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ABSTRACT 

Nanotechnology is the up-to-date advancement in the world of science stream. 

The word nanotechnology was first familiarized by Professor Norio Taniguchi of 

Tokyo Science University, in 1974 at the International Conference on Production 

Engineering in Tokyo. In recent years, nanotechnology has become one of the most 

imperative and exhilarating forefront fields in chemistry, physics, engineering and 

biology. A particle having one or more dimensions of the order of 100 nm or less”. In 

nanotechnology a particle is demarcated as a minor object that behaves as a complete 

unit in terms of its conveyance and properties. The properties that distinguish the 

nanoparticles from the bulk material characteristically progress at a critical length of 

under 100nm. Nanoparticles may or may not exhibition size related properties that 

fluctuate significantly from those observed in fine particles or bulk materials. 

Nanoparticles are found in different dimension like as 0-D, 1-D, 2-D, 3-D 

nanoparticles for various applications. The attention-grabbing and sometimes 

surprising properties of nanoparticles are therefore largely owing to the great surface 

area of the material, which dominates the contributions made by the minor bulk of the 

material. Nanoparticles exhibit important properties owing to quantum confinement, 

high surface to volume ratio. In case nanomaterials quantum confinement and surface 

to volume ratio is very important property.  In first chapter also discuss the various 

synthetic technique for synthesis of nanomaterial. 

Metal oxides constitute a miscellaneous and attention-grabbing class of 

materials whose properties cover the entire collection from metals to semiconductors 

and insulators. Their surface plays tremendous roles in an extremely comprehensive 

range of phenomena. These metal oxides nanoparticles plays very important role in 
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many fields of chemistry, physics and materials science for instance catalysts for an 

assortment of commercially significant reactions. Iron oxide nanoparticles have 

distinctive magnetic properties for instance superparamagnetism, high coercivity, low 

Curie temperature, high magnetic susceptibility, etc. In the last few decades, great 

efforts have been made on synthesis of iron oxide nanoparticles owing to their 

comprehensive range of applications like magnetic fluids, data storage, catalysis and 

bio-applications and structure and properties of various phase if iron oxide 

nanoparticles are discussed in 1st chapter. Application and literature review of iron 

oxide nanoparticles are explain in brief.  

The whole thesis is divided in to 7 chapters. In 1st chapter, general 

introduction about nanotechnology and metal oxide, iron oxide nanoparticles and 

objective of research work has been presented. In the 2nd chapter discussion about 

characterization techniques of nanoparticles and typical applications of these 

techniques have been discussed. Morphological as well as structural investigation of 

nanoparticles is examined by XRD, SEM, FTIR, BET, UV-Vis, and PL. Basic 

principle and instrumentation of these techniques are explained in detail.  

The 3erd chapter comprises synthesis of α-Fe2O3 nanostructures by chemical 

co-precipitation followed by annealing at 500 and 600°C for 3 h. Nanoparticle 

powders were characterized by X-ray diffraction (XRD), scanning electron 

microscope (SEM), energy dispersive X-ray spectroscopy (EDX), Fourier transform 

infra-red spectroscopy (FT-IR), particle size distribution, Brunauer Emmett Teller 

analysis (BET), photoluminescence and UV-Visible spectroscopy. XRD confirmed 

the formation of crystalline α-Fe2O3 nanoparticles while SEM confirmed the 

formation of rice grain and spherical shapeα-Fe2O3nanostructures at 500 and 600 °C. 

From EDX and FTIR results formation of α-Fe2O3 is further established. BET analysis 
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confirmed the mesoporous behavior of nanoparticles. UV-Visible and 

photoluminescence spectra have been used to determine band gap and photo-

oxidation behavior of dye methylene blue. Both Fe2O3-500 and Fe2O3-600 

nanostructures exhibit exceptionally high photocatalytic activity however the same is 

higher for Fe2O3-500 than that of Fe2O3-600 for degradation of methylene blue (Meb). 

The 4rth chapter encompasses synthesis of poly vinyl pyrrolidone (PVP) coated 

magnetite nanoparticles by chemical co-precipitation method. The samples were 

characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM), 

energy dispersive X-ray spectroscopy (EDX), Fourier transform infrared spectroscopy 

(FTIR) and Brunauer Emmett Teller (BET) methods. The surface area, pore volume 

and pore radius were calculated by the BET analysis. The EDX and FTIR analysis 

demonstrated the fabrication of PVP coated Fe3O4 NPs. The as synthesized 

Fe3O4/PVP has successfully been used as an adsorbent for elimination of Congo red 

dye in aqueous medium.  

Cobalt ferrite has attracted considerable attention in recent years due to its 

unique physical Properties such as high Curie temperature, large magnetocrystalline 

anisotropy, moderate saturation magnetization, large magneto restrictive coefficient, 

excellent chemical stability and mechanical hardness. The 5thchapter presents 

preparation of cobalt ferrite magnetic nanoparticles by co-precipitation method using 

Fe(III) and Co(II) in the presence of NH4OH, at 90˚C. The structure, morphology and 

magnetic properties of as-prepared were characterized via X-ray diffraction (XRD), 

High resolution Scanning electron microscope (HRSEM), Energy dispersive x-ray 

spectroscopy (EDX), Fourier transform Infrared (FTIR) and UV-Visible 

spectroscopy,. XRD revealed the crystallographic structure of the synthesized sample. 

HRSEM images have shown the nearly spherical shape and particle size and 
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morphology of cobalt ferrite nanoparticles. The EDS spectra have shown strong peaks 

of Fe, Co and O.  

In 6thchapter Cd-Ni ferrite nanoparticles with a composition of Ni0.6Cd0.4Fe2O4 

have been successfully prepared via simple co-precipitation technique using sodium 

hydroxide (NaOH) solution is used as a precipitating agent. The structural and optical 

properties of the samples were studied using Powder X-ray diffraction (PXRD), 

Scanning electron microscopy (SEM), Energy dispersive X-ray spectroscopy (EDX), 

Fourier transform Infrared Spectroscopy (FITR), UV-Visible spectroscopy (UV-Vis), 

and Fluorescence spectroscopy (FL) measurements. The PXRD analysis of all the 

samples shows the cubic phase without any impurity peaks. The average particle sizes 

were calculated by Scherrer’s formula. The SEM image shows the agglomeration and 

flakes type nanoparticles with many void spaces due to exhaust of gases. EDX 

analysis is used for the elemental analysis of prepared samples (Cd, Ni, Fe, and O). 

FTIR spectra of the samples show the nature of the chemical bond between metal 

oxygen bonds (M-O). UV-Vis and PL spectra is used for the band gap calculation and 

its optical properties. 

In 7th chapter complete conclusion of thesis is describe. 
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Chapter-1 

General Introduction 

“This chapter presents a view on different type of 0-D, 1-D, 2-D, 3-D nanoparticles, 

synthesis method of metal oxides, IONPs and their applications in everyday life. 

Significant developments of iron oxide nanoparticles for the removal of dyes by 

photodegradation, adsorption method are critically reviewed. The leading objectives 

and a brief framework of the up-to-date investigations carried out in this thesis are 

presented in detail.” 
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1. Introduction: 

1.1. Nanotechnology: 

Nanotechnology is the up-to-date advancement in the natural world of science 

stream. The word nanotechnology was first of all familiarized by Professor Norio 

Taniguchi of Tokyo Science University, in 1974 at the International Conference on 

fabrication Engineering in Tokyo [1]. The perception of nanotechnology was firstly 

articulated by the American physicist Dr. Richard Feynman in 1959in the famous talk 

‘There’s plenty of room at the bottom’, [2] however in recent years, nanotechnology 

has become one of the greatest imperative and exhilarating forefront fields in 

chemistry, physics, engineering and biology. It shows great possibilities for provided 

that us in the proximate future with numerous breakthroughs that will modify the 

direction of technological progresses in far-reaching range of applications. 

While the connotation of ‘‘nanotechnology” shows a discrepancy from field to 

field and country to country and is extensively used as a ‘‘catch all” narrative for 

whatever very lesser. Nanotechnology is ordinarily defined as the understanding, 

control, and re-establishment of matter on the order of nanometers (i.e., fewer than 

100 nm) to procreate materials with fundamentally novel properties and functions [3]. 

Ordinarily, nanotechnology is the handling of matter on an atomic and molecular 

scale. One nanometer is a billionth of a meter, or 10-9 of a meter, which means that 

these structures are extraordinary minor. Nanotechnology incorporates two chief 

methodologies: (i) the ‘‘top-down” approach, in which greater structures are reduced 

in size to the nanoscale while retaining their distinctive properties devoted of atomic-

level control (e.g., miniaturization in the domain of electronics) or deconstructed from 

bigger structures into their slighter, composite parts and (ii) the ‘‘bottom-up” 

approach, correspondingly called ‘‘molecular nanotechnology” or ‘‘molecular 
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manufacturing,” familiarized by Drexler et al., [4]  in which materials are engineered 

from atoms or molecular constituents through a procedure of assembly or self-

assembly as revealed in Figure 1.1. While maximum of modern-day technologies rely 

on the ‘‘top-down” approach, molecular nanotechnology embraces great possibilities 

for breakthroughs in materials and engineering, electronics, medicine and healthcare, 

energy, biotechnology, information technology, and national security. 

Nanotechnology is based on the cognizance that particle smaller number than 100 nm 

impart to nanostructures constructed from them novel properties and behavior. This 

happens because particles which are slighter than the distinguishing lengths 

concomitant with precise phenomena often exhibition new chemistry, most important 

to a different behavior which be contingent on the size. The nanotechnology is 

perceived as a general cross disciplinary technology; however it has the potential to 

create a coming "industrial" rebellion that will have a most important impact on 

society and everyday life, comparable or over and above the influence of electricity 

and info technology. The intellectual drive in this novel inventiveness promises to 

counterfeit links across traditional punitive boundaries.  

 

Figure 1.1: Shows top-down, bottom-up approach 
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1.2. Nanoparticles (NPs): 

There is no recognized worldwide meaning of a NPs, conveniently one given 

in the UK is: "A particle having one or more dimensions of the order of 100 nm or 

lower” is called as nanoparticle. In nanotechnology a particle is demarcated as a 

minor object that behaves as a complete entity in terms of its conveyance and 

properties. Nanoparticle’s research at present is an area of concentrated scientific 

inquisitiveness owing to an extensive assortment of prospective applications of these 

materials in the fields of biomedicine, optics and electronics on so on. Nanoparticles 

are of excessive scientific concern as they are efficiently an overpass amongst bulk 

materials and atomic or molecular structures. 

It is further categorized according to size: particles cover an array between 100 

and 2500 nanometers while ultrafine particles, conversely, are sized amongst 1 and 

100 nanometers. Analogous to ultrafine particles, NPs are sized between 1 and 100 

nanometers. The properties that distinguish the NPs from the bulk material 

characteristically progress at a length of lower than 100 nm. Nanoparticles may or 

may not exhibition size linked properties that fluctuate significantly from those 

detected in fine particles or bulk materials. NPs are solid particles at the transitional 

state that is between atoms/molecules and macroscopic objects. They show novel or 

upgraded properties based on particular individualities for instance size, dissemination 

and morphology. Countless materials when formed at nanoscale alter their properties 

owing to their lesser size and outsized surface area to volume ratio than macro-sized 

materials. The intensification in surface-area-to-volume ratio, which is a plodding 

procession as the particle come to be smaller in size, leads to a growing dominance of 

the behavior of atoms going on the outward of a particle over that of those in the 
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internal of particle. This affects mutually the properties of particles in separation and 

its relations with the other different materials. 

1.2.1. Types of Nanoparticles: 

The particles which are confined in everything the three-dimensional and 

retain properties that are stuck between the properties of bulk semiconductors and 

those of distinct molecules [5]. 

1.2.1.1. Zero dimensional nanoparticles: 

A most important feature that distinguishes numerous sorts of nanostructures 

is their dimensionality. The word ‘‘nano’’ is coming from the Greek term ‘‘nanos’’, 

which means dwarf [6]. This word ‘‘nano’’ has been allocated to point in the direction 

of the number 10-9, i.e., one billionth of whichever unit. In the preceding 10 years, 

compelling improvement has been made in the field of 0-D nanoparticles. A rich 

assortment of physical and chemical approaches have been established for 

engineering 0-D nanoparticles with fine-organized dimensions. A moment ago, 0-D 

nanoparticles such as homogeneous particles arrays (quantum dots), heterogeneous 

particles arrays, core-shell quantum dots, onions, hollow spheres and nanolenses have 

been produced by quite a lot of research groups [7-11]. Figure 1.2 shows the images 

of not the same sorts of 0-D nanoparticles. Moreover, 0-D nanoparticles, such as 

quantum dots has been comprehensively premeditated in light emitting diodes (LEDs) 

[12], solar cells [13], single-electron transistors [14], and lasers [15]. 
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Figure 1.2: Characteristic SEM and TEM image of dissimilar kinds of 0-D 

nanoparticles. (A) Quantum dots [7], (B) nanoparticles arrays, (C) core-shell 

nanoparticles, (D) hollow cubes, and (E) nanospheres.[16] 

 

1.2.1.2. One dimensional nanoparticles: 

In the previous years, 1-D nanoparticles have enthused an increasing 

concentration due to their prominence in research and improvements and have a wide-

ranging of prospective applications. It is universally accepted that 1-D nanoparticles 

are perfect structures for reconnoitering a great number of innovative phenomena at 

the nanoscale and examining the size and dimensionality reliance of serviceable 

properties. They are furthermore anticipated to play a significant role as mutually be 

integrated and the important units in producing electronic, optoelectronic, and EEDs 

with nanoscale dimensions. The field of 1-D nanoparticles for instance nanotubes has 

achieved a significant courtesy after the groundbreaking work by Iijima [17]. 1-D 

nanoparticles have a reflective impression in nanoelectronics, nanodevices, 

nanocomposite materials, alternative energy resources and national safekeeping [18]. 

Figure 1.3 (A-F) show the 1-D nanoparticles, for instance nanowires, nanorods, 

nanotubes, nanobelts, nanoribbons, and hierarchical nanostructures, which have been 

created in other research laboratory [19-33]. 
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Figure 1.3: Representative SEM image of unlike types of 1-D nanoparticles. (A) 

Nanowires, (B) nanorods [20], (C) nanotubes [21], (D) nanobelts [22], (E) 

nanoribbons, [23]and (F) hierarchical nanostructures [24]. [16] 

 

1.2.1.3. Two dimensional nanoparticles: 

2-D nanoparticles have twofold dimensions exterior of the nanometric 

magnitude range. In modern an inordinate length of time, a preparation of 2-D 

nanoparticles have become a crucial part in materials research, owed to their 

numerous squat dimensional characteristics not the same from the bulk properties. In 

the quest of 2-D nanoparticles, substantial research consideration has been 

concentrated over the bygone hardly any years on the improvement of 2-D 

nanoparticles. 2-D nanoparticles with assured geometries show distinctive shape-

dependent characteristics and succeeding utilization as building blocks for the 

significant constituents of nanodevices [34-36]. In addition, a 2-D nanoparticles are 

mainly fascinating not merely for basic considerate of the mechanism of 

nanostructure progression, but also for examination and developing innovative 

applications in sensors, photocatalysts, nanocontainers, nanoreactors, and templates 

for 2-D structures of other materials [37]. Figure 1.4 presents 2-D nanoparticles, such 
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as junctions (continuous islands), bifurcated structures, nanoprisms, nanoplates, 

nanosheets, nanowalls, and nanodisks [38-42]. 

 

Figure 1.4: SEM and TEM image of unlike categories of 2-D nanoparticles. (A) 

Junctions (continuous islands), (B) branched structures [39], (C) nanoplates [40], (D) 

nanosheets [42], (E) nanowalls [43], and (F) nanodisks [44,16] 

 

1.2.1.4. Three-dimensional nanoparticle: 

Owing to the excessive precise surface area and additional superior properties 

over their bulk counterparts ascending from quantum size effect, 3-D nanoparticles 

have paying attention and research curiosity, and the numerous 3-D nanoparticles 

have been manufactured in the previous 10 years [45-59]. It is recognized that the 

behavior of nanoparticles be contingent on the sizes, shapes, dimensionality and 

morphologies, which are thus the main aspects to their definitive performance and 

applications. Therefore it is of remarkable attentiveness to synthesize 3-D 

nanoparticles with a controlled structure and morphology. In addition, 3-D 

nanostructures are an imperative material owing to its all-inclusive range of 

applications in the area of catalysis, magnetic material and electrode material for 

batteries [45-59]. Furthermore, the 3-D nanoparticles have newly fascinated intensive 
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research interests because the nanostructures have greater surface area and produced 

sufficient absorption sites for completely involved molecules in a minor space [60]. 

On the other hand, such materials with absorbency in three dimensions could lead to 

an improved conveyance of the molecules [60-62]. In Figure 1.5, we show the 

characteristic 3-D nanoparticles, such as nanoballs (dendritic structures), nanocoils, 

nanocones, nanopillers and nanoflowers [63-67]. 

 

Figure 1.5: Typical SEM and TEM microscopic images of dissimilar kinds of 3-D 

nanoparticles (A) Nanoballs (dendritic structures) [63], (B) nanocoils [64], (C) 

nanocones, (D) nanopillers [65], and (E) nanoflowers [66]. [16] 

 

1.3. Properties of nanoparticles: 

NPs are of excessive scientific interest as they are, in effect, a connection 

between bulk materials and atomic or molecular structures. A bulk material has 

continuous physical properties irrespective of its size but at the nano-scale size-

dependent properties are often perceived. The attention-grabbing and sometimes 

surprising properties of NPs are therefore largely owing to the excessive surface area 

of the material, which dominates the contributions made by the minor bulk of the 

material. 

https://en.wikipedia.org/wiki/Atom
https://en.wikipedia.org/wiki/Molecular
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(a) What is more, nanoparticles have been found to impart specific superfluous 

properties to numerous everyday products. For instance, the existence of TiO2 

NPs imparts what we call the self-cleaning result due to size being nano-range.  

(b) These NPs are rigid, and impart their properties to the polymer (plastic). 

Nanoparticles have also been involved to textile fibers in order to generate smart 

and purposeful clothing.  

(c) Metal, dielectric, and semiconductor nanoparticles have been designed, as well 

as hybrid structures (e.g., core-shell nanoparticles) [68]. Nanoparticles prepared 

of semiconducting material may also be labeled quantum dots if they are slight 

sufficient (typically sub 10 nm) that quantization of electronic energy levels 

occurs. Such nanoscale particles are used in biomedical uses as drug carriers or 

imaging agents. 

1.4. Why nanoparticles exhibit such properties: 

1.4.1. Quantum confinement: 

Quantum confinement is a precise prosperous archetypal for describing the 

size reliant on electronic structure of nano-sized semiconducting nanostructures. 

Commonly speaking, it calculates increasing band gaps with reducing particle sizes 

owing to ever-changing of the band edges. The mainstream of theoretical 

examinations on quantum confinement out of the ordinary effects were completed on 

isolated particles with perfect structures and surface terminations. The quantum 

confinement influence can be perceived once the diameter of the particle is of the 

magnitude as the wavelength of electron wave function. When the materials are so 

lesser, their electronic and optical properties differ substantially from those of bulk 

materials. A particle acts as if it were free when the confining dimension is outsized 

compared to the wavelength of the particle. Throughout this state, band gap leftovers 
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at its original energy owing to incessant energy state. However, as the confining 

dimension reductions and reaches an assured limit, characteristically in nanoscale, the 

energy spectrum turns to discrete as. As an outcome, bandgap becomes size 

dependent property. This ultimately results a blue shift in optical brightness as the size 

of the particles reductions. Specially, the effect defines the phenomenon that results 

from electrons and electron holes being hugged into a dimension that approaches a 

critical quantum measurement, called the excitons Bohr radius. In up-to-date 

application, a quantum dot confines incompletely three dimensions such as a minor 

sphere, a quantum wire confines in double dimensions, and a quantum well confines 

in single dimension. 

1.4.2. Surface to volume ratio (SA/V): 

Surface to volume ratio plays very significant role play in nanotechnology. As 

the surface area raises the whole term increases but the volume remains same. 

Nanostructures & nanomaterials have a great fraction of surface atoms per unit 

volume. The ratio of surface atoms to internal atoms fluctuates dramatically if one 

successively divisions a macroscopic object into lesser parts. As the scale reductions 

(keeping the volume constant) the surface area of the material rises as presented in 

Figure 1.6 and with increases in surface area the capacity of the particles to act 

together with other particle increases. Also the physical and chemical properties, like 

interactive forces, reactivity etc. increases. So the SA/V ratio has an important effect 

on the properties of nanoparticles. 
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Figure 1.6: Shows surface to volume ratio 

1.5. Fabrication methods: 

Varieties of methods are available for efficient formation of nanostructures 

varying the numerous degrees including shape, size and structure. These synthesizing 

techniques fall into both categories, ‘bottom-up’ and ‘top-down’. In modern years the 

limits of every approach, in terms of featured size, excellence and in terms of 

properties, that can be achieved [69]. A diagram that exemplifies the varieties of 

materials and products that these two methodologies used for is revealed. Metals, 

metal oxides, sulfides even polymers, core-shell and composite nanoparticles can be 

synthesized using a number of synthetic techniques, which are broadly classified into 

two categories, such as physical methods and chemical methods. 

1.5.1. Physical methods: 

1.5.1.1. Sputtering technique: 

At the present time different kind of sputtering system such as ion-assisted 

deposition, ion beam, reactive, high-target utilization, high power impulse magnetron 

as well as gas flow sputtering have been used for synthesis of nanoparticles. A 

characteristic sputtering procedure commonly involves the expulsion of atoms or 

clusters of nominated materials through subjecting them to a fast-tracked and 
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exceedingly concentrated beam of inert gas for example helium or argon [70]. A 

schematic illustration of a typical sputtering system is revealed in Figure 1.7. 

 

Figure 1.7: Representation of sputtering technique [16] 

1.5.1.2. Spray pyrolysis: 

Spray pyrolysis (Figure 1.8) is fundamentally a solution procedure in which 

nanoparticles are set down by spraying a solution on a heated substrate surface, where 

the component react to produce a chemical compound. The chemical reactants are 

designated such that the products other than the anticipated compound remain volatile 

in nature at the temperature of deposition. The spray pyrolysis technique characterizes 

a very simple and comparatively cost-effective processing method (principally in 

respect to equipment costs) as compared to different film deposition techniques [71, 

72]. Spray pyrolysis synthesis technique offers a tremendously informal technique for 

synthesizing films of desired composition and does not regime high-quality 

substrates, chemicals, well-appointed vacuum apparatus and exotic gases. In spray 

pyrolysis process mainly five parts, such as atomizer, precursor solution, substrate 

heater, as well as temperature controller are needed.  Numerous varieties of atomizers 
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are frequently used in spray pyrolysis technique, for instance air blast (the liquid is 

exposed to a tributary of air) [73], ultrasonic (ultrasonic frequencies generate the 

undersized wavelengths necessary for acceptable atomization) [73] as well as 

electrostatic (the liquid is exposed to an extraordinary electric field) [73]. 

 

Figure 1.8: Schematic representation of spray pyrolysis technique [16] 

1.5.1.3. Inert gas phase condensation technique: 

The inert gas phase condensation (IGC) technique (Figure 1.9) is one and only 

of the greatest auspicious procedure used for the fabrication of low-cost nanomaterial. 

In general, IGC method has been used to manufacture various single phase metals, 

semiconductors as well as metal oxide nanoparticles. This method is mainly depends 

upon disappearance and condensation (nucleation and growth) in a sub-atmospheric 

inert-gas surroundings for the nanoparticles generation [74, 75] . The production of 

atoms bunches by IGC procedure through evaporating an originator material, 

whichever a solitary constituent or a compound, in a gas well-maintained at a low 

pressure. The disappeared atoms or molecules go through a standardized condensation 

to form atom clusters (lose energy) through collisions with gas atoms or molecules in 

the surrounding area of a cold surface to condense on it. 
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Figure 1.9: Schematic representation of inert gas phase condensation technique [16] 

1.5.1.4. Pulsed laser ablation: 

As a physical gas-phase technique is used for preparing nanosized particles, 

pulsed laser ablation in a prevalent technique to synthesize high-purity as well as 

ultra-fine nanoparticles of whichever composition. In this technique, the material is 

evaporated using pulsed laser in a compartment occupied with a known quantity of a 

reagent gas followed by controlled condensation of nanoparticles onto the support. 

View of a pulsed laser ablation technique for the fabrication of nanoparticles is 

depicted in Figure 1.10. By means of the materials atoms diffusion from the object to 

the substrate, they interrelate through gas to form the preferred compound (for 

instance, oxide of oxygen, nitride for nitrogen or ammonia, carbide for methane, etc.). 

The pulsed laser disappearance of metals in the chamber is an amendment of the well-

known method for the production of metal compounds in a diffusion mist chamber 

and makes it feasible to formulate nanoparticles of assorted molecular composition 

for instance mixed oxides/nitrides and carbides/nitrides or combinations of oxides of 

numerous metals. The elemental composition and size dissemination of nanoparticles 

can be improved by changing definite experimental structures, together with 

composition of the inert gas and the substance gas in the chamber and fluctuating the 

temperature gradient and laser pulse power. 
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Figure 1.10: Schematic representation of pulsed laser ablation technique [16] 

1.5.1.6. Sonochemical reduction: 

Sonochemical reduction scheme is extensively used physical method for 

formation of dissimilar categories of nanoparticles. Figure 1.11 represents the 

schematic diagram of the sonication system. In this apparatus, a multiwave ultrasonic 

producer and a barium titanate oscillator of 65 mm diameter have been used for the 

ultrasonic irradiation. For the duration of the microwave irradiation the vessel was 

locked. The multiwave ultrasonic producers were operated at 200 kHz frequency with 

a feedback power of 200 W. The sonication procedure was carried out in a 

temperature-controlled water bath. 

 

Figure 1.11: Schematic representation of sonochemical reduction technique [16] 
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1.5.2. Chemical methods: 

1.5.2.1. Co-Precipitation 

Co-precipitation technique is an easy as well as appropriate approach to 

synthesize MNPs (metal oxides and ferrites) from aqueous salt solutions by the 

addition of a base like sodium hydroxide (NaOH) and ammonium hydroxide 

(NH4OH) in the inert atmosphere at room temperature or at optimum temperature. 

The size, shape, and morphology of the magnetic nanoparticles is very greatly be 

influenced by type of counter ion (e.g., chlorides, sulfates, nitrates), the ratio of 

ferrous and ferric ion (Fe2+/Fe3+ ratio), the reaction temperature, the pH value, as well 

as the ionic strength of the media [76]. Iron oxide nanoparticles (either Fe3O4 or γ-

Fe2O3) and ferrites are frequently synthesize in an aqueous solution for which 

chemical reaction of synthesis may be written as: 

M2+ + 2Fe3+ + 8OH- → MFe2O4 + 4H2O                                                                  (1) 

In Equation 1, M is divalent cations like Fe2+, Mn2+, Co2+, Cu2+, Mg2+, Zn2+, and Ni2+. 

For the complete precipitation process, pH should be maintained between 8 to 14, 

with a stoichiometric ratio of 2:1 (Fe3+/M2+) in a nonoxidizing oxygen environment 

[77]. Nickel-doped cobalt ferrite magnetic nanoparticles (19-32 nm) were synthesized 

in a standardized aqueous solution in the existence of surfactant at dissimilar 

calcination temperatures by co-precipitation route [78].  

1.5.2.2. Hydrothermal method: 

Hydrothermal scheme can be determined as the use of water as reaction 

medium in a vacuum-packed reaction vessel when the temperature is elevated to 100  ̊

C. It is used for synthesis of single crystals that be contingent on the solubility of 

minerals in sizzling water under extraordinary pressure. The complete process of 

crystal growth is carried out in an autoclave, in which a precursor is provided along 
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with water. A temperature gradient is upheld at the contradictory ends of the 

progression vessel so that the burning end liquefies the nutrient as well as the 

unruffled end causes seeds to take superfluous growth. The hydrothermal technique is 

more appropriate for better-quality and growth of bigger crystals, while maintaining a 

virtuous governor over their composition. A schematic illustration of a hydrothermal 

system is represented in Figure 1.12. The drawbacks of the hydrothermal technique 

involve the requisite of costly autoclaves, good excellence seeds of a fine size and the 

unfeasibility of observing the crystal as it produces. 

 

Figure 1.12: Schematic representation of hydrothermal technique [16] 

1.5.2.3. Solvothermal techniques: 

Solvothermal synthesis method is a universally used chemical method to 

synthesize the dissimilar varieties of nanoparticles, an experimental sketch is shown 

in Figure 1.13. Solvothermal synthesis method is very analogous to the hydrothermal 

route, the merely difference being that the precursor solution is generally not aqueous 

but this is not at all times. By changing definite experimental parameters, like as 

reaction temperature, reaction time, solvent type, surfactant type, and type of starting 

material, it is conceivable to accurate control the size, shape spreading, and 

crystallinity of metal oxide nanoparticles or nanostructures that achieved. 
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Figure 1.13: Schematic representation of solvothermal technique [16] 

1.5.2.4. Sol-gel technique: 

The sol-gel manner (Figure 1.14), also acknowledged as chemical solution 

deposition, a drizzly chemical synthesis line of attack that can be used to fabrication 

of NPs by gelation, precipitation, and hydrothermal action [79]. The sol-gel method is 

extensively used in the fields of materials and chemical science. Such approaches are 

used first and foremost for the fabrication of materials beginning from a chemical 

solution (or sol) that acts as the originator for an integrated network (or gel) of either 

detached particles or linkage polymers. By fluctuating definite experimental 

parameters together with dopant introduction [80], heat treatment [81] and accurately 

choosing specific other surfactants, including inverted micelles [82], polymer matrix 

architecture founded on block copolymers [83] or polymer blends [84], porous glasses 

[85] and ex situ particle capping [86], it is probable to rheostat the superior size 

dissemination and steadiness control of quantum-confined semiconductors, metal, 

MONPs . Despite the above, the basic chemistry of the sol-gel procedure is intricate 

owing to the different reactivities of the network forming and the network modifying 

constituents and the wide-ranging selection of reaction parameters [87]. 
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Figure 1.14: Schematic representation of sol-gel method [16] 

1.5.2.5. Chemical vapor deposition: 

Chemical vapor deposition (CVD) method is a chemical route in which 

gasiform molecules transform into a solid material, in the form of 0-D, 1-D, 2-D and 

3-D nanoparticles, on the surface of a substrate. In a typical CVD manner (Figure 

1.15), the substrate is unprotected to one or more hot-blooded originators, which react 

and/or decompose on the substrate surface to produce the preferred deposit. An 

elementary CVD process involves of the following five steps: 

(a) A predefined mixture of reactant gases and diluent inert gases are positioned 

into the chamber by the mass flow controller at an identified current rate. 

(b) The gas species interchange to the surface site. 

(c) The reactants get adsorbed on the surface situate. 

(d) The reactants go through chemical reactions with the substrate to form the 

nanoparticles. 

(e) The gaseous reaction products are desorbed and expatriate from the chamber. 
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Figure 1.15: Schematic representation of chemical vapor deposition method [16] 

1.6. Metal Oxide nanoparticles (MONPs): 

Metal oxides constitute a miscellaneous and attention-grabbing class of 

materials whose properties cover the entire collection from metals to semiconductors 

and insulators. Their surface plays tremendous roles in an extremely comprehensive 

range of phenomena. These MONPs plays very vital character in many fields of 

chemistry, physics and materials science for instance catalysts for an assortment of 

commercially significant reactions. By the introduction of nanotechnology, the 

surface depending properties of materials as well as metal oxides alter too much. 

Owing to their restricted size and an extraordinary density of corner or edge surface 

sites, metal oxide nanoparticles now can demonstrate unique physical and chemical 

properties and have received increasing courtesy & recognition for numerous 

applications. In the modern times, metal oxide nanoparticles have gained great 

attentiveness due to prospective applications in pharmaceutics, paints, cosmetic, gas 

sensors, fuel cells, anode of electro-emitting diodes, magnetic materials, 

thermoelectric material etc. Oxides of transition metals behave as an insulators as well 

as metals. These metal oxides are the functional constituents as the catalysts used in a 

number of processes. The use of transition metal oxides as a catalyst is the 
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technologically advanced and thus the paramount importance in pollution 

remediation.  

1.7. Iron oxide nanoparticles: 

1.7.1. Introduction: 

Nanoparticles are designed by the inorganic or organic materials, which have 

several unique properties than bulk materials [88]. Among these, IONPs have 

distinctive magnetic properties for instance superparamagnetism, great coercivity, 

squat Curie temperature, more magnetic susceptibility, etc. In the latter hardly any 

epochs, outstanding efforts have been made on fabrication of IONPs owing to their 

comprehensive range of uses like magnetic fluids, data storage, catalysis and bio-

applications [89-94]. At present, IONPs are also applied in significant biomedical 

relevance for instance magnetic bio-separation, finding of biological entities, MRI, 

MFH and targeted drug delivery. It is critical to decide on materials for the production 

of nanostructure and devices with manageable physical and chemical properties.  

Iron oxides nanoparticles including Fe3O4 magnetite (ferrimagnetic, 

superparamagnetic when the size is reduced than 15 nm), α-Fe2O3 (hematite, faintly 

ferromagnetic or antiferromagnetic) and γ-Fe2O3 (maghemite, ferrimagnetic) among 

which magnetite and maghemite are the greatest auspicious and famous phase of 

IONPs. Then again, it is a challenge to govern the phase, size, shape and steadiness of 

iron oxide nanoparticles. The magnetic property of the IONPs be influenced by shape 

and size of the particle. 1-D iron oxide nanoparticles are characteristically used for the 

stowage of digital and correspondent signals in the area of advanced bendable media 

[95], however sphere-shaped IONPs with small size have appeared as main 

nanomaterials for biomedical uses owing to their superparamagnetic property.  

However, insignificant size of IONPs have a great propensity to form 

agglomerates to diminution the energy related with the extraordinary surface to 
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volume ratio. Furthermore, IONPs can be simply oxidized in air and resulting in the 

damage of magnetism. Therefore, the surface modification process is crucial to 

stabilize the MIONPs. These approaches comprise grafting or coating with organic 

molecules, consisting small organic molecules, polymers and biomolecules or coating 

with an inorganic coat (silica, metal and carbon). The important properties of the 

magnetic nanoparticles are express to their extra-large surface area, magnetic 

property, small toxicity, and large recoverability. However, the accumulation of 

magnetic nanoparticles in aqueous solutions confines their practical relevance. 

Therefore surface modification is carried out by chemical or physical interaction of 

nanoparticles with inorganic or organic materials. 

1.7.2. Phases of iron oxide nanoparticles: 

IONPs are categorized as the consequential transition metal oxides taking 

benefit of technical prominence. In natural surroundings, iron oxides can be found in 

several dissimilar forms [96]. Sixteen clean phases of iron oxides are found, 

particularly, oxides for instance magnetite, hematite, iron oxide beta phase and 

maghemite, hydroxides such as iron(III) hydroxide or bernalite, iron(II) hydroxide, 

oxyhydroxides for example geothite, akaganetite, lepidocrocite, feroxyhyte are known 

to date. Trivalent oxidation state, distinct colors and little solubility are characteristics 

of these compounds [97]. Among all iron oxides and hydroxides, only 

schwertmannite (iron-oxyhydroxysulfate) and ferrihydrite (hydrous ferric 

oxyhydroxide) are poorly crystalline. Different phases of iron oxide nanoparticles are 

shown in Figure 1.16. 

1.7.2.1. Magnetite: 

Magnetite is one of the most significant phases of iron oxide, black in color 

and ferromagnetic in which both Fe (II) and Fe (III) ions are existing. Even though 
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stoichiometric ratio in magnetite has Fe (II)/ Fe (III) equals to 0.5 but magnetite, 

which is commonly non-stoichiometric results in a Fe3+ lacking layer. Crystal 

structure of magnetite has an inverse spinel with a face-centered cubic (FCC) unit cell 

having an edge length of 0.839 nm and 32 oxygen atoms. In case of inverse spinel 

crystal structure Fe2+ and half of the Fe3+ occupy octahedral sites as well as the other 

half of the Fe3+ occupies tetrahedral sites. Divalent iron atoms have a preference to 

take octahedral sites to achieve larger crystal field stabilization energy. On the other 

hand, the trivalent iron atoms occupy both octahedral as well as tetrahedral sites 

(crystal field stabilization energy=0). The tangible crystal types of magnetite consist 

of octahedron and rhombodecahedron with surface area in the range of 4 to100 m2 g-

1[98]. 

1.7.2.2. Hematite: 

The second significant and prevalent phase of iron oxide is hematite (α-

Fe2O3). Structure of Hematite is analogous to the corundum (α-Al2O3), consisting of a 

compact arrangement connected with Fe3+ ions in octahedral coordination with 

oxygens in hexagonal closest packing. The crystal system of hematite is hexagonal 

type with the value of lattice parameters of a=5.0346 Å, c=13.752 Å, however crystals 

consist of lots of forms. The structure can also be recognized as the stacking of Fe3+ 

ions sheets in the middle of two-fold closed-packed layers of oxygens, fused together 

by covalent bond. The structure in addition has a three-D outline developed along 

with trigonally distorted octahedral FeO6, interconnected to thirteen neighbors by one 

and only face, three edges and six vertices. Because Fe is in a trivalent state (ferric 

Fe), every one of the oxygens is in reality bonded with just two Fe ions, and so, only 

two out of three obtainable oxygen octahedrons are occupied. This specific 

arrangement have tendency to make the structure neutral with no deficit or charge 

excess. Hematite's fixed surface area ranges from 10 to 90 m2 g-1[98]. 
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1.7.2.3. Goethite: 

Goethite is general phase of iron oxy-hydroxide, α-FeO(OH) shows an 

orthorhombic crystal structure through lattice parameters of a=9.95 Å, b=3.01 Å, 

c=4.62 Å. This structure is a 3-D structure manufactured up with FeO3(OH)3 

octahedral forming big tunnels, dissemination out along the direction (0 1 0) whereas 

hydrogen atoms are situated. Everyone octahedron is interrelated to eight adjacent 

octahedron by four edges and three vertices. Oxygen atoms are in tetrahedral 

environs, whichever OFe3H or OFe3H (bond). Shapes of Goethite phase can be found 

in nature are different; conversely, its morphology frequently is acicular. Its precise 

surface area has been reported from 8 to 200 m2g-1 [98]. 

1.7.2.4. β phase: 

Ferrihydrite is commonly habituated to elucidate both 2- or 6-line ferrihydrite, 

which have two or six recognizable extensive reflections in a diffraction pattern. 

Ferrihydrite has unlike chemical formulae, containing Fe5HO8∙4H2O, Fe5(O4H3)3, 

Fe2O3∙2FeOOH2∙6H2O as well as 5Fe2O3∙9H2O [99]. The shape of ferrihydrite is 

sphere-shaped and unlike other phases it forms only as nano crystals representing 

extraordinary particular surface areas in the range of 100 to 700 m2g-1[98]. The 

structure of ferrihydrite continues to be controversial as the lowermost degree of order 

hinders the explanation of the structure. 

1.7.2.5. Wustite: 

Wustite (FeO) is one more phase of iron oxide with a cubic unit cell. This 

phase is steady under warm air equilibrium at high temperatures (above 843 K) and 

small pressures. The big O2- anions form a close crowded fcc sublattice through the 

minor Fe2+ cations which occupied the interstitial positions. Just about everything, Fe 

ions are octahedrally coordinated to oxygen atom [100]. In wüstite, the oxygen and 
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iron (1 1 1) planes form ultimate two-D hexagonal lattices with an inter-atomic 

separation of 3.04 Å, which typically resembles to the lattice constant of the 

hexagonal unit cell on the unreformed FeO (1 1 1) surface. Alongside the (1 1 1) 

direction the iron and oxygen (1 1 1) planes evolve the cubic ABC stacking order with 

an interlayer distance of 1.25 Å. The distance of the Iron-oxygen bond is 2.16 Å. 

1.7.2.6. Akaganeite: 

Akaganeite (β-FeOOH) is an iron oxyhydroxide phase by means of biggest 

tunnel-type structure amongst totally other phases. In this structure, iron atoms are 

forcefully joined to the framework. In akaganeite the octahedral sites are normally 

occupied by FeH and Cl and maybe H2O is presumably to be found in the tunnels (Cl 

is considered as an impurity) [101]. 

1.7.2.7. Lepidocrocite: 

Crystal structure of lepidocrocite form (γ-FeO(OH)) is orthorhombic, is 

gathered by twice layers of Fe-octahedral, and hydroxyl groups which occupied their 

peripheral surfaces permitting the development of hydrogen bonding stuck between 

the layers. It is whispered that hydrogen atoms are placed at the midpoints of 

inversion and occupied the identical distances from dual oxygen atoms of the 

neighboring layers, therefore generating unceasing O–H–O–H–O chains with 

hydrogen bonds regularity. The leading morphology of lepidocrocite is whichever 

lath-like or tabular plus the surface area are generally between 15 and 260 m2g-1 [92]. 

Table 1 [98, 102] summarizes complete information various phases of iron oxide 

nanoparticles. 

 

 



Chapter-1 

27 

Table 1.1: characteristic properties of numerous phases of IONPs 

Iron oxide 

Phase 

Chemical 

formula  

Oxidatio

n state 

Crystal 

structure 

Magnetism 

 

Colour 

Magnetite Fe3O4 +2, +3, 

(2.67-

average) 

Cubic 

(a=b=c) 

Ferrimagnetic Black/brow

nish black 

Hematite α-Fe2O3 +3 Rhombohed

ral 

(a=b=c, 

α≠β≠γ) 

Weakly 

Ferro/antiferroma

gnetic 

Red 

Iron oxide 

β phase 

β-Fe2O3 +3 Cubic 

(a=b=c) 

Paramagnetic - 

Maghemite γ-Fe2O3 +3 Cubic or 

tetragonal 

(a=b=c) 

Ferrimagnetic Reddish 

brown 

Geothite α-

FeO(OH) 

 Orthorhomb

ic (a≠b≠c, 

α=β=γ) 

Antiferromagnetic Yellowish 

brown 

Akaganeite β- 

FeO(OH) 

 Monoclinic 

(a≠b≠c, 

α=β=90 ̊,γ=

120 ̊) 

Antiferromagnetic Yellowish 

brown 

Lepidocroci

te 

γ- 

FeO(OH) 

 Orthorhomb

ic (a≠b≠c, 

α=β=γ=90 ̊) 

Antiferromagnetic Orange 

Feroxyhyte δ-FeOOH  Hexagonal 

(a=b≠c,α=β

=90 ̊, 

γ=120 ̊) 

Ferrimagntic Red-brown 

Iron (III) 

hydroxide 

(Barenalite) 

Fe(OH)3  Orthorhomb

ic (a≠b≠c, 

α=β=γ=90 ̊) 

- Dark green 

Iron (II) 

hydroxide 

Fe(OH)2   - Green 

Ferrihydrit

e 

Fe5HO8.4

H2O 

 Hexagonal 

(a=b≠c,α=β

=90 ̊, 

γ=120 ̊) 

Superferromagntic Red-brown 

Wustite FeO +2 Cubic 

(a=b=c) 

Antiferromagnetic Black 
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Figure 1.16: Crystal structure of phases of IONPs: (a) hematite, (b) magnetite, (c) 

goethite, (d) maghemite, (e) lepidocrocite. [103] 

1.8. Ferrites: 

The ferrites are magnetic ceramics consisting iron oxide and metal oxides, and 

have been used in numerous devices such as long-lasting magnets, memory storing 

devices, micro-wave devices and telecommunication equipment. The importance of 

ferrites material lies in the fact that they own extensive assortment of electrical and 

magnetic properties. The extraordinary electrical resistivity, slight eddy current and 

dielectric destruction, highest saturation magnetization, maximum permeability, 

higher Curie temperature etc. are the outstanding electrical as well as magnetic 

properties of ferrites [101].  Ferrites with such mishmash of electrical insulator and 

magnetic conductor are imperative magnetic materials which are not be replaceable 

by other magnetic materials. The benefit of ferrite is that they have greater usefulness 

and little charge and are informal for production than other materials. On account of 

their sundry and interesting applications in extensive technological and scientific 

fields, the fabrication and analysis of these materials have become significant. The 
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rudimentary electrical and magnetic properties of ferrite are sensitive to preparation 

and related parameters, kind and quantity of dopant, dissemination of cations over the 

existing sites. The dopant selection is also essential conditions in governing the 

properties of ferrite materials [104, 105].  

The rock-strewn were found in the region of Magnesia in Asia significant, and 

hence the term of minerals is Magnetite, Fe3O4, is in a structural class of compounds 

so-called the spinels with the composition MeFe2O4 where Me is a divalent cation, 

Fe2+ in the instance of magnetite. The unsurprisingly occurring ferrites, for instance 

magnetite are magnetically lenient. The research efforts at that time for generating the 

analogue lenient magnetic materials were not efficacious until in 1930’s when the first 

artificial ferrites were developed self-sufficiently in Japan and Netherlands [106]. 

Ferrites materials were synthesized as stretched out as 1859, active research on the 

synthesis of ferrite for radio frequency applications did not start up to 1933. The most 

important pioneering work executed by Late. Dr. Snoek [107] as well as his associates 

in 1948. The enhancement of ferrite carry on rapidly subsequently the 2nd world war. 

In the previous 6 to 7 decades ferrites are comprehensively considered from academic 

and technological point of view by numerous researchers [108-110]. Since then, 

intensive hard work have been dedicated to this research area, which directed to the 

extraordinary developments in both science and technologies of ferrite materials. 

Distinctive electric and magnetic properties of the ferrite materials have shown 

wonderful technological applications at room temperature such as data storage 

devices, magnetic sensors, transformer cores, actuators, targeted drug delivery, 

medical diagnosis, etc. [111-115]. More number of methods are obtainable for the 

synthesis of ferrites, the greatest frequently used technique is ceramic procedure. The 

adjustments in the properties for preferred applications have been brought by 

switching unlike type and quantity of substituent’s [104, 116]. The foregoing two 
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decades have witnessed a marvelous increase in the attention of the academics and the 

industry in materials that are appropriately described by this novel vocabulary 

nanostructured materials. Unsurprisingly this in turn to the study ferrites at nano-scale 

a fairly attention-grabbing subject both from the fundamental and application points 

of view.  

These ferrite nanoparticles have fascinated much consideration owing to their 

surface and quantum confinement effects contingent upon great surface-to volume 

quotient and size-dependent properties, correspondingly. These parameters resulted in 

dissimilar modifications in the physical and chemical properties of ferrites [117, 118] 

and make them stretchy to be used in dissimilar applications in the current 

technology. Consequently, the chemical production of ferrites has become the 

emphasis of varied studies. Ferrite nanoparticles can be manufactured by dissimilar 

showery chemical methods, such as the co-precipitation [119], hydrothermal synthesis 

[120], micro-emulsion synthesis [121] spray pyrolysis [122], citrate precursor 

technique [123] and sol gel method [124] etc. 

1.8.1. Classification of ferrites: 

Ferrites are a just fine established collection of magnetic semiconductor 

materials. Ferrites are categorized by the fallowing types. 

1.8.1.1. On the basis of Crystal structure:  

According to crystal structure, ferrites are of three kinds namely hexagonal 

ferrite, garnet and spinel ferrite [125]. By quality of their crystal structure they can 

accommodate variability if cations at offered sites enabling extensive variation in 

electrical and magnetic properties. 

(a) Hexagonal ferrite: 

Hexagonal ferrite was first time acknowledged by Went, Rathenau, Gorter & 

Van Ostershout 1952 [126] and Jonker, Wijn & Braun 1956. The collection of ferrites 
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which contain hexagonal crystal structures is denoted as hexagonal ferrites. 

Hexagonal ferrite are four types and designated as M, W, Y and Z. The crystal and 

magnetic structure of the dissimilar categories of hexagonal ferrites are 

extraordinarily complex, as presented for the most significant M-type SrFe12O19 in 

Figure 1.17. The rudimentary unit cell encloses 10 oxygen stratums, sequentially 

manufacture from 4 blocks, S (spinel), R (hexagonal), S* and R*. S* and R* have the 

same atomic arrangements as S and R, but are rotated 180° about the c axis with 

respect to S and R. An S or S* block be made up of double O2-layers; while an R or 

R* block encloses three O2- sheets, with one oxygen site in the intermediate stratum 

switched by a Sr2+ ion [127]. 

 

Figure 1.17: Crystal structure of hexagonal ferrite nanoparticles [128] 

(b) Garnet: 

The crystal structure of garnets have orthorhombic crystal structure (oxygen 

polyhedra, surrounding the cations) but with trivalent cations (together with rare earth 

and Fe3+) occupying tetrahedral (d), octahedral (a), or dodecahedral-a 12-sided 

distorted polyhedral-(c) sites. The orientations of which are presented Figure 1.18. 
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The universal formula of garnets is M3
cFe2

aFe3
dO12, or (3M3O3)c(2Fe3O3)a(3Fe2O3)d, 

where M is a rare earth metal ion or an yttrium ion (such as nonmagnetic yttrium or a 

magnetic rare earth for example from lanthanum through ytterbium) and the 

superscripts c, a, d, denote as a dodecahedron, octahedron and tetrahedron in that 

order. 

 

Figure 1.18: Crystal structure of Garnet ferrite nanoparticles [129] 

(c) Spinel ferrite: 

The generic formula of spinel ferrite having MeFe2O4 in which Me and Fe 

show tetrahedral and octahedral cation sites, in that order, and O designates the 

oxygen anion site. They are also known as cubic ferrites. In spinel ferrites, the 

relatively large oxygen anions form a cubic close packing with ½ of the octahedral 

and ⅛ of the tetrahedral interstitial sites engaged by metal ions. Spinel ferrites with 

the formula MeOFe2O3 or MeIIFeIII
2O4 where MeІІ symbolizes a divalent metal cation 

for instance Mn, Fe, Co, Ni, Cu, Zn, Cd, Mg, and FeІІІ is the trivalent iron cation, have 

the same crystallographic structure as the mineral spinel (MgAl2O4), which was 

investigated by Bragg [130, 131]. The unit cell of spinel ferrite goes to the cubic 
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structure and offerings itself the cube created by 8 MeOFe2O3 molecules and be made 

up of 32 of O2- anions. The anionic oxygen form the close face centered cube (fcc) 

packing involving in 64 tetrahedral (A) and 32 octahedral (B) unoccupied spaces 

partially populated by Fe3+ and Me2+cations [120]. Figure 1.19 (a) symbolizes Spinel 

unit cell structure, (b) characterizes octahedral interstice (B site: 32 per unit cell, 16 

occupied), and (c) tetrahedral interstice (A site: 64 per unit cell, 8 occupied). Figure 

1.19 (a) indications the crystal structure of spinel structure. In Figure 19 (a) the ionic 

locations are the identical in octants sharing only one edge and dissimilar in octants 

sharing a face. Each one octant encloses 4 Oxygen ions. In Figure 1.19 (a) ionic 

locations in only double adjacent octants are shown, where the octant on the left 

consist octahedral and the one on the right contains tetrahedral sites. According to the 

dissemination of cations [107], there are the subsequent: 

Types of spinels: 

(a) Random Spinel: 

The divalent metal ions Me2+ as well as trivalent Fe3+ ions are disseminated at 

both tetrahedral A site and octahedral B site then the ferrite is characterized as random 

spinel ferrite. General structure of random spinel is epitomized by the formula Me1-

2+Fe1-
δ3+ Me2

2+Fe2-
δ3+O4

2-. It has an in-between cation distribution, symbolized as 

[Fe0.67Me0.33]tet[Me0.67Fe1.33]octO4. It has been recognized nowadays that in unit cell of 

spinel configuration eight tetrahedral and sixteen octahedral sites are engaged by 

metal ions and finally normal and inverse spinel signify the extreme circumstances. 

The dissemination of ions stuck between twice sorts of sites is investigate by a 

delicate balance of contributions, for instance the dimensions of ionic radii, their 

electronic configuration and the electrostatic energy of the lattice. The greatest known 

specimen of random spinel ferrite is copper ferrite. 
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(b) Normal spinel: 

A material with the normal spinel structure having universal formula 

Me(Fe2)O4 has completely the divalent metal (Me+2) cations occupy tetrahedral (A) 

sites as well as the trivalent metal (Fe+3) cations occupy octahedral [B] sites. This can 

be characterized by the formula [Me]tet[Fe2]octO4. 

Specimens of normal spinel are: 

MgO.Al2O3 = MgAl2O4 (normal, parent mineral) 

ZnO.Fe2O3 = ZnFe2O4 (normal) 

FeO.Al2O3 = FeAl2O4 (normal) 

CoO.Al2O3 = CoAl2O4 (normal) 

MnO.Al2O3 = MnAl2O4 (normal) 

NiO.Al2O3 = NiAl2O4 (normal) 

(c) Inverse spinel: 

In case of inverse spinel structure, Fe(MeFe)O4, the divalent metal cations has 

sturdier affinity for occupy octahedral [B] sites and the trivalent metal cations are 

similarly distributed in the tetrahedral site (A) and remaining octahedral site [B]. This 

can be denoted by formula, [Fe]tet [Me,Fe]octO4. For instance cobalt ferrite (CoFe2O4) 

is predominantly an inverse spinel with a formula; CoxFe1-x(Co1- xFe1+x)O4 (with x = 

0) where, x is the cation spreading factor which describes the portion of tetrahedral 

sites engaged by Co2+ cations. 

CoO.Fe2O3 = FeCoFeO4 (inverse) 

NiO.Fe2O3 = FeNiFeO4 (inverse) 

MgO.Fe2O3 = FeMgFeO4 (inverse) 
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Figure 1.19: Crystal structure of Spinel ferrite [132] 

1.8.2. Properties of spinel ferrites: 

1.8.2.1. Electrical properties of spinel ferrites: 

Spinel ferrites are most significant over conventional magnetic materials 

because of their extensive variability of applications. These materials have small 

electrical conductivities as compared to other magnetic materials and therefore they 

find varied use at microwave frequencies. Spinel ferrites, in common are 

semiconductors with their resistivities lying in the range between 10-2 and 10-11 

ohm.cm-1[133]. The conductivity is owing to Fe2+ and Me3+metal ions. In general, the 

presence of Fe2+ outcomes in n-type behavior and M3+ in p-type behaviour. The 

conductivity arises owing to the movement of the additional electron or the positive 

hole over and done with the crystal lattice. The mobility is explain by a hopping 

mechanism, in which the charge importers jump from one ionic site to the additional. 

On this basis, the semiconducting nature of nickel and cobalt ferrite has been 

efficaciously treated by Jonker and Elwell et al. [134] correspondingly. In little, one 

(a) 

(b) 

(c) 
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can say that the electrostatic interaction between conduction electron (or hole) and 

proximate ions may consequence in a displacement of the latter and polarization of 

the surrounding section, so that the importer is positioned at the center of a 

polarization potential well. The carrier is stuck at a lattice position, if this potential 

well is deep sufficient. Its transition to an adjacent site is determined by thermal 

activation. This has been defined as the hopping mechanism. In such a procedure the 

motion of the hopping electrons or holes are found to be proportional to e T, where A 

is the activation energy, k is the Boltzman's constant and T is the temperature in 

absolute degree. The reasons responsible for resistivity are the chemical in 

homogeneity affected during preparation, permeability, grain magnitude, sintering 

situations etc. Ferrites also show uncharacteristically high dielectric constant as well 

as dispersion of dielectric constant differs in the frequency variety from a few Hz to 

MHz. A dielectric material when subjected to an interchanging electric field, the 

positive and negative charges inside the material become displaced with respect to 

one extra and the system acquires an electric, dipole moment. The dipole moment per 

unit volume is known as polarization. The diffusion in the dielectric constant has been 

elucidated by Koops [135]. 

1.8.2.2. Magnetic properties of ferrites: 

Magnetism is a physical property of the magnetic materials which instigates 

from electron orbital motion or intrinsic spin from the existence of unpaired electrons 

(Figure 1.20). Iron as well as assured iron containing materials can have unpaired 

electrons essential to demonstration magnetic behavior. Owing to the more number of 

electrons in materials, magnetic solids are more without difficulty observed as a 

gathering of magnetic dipole moments. 
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If a magnetism shows magnetic material is placed in a magnetic field H, the 

separable atomic moments in the material give to induce the magnetic flux inside the 

materials can be written as: 

B = μo (H + M)                                                                                                           (2) 

Where μo is the vacuum permeability (12.566 x 10-7 VsA-1m-1) and the magnetization 

M = m /V is the magnetic moment per unit volume, where m is the magnetic moment 

on a volume V of the material. In the regime, where the magnetization scales linearly 

with H, it is convenient to define the magnetic susceptibility (χ) as, 

M = χ H                                                                                                                     (3) 

Fundamentally, there are two types of magnetic measurements for magnetic particles: 

1) Magnetization as a function of applied field with temperature (M-H loop). 

2) Magnetization as a function of temperature at a given magnetic field. 

 

Figure 1.20: Magnetic moment of electron 
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Figure 1.21: Hysteresis curve of a ferromagnetic material at constant 

temperature[136] 

 

Figure 1.21 displays hysteresis loop of magnetic material at unceasing temperature. 

Magnetic hysteresis denotes to the irreversibility of the magnetization and 

demagnetization process. In this Figure Ms = saturated magnetization, Mr = 

Remanent magnetization, Hc = Coercivity.  

1.9. Application of iron oxide nanoparticles: 

IONPs are justly an attention-grabbing material have previously found in 

abundant applications principally owing to large surface to volume ratio and 

surprising magnetic properties. Sorbent properties are demonstrated by the IONPs, 

which were excellently tested on separation of organic dyes and toxic inorganic metal 

noxious waste from industrial discarded water. Moreover, their magnetic properties 

and capability of the improved surface to selectively bind chemicals show promise of 

the upcoming industrial attentiveness in magnetically separable sorbents and filtration 

media. γ-Fe2O3 and Fe3O4 NPs used in magnetic recording media such as tapes and 

HDDs. However, present-day industrial demand for advanced recording density have 
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condensed the size of used NPs., higher susceptibility and low-down coercivity of 

superparamagnetic iron oxide NPs (SPIONs) and their biocompatibility and 

biodegradability show excessive potential for relevance in biomedicine. In this thesis, 

selected of the applications of IONPs have been deliberated briefly which are relevant 

to our studies. 

1.9.1. Heavy metal organic pollutants and dye removal from waste water: 

Water resources become critical significant to living things, but there is a 

terribly environmental anxiety owing to a getting higher contamination from 

industrial wastewater. Several industries, for specimen pulp, paper, textile, plastics 

consume chemicals and colorants to process their products and likewise require a 

large quantity of water. Accordingly, water becomes polluted by heavy metals, 

organic compounds and extra dangerous materials. The noxious waste make injurious 

effects the seafaring and terrestrial ecosystems. The separation of contaminations in 

waste water by adsorption procedure, Magnetic IONPs coated with appropriate 

surfactants show auspicious help [137]. Magnetic loaded adsorbent materials have 

gained extraordinary attention in water purification owing to innumerable advantages 

such as great separation efficiency, modest manipulation method, fast processing 

speed, economic and environmental friendly, capable to handle concentrated feed, 

selectivity to specific guest molecules and informal specifically functional 

amendments. 

Copper is universally found in municipal wastewater and its special effects are 

hazardous to living things. Certain methods have been suitable for its elimination like 

ion withdrawal, coagulation or adsorption but they possess disadvantage due to small 

sensitivity and cross reactivity. At present, surface reformed IONPs afford an 

alternative in bioremediation processes for the exclusion of Cu (II), Cr (VI), Ni etc., 
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from water by adsorption [138]. The greatest contaminated industry in the world is 

textiles industry, since it requires a massive quantity of two most important 

components, chemicals and water. More than 1000 unlike chemicals have been used 

in textiles industry, frequently they are colorants and transfer agents. Owing to the 

economical and efficiency reasons natural and artificial dyes are used in textiles 

industry.  

It generates problems to the atmosphere, because numerous man-made dyes 

are designed as exceedingly stable molecules, recalcitrant to be degraded by light, 

chemical and biological management. Specific profitable synthetic dyes generally 

have unreported great complex structures. Consequently, the release of dye 

wastewater can be one of industry’s most important problem since it comprises 

numerous noxious waste for instance acid or caustic, liquefied solid, noxious 

compound similar to heavy metals and colour. Among them, colour is very visible in 

wastewater; therefore, it can be effortlessly recognized. Furthermore, these coloured 

sewages will cause main threats to the atmosphere [139].  

In presence of minute quantity of artificial dyes is extremely discernible and 

undesirable. Mostly artificial dyes are also detergent resistant, vastly soluble in water, 

toxic, non-degradable, recalcitrant/stable and even cancer-causing. Hence, they can be 

a thoughtful threat to natural ecosystem and human beings. It also can cause the death 

of marine organisms that are significant for humans and a deficiency of fresh water 

resources. Therefore, we requirement to treat the wastewaters with noxious dyes 

previously they are liquidated into the water streams. The IONPs are the excessive 

boon for effective management of waste water. 

1.9.2. Corrosion Inhibition on Mild Steel: 

Corrosion is the damaging attack to metal by chemical or electrochemical 

reaction problem in minor steel, since which is without difficulty corroded in acidic 
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medium. A corrosion inhibition coating was completed on the slight steel to protect 

from corrosive atmosphere. Corrosion inhibitor material which precludes the 

corrosion reaction by given that a shielding barrier film which in turn stopovers the 

corrosive reaction. Paint material which prevents the uninterrupted contact of rusting 

media like air and H2O over the metal surface. It forms a homogeneous skinny layer 

after exposure to air and preserves the base metal from the corrosion with its 

surroundings. Numerous metal oxide materials have been used in the formulation of 

paints. Assorted metal oxides are manufactured from corresponding oxides and are 

used as colorants in paints which constitute the nanomanufactured paints. Coatings of 

nanoformulated paint are being carried out on trifling steel plate and the coatings were 

confirmed in corrosion environment. The extensively used corrosion inhibitors are 

organic or inorganic chemicals, exclusive and poisonous to environment. For accurate 

selection of inhibitors, mechanistic information on corrosion and inhibition 

procedures is required. As an outcome, scientists are scheming novel green inhibitors 

based on natural products and biodegradable environmental biopolymers. The usual 

products based on the plant derivation contain more than a limited organic derivatives 

(e.g. alkaloids, polysaccharides, pigments, organic and amino acids, which can be 

used as corrosion inhibitors. Certain of polysaccharides, including gums, have been 

used as corrosion inhibitors for metals in acidic, alkaline, and in salt-water 

environment [140]. 

1.9.3. Biomedical application: 

(a) Magnetic resonance imaging: 

SPION show an imperative role as MRI contrast agents, to improve 

differentiate fit and pathological tissues. Recent progresses in MR imaging have 

facilitated in vivo imaging at proximate microscopic resolution [141]. In order to 

visualize and path stem and progenitor cells by MR imaging, it is compulsory to tag 
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cells magnetically. Tat protein-derived peptide orders have recently been used as an 

capable way of internalizing a number of marked proteins into cells [142]. Lewin et 

al. theorized that biocompatible magnetic particles could be derivatized with 

analogous sequences and that entire particles could be powerfully ferried into 

hematopoietic and neural progenitor cells in amounts up to 10-30 pg of 

superparamagnetic iron per cells [143].  

(b) Magnetic hyperthermia: 

Magnetic induction hyperthermia, one of the therapies for cancer handling, means 

the exposition of cancer tissues to an interchanging magnetic field. Magnetic field is 

not absorbed by the breathing tissues and can be practical to deep area in the living 

body. As soon as magnetic particles are subjected to a flexible magnetic field, some 

heat is produced owing to magnetic hysteresis loss. The quantity of heat generated be 

contingent on the nature of magnetic material and of magnetic field parameters. 

Magnetic particles inserted all over the place in tumour site and placed inside an 

oscillating magnetic field will heat up to a temperature reliant on the magnetic 

properties of the material, the power of the magnetic field, and the frequency of 

oscillation and the freezing capability of the blood flow in the tumour site. Cancer 

cells are damaged at temperature greater than 431C, whereas the normal cells can live 

at higher temperatures. Heat could be created applying an applicable magnetic field. 

The size of the magnetite crystals is submicrometric, so the powders or bulk of these 

biomaterials have analogous properties. These materials are not only biocompatible, 

but also bioactive and could be advantageous for bone tumours [144]. 

(c) Drug delivery: 

Additional possible and best favorable application of these colloidal magnetic NPs 

is in drug delivery as importers of drug for site-specific delivery of drugs. Perfectly, 

they could bear on their outward or in their bulk a pharmaceutical drug that could be 
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driven to the target body part and free there. For these applications, the magnitude, 

charge and surface chemistry of the MNPs are mainly significant and intensely affect 

together the blood circulation time plus bioavailability of the particles in the interior 

the body [145]. In addition, magnetic properties and internalization of particles 

depend resiliently on the dimension of the magnetic particles [146, 147]. 

1.10. Review of Literature: 

In the ancient time researchers are thinking on morphology and magnitude 

reliant magnetic properties of IONPs for biomedical uses. As an outcome of the 

dipolar relations in the middle of the magnetic particles, they are intriguing 

constructing blocks for self-assembly into innumerable nanostructures. The assembly 

structures (1-D, 2-D and 3-D nanoparticles) are main for essential studies and for the 

production of magnetic-force triggered nanodevices. A moment ago, the self-

assembly of magnetic nanoparticles into definite shapes were reported by several 

researchers [148].  

The preparation of discrete 1-D nanoparticles magnetic materials, for instance 

iron oxide nanorods, ellpsiodal and wires over the oriented attachment of 

monodisperse sphere-shaped nanoparticles has been defined. Cao et al. [149] reported 

production of uniform α-Fe2O3 nanoparticles by surfactant coated hydrothermal 

method. The manufactured products were α-Fe2O3 nanoellipsoids of 115-140 nm in 

elongated axis and 60-80 nm in small axis.  

Mao et al. [150] have produced uniform echoing α-Fe2O3 spheres with diameter of 

approximately 600-700 nm and shell breadth less than 100 nm were achieved by 

uninterrupted hydrothermally management of watery FeCl3 and tungstophosphoric 

acid (H3PW12O40) solution at 180 °C. The resonating spheres were collected of robust 

shells with minor nanoparticles standing out of the surface and show an amazing 
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surface area and a feeble ferromagnetic behavior was gained at room temperature. The 

consequence of concentration of H3PW12O40, reaction time and temperature for the 

making of the hollow spheres were inspected in the sequences of experiments. The 

surfactant aided hydrothermal method can encourage the self-alignment of the 

nanocrystals. 

In latest time, hierarchical Fe3O4 nanostructure with coral-like morphology 

was produced by a humble glucose-assisted solvothermal method by Qin et al. [151]. 

The structure contains of tens of branches with lengths almost 1-2 μm. The essence of 

the nanostructure was collected of unsystematic aggregated particles with dimensions 

of 10 nm, and the twigs were designed from the oriented-aggregation of nanoparticles. 

In the case of ferrofluids, the surface properties of the MNPs are the highest factors 

defining colloidal steadiness. The most important measures used to progress the 

constancy of ferrofluids are the control of surface charge [152] plus the use of 

selected surfactants [153-155]. For case, magnetite nanoparticles fabricated through 

the co-precipitation of Fe2+ and Fe3+ in ammonia or NaOH solution is typically 

negatively charged, resultant in agglomeration. To attain stable colloids, the MNPs 

precipitous can be peptized (to disperse a precipitate to form a colloid by adding of 

surfactant) with aqueous tetramethylammonium hydroxide or with aqueous perchloric 

acid. The magnetite nanoparticles can be acidified with a solution of nitric acid and 

then further oxidized to maghemite by iron nitrate. Afterwards centrifugation and 

rediffusion in water, a ferrofluid based on positively charged γ-Fe2O3 nanoparticles 

was found, since the surface hydroxy groups are protonated in the acidic medium 

[156]. 

Commercially, H2O or oil based ferrofluids are existing. They are ordinarily 

steady as soon as the pH value is less than 5 (acidic ferrofluid) or over 8 (alkaline 
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ferrofluid). In all-purpose, stabilizer’s can be chemically joined or physically 

adsorbed on magnetic nanoparticles to form only 1 or dual layer [157, 158], which 

generates repulsive (mainly as steric repulsion) forces to equilibrium the magnetic and 

the Vander Waals attractive forces performing on the nanoparticles. Thus, by steric 

repulsion, the MNPs are stabilized in suspension. 

Polymers inclosing functional groups, for example carboxylic acids, 

phosphates, and sulfates, can fix to the outer of magnetite. Appropriate polymers for 

coat consist of PPy, PANI, PACA, PMM, and polyesters, such as PLA, PGA, PCL, 

and their copolymers [159-161]. Surface-modified MNPs with confident 

biocompatible polymers are tremendously considered for magnetic-field directed drug 

targeting, and as contrast agents for MRI [162, 163]. 

Chu et al. have studied a production of polymer layered MNPs by a particular 

inverse microemulsion [164]. The magnetite particles were first manufactured in an 

inverse microemulsion, containing of water/sodium bis(2-ethylhexylsulfosuccinate)/ 

toluene. Subsequently, water, monomers (methacrylic acid and hydroxyethyl 

methacrylate), cross-linked (N,Nmethylenebis(acrylamide) and an initiator (2,2’-

azobis (isobutyronitrile) were adding in reaction assortment under nitrogen, and the 

polymerization reaction was carried out at 558 °C. Subsequently polymerization, the 

particles were getting back by precipitation in a superfluous of an acetone/methanol 

mixture (9:1 ratio). The polymer-coated nanoparticles have superparamagnetic 

properties then a thin size spreading at a size of almost 80 nm. However, the long-

standing constancy of these polymer-coated nanoparticles was not spoken. Polyaniline 

can also be used for the coating of Fe3O4 by oxidative polymerization in the existence 

of ammonium peroxodisulfate catalyst [165]. 
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Water soluble magnetic Fe3O4 NPs were prepared by merging the in situ 

synthesis and putrefaction of a magnetic polymer hydrogel. Fe3O4 NPs with an 

ordinary diameter of 6.3-8.3 nm were manufactured in a cross-linked polyacrylamide 

hydrogel by co-precipitating iron ions. The putrefaction of the magnetic polymer 

hydrogel by a solution of NaOH led the transferal of Fe3O4NPs into the aqueous 

medium. The saturation magnetization of Fe3O4NPs were 44.6 and 54.7 emu g-1 at 

300 K and 5 K, correspondingly [166].  

Bora et al. [167] studied covalently attachment of BSA molecules with stearic 

acid coated IONPs. Magnetic property by was reserved even afterward bonding of 

BSA on Fe3O4 nanoparticles. Folic acid (FA)-functionalized Fe3O4 nanoparticles were 

created from iron (III) 3-allylacetylacetonate (IAA) through in situ hydrolysis and 

ligand adjustment. The γ-carboxylic acid of FA was effectively bonded with ligand of 

the Fe3O4NPs devoid of the destruction of the α-carboxylic acid collection of folic 

acid, which has a fellow feeling for folate receptors articulated on tumor cells. The 

magnitude of the folic acid conjugated Fe3O4 nanoparticles is 8 nm, revealed 

superparamagnetic behavior and a comparatively great magnetization at RT. The SAR 

of the FA-Fe3O4 nanoparticles was 670 W g-1 in a 230 kHz alternating magnetic field 

and 100 Oe. The chemo choosy outward modification of magnetite particles using FA 

produced an original cancer-targeting system for usage in hyperthermia handling 

[168]. 

Abbas et al. described the formation of superparamagnetic Alg-Fe3O4 as a 

unique magnetic adsorbent by using chemical in situ co-precipitation procedure. 

Alginate coated Fe3O4NPs is used for the separation of malachite green (MG) by 

using batch adsorption process. Effects of various adsorption factors like pH, 

temperature, adsorbent dosed were examined on adsorption properties of MG onto 
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Alg-Fe3O4 nanoparticles. The greatest adsorption capability achieved from Langmuir 

isotherm equation was 47.84 mg/g. The fallouts revealed that the adsorption of MG 

on nanoparticles followed pseudo-second-order kinetic model [169]. 

Magnetic MFe3O4/CS NPs were fruitfully synthesized via simple reduction-

precipitation method. The adsorption performances of MFe3O4/CS NPs to responsive 

brilliant red X-3B were examined, together with various adsorption parameters and 

adsorption kinetics. It was found that the adsorption performances of X-3B on 

MFe3O4/CS NPs were powerfully reliant on both early pH and the adsorbent dosage. 

The adsorption equilibrium row data fitted fine with the Langmuir isotherm model 

and the adsorption procedure followed the pseudo-second-order kinetic model. 

Thermodynamic parameters for instance ΔGo, ΔHo, and ΔSo point out that the 

adsorption was spontaneous and endothermic [170]. 

Fe nanoparticles were synthesized using green approaches based on tea 

extract, containing green, oolong and black teas. The unsurpassed technique for 

degrading MG was Fe NPs fabricated by green tea excerpts because it consist an 

higher quantity of caffeine/polyphenols which perform as both reducing as well as 

capping agents in the manufacture of Fe NPs. Moreover, kinetics for the degradation 

of MG using these Fe nanoparticles follow pseudo first-order reaction kinetics model 

with higher than 20 kJ/mol activation energy, proposing a chemically diffusion-

controlled reaction [171]. 

IONPs were prepared via facile additive-free synthetic approach for separation 

of CR dye and heavy metal Cr (VI) from water. These NPs were used to examine 

auspicious applications in water management. Owing to its lesser size and great 

surface area, the greater adsorption aptitudes of CR dye and Cr (VI) have been 
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defined using the Langmuir equation and found to reach up to 253.8 and 17.0 mg g-1, 

correspondingly [172]. 

The fabrication of Fe based metal-organic frameworks loaded onto IONPs 

were formed  using chemical method and the exploration of its capacity for the 

exclusion of MR has been studied [173]. Effective parameters in the choice of a novel 

adsorbent, i.e. adsorption capability, thermodynamics, and kinetics were inspected. 

The capability of the manufactured adsorbent in the separation of MR was compared 

with the metal organic structure (MIL-100(Fe) and IONPs. The outcomes indication 

that Fe3O4@MIL-100(Fe) nanocomposite reveals a greater adsorption capacity. 

A unique bimetallic Fe-Zn NPs was fabricated using simple co-precipitation 

technique and practical for the adsorptive elimination of cancer-causing dye MG and 

CR present in water. Adsorption experiments were conducted to examine the 

adsorption method by changing the optimization factors such as pH of solution, time, 

and preliminary dye concentration. The adsorption procedure was firstly very quick, 

and the largest adsorption was observed in a period 60 min of contact time [174]. 

MNPs has been  used for elimination of dyes from artificial and actual textile 

discarded water applying adsorption technique with the distinctive effects of various 

experimental factors for example, contact time, pH, and coexisting ions were 

investigated. Computational modeling of the relations of unlike dye molecules with 

changed surfaces of γ-Fe2O3NPs has been performed to obtain greater mechanistic 

insights on the adsorption behavior [175]. 

A. Debnath at el. reported that the elimination of anionic organic dye (Congo 

red) by chemically synthesized Fe2O3 nanoparticle adsorbent material from aqueous 

solution under variables prompting the adsorption ability, like as pH of solution, 
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adsorbent dosage, temperature, adsorption time and primary concentration, were 

consistently examined [176].  

The synthesis of porous magnetic microspheres nanomaterial by using one 

step friedel-craft alkylation reaction and this material is used for speedy expulsion of 

dyes from aqueous solution [177]. 

For the exclusion of responsive Blue 19 from colored discarded water 

Fe3O4MNPs modified with L-arginine (Fe3O4@L-arginine) has been used. In order to 

observe the impact of self-governing variables on dye elimination and determining the 

optimum situation, the Box-Behnken Design (BBD) lower than RSM was employed 

[178]. 

The γ-Fe2O3-NPs-AC was prepared and used as inventive adsorbent for the 

ultrasonic-assisted exclusion of MB and MG. Response surface methodology and 

synthetic neural network were practical model and optimize the adsorption of the MB 

and MG in their separate and double solutions followed by the examination on 

adsorption isotherm and kinetics [179]. 

Fe3O4 MNPs were fabricated via chemical precipitation technique for 

successful elimination of methyl violet as a cationic dye from aqueous solutions was 

examined. To take out methyl violet, the external layer of the MNPs was improved 

with SDS as an anionic surfactant. Also, the numerous parameters affecting colorant 

removal were inspected and optimized [180]. 

The production of superparamagnetic γ-Fe2O3 nanoparticles of well-ordered 

morphology were prepared by flame spray pyrolysis technique. The use of maghemite 

nanoparticles for the separation of copper (Cu2+), lead (Pb2+) ion from discarded water 

and metal ion uptake was principally observed by electrostatic attraction mechanism 

[181]. 
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The materialization of the maximum magnetic FexOy, Fe3O4, on biochar using 

oxidative hydrolysis of FeCl2 under basic media was executed to synthesize best 

adsorbent magnetic pine sawdust biochar: MPSB. Sorbent steadiness, parametric, 

kinetics, isotherm, thermodynamic and sorbent renaissance studies were executed to 

comprehend the potential of MPSB as adsorbent to eliminate an emerging waste 

product, sulfamethoxazole (SMX) from aqueous solution [182]. 

A plausible and sparingly viable co-precipitation manner has been the center 

of consideration in modern years to synthesize ZnFe2O4 nanoparticles. The 

manufactured samples are analyzed by PXRD which verified the prevalence of sharp 

diffraction peaks, ascribed to its momentous crystalline nature and crystallite size has 

been predictable to be 11.04 nm. ZnFe2O4 nanoparticles shows conductivity [183]. 

Fe3O4@HA@Ag MNCs were effectively fabricated by the unpretentious 

reflux process for the separation of azo dyes from the industrial aqueous media. 

Fe3O4@HA@AgMNCs showed extraordinary catalytic activity to degrade MB in a 

period of 20 min from the unwanted water. Therefore this newly synthesized 

Fe3O4@HA@Ag MNCs can be an encouraging nanocatalyst for the decrease of 

industrial unwanted azo dyes like methylene blue throughout the wastewater handling 

[184]. 

The manufactured magnetic AC (Fe-AC) was used excellently for the removal 

of Methylene Blue (MB) dye from aqueous solution. The special impacts of dissimilar 

batch factors such as adsorbent dosage (0.05-0.2 g/100 mL), early pH (3-9), 

temperature (298-318 K), early dyestuff concentration (50-250 mg/L) and contact 

time (5-60 min) on the adsorption procedure was examined. The created AC and Fe-

AC adsorbents as unique adsorbents suggestion a great possibilities for the separation 

of MB dyestuff from aqueous solutions because of the benefit of their producibility 
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from an inexpensive source, extraordinary adsorption capability and speedy uptake 

feasibility [185]. 

For the examination of noxious waste removal and oil water separation 

effectiveness the magnetic Fe3O4 nanoparticle (MNP)-coated fluorinated carbon 

fabric (CF) membrane has been prepared and methylene blue (MB) and Cu2+ ion have 

been used as adsorbate for estimating the removal performance of the CF membrane. 

The MNP-coated CF membrane reveals greater adsorption capacity toward cationic 

MB molecules and Cu2+ ions in liquefied phase, ascribed to a synergistic effect that 

combined with spongy CFs and Fe3O4 magnetite [186]. 

1.11. Objectives of thesis: 

Keeping extensive existence, non-toxicity, easily synthesizability of various 

forms of iron oxides, the author enthusiastic to carry out the further work on of iron 

oxides in nanostructured form, and to explore the properties for plausible applications, 

particularly for removal of toxic organic dyes from waste water. The objective of the 

present work includes: 

a) Synthesis of iron oxides nanoparticles in solution phase by chemical co-

precipitation method. 

b) Characterization of materials by various techniques such as XRD, SEM, FTIR, 

EDX, BET, UV-Vis, and PL for structural, morphological, functional group 

identification as well as optical properties determination.    

c) Applications of iron oxides nanoparticles as photocatalysts for mineralization 

of toxic organic dyes. 

d) Applications of iron oxides nanoparticles as adsorbent for removal of toxic 

organic dyes from waste water. 
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Chapter-2 

Characterization Techniques 

“This chapter presents a view on different characterization techniques for the 

characterization of nanoparticles. Structural as well morphological analysis of 

IONPs are identified by XRD, SEM, BET and optical propertied determination 

techniques like UV-Visible absorption spectroscopy and PL. The leading objectives 

and a brief framework of instrumentation and use of these techniques used for 

properties determination of materials are discussed in detail.” 
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2.1. Synthesis method: 

α-Fe2O3, PVP coated Fe3O4, CoFe2O4, Cd0.4Ni0.6Fe2O4 nanoparticles have 

been prepared by chemical co-precipitation method because it is conventional and 

innumerable cost-effective way for the formation of Fe3O4 or black iron oxides. This 

protocol involves of mixing Fe-III and Fe-II in higher basic environments. pH of the 

reaction, ionic strength and percentage of salts are the aspects which influence the 

quality of NPs fabricated. However suitable modifications of this procedure have been 

performed where an excellently control over dimension and magnetic properties is 

achieved. Stabilizers can also be added in reaction to produce highly stabilized 

nanoparticles for the paramount properties and uses [1-3]. 

2.2. Materials employed: 

All the chemicals used in the synthesis of NPs were of analytical grade, 

purchased from Merck and Fischer Scientific chemicals and were used without any 

further purification. The details of the general experimental technique and materials 

employed are described in upcoming chapters include: 

Ferrous sulphate (FeSO4·7H2O), Ferric chloride (FeCl3), Ammonium hydroxide 

solution (NH4OH), Sodium Hydroxide (NaOH), Polyvinyl pyrrolidone (PVP), Cetyl 

Trimethyl Ammonium bromide (CTAB), Copper chloride (CuCl2), Cobalt Chloride 

(CoCl2), Rhodamine B (RhB), Congo red dye (CR), Methylene Blue (MB) and 

distilled water. The structure dyes used in this investigation are is shown in Figure 

2.1. 
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Figure 2.1: (a)-Methylene blue (b)-Rhodamine b6 (c)-Congo red Dye (d)-Polyvinyl 

pyrolidone (PVP) 

 

2.3. Characterization Technique: 

In this chapter the description of instrumental techniques and experimental set 

up for characterization fabricated nanomaterials and dyes degradation/removal have 

been discussed. The characterization techniques include X - ray diffraction (XRD), 

scanning electron microscope (SEM), Energy Dispersive X-ray spectroscopy (EDX), 

Fourier transform infrared spectroscopy (FTIR), BET surface area analyzer (BET), 

UV-Visible absorption spectroscopy (UV-Vis) and photoluminescence spectroscopy 

(PL). 

2.3.1. X-Ray Diffraction (XRD): 

X-ray diffraction is a precise non-destructive advantageous tool for 

investigation of crystal size, (often mentioned to as main particle size), morphology, 

and physical properties of material, thin film, chemical configuration and 

crystallographic structure [4, 5]. This technique measures innumerable structural 

properties of the crystalline phase such as imperfection structure, strain, and particle 

size and phase composition. It defines not only breadth of the film but also defines the 

arrangement in amorphous material such as polymeric material. 
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2.3.1.1. Basic Principle: 

X-ray diffraction depends on constructive interference of monochromatic X-

rays from a crystalline material. The X-rays are produced by a cathode ray tube and 

are cleaned to create monochromatic radiation, collimated and focused in-to the 

sample. The X-rays principally act together with electrons present in atoms, collide 

and specific photons from the incident ray are deflected distant from original. The X-

rays interfere constructively and destructively generating a diffraction pattern on the 

detector. The incident X-ray radiation generated a Bragg’s peak if their reflections 

from the numerous planes interfered constructively. The interference is constructive, 

what time the phase variation is a multiple of 2λ, this circumstance can be denoted by 

Bragg's law, 

n λ= 2d sin θ 

Where n is an integer, λ is the wavelength of incident wave, d is the gaps 

between the planes in the atomic lattice and θ is the angle amongst the incident ray 

and the scattering planes. Schematic diagram of Bragg’s Law is shown in Figure 2.2. 

 

Figure 2.2: Bragg’s low 
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2.3.1.2. Instrumentation: 

A characteristic PXRD involves a source of radiation, a monochromator to 

choose the wavelength, slits to modify the outline of the beam, a sample and a 

detector.  A goniometer is used for acceptable change of the sample and the detector 

locations. The goniometer mechanism help the material and detector, approve to 

precise movement. The source of X-rays system involve various components; the 

most frequent being KĮ and Kα. The definite wavelengths are distinctive of the 

objective material (Cu, Fe, Mo and Cr). The purpose of monochromators and filters is 

to absorb undesirable emission with wavelength Kα, while allowing the desired 

wavelength KĮ to pass through. The X-ray radiation most universally used is that 

emitted through copper, whose characteristic wavelength for the KĮ radiation is 

equivalent to 1.5418 Å. The filtered X-rays are collimated and concentrating onto the 

sample as showed in the Figure 2.3. When the incident ray offensives a powder 

sample, diffraction arises in each conceivable orientation of 2ș. The diffracted ray 

may be observed by using a transportable detector for instance a Geiger counter, 

which is associated to a chart recorder. The counter is fixed to scan over an 

assortment of 2ș values at a continuous angular velocity. Routinely, a 2ș range of 5 to 

70 ̊ is appropriate to cover the greatest useful part of the powder pattern. The scanning 

speediness of the counter is generally 2ș of 2Û min-1. A detector records and 

procedures this X - ray signal and transforms the signal to a count frequency which is 

then fed to a device for instance a printer or computer monitor. The sample must be 

milled to fine powder previously loading it in the glass sample holder. Schematic 

representation of instrumentation of XRD are shown in Figure 2.3. 
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Figure 2.3: Schematic illustration of x-ray diffraction 

2.3.1.3. Particle size determination: 

As soon as the size of the discrete crystallite is smaller than 0.1 μm, the term 

particle size is used. For the calculation of mediocre particle size is, scherrer equation 

is applied [6]. The breadth of the diffracted curve escalates with diminution in particle 

size of the nanomaterial. The width β is frequently measured in radians, at intensity 

one and the unchanged to half the maximum intensity (FWHM). One can take β as 

half the divergence amongst the acute angles, at which the intensity is zero, supposing 

that the diffraction line is triangular in shape [7, 8] as revealed in Figure 2.4. 

β = (1/2) (2X2- 2X1) or 

β = (X2- X1) 

The average grain size is computed from the Scherrer formula, 

D = 0.9λ / β Cosθ 

Where, λ = wavelength of copper Kα line (1.5418 Å). 

θ = diffraction angle. 

β =FWHM. 
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D = ordinary particle size. 

 

Figure 2.4: Full width half maxima (FWHM) 

2.3.1.4. Important application of XRD: 

Firstly Peak indexing is identified by XRD spectra and uses are described below: 

(a) Particle size calculation: 

Ordinary particle size has been computed by using Debye-Scherrer equation 

[9] 





cos

9.0
D                                                                                                               (1) 

Where ‘λ’ = wavelength of X-Ray (0.1541 nm), ‘β’ = FWHM, ‘θ’ = diffraction angle 

and ‘D’ = particle size. The value of d = the interplanar spacing between the atoms is 

computed by using Bragg’s Law [10]. 

 sin2dn                                                                                                                 (2) 

(b) Instrumental Broadening: 

As soon as particle size is fewer than 100 nm, noticeable widening in x-ray 

diffraction lines will found. Diffraction pattern will confirmation widening because of 

particle size and straining. The detected line widening will be used to determine the 
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average size of the particles. The overall widening of the diffraction peak is owing to 

the sample and the instrument. The sample broadening is interpret by 




 sin4cos)( 


 strain
size

K
SFW                                                                (3) 

The total broadening βt is calculated by the equation 

Βt2=  



tan4

cos

9.0










D
+ βo

2             (4) 

ε is strain and βo instrumental broadening. The average particle size D and the strain 

of the experimentally detected widening of numerous peaks will be computed at the 

similar time using least squares method. Instrumental widening is shown in Figure 2.5 

[11]. Williamson and Hall suggested a method for deconvoluting size and strain 

widening by watching at the peak breadth as a function of 2θ. Here, Williamson-Hall 

plot is plotted with sin θ on the x-axis and βcosθ on the y-axis (in radians). A linear fit 

is got for the data. From this fit, particle size and strain are take out from y-intercept 

and slope correspondingly [12]. The computed particle size is 24 nm and strain is 

0.0012. Figure 2.5 [11]. Shows Williamson Hall Plot. 

 

Figure 2.5: Represent instrumental broadening 
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Line broadening investigation is greatest accurate when the broadening due to particle 

size effects is at smallest twofold times the contribution owing to instrumental 

widening. The size range is computed over which this method will be maximum 

precise. A rough higher limit is expected for reasonable exactness by observing at the 

particle size that would lead to widening equivalent to the instrumental widening. 

(c) Dislocation Density: 

In materials science, a dislocation is a crystallographic imperfection, or 

irregularity, within a crystal structure. The dislocation density (δ) in the sample has 

been determined using expression [13]. 

aD4

cos15 
                                                                                                          (5) 

Where δ = dislocation density, β = broadening of diffraction line, θ = Bragg’s 

diffraction angle (in degree), a = lattice constant (in nm) and D = particle size (in nm). 

(d) Crystallinity Index: 

Crystallinity is estimated through comparison of crystallite size as ascertained 

by SEM particle size determination. Crystallinity index Eq. is presented below: 

Icry=
 

 00.1
),(

Icry
XRDDcry

TEMSEMDp
                                                                           (6) 

(e) Specific Surface Area (SSA): 

SSA is a material property. It is a resultant scientific value that can be used to 

decide the category and properties of a material. It has a particular significance in case 

of adsorption, ununiformed catalysis and reactions on surfaces. SSA is the Surface 

Area (SA) per mass. 

densityVpart

SApart
SSA

*
                                                                                            (7) 

Here Vpart is particle volume and SApart is particle SA [14] 
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S=6*103/Dpρ                                                                                                         (8) 

(f) Unit Cell Features: 

Unit cell features defined from XRD such as structure, point group, density, 

crystal lattice, space group, packing fraction, bond angle, particle size, lattice 

parameters [11]. 

2.3.1.5. Identification of crystal structure of material: 

The powder diffraction of a material is the characteristic property of the 

material and forms a category of fingerprint of the material to be identified. The peaks 

of the XRD pattern can be matched by means of the standard accessible data for the 

certification of the structure. For the purpose of comparison, numerous standards 

patterns are accessible, selected of which Willars Hand book and JCPDS files are, in 

and National Bureau of Standards. 

2.3.2. Scanning Electron Microscope (SEM): 

2.3.2.1. Basic Principle: 

The SEM is a precise appropriate imaging technique that applied a ray of 

electrons to obtain extraordinary magnification images of samples. Electrical tools to 

achieve visually ultrafine 3-dimensional evidences of the surface. SEM analysis is 

revealed the confirmation about the surface features and elemental composition by the 

electron-sample interactions. Images of SEM is fashioned by rastering (scanning) a 

beam crossways the sample and making the image point by point [15, 16].  

2.3.2.2. Instrumentation: 

The SEM technique is very prosperous instrument that create a largely 

magnified image by using the electrons instead of light to form an image. The 

schematic view of the SEM are shown in Figure 2.6. The development of a ray of 

electrons is formed at the upper of electron microscope by an electron gun. Then the 
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ray of electron tracks a perpendicular path through the microscope, which is detained 

inside a vacuum. During this process the electron beam journeys through 

electromagnetic fields and lenses, which target the beam down in the direction of the 

sample. When the ray strike the sample, electrons and X-rays are turned out from the 

sample. These X-rays, backscattered electrons and secondary electrons are collect 

through the Detectors and then transform them into an indication that is directed to a 

screen equivalent to a television monitor. After completion of this process it produces 

the finishing image. For the SEM analysis, the powder and completely dried samples 

were used and located on the carbon tape which was closely attach to the sample 

holder. SEM JEOL were used to investigation the surface morphology of the sample. 

 

Figure 2.6: Schematic diagram of scanning electron microscope 
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2.3.2.3. Typical application: 

(a) SEM is used for the analysis of morphology of nanoparticles fabricated by a 

number of synthesizing technique. 

(b) SEM is also used for analysis of shape and size of nanoparticles. 

2.3.3. Energy dispersive X-ray spectroscopy: 

EDX is a chemical microanalysis technique used in conjunction with scanning 

electron microscopy (SEM) [17]. The EDX detects X-rays give out from the sample 

in the course of bombardment by an electron ray to characterize the elemental 

structure of the analyzed volume. Features or phases as lesser as 1 μm or less can be 

examined. As soon as the sample is bombarded by the SEM's electron ray, electrons 

are turned out from the atoms comprising the sample's surface. The consequential 

electron positions are filled by electrons from an upper state, and an X-ray is give out 

to balance the energy variance between the two electrons' states.  

The X-ray energy is distinguishing of the element from which it was released 

and the superfluous energy is released in the form of an X-ray. The deliverance of X-

rays generates spectral lines that are extremely precise to separate elements; thus, by 

investigating the X-ray emission data the sample in question can be characterized. For 

instance, a peak identical to the magnitude of energy possessed by x-rays created by 

an electron in the L-shell going down to the K-shell is recognized as a Kα peak. The 

peak subsequent to x-rays emitted by electrons transition from upper levels to the K-

shell is identified as Kα, Kβ, Kγ, etc as revealed in Figure 2.7. The EDX X-ray 

detector analyze the relative abundance of produced X-rays versus their energy. The 

detector is characteristically a lithium drifted silicon. As soon as an incident X-ray 

strikes the detector, it produces a charge pulse that is proportional to the energy of the 

X-ray. The charge pulse is renewed to a voltage pulse (which leftovers proportional to 
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the X-ray energy) by a charge-sensitive preamplifier. The signal is then sent to a 

multichannel analyzer where the pulses are sorted by voltage. The energy, as 

examined from the voltage measurement, for apiece incident X-ray is sent to a 

computer for display and further data estimation. The spectrum of X-ray energy vs. 

counts is evaluated to find out the elemental composition of the sampled volume. 

2.3.3.1. Typical Applications: 

(a) A complete elemental spectrum can be taken in only in certain time (seconds). 

(b) EDX can be used in semi-quantitative way to analyzed chemical composition by 

peak-height ratio comparative to a standard.  

(c) Corrosion evaluation, phase analysis and distribution. 

 

Figure 2.7: Schematic diagram of energy dispersive x-ray spectroscopy 

2.3.4. Fourier transform infrared spectroscopy (FTIR): 

The FTIR is an important technique for the identification of material by 

matching spectrum of unidentified compound with reference spectrum (finger 

printing), analysis of functional groups in unidentified substances. The IR region of 

the electromagnetic spectrum is deliberated to concealment the range starting from 50 

to 12,500 cm-1 approximately. 
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2.3.4.1. Basic Principle: 

At what time infrared light is passed through a sample, selected vibrational 

frequencies are absorbed, although additional frequencies are transmitted devoid of 

being absorbed. The transitions elaborate in the infrared absorption are interrelated 

with the vibrational modifications in the molecule. Different coordinating bonds / 

functional groups have dissimilar vibrational frequencies and therefore the existence 

of these bonds in a material can be investigated by distinguishing frequency as an 

absorption band in the infrared spectrum. The plot amongst transmittance and 

wavenumber is called infrared spectrum. 

2.3.4.2. Instrumentation: 

FTIR have in modern periods substituted dispersive instruments for maximum 

applications owing to their superior speed and sensitivity. They have importantly 

prolonged the abilities of infrared spectroscopy and have been valuable to numerous 

areas that are very arduous or approximately impossible to evaluate by dispersive 

instruments. Instead of inspecting every component frequency consecutively, as in a 

dispersive IR spectrometer, everything frequencies are investigated at the same time 

in FTIR spectroscopy. In Fourier transform system three rudimentary spectrometer 

components: radiation source, interferometer and detector.  

The functional block Figure of the FTIR spectrometer is presented in the 

Figure 2.8. Infrared radiation is comes from a broadband source is firstly focused into 

an interferometer, where it is separated and then recombined subsequently the split 

beam travel through different optical pathways to produce constructive and 

destructive interference. Afterward, the resulting beam passes over the sample 

compartment and reaches to the detector. Preparation of Sample is very informal. 

Almost all types of samples are investigated by this instrument such as solid, liquid or 
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gas sample. The sample to be investigated (minimum of 10 µg) should be crushed into 

KBr matrix or dissolved in an appropriate solvent (CCl4 and CS2 are selected). Water 

should be exclude from sample if possible. In case of solid samples, it is mixed with 

solid KBr pallet (transparent in the middle - IR region), then milled and pressed. FTIR 

were performed by using Perkin Elmer FTIR spectrophotometer by stock KBr pellet 

technique. 

 

Figure 2.8: Schematic diagram of Fourier transform infra-red spectroscopy 

2.3.4.3. Application of FTIR: 

(a) The existence of the stabilizer such as polymer coating of IONPs blend was 

confirmed by means of FTIR spectroscopy[18]. 

(b) The analysis of bonding is formed in sample is also confirmed by FTIR 

spectroscopy. 

(c) FTIR will also help to investigation of functional groups existing in the NPs, so 

this technique is used for qualitative investigation of materials.  Each one functional 

group possess one or more distinguishing peaks at not the same wave numbers. 

2.3.5. Brunauer, Emmett and Teller (BET): 

The BET technique is the most frequent method for analysis of surface area of 

powder sample and absorbent materials. Nitrogen gas in general employed as the 
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probe molecule and is unprotected to a solid under investigation at liquid nitrogen 

circumstances (i.e. 77 K). The surface area of the solid is estimated from the 

measured monolayer capacity and awareness of the cross-sectional area of the 

molecule being used as a probe. For the case of nitrogen, the cross-sectional area is 

taken as 16.2 Å2/ molecule. 

2.3.5.1. Basic Principle: 

The principle of B.E.T surface area analysis is that at smaller pressures gas 

adsorbs to solids in a monolayer. The surface area covered by this layer is analyzed 

based on the number of gas molecules in a monolayer and the dimensions of 

individual molecules. Monolayer creation of gas molecules is thus useful to define the 

precise surface area, while the principle of capillary condensation can be used to 

investigate porous physical appearance such as pore volume and pore size 

distribution. B.E.T analysis be responsible for precise exact surface area evaluation of 

materials by nitrogen multilayer adsorption measured as a function of relative 

pressure using a completely automated analyzer. Barrett-Joyner-Halenda (BJH) plot 

can also be determine pore size dissemination and specific pore volume using 

adsorption and desorption techniques. Schematic representation of BET is shown in 

Figure 2.9. 

 
Figure 2.9: Schematic diagram of BET 
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2.3.5.2. Significant application of BET: 

(a) From BET analysis surface properties is analyzed. 

(b) Surface area is significant property of nanoparticles for the separation of dyes by 

adsorption procedure is calculated by BET. 

(c) Pore volume, pore radius, pore size distribution is also measured by BET. 

2.3.6. UV-Visible spectroscopy: 

UV-Visible is a reliable and accurate analytical research laboratory assessment 

route that permits for the investigation of a material [19]. This absorption 

spectroscopy refers to in the ultra-violet and visible spectral region. In this range of 

the electromagnetic spectrum, molecules exhibit electronic transition. When samples 

are uncovered to light having an energy (E = hυ where ‘E’ is energy in joules, ‘h’ is 

Planck’s constant 6.62 × 10 – 34 J s and ‘υ’ is frequency in Hertz), that matches a 

probable electronic transition present inside the molecule, specific of the light energy 

will be absorbed as the electron is stimulated to a greater energy orbital. An optical 

spectrometer minutes the wavelengths at which absorption take place, simultaneous 

with the amount of absorption at respectively wavelength. The resulting spectrum is 

plot between absorbance (A) versus wavelength (λ). The optical properties of 

materials can be evaluated with the support of UV-Visible spectra. 

2.3.6.1. Basic Principle: 

The absorbance of light by molecules in the solution is based on the Beer - 

Lambert law, A= I/I0= ε*b*c where, I0is the intensity of the reference beam and I is 

the intensity of the sample beam, ε is the molar absorptivity with units of Lmol-1cm-1, 

b = path length of the sample in centimeters and c = concentration given solution 

expressed in molL-1. 
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2.3.6.2. Instrumentation: 

The UV-Visible spectrophotometers are mainly divided into five components 

like light source, double beams (reference and sample beam), a monochromator, a 

detector and a recording device. In this instrument a tungsten filament lamp for visible 

and deuterium discharge lamp for UV is usually used as a source for measurements. 

The light coming out from source is separated into double beams - the reference beam 

and the sample beam as displayed in the Figure 2.10. The shape of sample cell and 

reference cells are rectangular quartz/glass containers; they consist the solution (to be 

tested) and pure solvent, in that order. The spectrometer minutes the proportion 

between the reference and sample beam concentrations. The recorder plots the 

absorbance (A) against the wavelength (λ). The sample is organized into a paste and 

then liquefied into the solvent to form a dilute sample solution. This sample solution 

is occupied to mark line of the sample cell. In the current work, UV-Visible 

absorption examines were performed by Cary win 100 UV-Visible 

spectrophotometer. 

 

Figure 2.10: Schematic diagram of ultra violet-visible spectroscopy 
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2.3.6.3. Important application of UV-Vis: 

(a) Optical properties of nanomaterials is identified by this technique. 

(b) Band gap is also calculated from this technique by using tauc relationship. 

(c) Tauc plot is used to calculation of the optical bandgap, or Tauc gap, 

in semiconductors. The Tauc gap is often used to describe practical optical properties 

of amorphous materials. 

Direct band gap energy of materials was calculated from the Tauc relation: 

(εhν)2= P(Eg - hν)                     (9) 

Where ε is the molar extinction coefficient, h is plank constant, ν is frequency of light, 

Eg is the band gap energy and P is the arbitrary constant. The linear part of the (εhν)2 

verses hν graph was used to calculate the band gap values. The intercept of tangent at 

the x axis gives Eg value are shown in Figure 2.11. 

 

Figure 2.11: Band gap of iron oxide nanoparticle 

2.3.7. Photoluminescence Spectroscopy (PL): 

 PL spectroscopy is a contactless, non-destructive technique to probe the 

electronic structure of materials. The intensity and spectral content of the radiated 

photoluminescence is a straight measure of numerous important material properties, 

https://en.wikipedia.org/wiki/Bandgap
https://en.wikipedia.org/wiki/Semiconductors
https://en.wikipedia.org/wiki/Amorphous
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plus band gap determination, dirtiness levels and imperfection detection, 

recombination mechanisms. 

2.3.7.1. Introduction to luminance: 

Photoluminescence (PL) is a non-destructive analytical technique is used for 

the examination of extrinsic and intrinsic properties of semiconductors materials. 

Photo-excitation process take place at what time light is concentrated onto a sample 

and it becomes absorbed and imparts superfluous energy to the material. One of the 

methods this excessive energy can be dissolute by the sample is through the emissions 

of light. This procedure is known as luminescence. As soon as luminescence is go 

together with photo-excitation it is termed photoluminescence. If the emission energy 

is a less significant amount of than the excitation energy, this type of emission is 

known as ‘Stokes emission’, as well as, if the emission energy is higher than the 

excitation energy, this type emission is known as ‘Anti-Stokes’ emission. Commonly 

Stokes emission is perceived for the reason that the changeability in energy is caused 

by the transformation of the exciting light, to a larger or smaller extent; to non-

radiating vibrational energy of atoms or ions [20]. 

In this technique the semiconductor material beneath investigation is excited 

optically and at that moment the PL spectrum of the extemporaneous emission from 

radiative recombination in the semiconductor band gap is found. For the time period 

of the PL procedure, together radiative and nonradiative recombination happens. The 

PL technique be able to be used to identify the bandgap, impurity levels, 

imperfections detection and recombination process in the semiconductor materials. 

Innumerable most significant material properties give a straight measure of the 

spectral content and intensity of this photoluminescence. 
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Luminescence is further fragmented up into fluorescence and 

phosphorescence. A molecule in an excited state radiates energy subsequently 

outstanding in a metastable state for an objectively long time; the procedure is called 

as phosphorescence. The luminescence procedure in which the molecule radiates 

radiation as it falls in a straight line from an excited state to an inferior energy state is 

acknowledged as fluorescence. The time scale of the procedure is of the order of 10-8 

s. Fluorescence radiation is owing to acceptable transitions (∆ S = 0 ) from singlet 

excited state to the singlet ground state. If a molecule in an excited state releases 

energy subsequently remaining in a metastable state for an objectively long time, the 

process is called as phosphorescence. The time scale of the phosphorescence 

procedure be contingent on the energy gaps between the metastable state and the 

adjacent energy state to which transition is acceptable and may be of the order of 10-6 

seconds to minutes, hours or uniform days. This type of transition is owing to not 

allowed transition (∆S ≠ 0) from the excited metastable state to the lower ground 

state. 

2.3.7.2. Origin of fluorescence and phosphorescence: 

The absorption of energy through a molecule increases it to an excited state. 

This excited state may be rotational, vibrational or electronic are possible but these 

excited states are depending upon the energy of exciting photons. If the order of 

energy of exciting photon is 10-3 is liable for rotational excited states, if the energy is 

of the order of 0.1 eV at that moment vibrational states can be excited, and if the 

energy is of the order of greater than a little electron volts then electronic states can be 

excited. The analogous spectra are in microwave for rotational, infrared for 

vibrational and visible as well as ultraviolet array for electronic energy states. A 

molecule in an excited electronic state can misplace energy and coming back to its 
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ground state in a number of ways.  When the molecule may come back to the ground 

state through the emission of a photon of equivalent energy in a single step. One more 

probability is that it may mislay certain of its vibrational energy in collision with other 

molecules. Therefore descending radiative transition instigates from an inferior 

vibrational level in the higher electronic state. This phenomenon is named 

fluorescence and the fluorescent radiation is continuously of lower frequency are 

presented in Figure 2.12 (a). In the molecular spectra, radiative transitions between 

electronic states of dissimilar over-all spin are not acceptable according to spin 

selection rule (spin selection rule ∆S = 0). Figure 2.12 (b) shows a circumstances in 

which a molecule in its singlet (total spin quantum no ∆S = 0) ground state, absorbs a 

photon and is elevated to singlet excited state. In collisions the molecule can go 

through non-radiative transitions to an inferior vibrational level. Now, inferior 

vibrational level possibly will have the equivalent energy as one of the triplet (S=1) 

excited state. Then an assured likelihood of the molecule for a move to occur to a 

triplet state. Further collisions in the triplet state transport the molecule’s energy 

beneath that of the crossover point, so that it is at the present stuck in the triplet state 

and at the completion of the procedure reaches v = 0 level. As the radiative transition 

from a triplet toward a singlet state is not acceptable (ΔS≠1) according to spin 

selection rule, which means not that it is intolerable but that it has only an 

insignificant likelihood of occurring. Such transitions have extensive lifetimes, and 

the resulting phosphorescent radiation may be radiated in the time pause of the order 

of seconds, minutes or even hours subsequently the preliminary excitation is switched 

off. 
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Figure2.12: Schematic diagram of (a) Fluorescence (b) Phosphorescence 

2.3.7.3. Instrumentation: 

The leading constituents of fluorescence instruments: a source of light, a 

sample holder and a detector. A schematic illustration of a fluorimeter is presented in 

Figure 2.13. The light source generate light photons over a wide energy spectrum, 

typically range of this instrument is 200 to 900 nm. Photons interrupt on the excitation 

monochromator, which certain transmits light in a contracted range positioned about 

the specified excitation wavelength. The transmitted light passes through modifiable 

slits that regulate magnitude and resolution by further limiting the range of 

transmitted light. The filtered light passes into the sample cell producing fluorescent 

emission by fluorophors inside the sample. Emitted light come into the emission 

monochromator, which is positioned at a 90 º angle from the excitation light pathway 

to eliminate background signal and decrease sound owing to stray light. Once more, 

emitted light is transmitted in a contracted range centered about the specified emission 

wavelength and going away through adjustable slits, finally towards the inside the 

photomultiplier tube (PMT). The signal is amplified and produces a voltage that is 

proportional to the measured radiated intensity. Sound in the counting procedure 
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arises mainly in the PMT. Therefore, 28 spectral resolution and signal to noise is 

directly associated to the particular slit widths. Sample preparation procedure is the 

identical as that of UV-Visible spectroscopy. In both the cases, the sample cell 

(cuvette) must be free from impurities.  

 

Figure 2.13: schematic diagram of fluorescence spectrophotometer 

1.4. Important application: 

(a) PL is a frequently used this technique for investigation of the optical and 

electronic properties of semiconductors nanoparticles.  

(b) Photocatalytic activity and band gap is also find out by PL. 

2.3.8. Photocatalytic activity:  

CR, RhB, MB were used as probe molecules to investigation of the 

photocatalytic activity of bare and Polymer coated Fe2O3 and Fe3O4 nanoparticles 

respectively in response to visible light irradiation. Photocatalytic activity process is 

shown in Figure 2.14. The photocatalytic activity of as prepared Fe2O3-500 and 

Fe2O3-600 materials was determined by photodegradation of dye methylene blue 

(Meb) under visible light exposure using Xe lamp (1000 W). The photocatalytic 

degradation efficiency was calculated using the following equation: 
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(%) degradation = (A0 − A)/A0) × 100 

Where A0 represents the initial absorbance of the dye solution and A; the 

absorbance after irradiation at particular time. 

 

Figure 2.14: Schematic representation of phtocatalytic activity 
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Chapter-3 

Effect of annealing temperature on structural, optical and 

photocatalytic properties of α-Fe2O3 nanostructures 

In the present work α-Fe2O3 nanostructures have been synthesized by chemical co-

precipitation followed by annealing at 500 and 600°C for 3 h. Nanoparticle powders 

were characterized by X-ray diffraction (XRD), scanning electron microscope (SEM), 

energy dispersive X-ray spectroscopy (EDX), Fourier transform infra-red 

spectroscopy (FTIR), particle size distribution, Brunauer Emmett Teller analysis 

(BET), photoluminescence and UV-Visible spectroscopy. XRD confirmed the 

formation of crystalline α-Fe2O3 nanoparticles while SEM confirmed the formation of 

rice grain and spherical shapeα-Fe2O3nanostructures at 500 and 600 °C. From EDX 

and FTIR results formation of α-Fe2O3 is further established. BET analysis confirmed 

the mesoporous behavior of nanoparticles. UV-Visible and photoluminescence 

spectra have been used to determine band gap and photo-oxidation behavior of dye 

methylene blue. Both Fe2O3-500 and Fe2O3-600 nanostructures exhibit exceptionally 

high photocatalytic activity however the same is higher for Fe2O3-500 than that of 

Fe2O3-600 for degradation of methylene blue (Meb). 
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3.1. Introduction: 

Nowadays, water pollution has become the major threat to the living 

organism. Large amount of dangerous waste effluents reaches from industrial sectors, 

due to speedy industrialization in different fields. Since the natural degradation and 

conventional treatments are not much effective and not environmentally benign, these 

noxious waste pose solemn ecological problems. Although the chemical industries 

played a momentous character in development of human civilization, but 

simultaneously they release large quantities of chemicals, particularly persistent 

organic pollutants, causing potential harm to many ecosystems. Among all chemicals, 

dyes, surfactants, chloro-organics etc are some notable class of aquatic hazards 

responsible for environmental pollution.  

The textile industries consume enormous volumes of water in dissimilar 

processes and release large amount of textile wastewater, which is heavily charged 

with unconsumed organic chemicals including dyes which are well-known 

carcinogenic organic substances. The dyes when discharged into environment cause 

serious ill effect on the aquatic life, surrounding ecosystem and human being [1]. 

Reductive enzymes in the liver can catalyze azo linkage via reductive cleavage to 

produce aromatic amines and thus can lead to intestinal cancer [2, 3]. Exclusion of 

dyes and other commercial colorants from continual waste water effluents of textile, 

paper mills and other colorant manufactures is now the subject of considerable 

concern of environmental remediation. Many N- containing dyes undergo ordinary 

reductive anaerobic degradation to produce potentially carcinogenic aromatic amines 

[4]. Several physical treatment methods, such as activated carbon adsorption, 

flocculation, reverse osmosis, chemical oxidation and biological treatments have been 

used and demonstrated the clean-up process for water treatment. However, the above 
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techniques are either slow or non-destructive, since they just transfer the organic 

compounds from water to other phase, thus causing secondary pollution. 

Advanced oxidation processes (AOPs) is an effective route for degradation of 

organic pollutants. Among the AOPs, heterogeneous photocatalysis has emerged as a 

more efficient technique, for destruction of most of the organic pollutants. Direct 

photo catalytic reaction by using semiconductor powders has been shown to 

effectively degrade numerous kinds of pollutants together with dye pollutants and in 

many cases even completely mineralize the compounds [5]. Several semiconductors, 

such as TiO2, ZnO, Fe2O3, ZrO2, WO3, SnO2, CdS, GaP, ZnS etc have been used as 

heterogeneous photocatalyst and shown its efficiency in degrading a wide range of 

organics into readily biodegradable molecules and eventually mineralized those to 

harmless products.  

The ideal photocatalyst should be biologically and chemically inert, stable 

toward photocorrosion, suitable towards visible or proximate UV light, cost effective 

and nontoxic. In this regard, TiO2 is a suitable photocatalyst, under the photon energy 

of 300 nm < λ < 390 nm, hence has wide-ranging application in photocatalytic 

treatment of water. Most investigations of the photo-assisted decomposition of dyes 

used TiO2 as a model photo catalyst owing to its high photocatalytic efficiency, 

chemical and biological stability. Several reports have been available on TiO2 and 

TiO2 based mixed oxide photocatalysis for degradation of a number of organic 

pollutants in water. But TiO2 photocatalysis requires ultra-violet light to cause charge 

separation on the semiconductor surface. α-Fe2O3 is a low cost, abundant, stable, 

nontoxic, easily synthesisable and widely used photocatalyst with band gap ~ 2.2 eV 

(visible region absorption edge at ~ 565 nm) [6-8]. Though α-Fe2O3 is an efficient 

photocatalyst due to its high absorptive efficiency in the red light of visible region, 
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which contributes around 43 % of solar radiation [9], however charge carriers 

(electron-holes) recombination is a serious limitation with α-Fe2O3 photocatalyst. 

Nanoscale materials have distinctive properties differing from their molecular 

and bulk forms, such as quantum confinement, enabling superior catalytic 

performance including the high selectivity and high reactivity [10]. The use of 

nanocrystalline metal oxides in the photocatalytic oxidation of organic molecules 

represents a promising remediation strategy for wastewater systems. It has been 

shown that the photocatalytic efficiency of semiconductor nanoparticles is greatly 

influenced by size, shape and crystallinity in the photocatalytic reactions [11, 12]. 

Further, the architectural dependence of photocatalytic activity has the vast scope and 

still open to be explore a lot because different shape α-Fe2O3 nanostructures can be 

fabricated via wet chemical synthetic routes like sol-gel process [13], hydrothermal 

[14-16], chemical precipitation [17] and by many other methods [18-20]. Jiao and co-

workers synthesised α-Fe2O3 nanourichin in a simple and facile manner in aqueous 

phase and shape dependent photocatalytic activity has been evaluated for degradation 

of various dyes like Congo red, Eosin and Methylene blue [21]. Further, it has been 

reported that the annealing temperature play a critical role on absorption properties, 

thus affecting phtocatalytic properties of semiconducting nanostructures [22].  

In this study, α-Fe2O3 nanostructures have been prepared via co-precipitation 

method in aqueous phase and effect of annealing temperature on size, shape and 

optical properties, thus on photocataltytic degradation of dye Methylene blue have 

been investigation.  

3.2. Experimental: 

3.2.1. Materials: 

All chemicals used in this work were analytical grade and used without further 

purification. Ferric chloride hexa-hydrate (FeCl3·6H2O), ferrous sulphate hepta-
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hydrate (FeSO4·7H2O), ammonium hydroxide (NH4OH, 26% of ammonia) and 

methylene blue (MB) were purchased from Merck India. Double distilled water was 

used as solvent. All the glasswares were cleaned by concentrated acid.  The dried 

glasswares were used in all the experiments. 

3.2.2. Synthesis of Fe2O3 nanostructures: 

In this study α-Fe2O3 nanostructures have been prepared by co-precipitation 

method using Fe2+ and Fe3+ ions. Aqueous solutions Fe2+ and Fe3+ were prepared by 

dissolving ferric chloride and ferrous sulphate in double distilled water. The solutions 

Fe2+ and Fe3+ions were mixed in 2:1 molar ratio and heated at 90°C for 10 minutes. 

After heating, the solution was precipitated by adding ammonia solution with 

continuous stirring on the magnetic stirrer at 90 °C until pH reached to 11. The 

reaction mixture was again heated at 90 °C for 2 h. Black colored particles of iron 

oxide were precipitated. These particles were separated from the solution using a 

strong magnet and washed many times with double distilled water. The powder was 

then dried in oven at 100 °C for overnight. The overall reaction can be written as 

Fe2+ + 2Fe3+ + 8OH- → Fe2O3 + 4H2O 

The products were annealed at 500 ̊ C and 600 °C for 3 h to get Fe2O3-500 and Fe2O3-

600 samples.  

3.2.3. Characterization: 

 The XRD patterns of as prepared Fe2O3 nanoparticles were recorded on 

Pananalytical’s X’Pert Pro X-ray diffractometer in the 2  range 10 to 80◦ with step 

size of 0.025◦. Scanning electron microscope (SEM) images of the products were 

observed on JEOL 6490 LB equipment. The SEM micrographs were obtained at an 

operating voltage of 3 kV. FTIR spectra of as prepared Fe2O3-500 and Fe2O3-600 

samples were characterized by the Perkin Elmer Spectrum RXI. The particles size 
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distribution of the materials has been observed on Zetasizer Nano Series ZS 90. 

Brunauer-Emmett-Teller (BET) analysis of all the materials was done on BELSORP 

MINI (II) equipment. Photoluminescence spectral studies of the materials have been 

carried out on spectrofluorometer (Perkin Elmer LS 55) at excitation wavelength 425 

nm. UV-Visible spectra were recorded in absorption mode on Cary 100 

spectrophotometer in the wavelength region 200-800 nm. 

3.3. Photocatalytic activity: 

 The photocatalytic activity of as prepared Fe2O3-500 and Fe2O3-600 materials 

was determined by photodegradation of dye methylene blue (Meb) under visible light 

exposure using Xe lamp (1000 W). 100 mg amount of Fe2O3 was first dispersed in 

100 mL of 50 ppm Meb solution and stirred for 30 minutes in the dark condition in 

order to achieve the adsorption equilibrium. The solution was irradiated by visible 

light in a photocatalytic chamber. During irradiation, solution was agitated using a 

magnetic stirrer and air was bubbled into the reaction medium to provide a constant 

supply of oxygen. After desired time interval, an aliquot of solution was isolated, 

centrifuged and its absorbance was measured on UV-Visible spectrophotometer to 

calculate the percentage degradation. The same procedure was repeated for Fe2O3-600 

nanoparticles also. The photocatalytic degradation efficiency was calculated using the 

following equation: 

(%) degradation = ((A0 − A)/A0) × 100 

Where A0 represents the initial absorbance of the dye solution and A; the 

absorbance after irradiation at particular time. 

3.4. Results and discussions: 

Crystal structure, phase and purity of as synthesized materials were 

determined using X-ray diffraction (XRD) analysis. All the diffraction peaks in the 
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XRD pattern of as synthesized materials Fe2O3-500 and Fe2O3-600, obtained by 

annealing of precipitates at 500 and  600 ºC are shown in Figure 3.1 a & b. In the 

XRD pattern, peaks correspond to (012), (104), (110), (113), (124), (116), (214), 

(300) and (208) lines are well matched with JCPDS file no 33-0664, indicating that 

both the samples are phase pure α-Fe2O3. Furthermore, it is obvious from the 

diffraction pattern that the XRD peaks are intense and broad; indicating good 

crystalline and small size α-Fe2O3 materials are formed. The Scherer’s formula 

(Equation 1) has been used to evaluate the crystallites size of as synthesized materials 

using (110) reflection peaks of XRD pattern of Fe2O3-500 and Fe2O3-600 [23].  

 

 

Figure 3.1: XRD spectra of (a) α-Fe2O3-500 (b) α-Fe2O3-600 
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Where d is the crystallites size (in nm),  the wavelength (in nm), is the full 

width at half maxima (FWHM) and is the Bragg’s diffraction angle. The average 

crystallites size of the materials Fe2O3-500 and Fe2O3-600 has been derived as 51 and 

38 nm respectively, using above equation. 

The Brunauer-Emmett-Teller (BET) analysis was used to determine surface 

area of as synthesized Fe2O3-500 and Fe2O3-600 materials. The surface area (ap) of 

Fe2O3-500, and Fe2O3-600 NPs has been found to be 26.881 and 16.372 m2g-1 

respectively. The pore volume (Vp) of Fe2O3-500, and Fe2O3-600 NPs has been found 

to be 0.2652 and 02105 cm3g-1 respectively. From above data it is obvious that as the 

surface area decreases, corresponding pore volume decreases. Figure 3.2 shows the 

nitrogen adsorption-desorption isotherm plots for Fe2O3-500 and Fe2O3-600 materials, 

which are typical type IV curves along with H4 hysteresis curve according to the 

IUPAC classification and shows the presence of mesoporous phases [24]. 

 

Figure 3.2: BET Plot of (a) α-Fe2O3-500 (b) α-Fe2O3-600 

Structural, morphological and compositional investigations of as synthesized 

products were examined using SEM and EDX analysis depicted in Figure 3.3. In the 

SEM micrograph, approximately 45 nm long and 9 nm wide rice grain structured 

Fe2O3-500 particles are observed (Figure 3.3 a).  Interestingly, on increasing the 
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annealing temperature, almost spherical shape Fe2O3-600 particles with diameter 

about 50 nm are formed (Figure 3.3 b). Corresponding EDX patterns of the samples 

Fe2O3-500 and Fe2O3-600 (Figure 3.3 c & d) show that Fe:O ratio in both the samples 

is almost 2:3, suggesting that the materials are composed of Fe and O elements in 2:3 

ratio.  

 

Figure 3.3: SEM Image of (a) α-Fe2O3-500 (b) α-Fe2O3-600 (c) EDX spectra of α-

Fe2O3-500 (d) α-Fe2O3-600 

 

The particle size distribution of Fe2O3 -500 and Fe2O3 -600 materials have 

been studied on Zetasizer and the results are shown in Figure 3.4. For particles size 

distribution study, the materials were mixed in DMSO and sonicated. From particle 
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size distribution curves, it is obvious that size distribution of both samples is wide. 

The size of particles varies from 10 to 40 nm with maxima at 20 nm and from 30 to 

60 nm with maxima at 46 nm for the samples Fe2O3-500 and Fe2O3 -600 respectively. 

The results are in agreement of sizes of Fe2O3-500, Fe2O3-600 materials determined 

from XRD and SEM analysis. 

 

Figure 3.4: Particle size distribution graph of (a) α-Fe2O3-500 (b) α-Fe2O3-600 

 

Figure 3.5 shows the FTIR spectra for Fe2O3-500 and Fe3O4-600 nanoparticle. 

In the FTIR spectra of both samples, the strong peaks located at 536 and 464 cm-1, are 

characteristic of Fe-O vibration modes of α-Fe2O3 and can be referred to the A2u/Eu 

and Eu band, respectively. The peak at 535.5-535.7 cm-1 is due to overlap of A2u and 

Eu vibrations, with the dipolar moments parallel to and perpendicular to the c axis, 

respectively while the band at 464 cm-1 is owing to the Eu vibration, which lies 

perpendicular to the c axis [25].The observed peak at 1637-1638 cm−1 in the FTIR 

spectrum of Fe2O3-500 andFe2O3-600 is due to N-H bending vibration of NH2 group. 

The broad peak in case of Fe2O3-500 at 3422.7 cm−1 is due to overlapped O-H and N-

H stretching vibrations of adsorbed H2O and NH2. This band is not visible in 

spectrum of Fe2O3-600 probably due to higher annealing temperature.   
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Figure 3.5: FTIR spectra of (a) α-Fe2O3-500 (b) α-Fe2O3-600 

In the condensed phase, Fe3+ exhibits three types of electronic transitions, first 

due to ligand field transition, second due to ligand metal charge transfer (LMCT from 

O2- to Fe3+) and third correspond to paired excitation of magnetically coupled Fe3+ 

ions occupying the adjacent sites in the crystals [26]. The UV-Vis absorption spectra 

of as-synthesised hematite α-Fe2O3-500 and α-Fe2O3-600 NPs are shown in Figure 6. 

Absorption peak at around 377, 397 and 450 nm are due to 6A1→
4T1(

4P), 6A1→
4E(4D) 

and 6A1→
4E, 4A1(

4G)  transitions respectively for both the samples Fe2O3-500 and 

Fe2O3-600. Moreover, a characteristic feature at 546 nm has been assigned to 6A1 + 

6A1→
4T1(

4G) + 4T1(
4G) transition of Fe-Fe pair in the two samples[27].  Direct band 

gap energy of materials was calculated from the Tauc relation: 

(εhν)2= P(Eg - hν)                                                                                       (1) 

Where ε is the molar extinction coefficient, h is plank constant, ν is frequency of light, 

Eg is the band gap energy and P is the arbitrary constant. The linear part of the (εhν)2 
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verses hν graph (Figure 3.6) was used to calculate the band gap values. The intercept 

of tangent at the x axis gives Eg value. The Eg values for the materials Fe2O3 -500 and 

Fe2O3 600 have been found as 2.44 and 2.58 eV respectively using above relation 

(Figure 3.7).  

 

Figure 3.6: UV-Visible spectra of (a) α-Fe2O3-500 (b) α-Fe2O3-600 

 

Figure 3.7: Band gap of (a) α-Fe2O3-500 (b) α-Fe2O3-600 

Contaminants photodegradation capability of the above synthesized Fe2O3-500 

and Fe2O3-600 photocatalysts was evaluated by recording photodegradation behavior 
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of dye methylene blue (Meb) under visible light irradiation. In the present study, 

continuous air bubbling was done to ensure the presence of O2, which was used as 

oxidizing agent. Figure 3.8 shows the variation in the UV-visible absorbance spectra 

of Meb solution (50 mg/L) with different irradiation time in presence of Fe2O3-500 

and Fe2O3-600 nanostructures.  

 

Figure 3.8: Photodegradation behaviour of (a) α-Fe2O3-500 (b) α-Fe2O3-600 

Figure 3.9 shows the extent of degradation of Meb in presence of Fe2O3-500 

and Fe2O3-600 NPs under visible light irradiation for 60 minutes time. It is evident 

from the spectra that 92.8 and 85% degradation of Meb takes place in presence of 

Fe2O3-500 and Fe2O3-600respectively under visible light irradiation for 60 minutes of 

time. The results show that both the photocatalysts are effective for degradation of 

Meb, however photodegradation capacity of Fe2O3-500 is the higher than Fe2O3-600. 

Applying the Langmuir Hinshelwood model for determining the oxidation rate of the 

photocatalysis of dye Meb: 

                                                                          (2) 
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Where k is the rate constant (mg/L min-1), C is the concentration of dye, K is the 

adsorption constant of the dye (L/mg), and t is the illumination time (minutes). 

Integrating equation (2) the rate law can be rearranged as:  

                                                                                                         (3) 

Here C0 is the initial concentration of dye solution, C the concentration after time t 

and k is the rate constant. A graph has been plotted between lnC/C0 versus t (Figure 

3.10) where rate constant k can be determined by the slope of fitting curve. From the 

above graph, the rate constant values for Fe2O3-500 and Fe2O3-600 catalysts have 

been determined as 0.042, and 0.031 min-1 respectively. The results demonstrate that 

both Fe2O3-500 and Fe2O3-600 good photocatalysts, however phtocatalytic activity of 

Fe2O3-500 is higher than Fe2O3-600 for degradation of dye Meb. 

 

Figure 3.9: Extent degradation of (a) α-Fe2O3-500 (b) α-Fe2O3-600 
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Figure 3.10: Kinetics of (a) α-Fe2O3-500 (b) α-Fe2O3-600 

It is known that the photocatalytic efficiency of semiconductor photocatalysts 

depends on various properties like band gap, phase/crystal structure, particle size, 

shape, surface area, surface defects and presence of bound molecules on the surface 

[21, 28]. Surface area of the catalysts has direct correlation with their photocatalytic 

activity. If surface area is higher, photocatalytic activity will be larger because then 

greater number of active sites will be available to accommodate larger number of 

substrate molecules.  In this investigation the photocatalytic activity of Fe2O3-500 is 

higher than Fe2O3-600 because the surface area of former is higher than that of later.  

A major limitation of achieving high photocatalytic activity is the fast 

recombination of charge carriers (electron-holes) which are generated by illumination 

of photocatalyst by electromagnetic radiation. Retardation of recombination of 

electron-hole is the prime requirement for a photocatalysts in photochemical 

reactions. Since photoluminescence emission results due to radiative recombination of 

electrons and holes, it can be used to monitor the recombination behavior, and thus 
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availability of these charge carriers in photochemical reactions using semiconductor 

photocatalysts [29]. Electron-hole recombination process has been studied by 

recording PL spectra of the materials Fe2O3-500 and Fe2O3-600. Figure 3.11 shows 

the PL spectra of Fe2O3-500 and Fe2O3-600 materials at excitation wavelength 425 

nm. In the PL spectra of both Fe2O3-500 and Fe2O3-600 materials, the peak at 654 nm 

is attributed to 6A1→
4T1(

4G) ligand field transition of Fe3+ [30]. The emission 

intensity of Fe2O3-500 is lower than that of Fe2O3-600 indicating that recombination 

rate of electron-holes in case of Fe2O3-500 is lower than that of Fe2O3-600. This leads 

to higher photocatalytic activity of Fe2O3-500 than Fe2O3-600 as observed in Figure 

3.11. The probable reason for decrease of PL intensity of Fe2O3-500 is availability of 

shape dependent (rice grain shape Fe2O3-500) defect states in the forbidden gap, 

giving rise to relaxation of excited electrons to lower levels in the band gap. 

 

Figure 3.11: PL spectra of (a) α-Fe2O3-500 (b) α-Fe2O3-600 
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Conclusively, on the basis on the basis of above results and analysis it can 

stated that the photocatalytic activity of the samples Fe2O3-500 and Fe2O3-600  

achieved due to large surface area, good optical absorbance in the visible region and 

efficient separation of electron-holes. On the basis of above facts a possible 

mechanism of photocatalytic degradation process of dye Meb is shown schematically 

in Figure 3.12. Due to high surface area, and thus availability of greater number of 

active sites, the samples accommodated larger number of substrate molecules. On 

visible light illumination, electrons in the valance band of α-Fe2O3 are excited to 

conduction band leaving holes in valance band. The hydroxyl groups present at the 

surface of photocatalysts react with holes to produce hydroxyl radicals while 

dissolved oxygen reacts with photogeneated electrons yielding superoxide and 

consequently hydroperoxide radicals, followed by hydrogen peroxide. These products 

react with dye Meb, ultimately converting them to carbon dioxide and water 

molecules. The reaction steps taking place for photocatalytic degradation of Meb can 

be sum up as bellow [20]. 

α-Fe2O3-500 /α-Fe2O3-600 + hν → α-Fe2O3-500 /α-Fe2O3-600 (e- − h+)          (4) 

h++ H2O  →  ∙OH + H+              (5) 

e- + O2     →   O2
−

 →                   (6) 

O2
− + Meb → Meb+∙ −O2                         (7) 

∙OH + Meb+∙→ CO2+ H2O                         (8) 
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Figure 3.12: Schematic representation of photodegadation (a) α-Fe2O3-500 (b) α-

Fe2O3-600 

 

3.5. Conclusion: 

In summary, α-Fe2O3-500 and α-Fe2O3-600 structures have successively been 

synthesized by chemical co-precipitation followed by annealing at 500 °C, 600 °C. 

XRD and SEM studies revealed formation of rice grain like α-Fe2O3-500 (45 nm long 

and 9 nm diameter) and spherical α-Fe2O3-600 (50 nm diameter) nanocrystals. The 

photocatalytic activity results revealed that the α-Fe2O3-500 and α-Fe2O3-600 are 

effective photocatalysts, however α-Fe2O3-500 has the higher photocatalytic activity 

than α-Fe2O3-600 for degradation of Meb. The surface area (ap) of Fe2O3-500, and 

Fe2O3-600 NPs has been found to be 26.881, 16.372 m2g-1 respectively and the pore 

volume (Vp) of Fe2O3-500, and Fe2O3-600 NPs has been found to be 0.2652, 02105 

cm3g-1 respectively. From above data it is obvious that as the surface area decreases, 

corresponding pore volume decreases. From UV-Visible absorption spectra band gap 

values for the materials Fe2O3 -500 and Fe2O3 600 have been found as 2.44 and 2.61 

eV respectively. In the PL spectra of Fe2O3-500 and Fe2O3-600 materials, the peak at 

654 nm is due to 6A1→
4T1(

4G) ligand field transition of Fe3+. The emission peak of 
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Fe2O3-500 is lower than Fe2O3-600 due to availability of shape dependent (rice grain 

shape Fe2O3-500) defect states in the forbidden gap, giving rise to relaxation of 

excited electrons to lower levels in the band gap thus lowering the recombination rate 

of electron-holes in case of Fe2O3-500 than that of Fe2O3-600. This leads to higher 

photocatalytic activity of Fe2O3-500 than that of Fe2O3-600. The photocatalytic 

activity of Fe2O3-500 is higher than Fe2O3-600 because the surface area of former is 

higher than the later. Summarily, photocatalytic activity of the samples Fe2O3-500 and 

Fe2O3-600 achieved due to large surface area, good optical absorbance in the visible 

region and efficient separation of electron-holes. 
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Chapter-4 

Synthesis and characterization of polyvinyl pyrrolidone (PVP) coated 

Fe3O4 nanoparticles by chemical co-precipitation method and 

removal of Congo red dye by adsorption process  

The present paper deals synthesis of poly vinyl pyrrolidone (PVP) coated magnetite 

nanoparticles by chemical co-precipitation method. The samples were characterized 

using X-ray diffraction (XRD), scanning electron microscopy (SEM), energy 

dispersive X-ray spectroscopy (EDX), Fourier transform infrared spectroscopy 

(FTIR) and Brunner Emmett teller (BET) methods. The surface area, pore volume and 

pore radius were calculated by the BET analysis. The EDX and FTIR analysis 

demonstrated the fabrication of PVP coated Fe3O4 NPs. The as synthesized 

Fe3O4/PVP has successfully been used as an adsorbent for elimination of Congo red 

dye in aqueous medium.  
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4.1. Introduction: 

Industrial effluent treatment is a provocative operation to restraint water 

contamination and to sustain ecosystem [1, 2]. Azo dyes are a renowned class of 

colouring compounds which are comprehensively been used in engineering 

applications. Congo red, a cationic dye, is benzidine derivative of azo dye and its 

structure is very stable. Even a slight concentration of the dye is revealed to be a 

foremost environmental threat [3-5], Exposure to MB leads to increase of heart beat, 

vomiting, shock, jaundice, quadriplegia, and tissue necrosis in humans [5, 6].  Various 

methods like ultrafiltration, reverse osmosis, coagulation, sedimentation chemical 

oxidation, membrane separation processes, electrochemical, aerobic, anaerobic 

microbial degradation etc. are accessible for waste water handling, however these 

methods have limitations like formation of inferior waste products which have to be 

further treated. Further, these procedures are time spending and price demanding [7-

9]. In this regard the adsorption procedure is an efficient approach to take out 

pollutants present in the effluent water. Since the water management by adsorption 

method entirely dependent on excellence of the adsorbent, the improvement of 

effective and low cost sorbent materials is challenging task before material chemists. 

In the previous years number of adsorbents like activated carbon, zeolites, clay 

minerals, chitosan, lignocelluloses, biosorbents and functionalized polymers have 

been employed however, maximum of these materials are either not economic and 

effective or have associated  difficulties of separation and generation of secondary 

wastes [10-14].  

Due to large surface-to-volume ratio, nanomaterials are advanced class of 

adsorbent. In the recent years iron oxide nanoparticles, specially magnetite (Fe3O4) 

and maghemite (γ-Fe2O3), are the frequently used magnetic importers in various 
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biomedical applications such as magnetic resonance imaging contrast development 

agents, hyperthermia, manipulating cell membranes, biosensors, cataloging, and in 

drug delivery [15]. The proficient, economic, accessible and non-toxic monodisperse 

synthesis of Fe3O4 nanoparticles is extremely preferred for potential environmental 

applications. Fe3O4 is a potential, inexpensive and effortlessly synthesizable adsorbent 

with additional benefit of ease of solid–liquid separation using an external magnetic 

field. A. Debnath at el. reported the removal of an anionic organic dye (Congo red) 

using chemically synthesized Fe2O3 NPs as adsorbent and effect of pH, adsorbent 

dosage, temperature, adsorption time and primary concentration on adsorption were 

examined [16]. M. Saad et al. used sol-gel method to synthesize γ-Fe2O3-activated 

carbon nanocomposite for the selective removal of two-fold mixture of dyes 

containing reactive red 223 dye (RR) and Malachite Green dye (MG) by ultrasonic 

assisted adsorption method [17]. Nanosized magnetic iron oxide particles have been 

studied broadly as a novel adsorbent with great surface area and slight diffusion 

resistance by S. Shariati et al. [18]. In another report magnetic iron oxide 

nanoparticles have been used for elimination of dyes from artificial and actual textile 

wastewater by using adsorption technique and the effect of different experimental 

parameters viz. contact time, pH coexisting ions were investigated [19]. Porous 

magnetic microspheres, synthesized by one step friedel-craft alkylation reaction, been 

used for fast separation of dyes from aqueous solution [20]. Magnetite/reduced 

graphene oxide (MRGO) nanocomposites prepared via solvothermal approach has 

been developed to prepare for separation of dye waste product [21]. Further, the 

additional advantages like ease of synthesis, recovery, nonexistence of secondary 

waste product, cost-effectiveness as well as environmental friendliness makes these 

materials suitable candidates for effective treatment of effluent water [22].  
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Co-precipitation method is a cost effective, environmental friendly and 

biocompatible technique. [23, 24], however ultra-small Fe3O4 nanoparticles have not 

been efficaciously prepared by this technique yet. Owing to large surface area and 

dipole-dipole interactions of magnetic nanoparticles have tendency to agglomerate, 

hence the challenging issue associated with the use of Fe3O4 nanoparticles as 

adsorbent is the stabilization. Polymers implanting on magnetic nanoparticles is 

unique attractive procedures of surface modification [25, 26]. In the number previous 

reports it has been shown the decoration of polymeric layer of lipids, proteins, 

dendrimers, gelatin, dextran, chitosan, poly (vinyl alcohol) (PVA), etc. over NPs can 

effectively stabilize magnetic nanoparticles [27-32]. M. Vadivel et al. demonstrated 

that PVP coating successfully controls structural, morphological, dielectric and 

magnetic properties of CoFe2O4magnetic nanoparticles [33].In this study we used 

PVP polymer as coating material because it is water solvable, neutral, non-hazardous, 

and is frequently used in innumerable applications [33, 34]. Since the polymer PVP is 

attached to magnetic nanoparticles by covalent bonds, the complete magnetic fluid 

(ferrofluid) becomes stable for an extensive age of time.  

In present paper we synthesized PVP coated Fe3O4 nanoparticles via co-

precipitation technique, structural and optical properties have been considered with 

respect to the variation in concentration of polymer and adsorption study has been 

examined for elimination of Congo red dye from aqueous solution. 

4.2. Experimental analysis: 

4.2.1. Materials required: 

All the chemicals used in this work were analytical grade and used as 

supplied. Ferric chloride hexa-hydrate (FeCl3·6H2O), ferrous sulphate hepta-hydrate 

(FeSO4·7H2O), poly vinyl pyrrolidone (PVP), ammonium hydroxide (NH4OH, 26 % 
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of ammonia) and Congo red dye (CR) were procured from Merk. De-ionized water 

was used as solvent. All the glasswares were cleaned by concentrated acid.  The dried 

apparatus were used in the completely experiments. 

4.2.2. Synthesis of PVP coated iron oxide nanoparticles: 

The PVP coated Fe3O4 nanoparticles were fabricated by chemical co-

precipitation method. In the typical experiment, 50 mL aqueous solution of 0.017 M 

of ferric chloride, 50 mL aqueous solution of 0.033 M of ferrous sulfate and 1 g 

polyvinyl pyrrolidone (PVP) were mixed in 250 ml lessened flask. The solution 

mixture was stirred for 30 minutes time to achieve a standardized solution.  0.25 M of 

ammonia solution was mixed in 50 ml of distilled water and added gradually to above 

solution mixture until pH reaches 11. The solution mixture was vigorously stirred on 

motorized stirrer for 3 h at room temperature. The solution appeared black color, 

which is symbolic of formation of Fe3O4. The precipitate was magnetically separated 

using an enduring magnet bar, liquefied in methanol and again separated by magnet 

bar. This process was repeated 4 times to remove the surplus amine molecules. Black 

powdered PVP coated Fe3O4 nanoparticles were dried at room temperature for whole 

day time and calcinated at 400 ̊C for 4 h. In analogous way Fe3O4/PVP (2g) and 

Fe3O4/PVP (3g) materials were synthesized using 2 g and 3 g PVP. 

4.2.3. Batch adsorption studies: 

In this study, batch process was applied to estimate the adsorption process and 

the experiments were performed at room temperature (25 ± 1˚C) in 250 ml stoppered 

conical flask consisting of 50 mL solutions under study. In various adsorption 

experiments like impact of pH on extent of adsorption, contact time for adsorption 

isotherm experiments, 40 mg of adsorbent Fe3O4/PVP (1g) was assorted in 50 mL 

concentration of Congo red dye solutions. pH of the solutions was maintain by the 
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addition of appropriate quantity of 0.1 M HCl and 0.1 M NaOH solutions. After 

mixing of adsorbent into the investigation solution, beaker was shaken for a preferred 

contact time in an electrically thermostated reciprocating shaker at 150 rpm. In order 

to achieve the equilibrium condition, a proportion of solution was withdrawn at 

consistent time interval, centrifuged and investigated for residual Congo red using 

UV-visible spectrophotometer (carry 100). The adsorption amount was calculated via 

the subsequent equation: 

q = 
m

VCeCo )( 
                                                                                                         (1) 

The sorption efficiency, A %, of the Congo red dye was calculated from: 

A (%) = 
Co

VCeCo )( 
                                                                                                 (2) 

Where C0 and Ce are initial and equilibrium concentrations Congo red dye in mg L−1, 

V is the volume of solution in mL and m is the amount of adsorbent in mg.  

4.3. Characterization: 

The X-ray diffraction patterns of as prepared PVP coated Fe3O4 materials 

were observed on Pananalytical’s X’Pert Pro X-ray diffractometer in the 2  range 10 

to 80◦ with step size of 0.025◦. Scanning electron microscope (SEM) images of the 

products were carried out on JEOL 6490 LB equipment. The scanning electron 

microscopic images were attained at an operating electrical energy of 3 kV. FT-IR 

spectra of as prepared Fe3O4/PVP (1g), Fe3O4/PVP (2g) and Fe3O4/PVP (3g) samples 

were recorded on Perkin Elmer Spectrum two equipment. Brunauer-Emmett-Teller 

(BET) analysis of all the materials was carried out on BELSORP MINI (II) 

equipment. UV-Visible spectra were record in absorption mode with a carry 100 

spectrophotometer in the 200-800 nm regions.  
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4.4. Results and discussion: 

4.4.1. XRD: 

In order to examine phase, crystal arrangement and purity of above 

synthesized Fe3O4/PVP (1g), Fe3O4/PVP (2g) and Fe3O4/PVP (3g) materials XRD 

analysis was done and patterns are shown in Figure 4.1 a-c. The X-ray diffraction 

peaks in the XRD pattern of these materials are readily indexed as magnetite Fe3O4 

phase. From the XRD pattern it is evident that as synthesized materials, obtained by 

calcination of precipitate at 400 ºC for 3 hour are phase pure Fe3O4. Furthermore, it is 

observable from the diffraction pattern that the XRD peaks are sharp and broadened; 

indicating formation of good crystalline and small sizes Fe3O4/PVP materials. The 

diffraction peaks analogous to (311), (400), (511), (440), (620) and (533) are quite 

identical to distinguishing peaks of the Fe3O4 crystal with the cubic spinal structure.  

Size of the crystal of Fe3O4/PVP (1g), Fe3O4/PVP (2g) and Fe3O4/PVP (3g) materials 

was calculating using Scherer formula.  

 

Where D is the crystallites size (in nm),  the wavelength (in nm), is the full width 

at half maxima (FWHM) and is the Bragg’s diffraction angle. 

Though Scherrer equation is approximate, however it gives an idea about 

crystallites size, for the particle’s dimension lower than 100 nm[35]. The width of 

diffraction peaks has contribution for the pair of instrumental and sample dependent 

effects. To decouple overhead contributions, diffraction pattern from line widening of 

an accepted material (Al2O3) was collected to describe the instrumental broadening. 

The instrumental corrected βhkl for a selected diffraction peak of the materials was 

calculated using the equation, 

 βhkl = [(β2
hkl)measured − (β2)instrumental]1/2                    (2)  
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The XRD peak (311) was used to define average particle’s size. The 

calculated average crystallite’s sizes of the materials Fe3O4/PVP (1g), Fe3O4/PVP (2g) 

and Fe3O4/PVP (3g) found to be 35, 32 and 30 nm respectively. 

 

Figure 4.1: XRD patterns of (a) Fe3O4/PVP (1g) (b) Fe3O4/PVP (2g) (c) Fe3O4/PVP 

(3g) nanoparticles formed by calcination at 400 °C temperature. 

 

4.4.2. FESEM and EDX: 

FESEM images (Figure 4.2) indicate that the morphology of the Fe3O4 

nanoparticles are roughly spherical in shape. As per reports, globular shape NPs form 

because the nucleation rate per unit area remains isotopic at the interface between the 

Fe3O4 magnetic nanoparticles [36, 37]. Figure 4.2 a-c show the typical FESEM 

micrographs of the samples Fe3O4/PVP (1g), Fe3O4/PVP (2g) and Fe3O4/PVP (3g) 

which are of nano-aggregates of ultrafine particles. Agglomeration found in these 
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samples is owing to the magnetic dipole–dipole interaction between NPs [38]. EDX 

pattern (Figure.2d, 2e, 2f) shows the composition of elements present in material. 

Strong peak of Fe and O were found in our sample and the percentage of Fe: O is 

found as 3:4. 

 

Figure 4.2: The SEM image of (a)Fe3O4/PVP (1g), (b) Fe3O4/PVP (2g) and (c) 

Fe3O4/PVP (3g) NPs. EDX pattern of (d) Fe3O4/PVP (1g), (e) Fe3O4/PVP (2g) and  (f) 

Fe3O4/PVP (3g) NPs. 
 

4.4.3. FTIR: 

The FTIR spectra of Fe3O4 nanoparticles coated with disparate quantity of 

PVP are displayed in Figure 4.3. In FTIR spectra one peak found in the range 3444-
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3401 cm-1 is owing to stretching frequency of -OH band of adsorbed water molecules 

on the surface of PVP coated Fe3O4 NPs while the peaks obtained  between 1615-

1642 cm-1 in these samples are ascribed to stretching frequency of C=O. Two 

vibration bands perceived at 572 and 633 cm-1 in these samples are the frequencies of 

magnetite [39]. The one vibrational band at 572 cm-1  has been ascribed to IR active 

T1u mode of vibration of in Fe3O4 nanoparticles [40]. On increasing the extent of PVP, 

the C=O absorption bands shifts as of 1680 to 1662 cm-1. The results indication that 

iron oxide is bonded with carbonyl group in PVP and the interaction between PVP 

and Fe3O4 diminution of the particle size, which contribute to surface significance of 

nanoparticles. The peak situated at 1289 cm–1 is owing to C–N stretching vibration of 

N-vinyl pyrrolidone. Overall, these FTIR spectra Further validate the formation of 

magnetite NPs which are coated with PVP through C=O interaction. 

 

Figure 4.3: FTIR spectra of (a) Fe3O4/PVP (1g) (b) Fe3O4/PVP (2g) (c) Fe3O4/PVP 

(3g) 
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4.4.4. BET: 

Nitrogen adsorption/desorption isotherm plots have been used to evaluate pore 

diameter (Dp) pore volume (Vp) and the surface area (S) of the synthesized materials 

in this study. The surface area of adsorbent material has immense significance in the 

adsorption process. Extra-large surface area is favorable for the adsorption procedure 

because then more active site is available for the adsorption of adsorbent. The 

isotherm profile of Fe3O4/PVP (1g) indicates dissimilar porosity (a mixture of type IV 

and type II, according to IUPAC classification). While the samples Fe3O4/PVP (2g) 

and Fe3O4/PVP (3g) show a predominance of type IV with H2 hysteresis loop. In 

example of sample Fe3O4/PVP (1g), there is a high proportion of type II isotherms, 

the characteristic of mesoporous powders (H4 hysteresis loop), which is fascinating 

for particular processes (catalysis and adsorption). The profile of pore diameter 

dissemination is presented in Figure 4.4 b (according to the BJH method revealed in 

Figure 4.5) demonstrates a broad pore size distribution, with the mainstream of the 

porous diameter situated in the array from 0 to 100 A˚. A rise in the quantity of iron in 

the sample composition stimulated variations in the hysteresis behavior, which can be 

accredited towards the closing of the pores by iron oxide. Table 4.1 presents detail 

description of the standards of the surface area, overall pore volume, and the ordinary 

pore diameter of the samples, which point to the textural outcome, promoted by a rise 

in the extent of iron. Samples with higher iron amount seem to have a lesser ratio of 

left over organic substances after the calcination process.  
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Figure 4.4: N2 adsorption-desorption isotherms of (a) Fe3O4/PVP (1g) (b) Fe3O4/PVP 

(2g) (c) Fe3O4/PVP (3g) nanoparticles. 

 

Sample S (m2/gm.) Vp (cm2/gm.) Dp (nm) 

Fe3O4/PVP (1g) 82.490 0.2991 1.21 

Fe3O4/PVP (2g) 110.94 0.2877 7.99 

Fe3O4/PVP (3g) 88.142 0.2128 6.06 

 

Table 4.1: Values of the surface area, total pore volume, and the average pore 

diameter of the samples. 

 
Figure 4.5: BJH plot of (a) Fe3O4/PVP (1g) (b) Fe3O4/PVP (2g) (c) Fe3O4/PVP (3g) 

NPs. 
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4.4.5. Adsorption study:  

4.4.5.1. Effect of pH: 

The pH of the sorbent media governs charge of the surface of adsorbent, the 

degree of ionization and speciation of adsorbate which play critical role on the 

sorption capability [41].  In this study the influence of pH on sorption of Congo red 

dye on the layer of Fe3O4/PVP (1g) (40 mg) NPs was conducted at room temperature 

in the pH range 2 to 11. In the adsorption analysis, Fe3O4/PVP (1g) was used as 

adsorbent because it shown sufficiently extraordinary surface area and the maximum 

pore volume among three materials. Desired pH was maintained by the addition 0.1 

M HCl and 0.1 M NaOH solutions. The extent of adsorption of dye as a function of 

pH on the surface of Fe3O4/PVP (1g) is depicted in Figure 4.6. From the graph it 

appears that the adsorption of dye is minimum at pH 2, rises with increase of pH and 

attains peak at pH 5. Thereafter the extent of adsorption decreases attains minima at 

pH 10 and become constant on further increase of pH.  

Congo red dye is an anionic dye and releases anionic -SO3
- ions on 

dissociation, thus solution become alkaline in aqueous media. The extent of 

adsorption of these ions on the sorbent surface is first and foremost influenced by the 

surface charge of the adsorbent, which in turn depend on the solution pH. At low pH 

the both, sorbent Fe3O4/PVP and dye Congo red are highly protonated due to greater 

concentration and greater mobility of H+ ions. Therefore at low pH, the extent of 

adsorption of dye by surface of sorbent is low. On increasing the pH, the 

concentration of H+ ions diminishes, therefore Congo red dye removal increases and 

maxima achieved at pH 5, for the reason that of higher concentration of anionic 

charged ligand accessible for sorption. At higher pH, the sorbent Fe3O4/PVP is 
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deprotonated and thus become reluctant to adsorption of negatively charged Congo 

red dye. 

 

Figure 4.6: Effect of pH on adsorption of Congo red dye on the surface of Fe3O4/PVP 

(1g) 

 

4.4.5.2. Effect of contact time: 

In order to evaluate the degree of dye adsorption by adsorbent Fe3O4/PVP (1g) 

with course of time, series of tests were performed taking five Congo red dye 

concentrations viz.; 10, 20, 30, 40 and 50 ppm at constant pH 6. The sorption studies 

were performed between 0-90 minutes in the time step of 10 minutes.  The extent of 

Congo red adsorption took place rapidly as experiments commenced however it 

becomes slow later and attained plateau at equilibrium, which reached on 90 minutes 

of time. The uptake of Congo red dye was 12.03, 23.76, 35.43, 46.93, and 57.6 mg/g-1 

respectively for 10, 20, 30, 40 and 50 ppm sorbate solutions (Figure 4.7). The 

equilibrium time for Congo red dye was 90 minutes for all five dye concentrations. 

From the curves, it is concluded that the equilibrium time was not depends upon the 

initial concentration of Congo red.  
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Figure 4.7: Effect of contact time and initial metal ions concentration on adsorption 

Congo red dye on the surface of Fe3O4/PVP (1g) at pH 6 on room temperature. 

 

4.4.5.3. Adsorption isotherm: 

 With a view to explore the sorption mechanism at the surface of adsorbent 

Fe3O4/PVP (1g), Langmuir and Freudlich isotherms models were examined for the 

observed data. According to Langmuir sorption isotherm, the surface of sorbent is 

homogeneous and each sorption sites have equal sorbate affinity. Further, the 

adsorption at single site does not disturb sorption at neighboring cite[42] (equation 3). 

 

Here Ce is the equilibrium concentration (mg/L-1) of dye Congo red, qe the quantity 

adsorbed per unit weight of sorbent adsorbent Fe3O4/PVP at equilibrium (mg/g-1), 

Q0(mg/g-1) and b is Langmuir constants, showing monolayer sorption ability and 

energy of sorption  

The Freundlich isotherm model defines the equilibrium at assorted surface and 

does not undertake monolayer formation. The equation in the linear for can be written 

as: 
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In equation (4), n and KF are Freundlich isotherm constants, representing 

concentration of sorption and relative sorption capability of sorbent. The n and KF 

value can be calculated from the slope and intercept of the log qe versus log Ce plots. 

Figure 4.8 shows the linear plots between Ce/qe versus Ce. Values of 

Langmuir constants Q0 and b have been calculated from the slope and intercept of the 

graph (Table 4.2). Figure 4.9 indicates the Freundlich isotherm plots, log qe versus 

log Ce.  The value of correlation coefficient R2 was higher for Freundlich isotherm 

than that of Langmuir isotherm for Congo red dye, indicating suitable fitting of 

Freundlich isotherm is this study. Using Langmuir isotherm plot the maximum 

sorption capacity of adsorbent Fe3O4/PVP for dye Congo red has been determined as 

113.63 mg/g. 

 

Table 4.2: Values of Langmuir and Freundlich sorption constants for removal of dye 

Congo red at pH 5 at room temperature. 

Langmuir isotherm model Freundlich isotherm model 

R2 0.9889 R2 0.9946 

Q0 (mg/g) 113.63 n 1.41 

b (L/mg) 0.2914 Kf 24.37 
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Figure 4.8: Langmuir isotherm plot 

 

Figure 4.9: Freundlich isotherm plot 

4.4.5.4. Sorption kinetics: 

In the batch adsorption experiment, Lagergren pseudo first order and pseudo 

second order kinetics models are the extensively used rate equations for determining 

the adsorption of solute from a liquid solution and these models have been used to 
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understand the kinetics of present study. The Lagergren pseudo first order kinetics 

equation [43] can be expressed as: 

 

In equation (5) qe and qtare amount of dye (mg/g-1) adsorbed at equilibrium and at 

time t, respectively and k1 is the rate constant of Lagergren pseudo first order sorption 

(min-1).The qe and the value of rate constant k1have been calculated from the slope 

and intercepts of plots between log (qe-qt) versus t, as revealed in Figure 4.10. 

 

Figure 4.10: Pseudo first order kinetics 

The kinetics data of dye adsorption has also been studied by pseudo second order 

equation [44]: 

 

 

Where k2 is the rate constant and h is the original adsorption rate. The rate constant k2 

and qe have been determined from respectively slope and intercept t/qt against t plot 

(Figure 4.11). The experimental values of qe, computed values of qe, rate constants 

and correlation constants (R2) for both pseudo first order and pseudo second order 
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equations are tabulated in Table 4.3. Closeness experimental and computed qe values 

for different kinetics models indicate their suitableness of rate kinetics [45]. 

Comparing the experimental and calculated qe values for pseudo first order and 

pseudo second order models, it has been found that the qe(exp.) and qe(calc.) values 

are more closer in instance of pseudo first order kinetics than pseudo second order 

(Table 4.3), indicating foemer is suitable rate kinetics model. Correlation coefficient 

values (R2) are very high for both pseudo first and second order kinetics models, 

however these values are greater in situation of pseudo second order kinetics than the 

pseudo first order kinetics. Therefore it has been resolved that the pseudo second 

order kinetics is the appropriate kinetics to reach the equilibrium for dye Congo red at 

the adsorbent Fe3O4/PVP surface. 

 

Dye 

conc; 

C0 

(ppm) 

Pseudo first order kinetics Pseudo second order kinetics 

qe(exp.) 

(mg/g) 

qe(calc.) 

(mg/g) 

K1     

(min-1) 

R2 Qe(calc.) 

(mg/g) 

K2 

(g/mg/min) 

h 

(mg/g/min) 

R2 

10 11.82 11.80 0.0529 0.991 12.98 0.00999 1.67 0.999 

20 24.38 22.69 0.0461 0.982 28.57 0.00243 1.98 0.999 

30 36.31 39.81 0.0507 0.994 52.63 0.00054 1.48 0.987 

40 47.40 47.53 0.0461 0.994 58.82 0.00087 3.02 0.999 

50 60.91 76.03 0.0484 0.985 90.90 0.00032 2.63 0.991 
 

Table 4.3: Comparison of pseudo-first-order and pseudo-second-order kinetic models 

for removal Congo red by Fe3O4/PVP (1g) in different experimental conditions 
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Figure 4.11: Pseudo second order kinetics 

4.5. Conclusion: 

Fe3O4 nanoparticles coated with varied amount of poly vinyl pyrrolidone 

(PVP) were successfully manufactured by a co-precipitation method. The synthesis 

route followed by calcination at 400 ºC led to evolution of crystalline cubic inverse 

spinel structure Fe3O4/PVP nanoparticles with excellent adsorptive properties owing 

to high surface area and pore volume. Adsorption study performed using Fe3O4/PVP 

(1g) as adsorbent since it shown high surface area and the highest pore volume. The 

highest adsorption was found at pH 6 using Fe3O4/PVP (1g) as adsorbent. The 

equilibrium time for Congo red dye was 90 minutes and it is independent of the initial 

concentration of Congo red dye. The correlation coefficient R2 was higher for 

Freundlich isotherm than that of Langmuir isotherm for Congo red dye, indicating 

suitable fitting of Freundlich isotherm is this study. Pseudo second order kinetics is 

the appropriate kinetics to reach the equilibrium for dye Congo red at the adsorbent 

Fe3O4/PVP surface. Therefore, it has been concluded that PVP coated Fe3O4 NPs are 

effective adsorbent for elimination of dye Congo red and hence it may be used for 

wastewater remediation on industrial scale. 
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Chapter-5 

Synthesis, characterization of Fe3O4, CoFe2O4 nanomaterials and 

their application in photodegradation of Rhodamine B dye 

Cobalt ferrite has attracted considerable attention in recent years due to its unique 

physical Properties such as high Curie temperature, large magnetocrystalline 

anisotropy, moderate saturation magnetization, large magneto restrictive coefficient, 

excellent chemical stability and mechanical hardness. Magnetic nanoparticles were 

successfully prepared by co-precipitation method using Fe(III) and Co(II) in the 

presence of NH4OH, at 90˚C. The structure, morphology and magnetic properties of 

as-prepared were characterized via X-ray diffraction (XRD), High resolution 

Scanning electron microscope (HRSEM), Energy dispersive x-ray spectroscopy 

(EDX), Fourier transform Infrared (FTIR) and UV-Visible spectroscopy,. XRD 

revealed the crystallographic structure of the synthesized sample. HRSEM images 

have shown the nearly spherical shape and particle size and morphology of cobalt 

ferrite nanoparticles. The EDS spectra have shown strong peaks of Fe, Co and O.  
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5.1. Introduction: 

In the ancient few centuries, magnetic nanoparticles of spinel ferrite fascinates 

great curiosity, owing to their characteristic properties, such as, catalytic, optical, 

magnetic as well as electrical properties [1]. They have prospective applications in a 

number of fields like electromagnetic absorbers, microwave devices, catalysis, 

sensors, water purification, antibacterial, nanoelectronics, high density storage media, 

drug delivery, and magnetic resonance imaging [2]. The universal formula of spinel 

ferrite is represented by the formula AB2O4, where A and B assume the role of 

divalent and trivalent cations correspondingly. In an unexceptional spinel structure, 

complete divalent cations take of the tetrahedral sites, although the trivalent cations 

supersede the octahedral interstices [3]. The universal formula of Spinel ferrite 

nanoparticles are represented by a A2+Fe2
3+O4, where A2+ has been switched by 

appropriate divalent metal ions such as Co, Cu, Mg, Zn, Mn and Ni etc. Cobalt ferrite 

CoFe2O4 is one and only one of the greatest momentous magnetic materials which can 

be extensively used in electronic technologies, specifically on magnetic and magneto-

optical recording media as a consequence of their extraordinary magneto crystalline 

anisotropy, temperate saturation magnetization, mechanical inflexibility, and high 

coercivity and chemical steadiness [4-6]. Singh and co-workers reported zinc and 

nickel doped cobalt ferrite nanomaterial synthesized by reverse micelle technique and 

investigate the photocatalytic capability for degradation of RhB under visible light 

irradiation [7, 8].The material consequently synthesized, would be investigated for the 

photocatalytic degradation of RhB using visible light. The prepared photocatalyst is 

characterized by using so many characterization techniques to study the structural, 

morphological and optical properties.  

 



Chapter-5 

152 

5.2. Experimental section: 

5.2.1. Materials used: 

All chemicals used in this work were analytical grade and used devoid of 

further purification. Ferric chloride hexa-hydrate (FeCl3•6H2O), ferrous sulphate 

hepta-hydrate (FeSO4•7H2O), Cobalt chloride (CoCl2) ammonium hydroxide 

(NH4OH, 26% of ammonia) and Rhodamin B (RhB) were purchased from Merck 

India. Double distilled water was used as solvent. All the glasswares were washed by 

concentrated acid.  The dried glasswares were used in all the experiments. 

5.2.2. Synthesis procedure: 

In this study Fe3O4 nanostructures have been synthesized by the simple co-

precipitation method using Fe2+ and Fe3+ ions. Aqueous solutions Fe2+ and Fe3+ were 

prepared by dissolving ferric chloride and ferrous sulphate in double distilled water.  

The solutions Fe2+ and Fe3+ ions were mixed in 2:1 molar ratio and heated at 80 °C for 

10 minutes. Subsequently heating, the solution was precipitated by addition of 

ammonia solution with uninterrupted stirring on the magnetic stirrer at 80 °C until pH 

reached to 13. The reaction mixture was all over again heated at 80 °C for 2 h. Black 

colored nanoparticles of iron oxide were precipitated. These nanoparticles were 

separated from the solution by using a strong magnet and washed several times with 

double distilled water. The powder was then dried in oven at 100 °C for overnight. 

The overall reaction can be written as 

Fe2+ + 2Fe3+ + 8OH- → Fe3O4 + 4H2O 

The products were annealed at 400 °C for 3 h to get Fe3O4 nanoparticles and the same 

procedure follow for the synthesis of CoFe2O4 nanoparticles.  

5.2.3. Photocatalytic activity: 

The photocatalytic activity of as prepared Fe3O4 and CoFe2O4 materials was 

determined by photodegradation of dye rhodamin (Rhb) under visible light exposure 
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using Xe lamp (1000 W). 100 mg quantity of Fe3O4 was first dispersed in 100 mL of 

50 ppm Rhb solution and stirred for 30 minutes in the murky condition in order to 

achieve the adsorption equilibrium. The solution was irradiated by visible light in a 

photocatalytic compartment. Throughout irradiation, solution was agitated using a 

magnetic stirrer and air was bubbled into the reaction medium to be responsible for a 

constant resource of oxygen. After desired period interval, an aliquot of solution was 

isolated, centrifuged and its absorbance was measured on UV-Visible 

spectrophotometer to calculate the proportion degradation. The similar procedure was 

repeated for CoFe2O4 nanoparticles also. The photocatalytic degradation efficiency 

was calculated using the following equation: 

(%) degradation = ((A0 − A)/A0) × 100 

Where A0 represents the original absorbance of the dye solution and A; the 

absorbance subsequently irradiation at particular time. 

5.3. Characterization technique: 

The XRD patterns of as prepared Fe3O4 and CoFe2O4 nanoparticles were 

recorded on Pananalytical’s X’Pert Pro X-ray diffractometer in the 2θ range 20 to 80◦ 

with step size of 0.025◦. High resolution Scanning electron microscope (HRSEM) 

images of the prepared nanomaterial were observed on SUPRA 40, Ziess equipment. 

The HRSEM micrographs were achieved at an operating voltage of 3 kV. EDX 

(Quantax 200 with X-Flash e Bruker) clearly identified the elements present in the 

nanoparticles. FTIR spectra of as prepared Fe3O4 and CoFe2O4 samples were 

characterized by the Perkin Elmer Spectrum RXI in the range 4000-400 cm-1. UV-

Visible spectra were recorded in absorption mode on Cary 100 spectrophotometer in 

the wavelength region 200-800 nm. 
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5.4. Results and discussion: 

5.4.1. Structural study: 

Figure 5.1 (a, b) shows the XRD patterns of Fe3O4and CoFe2O4samples, 

prepared by chemical co-precipitation methods. The structural analysis of the samples 

were made with the aid of X’pert software and the crystal structure of the samples 

was found to be inverse cubic spinel type. Using Scherer’s equation, the average sizes 

of the crystals were estimated to be 33 nm for Fe3O4, 35 nm CoFe2O4 sample. XRD 

pattern of Fe3O4, CoFe2O4 is match with JCPDS standard cards no. 861358, 770426 

with no extra phases and space group is fd-3m.  

 

Figure 5.1: XRD of (a) Fe3O4 (b) CoFe2O4 

5.4.2. Morphological and elemental study: 

The morphology structure of the prepared ferrite nanoparticles is investigated 

by using HRSEM technique. Surface morphology of the prepared sample Fe3O4, 

CoFe2O4and are as revealed in Figure 5.2 (a, b). HRSEM image of sample (a) 

demonstrate the formation of porous, microstructure, spongy and similar to network 

like structure and (b) confirmations that the sample has an insignificant, sphere-

shaped in shape and homogeneous crystallites structure which are homogeneously 

distributed. It can be observed that sample exhibit entirely interannular network with 
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homogenous cavities and pores. The pores structure is accredited to the release of 

considerable amount of gases during calcination process. Figure 5.2 (c, d) exhibit the 

EDX investigation of Fe3O4 and CoF2O4nanoparticles carried out at room temperature 

for the elemental corroboration and purity of the sample. The EDX spectrum confirms 

the homogeneity and gradient of the elements Fe, O, Co are present in the sample.  

 

Figure 5.2: SEM image of (a) Fe3O4 (b) CoFe2O4 

5.4.3. Functional study: 

FTIR spectra of Fe3O4 and CoFe2O4 nanoparticles is recorded in range 4000-

400 cm-1. In Figure 5.3 (a, b) shows the metal oxygen bond in 400-600 cm-1 range.  

 

Figure 5.3: FTIR spectra of (a) Fe3O4 (b) CoFe2O4 
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5.4.4. UV-Visible spectrophotometer: 

The optical properties were investigated by using UV-Vis spectrophotometer 

for pure Fe3O4 and CoFe2O4 ferrite nanostructures as presented in Figure 5.4 (a, b). 

Uninterrupted band gap energy of materials was calculated from the Tauc relation: 

(εhν)2 = P (Eg - hν)               (1) 

Where ε is the molar extinction coefficient, h is plank constant, ν is frequency of light, 

Eg is the band gap energy and P is the arbitrary constant. The linear part of the (εhν)2 

verses hν graph (Figure 5.4. a) was used to calculate the band gap values. The 

intercept of tangent at the x axis gives Eg value. The Eg values for the Fe3O4and 

CoFe2O4materials 2.8, 2.9 eV using above relation (Figure 5.4 c, d).  

 

Figure 4: UV-Visible spectra of (a) Fe3O4 (b) CoFe2O4 

5.5. Photodegradation study: 

The photocatalytic degradation of Rhodamine B (RhB) in contradiction of the 

irradiation time are shown in the UV-Visible spectra in Figure 5.5 (a, b). In case of 

Rhodamine B dye show two absorption peaks at 503 and 558 nm owing to 

characteristics absorption of completely de-ethylated and tetraethylated Rhodamine B 

molecule correspondingly [9]. Then Figure 5.5 (c, d) shows the Fe3O4 and CoFe2O4 

follow Frist order kinetics. The value of R2 is 0.91 for both sample. 
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Figure 5.5: Photodegradation study of Rhb of (a) Fe3O4 (b) CoFe2O4 and (c) extent of 

degradation and (d) kinetics 

 

5.6. Conclusion: 

Pure Fe3O4 and cobalt ferrite (CoFe2O4) has been synthesize by chemical co-

precipitation method using ammonia solution as a precipitating agent. The diffraction 

pattern obtained for pure Fe3O4 and cobalt ferrite system matched well with the 

JCPDS card number 861358, 770426. The effective crystallite size calculated by 

Scherer’s method were found to be in the range, 33 nm. Photocatalytic activity of pure 

Fe3O4 is more effective as compared to CoF2O4 due to Photoluminance intensity of 

cobalt ferrite nanoparticles is increase.  
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Chapter-6 

Synthesis and characterization of Cadmium doped nickel Ferrite 

(Ni0.6Cd0.4Fe2O4) nanoparticles and its optical properties 

Cd-Ni ferrite nanoparticles with a composition of Ni0.6Cd0.4Fe2O4 have been 

successfully prepared via simple co-precipitation technique using sodium hydroxide 

(NaOH) solution is used as a precipitating agent. The structural and optical properties 

of the samples were studied using Powder X-ray diffraction (PXRD), Scanning 

electron microscopy (SEM), Energy dispersive X-ray spectroscopy (EDX), Fourier 

transform Infrared Spectroscopy (FITR), UV-Visible spectroscopy (UV-Vis), and 

Fluorescence spectroscopy (FL) measurements. The PXRD analysis of all the samples 

shows the cubic phase without any impurity peaks. The average particle sizes were 

calculated by Scherrer’s formula. The SEM image shows the agglomeration and 

flakes type nanoparticles with many void spaces due to exhaust of gases. EDX 

analysis is used for the elemental analysis of prepared samples (Cd, Ni, Fe, and O). 

FTIR spectra of the samples show the nature of the chemical bond between metal 

oxygen bonds (M-O). UV-Vis and PL spectra is used for the band gap calculation and 

its optical properties. 
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6.1. Introduction: 

Ferrites are unbreakable, fragile, iron containing, gray or black in colour and 

they are polycrystalline i.e. made up of outsized number of crystals. They are formed 

by the chemical combination of iron oxide with one or extra other metals. These are 

ferrimagnetic material which encompasses iron or iron amalgams with body centered 

cubic crystal structure [1, 2]. Ferric oxide (iron oxide or rust) combined with any 

number of other metals as well as Mg, Ba, Mn, Ni, Cu or even iron itself. A ferrite is 

usually represented by the general formula MFe2O4 where M represents a few 

divalent metal that forms divalent bonds, such as elements Mg, Ba, Mn, Ni, Cu or 

even iron itself. Nickel ferrite for specimen is NiFe2O4, Manganese ferrite is 

MnFe2O4, and both are spinel ferrites. The most familiar ferrite known since biblical 

times is Magnetite (lode stone or ferrous ferrite FeFe2O4. Spinel Ferrite are 

performance a form of magnetism known as ferrimagnetism which is outstanding 

from the ferromagnetism of such materials as Fe, Co, and Ni [3-5].The structure of 

spinels can be ‘normal’ or ‘inverse’ is depending on the dissemination of cations on 

the interstitial sites. In situation the normal spinel, all the tetrahedral (A) sites are 

occupied by divalent cation, while the octahedral (B) sites are occupied by trivalent 

cation. Cadmium (CdFe2O4) and zinc (ZnFe2O4) ferrites are instances of normal 

spinels [6-9], where all the Cd2+ and Zn2+ ions are dispersed on the A sites and the 

Fe3+ ions occupy the B sites. In the situation inverse spinel structure the trivalent 

cation are dispersed similarly between A and B sites whilst all the divalent ions 

occupy B sites. Copper (CuFe2O4) and nickel (NiFe2O4) ferrites are instances of 

inverse spinels [10, 11]. In general, the dissemination of the different ions (cations) in 

the tetrahedral and octahedral sites of the spinel ferrite lattice essentially be influenced 

by the method of preparation and the processing situations. Innumerable preparation 

methods; for instance chemical co-precipitation, technique have been technologically 

advanced to produce nanosized ferrite nanoparticles. Nickel ferrite (NiFe2O4) 
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nanoparticles is unique lenient ferrite material owing to its low conductivity [12], 

lower eddy current fatalities and high electrochemical steadiness [12] with inverse 

spinel structure. The properties of nickel ferrite are, to a great extent, used in 

technological applications, as well as telecommunication, memory devices, electronic 

devices, antenna and transformer cores [14]. 

In the present work, Ni0.6Cd0.4Fe2O4 nanoparticles with a composition have been 

effectively synthesized via chemical co-precipitation technique using sodium 

hydroxide as precipitating agent. Advantage of this method is product formed is 

multi-component materials very effortlessly without any contaminations with desired 

stoichiometry. With this technique, particle size, chemical uniformity and degree of 

agglomeration can be without difficulty controlled. The prepared samples were 

characterized using Powder X-ray Diffraction (PXRD), Scanning Electron 

Microscopy (SEM), Energy dispersive X-ray spectroscopy (EDX), Fourier Transform 

Infrared Spectroscopy (FTIR), UV-Visible spectroscopy (UV-Vis) and Fluorescence 

spectra (FL).  

6.2. Experimental section: 

6.2.1. Materials: 

For the synthesis of Cd0.4Ni0.6Fe2O4, the reagents were used as precursors are 

as follows: metal chlorides, cetyltrimethylammonium bromide (CTAB) as surfactant, 

sodium hydroxide and deionized water as solvent. Ferric chloride (FeCl3), Nickel 

Chloride (NiCl2.6H2O) and Cadmium Chloride (CdCl2.2H2O) were used as product of 

Merck with purities exceeding 99% without further purification. 

6.2.2. Synthesis procedure: 

Nanocrystalline particle Ni0.6Cd0.4Fe2O4 were synthesized by co-precipitation 

method in this work. This method provides advantages, such as low synthesis 

temperature, small particle size and easy to proceed. All of the chemicals used are 
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analytical grade without further purification. For the synthesis of cadmium doped 

nickel ferrites nanoparticles, three solution containing 1 M solution of  FeCl3, 0.6 M 

solution of NiCl2.6H2O and 0.4 M solution of CdCl2.H2O were mixed and heated with 

continuous stirring for 30 min. pH of the mixed solution was maintained by aqueous 

solution of NaOH up to 11-12 range.  Surfactant cetyltriammonuim bromide (CTAB), 

0.5 g, was added to the mixed solution which was constantly stirred for 2 h so, 

obtained solution was aged at room temperature for 20 h. The precipitate was 

separated out and washed several times with distilled water in order to remove 

residual and impurities. The obtained product was dried in an oven at 100℃ for 3 h. 

The dried solid was crushed and crushed in a mortar to form powder. The obtained 

powder was calcined at 300℃ and other sample is not calcined. 

6.3. Characterization technique: 

The XRD patterns of as prepared pure Ni0.6Cd0.4Fe2O4 and calcinated 

Ni0.6Cd0.4Fe2O4 nanoparticles were recorded on Pananalytical’s X’Pert Pro X-ray 

diffractometer in the 2  range 20 to 80◦ with step size of 0.025◦. Scanning electron 

microscope (SEM) images of the prepared nanomaterial were observed on SEM Jeol 

equipment. The SEM micrographs were achieved at an operating voltage of 3 kV. 

EDX (Quantax 200 with X-Flash e Bruker) clearly identified the elements present in 

the nanoparticles. FTIR spectra of as prepared pure Ni0.6Cd0.4Fe2O4 and calcinated 

Ni0.6Cd0.4Fe2O4 samples were characterized by the Perkin Elmer Spectrum RXI in the 

range 4000-400 cm-1. Photoluminescence spectral studies of the materials have been 

carried out on spectrofluorometer (Perkin Elmer LS 55) at excitation wavelength 262 

nm is measure optical properties including band gap also. UV-Visible spectra were 

recorded in absorption mode on Cary 100 spectrophotometer in the wavelength region 

200-800 nm. 



Chapter-6 

164 

6.4. Result and discussion: 

6.4.1. Structural analysis: 

Figure6.1 (a, b) shows the XRD patterns of pure Ni0.6Cd0.4Fe2O4 and 

calcinated Ni0.6Cd0.4Fe2O4 samples, prepared by chemical co-precipitation methods. 

The structural analysis of the samples were made with the aid of X’pert software and 

the crystal structure of the samples was found to be inverse cubic spinel type. Using 

Scherer’s equation, the average sizes of the crystals were estimated to be 9, 11 nm for 

pure Ni0.6Cd0.4Fe2O4 and calicinated Ni0.6Cd0.4Fe2O4 sample. In the given XRD 

patterns, the value of 2θ at 30.40º, 36.42º, 43.97º, 48.02º, 56.49º, 62.03º and 66.41º 

corresponds to planes (220), (311), (400), (420), (333), (440) and (442) of the cubic 

Cd0.4Nio.6Fe2O4  as per JCPDS 790416. The value of lattice parameter (a) and the 

space group of this synthesized nanoparticles obtained from the XRD spectra are 

8.394 Aº and F ͞43m (216). 

 

Figure 6.1: XRD spectra (a) pure Ni0.6Cd0.4Fe2O4 (b) Calcinated Ni0.6Cd0.4Fe2O4 
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6.4.2. Morphological and elemental analysis: 

The morphology structure of the prepared ferrite nanoparticles is investigated 

by using SEM technique. Surface morphology of the prepared sample pure 

Ni0.6Cd0.4Fe2O4 and Ni0.6Cd0.4Fe2O4 are as revealed in Figure 6.2 (a, b). SEM image 

of pure Ni0.6Cd0.4Fe2O4 sample demonstrate the formation of porous, microstructure, 

spongy and similar to network like structure are shown in Figure 6.2 (a) and It can be 

observed that sample exhibit entirely interannular network with homogenous cavities 

and pores. In Figure 6.2 (b) shows the nearly spherical morphology. The pores 

structure is accredited to the release of considerable amount of gases during 

calcination process. Figure 6.2 (c, d) exhibit the EDX investigation of pure 

Ni0.6Cd0.4Fe2O4 and calcinated Ni0.6Cd0.4Fe2O4 nanoparticles carried out at room 

temperature for the elemental corroboration and purity of the sample. The EDX 

spectrum confirms the homogeneity and gradient of the elements Fe, O, Cd, Ni are 

present in the sample. The outcomes suggested that the precursors have completely 

reacted in the chemical reaction to form the single phase pure Ni0.6Cd0.4Fe2O4 and 

calicinated Ni0.6Cd0.4Fe2O4 nanoparticles as well as it approves that there is definitely 

not additional impurity existing in the samples. It is suggested that the comparative 

atomic mass ratio of the metal ferrites are acceptable matched along with the 

stoichiometry in preparation. The sample is gold coated for the improved visibility of 

the morphology shows in EDX spectra in form of peak. 
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Figure 6.2: SEM image (a) pure Ni0.6Cd0.4Fe2O4 (b) Calcinated Ni0.6Cd0.4Fe2O4 (c, d) 

EDX spectra of pure Ni0.6Cd0.4Fe2O4 and Calcinated Ni0.6Cd0.4Fe2O4 

 

6.4.3. Functional analysis: 

FTIR spectrum of pure Ni0.6Cd0.4Fe2O4 and calcinated Ni0.6Cd0.4Fe2O4 at 400 ̊ 

C for 4 h is shown in Figure 6.3 (a, b). Spinel structure is confirmed by the most 

important absorption peak is detected in the range of 610-569 cm-1. This peak is 

apportioned to the intrinsic stretching vibration of bonds between Cd2+ and oxygen 

ions. Another weakest peak detected in the range of 460-480 cm-1 is assigned to the 

stretching vibration of bonds between Fe3+ 4O and Ni2+4O [13, 14]. A reduction in the 

wavenumber value of ʋ1 indicates that Cd2+ preferred tetrahedral sites involve sp3 

hybrid orbital and forms covalent bonds. Also Cd2+ pushes the Fe3+ ion to tetrahedral 

site owing to the higher atomic weight in assessment to Nickel and oxygen and affects 

the bond length of Fe3+ 4O. The increase in cadmium content influences the metal 

oxygen bonds in the A-sites is due to the transition between inverse and mixed spinel 

structures. The absorption bands found at ~675 and ~1000-1300 cm-1 is assigned to 

the C-H group and C-O stretching bands correspondingly. 
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Figure 6.3: FTIR spectra (a) pure Ni0.6Cd0.4Fe2O4 (b) Calcinated Ni0.6Cd0.4Fe2O4 

6.5. Optical analysis: 

6.5.1. UV-Visible spectroscopy: 

The optical properties were investigated by using UV-Vis spectrophotometer 

for pure Ni0.6Cd0.4Fe2O4 and calcinated Ni0.6Cd0.4Fe2O4 ferrite nanoparticles as 

presented in Figure 6.4 (a, b). In the condensed phase, Fe3+ exhibits three kinds of 

electronic transitions, first owing to ligand field transition, second owing to ligand 

metal charge transfer (LMCT from O2- to Fe3+) and third correspond to paired 

excitation of magnetically coupled Fe3+ ions occupying the adjacent sites in the 

crystals [15]. The band at 264 nm is accredited to Fe3+←O charge transfer of isolated 

Fe ion in octahedral coordination [16]. The band at 373 nm is owing to charge transfer 

between oxygen and Fe2+ positioned in tetrahedral sites. Uninterrupted band gap 

energy of materials was calculated from the Tauc relation: 

(εhν) 2 = P (Eg - hν)                         (2) 

Where ε is the molar extinction coefficient, h is plank constant, ν is frequency of light, 

Eg is the band gap energy and P is the arbitrary constant. The linear part of the (εhν)2 
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verses hν graph (Figure 6.4. a, b) was used to calculate the band gap values. The 

intercept of tangent at the x axis gives Eg value. The Eg values for the pure 

Ni0.6Cd0.4Fe2O4 and calcinated Ni0.6Cd0.4Fe2O4 materials 3.1, 3.2 eV using above 

relation.  

 

Figure 6.4: UV-Visible spectra (a) pure Ni0.6Cd0.4Fe2O4 (b) Calcinated 

Ni0.6Cd0.4Fe2O4 and (a, b) band gap of pure Ni0.6Cd0.4Fe2O4 and calcinated 

Ni0.6Cd0.4Fe2O4 

 

6.5.2. Fluorescence spectrophotometer: 

The photoluminescence spectra were recorded to investigate the 

recombination (or) effectiveness of photoproduced charge carrier, energetic situation 

of sub band gap and defects. Figure 6.5 (a, b) shows the pure Ni0.6Cd0.4Fe2O4 and 

calicinated Ni0.6Cd0.4Fe2O4 ferrite system excited at 300 nm [17]. The peaks in the UV 

range at 432 nm outcomes from the recombination of a photoexcited electron from the 

valence band to conduction band and in circumstance of NiFe2O4 nanomaterial peak 

confirmations at 408 nm shows in Figure 6.5 (b). The FL is accredited to lattice 

imperfections, and vacancies contained by the grain boundaries of pure ferrites 

system. The both samples appearance peak corresponding to violet emissions between 

400- 450 nm. The violet emissions are owing to the radiating imperfections correlated 

to the interface traps existing at grain restrictions [18]. The decrease in the 
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luminescence concentration of calicinated Cd0.6Ni0.4Fe2O4 ferrites by increase the 

Cd2+ concentration, leads to intensification in the recombination rate of 

photogenerated electron-hole pairs. Thus, the FL can increases the photocatalytic 

property of calcinated Ni0.6Cd0.4Fe2O4 nanomaterial as compared to pure 

Ni0.6Cd0.4Fe2O4 material. 

 

Figure 6.5: PL spectra (a) pure Ni0.6Cd0.4Fe2O4 (b) Calcinated Ni0.6Cd0.4Fe2O4 

6.6. Conclusion: 

In the present study I have synthesized cadmium doped nickel ferrite 

nanoparticles and calicinated for the effect of temperature on Ni0.6Cd0.4Fe2O4 by 

chemical co-precipitation method. From XRD pattern found cadmium doped nickel 

ferrite nanoparticles is cubic inverse spinel structure and match with JCPDS-790416 

and SEM is used for the analysis of surface morphology and we found from SEM 

image is pure Ni0.6Cd0.4Fe2O4 is network like structure and the surface of calcinated 

sample is nearly spherical shape and agglomerated type due to calcination 

temperature. The band gap values for pure and calicinated Ni0.6Cd0.4Fe2O4 are 

calculated as 3.1 and 3.2 eV from UV-Visible absorption data. 
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Chapter-7 

Conclusion 

Conclusion of all chapters are discussed in the following: 

Chapter Remarks/Findings 

Chapter-1 General introduction, literature review and objective of work 

Chapter-2 Experimental work and Characterization techniques 

Chapter-3 α-Fe2O3-500: 

XRD and SEM = rice grain like (45 nm long and 9 nm diameter) 

surface area (ap) = 26.881 m2g-1 

pore volume (Vp) = 0.2652 cm3g-1 

band gap = 2.44 eV 

% photocatalytic degradation of dye methylene blue (Meb) = 92.8 % 

α-Fe2O3-600: 

XRD and SEM = spherical (50 nm diameter) nanocrystals 

surface area (ap) =16.372 m2g-1 

pore volume (Vp) = 02105 cm3g-1 

band gap = 2.61 eV 

% photocatalytic degradation of dye methylene blue (Meb) = 85% 

Chapter-4 Crystalline cubic inverse spinel structure Fe3O4/PVP nanoparticles with 

excellent adsorptive properties owing to great surface area and pore 

volume. PVP coated Fe3O4 NPs are effective adsorbent for elimination of 

dye Congo red adsorbent since it shown high surface area and the highest 

pore volume. Highest adsorption at pH = 6, Freundlich isotherm and 

pseudo second order kinetics fitting are appropriate.  
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Chapter-5 Photocatalytic activity of pure Fe3O4 is more effective as compared to 

CoF2O4 due to higher Photoluminance intensity of cobalt ferrite 

nanoparticles. 

Chapter-6 Ni0.6Cd0.4Fe2O4 is synthesized by chemical co-precipitation method and 

effect of calicination temperature on optical properties has been 

discussed. The band gap values for pure and calicinated Ni0.6Cd0.4Fe2O4 

are calculated as 3.1 and 3.2 eV from UV-Visible absorption data. 

 

 

Scope and Further Research 

 In the present work iron oxide nanoparticles and its composites have been 

optimized, however, the shape and size distribution of the materials may also 

modify the response characteristics. Hence, an effort will be made to explore 

the growth behavior of materials to optimize experimental conditions to 

achieve better shape and size distribution of iron oxide nanostructures. 

 To expand the photocatalytic activity of metal iron oxide and its composite 

nanostructures through surface modification using various types of organic 

polymers and surfactants such as polyaniline, graphene oxide, reduced 

graphene oxide, cationic as well as anionic surfactants. 

 To explore the role of shape and size of nanomaterials on photocatalytic 

degradation of organic dyes. 
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