 
number of associated concerns and examination chances to be investigated in the 
future. To the best of our knowledge, there hasn’t been any exploration of surface 
imperfections like oxygen opportunities and metal blemishes for further developing 
Fe2O3 performance. Several studies have been distributed to date on the examina-
tion of deformity areas for adjusting the band hole while supporting charge division 
and, in this manner, helping photocatalytic performance. Both metal deformities 
and oxygen opening can change the electronic band structure by shaping mid-hole 
states beneath the CB, modifying the band hole energy for apparent light gathering 
and charge transporter detachment at the same time. Several methods have been 
accounted for producing imperfection locales, including warming under vacuum or 
at high temperatures, illuminating with UV, lessening treatment, plasma-treating, and 
so on. Furthermore, the expansion of an alternate valence-state metal dopant would 
bring about the development of surface defects. In different examinations, oxygen 
openings and metal imperfections were made on the outer layer of photocatalysts 
through a self-doping strategy without the utilization of any impurity materials, and 
disorganized layers were created. 
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Chapter 13 
Iron Oxide-Based Heterogeneous 
Catalysts for Environmental Applications 

M. Roshni, S. Anaina, and D. Jagadeesan 

Abstract Heterogenous catalysts based on iron are widely used in environmental 
remediation reactions due to their abundance and less toxicity. The prospects of 
upscaling and the risks of leaching during the treatment processes are important 
considerations to choose iron-based materials. Particularly, various forms of iron 
oxides, doped forms, iron oxyhydroxides in bulk and nanoforms are increasingly 
used for catalysis of environmental remediation. In this chapter, we have given the 
overview of these minerals and general variety of their usage in environmental catal-
ysis. The applications of these iron-based materials in environmentally important 
reactions such as oxidation of volatile organic compounds (VOCs) and CO, selective 
catalytic reduction of NOx and Fenton reaction are described. 

Keywords Iron oxides · Thermal catalysis · Photocatalysis · Photothermal 
catalysis · Plasma catalysis · VOC oxidation · CO oxidation · Selective catalytic 
reduction of NOx · Fenton process 

13.1 Introduction 

Iron is the fourth most abundant element on earth constituting nearly 5 wt% of 
the earth’s crust. The most dominant forms of iron are oxyhydroxide, oxides and 
sulfides. It is not only an important component of the functional proteins in living 
systems but has been an integral part of the civilizations since the iron age [1]. 
Iron oxide-based materials have been used in catalysis, biomedicine, environmental
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remediation and energy storage devices due to their unique chemical, thermal, optical, 
electronic and magnetic properties. Among the 16 available oxide forms, haematite 
(α-Fe2O3), maghemite (γ -Fe2O3) and magnetite (Fe3O4) are the most studied ones. 
Haematite is the most stable form, which acts as a precursor for other oxides. It 
is an n-type semiconductor with a bandgap of 2.1–2.3 eV, whereas magnetite has 
very low resistivity and lower bandgap of 0.1 eV. Owing to its high abundance, low 
toxicity, high sensitivity/activity and high corrosion resistance, haematite is most 
widely used. In α-Fe2O3, Fe3+ occupies two thirds of octahedral sites with oxygen in 
hexagonal close packed arrangements, while in Fe3O4, oxide ions are in cubic close 
packed array resulting in an inverse spinel structure with Fe2+ in half of octahedral 
sites and Fe3+ in remaining octahedral and tetrahedral sites. The second most stable 
oxide of iron is γ -Fe2O3, which has a cubic spinel structure, where oxygen ions are 
in cubic close packed array and Fe3+ occupies the octahedral and tetrahedral sites 
[2] (Fig. 13.1). 

An ever-increasing population coupled with aspirations for higher living stan-
dards has a direct or indirect impact on the air quality. Natural events and anthro-
pogenic activities also release air pollutants in significant amounts making respiratory 
diseases as one of the major causes for death in recent years. The management of air 
quality is a perennial challenge that not only requires strict enforcement of policy 
level decisions but also development and deployment of new and efficient technolo-
gies to continuously monitor and curb it at the source. As clean air is an absolute 
necessity for a healthy living, the necessity to mitigate contaminants from the air 
has assumed enormous significance in recent decades. VOCs, CO, NOx and partic-
ulate matter arising from the combustion of fossil fuels by stationary and mobile 
sources are major pollutants that must be mitigated. CO is not only a toxic gas upon 
inhalation but also aids in the formation of ground level ozone, which leads to severe 
environmental pollution. Similarly, brownish nitrogen oxides are also poisonous 
and affect respiratory system. Along with VOCs, NOx creates photochemical smog 
during hot summer. The reaction between VOC and NOx occurs in the presence of 
sunlight producing brownish haze. In the recent years, air pollution has significantly 
increased even indoors. In developing countries, indoor air pollution has outgrown 
outdoor pollution such that it causes 2 million deaths every year [3]. Indoor air 
contains particulate matter and VOCs, which originates from construction materials, 
cooking, furniture and different packing materials, which are considered as serious 
air pollutants. Different government agencies have their own measures and policies to

Fig. 13.1 Occurrence, sources and general applications of iron oxide [1] 
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reduce and mitigate gaseous emissions. For mitigating the emissions, thermal inciner-
ation systems or catalytic systems can be used. Catalytic systems are more preferred 
over incineration because of low energy demand. Lots of research worldwide are 
trying to develop an efficient thermal/photo/plasma/electrocatalytic system, which 
can mitigate air pollutants at the ambient conditions. Iron-based catalytic materials 
have successfully found their way to play a reliable role in the technologies to purify 
the polluted environment. 

Brief Introduction to Catalytic Process 

According to IUPAC, a catalyst is a substance that increases the rate of a reaction 
without altering the standard Gibbs energy change of a reaction. Catalysis can be 
of two types depending on the phase in which reactants and catalyst exists. If both 
reactant and catalyst exist in different phases, catalysis is known as heterogeneous 
catalysis. If not, it is homogenous catalysis. Most of the industrial processes are 
heterogeneous catalysis, which in general contains catalysts in solid phase and reac-
tant in gas or liquid phase. Heterogeneous catalysts are more robust over a range of 
harsh reaction conditions. They are also separable making them prepared over homo-
geneous catalyst. The steps involved are adsorption, surface reaction and termination. 
Adsorption can be physisorption or chemisorption depending on the energetics of 
interaction between catalysts and reactant molecule. Physisorption is uneventful as 
far as reactions are concerned. Chemisorption of intermediate strength has relevance 
to catalysis. 

On the surface of the catalyst, there are certain regions known as active sites, 
which directly participate in the reaction. They are usually under-coordinated surface 
atoms or defects, which can satisfy their coordination by bonding with the reactant 
molecule. This step is normally understood as chemisorption and invariably causes 
the activation of certain bonds on the reactant molecule. Activation of a molecule 
is understood in terms of weakening (or elongation) of the bonds that eventually 
breaks and combines with other reactants or surface adsorbed species to form new 
intermediates or products. Desorption of the newly formed product and regenera-
tion of the active sites are crucial parts to complete a catalytic cycle. According to 
Sabatier’s principle, the energy of interaction between the catalytic surface (adsor-
bent) and reactant (adsorbate) should be optimum for an eventful chemical reac-
tion [4]. Number and nature of the active sites are critical parameters in evaluating 
catalytic performances, which are indicated by turn over numbers or frequency and 
selectivity of products. Catalysts are developed based on deep understanding of the 
chemical processes involved in the synthesis of the catalyst structure of active sites 
and energetics of the surface chemical reactions leading to products. Catalytic activity 
is also often found to be directly proportional to the surface area [5]. The process 
of heterogeneous catalysis relies on the adsorbate-adsorbent interactions, catalyst 
surface morphology, size of the particles, defects, etc. 

Catalytic Oxidation Technology 

In general, catalytic oxidation follows four steps. The first step is the adsorption 
step, where the reactant molecules (VOC/COx/NOx) and oxygen adsorb onto the
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Fig. 13.2 Steps of thermal catalytic oxidation [6] 

active sites of the catalyst. The second step involves the surface diffusion of atoms to 
adjacent adsorption/active sites. Molecular rearrangements or the reaction between 
oxygen and reactant molecule occur in the third step resulting in the oxidation prod-
ucts of the original reactant molecule. The last step is desorption of the products of 
the reaction from the surface of the catalyst [6] (Fig. 13.2). 

There are three kinetic models proposed to explain the mechanisms of catalytic 
VOC oxidation. They are: 

a. Langmuir–Hinshelwood (L–H) Mechanism: L–H mechanism proposes that both 
oxygen and the other reactant (e.g., VOCs) are adsorbed on to the surface and 
react to form the products (e.g., carbon dioxide and water). The rate determining 
step is the step in which reaction occurs between adsorbed oxygen and adsorbed 
reactant molecules. It can be of two types, single site and dual site based on same 
or different active site at which oxygen and reactant got absorbed. 

b. Eley–Rideal (E–R) Mechanism: Either oxygen or reactant gets adsorbed onto the 
surface, which reacts with the molecule present in the atmosphere. So, the reaction 
occurs between either the adsorbed oxygen with reactants in air or between 
adsorbed reactants and oxygen in air which is the slowest step and hence the rate 
determining step. 

c. Mars van Krevalan (MVK) Mechanism: According to the model, the reaction is 
triggered by the interaction of reactants and surface lattice oxygen in two consec-
utive steps. In the first step, the surface oxygen sites get reduced by reacting with 
reactant molecule and these sites will be regenerated either by the consumption 
of gaseous oxygen or by transfer of bulk oxygen to the surface in the second step 
[7] (Fig. 13.3).

Types of Catalysis Using Iron Oxides and General Materials Consideration 

Depending on the nature of energy inputs, the reactive species might be different 
which can open a new reaction pathway on the surface of the catalyst. In the context 
of environmental catalysis, following types of catalytic reactions are known.

a. Photocatalysis: Photocatalysis is a catalytic oxidation of VOCs/NOx/CO using a 
catalyst and light energy, particularly the visible region of the sunlight. Photocat-
alysts are mainly semiconductor nanoparticles with a specific band gap suitable 
enough to produce high energy excitons (photo-induced electron–hole pair) when 
light is shined on them. Absorption edge (λg) is related to the band gap (Eg) of the  
photocatalyst (λg = 1240/Eg). The photo-generated excitons can then produce 
reactive radicals, which can react with reactants such as VOCs to completely
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Fig. 13.3 Different mechanisms of thermal catalytic oxidation. Adapted from ref [7] with 
permission from Elsevier

oxidize them. Mitigation of reactants by photocatalysis is dependent on the quan-
tity of photon flux available. On the other hand, deactivation of the catalysts is 
caused by surface contamination or aggregation of active sites. Photocatalysts 
are poised to treat the indoor pollution effectively when used in combination with 
construction materials such as window glasses, whereby visible spectrum of the 
sunlight or indoor light source can be utilized. A photocatalyst material that can 
efficiently utilize visible light without undergoing photo-induced damage is a 
challenge [8, 9].

b. Photothermal catalysis: Thermo-catalytic oxidation of reactants such as VOCs 
consumes relatively less energy compared to thermal oxidation. For the conven-
tional photocatalysis, utilization efficiency of solar energy is small even after 
modification of the catalysts. In photo-thermo-catalysis, both thermal and photo 
processes are combined, whereby catalytic efficiency and durability of thermo-
catalysis combined with low energy utilization of photocatalysis are expected to 
coexist. The thermal effects of vis-IR are utilized in photocatalysis to increase 
reaction efficiency or a broad range of solar spectrum is explored which 
simultaneously induces thermochemical and photochemical processes which 
synergistically catalyze the reaction [10] (Fig. 13.4).

It can be divided into two types based on the reaction pathway: 
Photo-assisted thermal catalysis: Photothermal conversion can be defined as the 

conversion of sunlight into heat energy by collection and absorption system. Gener-
ally, there are three kinds of materials which can be used such as narrow band gap 
photocatalysts that can be excited by IR light, visible/near-IR plasmonic photocat-
alysts which carry out photochemical reactions by using plasmonic hot electrons, 
defective materials which can handle both light and heat like non-plasmonic oxide 
materials. Graphene is one of the materials which shows photothermal activity and 
some materials such as Mn-based catalysts doped with Fe, Cu and Mg [12]. Surface 
plasmon resonance effect is another process by which noble metals (Au, Ag and Pt)
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Fig. 13.4 Diagram representing photo-thermal catalysis Adapted from ref [11] with permission 
from Wiley VCH GmbH

absorb light and scatter it. Incorporating these metals into the catalyst will improve 
light harvesting ability hence the photo-thermo catalytic activity. 

Photo-thermal synergistic catalysis: The advantages of both thermal catalysis 
and photocatalysis are combined to have the synergistic effect, which enhances 
the catalytic performance. A semiconductor material with narrow band gap usually 
shows excellent performance [13]. 

c. Plasma catalysis: When a gas is exposed to an electric field of desired magnitude, 
it will get ionized to ions and electrons. The partially ionized gas with electrons, 
ions and neutral species interacts with each other giving rise to reactive environ-
ment called plasma. In plasma catalysis, both plasma and catalyst enhance the 
reaction rate independently and inter dependably. Plasma initiates a few processes 
on the surface such as sputtering, [14] etching [15, 16] formation of hotspots 
and charging. The interdependence of plasma and catalysts known as synergistic 
behavior, which improves energy efficiency, conversion percentile and selectivity 
for the reaction. At the plasma catalyst interface, plasma establishes an electric 
field and changes the gas composition by producing reactive species, ions, elec-
trons and photons to the surface, whereas catalyst lowers activation energy for 
some reactions. At the interdependent state, plasma alters the surface morphology 
or work function of the catalyst and dielectric constant, or morphology of the 
catalyst affect energy distribution in plasma. Vibrationally excited species are 
important because they influence plasma surface interactions more. Generally, 
for a nanoparticle to be active, the requirements are size, faceting, uncoordi-
nated surface atoms and other defects, active sites, strain, oxidation state, charge 
transfer, etc. During plasma catalysis, all these factors will be modified by plasma
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thus effecting the catalytic activity. The requirements of a material to be tried for 
plasma catalysis can be summarized as having a large contact area for strong 
interaction and a higher dielectric constant of the catalyst. A shorter distance 
between plasma and catalyst facilitates the reaction of the short-lived radicals 
to the maximum. Most of the active catalysts are transition metals [17]. Plasma 
catalysis not only prevents coke formation and catalytic poisoning which are 
inevitable in thermal catalysis but synergism in plasma catalysis even modifies 
the reaction pathway (Fig. 13.5). 

Synthesis of Iron Oxide-Based Catalysts 

Proper identification of experimental conditions for the preparation of catalysts is 
extremely important for the activity of nanoparticles [2]. Iron oxide nanoparticles 
and nanocrystals are considered as 0 D architectures of iron oxide, used mostly for 
biomedical and catalytic applications. Desirable features of nanoparticles like narrow 
particle size distribution, good dispersion and stability can be achieved by optimizing 
reaction conditions like choice of iron precursor, solvent, concentration of reducing 
agent, pH, reaction temperature and time. Co-precipitation is often used to prepare 
iron oxide nanoparticles in water which involves adding a base to the precursor solu-
tion which contains Fe(II) or Fe(III) ions to promote the precipitation of ferrihydrites 
and subsequent dehydration generates iron oxide nanoparticles. Employing different

Fig. 13.5 Diagram differentiating thermal and plasma catalysis [17] 
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bases, ionic medium, pH and iron precursors the formation of desired phase of iron 
oxide can be achieved [18]. Solvothermal methods have the added advantages of 
being low cost, high yield and greater control over the phases and requirement of 
moderate temperature. In a typical solvothermal synthesis by adjusting concentra-
tions of ferrous chloride and ratio of ethanol/water mixture, particle size can be tuned 
from 15 to 31 nm. Higher particle concentrations of FeCl2 create more nuclei and 
finally to smaller particles and more the amount of ethanol in the solvent also created 
smaller particles by inhibiting the particle growth [19]. 

13.2 Catalytic Oxidation of VOCs by Iron Oxide-Based 
Catalysts 

Air pollutants are mainly of two types: Particulate pollutants, which can be removed 
by adsorption techniques, and Gaseous pollutants (in sub ppm levels), which consists 
of VOCs as a major share. Among them, VOCs are not easily removable and their 
mitigation has been under the special focus for several years. The European Union 
defines any organic compound having an initial boiling point ≤ 250 °C measured 
at standard atmospheric pressure of 101.3 kPa as VOCs. They are acknowledged as 
hazardous to human health as well as to the environment mainly because of its high 
volatility, persistence in the environment, ability to spread over long distances from 
the point of release and ability to get transformed to other hazardous compounds by 
chemical reactions, often under normal atmospheric conditions. In India, the Clean 
Air Act 1990 (Amendment) and the Factory Act 1986 (Amendment) limit the emis-
sion of hazardous chemicals including VOCs [20]. Due to the current scenario of 
strict regulations on the concentration of VOCs in indoor as well as outdoor envi-
ronment, either recovery techniques or oxidative techniques are applied. Recovery 
techniques involve both separation of the VOCs and particulate matter from the 
air followed by its recovery from the adsorbents. Adsorption, membrane separa-
tion and condensation methods come under the category of recovery techniques. 
Adsorption method is suitable only for dilute VOC emissions like the removal of 
solvent vapors in the atmosphere. Membrane separation and absorption methods 
are expensive because of the maintenance of the setup. Condensation is useful for 
VOCs with higher boiling points where the oversaturation is achieved by cooling or 
pressurizing the gas stream. The major disadvantage associated with these methods 
includes the lack of solutions to dispose of the VOCs recovered from the adsor-
bent. On the other hand, oxidative techniques involve the complete oxidation of the 
VOCs into carbon dioxide and water. Thermal incineration is a viable alternative 
despite being highly energy-demanding. The important disadvantage of the inciner-
ation method is the production of incompletely oxidized volatile byproducts, which 
invariably happens. This certainly aggravates air pollution instead of mitigating it. 
Hence, catalytic oxidation is a very powerful technology to completely oxidize the 
volatiles to relatively harmless carbon dioxide and H2O at reasonable temperatures.
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Belessi et al. carried out kinetic studies of the deep oxidation of CH4 on oxide solids 
La0.7Ce0.3FeO3, La0.7Sr0.3FeO3, La0.7Sr0.1Ce0.2FeO3 oxide solids having mixed 
oxide and perovskite phases. From the kinetic analyses of the reaction rate, it is 
found that adsorbed oxygen in dissociative form reacted with gaseous methane, 
following the Eley–Rideal model. The existence of a SrFeO3±x perovskite crystal 
phase, which can uptake large amounts of oxygen accounts for the large value of 
heat of adsorption of oxygen, λO2 = 53–211 KJmol−1 [21]. 

Catalytic oxidation of VOCs by Fe-based materials using thermal, photo, 
photothermal, and plasma techniques is summarized in Tables 13.1, 13.2 and 13.3. 
Low-temperature catalytic activity is shown by Fe–Ce mixed oxides on SBA-15(Sl 
no 4) hence even better than supported Au catalyst (SI no 32). The higher activity 
can be due to the better dispersion of metal oxides over the porous structure of the 
material. Higher conversion with lower specific input energy (SEI = plasma power 
(kW)/flow rate(L/min)X 60 s/min) was shown by Fe-doped Mn octahedral sieves. 
Modifying defects and surface area of the catalysts by various methods improved the 
production of active species in plasma and oxygen mobility on the surface to enhance 
the mitigation efficiency of the catalysts for various VOC oxidation. Generally, iron 
oxides show good activity among the other oxides in the oxidation of chlorinated 
VOCs with the added advantages of high efficiency, low cost and environmental 
friendliness. Recently, studies were carried out with Fe–Mn mixed oxides for the 
oxidation of toluene, formaldehyde, chlorobenzene and dichlorobenzene [23, 58]. 
Among those, chlorinated VOCs are more important because of their contributions 
to the production of secondary organic aerosols, peroxyacetyl nitrate, tropospheric 
ozone and the greenhouse effect. Noble metal catalysts have the disadvantage of 
chlorinated compounds due to deactivation by HCl, Cl2 poisoning and chlorination 
of products other than oxidation [22]. Ru is known to be resistant to Cl poisoning by 
promoting deacon reaction. It is known that supports do affect the catalytic activity 
by altering the crystallite dimensions and thermal stability of the metal species. 
Wang et al. studied the possible application of Ru doped on mesostructured Fe–Mn 
oxides. The mesoporous Fe–Mn bimetallic oxide with a metal atomic ratio of 1:2 was 
prepared by oxalate pyrolysis without any template followed by metal impregnation 
for doping with Ru. The XRD data did not show any active phases of Ru and no signif-
icant diffraction peaks of Mn which means that the active phase of Ru is stabilized in 
the mesoporous substrate by strong metal-support interactions [23]. In a recent study 
by Fan et al., HCHO oxidation was carried out using Fe–Ce–O catalyst supported 
on mesoporous silica prepared by simple impregnation-calcination resulting in the 
formation of small solid solution particles with good dispersion in confined spaces. 
CeO2 materials are routinely investigated along with other transition metal oxides 
for VOC oxidation but suffer from having a low surface area and limited efficacy 
for low-temperature oxidation. Many methods were explored to lower the activa-
tion barrier such as doping other metal atoms and creating more oxygen vacancies. 
Activity achieved at a low temperature of 60 °C was associated with the presence 
of Fe content which along with the calcination temperature influenced the activity 
by increasing oxygen vacancy [25]. Xiaodong et al. tried mesoporous Ti-doped iron 
oxide for the degradation of ortho-dichlorobenzene. Surprisingly, the Ti-doped iron
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oxide was showing better activity compared to the individual counterparts, which can 
be due to the presence of Ti4+ which had a higher affinity toward chlorinated VOCs, 
and iron oxide which showed a better oxidation power. It has also been proven that 
TiO2 alone has a slower activity which proves the active component is iron oxide. 
The study mostly concentrates on regulating the composition and hence the structure 
of the TiO2–Fe2O3 system to gain more knowledge about the interface interactions 
between both. It was prepared by CTAB as the structure-directing agent [22]. For 
example, Bismuth ferrite with a rhombohedrally distorted perovskite structure is a 
multiferroic compound that exhibits ferroelectricity and weak ferromagnetism above 
room temperature. Due to the narrow band gap energy (2.2 eV) and excellent chemical 
stability, these materials have applications in visible light photocatalysis. However, 
the electrical and multiferroic potential applications of BFO magnetic nanoparticles 
are hindered due to the following properties such as weak ferroelectricity, remanent 
polarization, high leakage current density, poor ferroelectric reliability and inhomo-
geneous weak magnetization. The substitution of any of the A-site and B-site had 
significant improvement in the multiferroic and photocatalytic properties [60].

Materials Consideration for Heterogeneous Catalysts for VOC Oxidation 

If the VOC is an N-containing one, then there is a chance for the generation of 
nitrogen oxides, and if it is S-containing, the formation of metal sulfates is inevitable 
and which leads to the deactivation of catalysts. The key step for catalytic oxidation 
is the adsorption of the compound onto the surface of the catalyst with subsequent 
activation. In activating oxygenated VOCs, the abundance of OH groups on the 
surface plays a significant role. Introducing alkali metal salts onto the supported 
metal increases the concentration of –OH groups. For example, using noble metal 
catalysts for chlorinated VOCs has the disadvantage of easy deactivation as well 
as generating polychlorinated pollutants as byproducts. Even though increasing the 
acidity of the support decreases the selectivity toward polychlorinated byproducts, 
the application of noble metal catalysts for chlorinated VOCs is not advisable. Hence, 
selecting a catalyst also depends on the functional groups present, and in the case 
of a mixture of compounds, the mutual chemical interaction plays a crucial role in 
the choice of metal, support, precursor, preparation method, reaction conditions and 
catalytic reactor to be chosen. Hence, designing new catalysts which are active at low 
temperatures with high selectivity and low cost is critically important in practical 
applications. 

Supported Noble Metal Catalysts (SNMCs) and Transition Metal Oxides (TMOs) 
are in general used as catalysts where the former have superior activity, selectivity 
and ease of regeneration despite being costly. So, the noble metal atoms are dispersed 
on a support which can be simple oxides such as silica or alumina, transition metal 
oxides or molecular sieves. Based on the involvement in chemical transformation, 
supports are classified into active or inert. Active support gets involved in catalytic 
oxidation, whereas inert support does not show any catalytic activity but provides 
surface and pore structure for the uniform dispersion of active metal catalysts. The 
presence of these supports not only reduces the amount of noble metal used, which 
is an economical advantage but also increases the dispersion of active sites thereby
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Table 13.2 Catalysts for VOC oxidation by photo and photothermal catalysis 

Sl No Catalyst VOC Conversion (%) Experimental 
conditions 

References 

1 Fe-doped 
MCM-41 

Trichloroethylene 90 365 nm [58] 

2 Fe/TiO2 Acetaldehyde 90 White light [59] 

3 Ba-doped 
BiFeO3 

Benzene and 
toluene 

81% (Benzene) 
and 91% 
(Toluene) 

Visible light 
50 min 
irradiation 

[60] 

4 Au/Fe2O3 Formaldehyde 30 Blue light [61] 

5 Iron oxide 
micropine 
dendrites 

Toluene 55 150W Xe lamp, 
200 min 
irradiation 

[62] 

6 Mesoporous 
ZnFe2O4 

Benzene 60 60 W tungsten 
lamp, 30 min 
irradiation 

[63] 

7 Fe-doped 
TiO2 

Acetaldehyde 100 Visible light, 
500 min 
irradiation 

[64] 

8 Graphene/ 
Fe3+–TiO2 

Formaldehyde 58 – [65] 

9 N-doped 
graphene/ 
Fe2O3 

Acetaldehyde 55 – [66] 

10 Mesoporous 
amorphous 
Mn–Fe oxide 

Benzene 90% at 287 λ > 420 nm 
Vis-IR and λ > 
830 nm IR 
irradiation 

[12] 

Table 13.3 Catalysts for VOC oxidation by plasma catalysis 

Sl No Catalyst VOC Conversion (%) Specific input 
energy (J/l) 

References 

1 Fe2O3/sepiolite Toluene 90 550 [67] 

2 Fe/cordierite Diethyl ether 95 600 [68] 

3 Fe-doped 
manganese oxide 
octahedral 
molecular sieves 

Trichloroethylene 90 130 [69] 

4 LaFeO3 Ethyl acetate 85 600 [70] 

5 Fex-Mny/Al2O3 Toluene 100 1500 [71] 

6 ZrMnFe/Sepiolite Toluene 95 950 [72]
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increasing the number of molecules interacting with the active site. In addition, 
the acid–base properties of support help in more dispersion of noble metal over the 
catalyst. Despite being less active, TMOs are good alternatives to SNMCs due to low 
cost, reducibility and thermal stability, and most importantly resistance to poisoning 
which is most common with noble metal catalysts. The activity of a catalyst or the 
reaction rate of the oxidation mainly depends on physical and chemical properties 
as well as the morphologies of active metal and support. 

13.3 CO Oxidation 

CO is a gaseous air pollutant produced due to the incomplete combustion of fuels 
from automobiles, industrial processes and power generation. Indoor sources include 
leaking chimneys, unvented kerosene and gas space heaters and gas stoves. At very 
high concentrations in indoor or enclosed environments, CO causes dizziness, confu-
sion, unconsciousness or even death. CO is a colorless and odorless gas and can irre-
versibly bind with haemoglobin causing depletion in the oxygen levels in cells, which 
ultimately leads to cell death. CO is aptly described as a “silent killer”. Developing 
an efficient catalytic oxidation system for CO is highly desired, not only because it is 
poisonous but its industrial significance in the synthesis of methanol and other fuel 
and pure hydrogen in proton membrane exchange fuel cells [73]. 

The state-of-the-art catalysts for CO oxidation are noble metals but their use 
is limited because of high cost, low abundance and poisoning. High dissociation 
probability, low adsorption energy due to the half-filled d-bands and low cost have 
made TMOs as an attractive alternative [73]. SNMCs are also actively pursued as it 
shows increased exposure of active sites and decreases the consumption of expensive 
metal component. Bimetallics of noble metals with transition metals such as Mn, Fe, 
Co, Ni and Cu retain the superior catalytic property of the noble metals at a lower 
cost. Au is the most investigated noble metal catalyst due to the presence of Lewis 
acid sites, ease of size and shape [2]. In SNMCs, the nature of the support plays an 
important role since the reaction either takes place at the interface of the metal and the 
oxide support or as a spillover of reactive species from or into the oxide layer. Also, 
semiconductor metal oxides like TiO2, Fe2O3 and NiO form more stable catalysts 
than insulating metal oxides such as Al2O3 and SiO2. The Turnover Frequency (TOF) 
of Au catalysts changes significantly compared to Pt with the preparation method. 
The table given below indicates clearly that contact structure determines activity in 
supported Au catalysts [74] (Table 13.4).

In general, Strong Metal Support Interaction (SMSI) can be explained as the 
change in catalytic reactivity of reducible oxides supported by group VIII metals 
after the high-temperature reduction process. Au particles supported on reducible 
oxides such as TiO2, Fe2O3 and CeO2 possess improved oxidation activity compared 
to unsupported ones. SMSI induces both electronic and geometric effects on the 
catalyst and it can be strong or weak. Contact at the interface induces electronic 
redistributions leading to the formation of a new phase at the metal-support interface
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Table 13.4 Comparison of the activity of Au and Pt-supported catalysts for CO oxidation [74] 

Metal Preparation method Diameter of the particle 
(nm) 

T50% (K) TOF at 300 K (s−1) 

Pt Deposition 1.3 334 2.7 × 10–3 

Impregnation 1.4 339 3.8 × 10–3 

Phase distortion 2.4 363 9.2 × 10–3 

Au Deposition 3.1 282 3.4 × 10–2 

Deposition 2.7 253 1.2 × 10–1 

Impregnation 10 481 – 

Phase distortion 4.6 477 9.6 × 10–6

[75]. As a geometric effect, metals supported on reducible oxides exhibit SMSI, 
which is the encapsulation of metal by a thin layer from the oxide support. It is 
shown that Pt supported on Fe2O3 (111) also exhibits SMSI via encapsulation due 
to the strong adhesion energies between Pt and iron oxide. Pt particles heated above 
800 K in a vacuum exhibit structure that is like ultrathin FeO (111) film on Pt (111) 
single crystal. The catalyst showed higher activity compared to Pt (111) surface 
which is explained due to the formation of inverted catalysts or highly dispersed 
FeOx nanoparticles on the Pt (111) surface [76] (Fig. 13.6). 

Fig. 13.6 Diagram showing electronic effects (a, b) and geometric effects (c, d) of SMSI Adapted  
from ref [75] with permission from Elsevier
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Fig. 13.7 Mechanism of CO oxidation over Fe-doped TiO2 Adapted from ref [77] with permission 
from Wiley VCH GmbH

A significant number of studies on low-temperature CO oxidation catalysts are 
based on Au nanoparticles supported on iron oxide. Since the oxidation reaction 
occurs at the interface of Au nanoparticles and support, several factors like the size 
of the Au particle, the nature of support and the contact structure between support and 
Au were reported [74] to be controlling the catalytic activity. Cui et al. reported that 
increasing the pH value during synthesis is proportional to the catalytic activity due 
to stronger interaction between Au–OH–Fe or Au–Fe–O structure. They also found 
that calcination temperatures above 673 K eliminated surface hydroxyl groups which 
resulted in lower catalytic activity [2]. Oxidation of CO on iron oxides can occur in 
presence of oxygen and it is considered to proceed through dissociative adsorption 
of oxygen and removal of oxygen by CO through an Eley–Rideal mechanism [76]. 
Given below is a schematic representation of CO oxidation catalyzed by Au supported 
on Fe-doped TiO2 which clearly indicates that Fe catalyzes the dissociation of oxygen 
molecules [77] (Fig. 13.7, Table 13.5). 

Iron oxide-based catalysts tested for CO oxidation along with the temperature 
and conversion are given below as a table. Complete conversion of CO at lower 
temperatures is exhibited by catalysts with noble metals. Besides, the activity of the 
supported catalysts is in the order of Au > Pt > Pd. Particularly, among transition 
metal oxide catalysts, good activity was observed when iron was combined with Cu 
followed by Co. When iron oxide is used as the support, geometric and electronic 
effects of SMSI improve the catalytic activity.
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Table 13.5 Comparison of activity of catalysts for CO oxidation 

S. no Catalyst T (K) Conversion (%) References 

1 Ce1−xFexO2−δ 673 100 [28] 

2 Fe–Co mixed oxide 423 100 [78] 

3 LaFeO3 914 90 [79] 

4 PtCu/G-Fe2O3 298 100 [80] 

5 Pt/exsolved FeOx/LaFeO3 296 100 [81] 

6 Au/Fe2O3 263 50 [82] 

7 CuO/Fe2O3 373 100 [83] 

8 10% CuO/α-Fe2O3 nanorods 373 100 [84] 

9 Fe–Co mixed metal oxide 473 100 [85] 

10 Pt/FeOx 296 100 [86] 

11 Pd/FeOx 475 100 [87] 

12 Fe2O3 573 100 [88] 

13 CuO-doped Fe4Ti10Sn10 composite oxides 423 100 [89] 

14 Fe, Ce and Al pillared bentonite 573 100 [90] 

15 Au/Fe2O3 398 100 [91] 

16 Au/FeTiO2–Fe 363 100 [92]

13.4 Selective Catalytic Reduction (SCR) of NOx 

Nitrogen oxides (NO, NO2, and their derivatives), in general, denoted as NOx is a 
gaseous pollutant that can cause photochemical smog, acid rain and ozone deple-
tion leading to global warming and eutrophication problems. Major sources are 
automobiles and other industries and there are regulations for power plants and 
engines regarding emissions. According to the United States Environmental Protec-
tion Agency, the NOx emission of an engine should be within the limit of 0.02–0.10 g/ 
bhp-hr. Amount of NOx and VOCs is responsible for the presence of hydroxyl radi-
cals hence the oxidizing ability of the stratosphere. In urban areas where a high 
concentration of NOx is present, it controls radical production hence the oxidizing 
ability, and in rural areas with relatively low concentrations of NOx VOCs control 
the radical production. The reaction of NO with VOCs which is responsible for the 
photochemical smog is shown below (Fig. 13.8).

Photochemical smog is brown in color and affects the throat, causes chest pain, 
the difficulty of breathing for humans, cracking of rubber and damages plant life too. 
Hence, reducing and mitigating NOx is important. 

SCR of NO by NH3 is widely used for removing NO from the atmosphere. In SCR, 
NOx is converted to dinitrogen and water in the presence of a catalyst as well as a 
reducing agent. Commonly used reducing agents are anhydrous or aqueous ammonia 
or urea solution which is added to the stream of gas which flows through the catalyst. 
Commercially used catalytic systems for SCR reactions are V2O5–MoO3/TiO2 and
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Fig. 13.8 Reaction of NO 
with VOCs generating 
photochemical smog [93]

V2O5–WO3/TiO2 [94, 95]. The commercial system has some drawbacks such as a 
reduction in the selectivity of N2 in the temperature range of 573–673 K, the need to 
reheat the stack gas, sulfur poisoning and the toxicity of vanadium pentoxide [96– 
98]. TMOs are investigated the most due to the easy gain and loss of d electrons, 
low cost and stability [99]. A few Fe-based catalysts that showed good conversion in 
the low-temperature range were Fe–MnOx and FexTiOy [100, 101]. Mn is explored 
extensively due to the variable oxidation states and redox stability hence the activity 
at the lowest temperature. But the drawback of Mn is with low selectivity of N2 and 
sensitivity toward SO2 in the gas flow [102–104]. Due to the environment-friendly 
nature and low cost, easy reducibility and mobility of active surface oxygen, iron 
oxides have also been explored nowadays either in combination with other transition 
metals or as support with other elements [100, 105]. The drawback associated with 
iron oxide is low surface acidity, low N2 selectivity above 623 K and low resistance 
to SO2 and H2O. 

Mechanism of SCR with NH3 

The possible mechanism for SCR of NO in presence of NH3 catalyzed by Mn2O
− 
3 

Doped Fe2O3 is shown in Fig. 13.9. Four types of species are indicated by DRIFTS 
spectra after the adsorption of NO on the catalyst, they are gaseous NO2, bidentate 
nitrates, linear nitrites and monodentate nitrites. Adsorbed NH4 

+ ions combine with 
NO− 

2 to form NH4NO2. Fe and Mn are involved in a redox cycle to continue the 
reaction, while NH3 acts as the hydrogen source for the reduction. After each cycle, 
Fe3+ is regenerated by Mn4+. Mn2+ is again oxidized by oxygen to continue the cycle 
of reaction.

Different catalytic systems involving iron as a dopant or support, the temperature 
of SCR and the percentage conversion are given in Table 13.6. Fe–Mn system is 
investigated the most and it shows the maximum activity at the lowest possible 
temperature. Activity at the lowest temperature is exhibited by porous MnOx–FeOx 

nanoneedles (Sl no 3) which can be due to the uniform distribution of the ions, 
availability of redox sites, porous structure and strong acidic sites. Various catalysts 
were tried for the NH3-catalyzed SCR reaction. It has been observed that the modified 
catalyst exhibits improved activity over the commercial catalysts known and have 
good selectivity toward nitrogen.
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Fig. 13.9 Mechanism of SCR with NH3 in presence of Mn2O
− 
3 doped Fe2O3 hexagonal 

microsheets. Adapted from ref [106, 107] with permission from Elsevier and American Chemical 
Society

Table 13.6 Comparison of activity of catalysts for SCR reaction 

Sl No Catalyst T (K) Conversion (%) References 

1 Mn2O3-doped Fe2O3 hexagonal microsheets 473 98 [106] 

2 MnOx supported on Fe–Ti spinel 448 100 [107] 

3 Porous MnOx–FeOx nanoneedles 393 100 [108] 

4 MnO2-doped Fe2O3 hollow nanofibers 423 98 [109] 

5 Fe–W mixed oxide 523 100 [105] 

6 MnFeOx nanorods 473 98 [110] 

7 Dy-doped MnFeOx nanowires 423 100 [111] 

8 Co–Fe mixed oxide 443 100 [112] 

9 Fe9Ti1Ox 523 80 [113] 

10 WO3–FeOx 523 98 [114] 

11 12-tungsto phosphoric acid/iron oxide 523 100 [115] 

12 Mn–Fe oxides on Fe mesh 453 98 [116] 

13 Fe-modified MnO2 523 75 [117] 

14 MnFeOx /CNT 413 100 [118] 

15 Mesoporous Mn–Fe Spinel 398 100 [119] 

13.5 Fenton Reaction 

The Fenton process was developed in 1894 by a French scientist Henry J Fenton 
who discovered that at pH 2–3, tartaric acid can be oxidized by the Fe2+/H2O2 

system. Fenton’s process comes under the category of Advanced Oxidation Processes 
(AOP). The importance of this process is that toxic organic pollutants cannot be 
easily removed by conventional wastewater treatment processes and the abundant 
availability of resources such as iron and H2O2. Depending on the number of phases 
involved in the reaction, it can be classified into a homogenous Fenton process 
where only a single phase is involved and a heterogenous Fenton process where dual 
phases are present. The classical reaction is a homogenous Fenton process with Fe2+



254 M. Roshni et al.

interacting with H2O2 in the solution state. In the presence of H2O2, which acts as 
an oxidizing agent, ferrous ions (Fe2+) are converted to ferric ions (Fe3+) (Eq.  13.1). 
This oxidation is the first step in Fenton’s reaction. This results in the formation of 
a hydroxide ion (OH−) and a hydroxyl radical (·HO) as byproducts. To continue the 
activation of H2O2, Fe2+ can be obtained via the reduction of Fe3+ by H2O2 (Eq. 13.2). 
The reduction of Fe3+ is very slow and generates hydroperoxyl radicals (HO2 

·) which 
has a weaker oxidation ability than ·HO. Two different oxygen free radicals are 
formed when hydrogen peroxide molecules undergo disproportionation (Eq. 13.3). 
The produced hydroxide ions and protons combine to form water (Eq. 13.4). 

Fe2+ + H2O2 → Fe3+ + OH− + ·HO (13.1) 

Fe3+ + H2O2 → HO· 
2 + Fe2+ + H+ (13.2) 

2H2O2 → HO· 
2 +· HO + H2O (13.3) 

Fe2+ + H2O2 + H+ → Fe3+ +· HO + H2O (13.4) 

To improve the efficiency of the process, Fenton’s process is often coupled with 
electro/UV/sono such as to increase the amount of ·HO and the regeneration of Fe2+ 

to Fe3+ [120]. Even then there are some disadvantages associated with the process. 
A continuous supply of H2O2 is required which makes the process economically 
non-viable and the formation of solid ferric sludge needs to be removed periodically 
along with the loss of iron ions. Overall, the process becomes expensive [121–123]. 
Increased production of reactive oxygen species was observed in hybrid systems 
where two of the modified Fenton process were combined like in Photo-Electro-
Fenton (PEF). Even though an enhancement in activity is observed, compared with 
the real situation of huge amounts of wastewater reduced chemical consumption 
cannot be equated to electricity loss. Considering the example of the electro-Fenton 
process even though the process efficiency is higher, Fe is getting consumed at the 
anode. Recovery and reuse of iron sludge in this context may be addressed by using 
acid treatments and ion exchange. Ferrites thus prepared were again employed in the 
process. 

Introducing iron in the heterogeneous solid phase has proved to be safe, efficient 
and cost-effective. Homogenous and heterogeneous Fenton processes differ in the 
fact that in heterogenous Fenton, ·HO production occurs on the surface of the catalyst, 
and also the reactant molecules get adsorbed on the active sites and after the reaction, 
they get desorbed and active sites are free for the next cycle [124, 125]. 

X − Fe2+ + H2O2 → X − Fe3+ + ·OH + OH− (13.5) 

Fe3+ + H2O2 → X − Fe2+ + ·O2H + H+ (13.6)
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Fig. 13.10 Forms of iron 
catalysts employed for 
heterogenous Fenton process 

Table 13.7 Iron-based heterogeneous catalysts used for the degradation of various pollutants 

Sl No Catalyst Pollutant Removal efficiency (%) References 

1 Magnetite Reactive blue 19 87 [130] 

2 Magnetite Acid red 18 83 [131] 

3 Haematite Acid red 18 81.5 [131] 

4 Iron molybdophosphate Landfill lechate 82 [132] 

5 Pd/Fe3O4 Humic acid 90 [133] 

6 Chalcopyrite Tetracycline 99 [134] 

7 Pyrite Levofloxacin 95 [135] 

Reaction rate increases with higher surface area and porosity as usual with general 
catalysts are observed here too [126]. 

Advantages of heterogenous Fenton process [127–129] (Fig. 13.10, Table 13.7). 

• Operating under a wide temperature range 
• Zero formation of iron sludge hence reducing additional removal costs 
• Easy handling and safe storage 
• Easy recovery by sedimentation, filtration and magnetic separation 

13.6 Conclusion 

Mitigation of environmental pollutants by catalytic technology is one of the 
promising areas of research that can directly address the goals set by the UN and 
other international agreements. Particularly, the literature suggests that iron and iron 
oxide-based catalysts or supports have been extensively tested due to their intrinsic 
activity or promotional activity as support, high natural abundance, low cost and no
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toxicity. The chapter discussed iron oxide applied in four environmentally important 
reactions such as VOC oxidation, CO oxidation, SCR reaction of NOx, and Fenton 
reaction. After comparing the catalytic activity, it can be understood that Fe plays 
a significant part in improving the catalytic activity. Although the major challenges 
with respect to activity and selectivity remain to be addressed. It is however possible 
that economically viable large-scale catalytic processes are likely to contain iron in 
their composition. 
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Chapter 14 
Nonspherical Iron Oxide Particles: 
Synthesis and Applications in Interfacial 
Science and Engineering 

Hemant Kumar, T. G. Anjali, and Madivala G. Basavaraj 

Abstract The ability to synthesize highly stable monodisperse iron oxide particles 
of different sizes and shapes, in particular, hematite (α-Fe2O3), has enabled funda-
mental investigation of particle shape effects in colloids and interface science. In 
this chapter, an overview of wet chemical approaches for the synthesis of hematite 
particles of different shapes and their use in the fundamental study of interfacial 
behavior of particles is discussed. 

Keywords Nonspherical colloids · Emulsions · Phase inversion · Adsorption ·
Detachment energy · Interfacial rheology 

14.1 Introduction 

Spherical particles are a class of symmetrical or isotropic three-dimensional objects 
in which any point on their surface is at the same distance from its center. This equal 
distance is the radius, which is the single characteristic dimension required to define 
the size of the spherical particle. On the other hand, not all points on the surface of 
a nonspherical or asymmetric particle are at same distance from the center [1–3]. 
The particles of irregular or arbitrary shape and particles of well-defined shapes, 
such as rods, ellipsoids, etc., are examples of nonspherical particles. The latter, that 
is, nonspherical particles of well-defined shapes have been an important class of 
particle systems that have enabled investigation of fundamental aspects related to 
particle shape effects in colloids and interface science [1, 2, 4].
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Colloidal and nanoscale particles can be synthesized via two broad class of 
methods, namely top-down and bottom-up techniques [5]. The top-down methods 
such as high-energy ball milling typically produce irregular particles, while the 
bottom-up strategies when carried out under controlled conditions can lead to the 
formation of regular shapes particles. In the bottom-up approach, particles are synthe-
sized by assembling atoms or molecules via chemical reactions carried out under 
controlled conditions [6]. Some of the commonly used reaction schemes that have 
been successfully employed to prepare nonspherical colloids include metallic parti-
cles by reduction of metal salts [7], hydro-thermal reaction, forced hydrolysis [8, 9], 
modified Stober method [10], sol–gel methods [11], etc. 

The iron oxide particles of different types that have been widely studied include-
hematite (α-Fe2O3), maghemite (γ -Fe2O3), and magnetite (Fe3O4). This chapter 
deals with hematite (α-Fe2O3) particles which have found application in diverse 
areas such as paint technology, catalysis, and biomedical fields. In addition, hematite 
particles are widely used as model system for the investigation of fundamental aspects 
such as the effect of particle shape [2], surface charge [12], and external field [13] in  
colloids and interface science. This is primarily due to the fact that hematite particles 
(i) can be synthesized in various shapes, (ii) their surface charge can be tuned by 
changing pH of the dispersion medium, (iii) respond to external stimuli such as 
electric field and magnetic field [13]. The use of hematite particles to unearth the role 
of particle shape and charge effects on interfacial adsorption, emulsification, surface 
rheological properties of particle laden interfaces, and equilibrium configuration of 
particles is discussed. 

14.2 Synthesis of Anisotropic Hematite Particles 

The synthesis of anisotropic iron oxide particles of various shapes was pioneered 
by Eogan Matijevic in the late 1970s [14]. Several other follow-up studies on the 
synthesis of iron oxide particles of different shapes and sizes have been carried 
out later [15–18]. The procedure for large-scale production (few grams to few tens 
of grams) of nonspherical hematite particles via a gel–sol method was introduced 
in early 1990 [19]. The iron-based particles of different shape and size, such as 
hematite [14, 15], magnetite [20, 21], akaganeite (β-FeOOH) [18, 21] particles, 
iron(III) sulfate [22], and maghemite [23], have been synthesized in last few decades. 
The procedure for the synthesis of anisotropic hematite particles of different shape 
such as ellipsoids (spindles) [9, 24, 25], cubes [11, 25–27], double spheres [28], disks 
[29], plates [30, 31], dumbbells [28], nanorods [32], and sphero-cylinders [28] have  
been well documented. Another advantage of nonspherical hematite particles is their 
ability to respond to externally applied magnetic field [13]. These particles can be 
used as model colloids to study the magnetic field-assisted assembly, investigation 
of shape-directed self-assembly in the bulk and at interfaces, and for the design 
of complex and modular building blocks for photo-catalytic activity. While there 
are several methods available for the synthesis of hematite particles with uniform
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shape and narrow size distribution, the two most commonly used methods are (i) 
forced hydrolysis method and (ii) gel–sol method. The shape and size of the hematite 
particles depend upon the concentration of the iron salt, reaction medium, aging time, 
reaction temperature, and the other reagents that act as catalyst and shape directing 
species. The synthesis of micron-sized hematite particles by force hydrolysis and 
sol–gel method has been reviewed recently [33]. 

Figure 14.1 shows the electron microscopy images of hematite particles of 
different shapes prepared by different reaction schemes. A brief description of 
the procedure for the synthesis of the hematite particles of few different shapes 
is presented below: 

Nano-sized ellipsoids: The forced hydrolysis methods for the preparation of ellip-
soids shown in Fig. 14.1g involves the use of iron(III) perchlorate, urea, and a small 
amount of phosphate ion [8]. The aspect ratio (AR, defined as the ratio of length of 
the major axis to the length of the minor axis) of resulting ellipsoids can be varied 
from ∼ 1 to  ∼ 10 by increasing the concentration of phosphate ion. Typically, the 
reaction mixture consisting of different quantity of reagents is taken in an airtight 
Pyrex bottle and placed in a preheated hot air oven at 100 ± 1 °C for 24 h. After

Fig. 14.1 Synthesis of different shape of α-Fe2O3 hematite iron oxide particles a sphere, repro-
duced with permission from the American Chemical Society [17].b Cube c spherocylinder d peanut, 
reproduced with permission from Elsevier [34] e double sphere, reproduced with permission from 
the Chemical Society of Japan [35]. f Micro-ellipsoids, g nano-ellipsoids, reproduced with permis-
sion from the American Chemical Society [1]. h Disk, reproduced with permission from the Amer-
ican Chemical Society [17]. i Hexagonal platelets, reproduced with permission from Elsevier [31] 
j double ellipsoid reproduced with permission from Elsevier [36] k bipyramid reproduced with 
permission from Elsevier [16] l single crystal cubes, reproduced with permission from the American 
Chemical Society [37] 
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24 h, the reddish-brown reaction product is taken out of the oven, cooled to room 
temperature, and centrifuged at 6500 rpm for 45 min. The sediment consisting of 
hematite particles is washed multiple times with Milli-Q water until the supernatant 
is clear. 

Micron sized ellipsoids: The micron-sized hematite α-Fe2O3 ellipsoids shown in 
Fig. 14.1f are synthesized by the forced hydrolysis of ferric chloride [9]. In this 
reaction scheme, FeCl3 is used as an iron precursor. This is added to an equal volume 
of ethanol and water. Further, NaH2PO2 is introduced into the reaction mixture to 
control the aspect ratio of the ellipsoids. The Pyrex glassware with all the reagents 
is tightly stoppered and kept in a preheated oven maintained at 100 ± 1 °C for  seven  
days. After 7 days, the reaction mixture is taken out and cooled at room temperature. 
The particles in the reaction product are observed to settle to the bottom of the 
Pyrex bottle. The supernatant at the top was carefully discarded, and the reddish-
brown sediment at the bottom is washed with Milli-Q water several times to remove 
unreacted chemicals. 

Cube, peanut, and spherocylinders: Hematite particles of the cube, peanut, and 
spherocylindrical shape shown in Fig. 14.1b–d of different sizes can be prepared 
by the gel–sol method developed by Sugimoto [11]. For the synthesis of hematite 
peanuts, firstly, FeCl3 salt is dissolved in water, the solution is vigorous stirred, 
and then, NaOH solution is slowly added to the mixture followed by the addition of 
Na2SO4 solution. For the synthesis of spherocylindrical shape, a similar procedure is 
followed, except that the concentration of Na2SO4 used is smaller. For the synthesis of 
cube shape particles, no Na2SO4 solution is required. The condensed ferric hydroxide 
gel formed after the mixing step is aged at 100 °C for 8 days. The Pyrex bottle was 
removed from the oven and kept at room temperature to cool. The reaction product 
is transferred in centrifuging tubes to remove the unreacted chemicals and to recover 
hematite particles. 

14.3 Effect of Surface Charge on Adsorption of Ellipsoids 
to Interfaces 

The spontaneous adsorption of particles to the fluid–fluid interface without or with 
the intervention of external factors is crucial for the development of two- and three-
dimensional functional materials [38]. The adsorption of particles to the interface 
created during the mixing of two or more immiscible fluids is of prime impor-
tance for the design of particle-stabilized Pickering emulsions or foams. Amphiphilic 
molecules such as surfactants or surface active microgel particles have the tendency 
to readily adsorb to fluid–fluid interface. On the other hand, the adsorption of 
colloidal particles to interfaces depends on several factors such as surface charge, 
size, three-phase contact angle, nature of the fluid–fluid interface, etc.
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Fig. 14.2 a Schematic representation of the pendant drop technique used to measure the interfacial 
tension of decane-water interface by considering a pendant drop of aqueous dispersion of ellipsoids 
and decane b The temporal evolution of the interfacial tension. The figure in b is reproduced with 
permission from the Royal Society of Chemistry [39] 

The adsorption of particles to a fluid–fluid interface can be studied by monitoring 
the temporal variation of surface tension. The reduction in the interfacial tension 
is an indication of adsorption of particles to interfaces. In this method, the shape 
profile of a particle laden pendant droplet which is described by the Young–Laplace 
equation combined with a numerical procedure is used to calculate surface tension. 
The aqueous hematite ellipsoids of 254 nm average major axis length and 55 nm 
average minor axis length which corresponds to an average aspect ratio, AR = 4.6 
at pH = 2, 4 and 6.5 are considered. The zeta potential of the particles at these 
pH are + 36.4, + 50.0 and + 6.4 mV, respectively. A 25 μL volume pendant drop 
(also called handing drop) (0.3 wt% particle concentration) is created by taking these 
dispersions in a syringe to which a needle with a flat tip is attached and is brought 
in contact with an oil medium, decane, taken in a rectangular glass cuvette. This is 
shown schematically in Fig. 14.2a. 

The entire system is maintained at a constant temperature throughout the experi-
ment. The pendant drop image shown in Fig. 14.2a is recorded by using a high-speed 
CCD camera attached to a contact angle goniometer at 25 ± 2 °C temperature. 

The temporal evolution of the surface tension of decane–water interface and for 
decane–aqueous ellipsoid dispersion interface is shown in Fig. 14.2b. The surface 
tension of decane–water is found to be 52 ± 0.5 mN m−1 and is nearly constant 
throughout. This is expected since neither water nor decane has any surface-active 
components. In the case of aqueous hematite dispersions at pH 2, the surface tension 
variation is like that for decane–water. However, for the case of hematite dispersions 
at pH 4 and 6.5, the surface tension is found to decrease with time pointing to the 
adsorption of hematite ellipsoid to the decane–water interface. For the dispersion 
of hematite ellipsoids at pH 4 and 6.5 in contact with decane, the surface tension 
decreased with time indicating that ellipsoidal particles adsorb to the decane–water
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interface. It is to be noted that other conditions such as particle concentration, aspect 
ratio, and temperature are same in all the experiments and therefore, the differ-
ence in the adsorption behavior at different pH must be due to surface charge of 
particles. As the particles in an aqueous pendant drop (medium with high dielectric 
constant) approach the decane phase (medium with low dielectric constant) due to 
Brownian diffusion arising due to their thermal motion, the particles experience an 
energy barrier due to image charge effect. The strength of the energy barrier increases 
with increase in surface charge and therefore, highly charged ellipsoids in aqueous 
dispersions at pH 2 do not adsorb to the interface as reflected from the constant value 
of interfacial tension of decane–water interface. Since the particles in the aqueous 
dispersions at pH 6.5 are weakly charged, the height of the energy barrier is lower 
and hence the reduction in the surface tension at any time instance is highest, and 
therefore, the ellipsoids in the dispersion at pH 6.5 show higher tendency to adsorb 
to decane–water interface. It is also possible to influence the adsorption of particles 
to fluid–fluid interfaces by the addition of salt [39]. High-energy mixing such as that 
used in emulsification is yet another way to provide sufficient energy for the particles 
to cross the energy barrier and force the particles to adsorb at fluid–fluid interface. 

14.4 Contact Angle and Orientation of Anisotropic 
Hematite Particles at Fluids Interfaces 

When particles are used as interface stabilizers, the measurement of the three-phase 
contact angle becomes important as it dictates the type of emulsion and foam formed, 
which are commonly encountered in cosmetic, food, and pharmaceutical formula-
tions. The emulsions and foams are also used extensively in ceramic processing, espe-
cially for the creation of novel functional porous materials. The accurate measure-
ment of contact angle is critical for determining the interfacial attachment energy of 
particles as well as the nature of electrostatic and capillary interactions. 

The three-phase contact angle measures the equilibrium position of particles 
adsorbed at the interface. Consider a spherical particle adsorbed at the interface 
of two fluids, f 1 and f 2. If the surface tension of particle–fluid 1 interface is γpf1, the  
surface tension of particle–fluid 2 interfaces is γpf2, and the fluid 1–fluid 2 interfacial 
tension is γ f 1 f 2, the cosine of the three-phase contact angle (θ ) as defined by Young’s 
Eq. (14.1) is:  

cos θ = 
γpf1 − γpf2 

γ f 1 f 2 
(14.1) 

A schematic representation of a spherical particle which resides more in fluid 1 
such that the contact angle θ is less than 90° is shown in Fig. 14.3a. The surface tension 
forces which act tangentially to the particle–fluid1, particle–fluid 2 and fluid 1–fluid 
2 interface are marked. The three-phase contact angle θ is measured by drawing a 
tangent to the particle surface at the three-phase contact point. The angle inscribed
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Fig. 14.3 A schematic of spherical colloids adsorbed at fluid 1–fluid 2 interface: a partially 
hydrophilic particle, b neutrally wetting particle, and c partially hydrophobic particle 

between this tangent and the interface plane measured in the anticlockwise direction 
is the three-phase contact angle, θ. In most interfacial experiments, water is typically 
used as fluid 1 (also referred to as bottom phase or sub phase). Such particles with 0° 
< θ < 90° shown in Fig. 14.3a are called partially hydrophilic particles. If θ = 90°, 
the particles possess an equal affinity for both the fluids; such particles are said to 
be neutrally wetting, which is represented in Fig. 14.3b. Neutrally wetting particles 
share exactly half of their surface area with each fluid, that is, particle–fluid 1 contact 
area is equal to particle–fluid 2 contact area when 90° > θ > 180°, the particles are 
positioned at the interface with larger surface in contact with the upper phase (see 
Fig. 14.3c) and such particles are said to be partially hydrophobic. 

Recently, a class of techniques called direct imaging methods that enable direct 
visualization of the equilibrium position of particles adsorbed at the interface has 
been developed [40–44]. These methods enable the measurement of the three-phase 
contact angle in an unambiguous way and also facilitate the visualization of interface 
deformation around interfacially bound particles [45]. The measurement of three 
phase contact angle of anisotropic particles, compared to spherical counterparts, is 
non-trivial and challenging due to shape induced interface deformation and multitude 
of orientations that nonspherical particles assume at the interface. Interferometry 
[42], gel trapping technique (GTT) [43], and the Freeze-fracture shadow-casting 
(FreSCa) cryo-SEM [43, 44] and methods that exploit hetero-aggregation [40, 41] 
are some of the direct methods used to measure the contact angle of spherical and 
non-spherical particles at fluid–fluid interfaces. 

The three-phase contact angle of anisotropic iron oxide particles at air–water and 
decane–water interface has been measured using GTT method [34]. The representa-
tive SEM micrographs of peanut-shaped, sphero-cylindrical, and cuboidal hematite 
particles trapped at the PDMS surface shown in Fig. 14.4 are obtained following the 
gel trapping technique protocol. They represent the equilibrium position of hematite 
particles of different shapes adsorbed at the decane–water interface. From Fig. 14.4a, 
b, it is observed that peanut-shaped and spherocylindrical particles are adsorbed with 
their long axis parallel to the interface. The images show the fraction of surface area 
of the particles exposed to the water phase. The procedure used to measure the contact 
angle of peanut shaped particles is detailed in Fig. 14.4c, which shows the side view
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of a peanut-shaped particle of lobe diameter, d. The projected contact line length, dc, 
which corresponds to the length scale resulting due to intersection of the interface 
and the particle is also determined from the side view image. From Fig. 14.4c, it 
is clear that the particle resides more in the aqueous phase, that is, these particles 
are partially hydrophilic. For such particles, the three-phase contact angle is deter-
mined from the equation, sin θ = dc d [43]. A similar procedure is used to determine 
the three-phase contact angle of spherocylindrical particles. The contact angle of 
hematite peanut shaped particles (length = 2.1 μm, lobe diameter = 0.9 μm, and 
aspect ratio, defined as the ratio of length to lobe diameter = ∼  2.3) at air–water 
and decane–water interface is found to be 43 ± 3 and 50 ± 4, respectively. The 
contact angle for spherocylindrical particles (length = 1 μm, diameter = 0.62 μm, 
and aspect ratio = ∼2.3) at air–water and decane–water interface is 42 ± 2 and 48 
± 3, respectively. The details on the measurement of three phase contact angle of 
peanut and spherocylindrical particles of different sizes can be found in Anjali et al. 
[34]. 

Interestingly, the cuboidal particles as shown in Fig. 14.4d, f1–f3, and g1–g3 are 
found to adsorb to the fluid–fluid interface in three different orientations, namely, 
face-up, edge-up, and vertex-up. The top view and side view images corresponding 
to the three different orientations are shown in Fig. 14.4f1–f3 and g1–g3, respectively.

Fig. 14.4 The SEM images of the particles trapped in the PDMS surface obtained by the gel 
trapping technique (GTT): a peanut-shaped particles (AR = 2.2), b spherocylindrical particles (AR 
= 2.6), and d cuboidal particles (1200 nm). The scheme used to measure the wettability of dumbbell 
shaped and cuboidal particles is shown in (c) and  (e) respectively. The top of cuboids in different 
orientations is shown respectively in f1, f2, and  f3 with respective side view shown in g1, g2, g3 
side view particles. The percentage occurrence of cuboids in different orientations at air–water and 
decane–water is shown in (h). The figures are reproduced with permission from Elsevier [34] 
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The frequency of occurrence of these orientations for the cuboids adsorbed at decane– 
water and air–water interfaces obtained by the analysis of orientation of more than 
250 particles is shown in Fig. 14.4h. The face up orientation is found to be highly 
preferred and energetically more favorable. 

The wettability of cuboidal shaped particles in the face-up configuration, wherein 
the two opposite faces of the cuboid is parallel to the interface, is calculated as the 
ratio of height of the cuboidal particles exposed to the water phase (h) that protruding 
from the PDMS to the length of the cuboid (a), which is depicted in Fig. 14.4e. The 
calculated value of h/a falls in the range of 0.73–0.84 for all the cuboidal particles 
of different sizes adsorbed at air–water and decane–water interfaces, which again 
confirms the partially hydrophilic nature of the hematite particles. 

14.5 Detachment Energy of Anisotropic Particles 
from Fluid–fluid Interfaces 

The surface free energy of detachment of a particle adsorbed to the interface is the 
difference in the surface energy of the fluid-particle-interface system and the surface 
energy of the fluid-particle system when it is removed from the interface and placed 
in one of the bulk fluids. The surface free energy of detachment also corresponds to 
the depth of the surface energy well in which the particles are trapped when they are 
adsorbed at the interface. The existence of surface energy well conceptualized by 
Pieranski, can also be calculated by the surface energy minimization approach [38]. 
Figure 14.5 shows the schematic of a spherical particle adsorbed at the water–air 
interface (Pint). The surface free energy of their detachment from the interface into 
the air (Pair) and from the interface into the water (Pwater) are represented respectively 
by ΔGda . and ΔGdw with the subscripts representing detachment into air (da) and 
water (dw). When the interface is planar, that is, undeformed by the presence of 
particle, the detachment energy of a particle of any arbitrary shape from the interface 
into the air is given by Eq. 14.2 [46]:

ΔGda = γpf1
(
Ac + Apw cos θ

)
(14.2)

where γaw is the air–water interfacial tension, Ac is the area that the particle occupies 
when it is at the interface and Apw is the area of the particle–water interface when 
it is adsorbed at the interface. For a spherical particles of radius r, Ac and Apw are 
given respectively by π (rsinθ )2 and 2πr2(1 + cosθ ) [46]. Therefore, the expression 
for the energy of detachment of particles into the air takes the form:

ΔGda = πr2 γaw(1 + cos θ )2 (14.3)
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Fig. 14.5 A schematic of a 
spherical particle adsorbed to 
water–air interface (Pint) is  
shown to detachment from 
the interface such that it is 
present completely in the air 
(Pair) or water  (Pwater)

The removal of a neutrally wetting (θ = 90°) spherical colloidal particle of r = 
0.5 μm from the air–water interface (γaw = 72 mN/m) requires an energy of the 
order of 107 kBT [38]. Therefore, colloidal scale particles are strongly adsorbed at 
the interface and therefore can be assumed to be irreversible. Equation 14.2 can be 
modified to account for particle shape effects. For a nonspherical particle of well-
defined shape, for example, spherocylinder particles of long semi-axis (a) and short 
semi-axis (b), the detachment energy of the particle into the air is given by Eq. 14.4 
[46].

ΔGda = ΔGdw + 4πr2 γawb2 cos θ
(
b 

a

)
(14.4) 

with the detachment energy into the water phase, ΔGdw given Eq. 14.5:

ΔGdw = 4πb2 γaw(1 − cos θ )2
[

1 + 
4
((a/

b
) − 1

)
(sin θ − θ cos θ ) 

π (1 − cos θ )2

]

(14.5) 

The detachment energy of a cuboidal particles of side length (a) and the length 
exposed to the water phase (h) is given by Eq. 14.6:

ΔGda = γaw
(
a2 + (

a2 + 4ah
)
cos θ

)
(14.6) 

The energy of detachment of spherocylindrical particles of different aspect ratio 
(a/b) and cuboidal particles adsorbed at air–water interface is listed in Tables 14.1 
and 14.2, respectively. The data presented in Tables 14.1 and 14.2 are calculated 
from Eqs. (14.4) and (14.6) respectively. In all the cases, the energy of detachment 
is the order of 107 kBT indicating that these particles are irreversibly adsorbed to the 
interface.
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Table 14.1 The surface free energy of detachment of spherocylindrical particles adsorbed at air– 
water interface into air, (r, is the radius of the sphere having the equal volume of each type of 
particles) 

Particle type Particle size, μm Aspect ratio r, μm ΔGda 
kB T 

× 10−7 

Spherocylinder a = 0.51; b = 0.31 1.6 0.384 2.54 

Spherocylinder a = 0.65; b = 0.25 2.6 0.380 2.71 

Spherocylinder (silica coated) a = 0.65; b = 0.28 2.3 0.402 2.51 

Table 14.2 The detachment energy of cuboidal shaped hematite particles from air–water interface 
into air 

Side length 
(a), μm 

Radius of the sphere having the equal volume of each type of 
particles (r), μm

ΔGda 
kB T 

× 10−7 

0.5 0.31 1.824 

0.8 0.5 4.56 

1.2 0.745 10.4 

1.5 0.931 16 

14.6 Shape-Induced Interface Deformation 

The shape of the interface in the immediate vicinity of particles are adsorbed to fluid– 
fluid interface depends on their size, shape, and wettability. The nature of interface 
deformation is an important factor that dictates the microstructure and properties of 
particle laden interfaces. The interface mediated interactions which are also referred 
to as capillary interactions come into existence when interface deformation around 
adjacent particles overlap. Therefore, there the investigation of three phase contact 
line and interface deformation around shape anisotropic particles and the resulting 
interfacial self-assembly has been a subject of considerable interest. 

It is well known that the shape of the contact line for a spherical particle adsorbed 
to a fluid–fluid interface is a circle. However, for a nonspherical particle that is 
ellipsoidal in shape, the contact line is an undulated ellipse, that is it becomes non-
planar. This results in certain regions of the interface being pulled up (elevation) 
or pulled down (depression) depending on the surface chemistry of the particles. 
This unique interface deformation solely due to particle shape anisotropy has been 
attributed to the fact that such particles when adsorbed to fluid–fluid interface, distort 
the interface in order to locally satisfy the Young’s equation (Eq. 14.1) all along the 
three-phase contact line [42, 47, 48]. The elevation or the depression of three phase 
contact line around the particles are termed as capillary charges (poles)—the region 
that rises above the flat interface as a positive (“+”) charge and that falls below as a 
negative (“−”) charge. These capillary charges are analogous to the electric charges, 
with a difference that, the like capillary charges repel and the opposite ones attract
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each other. In the limit of low Bond number (Bo), which is defined as the ratio of 
gravitational force to surface tension force, the magnitude of interface deformation 
“h” generated by an isolated colloidal particle adsorbed at a planar interface follows 
the 2D Laplace equation [48]. 

∇2 h = 0 (14.7) 

A general solution to the above equation in terms of polar multipoles is of the 
form 

h(r, θ  ) = A0 ln r + A1 ln r
−1 cos(θ + α1) + A2 ln r

−2 cos(2θ + α2) +  · · ·  (14.8) 

where r and θ the polar coordinates in a particle centered reference frame. Each 
term in Eq. 14.4 corresponds to a specific type of interface deformation called the 
capillary multipole, namely monopole, dipole, quadrupole etc. Therefore, the capil-
lary multipoles dictate the range and magnitude of capillary interaction between the 
interfacially trapped particles as well as their self-assembly [42, 48–50]. Thus, a 
clear understanding of the type of interface deformation around isolated particles 
is crucial in the prediction of directional interactions that they experience at the 
interface. Despite progress in the synthesis of particles of different shapes, the inves-
tigation on the particle shape induced interface deformations, from both numerical 
and experimental studies, is limited to particle of very few shapes [42, 48, 51–54]. 

The ellipsoids and rod-shaped particles adsorbed at fluid–fluid interfaces deform 
the interface to induce quadrapolar deformation, which results in the formation of 
unique assemblies of ellipsoids in tip–tip and side-side configurations [55]. The inter-
facial behavior of micron sized cuboidal hematite particles investigated by combining 
GTT, electron microscopy and optical surface profilometry revealed that the particle 
shape induced interface deformations are affected by the position of the particles 
with respect to the interface and by their orientation at the interface [51]. The direct 
visualization of the near field interface deformation around isolated cuboidal parti-
cles at the interface achieved through high resolution scanning electron microscopy 
(Fig. 14.6a–d) and a three-dimensional optical surface profiles (Fig. 14.6e–h) and 
two-dimensional height profiles (Fig. 14.6i–l) are observed to be in well agreement 
with the numerical predictions [52]. The nature the capillary multipoles that the 
hematite cuboids at fluid–fluid interface induce, as shown in the Fig. 14.4, can vary 
from monopolar to octupolar depending on their orientations at the interface [51, 52]. 
Particles in the face-up orientation exhibit either hexapolar or octupolar type defor-
mation depending on their position with respect to the interface. The interface defor-
mation is of hexapolar type, with depressions at three vertices and three elevations, 
when the particle position corresponds to the global energy minima. In the kinetically 
trapped, face-up orientation, the deformation is of octupolar nature with depression 
at the four vertices and elevations at the four sides. For the particles in the edge-up 
orientations, depending on position with respect to the interface, the deformations 
are of either quadrupolar or monopolar in nature. In the edge-up orientation, wherein 
the particles are trapped in a local energy minimum, the interface deformation is
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quadrupolar, with elevations near the tilted sides and depressions near the other two 
sides. Cuboids in the other edge-up orientation which are trapped at the interface with 
their edges parallel to the interface induce a monopolar type deformation. Particles 
in the edge-up orientation in the kinetically trapped state deform the interface in a 
quadrupolar manner with elevations near the vertical sides and depressions near the 
slanting faces. The particle shape induced interface deformations around cuboidal 
particles adsorbed in the vertex-up orientation, which is a kinetically trapped state, 
is monopolar in nature similar to that induced by gravity, but with an opposite sign 
[48]. In summary, the nature of interface deformations around micron sized cuboids 
are affected by both the particle orientation and position with respect to the interface.

14.7 Surface Rheology of Hematite Ellipsoids 

The response of particle laden interface to mechanical deformation is relevant for 
the design of emulsions, and other particle-stabilized high interface materials. In 
this context, pulsating drop analysis, Langmuir–Blodgett (LB) compression as well 
as shear and oscillatory surface rheology have been widely used to investigate the 
response of complex fluid interfaces loaded with one or more soft materials such as 
polymers, particles, surfactants, etc. The study of the response of interfacial systems 
to controlled deformation, known as interfacial rheology, can be broadly classified 
into two categories (i) surface shear and oscillatory rheology and (ii) dilatational 
surface rheology. 

During surface shear rheology, a shear force is applied to the surface while the 
total surface area remains constant, which is represented schematically in Fig. 14.7a. 
The magnetic rod surface rheometer and conventional rheometers equipped with 
double wall ring, Du Noüy ring, or Bi-cone geometry can be used for surface rheo-
logical measurements. Similar to bulk rheology, which is used to probe deformation 
of materials in three dimensions, the surface rheology can also be carried out in 
rotational and oscillatory mode. In dilational surface rheology, the interfacial area 
is varied in a periodic manner by expansion or compression of the interface in a 
controlled way. The area change can facilitate interfacial adsorption or desorption of 
surface-active species to (or from) the interface from (or to) the bulk. A schematic 
representation of the dilatation of the interface leading to an increase or decrease 
interfacial area, typically achieved by oscillating the barriers of the LB trough with 
the help of a stepper motor or with the piezoelectric actuator in the case of pendant 
drops, is shown in Fig. 14.7b.

The response of a viscoelastic interface to the applied surface shear stress (σ s) 
can be represents as: 

σ s = γ s 0 G
s '
sin ωt + γ s 0 G

s ''
cos ωt (14.9)
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Fig. 14.6 The scanning electron microscopy images (a–d, scale bar: 0.5 μm), deformation of the 
interface around the particles recorded using surface profiler (e–h, scale bar: 5 μm), and the height 
profiles drawn along different lines i–l showing the nature of local deformation of the interface 
around hematite cuboids at decane–water interface. The length of the cuboids is 1500 nm. The 
images and height profiles are recorded from the PDMS samples in which the particles are trapped 
by the gel trapping technique. The interface deformation is identified to be hexapolar type in the 
face-up configuration (a, e, and  i), quadrupolar in the tilted edge-up configuration (b, f, and  j), and 
monopolar in the edge-up (c, g, and  k) and vertex-up configuration (d, h, and  l). The positive and 
negative sings in the insets i, j show the capillary charges associated with the interface deformation. 
The figures are reproduced with permission from American Chemical Society [51]
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Fig. 14.7 A schematic representation of a surface shear and b surface dilatation to which an 
interface can be subjected

where γ s 0 is the surface shear strain. Gs '
storage modulus (elastic part), and Gs ''

is 
the loss modulus (viscous part). Note that the superscript “s” is used to represent 
the surface. The interfacial rheology can be performed on soft materials adsorbed 
at either gas–liquid or liquid–liquid interface. The suitability of a particular method 
for the measurement of interfacial rheology depends on several parameters such as 
the concentration of interfacially adsorbed species, the nature of colloidal interac-
tions, the type of fluids used to create the interface, etc. The study of the viscoelastic 
properties of interfacial monolayers involves the measurement of viscous surface 
modulus and elastic surface modulus. The interfaces are always surrounded by bulk 
phases, making the interpretation of the interfacial rheology measurements difficult 
and challenging. In general, it is desirable if the contribution of the surfaces domi-
nate the effects that arising due to bulk flows created during interfacial rheology 
measurements. To this end, appropriate geometries have been designed to reduce 
the influence of bulk flow. Prior to initiating interface rheology measurements, the 
geometry used to deform the interface is carefully positioned at the interface, there-
after, complex materials are introduced at the interface using appropriate protocol. 
The total drag on the geometry is caused not only due to interface but also due to the 
presence of the sub-phase in the system. The Boussinesq (Bo) number, given by 

B0 = 
Surface drag 

Sub phase drag 
= ηs 

η × a 
(14.10) 

which is a dimensionless parameter defined as a ratio of surface drag to subphase 
drag, is used to assess the influence of influence of bulk flow. In Eq. 14.10, ηs is 
the surface shear viscosity, η is the bulk viscosity of the sub-phase, and a is the 
characteristic length of the measuring geometry. The characteristic length should be 
as small as possible to get a higher Boussinesq number. If the value of (B0) ≫ 1, the 
interfacial stress dominates, and interfacial surface rheology data are more reliable.
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In dilational surface rheology, the area of the interface is subjected to a periodic 
change either in the formation of sinusoidal, rectangular or triangular pulsation for a 
range of frequency using piezoelectric setup at a fixed amplitude resulting in expan-
sion or compression of the interface. The response of the interface to the periodic 
change in area is expressed in the form of a frequency dependent quantity, dilational 
modulus (E), 

E(ω) = E '(ω) + E ''(ω) = 
dγ 

d ln  A 
= E '(ω) + i ωη (14.11) 

where the real part E
'
(ω) = dilational elasticity and imaginary part E

''
(ω) = iωη is 

the dilational viscosity. 
Hematite ellipsoids have been used as model colloids to elucidate the effect of 

particle aspect ratio (AR, defined as the length of major axis to the length of minor 
axis) and surface coverage defined as the area occupied by the particles to the total 
area of the interface on the surface rheological properties shown respectively in 
Fig. 14.8a, b [2]. The surface storage and loss modulus of hematite ellipsoids of 
2.8 and 4.6 aspect ratios obtained by strain amplitude sweep at a fixed frequency 
of 1 Hz is shown in Fig. 14.8a. The dispersions with same bulk concentrations are 
used to create the monolayer at oil–water interface at a surface coverage of about 
0.7. A bi-cone geometry attached to a conventional stress rheometer is used to obtain 
these results as the monolayer is loaded with sufficient quantity of particle, that 
is, moderate-to-high particle surface coverage. The storage modulus increases with 
(i) increase in aspect ratio and (ii) increase in surface coverage of particles at the 
interface, as shown in Fig. 14.8a, b, respectively. The higher-storage modulus is 
argued to be due to particle-shaped induced capillary attraction between ellipsoids at 
the interface. The monolayer of higher aspect ratio ellipsoids (at a particular surface 
coverage) and higher surface coverage (at a particular aspect ratio) is found to have 
higher-storage modulus indicating that the interface is more elastic. At low strain, the 
surface storage modulus is found to remain constant. Thereafter, the surface storage 
modulus is observed to decrease monotonically as the applied strain is increased. The 
surface loss modulus is found to show a slight increment (bump) on the intermediate 
strain amplitude prior to continues to decrease at higher strain. This slight increment 
in surface loss modulus is an indication of breakup of the aggregated network of the 
ellipsoids formed at the fluid–fluid interface. The storage and loss modulus measured 
by frequency sweep tests are found to be independent of frequency, indicating that the 
monolayer of ellipsoids at fluid–fluid interface behave as two-dimensional colloidal 
gels [2].
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Fig. 14.8 The surface storage modulus and surface loss modulus of monolayers of hematite ellip-
soids measured by strain sweep tests: a effect of aspect ratio investigated by spreading ellipsoids of 
AR = 2.8 and AR = 4.6 at decane–water interface at a surface coverage of 0.7 b effect of surface 
coverage studied by spreading ellipsoids of AR = 4.3 at 0.48 and 0.90 surface coverage. The figures 
are reproduced with permission from the Royal Society of Chemistry [2] 

14.8 Emulsion Stabilization Using Anisotropic Iron Oxide 
Particles 

The emulsions are a mixture of two immiscible liquids in which one phase exists 
as a droplet and the other as a continuous medium. Surface-active emulsifiers such 
as surfactants, polymers, polyelectrolytes, solid particles, biological material, or a 
combination of these adsorb at the interface and help the droplet to remain stable 
against coalescence [1, 51, 56, 57]. Emulsions stabilized by colloidal scale particles, 
known as Pickering emulsions, are known to be highly stable compared to emulsions 
stabilized by smaller molecules such as surfactants, polymers, or polyelectrolytes. 
The emulsions can be broadly classified as single, double, and multiple. There are 
two types of single emulsion, oil-in-water (o/w) and water-in-oil (w/o), which form 
depending on the wettability of the colloidal particles. The use of hydrophilic particles 
(θ < 90°) for emulsification facilitates the formation of oil-in-water (o/w), and when 
the particles are hydrophobic (θ > 90°), the resulting emulsions are of water-in-oil 
(w/o) type. The hematite nanoellipsoids [1, 2, 39, 58, 59], micro-ellipsoids [1], cube 
[58, 60], peanut [12, 58, 60], spherocylinder [58], have been shown to form highly 
stable o/w emulsions due to partially hydrophilic nature. The hematite particles of 
different shapes have been successfully used (i) to stabilize Pickering emulsions, 
(ii) demonstrate the influence of pH and salt on emulsification, (iii) pH induced 
destabilization of emulsions, and (iv) effect emulsion phase inversion. 

14.8.1 Role of Aspect Ratio of Ellipsoids 

The emulsification experiments carried out by manually mixing 1 wt% aqueous 
suspensions of hematite ellipsoids of different aspect ratios ranging from 1 to 6 and an
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Fig. 14.9 The visual appearance of the vials after manual mixing of aqueous dispersions of hematite 
ellipsoids (1 wt% concentration) and decane, taken in equal volume. The aspect ratio (AR) of the 
particles in the aqueous dispersion is varied systematically. The approximate AR of the particles in 
the aqueous dispersion used (inscribed on the top of each vial) corresponds to 1.0, 2.8 ± 0.7, 3.6 
± 0.8, AR = 4.6 ± 0.9, 5.3 ± 0.8, and 6 ± 1. An optical microscopy of the oil-in-water emulsions 
stabilized by ellipsoids of AR = 5.3 ± 0.8 is also shown. The figure is reproduced with permission 
from the Royal Society of Chemistry [2] 

equal volume of decane carried out for a duration of 1 min produced the results shown 
in Fig. 14.9. It is evident from the image of the vials that the dispersions of small 
aspect ratio ellipsoids and spheres and the oil phase completely phase-separate soon 
after the mixing process giving rise to an aqueous dispersion of hematite particles 
at the bottom and a clear oil phase at the top. However, with dispersions of higher 
aspect ratio ellipsoids, the mixing process resulted in the formation of clear water at 
the bottom of the vial and an emulsified oil that creams to the top. The microscopy 
image in Fig. 14.9 shows the microstructure of the emulsion when the aspect ratio 
of particles in the aqueous dispersion is 5.3. These results demonstrate the role of 
particle shape and the existence of a critical aspect ratio (4.6) beyond which Pickering 
emulsion can be formulated. These emulsions are found to be stabilized by a close 
packed monolayer of ellipsoids which prevent the coalescence of the drops and 
are found to exhibit exceptional stability. The formation as well as the stability of 
emulsions is attributed to shape induced capillary attraction that leads to interfaces 
with exceptional surface rheological properties [2]. 

14.8.2 Emulsions Stabilized by Cubes and Peanuts 

The influence of average side length of the hematite cubes and particle concentration 
on the formation of Pickering emulsions is presented in Fig. 14.10a, b. The concen-
tration of hematite cubes of average side length d = 0.85 is varied from 0.4 to 6.0 
wt% and that of hematite cubes of average side length d = 2.64 is varied from 2.0
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to 6.0 wt%. As visibly evident, the reddish-brown phase at the top consists of oil 
drops that cream to the top due to lower density. These oil-in-water emulsions are 
formed due to the adsorption of cubes on the surface of the drops generated during 
emulsification. It is evident from the image of the vials that very large millimeter 
sized drops are formed at low particle concentration and drops of smallest size are 
formed at the highest concentration. That is, the size of the emulsion drop is found 
to decrease with increase in particle concentration, irrespective of size of the cubes. 
The surface of the emulsion drops is found to be covered with monolayer of cubes 
with an average surface coverage up to 0.9. As shown in Fig. 14.10c, the volume of 
the emulsion phase as well as size and number of drops in the emulsions continue to 
remain the same even after the application of an external magnetic field of strength 
1.33 T. However, the particles in the aqueous phase at the bottom, that is, those that 
did not adsorb to the oil–water interface during emulsification respond to the applied 
magnetic field and get attracted. Therefore, along with excellent storage stability, 
Pickering emulsions also exhibit excellent stability against applied magnetic field. 
However, the stability and surface coverage of particles on the drop surface can be 
tuned by the addition of a small quantity of acid or base as hematite particles respond 
to changes in pH [58].

The use of peanut shape iron oxide particles for emulsion stabilization [60] and 
the effect of pH and electrolyte concentration on their microstructure and stability 
has been elucidated [12]. It is shown that the surface charge of the particle, which can 
be modulated either by changing pH or the addition of electrolyte, is an important 
factor that dictate the formation and stability of emulsions. 

14.8.3 Emulsion Phase Inversion 

The conversion of an emulsion from one type to the other, for example, oil-in-water 
to water-in-oil or vice-versa is termed as emulsion phase inversion. The emulsion 
phase inversion is an effective strategy for the separation or removal of materials 
dispersed or dissolved in either oil or water. The manipulation of the wettability 
of the particles used to stabilize emulsions is a versatile strategy to achieve phase 
inversion of Pickering emulsions. 

The phase inversion of emulsion stabilized by hematite ellipsoids has been demon-
strated by in-situ modification of wettability of hematite particles by oleic acid [1]. 
The pristine hematite micro or nano size are hydrophilic and forms stable oil-in-water 
emulsion [1, 2, 12, 39, 58, 59, 61]. The reddish phase at the top of the vial (Fig. 14.11a) 
when observed under an optical microscope is found to consist of spherical drops 
which is shown in Fig. 14.11b. The surface of the emulsion is fully covered with 
ellipsoids, that is, the particles are closely packed and are mostly arranged in a side-
to-side manner as shown in Fig. 14.11c. This close-packed monolayer of ellipsoids 
around the drop surface imparts higher stability to the Pickering emulsions. When
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Fig. 14.10 Pickering emulsions stabilized by hematite cubes of average side length a d = 0.85 μm 
and b d = 2.64 μm prepared from equal volume mixture of aqueous dispersion and decane (2 ml 
each). The image of the vials in a and b demonstrate the effect of particle concentration. The 
effect of applied magnetic field to the Pickering emulsions is shown in the vials in c for cubes of 
d = 2.64 μm (left image) and d = 0.85 μm (right image). The concentration of particles in the 
aqueous dispersions used to prepare the emulsions is mentioned at the top of each vial. The figure 
is reproduced with permission from the American Chemical Society [60]

sufficient quantity of oleic acid is added to the oil-in-water emulsions stabilized by 
hematite particles and the contents of the vial is homogenized again, the emulsion 
is observed to change from oil-in-water to water-in-oil type. The drops are found to 
settle at the bottom as seen in vial in Fig. 14.11d as a consequence of higher density 
and large size. A drop test is used to identify that the emulsions are indeed of water-
in-oil type. The oleic acid added to the emulsion phase adsorbed on the surface of 
the hematite particles during the re-homogenization step leading to the change in the 
wettability of the hematite particles changes from hydrophilic to hydrophobic. This 
is further confirmed by contact angle measurements. The contact angle of water drop 
on the substrate coated with unmodified ellipsoids immersed in decane is measured 
to be θ = 16 ± 2 °C. However, when 10 mM oleic acid is added, the contact angle 
of water drop on the substrate coated with oleic acid modified ellipsoids increased 
sharply to θ = 167 ± 2 °C. The side view of the water drops used to measure the 
contact angles are also shown in Fig. 14.11. Therefore, oleic acid can be used for
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Fig. 14.11 The appearance (a), microstructure (b), and arrangement of particles on the surface of 
oil drops c in the oil-in-water emulsions stabilized by micro-ellipsoids. After the addition of 10 mM 
oleic acid and re-homogenisation, a phase inversion from oil-in-water to water-in-oil is observed. 
The appearance, microstructure, and arrangement of particles on the surface of water drops in the 
water-in-oil emulsions is shown respectively in (d, e and f). The side view of the water drops on 
a glass substrate coated with pristine micro-ellipsoids and oleic acid modified ellipsoids immersed 
in decane which are used to assess the wettability of particles are also presented. The scale bar in 
b and e is 1 mm and c and f is 10 μm. The figure is reproduced with permission from the American 
Chemical Society [1] 

in-situ surface modification of hematite particles and effect emulsion phase inver-
sion. The microscopy image of the drops and the arrangement of oleic acid modified 
ellipsoids on the surface of emulsion drops is shown respectively in Fig. 14.11e, f. 
Similar to the case of unmodified ellipsoid stabilized oil drops, the surface of water 
drops shown in Fig. 14.11f is completely covered with oleic acid-modified ellipsoids. 
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Chapter 15 
Role of Magnetic Nanomaterials 
in Biotechnological Applications 
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and Alok Kumar Panda 

Abstract The advent of nanoscience is considered bringing out the next break-
through in medicine and biotechnology. For the past few decades, many research 
groups throughout the world are involved in synthesizing novel nanomaterial for 
several biotechnological applications. In the current chapter, the different types of 
magnetic nanoparticles along with their properties are discussed. Consequently, the 
different physical and chemical methods adopted for the synthesis of magnetic 
nanoparticles have been discussed. The applications of magnetic nanoparticles in 
biotechnology have been discussed in breadth. Firstly, the role of magnetic nanopar-
ticles in magnetic resonance and sentinel lymph node imaging has been discussed. 
Thereafter, magnetically triggered drug release and utilization of magnetic nanopar-
ticles in cryopreservation has been elaborated. Finally, the role of MNPs in bacterial 
sequestration and in cancer diagnosis and therapy has been outlined. 

Keywords Magnetic nanoparticles · Biotechnology · Cancer · Imaging ·
Biosensing · Proteins · DNA 

15.1 Introduction 

Since the ninth century or a very long time ago, when Mesopotamian artisans used 
nanoparticles to create a dazzling effect on the surface of pots, there has been a 
strong scientific interest in the study of nanoparticles (NPs), which are currently the 
subject of much The Greek word from which “nano” is derived means “dwarf” [1]. 
Small particles with a magnetic and Ferromagnetic (FM) structure are referred to
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as Magnetic Nanoparticles (MNPs) in popular usage [2]. According to the Inter-
national Organization for Standardization (ISO), a nanoparticle is a “nano-object 
with all three exterior dimensions in the nanoscale,” where the nanoscale is defined 
as lengths between 1 and 100 nm [3]. Due to their particular qualities, such as 
their huge surface areas and quantum size effects, nanoparticles are thought of as a 
different form of matter. Additionally, it represents a fascinating compound that is 
present in a variety of living things and has a wide range of bio applications. These 
innovative, easily manufactured nanoparticles have various biomedical uses among 
all the many types of nanoparticles. Magnetic fields can control magnetic nanopar-
ticles that contain magnetic elements including chromium, iron, cobalt, gadolinium, 
manganese, and nickel as well as their chemical components such oxides, ferrites, 
and alloys. Magnetic nanoparticles’ physical and chemical properties are strongly 
influenced by their crystalline structures, sizes, shapes, and chemical composition. 
In addition to the features that all nanomaterials share, such as a low Curie tempera-
ture, a high magnetic susceptibility, and superparamagnetic, magnetic nanoparticles 
have special magnetic properties [4]. The highest priority for nanoparticles is in 
medicine, pharmaceuticals, or diagnostics for medication delivery. MNP research 
has gained a lot of attention in recent years, both technologically and from a funda-
mental science perspective. Researchers from the fields of chemistry, physics, and 
biology have all demonstrated a similar interest in synthesizing, understanding, and 
advancing a variety of applications in the field of MNPs. Over the past 10 years, 
a lot of research has been conducted in this field due to the potential biological 
applications of nanosized magnetic particles, such as enhancing magnetic resonance 
imaging (MRI) quality, hyperthermic cancer cell therapy, site-specific medication 
delivery, and modifying cell membranes [5]. The right processes, including precipi-
tation, co-precipitation, thermal breakdown, hydrothermal synthesis, microemulsion 
synthesis, and plant-mediated synthesis, have been created to manage the size and 
shape of iron oxide magnetic nanoparticles, which influence their importance. The 
goal of this chapter is to summarize the extensive progress in various biotechnolog-
ical fields that have been made by different parameters and we can use in different 
fields, also. so that the reader can use the chapter as a reference if necessary. 

15.1.1 History of Magnetic NPs 

MNPs have long been a topic of discussion. The Nobel Prize winner Louis Neel’s 
1949 work on geomagnetism is credited with providing the first insights into the 
unconventional magnetic behavior of very small magnetic particles. At the time, 
the nanoparticles were called “fine grains,” which indicates magnetic information 
storage, or other modern applications of such nanoparticles and no one thought about 
the nanotechnology applications and also anticipated the biomedical. Neel discovered 
in 1947 that Fe grains with a diameter of < 32 nm are single domain particles. The 
coercivity of these grains was very high. In 1949, L. Neel proposed foundational 
research on the magnetism of single-domain grains 2 years later [6], which provides
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a quantitative explanation for several geomagnetism experiments’ results. In contrast 
to the thermal remanence that igneous rocks (solidified lava) can develop in the 
Earth’s magnetic field at room temperature, some researchers found that igneous 
rocks possessed a thermal remanence that was substantially stronger. Furthermore, 
they learned that rocks heated by the Earth’s magnetic field become magnetized in 
the direction of the field. By tracing the magnetization of rocks, it is possible to infer 
that the Earth’s magnetic field had reversed direction numerous times in the past. 
The research was also used to date ceramics using pottery (“Terres cuites” in Neel’s 
article). Therefore, the original driving forces behind the research of MNPs were 
geological and cultural heritage dating, very dissimilar from current topics of interest, 
which are primarily in biomedicine [7], Neel discovered that under a certain single-
domain radius, RSD (he determines RSD16nm for Fe), the single-domain magnetic 
structure is no longer stable and the magnetization reverses spontaneously in a period 
known as “relaxation time,” giving rise to the “superparamagnetic” behavior. This 
relaxation period’s equation as a function of applied field and temperature was given 
by Brown [8] investigated this further, and as a result, the Neel–Brown legislation is 
currently employed in modern MNP applications [9]. 

15.1.2 Different Types of MNPs 

One type of nanoparticle (NP) known as a Magnetic Nanoparticle (MNP) exhibits 
certain reactions when a magnetic field is applied. It has a large explicit surface 
area, small molecular size, magnetic responsiveness, and superparamagnetic [10]. 
In general, MNPs can be selectively connected to functional molecules and permit 
transportation to a particular location under an external magnetic field [11]. Magnetic 
nanoparticles are made up of chemically bound nano-forms of magnetic elements 
like iron, gadolinium, cobalt, nickel, manganese, and chromium. For its nanoscale 
size, it is superparamagnetic, offering significant potential for a variety of uses. A 
particularly specific interaction known as magnetism undergoes significant alter-
ations at the nanoscale level [12]. There are several types of magnetic nanoparticles, 
however, the most significant ones are listed below: 

i. Oxides: Ferrite 

The magnetic nanoparticles that have been studied the most up to this point are ferrite 
nanoparticles. Because they are superparamagnetic when ferrite nanoparticles are 
smaller than 128 nm, they don’t have the capacity for self-aggregated [13]. Only 
when an external magnetic field is present do they exhibit magnetic behavior. The 
remanence equals zero when the external magnetic field is removed once more. 
Similar to non-magnetic oxide nanoparticles, ferrite nanoparticles frequently have 
surfactants, silicones, or derivatives of phosphoric acid added to their surfaces to 
promote their stability in solutions.
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ii. Metallic with a shell 

By using surfactants, polymers, precious metals, and moderate oxidation, magnetic 
nanoparticles’ metallic cores can become passive. These Co core, Co O shell, and 
gold outer shell nanoparticles have recently been studied for their production and 
exchange bias effects. When exposed to oxygen, Co nanoparticles develop an anti-
ferromagnetic Co O layer on their surface. Recently, graphene was utilized to make 
nanoparticles with a magnetic core made of either elementary iron or cobalt and a 
nonreactive shell. The following advantages over ferrite or elemental nanoparticles: 
A greater level of organic solvents as well as stability in basic and acidic solutions. 

15.2 Properties of Magnetic Nanoparticles 

Magnetic nanoparticles’ physical and chemical properties are significantly influenced 
by the synthesis method and chemical composition. The particles typically have a 
size between 1 and 100 nm and may exhibit super par magnetism. 

15.2.1 Surface Properties and Charge 

Veiseh et al. hypothesized that proteins will absorb charged MNPs, removing them 
from circulation [14]. Strong negative MNPs in particular cause an increase in liver 
uptake, while positive MNPs also bind to non-specific cells. The basic principles of 
electrophoresis—the movement of dispersed colloids with a fluid—are established 
when an external electric field is applied, since these produces an electric potential 
distribution. For the synthesis and utilization of nanoparticles, Duran et al. provide 
examples, such as coating and medication loading. 

15.2.2 Size Dependent 

Magnetic nanoparticles exhibit a wide range of distinctive magnetic phenomena, as 
opposed to their bulk counterparts. Their variations in size, shape, and composition 
have an impact on fundamental magnetic properties, such as coactivity (Hc) and 
susceptibility. Each nanoparticle transforms into a single magnetic domain when 
its size falls below a crucial value (Dc), and when the temperature rises over the 
blocking temperature, it exhibits super paramagnetic activity (Tb). These specific 
nanoparticles respond swiftly to applied magnetic fields and behave like enormous 
paramagnetic atoms with hardly any remanence (residual magnetism) and coac-
tivity (the field required to bring the magnetization to zero). Due to their properties, 
superparamagnetic nanoparticles are extremely sought-after for MR contrast agents.
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15.2.3 Composition, Shape, and Size 

We have covered the compositional aspect of MNPs in this paragraph. The three 
most common types of magnetic Nanoparticles (NPs) at the moment are metal, 
metal alloy, and metal oxide. The most common NPs are iron, cobalt, nickel, silver, 
gold [15], and silver. Ferrites (CoFe2O4 and Mn0.6Zn0.4Fe2O4) and iron oxides 
(–Fe2O3 and Fe3O4) make up the majority of metal oxide NPs, while other metal alloy 
NPs include FeCo, FePt, and other elements. Similar to MNPs, there are numerous 
varieties accessible today. Although the most typical ones are Fe oxides and still Fe 
with a somewhat consistent composition, numerous others can be used for certain 
applications. Currently, ferrites with rare earth (RE) metals and additional elements 
like Zn, Ni, Co, etc. are intended for biomedical applications. Pure metal particles 
are receiving a lot of attention because of the huge magnetism that pure FeCo alloy 
particles and Fe can achieve. For use in permanent magnets or storage media tech-
nologies, some materials, such as FePt, aspire to have a very significant magnetic 
uniaxial anisotropy. Normally, RE alloys like Sm–Co or Nd–Fe–B are used to make 
permanent magnets, but recent efforts to make magnets without RE have prompted 
the development of MNPs made of Co carbides and Fe with incredibly low iron and 
extremely high anisotropy [16]. 

Size: The method used to determine the particle size affects the parameter, which is 
not a fixed value. The following diameters or similar radii are at least distinguishable.

• Visual radius: The radius of the physical particle can be seen via transmission 
electron microscopy (TEM) and atomic force microscopy.

• Diffraction radius: The coherent diffracting portion of the particle has a radius of 
this size. Single crystal particles may have a chaotic surface layer that is visible 
in TEM but does not affect diffraction. 

Magnetic radius: The particle’s sensitivity to magnetic fields is dependent on the 
effective radius of its magnetic core. Because the surface atoms have fewer neigh-
bors and hence experience less exchange and anisotropy interactions, the magnetic 
behavior changes even in well-ordered particles. This is important in the context of 
the superparamagnetic. 

15.2.4 Particle Shape 

It is impossible to find real spherical particles since crystals are crystalline and have 
preferred crystallographic planes at their surfaces. The precursor type and concen-
tration can be modified, as well as the inclusion of contaminants while synthesizing 
in an organic medium. The formation of the particle is kinetically controlled at 
high precursor concentrations, changing the particle’s shape to cubic or tetrahedral. 
Nanocapsules and iron oxide nanorods/nanorices with rod-like structures have poten-
tial applications in the field of biomedicine. Original methods can also be used to 
create octopuses, flowers, and other strange things [17].



294 S. Mohapatra et al.

15.3 Different Synthesis Methods 

There are two primary ways to create MNPs, and they are as follows: phys-
ical methods and chemical approaches. The most popular techniques include wire 
explosion, ball milling/mechanical process, laser evaporation, and EEW. 

15.3.1 Physical Methods 

The physical procedures are employed by both top-down and bottom-up approaches. 
The bottom-up strategy can result in evenly distributed, fine nanoscaled minuscule 
particles as opposed to the top-down strategy. The prime example of a bottom-up 
method is laser evaporation [18]. By using a top-down approach, high-intensity ball 
milling is used to break down bulk materials into nanoparticle sizes. The mechanical 
crushing of NPs to obtain the desired form and size is difficult [19]. MNPs are also 
produced physically utilizing a variety of methods, such as the inert-gas condensation 
method and the wire explosion method. 

15.3.1.1 Ball Milling or Mechanical Method 

A top-down method of creating MNPs from bulk material is through ball milling. 
The mechanical grinding of particles with a coarse texture into particles with a fine 
texture is an easy and practical technique [20, 21]. This technique was initially created 
in 1970 [22]. Steel balls continuously colliding with solid materials impart kinetic 
energy to the solids, resulting in a powder that is nano- or micron-sized. The key 
variables influencing the creation of nano/micro size crystals are the ball to powder 
ratio, ball size, vibration speed, and milling time. The primary drawback of this 
procedure is product contamination [23]. 

15.3.1.2 Laser Evaporation of MNPs 

A bottom-up method called laser evaporation creates nanoparticles by condensation 
from a liquid or gaseous phase. A quick method for producing MNPs is laser evapo-
ration, which is also known as laser ablation. This method can also be used to create 
iron oxide MNPs. Choosing coarse-textured raw materials (in the m or mm size 
ranges) and evaporating them through the focus of a laser beam are required steps 
in this process. The quick condensing and gas phase nucleation of the material’s 
vapors after cooling results in the formation of nanoparticles. This procedure is less 
expensive and more efficient than wet chemistry methods, which create hazardous 
waste and need expensive chemicals [24].
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15.3.1.3 Wire Explosion Technique 

The wire explosion approach, a novel physiochemical technology, allows for the safe 
and clean synthesis of MNPs. There is no need for any extra procedures, such as by-
product retreatment or NP separation from solution, in this very effective one-step 
approach. This technique was previously used to make iron oxide MNPs to remove 
arsenic from water [25]. To create fewer polluted nano powders, it is environmentally 
friendly and uses little energy [26]. It is not possible to manufacture monodispersed 
NPs using this approach [27]. 

15.3.1.4 Electrical Explosion of Wires Method (EEW) 

Creating metal nanoparticles with this technique is unusual. It was created by 
Professor Yuri Kotov [28, 29] and is based on the metal wire evaporating when 
subjected to a strong electric current pulse. The wire, which has a diameter of 0.1– 
0.5 mm, overheats to 104 K in a matter of milliseconds when exposed to a 5 kV 
voltage. Before cooling and solidifying into spherical metal nanoparticles, the metal 
rapidly evaporates, and the vapors disperse in the inert gas. As with an electrical 
fuse, the fundamental operating principle is the same (Fig. 15.1). 

The following are the key characteristics and technological benefits of the EEW. 
The metal wire can only be used if it is initially pure. It serves as a limiting factor 

in the production of precise spherical metal particles with high purity. Crucible, 
milling, ball, or jar, contamination is not a possibility. It is possible to synthesize 
carbides, metal oxides, nitrides, etc. by changing the gas environment (O2, N2, etc.). 
The wire diameter and applied pulse energy, length, gas pressure, and flow rate are 
simple-to-tune variables that affect particle size. The average particle sizes are in the 
10–100 nm range.

Fig. 15.1 Schematic 
representation fabrication of 
the iron oxide nanoparticles. 
Adapted with permission 
from AIP Publishing [30] 
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By synchronizing the supply and evaporation of the wire, a continuous pulsed 
system can be established in manufacturing. Because the high voltage is only applied 
briefly per microsecond, there is very little energy use. Since no waste is produced, 
the process is environmentally friendly. 

Depending on the type of metal and the desired attributes of the finished product. 
The production rate of a single EEW device is considerable (100–500 g/h). The 
EEW’s simple method for surface modification of nanoparticles—either during 
manufacture, as in the case of I.V., or afterward, when the particles are dropped into 
a reactive liquid—is arguably its most intriguing aspect [30]. The MNPs in EEW 
can be modified in situ using both simple liquids and solutions, and the process is 
adaptable. The active metal surface becomes inert due to saturated hydrocarbons 
(hexane). 

15.3.2 Chemical Method of MNPs 

The various bottom-up strategies used in chemical synthesis are diverse. Below 
is a detailed explanation of some popular techniques for creating MNPs. There 
are as follows: Coprecipitation method, Thermal decomposition, Hydrothermal, 
Microemulsion, MNPs coating, and functionalization. 

15.3.2.1 Thermal Decomposition 

In this procedure, monodispersed NPs are produced at high temperatures using 
organometallic precursors. This approach results in MNPs with good crystallinity, 
regulated size, and clearly defined shape. To create MNPs with the necessary size and 
form, the organometallic precursors are degraded in the presence of organic surfac-
tants [31]. In the process of creating MNPs, stabilizing agents such as hexadecyl 
amine, fatty acids, and oleic acid are used. The stabilizing agents used in the break-
down process have the power to delay NP nucleation, which controls MNPS growth 
and helps produce the ideal size of < 30 nm and a spherical shape. This process 
purportedly resulted in the production of magnetically active iron composites and 
Fe3O4 nanocrystals [32]. Metal nanoparticles (NPs) are made by thermally dissolving 
the zero-valent metal precursor Fe(CO)5, while high-quality iron oxide MNPs can 
also be made via oxidation. However, if precursors degrade in the presence of cationic 
metal centers, metal oxide nanoparticles can be produced instantly [31, 33]. This 
method has been recommended as one of the finest ways to make MNPs that are 
uniform and shape on a large scale [34]. The biomedical industry forbids the use 
of this process due to the risk of creating hazardous organic-soluble solvents [35]. 
When producing magnetic particles of lower sizes, coprecipitation is less efficient 
than thermal composition.
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15.3.2.2 Coprecipitation 

The most popular technique for creating MNPs with regulated size and magnetic 
characteristics is coprecipitation (Fig. 15.2). It is frequently used in biomedical appli-
cations and involves the use of less toxic materials and techniques. When we require 
a lot of nanocrystals, the coprecipitation method of making MNPs is very practical 
and simple. This process is frequently used to create NPs with regulated sizes and 
desirable magnetic characteristics. 

To create MNPs, various metal ions are dissolved in a solvent. By employing 
ferric chloride, manganese ferrite (MnFe2O4) NPs were created (FeCl3). During the 
coprecipitation process, several factors, including metal ions, pH, their concentra-
tions, reaction temperature, salt type, and particle size and shape, can have an impact 
on the composition of MNPs. A quick and easy way to make uniformly dispersed NPs 
of tiny size is through the coprecipitation of MNPs. It can occasionally be difficult to 
regulate the shape of MNPs via coprecipitation, even though this method is chosen 
for its simplicity of application combined with sodium hydroxide (NaOH) salts and 
manganese (II) chloride (MnCl2) as well as the metal ions or the precipitant.

Fig. 15.2 Using the co-precipitation method, the above figure steps to synthesize ferrite nanopar-
ticles: a solution of NaOH and chloride precursors, b stirring at 80–85 °C for 1 h, c precipitation, 
d precipitates after washing, e drying at 80 °C, f sintering at 1100 °C, and g ground final product. 
Adapted with permission from Wiley [36] 
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Fig. 15.3 Illustration of (NiFe2O4/Fe2O3) nanocomposite synthesis via hydrothermal method: 
a addition of Fe(NO3)3·9H2O and  Ni(NO3)2·6H2O precursors, b magnetic stirring during the 
addition of NaOH(1 M) until to pH 12, c autoclave the mixture for 20 h at 180 °C, d filtration, 
e drying at 100 °C, and f annealed in the air for 2 h at 400–800 °C and pulverized to get the final 
product. Adapted with permission from Wiley [36] 

15.3.2.3 Hydrothermal 

Utilizing high pressure and temperature, this technique is utilized to create NPs in 
an aqueous solution (Fig. 15.3). 

One of the successful solution reaction-based methods for producing MNPs at 
high pressure and temperature is hydrothermal synthesis, also known as solvothermal 
synthesis. MNPs are produced by the hydrothermal method via an oxidation and 
hydrolysis reaction [37]. You can make more NPs by contrasting this method with 
the microemulsion method. However, due to the high heat and pressure involved 
in this process, it must be carried out carefully and with specialized equipment. 
Comparatively, the hydrothermal process is preferred to others, such as sol–gel, 
since it results in NPs with the right size, shape, high crystallinity, and constant 
composition [38]. 

15.3.2.4 Microemulsion 

To produce turbid systems of hydrophilic and lipophilic phases in surfactants, 
microemulsions and occasionally co-surfactants are utilized. This transparent,
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isotropic system of water, oil, and amphiphile exists. This procedure involves mixing 
oil with a surfactant while stirring water magnetically at room temperature. Three 
types of emulsions exist microemulsions in which the ratios of the two components 
are roughly equal, oil in water (O/W), which is the aqueous phase with some oil 
droplets, water in oil (W/O), which is oil as the dominant phase with some water 
droplets. For instance, a surfactant coated with the droplets of water in an organic 
solvent in a microemulsion of the w/o type reduces the size of the MNPs [39, 40]. 
A w/o kind of microemulsion, which required using two microdroplets—one with 
a precipitating agent and another with a metal percussor which was used to make 
certain iron oxide MNPs [41]. MNPS was created using a silica coating and then 
changed with amino after this process, which was beneficial for separating tumor 
cells. By using microemulsion, small amounts of uniformly dispersed MNPs were 
produced. 

15.3.2.5 MNPs Functionalization and Coating 

MNPs are routinely coated with non-magnetic or magnetic materials to make them 
chemically stable and colloidal (ii) alter the magnetic properties of the MNPs; or 
(iii) give a different surface. One of the most popular types of coating materials 
is inorganic, such as silica (SiO2), gold, or gadolinium. Another frequent option 
is non-polymer organic stabilizers such as oleic acid, stearic acid, phosphates, etc. 
Dextran, polyethylene glycol, polyvinyl alcohol, and others are common polymer 
stabilizers. In this case, the MNPs are fixed, which may not be appropriate for all 
applications. The MNPs are commonly covered in organic compounds during chem-
ical synthesis. These organic coatings are very simple to create and may be applied on 
MNP surfaces physically or chemically to create a uniform single-particle covering 
with variable characteristics. Over the past few years, the surfaces of MNPs have 
been modified with biocompatible materials such as PEG, carbon, or gold for their 
prospective use in a range of applications, including the treatment of cancer [42]. It 
is quite simple to create these organic coatings, which can be applied physically or as 
already mentioned, by coating the MNPs with specific targeting ligands, therapeutic 
drugs, or contrast agents that can be employed to functionalize them. By doing so, 
it is possible to address some of the MNPs’ most prevalent drawbacks, such as no 
specificity and a lack of biocompatibility, while simultaneously giving the MNPs 
new potential for multifunctional applications. In the context of biological appli-
cations, the functionalization of MNPs has drawn a lot of scientific attention. The 
functionalization of MNPs in biological applications has received a lot of scientific 
attention. For instance, chemotherapy drug molecules (such as doxorubicin) can be 
attached to the surface of MNPs, revolving them into magnetic drug carriers that can 
deliver a large dose of the drug to the tumor area and release the drug in a localized 
manner, reducing the toxicity of the drug to the rest of the body [43].
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15.4 Characterization Methods of MNPS 

To evaluate their physicochemical and magnetic properties, the MNPs are described 
using a variety of tools. Different physicochemical and magnetic properties can be 
demonstrated by varying the size of NPs. The following tools are used for character-
ization: Scanning Electron Microscopy (SEM), UV Spectrophotometer, Transmis-
sion Electron Microscopy (TEM), Mossbauer Spectroscopy (MS), Energy Dispersive 
X-ray Diffraction (EDXD), Atomic Force Microscopy (AFM), Fourier Transform 
Infrared (FT-IR) Spectroscopy [44]. We can utilize more and more of the instru-
ments listed above to study the structure and magnetic characteristics of magnetic 
nanoparticles. 

15.4.1 Surface and Size Morphology 

Depending on modifications in size and form, MNPs’ physicochemical properties can 
change. Surface area, size, and particle dispersion are calculated using the Brunauer– 
Emmet–Teller (BET) and Dynamic Light Scattering (DLS) methods. While it is 
possible to analyze the surface morphology of MNPs using techniques like SEM/ 
FESEM, TEM/HRTEM, and AFM. We can quantify their diameter by using these 
tools to get pictures of them that give us a basic idea of their size and shape. 
Step height, surface roughness, and particle distribution location are used by the 
AFM technique. Using TEM, it is possible to learn about the size, composition, and 
morphology of NPs. SEM, on the other hand, offers details regarding the composi-
tion and surface topography of the materials. Size estimation is possible using field-
emission SEM (FESEM), high-resolution TEM (HRTEM), and XRD methods. Using 
TEM, it is possible to identify NP aggregation state, crystallinity, lattice spacing, 
and electron phase shift [45, 46]. Use XRD to determine the crystallinity of NPs. 
The distribution and average size of the particles can be determined using methods 
including Mossbauer spectroscopy, DLS, and photon correlation spectroscopy. 

15.4.2 Characterization of the Magnetic Properties 

MNPs can be measured for magnetization and susceptibility. Magnetometers that 
use vibrating samples are ideal for this. SQUID magnetometry is needed when the 
sample quantity is extremely small. Hysteresis loops and other DC magnetization 
experiments provide values for spontaneous magnetization, remanence, and coer-
civity. The size distributions of the particles in SPM particles can be described by 
fits to the lognormal distribution of the Langevin function distributions [47]. The 
irreversibility temperatures and Zero-field Cooling-Field Cooling (ZFC–FC) curves 
of M(T) display blocking which offers additional insights into particle distribution
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and interactions. The AC susceptibility, which scans the field’s frequency and can 
track the blocking temperatures as a function of frequency throughout a broad range, 
is another characteristic of the Neel and Brown relaxation processes. 1 Hz to 1 MHz 
can be easily covered by common equipment. 

Sometimes, it’s challenging to distinguish between distinct magnetic phases with 
conventional techniques, and Mossbauer spectroscopy is a crucial tool for separating 
them. The method can also provide light on the superparamagnetic behavior since 
the collapse of the hyperfine field affects the blocking temperature. The interaction 
between absorber nuclei and gamma rays which is the origin of the Mossbauer effect 
has a comparable frequency of about 60 MHz, which is significantly faster than the 
much slower direct magnetization or susceptibility measurements described above. 
The heating efficiency of the MNPs is assessed using a physical metric called the 
Specific Absorption Rate (SAR). Thermal energy is shown as a unit. The MNPs 
release mass and time as magnetization switching processes take place in alternating 
magnetic fields. Serving as the SAR unit is W/g. 

In the field of hyperthermia, the SAR parameter has been widely used to assess 
magnetic particle heating potential and to determine the upper and lower exposure 
limits for the frequency and field strength of the applied magnetic fields. The most 
important benefit of laboratory-made equipment is that it is designed and constructed 
with consideration of the requirements of the various experiments required by 
the research. Some equipment uses one of two measuring techniques: In some 
circumstances, a nonmagnetic, nonconducting thermometer records the tempera-
ture increase that occurs when the alternating field is applied. Other technologies get 
the SAR from the loop area via the high-frequency recording of the full hysteresis 
loop (100 kHz to 1 MHz). 

15.5 Applications in Biotechnology 

15.5.1 Magnetic Resonance Imaging 

Over the past few decades, research in the fields of medicine and biology has been 
significantly influenced by nanoscience and nanotechnology. Nanoparticles have 
some unique qualities, such as a high surface-to-volume ratio, quantum properties, 
and the capability to transport other substances because of their small size. For many 
medical applications, these qualities make them appealing [48]. 

MRI or Magnetic Resonance Imaging is a technique that is frequently used for 
the diagnosis of cancer [49, 50]. Magnetic resonance imaging (MRI) creates images 
of tissues using the magnetic properties of protons rather than ionizing radiation 
[51]. This is a noninvasive imaging technique and this creates three-dimensional 
anatomical images which are useful for the early detection, diagnosis, and follow-up 
of diseases. Proton dipoles, typically derived from water molecules, are normally 
positioned within tissue and exhibit a magnetic response in MRIs at the moment
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of investigation. There are some examples of Paramagnetic and super-paramagnetic 
materials like europium (Eu), gadolinium (Gd), manganese, and neodymium (Nd) 
as examples of paramagnetic materials and those containing iron oxide in the shape 
of magnetite (Fe3O4) and/or g-Fe2O3 are examples of super-paramagnetic materials. 
Iron oxide-based MNPs were used for molecular imaging as they induce a more effec-
tive contrast. A powerful and persistent external magnetic field aligns the magneti-
zation of the protons and results in equilibrium magnetization along the z-axis (Mz). 
The injection of such an exogenous radio frequency (RF) pulse disrupts the equilib-
rium magnetization. This pulse provides energy to protons by spinning their magnetic 
moments off the z-axis, in phase, and at the flip angle. While emitting RF energy, 
the protons undergo various relaxation processes to return to their resting alignment. 
The distribution of signal intensity levels is represented by grayscale images created 
using the Fourier transform of the measured RF signals after a predetermined amount 
of time. Protons randomly orient themselves under normal circumstances, producing 
no overall magnetic moment. After the MRI machine creates the magnetic field, the 
protons position themselves either parallel or antiparallel to the primary magnetic 
field. This process, known as longitudinal magnetizable, produces a total magnetic 
vector (M) which reflects in the direction of the main magnetic field. Gradient coils 
inserted into the main magnets change the direction of the magnetic field, allowing 
MRI to image along the x, z, or  y axes. Protons revolve around the primary magnetic 
field’s long axis in-phase and out-of-phase at a pace that is directly proportional to 
the magnetic field’s strength [52]. The net magnetizable vector then rotates 90° in 
the direction of the transverse plane as a result of radio frequency pulses used by 
doctors to excite protons into an energetic, in-phase condition. Protons finally return 
to their initial state of longitudinal out of phase and loosen up to their normal state 
via spin–lattice (T1) and spin–spin (T2) relaxation, respectively [53, 54]. Because of 
magnetic field inhomogeneities, protons de-phase significantly faster than T2, owing 
to T2 relaxation and these inhomogeneities [55]. Protons relax across the transverse 
plane to the longitudinal plane, causing changes in the net magnetic vector that are 
subsequently utilized to scan tissues. 

To improve the accuracy of MRIs, contrast agents are used. Based on their 
capacity to influence T1 images and also known as T2/T2* relaxation times [56, 
57]. T1 contrast agents change the water proton’s longitudinal (T1) relaxation times 
to produce a strong signal and increase the clarity of cells and image intensity. Agents 
with T2/T2* affect the transverse (T2/T2*) relaxation times. Dark negative signal 
intensities are produced by water protons in images. Although SPN-based contrast 
agents are also known to impact T1, their main outcome on T2* relaxation allows 
for the finding of hypo-intense regions on the acquired image [58]. Because their 
ability to change T2 and T2* settling time is proportional to their ability to alter the 
local magnetic field, SPN-based contrast agents with high magnetic vulnerability 
and relaxivity are preferred. 

SPNs have been used to identify and monitor individual cells, as well as to scan 
tissues and cell clusters [59]. A variety of non-specific SPN-based contrast agents 
are available for the application of general imaging [60]. These non-specific SPNs, 
however, are unable to aggregate successfully in limited microniches, including
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tumor regions. Tumor-specific delivery of SPNs can boost their accumulation in 
cancer locations and improve MRI resolution by connecting tumor-specific targeting 
molecules to the SPN outer shell. Conjugating anti-fetoprotein and anti-glypican anti-
bodies to the SPN shell, for example, can be utilized to target hepatocellular cancer 
precisely [62]. Future research into specialized contrast agents will improve the avail-
ability of MRI as a non-invasive and effective technology for imaging certain disor-
ders. Non-specific SPN-based contrast agents, on the other hand, have unquestionably 
revolutionized tissue imaging and diagnosis. 

15.5.2 Sentinel Lymph Node Imaging 

Sentinel node imaging using lymphoscintigraphy reveals the lymph flow path from 
the cancer location as well as the lymph nodes that are most near the tumor. The term 
“sentinel lymph nodes” refers to these lymph nodes. The body’s lymphatic system 
can better be visualized with the use of this nuclear medicine scan. In many ways, 
lymphatics are a complex network of tiny blood vessel-like structures, but instead of 
carrying blood, they carry a clear fluid called lymph. Numerous locations throughout 
the lymphatic pathways are home to lymph nodes. Lymphoscintigraphy depicts the 
lymphatics in numerous body regions and not only reveals their anatomical location 
and network structure but also their functionality. 

Lymph nodes (glands) are small bean-shaped structures that function as nodes 
to filter lymphatic fluid, removing waste items such as viruses, germs, and cancer 
cells. The humoral immune system’s antigen presentation and crucial processes in 
cell-to-cell contact also take place in lymph nodes. The first lymph node to collect 
drainage from particular tumor tissue is referred to as an SLN. There could be more 
than one SLN for a specific tumor in some circumstances. Since they are the location 
where the initial tumor has the most chance of spreading, SLNs are essential. There-
fore, the malignancy seen in neighboring lymph nodes or SLNs (local lymph nodes) 
and/or additional accompanying organs determines the stage and degree of spread 
for oncologists. The spread of cancer informs the creation of a suitable course of 
treatment. No cancerous cells present SLNs show no evidence of spread; however, 
it could also imply that cancer has a minimal capacity to spread through a patient. 
Staging cancer and estimating the extent of In a patient, metastasis are crucial since 
they are significant. determinants of survival and recurrence. As a result, the pres-
ence of cancer in SLNs or surrounding lymph nodes (regional lymph nodes) and/ 
or additionally linked organs aids oncologists in determining the stage and amount 
of cancer spread (metastasis) and informing the formulation of an effective treat-
ment strategy. The absence of cancer cells in SLNs implies that no dissemination 
has occurred and may also indicate that cancer in the patient has a poor metastatic 
ability. The draining Lymph Node (dLN) nearest to the cancer is identified, followed 
by lymphadenectomy for biopsy to check for the presence of cancer cells. Torchia 
and colleagues achieved detection of SLNs in sedated pigs using interstitial and 
intradermal injections of ultra-tiny superparamagnetic iron oxide (USPIO) (0.25 mg
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of ferumoxtran-10) in 2001 (Fig. 15.4). The ferumoxtran-10 (Combidex, Advanced 
Magnetics Incorporated, Cambridge, MA) first-generation USPIO nano-particle has 
a core diameter of 46 nm and hydrodynamic diameter of 20–40 nm, with only an 
iron oxide core coated with a layer of dextran. These particles have considerable 
T1 relaxation effects. Due to the dextran coating, ferumoxtran has a plasma half-
life of even more than 24 h in humans. Ferumoxtran was discovered to elude the 
body’s reticuloendothelial system due to its lengthy blood half-life. This makes it 
ideal for sentinel node mapping. In the study, MRI images were utilized to identify 
SLNs from 15 min to 48 h after injection. Hiraiwa et al. used a subcutaneous injec-
tion of commonly available thermoresponsive MNPs into the thoracic wall of rats 
to test them as MRI contrast agents. This study shed light on the viability of using 
commercially available MNPs for SLN mapping. The thermoresponsive polymer 
loadings of poly N-isopropyl acrylamide in the MNPs studied varied. Pouw et al. 
[62] used magnetic SLN mapping in ex vivo colorectal cancer tissue (12 patients) to 
demonstrate the feasibility of using a portable magnetic probe based on a vibrating 
samples magnetometer (Sentimag, Endomagnetics LTD., London, UK) to estimate 
the quantity of SPIONs in lymph nodes. With growing interest in noninvasive SLN 
imaging modalities, MNP-based systems are an appealing and practical option that 
has the potential to become the diagnostic tool of choice. Higher sensitivity for 
tracers, pictures with higher resolution, and no tissue penetration depth constraints 
provide clear advantages over traditional diagnostic procedures. 

Fig. 15.4 Schematic depiction demonstrating the idea of magnetic detection of sentinel lymph 
nodes (SLNs) in breast cancer patients using a handheld magnetic probe and magnetic nanoparticles 
(MNPs). MNPs are injected into the body and collected in the SLNs via the axillary lymphatic 
system, where they are detected by a magnetometer. Adapted with permission from Elsevier [61]
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15.5.3 Magnetic Fluid Hyperthermia 

Magnetic hyperthermia is the phenomenon of MNPs creating heat in response to 
an external magnetic field that alternates. Thermal energy is lost to the environment 
during magnetizable cycles due to frictional losses caused by the dynamics of viscous 
suspensions, hysteresis losses in multi-domain MNPs, and Néel or Brown relaxation. 
The hysteresis loop shows that the temperature increase in multi-domain ferromag-
netic or ferrimagnetic substances is primarily due to hysteresis losses. The amount 
of thermal energy lost to the environment is calculated by combining the hysteresis 
loop area [63]. Hysteresis losses are heavily influenced by the magnetic field’s inten-
sity when it is applied. The type and size of an MNP domain structure have a large 
influence on the hysteresis of the MNPs and, as a result, their hyperthermia properties 
[64]. Despite the lack of hysteresis (under normal conditions), superparamagnetic 
materials lead to magnetic hyperthermia via Néel and Brownian relaxation. In this 
case, the magnetization of SPNs could be slower than just the magnetization of 
the applied magnetic field, generating a hysteresis loop that confers hyperthermia 
features on superparamagnetic materials [65]. SPN magnetizable lags behind the real 
magnetizable of the applied magnetic field due to the instability and gradual decay of 
nanoparticle magnetizable in a fluid. Initially the nanoparticles align against or with 
the applied magnetic field when the same is applied. As previously mentioned, Brow-
nian relaxation refers to the interval that exists between the reversal of the magnetic 
field and the magnetizable state. When applied to this situation, Brownian relaxation 
produces heat as a result of friction between MNPs and the medium around them, 
such as blood. Brownian relaxation is thought to be size and viscosity dependent 
because it takes longer for Brownian relaxation to occur as MNPs grow in size and 
the carrier fluid’s viscosity rises [66]. The heating effect depends on the amount 
of energy delivered per second, so the Néel and Brownian relaxation times have a 
significant impact. Only after MNPs have relaxed and become susceptible to magne-
tization once more can clinicians re-magnetize them. Consequently, the frequency of 
the alternating magnetic field should correspond to the estimated relaxation times for 
an efficient to create an efficient heating effect. Magnesium hyperthermia is one of 
the many potentials uses for MNPs in the management of infectious and cancerous 
diseases [51]. Additionally, by employing a heat-labile coating and magnetic hyper-
thermia, cytotoxic chemicals may be released into cancer cells in a controlled manner 
(Fig. 15.5).

Using an external magnetic field, Hu et al. recently demonstrated the regulated 
two medications release (Paclitaxel and Dox) from heat-sensitive polyvinyl alcohol 
(PVA) coated SPIONs. Furthermore, because of the antibody’s anticancer action and 
the cancer cells’ selectivity, antibody conjugation with MNPs increased hyperthermia 
efficacy. Examples include MNPs with anti-FGFR1 aptamer tags for improved MNPs 
and magnetic hyperthermia coupled with antibodies for improved anti-cancer effects 
of cryptotanshinone [67].



306 S. Mohapatra et al.

Fig. 15.5 Tumor ablation therapy using MNPs is gaining popularity, including a Photothermal 
treatment (cancer cell death by the heat generated from MNPs upon light), b hyperthermia is caused 
by magnets (necrotic tumor destruction by heat generated from MNPs upon alternating external 
magnetic field), and c photodynamic treatment (death of cancer cell using cytotoxic singlet oxygen 
species generated from MNPs conjugated with a photosensitizing agent. Adapted with permission 
from MDPI [67]

15.5.4 Magnetic Particle Imaging 

Magnetic particle imaging (MPI) is a new biomedical imaging technology that 
enables the direct quantitative mapping of superparamagnetic iron oxide nanopar-
ticle spatial distribution. Tomographic images with great temporal and spatial reso-
lution can be created thanks to MPI’s enhanced sensitivity and short picture capture 
times. MPI is projected to outperform currently available medical imaging modali-
ties such as X-ray scans, Magnetic Resonance Imaging (MRI), Computed Tomog-
raphy (CT), ultrasound, Positron Emission Tomography (PET), and Single Photon 
Emission Computed Tomography (SPECT). 

Magnetic Particle Imaging (MPI) is a novel noninvasive tomographic method that 
directly detects superparamagnetic nanoparticle tracers. The approach has the poten-
tial to be applied to material science and diagnostic imaging. In medical research, it 
is now used to detect the three-dimensional placement and number of nanoparticles. 
Imaging uses zero ionizing radiation and can produce a signal at any depth inside 
the body. Scientists at the Royal Philips Research lab in Hamburg developed MPI in 
2001. The first system was created and reported on in 2005. Since then, academics 
at other universities around the world have refined the technique. MPI hardware 
differs significantly from MRI hardware. By varying magnetic fields, MPI devices 
generate a signal from Superparamagnetic Iron Oxide (SPIO) nanoparticles. These 
fields are specifically designed to produce a single magnetic field-free zone. A signal 
is only created in this location. When this region is moved across a sample, an image
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is produced. Because tissue has no natural SPIO, a signal has only been observed 
whenever the tracer is administered. This produces photos with no background. MPI 
is typically used in tandem with anatomical imaging modalities (such as CT or MRI) 
to provide information on the site of the tracer. 

Magnetic particle imaging differs from magnetic resonance imaging (MRI) in the 
following ways: Even though the technology and imaging techniques appear to be 
comparable, the physics of magnetic particle imaging (MPI) differs from that of MRI. 
This can lead to some confusion, therefore it’s critical to point out the distinctions. 
Magnetic field gradients, transmit and receiver coils, pulse sequences, relaxation 
effects, and the reciprocity concept will be familiar to MRI users. In contrast, MRI 
produces a signal from tissue, whereas MPI produces a signal only from Magnetic 
Nanoparticle (MNP) tracers. There is no background signal from anatomy in MPI. 
MPI is thus classified as a “molecular imaging” technique. 

MPI has been proposed as a suitable platform for functioning brain imaging, 
which needs both extremely sensitive imaging and shorter scan times for appropriate 
temporal resolution. MPI is used to detect increases in Cerebral Blood Volume (CBV) 
produced by neuro activation. MPI-based functional neuroimaging has been demon-
strated in rodents and offers a promising sensitivity advantage over other imaging 
techniques. In the long term, this could allow researchers to assess functional neuro 
activation on a single patient basis, integrating functional neuroimaging into clinical 
diagnostics. 

15.5.5 Magnetically Triggered Drug Release 

In recent years, a significant amount of research has concentrated on developing 
new ways of producing drug nanocarriers, such as dendrimers [68] nanoparticles 
[69–71], and nanogels [72]. Although the small size of these nanocarriers improves 
drug permeability and retention [73], these delivery systems are not selective and 
cannot control drug release correctly. Magnetic Nanoparticles (MNPs), also known 
as Superparamagnetic Iron Oxide Nanoparticles (SPIONs), have a unique advan-
tage for hyperthermia and targeting when compared to other potential nanocar-
riers due to their intrinsic magnetic feature. When nanoparticles are subjected to 
a high-frequency magnetic field, they generate heat, which can be used for local-
ized hyperthermia cancer therapy [74]. Drugs mixed with magnetic nanoparticles 
can be given to specific areas while avoiding adverse effects when modulated by an 
external magnetic field. These characteristics bode well for magnetic nanoparticle 
applications in biomedicine. As a result, considerable effort has been expended on 
the creation of controlled targeted delivery and release by hyperthermia in a local 
high-frequency alternating magnetic field (HAMF) [75–77]. 

Since nanoparticles aggregate in organs and tissues other than the designated target 
location, there is a great deal of interest in developing nanoparticle drug carriers that 
release their therapeutic payload in response to external stimuli [78]. Magnetism 
is one among many techniques for producing “triggered” releases; other famous



308 S. Mohapatra et al.

examples include light, ultrasound, and temperature. Magnetism can be beneficial 
since triggered pharmaceutical release can be combined with imaging techniques 
such as MRI or MPI, as well as other therapies such as MFH. Furthermore, tissue 
penetration depth does not limit magnetic triggering, and MNPs can be modified 
and functionalized in a variety of ways [79]. Because of their biocompatibility, lipo-
somes have been a favored alternative for drug administration in general. Doxil, a 
liposomal version of the chemotherapy medication doxorubicin, is currently in clin-
ical usage and decreases doxorubicin’s cardiotoxicity. Several different liposomal 
nanomedicines have been explored in clinical trials; however, they do not improve 
overall survival when compared to delivering free medication. As a result, ways of 
triggering drug release in liposomes, such as the construction of magneto-liposomes, 
which may release medicine in response to an AMF, have been examined. The heat 
emitted by the MNPs in an AMF elevates the heat of the liposomal membrane above 
the transition point, allowing the drug to leak out of the liposome. 

The magnetically driven release has also been achieved with polymeric nanopar-
ticles and hydrogels. The mechanism of release is comparable to that of liposomes. 
MNPs in an AMF generate heat that is used to activate a polymer or hydrogel transi-
tion, allowing for higher drug release. Drug cargo may also be loaded onto the particle 
via thermally labile bonds that dissolve when an AMF is present. The fundamental 
challenge in using these carriers is minimizing passive, diffusion-driven release at 
body temperature to near zero while maintaining sufficient release in the AMF [80]. 
In this strategy, patients would be given nanoparticle drug carriers, which would 
subsequently be scanned using MPI to detect particle location and heated using 
an AMF to achieve localized drug release. Particles may be photographed without 
significant heating because the AMF strengths used for imaging with MPI are signif-
icantly lower than those required to activate heat and medication release. The future 
of magnetically triggered drug release is promising, given the multiple potential 
platforms for magnetically triggered release and the advancing MPI technology. 

15.5.6 Nano Warming of Cryopreserved Tissue and Organs 

A key obstacle in meeting the needs of transplant patients is the lack of methods 
for preserving vascularized organs and tissues. The window between organ/tissue 
procurement and transplantation could be extended beyond the current preservation 
time limit (3–24 h depending on the organ/tissue), allowing for thorough testing, 
careful matching of donors and recipients, and treatment preparation [82]. Cryop-
reservation through vitrification has the potential for a significant increase in tissue 
shelf-life. Using highly concentrated concentrations of cryoprotective chemicals, 
this method permits biologics to be stored at cryogenic temperatures (CPAs) [81]. 
CPAs enable the liquid to cool to a glassy state, which suppresses crystallization and 
counteracts the damaging effects of ice formation within the tissue. 

Although vitrifying small tissues has been successful, it has been difficult to main-
tain the structural stability and functioning physiology of large multicellular tissues
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and organs. The primary problem is connected with existing rewarming technologies, 
which include immersing complete organs in a temperature-controlled bath, resulting 
in thermomechanical strains generated by temperature gradients. One method to 
overcome this challenge is nano-rewarming, which uses CPA solutions containing 
SPIONs (magnetic CPA or mCPA), which release heat in reaction to an applied AMF. 
The study of nano-rewarming is extremely new. Etheridge et al. [82] suggested the 
fundamental idea of warming a vitrified solution with an AMF. Theoretical research 
on thermomechanical stresses during magnetic particle imaging-guided drug delivery 
followed this (MPI). The use of selection field gradients with superposed alternating 
magnetic fields (AMFs) can be used to photograph and/or heat magnetic nanoparti-
cles (MNPs). By using this technique, doctors may be able to see where the MNP and 
medicine are located and then only activate the release of heat and the drug where 
they want it. 

Wang et al. [83] used nano-rewarming to cryopreserve human umbilical cord 
mesenchymal stem cells. The scientists showed that mCPA improved vitrified cells’ 
viability upon AMF rewarming. The particles used in the assays were made using 
the co-precipitation technique. Particle coating and particle persistence in the CPA 
solution are not mentioned by the authors. Without any coating, particles produced 
by the coprecipitation technique are very likely to aggregate and precipitate in fluids 
other than water. Highly negative particles cause quick nonspecific internalization, 
as shown in their uptake tests. While being in its early stages, nano-rewarming 
appears to hold great promise for organ banking. Nanoparticles produced by the 
coprecipitation method have been used in investigations thus far. The simplicity with 
which enormous amounts of nanoparticles can be created is a benefit of this type of 
synthesis. However, polydispersity and low repeatability of warming rates are the key 
drawbacks. Prior studies’ physicochemical and magnetic characterization of mCPAs 
is restricted, making a rigorous evaluation of formulation improvements unfeasible 
[84]. 

15.5.7 Proteins and DNA Separation 

Extraction, purification, and selective manipulation of peptides and proteins is a 
critical necessity in biotechnology and life sciences. Electrophoresis, ultrafiltration, 
precipitation, and chromatography are examples of traditional methods [85]. In terms 
of effectiveness and selectivity, affinity chromatography is frequently regarded as the 
method of choice among those available. However, liquid chromatography can only 
be used on pre-treated solutions. In homogenous matter, such as protein synthesis 
mixes, the particulate-free circumstances required for proper commercial column use 
are incompatible. Because it uses affordable materials and does not require laborious 
sample preparation, magnetic separation utilizing MNPs is an interesting alternative 
technique for the selective and trustworthy capture of certain proteins, DNA, and 
entire cells [86]. Magnetic separation works on a fairly simple premise. MNPs with 
an immobilized affinity tag, ion-exchange groups, or hydrophobic ligands are mixed
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in with the required compounds. Any biological fluid or fermentation broth, including 
whole blood, plasma, urine, or crude cell lysates, may be utilized as samples. After a 
suitable incubation period during which the affinity species are permitted to tightly 
bind to the ligands attached to the MNPs, the complexes are isolated by magnetic 
decantation, and the impurities are removed. Finally, using the proper elution proce-
dures, the target molecules are purified and removed from the MNPs. MNPs func-
tionalized with ligands containing Ni2+-chelating species, such as nitrilotriacetic 
acid (NTA), are currently used in the most extensively researched affinity tag-based 
method for magnetic separation of proteins. This method enables the preferential 
sequestration of (6 His)-tagged proteins with highly conserved folding down to 
picomolar concentrations. 

New developments in the isolation of biomolecules using MNPs imply that this 
technique has the potential to be generic and adaptable. Similarly, if appropriate 
anchors and ligands are applied, various affinity tags that selectively engage with 
distinct biological targets might be anticipated. To create a tight and reversible capture 
ideal for Ab sorting, for instance, MNPs functionalized with specific peptides, such 
as protein A or G, with significant affinities for the Fc region of human IgG Abs can 
be utilized. For many reasons, MNP protein separation is superior to conventional 
affinity chromatography. The purification process is easy, rapid, affordable, and scal-
able [87]. Nano-sized sequestrants have a high surface-to-volume ratio; therefore, 
little material is needed for the separation procedure. Additionally, no specific tools 
like centrifuges, filters, or liquid chromatography systems are required for magnetic 
separation, and there is no need for sample concentration after elution. It is important 
to note that there are currently automated methods for protein separation or nucleic 
acids. To separate and concentrate DNA or RNA, selective oligonucleotides grafted 
onto MNPs can be utilized. These allow the capture of complementary strands [88]. 

15.5.8 Biosensing with Magnetic Nano Switches 

A nano biosensor detects biological agents like antibodies, nucleic acids, infections, 
and metabolites. The basic idea is to attach bio-analytes of interest to bioreceptors, 
which then modify the physiochemical signal associated with the binding. Highly 
sensitive NP-based biosensors have been created as a result of the special electrical, 
magnetic, and optical properties of specific metal and metal oxide nanoparticles 
functionalized with affinity ligands, as well as agglomerative phenomena brought 
on by particular interactions at their surface. For the colorimetric and fluorescence-
based detection of oligonucleotides, proteases, Abs, and other molecular species, 
gold nanoparticles and semiconductor nanoparticles (so-called quantum dots) have 
been utilized extensively [89]. The main disadvantage of optical biosensing assays 
is the requirement to reduce sample turbidity or background signals from biolog-
ical extracts. By utilizing the unusual magnetic properties of MNPs, a new class of 
nanosensors has been produced. The Weissleder group made the initial suggestion 
for magnetic relaxation nano switches in a series of influential papers that showed
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the effectiveness of this new nano biosensor for the precise and sensitive detection 
of a wide range of biological species, including DNA, and proteins, pathogens, and 
processes like enzymatic function. These magnetic relaxation switches were made 
up of 3–5 nm iron oxide MNPs coated with a 10 nm thick dextran layer that was 
crosslinked and functionalized with amino groups to covalently anchor the affinity 
ligands. In the presence of a specific molecule that is specifically recognized by the 
affinity ligands anchored on the MNPs, such nano switches can undergo reversible 
assembly, resulting in a change in transverse magnetic relativity (R2 = 1/T2) of water 
protons near the floating nano dipole. 

The outer-sphere diffusion theory states that when MNP clusters are sufficiently 
small, such as within a few hundred nanometers, the assembly has the effect of 
lowering the average T2 value. T2 is increased relative to individual MNPs dispersed 
in the same fluid or matrix when big agglomerates (with sizes ranging from a few 
micrometers) develop. With magnetic relaxation nano-sensor assays designed to 
produce reversible nano assemblies upon MNP interaction with specific analytes in 
solution in either a forward (clustering) or reverse (de-clustering) configuration, both 
approaches are advantageous depending on the experimental requirements. 

Recently, a multiplexed, quantitative, and quick analysis of unprocessed biolog-
ical material using a chip-based diagnostic magnetic resonance (DMR) device was 
established. Assemblies of MNPs with higher magnetization promote molecular 
interaction amplification, which produces the signal. The device’s potential has been 
demonstrated by simultaneously measuring the quantity and presence of proteins, 
recognizing bacteria, and researching them at the molecular level with extraordinary 
sensitivity [88]. 

15.5.9 Bacteria Detection and Sequestration with MNPs 

Bacteria are one of the most common living organisms on the planet, having adapted 
to all available biological niches. As symbionts and parasites, bacteria have a biodi-
verse impact on the ecological system. They benefit their hosts and are economically 
significant in the food, agricultural, pharmaceutical, and petroleum industries, among 
others. They do, however, exhibit pathogenicity to humans and other living things. 
The presence of unwanted microbes in natural resources makes them difficult to 
utilize [90]. 

In complex biological mixtures, bacteria at low concentrations are typically chal-
lenging to identify using conventional analytical techniques. However, it is antic-
ipated that nanotechnology would improve environmental monitoring and clinical 
diagnostics by enhancing sensitivity, selectivity, and analytical time-efficiency. To 
capture and identify ultralow-level bacteria, Gu et al. developed the MNP system. 
The D-Ala-D-Ala dipeptide, a crucial component of the microbial capsule, is strongly 
bound by polyvalent vancomycin, enabling the magnetic capture and enrichment of 
bacteria. The reported detection limit of this approach, which is comparable to the 
best polymerase chain reaction assays, was four colony-forming units (cfu) per mL.
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Gram-negative bacteria like E. coli were also isolated and detected using FePt@Van 
MNPs. Bacteria might be found in blood samples thanks to the FePt@Van and 
fluorescent dye combo. By utilizing the interactions between bacteria and the carbo-
hydrates on mammalian cell surfaces, El-Boubbou et al. developed silica-coated 
magnetic glyco-NPs that could identify E. coli strains in 5 min while also elimi-
nating up to 88% of the bacteria from the sample. Staphylococcus aureus cells in 
a mixed cell population could be targeted and trapped with exceptional efficiency 
and selectivity by MNPs functionalized with a single-domain Ab [91]. The authors 
employed MNPs with high inherent susceptibility to selectively target infections. 
The detecting signal was amplified and measured using a miniaturized NMR device 
after the specimen was concentrated in a microfluidic chamber. 

15.5.9.1 MNPs in Cancer Diagnosis 

Recently, the development of more effective and economical nanosized contrast 
agents for CT and MRI for cancer than those already on the market has attracted a lot 
of attention. Superparamagnetic iron oxide particles (50–100 nm in size) are consid-
ered potential MR contrast agents by certain researchers because of their signifi-
cantly higher magnetic susceptibility than traditional MR contrasts like gadolinium. 
Many of the commercially available contrast agents for MRI today are composed of 
superparamagnetic iron oxide (SPIO) nanoparticles covered with carboxydextrane. 
By synthesizing SPIO nanoparticles with the ability to disperse in chitosan, scien-
tists have generated ferrofluid, which is used to improve MRI contrast agents. In 
the aforementioned experiment, such MRI image contrast values were comparable 
to Resovists’. Additionally, there have been advancements made in the diagnosis of 
colorectal cancer; iron-oxide or iron-cored nanoshells can now be utilized as contrast 
agents for MRI imaging, which, in addition to being non-invasive, could lead to the 
development of powerful and practical diagnostic tools.. Recently, magnetic micro/ 
nanoparticles have been employed extensively as signal reporters to find malig-
nant cells and identify other biomolecules. Due to their unique magnetic properties, 
nanoparticles play two key functions in bioassays: acting as a probe and carrying 
surface markers for a variety of covalent and non-covalent reactions with antibodies, 
nucleic acids, and other recognition molecules. 

15.5.9.2 MNPs in Cancer Therapy 

In recent years, the use of magnetic nanoparticles in cancer treatment has grown 
significantly. The best therapeutic potential, according to some authors, is found in 
applications that have three parts: a therapeutic load, a magnetic core, and a recogni-
tion layer. Now, a variety of techniques can be used to conjugate these particle suspen-
sions with antibodies while still maintaining the colloidal stability and integrity of 
the particles. Many types of nanoparticles combined with the anti-Human Epidermal
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Growth Factor Receptor 2 (HER2) monoclonal antibody have been created and inves-
tigated due to promising results in biological and preclinical applications for the 
treatment of breast cancer. Another possible method for treating breast cancer is 
hormone-conjugated nanoparticle therapy. For instance, some publications assert 
that LHRH- superparamagnetic iron oxide nanoparticles (SPIONs) can be used to 
target cancer cells in both primary breast tumors and lung metastases by assessing the 
sub-cellular distribution of SPIONs in tumors and organs using transmission electron 
microscopy. Overall, there are still a lot of difficulties to be solved before iron-based 
nanoparticles that target tumors may be successfully deployed in vivo. Functional 
group modifications of the drugs during conjugation with a nanoparticle, low drug 
loading efficiency, nanomaterials’ failure to reach tumor tissue from the blood, drugs 
being transported to cancer cells’ endosomes or lysosomes instead of their cytoplasm, 
and a decrease in targeting ability due to weak connections with a nanoparticle are a 
few examples. Given that many medical professionals think cancer treatment should 
be based on the quality of life both during and after treatment as well as prognostic 
factors and chemotherapy, tolerability, compliance, and quality of life may therefore 
become the most important factors in cancer therapy in the future. According to our 
analysis, magnetic nanoparticles provide a significant future potential for efficient 
cancer treatment. Thus, regional health agencies must support laboratories engaged 
in the development and production of nanoparticles with adequate financing and 
other resources. Chemotherapy and radiotherapy will undoubtedly continue to be 
indispensable tools in the fight against cancer, but as nanotechnology develops, it 
will open up new applications for these tried-and-true treatments. 

15.6 Conclusions 

Biotechnological and biological applications of MNPs span a wide spectrum of 
applications magnetic resonance imaging (MRI) to therapeutic agents in cancer treat-
ment. The use of the MNPs for a particular application requires a specific method 
for synthesis, which results in synthesis of the MNPs having special properties. In 
addition, the development of an efficient MNPs system for delivering genes into 
targeted cells, which is a main strategy for understanding gene/protein functions and 
to improve therapeutics are the field which have a lot of scope to be explored. 
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Chapter 16 
Conclusion 

Jitendra Kumar Sahoo and Pooja Upadhyaya 

In conclusion, efficient works on iron oxide have been aimed at different back-
grounds, such as biomedical applications, photovoltaic applications, electronic appli-
cations, and the remediation of different water systems like sewage waste, industrial 
waste, ground waste, etc. For example, for the removal of different types of pollu-
tants, including dyes, pesticides, toxic metal ions, pharmaceutical wastes, sewage 
wastes, etc., iron oxide is used as a chief element with different functionalities in the 
form of adsorbents, magnetic nanobeads, photocatalysts, heterogeneous catalysts, 
etc. Different types of contaminants are removed using various classes of modified 
iron oxide; for example, toxic dyes are removed using the magnetic behaviour of iron 
oxide, in which the toxic dyes are attracted towards the magnetic nanosystems and 
get separated from the water bodies. Similarly, water remediation of organic waste is 
based on photocatalysis, where iron oxide nanoparticles are used as photocatalysts, 
which helps in the degradation of organic waste in water bodies and leads to the 
purification of water. Zero-valent iron is used as an adsorbent for the decontamina-
tion of heavy metals and chlorinated hydrocarbons. The improvised magnetic iron 
oxide nanocomposites are used as an effective adsorbent for prohibiting the dyes, 
which have been surveyed universally due to their characteristics of getting easily 
separated, high reusability, high substance strength, and a limit of adsorption. 

Due to its abundance, low cost, high surface area, magnetic property, and ease 
of preparation, iron oxide is largely used as an adsorbent as well as a heteroge-
neous catalyst for various environmental applications such as heavy metal removal, 
organic dye contaminants, biosensors, CO oxidation, VOC oxidation, SCR reac-
tion, and Fenton reaction. In particular, in Chaps. 10 and 13, various methodologies 
like the solgel method, co-precipitation method, coagulation methods, etc., and the 
morphology of 0D, 1D, 2D, and 3D nanostructures are explained. The adsorptions 
as well as the catalytic mechanisms are described briefly through the incorporation
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of several kinetic isotherm models like the Langmuir–Hinshelwood (L–H) mecha-
nism, the Eley–Rideal (E–R) mechanism, and the Mars van Krevalan (MVK) mech-
anism. Again, all the above-mentioned environmental applications are also concisely 
explained with methodology, morphology, and schematics in these chapters. 

Chapters 2, 4, and 12 address the decontamination of organic pollutants such as 
organic dyes, pesticides, pharmaceutical products, and organic wastes like phenols, 
benzene derivatives, etc. from industries, which contribute to the toxicity of the water 
resources. Out of the different forms of iron oxide, the modified Fe2O3 composites are 
largely used as an adsorbent for the removal of the above-mentioned organic pollu-
tants, although the photovoltaic activity of different Fe2O3 functionalized composites 
has been used for the decontamination of various organic contaminants. The adsorp-
tion mechanisms, which involve electrostatic force, Vanderwall force, and surface 
diffusion, are briefly described. The photocatalytic mechanism, which involves 
oxidation and reduction due to the striking of the photon particles, is briefly described. 
There are different parameters that regulate the kinetics of these mechanisms, such 
as pH, temperature, contact time, adsorbent dose, etc. The optimum values of each 
parameter for all the composites are mentioned in the above chapters. 

As the magnetic character of iron oxide enhances the separation of various 
magnetic contaminants in wastewater, Chap. 11 provides knowledge about the 
magnetic iron oxide nanoparticles, their preparation methods, morphology, and 
schematics that show the separation of contaminants from water. The magnetic 
behaviour makes it easier to separate the contaminants through a magnet and 
increases the percentage of reusability for the removal of various contaminants. 
The removal of heavy metals, pesticides, antibiotics, and dyes using these magnetic 
nanoparticles is concisely described in this chapter. For the removal of different types 
of contaminants, the adsorption process is largely used as it is cost-effective, has a 
large surface area, is easy to prepare, and has magnetic properties. But the large use 
of this adsorbent can also cause toxicity in the surrounding area. So the main chal-
lenge is to reuse the modified iron oxide adsorbent the maximum number of times. 
Chapter 9 describes the methods by which the adsorbent can be reused several times 
under various controlled parameters and circumstances. Regeneration and reusability 
of various iron oxide modified composites are mentioned, and the disposal process 
of the adsorbent is also concisely mentioned in this chapter. 

Iron oxide has many functions and applications, of which the ability to form 
zerovalent ions is one of them. This ability of iron oxide to form nanozerovalent iron 
oxide (nZVI) ions can be used in wastewater management processes. The low reduc-
tion potential (0.44) of this nanozerovalent iron oxide ion enables the contaminants 
to get adsorbed on this nZVI, but other iron oxides have a higher reduction value, 
which makes the nZVI a more efficient and appropriate adsorbent for the removal of 
chlorinated hydrocarbons and heavy metals like arsenic (As). The preparation of the 
Nzvi mechanism of adsorption is mentioned in Chap. 11, along with the kinetics and 
the optimum values of different parameters for each modified composite. Similarly, 
the non-spherical form of iron oxide and its application for interfacial science and 
engineering are mentioned in Chap. 14.
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Apart from the adsorption and catalytic behaviour and uses of iron oxide in super 
capacitors, it is also an active part of nanozymes, which helps to increase the rate 
of biological processes in humans or any living organism. Since natural enzymes 
are costly, difficult to control, difficult to store, and take more time to complete a 
reaction, it was seen in literature studies that the enzymatic behaviour of iron oxide-
based grafted enzymes is more vigorous towards biological processes. The methods 
to prepare these nanozymes are concisely mentioned in Chaps. 3 and 6. Also, the 
various strategies and applications such as diagnosis of tumours and their therapy, 
enzyme cascades and substrate-based detection, anti-bacteria and biofilm elimi-
nation, iron-based nanozymes for cancer treatment, cardioprotection, and wound 
healing are well described. In Chap. 15, different composites of modified iron oxide 
nanoparticles are also mentioned, which are used in various biomedical applica-
tions and have a greater impact in the future. Some biomedical applications that are 
mentioned in this chapter are: magnetic resonance imaging, sentinel lymph node 
imaging, magnetic fluid hyperthermia, magnetic particle imaging, magnetically trig-
gered drug release, protein and DNA separation, MNPs in cancer diagnosis, etc. 
The preoperational methods are also included in this chapter, which include physical 
and chemical methods. The physical methods consist of ball milling or mechanical 
methods; laser evaporation of MNPs; wire explosion technique; electrical explosion 
of wires method (EEW); and the chemical methods consist of thermal decomposition, 
co-precipitation, hydrothermal, and microemulsion. The methods of functionaliza-
tion are also mentioned, which include several factors of MNPs like surface properties 
and charge, particle shape, composition, shape, and size. 

This book also consists of some composites made up of iron oxide modified with 
graphene oxide, which are also easy to prepare, have a large surface area, require less 
cost, and, moreover, conduct electricity. Due to this, iron oxide-based composites 
can be used as super capacitors. Also, iron oxides are found in different polymorphic 
structures that exhibit magnetic characteristics, catalytic activities, biocompatibili-
ties, and other multifunctional properties. Moreover, bismuth ferrite oxide is used 
for photovoltaic applications such as electronics, spintronic devices, optics, etc. 

Future Perspective 

Since iron oxide is one of the most abundant elements in the earth’s crust, the use of 
iron oxide derivative products for decontamination can be a cost-effective process. As 
we have discussed, iron can be used in different forms and for different functions; iron 
oxide should be produced on a large scale rather than in a laboratory process. Despite 
having several applications for iron oxide magnetic nanocomposite, there are several 
challenges regarding the synthesis of nanocomposite, such as stability, toxicity, and 
bioavailability. Most of the preparation methods are either chemical or physical, 
which involve the consumption of a large amount of energy and sometimes produce 
toxic nanocomposites. Thus, eco-friendly methods should be developed, leading to 
sustainable development. As the computational study shows a change in the proper-
ties of iron oxides moving from laboratory scale to industrial scale, the research work 
should develop some conventional methods to produce these iron oxide nanocom-
posites at large scales. In the field of nanoenzymes, iron oxide nanocomposites are
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still less active compared to natural enzymes, and few studies have been carried 
out on their selectivity. Therefore, to improve activity and selectivity by mimicking 
bioenzymes, we need to have a deeper understanding of the catalytic mechanism at 
the nanoscale. 

By taking the reference of different functionalities of iron oxide, such as photocat-
alyst, nanoenzyme, heterogeneous catalyst, nanoparticles, etc., some different metal 
oxides can also be synthesized by using these methodologies, which could be used for 
water decontamination or remediation, which will lead to sustainable development 
along with a healthy lifestyle.
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