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ABSTRACT

Single domain magnetic nanomaterials with appropriate size and properties are
interest for verity of biomedical and electrical applications such as magnetic hyperthermia,
drug delivery, magnetic resonance imaging contrast enhancement, high-frequency
electronics and high-density magnetic storage device. The superparamagnetic
nanoparticles have their unique property, which can be manipulated and heated by an
external ac magnetic field in order to destroy the cancer cells. In order to address this
induction heating of MNPs (hyperthermia effect), we have prepared and characterized

Co0o.5ZnosFe204 nano ensembles throughout this research work.

This research work deals with the synthesis of Co0osZnosFe.Os magnetic
nanoparticles have been prepared using chemical co-precipitation methods. In order to
investigate the annealing effects on their various physical properties, the prepared sample
have been annealed at 200°C, 400°C, 600°C, 800°C and 1000°C and then compared with
the as-prepared sample. The XRD pattern of the as-dried and annealed samples exhibit
single phase spinel structure with clear diffraction pattern. Enhancement in crystallite size
from 7nn to 25nm is observed with the increase in annealing temperature from 200°C to
1000°C respectively. VSM study reviled that as-prepared and annealed samples showed
superparamegnetic behavior, which was further confirmed by the Mossbauer
Spectroscopy. The saturation magnetization values of CoosZnosFe2O4 increased with the
increase in annealing temperature, which confirmed that samples possess size and
morphology dependent magnetic properties. Mossbauer spectra observed central doublet
nature up to annealed sample 600°C and there is no hyperfine magnetic field is confirmed
superparamagnetic behavior. The hydrodynamic diameter and the polydispersity index
(PDI) were analyzed by DLS system at 37°C and found to be between 173 nm and 231nm
where Pl is overall less than 0.3. For the hyperthermia study the result of induction heating
measurements showed that the temperature raised by the 6mg/ml and 4mg/ml were 46°C
and 43°C respectively. It has been seen that the rise in temperature due to the induction

heating depends on the particle size and concentration of the nanoparticle. Finally, when



coated with chitosan, these nanoparticle show a great ability to response to external field

also suitability for biomedical application especially on hyperthermia therapy.
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Chapter One: Introduction

INTRODUCTION

1.1 Nanoscience & Nanotechnology

Nanoscience is one of the most exciting topics in the history of scientific research.
The history of nanotechnology began from the prehistoric period when human beings used
naturally occurred nanoscale materials for their cave painting, but the terms
nanotechnology was first introduced by the ancient Egyptians more than 3000 years ago,
though they had no idea about the underlying principle of nanoscience. They had only idea
to make a specific blend of wet sand which could worked truly well to lubricate the ground
where they pulled tremendous pieces of limestone to fabricate the pyramids. After thirty

years, nanoscience and nanotechnology has, to a certain extent, come full circles.

Nanoscience is the study of the properties of matter at the nanoscale, in particular,
it focused on the unique, size-dependent properties of the solid-state materials. The
nanoscience is a subject which is cross disciplinary, meaning scientists from all discipline
including chemistry, physics, biology, medicine, computing, materials science and
engineering are studying it and using it to better understand our world. New method of
synthesis and new approach of characterization are needed to make and explore
nanomaterials [1.1]. The role of nanotechnology was given its due recognized its potential
for a plethora of applications. At the beginning of the twentieth century when scientists felt
that atoms were mere abstract entities used for the purpose of calculations, it was Albert
Einstein who explained the “jittery dance of microscopic particles- Brownian motion” and
provided the view point that the mathematical description of Brownian motion is the

evidence for the true existence of atom [1.2]

On the other hands, nanotechnology is the applications of nanoscience. To
elaborate, nanotechnology is the design, production and application of structures, devices
and systems at nanoscale. In other words, nanotechnology is the ability to manipulate a
single nanoscale object. It is the presence of the word “single” that makes all the difference.
The thought and concept underlying beforehand nanotechnology started with a talk entitled

“There’s Plenty of Room at the Bottom” by physicist Richard Feynman at an American
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Physical Society meeting at the California Institute of Technology on December 29, 1959,
long before the term nanotechnology was used. Feynman mentioned about miniaturization
by evaporation and rearrangement of atoms manipulation of systems for data storage down
to the scale of a single atom. After long time of Feynman’s lecture, Professor Norio
Taniguchi introduced the term nanotechnology in his explorations of ultra-precision
machining. He also expressed the necessary for better microscopes systems. The first
recognized article on molecular nanotechnology published and with the advent of
technique such as Scanning Tunneling Microscope (STM) in 1981 and Atomic Force
Microscope (AFM), visualization of nano world become reality, which gave a pace to

development of modern nanotechnology.

It is most important question that how small is nanoscale small? There is no
universal definition so far for nanoregime. The word “nanometer” defines a length unit of
1nm= 10°m=10A°. To have a clear idea of how large or tiny 1nm is, take an example of
individual atom that are up to a few Angstroms, or up to a few 10" of nanometer, in
diameter. Biomedical cells, such as the red blood cells, have diameter in the range up to
1000nm. A length of 1nm can accommodate 10 hydrogen atoms laid side by side, a strand
of DNA is 2.5 nm in diameter, while a red blood cell is about 1,000 nm wide. On a
comparative scale, if a marble were a nanometer, then one meter would be the size of the
Earth. So nano is super, super tiny. In general, material systems with possible size 1-100nm
range by virtue of possessing large surface to volume ratio come within the periphery of

nanomaterial or nanosystems or nanometric system or nanostructural systems.

The advancement of technology are interested things as they provides much
comfort for human being with their aura of risk. Decades of research and development in
nanoscience and nanotechnology have provided both expected and unexpected benefits for
mankind. Nanotechnology is helping to improve products across a range of areas, including
food safety, medicine and health care, energy, transportation, communications,
environmental protection and manufacturing. It is being used in the automotive, electronics

and computing industries, and in household products, textiles, cosmetics—the list goes on.

Nanotechnology also creates the so-called mechanical surgeons that could treated

to trouble spots inside the body. Biocompatible nanoparticles can be loaded with an optical
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imaging agent and drug using a polymer. The entire entity migrates to the trouble spot in
human body and release of the drug allows real time monitoring of the drug delivery by

optical imaging [1.3]

Magnetic nanoparticle (MNPs) have gained a lot of attention in biomedical
application due to their biocompatibility, easy surface modification, large magnetic
anisotropy, constant and saturation magnetization. Therapeutic agent are attached to or
encapsulate within MNPs. MNPs tend to agglomerated because of their large surface
energy and strong magnetic interactions. In recent years, there has been intense research
interest in the fabrications of core-shell particles with suitable properties for various
applications in materials science [1.4]. The properties of the core-shell can be significantly
changed by the shell surrounding. The FezOs nanoparticles can be synthesized by co-
precipitation route [1.5-1.7]. As MNPs are used in wide variety of biomedical applications,
their toxicity should be taken into account. The toxicity depends on the various factors such
as size of the particle, chemical composition and coated materials [1.8-1.9]. To remove the
toxicity and make biocompatible a biological or molecular coating or layer should be
attached to the MNPs. The examples of the biocompatible materials may be includes
antibodies, biopolymer like Collagen, chitosan or monolayer of small molecules. So more
research is needed to find more non-toxic efficient agents, which should not be deleterious
to our benign tissues. As a promising candidate for biomedical applications we would study
thoroughly the superparamegnetic nanoferrite with biocompatible coating of chitosan for

hyperthermia protocol of cancer therapy.
1.2 Fundamental Concepts of Magnetic nanomaterials

Nano materials have their ability to travels to trouble cell inside the body and have
potential applications in drug delivery, MRI and diagnostic. MNPs are used for in vitro
gene transformations in which DNA is attached to it and the magnetic increases particle
internalization and gene expression. MNPs were applied in different research field sensor
development, storage device etc. [1.10]

In 1930 William Fuller Brown and Louis Neel first described the fundamental
concepts of single domain particles and it accelerated the research of magnetic

nanoparticles. Nanomaterials encompass all nanoscale materials or materials that contain

3
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at least one nanoscale structure, either on their surfaces or internally. MNPs can be
inorganic, organic or biological. Nanomaterials such as nanoplates, nanoparticles,
nanowires and nanotubes can be engineered in labs. Nanomaterials can also occur in
nature—naturally occurring nanoparticles include smoke, sea spray and volcanic ash, as
well as minerals, soils, salt particles and biogenic particles. Nanoparticles, nanowires,
nanotubes and nanoplates are all types of nanomaterials, distinguished by their individual
shapes and dimensions. What these materials have in common is that they have one or

more dimension at the nanoscale.

e Zero-dimensional nanomaterials: Zero-D nano system are nanocluster,
nanoparticles, annocubes. In terms of physics a Zero-D nanomaterials are known
as “quantum dots” where the quantum confinement occurs along all 3-D.

e One-dimensional nanomaterials: 1-D were nanotubes, nanorod and nanofibers, here
the radius is in the nanoscle regime.

e Two-dimensional nanomaterials:In 2-D nanoforms one of the 3-D is within the
length scale 1-100nm. This leads to the quantum confinement along one of the
dimension. 2-D nanoparticles include nanofilms, nanolayers and nanocoatings.

e Three-dimensional nanomaterials: Bulk nanomaterials are materials that are not
confined to the nanoscale in any dimension. These materials are thus characterized
by having three arbitrarily dimensions above 100 nm. With respect to the presence
of features at the nanoscale, 3-D nanomaterials can contain dispersions of

nanoparticles, bundles of nanowires, and nanotubes as well as multinanolayers.

Currently several research group are engaged in investigations of metal oxide
nanoparticle because of their technological applications in magnetic and microwave
devices, magnetic recording media, etc. Several types of nanomaterials such as metal (Fe,
Co, Ni), metallic alloys (Fe-Co), and metallic oxides (MgFe20a, Cu Fe204, and Zn Fe204)
are under recent research activity, while metal nanoparticles have stability problems in
atmospheric condition. However, metal oxides are stable under ambient condition. For
example, the well-known iron oxide Ferro fluid becomes undesirable because of their iron
atoms are poorly distinguishable from those of hemoglobin [1.11]. A conceivable solution

is to use mixed-ferrites using highly magnetic materials such as Cobalt and Nickel. Those
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ferrites have attracted special attention because of their easy synthesis, physical and

chemical stability and suitable magnetic properties.

Though this mixed ferrites have large magnetic anisotropy and saturation
magnetization but they are toxic; hence they are of little interest [1.12]. The substitution of
Co0*™? Ni*? ions by Zn*? allows variations of properties that can be tuned to specific

application in addition to it the toxicity could be removed [1.13].
1.3 Prospect of magnetic nanomaterial in biomedical applications

The magnetic nanoparticles have a wide range of applications like industry, Jet
painting, magnetic data storage devices, as an electrode in batteries, sewage treatment plant
and biomedical applications. MNPs have gained a lot of attention in biomedical application
for their biocompatibility and their surface can be easily modified. In addition, magnetic
anisotropy constant and saturation magnetization of MNPs are made them easy access to
biomedical applications. There are a huge number of areas in biomedical application to
which MNPs can be applied include magnetic separation of labelled cells and other
biological entities; drug, gene and radionuclide delivery; artificial hyperthermia treatment
of tumor and cancer cell and contrast enhancement in magnetic resonance imaging (MRI).
In one of the clinical trials of MNPs have already been tested [1.14]. Here, doxorubicin
linked to magnetic carriers was delivered using concurrent MRI, and the particles were
targeted to the tumor site. The result showed that the particles/drug complex was well
focused to the tumor sites with between 64% and 91% of the tumor volume affected by the

drug. The short description of various applications of MNPs are given below.
1.3.1 Magnetic Separation of Labelled Cell

Magnetic separation is in essence separating specific biological entities from their
native environment and studying or manipulating in a better controlled environment.
Magnetic separation using biocompatible nanoparticles is one way to achieve this. It can
be achieved in two step, involving (a) the tagging or labelling of the desired biological
entity with magnetic material, and (b) the separating out of these tagged entities via a fluid-
based magnetic separation device. The separator device can be deigned several way, from
quite simple to rather complex to separate the magnetically tagged material from its



Chapter One: Introduction

surrounding [1.15]. Magnetic separation has been successfully applied to many aspects of
biomedical and biological research and has proven to be a highly sensitive technique for
the selection of rare tumour cells from blood, and is especially well suited to the separation
of low numbers of target cells [1.16], which led to the enhanced detection of malarial
parasites in blood samples either by utilizing the magnetic properties of the parasite [1.17]
or through labelling the red blood cells with an immunospecific magnetic fluid [1.18]. It
has been used as a pre-processing technology for polymerase chain reactions, through
which the DNA of a sample is amplified and identified [1.119]. Cell counting techniques
have also been developed. One method estimates the location and number of cells tagged
by measuring the magnetic moment of the microsphere tags [1.20], while another uses a
giant magnetoresistive sensor to measure the location of microspheres attached to a surface
layered with a bound analyte [1.21]. In another application, magnetic separation has been
used in combined with optical sensing to perform the test regarding the presence or
concentration of certain substances. The magnetic separation technique guarantees an
efficient tagging and high enough concentration of substance, while optical sensing can
then use a fluorescent tag to detect the substance.

1.3.2 Targeted Drug delivery

Drug delivery by using magnetic nanoparticles is another advancement of
nanotechnology. Magnetic drug delivery system works on the delivery of magnetic
nanoparticles loaded with drug to the infected area of the body under the influence of the
external magnetic field. However, development of the delivery system mandates that the
nanoparticles behave magnetic only under the influence of external magnetic field and are
rendered inactive once the external magnetic fields is removed. Furthermore, such
magnetic properties are usually acquired by very small nanoparticles within the size range

of less than 10nm, due to the presence of single domain state.

The therapeutic drugs are administered intravenously leading to general systemic
distribution, resulting in deleterious side-effects as the drug attacks normal, healthy cells
in addition to the target tumor cells. For example, the side effects of anti-inflammatory
drugs on patients who have chronic arthritis can lead to the discontinuation of their use.

The drug can be attached to the magnetic particle and then a magnetic force can change the
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path of the tagged particles. Once at the correct place, the drug can be released from its
carrier either via enzy matic activity or physiological changes (pH, osmolality,
temperature) [1.22]. As for the tagging process, coating is required. These coatings can be
of organic or inorganic origin. During their journey the coating protects the magnetic
nanoparticles or microspheres and once at their target, it can serve as an attachment point
to the targeted entity. In general, there are two types of structural configurations: (i) a
magnetic particle core (usually magnetite, Fe2O4, or maghemite, y- Fe;O3) coated with a
biocompatible polymer or (ii) a porous biocompatible polymer in which magnetic
nanoparticles are precipitated inside the pores [1.23]. The advantages of targeted drug
delivery seem numerous: Most drugs are non-specific, i.e. they get distributed over the
whole body as soon as they get administered intravenously. Targeted delivery can ensure
that only specific areas get influenced by the (otherwise harmful) drugs and as little as
possible of the drug needs to be administered. This method seems especially applicable,
when the drug is very damaging to healthy tissue. Fields of application are Chemotherapy,
radionuclide therapy and gene therapy. While having proven to be very successful in
animal tests, there were not many studies with humans as test subjects. And while being

very promising for the future, a couple of problems should not be neglected [1.24-1.25]:

e Embolization of blood vessels due to too high concentration of the magnetic
carriers.

e Larger distances to cover in humans compared with animals.

e As soon as the drug is released, it cannot be influenced any longer by magnetic
field gradients.

e The magnetic carriers itself may have unwanted side effects.
1.3.3 Magnetic Resonance Imaging

An important field of potential application of magnetic nanoparticles is magnetic
resonance imaging (MRI) contrast enhancement [1.26]. In the recent years, ferrite
nanoparticles have emerged as an MRI contrast agents among the several areas in the field
of biomedical applications. Contrast agents within a physiological system function through
a mechanism called relaxation. Then a relaxation phenomenon taken place where this

protons to their original state from the perturbed state. Two independent processes, called
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longitudinal relaxation (Ti-recovery) and a transverse relaxation (T»-decay), can be
monitored to generate as MRI image. In recent research on the use of ferrite nanoparticles
in T» contrast agent has shown a great potential application on MRI [1.27-1.28]. Nano
particles attached to the cell or cell component can shorten both the transverse and the
longitudinal relaxation time. Due to the fact that different tissues take up the nanoparticles
differently an enhancement between the different tissues is achieved and the contrast

between them are higher.

Hydrogen protons of water molecules undergo relaxation after the excitation of
protons with an external magnetic field. Under the application of high DC magnetic field,
spins of the proton magnetic moments precess about the direction of the magnetic field at
Larmor frequency. When an AC exciting field of Larmor frequency is applied on the
precessing moment of the proton, the moments are perturbed. The moments return to their
thermodynamic equilibrium through couple of relaxation processes. These are spin—lattice,
T1 relaxation in which energy is transferred from the spin to its surrounding environment,
I.e., spin-lattice T1and spin—spin, T, relaxation in which relaxation is achieved through de-
phasing of magnetic moment. In this process, contrast agents themselves do not generate
any signals, yet they contribute to create local field inhomogeneity, which arise from the
susceptibility difference of different elements in the proximity of the particles within a
voxel because of the difference in the uptake of different elements in the body. This
shortens T relaxation time because of the creation of greater local field homogeneity in
the presence of the contrast agent and thus provides an opportunity to acquire T2 weighted
image. Cancer treatment has received greater benefits from MRI technique and MNPs have
been extensively developed to improve the detection, diagnosis and therapeutic
management of solid tumors. Next generation of active targeting based on nanoparticles
has a potential to offer significant improved tumor detection and localization by exploiting
the unique molecular signatures of these diseases [1.29]. Other applications of MNPs
enhanced MRI are in the field of cardiovascular medicine including myocardial injury,
atherosclerosis and other vascular diseases [1.30].
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1.3.4 Nano Magnetism in Therapeutic Hyperthermia

One of the most important application of magnetic nanoparticles is hyperthermia
which the idea that a localized rise in temperature can be used to destroy the tumor and
cancer cell without harming the benignant tissue under the exposure of rf current which
excites superparamagnetic ferrite nanoparticles absorbed in the diseased cells by Brownian
and Neel relaxation [1.31]. Hyperthermia raise the temperature of a region of the body
affected by tumor or other growths. The reason is based on a direct cell-killing effect at a

temperature about 42°C. Hyperthermia can be used in the following two ways:

(i) Very high temperature can be used to destroy a small area of cell such as a tumor.
This is often called local hyperthermia or thermal ablation.

(ii) The temperature of the part of the body can be raised to a higher than normal level.
It is not high enough to Kill the cells directly but this can allow other types of cancer
treatment like radiation therapy, immunotherapy or chemotherapy to work better.
This is known as regional hyperthermia or whole body hyperthermia.

The magnetic particles first have to be brought to the target area, where they can be
caused to heat up by an AC magnetic field of sufficient strength and frequency. The heat
should exceed the threshold of 42°C and last for about 30 minutes in order to properly
destroy the tumor. During magnetic hyperthermia (MH) therapy, MNPs dissipate applied
magnetics energy into heat mainly via relaxation loss process [1.32]. In addition to the field
parameters, specific loss power (SLP) heat generated per unit mass of MNPs dissipation
are strongly depends on the particle size, size distribution, anisotropy constant, saturation
magnetization and surface modification [1.27, 1.33]. This kind of treatment with rats were
successful and quit promising but so far it could not be applied to human fully and
commercially due to our larger size and lack of efficient agent. So more research are needed

to find more non-toxic efficient agent which would not be harmful to our benignant tissue.

Current research trends in nanotechnology are reviewed here with special emphasis
on biomedical applications. One thing that almost all of these applications have in common,
however, is that they are not yet market-based technologies. The exceptions are magnetic
separation via cell and protein labelling, which is found in most biomedical and

biochemistry laboratories today, and MRI contrast enhancement using encapsulated SPM
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nanoparticles, which is available in most hospital scanning facilities. Drug delivery via
coating of nanoparticles is currently undergoing preliminary human trials, after successful
tests in animals, with promising results, but it will be some time before it will be clinically
available; and hyperthermia treatment of tumours is not yet accessible in humans, despite
having been proven to be effective in animals. This highlights the fact that there is a
significant step between a proven hypothetical process that has been tested under controlled
laboratory conditions, and a close-to-market technology which can cope with the added
complexity of in-service use. This is especially so if the goal is to transfer a procedure that
has largely been the subject of in vitro or animalin vivo testing into a humanin vivotherapy.
Research in the field of nanomedicine is quite promising and is expected to revolutionise

the disease diagnosis and therapy in the near future.
1.4  Reason for selecting CoosZnosFe204

Nanoparticles are small size and have physical resemblance to molecules as
proteins. Hence, they are used in the broad range of applications. The biocompatibility and
toxicity less nanoparticle is needed for the safe use inside the body. Some of the recent
works refers to the understanding of the biocompatibility and toxicity of nanoparticles
[1.34]. For biomedical uses, the application of particles that present superparamagnetic
behavior at room temperature is preferred. Furthermore, applications in therapy and
biology and medical diagnosis require the magnetic particles to be stable in water at PH 7
and in a physiological environment. Among magnetic materials, magnetic ceramics have
received special attention due to chemical stability, as well as high electrical resistivity.
One of the most important magnetic ceramics is spinel. The most important spinels from
the magnetic point of view are oxides 2, 3 or MFe204 [1.35-1.36]. Among spinel ferrites,
CoFe204 has considerably been appealing because of its large magnetic multi-axial
anisotropy, moderate saturation magnetization, high Curie temperature and remarkable
chemical stability [1.37-1.39]. Cobalt ferrites nanoparticles are suitable for the isolation
and purification of genomic DNA, the separation of PCR (polymerase chain reaction) ready
DNA [1.40-1.41] and especially in hyperthermia treatment [1.42-1.43]. The introduction
of the third metal ion modifies the distribution of ions in the spinel structure. Variation in

the concentration of the third metal ion like Zn in Co ferrite can easily alter the distribution

10
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of Fe3p ion. Zinc-substituted mixed ferrites (Co-Zn) are chosen due to their high
sensitivity of magnetization to temperature for some applications like self-controlled
hyperthermia [1.44-1.45]. For in vivo biomedical applications, magnetic nanoparticles
must be made of a non-toxic and non-immunogenic material, with particle sizes small
enough to remain in the circulation after injection and to pass through the capillary systems
of organs and tissues, avoiding vessel embolism. They must also have a high magnetization
so that their movement in the blood can be controlled with a magnetic field and so that they
can be immobilized close to the targeted pathologic tissue. As MNPs have been used for
wide variety of biomedical application, their toxicity should be investigated in detail. As a
promising candidate for biomedical applications we would study thoroughly the
superparamagnetic nanoferrite with biocompatible coating of chitosan for hyperthermia
protocol of cancer and its toxic effects on human body. Highly magnetic materials such as

cobalt and nickel are toxic so if Co is replace by Zn, toxicity should be removed.
1.5 Review of Earlier Research Work

The biomedical applications imposes some special requirements. For examples, the
well-known iron oxide Fero-fluid becomes undesirable because of their iron atom are
poorly distinguishable from those of hemoglobin [1.46]. A conceivable solution is to use
mixed ferrite using highly magnetic materials such as Cobalt and Nickel. Those ferrite have
attract a special attention because of their easy synthesis and suitable magnetic properties.
Though, this mixed ferrite have laser magnetic anisotropy and saturation magnetization but
they are toxic. Hence, they are of little interest [1.47]. The substitution of Co?*/Ni?* ions
by Zn?* allows variation of properties that can be tuned to specific application in addition
to it the toxicity could be removed [1.48]

Nouri et al. [1.49] synthesized Coo.6Zno.4Fe204 by using chemical co-precipitation
method and coated by chitosan. The crystal size of the nanoparticle was calculated from
XRD patterns from (311) plane using Debye-Scherrer’s equation and found to be 17.8 nm
and the size of core shell of the nanoparticles was confirmed in the range 15-25nm by TEM
micrographs. The formation of spinal structure was confirmed by FTIR peaks related to

tetrahedral and octahedral vibrations. By VSM analysis they showed saturation
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magnetization of about 53.24 emu/g and residual field of about 14.76 Oe for the

nanoparticles which is the best superparamegnetic behavior.

Abdulaziz et al. [1.50] prepared Co-xZnxFe204 (X = 0-0.5) nanocrystalline powder
by co-precipitation method. The powder sample was characterized by VSM and XRD. The
cubic spinal structure of the nanopowder was confirmed by XRD analysis. The VSM study
revealed that with the increase of Zn content saturation magnetization increase. The
coercive field of the samples varies linearly from 1137.77 Oe to 33.31 Oe as the Co?*
content decrease form the B-site. It has been seen that x = 0.5 in Cou-xZnxFe204 is an

optimum composition with superior magnetostrictive properties for many applications.

Vinuthana et al. [1.51] used citrate precursor method to synthesis Co(-xZnxFe204
and characterized by using XRD, TGA, IR, XPS. The study presented that the effect of Zn
concentration on the structural properties and it was found that with the concentration of
Zn crystalline size and lattice constant are increased. They reported that unite cell
parameter increase linearly with the increase of concentration of Zn. Fourier transformed
infrared (FT-IR) spectra of Zn*2 ions substituted in Co-Zn spinal ferrite nano-particles
have been analyzed in frequency range of 4000 - 400cm™ and found two absorption bond
in the range of 600 - 400cm™.

Daryoush et al. [1.52] investigated cytotoxicity effect of nanoparticle for human
health. For this purpose they characterized Co-Zn Ferrite nanoparticle using TEM, FTIR
and atomic absorption spectrometer (AAS) in following, cytotoxicity was investigated on
human prostate cancer cell lines. The results showed that the average size of bare and
coated nanoparticles was about 16 and 40 nm. The FTIR spectra results showed the
presence of DMSA cover on the surface of nanoparticles. Furthermore, in vitro MTT assay
CZF-MNPs @ DMSA at high concentrations (1.2 and 1.5 mM Fe) study results showed
that they have some cytotoxicity on HPCs (PC3 and DU145).

Sharifi et al. [1.53] presented a systematic investigation on the structural and
magnetic properties of CopxZnxFe20s4 (0.5< x <0.75) nanoparticles which were
synthesized by co-precipitation method. They showed by XRD analysis that the production
of single cubic face with particle size 6-10nm. The FTIR measurement between 4000-400

cm* confirmed the intrinsic cation vibrations of spinal structure. It was found that the
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saturation magnetization and coercivity decrease with the increase of Zn concentration.
Furthermore Coo.3Zno7Fe204 exhibited super-paramagnetic behavior and the Curie point
of 790°C.

Hochepied et al. [1.54] prepared Cobalt Zinc Ferrite (C0o.73yZNo.731-y) F€204)
nanoparticle in order to investigate their magnetic properties. The saturation magnetization
changed with increasing y due to the various occupancies of cations in tetrahedral and
octahedral sites and/or to an increase in the disorder of the ferrimagnetic structure. The
cobalt content and particle size effects on the coercive field were studied. The increase in
the ratio between remanent and saturation magnetizations indicates that, with increasing y,
a transition takes place from uniaxial to cubic anisotropy At zero cobalt, this curve is
characterized by a well-defined peak that disappears progressively with increasing y. The
fit of the zero FC ~ZFC curve indicates an unrealistically high simulated saturation

magnetization, consistent with a drastic field-dependent behavior of the ZFC-FC curves.

Lopez et al. [1.55] were prepared magnetic Cou-xZnxFe204 (X = 0.25, 0.5, 0.75)
ferrite nanoparticles via co-precipitation method from aqueous salt solutions in an alkaline
medium. (TEM) studies permitted determining nanoparticle size; grain size of nanoparticle
conglomerates was established via Atomic Force Microscopy. XRD pattern showed that
the most intense peak corresponds to (311) crystallographic orientation of the spinal phase
after that the mean crystal size was determined which complied with TEM result and FTIR
Spectroscopy confirmed the presence of the bonds associated to the spinel structures;
particularly for ferrites. At room temperature VSM study reviled the super-paramegnetic

behavior of the nanoparticle.

Mamani et al. [1.56] used chemical co-precipitation method to synthesis Cobalt
Zinc Ferrite nanoparticle and coated with lauric acid and dispersed in aqueous medium
containing surfactant that yielded a stable colloidal suspension. Therefore magnetic
nanoparticles were characterized in terms of their morphology by means of TEM, DLS,
and XRD was used to characterize structural properties and pattern showed the presence
of peaks corresponding to the spinel phase of magnetite (FezOa). The relaxivities r> and r2
values were determined from the transverse relaxation times T, and T, at 3T. They

performed magnetic characterization using SQUID and FMR and found super
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paramagnetic behavior of the nanoparticles. DSE studies showed exothermic events

associated with the oxidation of magnetite to maghemite.

Nadeem et al. [1.57] prepared Cog-xZnxFe204 (x =0, 0.2, 0.3, 0.4, 0.5, and 1)
nanoparticles using Sol-gel method and coated with 30% wet silica which prevent
nanoparticles form agglomeration. Cubic spinal structure and crystal size 75 nm was
confirmed by XRD analysis. Fourier transform infrared (FTIR) spectroscopy confirmed
the formation of spinel ferrite and SiO2. From the SEM image it has been found that
nanoparticles were almost spherical and non-agglomerated. It is also found that the
structural and magnetic property of the nanoparticles were strongly depends on the

concentration of the Zn.

Veverka et al. [1.58] synthesized Cou-xZnxFe204 nanoparticles of single spinal
phase by co-precipitation method. Magnetic studies carried out in the range of 4.5 — 550K
revealed gradual transition from ferrimagnetic to superparamagnetic to paramagnetic
behavior depending on the composition and particle size. Particular importance can be
ascribed to the composition of x = 0.6 where the observed transition temperature to the
paramagnetic state at 310 — 334 K suggests applicability of this material for magnetic fluid

hyperthermia in a self-controlled regime.

Akmal et al. [1.59] were prepared Co-xZnxFe204 co-precipitation method where
NaOH use as a precipitating agent at 900°C. The prepared ferrites were characterized using
X-ray diffraction (XRD) and particle size was investigated by sheerer formula. The
prepared Co-ferrites were found to be magnetized and particle size was ranged from 22 -
53 nm. The maximum spontaneous magnetization and minimum particle size was obtained
at x = 0.25 when metal ion was in beaker. By reversing the solutions, the ferrites changed
from spiral to inverse spiral with decreased particle size. It is found that ferrite properties
were dependent to the co-precipitation condition such as concentration of metal ion and

solution interchangeability.

Yadav et al. [1.60] were achieved Coqu-xZnxFe204 (x = 0, and 0.5) spinel ferrite
nanoparticles at 800°C by starch-assisted sol-gel auto combustion method and reduced
particle size by ball-milled for 2 hours. FE-SEM was used to confirm formation of spherical

nanoparticle and it was found that with ball-milling particle size decreased. An X-ray
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photoelectron spectroscopy (XPS) result indicated that Co?*, Zn?* and Fe?* exist in
tetrahedral and octahedral site. The change in saturation magnetization and coercivity with
decrease of the nano crystalline and the distribution of the spinal ferrite cation were
observed.

Ritu et al. [1.61] were prepared Coq-xZnxFe204 (x = 0.1, 0.2, 0.4) by solution
combertion method. They used XRD to determine the average crystallite sizes of the
prepared sample which was consistent with the particle size obtained from TEM image.
Fourier transform confirm the spinal phase structure of Cobalt Zinc Ferrite. Mdssbauer
spectra indicate that sample with 40% zinc concentration exhibits the collective magnetic

excitations.

Sohorab et al. [1.62] reported the characterization of Co-Zn Ferrite. They observed
the morphology of the nanoparticle by TEM and found the average particle size were about
16-40nm. The structural and crystal phase of CZF-MNPs was determined by X-ray
diffraction (XRD) and the results confirmed the single phase spinel ferrite formation and
the average of crystallite sizes was calculated about 13 nm using Scherrer.s formula from
the broadening of the most intense peak (311). Magnetization measurement of the samples
were performed up to maximum field 9000 Oe at room temperature by Alternating
Gradient Field Magnetometer (AGFM) and showed the saturation magnetization was less

than the bare sample. The FTIR result further confirmed Co-Zn phase.

Sonali et al. [1.63] prepared Zinc substituted Co ferrite nanoparticle Cog.-
xZnxFe>04 (x = 0, 0.2,0.4, 0.8, and 1) via sol-gel route and investigated the effect of zinc
concentration on saturation magnetization and lattice parameter. They found that the unit
cell parameter ‘a’ increases linearly with increasing concentration of zinc due to larger
ionic radii of Zn?* ion. It was found that this substitution allows tunable changes in the
magnetic properties of cobalt ferrite. But interestingly, saturation magnetization first
increases upto X = 0.4 and then decreases for higher Zn substitution, thus tunable changes
in magnetic properties of cobalt ferrite are possible. Source of such behaviour could be the
variation of exchange interaction between the tetrahedral and the octahedral sites.

Sundararajan et al. [1.64] synthesized Co substitute Zn ferrite by microwave

combustion method. They used Vibrating sample magnetometry at room temperature
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recorded to study the magnetic behavior of the samples. X-ray analysis confirmed the
formation of zinc ferrite normal spinal-type structure with an average crystalline size in the
range 25.69-35.68 nm. It is seen that lattice parameter decrease as cobalt fraction was
increased. The SEM image showed nanoparticle are agglomerated. It has been found that
the estimated band gap decrees with an increase of cobalt content. A gradual increase in
the coercivity and saturation magnetization (Ms) were noted at relatively higher cobalt

doping fractions.

Ding et al. [1.65] synthesized Coo.sZno.4Fe204 ferrite nanoparticles are successfully
by four different hydrothermal routs. XRD pattern reveled that monophasic formation and
good crystalline nature of as-synthesized samples. It was pointed out that the use of NaBH4
and a colloid mill can help to reduce the particle size and improve magnetic properties of
the samples, which was proved by SEM images. It demonstrated that by changing raw
material and mixing method during hydrothermal process, the structure, particle size,
morphology and magnetic properties of the ferrite nanoparticles are controllable. This
paper implies that the selection of a suitable hydrothermal route is very important to
synthesize high-performance ferrite nanoparticles.

From the above mentioned previous research work it has been observed that researcher
synthesized Co-Zn ferrite using different method. Analyzing different method of synthesis
it is observed that chemical coprecepation method is one of the best method for
nanoparticle synthesis. For analyzing the crystal structure XRD is used by all the researcher
and VSM and Mossberg spectroscopy is used for determining the magnetic behavior. It has
been found from the paper review, researcher were engaged mostly synthesis and

characterization technique, but more research is needed in applications.
1.6 Objective of the Research Work

The objective of this research is to develop and characterized nanosize zinc doped
cobalt ferrite nanoparticle and coated it by biocompatible material to exploit their
pronounced ability to absorb the energy of the low frequency fields which is suitable for
magnetic particle hyperthermia. Among various methods for synthesis of magnetic
nanoparticle, co-precipitation process has several advantages over other methods including

good homogeneity, low cost, high purity of product and not requiring organic solvent. So
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the cobalt zinc ferrite nanoensemble will be prepared chemical co-precipitation method
where the PH of the solution will be kept controlled in the range 11-13. After that solvent
will allowed to precipitate. Finally after washing the sample it will be annealed at 80°C for
72 hours to get the final product. The outline of methodology might be enlisted below:

(i) Superparamagnetic nanaoparticle of CoosZnosFe2Os4 have been synthesize by
chemical co-precipitation method and annelid it at different temperature. After that
the prepared ensemble will be coated by biocompatible coating.

(i) The as-dried sample have been treated thermally at various temperature from 200°C
up to 1000°C to study on the crystalline size evaluation.

(iii) XRD characterization have been done to know about the crystal structure and
crystallinity.

(iv) Hydrodynamic size distribution of the sample will be investigate by dynamic light
scattering (DLS).

(v) The VSM characterization have been performed to study the magnetic behavior of
the synthesis nanomaterials along with all the characterization like saturation
magnetization and coercivity.

(vi) Mossbauer studies have been performed to analysis the cation distribution. We will

also measure the Isomer shift, Quadruple splitting and hyperfine field splitting.

(vii) The induction heating properties of the sample will be investigated by the
magnetic hyperthermia setup and from here specific loss factor would be investigated.

1.6 Overview of the Research Work

This thesis deals with development of MNPs for biomedical application especially
on hyperthermia study. Then some possible strategies are proposal and the most valuable
ones are chosen in order to guide the work and after following this guideline scientific data
are collected and result are discussed in order to check whether they fulfil the expected

objectives and requirements. This thesis confined into five chapter which are follows.

In chapter 1 includes the introduction of Co-Zn ferrites and organization of thesis.
This chapter incorporates information to understand the aims and objectives of this
investigation and also reviews of recent reports by other investigations with which these

result can compared.
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In chapter 2 an introduction to general properties of the magnetic particles together
with some theoretical background related to the present work have been discussed. Also a
brief discussion of the various experimental techniques used to prepare the sample will be
addressed.

In chapter 3, various experimental techniques used to characterization are briefly

explained along with the description of the sample preparation.

Chapter 4, presents the structural and magnetic properties of the sample. The
hydrodynamic diameter of the chitosan coated sample also have been described. Finally
we report how the sample of different concentration response with external magnetic field

and present the main findings of the result discussed step by step.

Finally in Chapter 5, an overall conclusion with the suggestions for the further
research on this field will be given.

References are added at the end of all chapters.
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FORMALISM OF NANOMAGNETISM

2.1 Introduction to Magnetism

The story of magnetism begins 2500 years ago with a material called magnetite
(Fe3Os4), which is the first magnetic material known to man. After a long time passed, the
first scientific study of magnetism was made by the English scientist William Gilbert, who
published his classic book ‘On the magnet’ in 1600BC. But the modern theory of
magnetism, which is commonly well known as Maxwell’s electromagnetic theory, here he

showed that, electricity and magnetism are unified. He rewrite four common theory as

VE=2Z (2.1)
€o
V.B=0 (2.2)
VxE=-2 (2.3)
at

OF 2.4)
VXB= Mo]"‘ﬂogoa

Here, equation (2.1) is known as Gauss’s law, which told that how the electric field
E diverges from the charge density p. € is the permittivity of free space. Equation (2.2) is
Gauss’s law for magnetism, where B is the magnetic induction, which assumes no magnetic
monopoles. Equation (2.3) represents how change in magnetic field produce electric field.
However, a group of researcher [2.1] reported that magnetic monopole is possible and this
lead to modify the equations (2.2) and (2.3) for describing magnetic monopole. The
equation (2.4) is the modified form of Ampere’s law which describing how a space varying
magnetic field produce electric field. Where J is the current density and y, is the magnetic

permeability in space.

To describe magnetization it is need to define magnetic moment i, which can be

define through a current | around a small area dS as
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du = 1dS (2.5)

The origin of the magnetic moments that is the reason for magnetization of a
magnetic material can either be the orbital motion or the spin motion of the electrons. The
magnetization M is the result from the response to the external magnetic field and a
unbalanced magnetic dipole moments due to the intrinsic properties of the materials itself.
If N is the total number and V is the volume then magnetization M is the total magnetic
moment per unit volume:

N 2.6
=yl (26)

When a material is placed in an external magnetic field M, the induced

magnetization is created which represents is by
M = yH (2.7)

Where the proportionality constant y is called the magnetic susceptibility of the

material
x:%—1 (28)

The equation (2.7) only veiled for magnetically anisotropic materials, this means
the magnetic materials have no preference directions for its magnetic moment. However,
the real crystals real crystals are anisotropic, which is when the magnetic moment of
the material depends on the direction within the structure of the material, and it will self-
align along an energetically favorable direction called an easy axis. Most common
types of anisotropies are: the magneto-crystalline anisotropy where the crystallographic
directions define the easy axes, and the shape anisotropy, important in non-spherical small
particles where the easy axis is an axis along longest dimension. The response of a material

to an external magnetic field H is called the magnetic induction B

B =u(H+M) = po(1+x)H = pogoH (2.9)
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The Bohr-van Leeuwen theorem [2.2] shows that when calculating an average
of the magnetic moment, the partial derivative of the classical partition function Z with
respect to magnitude of the magnetic induction B arises,

KT 0Z (2.10)

(ﬂ)=7-@

and since the partition function does not depend on the magnetic induction, the
classical calculation of the average magnetic moment will always give zero. Therefore
the classical mechanics and statistical mechanics solely cannot account for magnetism

in solids, because magnetism is a quantum mechanical effect.

2.1.1 Force on Magnetic nanoparticles

To understand how a magnetic field may be used to manipulate MNPs, we need to
recall some elements of vector field theory. This is not always institutive and the reader is
directed to recent reviews for further details [2.3-2.5]. It is also important to recognize that
the magnetic field quadrant is required to exert a force at a distance; a uniform field given
rise to the torque, but no translational actions. Start from the definition of the magnetic

force acting on the point like magnetic pole m
E, = (m.V)B (2.11)

Which can be geometrically interpreted a differentiation with respect to the
direction of m. For example, if m= (0, 0, m;) then m.V= mz(:—x) and a force will be

experienced on the dipole provided there is a field gradient in B in the Z-direction. In the
case of MNPs suspended in the weakly DM medium such as water, the total moment on
the particle can be written = V;,, M , where Vn, is the volume of the particle and M is the
volumetric magnetization, which in turn is given by M = AXH, where AX = X,,, — X,,IS
effective susceptibility of the particle relative to the water. We can approximate the overall
response of the particle in plain water system by B = u,H so that the equation (2.11)

becomes
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VA
E, = ’Z X(B.V)B (2.12)
0

Furthermore, provided there is no time varying electric fields or current in the
medium, we can apply the Maxwell equation V x B = 0 to the following mathematical

identity.
V(B.B) = 2B x (Vx B) + 2(B.V).B=2(B.V)B (2.13)

To obtain more intuitive form of equation (2.12)
B2 1
Fn = VAV (5 )= Vi AXV (G B. H) (2.14)

In which the magnetic force is related to the differential of the magneto static field
energy density %B.H, Those if Ay > 0 the magnetic force acts in the direction on the

steepest ascent of the energy density scalar field. This explain why, for example, when iron
filings are brought near the pole of a permanent bar magnet, they are attracted towards that
pole. It is also the basis for the biomedical application of magnetic separation and drug

delivery.

2.2 Types of Magnetism

The behavior of the magnetic materials can be classified into five category as
diamagnetism, paramagnetic, ferromagnetism, anti-ferromagnetism and ferrimagnetism.
The magnetic susceptibility for the diamagnetism are negative but in the case of
paramagnetic and anti- ferromagnetism materials is weak which unlikely use in magnetic
applications are. From figure 2.1 it is found that the ferromagnetic materials have parallel
alignment, which resulting in strong spontaneous magnetization below the Curie
temperature. But over the Curie temperature ferromagnetic materials become
paramagnetic. [2.6] Anti-ferromagnetism and ferrimagnetism have their similar alignment
of magnetic moment which align in the opposite directions, but in the case of ferrimegnetic
materials the opposite moments are unequal which produce a net magnetism. Ferrimagnetic

materials like ferromagnetic become paramagnetic at or above the Curie temperature.
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Figure 2.1: Magnetic arrangements of ferromagnetic, anti-ferromagnetic and

ferrimagnetic materials

2.3  Hysteresis loop

For unmagnetized bulk material, there is a zero magnetic moment. It can be
predicted that there will be an infinite number of degree of magnetization between
unmagnetized and saturation magnetization condition. When the materials is subjected to
an external magnetic field, these extreme situation corresponds respectively to random
orientation of domain complete alignment is one direction with the elimination of the
domain walls. If we start with the applied magnetic field, the bulk material will be
progressively magnetized by the domain dynamics. The magnetization of the sample will
follow the path as shown in the dotted line in the figure 2.2. Firstly, the lower section, is in
the initial susceptibility region and characterized by reversible domain wall movement and

rotation.

The shape of the hysteresis cure is the important factor for discussing magnetic
materials. When a magnetic materials is magnetized in one direction in influence of
external magnetic field, it will track back to zero after the applied magnetic field is keep
away. In addition, if an opposite magnetic filled is applied to this materials, its
magnetization will trace out a loop is known as hysteresis loop [2.7]. In figure 2.2 shows
the B-H curve which following the path of a-b-c-d-e-f-a as the alternating magnetic is

applied.

i. Point ‘a’: If the magnetizing field is applied in the positive direction then the value
of magnetic flux density B will increase as shown in the curve and become nearly

constant at the point ‘a’, where the magnetic domain are same in order, hence the
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materials reach is saturation value. Here, in the case of an additional increase in

magnetizing force, there will be only a little increase in the magnetic field.

B Flux Densit
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Retentivity

'S

Coercivity

N

H

Magnetizing Force

-H
Magnelizing Force
In Opposite Direction

Saturation

In Opposite Direction Flux Density

-B in Opposite Direction
Figure 2.2: Hysteresis loop

ii. Point ‘b’: Now if the magnetizing force is reduced to zero, B transform from point
‘a’ to the point ‘b’, there is still some magnetic flux kept by the material. This point
is also at where one should look for retentivity on the graph, showing and indicates
the level of magnetism retained in the material.

iii. Point ‘c’: At this point, the magnetizing force is reversed leading to a decrease in
flux down to zero. This is also the coercivity point which is parallel to the point ‘b’.

iv. Point ‘d’: Here, there is a negatively increase in the magnetizing force and hence,
the material again reaches the maximum saturation in magnetization in
opposite direction.

v. Point ‘e’: H is decreased down to zero at this point. The magnetism retained in the
material at this stage is also equal to one at the point b with the opposite

direction.

24



Chapter Two: Formalism of Nanomagnetism

The shape and size of the hysteresis loop heavily depends on the magnetic
properties of magnetic materials. For particular application need particular magnetic
materials. By using the hysteresis loop, one can get some specific information about
magnetic properties of materials, such as retentivity, coercive force, residual
magnetism, permeability and reluctance. The retentivity and residual magnetism are
interrelated by the way that the first one is the concept standing for the ability of the
materials to keep a certain amount of field though the magnetic field is removed, but in the
case of latter one is the flux density retaining in the materials in null magnetic force. This

two are same in the saturation point.

2.3.1 M-H Curve

Figure 2.3 shown that a schematic diagram of the M-H curve of four different types
of magnetic materials. Most materials display little magnetism, and even then only in the
presence of an applied field: these are classified as paramagnetic materials for which y fall
in the range 10°® to 10 or diamagnetic, with 7 in the range 10 to 10. However, some
materials exhibit ordered magnetic state and are magnetic even without an external field;
these are classified as ferromagnetic, ferrimegnetic, and antiferromagnetic materials.
Where the prefix refers to the nature of the coupling interaction between the electrons
within the materials [2.8]. This coupling can give rise to larger spontaneous magnetization:
in ferromagnetic materials M is typically 10* larger than would appear otherwise. The
susceptibility in order materials depends not just on temperature but also on H, which give
rise to the characteristic sigmoidal shape of the M-H curve, with M approaching a
saturation value at large values of H. Furthermore, in ferromagnetic and ferrimagnetic
materials one often sees hysteresis which is an irreversibility in the magnetization process
that is related to the pinning of magnetic domain walls at impurities or grain boundaries
within the materials, as well as to intrinsic effect such as the magnetic anisotropy of the
crystallite lattice. This give rise to open M-H curves, called hysteresis loop. The shape of
these loops are determined in part by particle size: in large particles there is a multiple
domain ground state which leads to a narrow hysterias loop since a fake relatively lattice
field energy to make the domain walls move; while in smaller particles there is a single
domain ground state which leads to a broad hysterias loop. At even smaller size of the order

of tens of nm or less. One can see the superparamagnetic, where the magnetic moment of
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the particle as a whole is free to fluctuate in response to thermal energy, while the
individual atomic moments maintain their order state relative to other. This leads to the an

hysteretic; but still sigmoidal M-H curve shown in the figure 2.3.
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Figure 2.3: Graphical presentation of interaction of the magnetic moment M with
external field H and M-H curve for (A) Diamagnetic, (B) paramagnetic, (C)

ferromagnetic and (D) superparamagnetic materials

In figure 2.3 shows in ferromagnetic materials, in absence of external magnetic
field magnetic moment M aligned parallel. So for that hysteresis loop is observe with
remenence and coercivity. On the other hand, superparamagnetic materials shows the
similar pattern but with the absence of hysteresis loop, remanence and coercivity. For the
biomedical application especially on hyperthermia therapy need superparamagnetic
material. Those materials shows some special properties of hysteresis loop like zero
retentivity and zero coercivity. The M-H curve for the ferromagnetic and
Superparamagnetic nanoparticle is represents below. There are a large number of iron

oxide compounds like y- Fe20Os, v- Fe204 shows super paramagnetic behavior.
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2.4  Magnetic nanoparticles and Single Domain Particles:

Superparamegnetism

The nanoscale magnetic materials has gain a lots attention to the researcher over
the last decade not only for the business and technological reasons, but also fundamental
research point of view. For finding biomedical application like improving the quality of
magnetic resonance imaging (MRI), hyperthermia treatment for malignant cells, site-
specific drug delivery etc. nanoscale magnetic materials are used since over the last decade.
[2.9]

Pierre Weiss at. al [2.10], first explain the behavior of the hysteresis of
ferromagnetic bulk materials by using the concept of domains. Ferromagnetic materials are
consist of domains, which are separated by domains wall. This domain wall try to minimize
the net energy of the system. The magnetostatic energy and domain wall energy increase
proportionally to the volume and surface respectively. When the particle size lower than
the critical size, surface area is increased as well the domain energy so it became
unfavorable for creating domains. In this situation, single uniform domain is formed and
system behave as a small permanent magnet. The size of the single- domain particle
depends on the material and contributions from different anisotropy energy terms. The

critical radius below which a particle acts as a single domain particle e is given by [2.11]

(AK,)? (2.15)

r.=9
¢ /101\/152

Where A define as exchange constant, Ku is the uniaxial anisotropy constant, p, is
constant of permeability, and Ms is the saturation magnetization. The typical value for the
critical radious depends on the materials. Depending on the size and material, the magnetic
moments of single domain particles can be 102-105 uB where uB is the Bohr magneton
[2.12]

Different model for describing the magnetization of single domain particles
developed by different scientist. Stoner and Wobhlfarth are two of those, assumed non-
interacting particles with uniaxial anisotropy in which spins are parallel and rotate at union.

Furthermore, at any finite temperature, the thermal activation can overcome the anisotropy
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energy barrier leading to switching of the particle moment. This relaxation process was
first proposed by Neel in 1949 and further developed by the Brown [2.13-2.14]. This
function is commonly used to fit experimental magnetization curve of nanoparticles and to
determine the size of the crystal and its specific magnetization. The characteristics features
of superparamagnetic nanoparticles are their response to the magnetic field, where there

are no remenent magnetization and very high field of saturation magnetization [2.15].

A typical feature of superparamegnetic nanoparticles is the Neel relaxation time ty,
that is the time constant. It can be expressed as:

KV (2.16)
Iy = TO(KBT)

Where t4the pre-exponential factor is called characteristic relaxation time, Kzis the
Boltzmann constant and T is absolute temperature. This time is characteristic time for the
internal relaxation of magnetization of nanoparticles. According to the equation (2.16), the
volume of nanoparticles and the temperature are two critical parametric affection to the
Neel relaxation time and therefore the superparamegnetic or thermally blocked behavior

of the system.

2.5 Superparamegnetism and its limit

Superparmagnetism is a form of magnetism which is exhibit by ferromagnetic and
ferrimagnetic single domain nanoparticles of size is less than 100nm. The state of
superparamagnetism means to how the average magnetization of the nanoparticles average
to zero when the external field is removed in addition Neel relaxation time is less than the
measurement time for the magnetization. But when the magnetic field is applied, the
nanoparticles behave as paramagnets with high susceptibility. The magnetization of the
single domain nanoparticles lie parallel or antiparallel to a particular direction known as

easy axis.

Consider a group of uniaxial, single-domain particles. Each particle have an
anisotropy energy density E = KVSin?6, where @ is the angle between the direction of
magnetization and the easy axis, K is the energy density of anisotropy and V is the volume

of the particle. At H=0, the two minima 8 = 0 and 8 = m are separated by the energy
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barrier AE = KV corresponds to the magnetization parallel or antiparallel to the easy axis
which shown in figure 2.3. Neel stead in his model that, KV become small if the single
domain particles become small. Result is the energy fluctuation can overcome the
anisotropy energy and spontaneously reverse the magnetization of a particle from one easy
direction to other, though there is no applied magnetic field.

Energy

Figure 2.4: Schematic diagram of the energy of the single domain particles with
unixial anisotropy as a function of magnetization direction.

If KV > KT then the moment of the magnetic nanoparticle cannot switch
spontaneously and the system behave like a permanent ferromagnetic. But in the case of
KV~KgT or less the spontaneous became ‘superspins’ and this state is known as
superparamagnetic nanoparticle. The thermally agitated fluctuations of the superspin-
direction take for the characteristic relaxation time = = (2mf) ™1, where f is the frequency
of the magnetic field. The quantitative representation for the relaxation time, that is the
time constant of the return to equilibrium of the magnetization after excitation, is given by
Neel-Brown model as shown in the equation (2.16). There is a size limit that divides the
internal relaxation occurring in single domains in two different time regimes, slow and fast
relaxation compared to a characteristic measurement of time of the method used to
investigate the magnetic behavior of the system. But in presence of magnetic field in the

equation (2.16) become:
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AE(H, 9)) (2.17)

= TO( KiT

Where AE(H, 0) is the field dependent energy barrier which can express as
AE(H,0) =AE(1 —-—)* (2.18)

At the high temperature the magnetic moments fluctuate rapidly but this
fluctuations slow down as the sample is cooled and the system appears static. At this static
point T, become much longer than the experimental measurement time, z,,, this particle is
said to be blocked. And this characteristic temperature is known as blocking temperature
Te. A blocking volume Vg and a blocking temperature Tg can be defined in order to

distinguish the superpara magnetic single domains from the thermally blocked ones

Vg = %m(t%) (2.19)
and
KV (2.20)
L
Kgin (ﬁ)

It is important to notice that the blocking limit is dependent of the experiment time,
and it is possible to obtain different values of Vg and Tg for different techniques. For
instance, vibrating sample magnetometer (VSM) has a characteristic measurement time of
10s, while superconducting quantum interference device (SQUID) has a measuring time of

102 s and Mdssbauer spectroscopy 108 s [2.16].

For biomedical application, nanoparticles should be coated by biocompatible
materials like chitosan, PEG etc. In that case nanoparticle are remain suspended in liquid.
When nanoparticles are suspended in liquid, their motion in the liquid which known
Brownian motion need to be considerate. There are two types of Brownian motion,
translational motion and rotational motion. The translational motion can be determined by

dynamic light scattering (DLS) or by using Stocks-Einstein equation [2.17]:
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7, = PH (2.22)
L Kp Tq2
Where, 1 is the viscosity of the liquid, Dn the hydrodynamic diameter of the particle
and g is the light scattering wave number. The rotational motion can be described by a
characteristic rotational diffusion time, according to:

D3, (2.22)

T =
B 2KgT

It is possible to determine the rotational Brownian relaxation of magnetic
nanoparticles through magnetic measurements of the frequency dependent complex
susceptibility [2.22].

A typical ferrofluid has a wide range of distribution of particle size. Neel and

Brownian motion occur in parallel, so that the effective relaxation time is given by:

1 1 1 (2.23)

Teff B Ty 1B
Both the Neel and the Brownian relaxation processes are contributing to the effect
of time, while the translation motion time is neglected because it does not affect magnetic
measurement. Figure 2.5 represent the different time constant related to the different

relaxation mechanism for nanoparticle in suspension as s function of their radius.

It is clear from the above equation that the effective relaxation time is dominated
by the shorter of the two component, while the translational motion time is negate because
it has no effect in magnetic measurement. Figure 2.4 shows the Neel and Brownian
contributions to the relaxation time of a spherical magnetic nanoparticle. There are two
ways to measure the relaxation phenomena: either in the time domain or in the frequency
domain. By measuring the complex susceptibility it is therefore possible to determine the
Brownian relaxation time and the mean hydrodynamic volume of the nanoparticles. The
coercivity is an important parameter in magnetic properties. Low coersivity is a feature for
soft magnetic materials, while larger coercivity is required for the hard. Furthermore the

coercivity shows the strong dependence on the particle size. From the figure the coercivity
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reaches a maximum value when the particle size become single domain below the critical

diameter (approximately 200 nm).
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Figure 2.5: Time constant vs particles size for magnetite particles

In the PSD position the coercivity decreases for the smaller particle size due to the
randomizing effect of thermal energy. Below the critical diameter the coercivity of the
particle is zero due to the thermal effect, here particle shows superparamagnetic behavior.
The property of superparamagnetism is achievable at room temperature in nanoparticle
systems with diameters in the range of 10 to 100 nm, for relaxation times on the order of
milliseconds. This is highly attainable in laboratory settings and the ability to produce a
system with zero coercivity has many possible applications. However, in some cases the
superparamagnetic limit represents a difficulty, as in making hard drives. As the size of a
bit stored on the surface of a magnetic material gets smaller, the superparamagnetic limit
is approached. If the bit has no coercivity, then its direction of magnetization flips

randomly and with no external energy input. This makes it unsuitable for data storage.
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Figure 2.6: particle size Vs coercivity showing onset of superparamagnetism

2.6 Size effect on the Surface to Volume Ration

Surface area to the volume ratio in nanoparticles have a tremendous effects on the
properties of the nanoparticles. The surface area is the measure of how much exposed area
of a solid object has. The balk materials have the lesser surface area than the nanoparticle
have, though their volume is same. The surface area to volume ratio increases with the
decreases of the particle size, more specially the radius of the nanosphere. The reason
behind that is as the particle size decreases, a greater number of atoms are found at the
surface. For instance, a particle of size 4 nm has 50% of its atoms on its surface, at 12 nm

20% and 36 nm has 5% of its atoms on its surface.

Nanoscale material have their much greater surface area compare to the bulk
materials, which can lead better change their properties. The greater surface area leads
greater chemical reactivity and physical strength. At the nanoscale level the quantum effect
of the particles appear more importantly, leading to better optical, electrical and magnetic
behavior. For example, at the nano-scale, properties like electrical conductivity and
mechanical strength are not the same as they are at the bulk size [2.19]. As the surface area
increases, chemical sensors from nanoparticles and nanowires enhanced the sensitivity and

sensor selectivity. The energy band structure and charge carrier density in the
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materials can be modified quite differently from their bulk and in turn will modify the

electronic and optical properties of the materials.

As a great deal of interesting and relevant physics occurs at surface level, greatly
increasing surface area can produce some very interesting results. For example, it is
because of this disproportionate change between surface area and volume that living cells
are limited in size. Consider that the volume of the cell represents the amount of products
or actions that the cell can create or accomplish. The surface area is the “wall” or
“doorway” for nutrients to enter the cell and products or waste to be removed from the cell.
As the cell gets larger, the volume increases as a cube of the diameter. For example, the
amount of nutrients or products that the cell can produce increases by that amount. Yet the
surface area only increases as the square of that amount; hence, we get to a point where the
cell needs more nutrients to feed the internal processes that the available surface area can

allow in.
2.7  Synthesis of Nanomaterials

The man in his quest for knowledge has been conceiving and developing
physical world and its components in bigger than the biggest and smaller than the smallest
dimensions of mass, length and time. Though the smallest entity with individual
characteristic features that was established happened to be an atom of an element but
realization of the single atom in physical form and serving mankind remained a dream till
recently. It is achieved through the development of nanocrystaline materials, discovery of
concept of quantum confined atom and synthesis of doped nanocrystaline materials.
Investigation of growth mechanism of nanoparticles is present large scientific and practical

interest.

The synthesis of nanoparticles can be divided into two categories: the bottom-up
and the top-down approaches. The top-down method is seen as the physical approach,
which involves breaking down bulk material into nanoparticles through techniques such as
acid-etching, ball-milling, and laser ablation. Conversely, the bottom-up method relies on
chemical nucleation to form nanoparticles from molecular precursors. Electrochemical
methods, sonolysis, thermal decomposition, and co-precipitations all fall into this category.

In the bottom-up approach, nucleation and crystal growth stage of the nanoparticle
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formation can be carefully manipulated. So for that, it is possible to reduce polydispersity
(degree of size differ with respect to each other) in the final product, while it is not possible
for top-down approaches. For synthesis nanoparticle it should be considerate that the
reaction condition and rate would be same otherwise the broadening of the particle size
distribution will be occurred. The mechanism for monodisperse particle nucleation and
growth was laid down by Viktor K. LaMer in 1950 to describe the nucleation and growth
of sulphur sols, [2.20- 2.21] and is still used as the standard model today, although different
to transition metal nanoparticle syntheses. [2.22].

According to the LaMer model, three stage are involved to synthesis monodisperse
particle. From the figure 2.7, the first stage involve the increase of the nanoparticle
monomer concentration to supersaturation. The nucleation only be occurred when the
nucleation energy barrier is overcome the condition of supersaturation, which shows in
figure 2.7 in stage (11). After satisfying the nucleation condition, bonds are formed among
the nanoparticles monomers. Finally as the bonds formed the concentration of the monomer
decreased and nanoparticle grow. In order to get a monodisperse product, it is important
that nucleation in a single events, for growing in a single rate. After monomer are
consumed, the model enters its final stage, crystal growth (Stage Il1). Crystal growth is
diffusion controlled, with rates of growth determined by the rate of monomers diffusing to

the nanoparticle surface.
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Figure 2.7: The LaMer model of nanoparticle nucleation and growth separated into

three distinct phases
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2.8 Controlled Synthesis: Theory of Nucleation and Crystal Growth

The common feature of the solution based approaches is the precipitation of solid
product from the homogeneous solutions. Precipitation of solid particles is a dynamic
process involving three stage: Nucleation, growth and coarsening/aggregation [2.24]. The
LaMer model proposed a diagram showing the variation of the solute concentration in time
where three regions, corresponding to the prenucleation, nucleation and growth processes,
can be easily identified figure 2.7 [2.24-2.25]

When the concentration of a solute in a solvent exceeds its equilibrium solubility or
temperature decreases below the phase transformation point, a new phase appears. Let us
consider the case homogeneous nucleation of a solid phase from a supersaturated solution
as an example. A solution with solute exceeding the solubility or supersaturated possesses
a high Gibbs free energy; the overall energy of the system would be reduced by segregating
solute from the solution. This reduction of Gibbs free energy is the driving force for both
nucleation and growth. The change of Gibbs free energy per unit volume of the solid phase,

AGy, is dependent on the concentration of the solute:

o KT kT (2.24)
v anc£ 2n(1 + o)
0

Where C is the concentration of the solute, Co is the concentration of equilibrium,

Q is the atomic volume and finally o is the supersaturation represented by % Without

Supersaturation (i.e., 6 = 0), AGy is zero, and no nucleation would occur. When C > Co,
AGy is negative and nucleation occurs spontaneously. Assuming a spherical nucleus with
a radius of r is formed, the change of Gibbs free energy or volume energy, Ay, can be
described by:

4 (2.25)

A, = 3 r3AG,

However, this energy reduction is counter balanced by the introduction of surface

energy, which accompanied with the formation of new phase.
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This results in an increase in the surface energy, Aus, of the system:
Apg = 4mr?y (2.26)

Where v is the surface energy per unit area. The total change of chemical potential

for the formation of the nucleus, AG, is given by:
AG = Au, + A,uszg r3AG,+ 4mrly (2.27)

In the synthesis and preparation of nanoparticles or quantum dots by nucleation from
supersaturation solution or vapor, this critical size represents the limit how small
nanoparticles can be synthesized. To reduce the critical size and free energy, one need to
increase the change of Gibbs free energy, AGy, and reduce the surface energy of the new
phase, y. This equation assumes a spherical nanoparticle of radius “r”” and surface energy
per unit area “y”. If a plot of Gibbs free energy “AG” against particle radius, a maximum
is achieved at a critical nanoparticle radius, “rc”. This leads to an important consequence;

nanoparticle nuclei larger in size than “rc” will grow whereas nuclei smaller than “r¢” will

dissolve back into solution.

-/

Figure 2.8: Plot of Free energy against nanoparticle nucleus radius showing the

maximum at the critical radius and free energy maximum

The crystal growth is the last stage of the LaMer model. Nuclei larger than the

13 2

critical radius “r¢” grow until all monomers have been consumed, via an intermediate state.
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This process is temperature dependent, with high temperatures yielding fast crystal growth.
Kinetically, crystal growth is a slow process when compared to nucleation and proceeds
for homogeneous and uniform particle size increases at relatively low temperatures.[2.26]
Crystal growth is diffusion controlled, with monomers diffusing from bulk solution to an
interfacial layer close to the surface of the nanocrystal (“flux”, “lgiff’) which can be

modelled using Fick's law. From the Stokes-Einstein-Debye equation

d[c] (2.28)

lyipr = 4no?] = 4wo®D 1o

At the pure reaction limit, monomers will diffuse to the surface and react according
to the reactivity and concentration of adsorbates in solution, so “[Ci]= [C4]”. However,
instances of crystal growth almost always occur in between these imposed limits. The

instantaneous size-dependent growth rate is given in equation:

d [Cy] = [ColerPT
—_ TRT
(r+K_r) ( )

This equation takes into account surface and volume terms with respect to diffusion
of monomers to and from the surface. It also shows the temperature dependence of the rate
of crystal growth meaning faster growth will occur at higher temperatures.

2.9 Preparation of Nanoparticle by Physical Approach

Preparation of nanomaterial is an important part of nanotechnology. Synthesis of
nanomaterial with specific properties has attracted a huge attention to the researcher. The
MNPs can be made to reasonably respond to a time varying magnetic field, with
advantageous result related to the transfer of energy from the exciting field to the
nanoparticle. For example, the particle can be made to heat up, which lead to their use as
hyperthermia agents, delivering thermal energy to the targeted bodies, such as tumor. Most
important physical approaches include evaporation-condensation and laser ablation.
Various metal nanoparticles such as silver, gold, lead sulfide, cadmium sulfide, and
fullerene have previously been synthesized using the evaporation-condensation method.

The absence of solvent contamination in the prepared thin films and the uniformity
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of nanoparticles distribution are the advantages of physical approaches in comparison
with chemical processes. Although they are simple, inexpensive and easily scalable,
physical methods present limited control over the morphology and /or chemical
composition of the final products. On the other hand ‘bottom-up’ manufacturing which
involves building up of the atom or molecular constituents as against the top method
which involves making smaller and smaller structures through etching from the bulk

material as exemplified by the semiconductor industry.
2.9.1 Inert Gas Condensation

This method is one of the earliest method to synthesize nanoparticles. In this
method, materials are evaporated first then cool them by using inert gas, at a very low
pressure, usually 1mbar. So for that this method is known as inert gas evaporation method.
Grangvist and Buhrman, 1976 described inert gas forwarded towards evaporation source
and nanoparticles are transported towards a N2 cooled substrate via thermophoresis over
the evaporation source [2.27]. This methods was further developed by Birringer et al.,
1984. His modification consists of a scraper and a collection funnel allows the production
of relatively large quantities of nanoparticles, which are agglomerated but do not form hard
agglomerates and which can be compacted in the apparatus itself without exposing them
to air [2.28]. The particle size is depends proportionally on the increasing pressure and
molecular weight of the inert gas. This method is widely used commercially. There are
several evaporation methods are used to synthesis nanoparticle. Sputtering, laser
evaporation are the most common uses. Another method introduced by Kear and Strutt, in
1995 name Chemical Vapor Condensation, which replaces the evaporation boat by a hot-
wall reactor in which an organometallic precursor in a carrier gas is introduced [2.29].
Another fantastic technique is also used in synthesis nanoparticle named as Gas Deposition
method. In this method, nanoparticles are formed by evaporation in an inert gas at
atmospheric pressure and transported by a special designed transfer pipe to the spray
chamber at a pressure of about 0.3 mbar. By moving the nozzle at the end of the transfer
pipe, the particles which have a mean velocity of 300 m/s can be deposited in required
places on the substrate in the spray chamber. Oda et al., 1992 [2.30] find micron sized

pattern using this technique.
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2.9.2 Sputtering

Another interesting and efficient physical technique is sputtering. In this methods,
solid surface is vaporized by bombardment with a high velocity ions of inert gas, causing
an ejection of atoms and cluster. Sputter sources such as an ion gun or a hollow-cathode
plasma sputter source are normally used in vacuum systems, below 10 mbar, as a higher
pressure hinders the transportation of the sputtered material. Instead of ions, electrons from
an electron gun can be also used. Different research used different condition for synthesis,
i.e lwama et al. (1982)[2.31] operated an electron gun at 10° mbar separated by a
differential pumping system from a 1 mbar evaporation chamber in order to evaporate Ti
and Al targets in a N2 or NHz atmosphere, producing TiN and AIN nanoparticles smaller
than 10 nm whereas Gilinther and Kumpmann (1992)[2.32] applied an electron beam in an
inert gas atmosphere with pressures up to 5 mbar in order to produce 5 nm Al>Oz and SiO»
particles. Hahn and Averback (1990)[2.33] showed that a DC/RF magnetron sputter source
can be operated in the mbar range, ejecting nanoparticles of sizes between 5 and 20 nm.
Sputtering has the advantage that it is mainly the target material which is heated and that
the composition of the sputtered material is the same as that of the target.

2.10 Preparation of Nano Ferrites by Chemical Methods

Although the physical methods are simple and versatile, enabling the preparation
of a wide variety of ferrite nano-powders in large quantities and with a relatively low cost
, their reliability is often questionable due to the contamination of the products and the
limited control of the morphology of the resulting man-sized materials. Along with the
chemical composition were found to be influenced significantly the magnetic properties of
the ferrite nanoparticles and therefore their potential application in high density magnetic
storage device [2.34], magnetic refrigeration [2.35], and magnetic resonance imaging
[2.36], magneto-optical device [2.37] and ferrofluids [2.38]. There are many other uses of
MNPs describe by the researcher [2.39-2.40]. The disadvantage of the chemical methods
lie in the fact that some of them are highly toxic reagents as metal precursors and
necessitate a rigorous control over the reaction parameters in order to obtain nanocrystaline
ferrite with the desired morphology. For biomedical application required solubility in

aqueous media. Several solution-based approaches both in aqueous and non-aqueous
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media, such as co-precipitation, micro combustion, sol-gel, hydrothermal etc. are the

common method for preparation of MNPs.
2.10.1 Chemical precipitation and Co-precipitation methods

The chemical precipitation method is the pre-version of co-precipitation method for
nanoparticle synthesis. Chemical reaction, nucleation and crystal growth are the three main
steps by which consists of chemical precipitation method. This process is not a controlled
process in terms of reaction Kinetics and solid phase nucleation and growth processes which
lead a wide particle range distribution and uncontrolled particle morphology, along with
agglomeration. After a series of development researcher find a path to synthesis narrow
size distribution of nanoparticles. The necessary requirements are (a) a high degree of
supersaturation, (b) a uniform spatial concentration distribution inside a reactor and (c) a
uniform growth time for all particles or crystals.

One of the most efficient and common method for the synthesis of nanoparticle is
co-precipitation method. In this method produces a “mixed” precipitate comprising two or
more insoluble species that are simultaneously removed from solution. Transition metal
ferrite nanoparticles with a wide variety of compositions ranging from ternary metal oxides
[2.42] (MFe20s where M?'= Mn?*, Fe?*, Zn?*, Co?*, Cu?") to mixed metal oxides
containing two [2.43] [AxB1xFe204 , A% = Co?*, B#" = Zn?*] or three [2.44] [AXByCix-y
Fe,04, A%* = Co?*, B%* = Zn?*, C?* = Cu?*] different divalent metal ions have been prepared
by using the co-precipitation technique. Those metal ions are coming from mostly form the
inorganic salt like chloride, nitrate and sulfate additionally as a precipitant NaOH, KOH,
NHs are commonly used [2.45]. The solution is then subjected to PH adjustment or
evaporation to force those salts to precipitate as hydroxides, hydrous oxides or oxalates.
The crystal growth and their aggregation are influenced by the concentration of salt,
temperature, the actual PH and the rate of PH change. The temperature is one of the most
important parameters in the co-precipitation process. After precipitation, the solid mass is
collected, washed and gradually dried by heating to the boiling point of the medium. The
washing and drying procedures applied for co-precipitated hydroxides affect the degree of
agglomeration in the final powder and must be considered when nanosized powders are the

intended product.
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A large number of reports are available on the synthesis of ultrafine oxide powders
[2.46], oxide-oxide composites and biomaterial [2.47] by co precipitation reactions. There
are several advantage of co-precipitation reactions. The advantages of co-precipitation
reactions are (i) the temperature, (ii) the fine and uniform particle size with weakly
agglomerated particles and (iii) the low cost. However, these reactions are highly
susceptible to the reaction conditions and because of incomplete precipitation of the metal
ions, control over the stoichiometry of the precursors is rather difficult to achieve. In
addition, the co-precipitation reactions are not suited for certain oxides/hydroxides, for

instance, in the case of amphoteric systems.
2.10.2 Sol-Gel Method

The sol-gel technology is a well-established colloidal chemistry technology, which
offers possibilities to produce various materials with novel, predefined properties in a
simple process and a relatively low process cost. Sol-gel process consist in the chemical
transformation of liquid into a gel state and with a subsequent post treatment and transition
into solid oxide materials. The reaction product of the sol-gel synthesis could be either
colloidal powders or films. In addition to the sol-gel method precursor-based solution
deposition routes can also be used for nanostructure formation. However, upon mixing with
a liquid colloids appear bulky whereas the nanosized molecules always look clear. It
involves the evolution of networks through the formation of colloidal suspension (sol) and
gelatin to form a network in continuous liquid phase (gel). The precursor for synthesizing
these colloids consists of ions of metal alkoxides and aloxysilanes. The most widely used
are tetramethoxysilane (TMOS), and tetraethoxysilanes (TEOS) which form silica
gels. Alkoxides are immiscible in water. They are organo metallic precursors for silica,
aluminum, titanium, zirconium and many others. Mutual solvent alcohol is used. The sol
gel process involves initially a homogeneous solution of one or more selected alkoxides.
These are organic precursors for silica, alumina, titania, zirconia, among others. Mortia et

al [2.48-2.49] A catalyst is used to start reaction and control pH.

There are two distinct reactions in the sol-gel process: hydrolysis of the alcohol groups and

condensation of the resulting hydroxyl groups. For example, in the case of isomorphous y-
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AIOOH precursor, it exists as the un-hydrolyzed species [AI(OH2)s]*" below pH 3, and can

be hydrolyzed extensively with increasing pH

[AL(OH,)6]** + kH,0 — [AL(OH) (OHy)_i]®7* + kH;07"

And
hH;0% + kOH™ - 2kH,0

In the time of hydrolysis, water is added to replace the [OR] group with [OH-]
group. The process of hydrolysis occurred by the reason of attracting of oxygen on silicon
atoms in silica gel and this process can be accelerated by adding catalyst like HCIl and NHa.
Hydrolysis continues until all alkoxy groups are replaced by hydroxyl groups. Subsequent
condensation involving silanol group (Si-OH) produced siloxane bonds (Si-O-Si) and
alcohol and water. Hydrolysis occurs by attack of oxygen contained in the water on the

silicon atom.

The next step to hydrolysis is polymerization to form siloxane bond occurs by
either a water producing or alcohol producing condensation reaction. The end result of
condensation products is the formation of monomer, dimer, cyclic tetramer, and high order
rings. The rate of hydrolysis is affected by pH, reagent concentration and H>O/Si molar
ratio (in case of silica gels). Also ageing and drying are important. By control of these
factors, it is possible to vary the structure and properties of sol-gel derived inorganic
networks. As the number of siloxane bonds increase, the molecules aggregate in the
solution, where they form a network, a gel is formed upon drying. The water and alcohol
are driven off and the network shrinks. At values of pH of greater then 7, and H.O/Si value
ranging from 7 to 5. Spherical nano-particles are formed. Polymerization to form siloxane

bonds by either an alcohol producing or water producing
20HSi(OR); = (OR)3Si 0 Si(OR); + H,0
Or
20HSi(OR); = (OR),0H Si 0 Si(OR); + H,0

Above pH of 7, Silica is more soluble and silica particles grow in size.
Growth stops when the difference in solubility between the smallest and largest particles
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becomes indistinguishable. Larger particles are formed at higher temperatures. Zirconium
and Yttrium gels can be similarly produced. Despite improvements in both chemical
and physical methods of synthesis, there remain some problems and limitations. One
of the advantages of this method is the ability to control the microstructure of final product
by controlling chemical reaction parameters. This method is widely used in the synthesis
of inorganic and organic-inorganic hybrid materials and capable of producing

nanoparticles, nanorods, thin films and monoliths.
2.10.3 Sonochemical Synthesis

Currently, ultrasound irradiation has become an important tool in chemistry. High
intensity ultrasound has found many important applications in organic synthesis, materials
and organometallic chemistry, and industrial manufacturing processes. It provides an
unusual mechanism for generating high-energy chemistry with extremely high local
temperatures and pressures and an extraordinary heating and cooling rate. Sonochemistry
originates from the extreme transient conditions induced by ultrasound, which produces
unique hot spots that can achieve temperatures above 5000 K, pressures exceeding 1000
atmospheres, and heating and cooling rates in excess of 1010 Ks™[2.50]. These extreme
conditions enable many chemical reactions to occur. In this method high temperature and
high-pressure fields are produced at the centers of the bubbles, this bubbles collapse and
generate localized hotspot through a shock wave formation within the gas phase of the
collapsing bubbles. Many researcher showed that using this methods nanoparticle can be
formed [2.51]. Ultra sound irradiation offer wide range particle size nanomaterials, but they

are always of nanometer size.
2.10.4 Chemical Vapor Deposition and Chemical Vapor Condensation

Chemical Vapor Deposition (CVD) is widely used materials processing methods
by which solid state thin film are coated, but it also use to produce high purity nanoparticle.
There are several way the reaction can be achieved. In thermal CVD the reaction is
activated by a high temperature which is more than 900°C and the typical apparatus
comprises of gas supply system, deposition chamber and an exhaust system. In plasma
CVD, the reaction is activated by plasma at temperatures between 300 and 700°C. In laser

CVD, pyrolysis occurs when laser thermal energy heats an absorbing substrate. In photo —
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laser CVD, the chemical reaction is induced by ultra violet radiation which has sufficient
photon energy, to break the chemical bond in the reactant molecules. In this process, the
reaction is photon activated and deposition occurs at room temperature. Nano composite
powders have been prepared by CVD. SiC/SisN composite powder was prepared using
SiH4, CH4, WFs and H> as a source of gas at 1400°C.

Another process called chemical vapor condensation (CVC) was developed in
Germany in 1994. It involves pyrolysis of vapors of metal organic precursors in a reduced
pressure atmosphere. Particles of ZrO;, Y203 and nanowhiskers have been produced
by CVC method [2.52-2.53]. A metalorganic precursor is introduced in the hot zone
of the reactor using mass flow controller. For instance, hexamethyldisilazane (CHs)s
Si NHSi (CH3)s was used to produce SiCxNyOz powder by CVC. The reactor
allows synthesis of mixtures of nanoparticles of two phases or doped nanoparticles
by supplying two precursors at the front end of reactor and coated nanoparticles,

nZrO-, coated with n-Al.Oz by supplying a second precursor in a second stage of reactor.
2.10.5 Hydrothermal Method

Hydrothermal decomposition method is another types of important chemical
method for nanoparticle synthesis. It involves the use of liquid-solid —solution reaction
which lead an excellent control over the size and shape of the nanoparticle. This method
constructed in two stage, one is crystal nucleation and other is subsequent growth. The
desired particle size, shape and the surface is achieved by controlling the pressure,
temperature, pH of the solution. The phenomena underlying the size and morphology
control through tuning the process variables are the overall nucleation and growth rates,
which depend on supersaturation [2.54]. For this method it is important to find the
equilibrium condition of solution. Several methods have been developed to find this
equilibrium position [2.55-2.57]. One of the famous methods is Helgeson-Kirkham-
Flowers (HKF) model [2.58]. In this method, the solubility of hundred inorganic compound
have been calculated over the wide range of conditions (25-1,000°C, 0.1-500 MPa) based
on the HKF model [2.59-2.60].

This synthetic technique involved the fabrication of magnetic metallic nanocrystals

at different reactions conditions. The reaction strategy is based upon the phase separation
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which occurs at the interface of solid-liquid—solution phases present in the reaction. For
instance Sun et al. Synthesized monodisperse of size 6, 10, and 12nm Fe204 and M Fe204
nanocrystal [2.61]. Wuwei and co-worker have synthesized oblique and truncated nano
cubes of a- Fe2O3 by one step facile hydrothermal method. Hydrothermal and solvothermal
methods can be combined with microwaves and magnetic fields for semicontinuous
synthesis of materials having much improved reproducibility and high quality. Unsing the
hydrothermal and solvothermal methods employed to prepare oxides; Group I1-VI, I1I-V,
and IV NPs; metal-organic frameworks (MOFs); and transitional-metal NPs composite can

be prepared.
2.10.6 Microwave Synthesis

Microwave assisted method is a chemical method that use microwave radiation for
heating materials containing electrical charges for instance polar molecule in the solvent
or charge ion in the solid. As compared to the other heating methods microwave assisted
solution fabrication methods have got more focus of research because of rapid processing,
high reaction rate, reduce reaction time and high yield of product. The microwave
irradiation has been used in the synthesis of inorganic nanoparticles and keeps showing
rapid growth in its application to materials science. Compared with conventional heating
methods, microwave assisted heating presents a more rapid and simultaneous environment
for the formation of nanoparticles due to the fast and homogeneous heating effects of
microwave irradiation. Therefore, microwave assisted heating method has the advantages
of short reaction time, high energy efficiency and the ability to induce the formation of
particles with small size, narrow size distribution and high purity. The interaction of
dielectric materials, liquids or solids, with microwaves leads to what is generally known as
dielectric heating. Electric dipoles present in such materials respond to the applied electric
field. In liquids, constant reorientation leads to the friction between molecules, which
subsequently generate heat. The microwave irradiation can be thermal and non-thermal.
Microwave irradiation as a heating method has found a number of applications in
chemistry. The frequency applied for the microwave heating in the range of 918 MHz to
2.45 GHz. The microwave ovens used in microwave chemistry range from simple

household multimode ovens to large-scale batch as well as continuous multimode ovens.
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In the past few years, microwave assisted heating has been applied in the soft
chemical synthesis of various nanocrystalline metal chalcogenides and presents a
promising trend in its future development [2.62]. Wang reported the synthesis of cubical
spinal M'"Fe,04 (M = Co, Mn, Ni) high crystalline structure in a short time of just 10 min
by exposure the precursors to microwave radiation. Presently, Swaminathan et al and co-
worker have reported the facile synthesis of NdFeb nanoparticles using microwave
radiations. Liao et al (2001)[2.63] extended this methodology to the microwave assisted
preparation of various metal sulfide nanoparticles including CdS, ZnS, CusS, HgS and Bi»Ss
by choosing formaldehyde aqueous solution as solvent. Zhu et al (2002)[2.64] has
successfully applied microwave irradiation, to induce the one-dimensional preferential
growth of some I1-VI and V-VI group semiconductors and prepared CdS nanoribbons by

microwave-induced decomposition of single-source precursors.
2.10.7 Electrodeposition Method

This is a simple and well-established process and can be easily adopted to produce
nanocrystalline materials. Electrodeposition of multilayered (1-D) metals can be achieved
by using either two separate electrolytes or much more conveniently from one electrolyte
by appropriate control of agitation and the electrical conditions (particularly voltage). Also,
3D nanostructure crystallites can be prepared using this method by utilizing the
interference of one ion with the deposition of the other. The nucleation of nanostructures
on the electrode substrate during electrodeposition is influenced by the crystal structure of
the substrate, specific free surface energy, adhesion energy, lattice orientation of the
electrode surface, and crystallographic lattice mismatch at the nucleus-substrate interface
boundary [2.65]. The final size distribution of the electrodeposits, however, strongly
depends on the kinetics of the nucleation and growth. These nuclei gradually grow and
overlap, and therefore, the progressive nucleation process exhibits zones of reduced
nucleation rate around the growing stable nuclei. The electrodeposition method consists of
an electrochemical cell and accessories for applying controlled current at a certain voltage.
The cell usually contains a reference electrode, a specially designed cathode, and an anode
or counter electrode. The cathode substrate on which electrodeposition of the nanostructure
takes place can be made of either nonmetallic or metallic materials. Using the surface of

the cathode as a template, various desired nanostructures or morphologies can be

47



Chapter Two: Formalism of Nanomagnetism

synthesized for specific applications. Such a template-assisted electrodeposition process
can be broadly divided into two groups: active template-assisted and restrictive template-

based electrodeposition.

Recently many researchers extensively used this process to study the synthesis and
properties of nanocrystalline materials [2.66-2.68]. It has been shown that
electrodeposition yields grain sizes in the nanometer range when the electrodeposition
variables (e.g., bath composition, pH, temperature, current density, etc.) are chosen such
that nucleation of new grains are favoured rather than growth of existing grains. This is
achieved by grains are favoured rather than growth of existing grains. This is achieved by
addition of suitable surface-active elements to reduce surface diffusion of ad-atoms, etc.
This technique can yield porosity-free finished products that do not require subsequent
consolidation processing. Further, the process requires low initial capital investment and

provides high production rates with few shape and size limitations.
2.11 Preparation of Nanocrystalline Ferrites by Biological Approach

The biological approach, also referred to as the biosynthesis, typically involves
employing whole living organism for the synthesis of bionanoorganic materials. This
approach of nanomaterials are synthesis are still largely in discovery phase, where a verity
of nanomaterials are synthesized using different organisms such as fungi, bacteria, algae
and plants which is reported by Thakkar et al. 2010 and Bansal et al. in 2011 and 2012. In
recent years, the development of efficient green chemistry methods employing natural
reducing, capping, and stabilizing agents to prepare silver nanoparticles with desired
morphology and size have become a major focus of researchers. Biological methods
can be used to synthesize silver nanoparticles without the use of any harsh, toxic
and expensive chemical substances [2.69-2.70]. The bioreduction of metal ions by
combinations of biomolecules found in the extracts of certain organisms (e.g.,
enzymes/proteins, amino acids, polysaccharides, and vitamins) is environmentally
benign, yet chemically complex. Many studies have reported successful synthesis of

silver nanoparticle using organisms [2.71-2.71].
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MATERIALS PROCESSING AND THEORY OF
EXPERIMENTATION

3.1 Synthesis of CoosZnosFe20O4 nanoparticles

A lots of synthesis strategies for preparing nanosized Co-Zn ferrite MNPs but
chemical co-precipitation method is prominent one. Because, this method can be greatly
varies depending on pH, salt concentration, temperature, stirring speed etc. to synthesis
expected properties of nanomaterial. The advantage of this methods over others is that the
control of production of ferrite particle, its size distribution is relatively easy and there is

no need of extra mechanical or subsequent step.

The sample Coos5ZnosFe204 have been prepared by co-precipitation methods from
aqueous solution of cobalt chloride hexahydrated (CoCl.. 6H20), Zinc Chloride dihydeated
(ZnCl2. 2H20) and ferric chloride hexahydrated (FeCls. 6H20) and all of those materials
were of analytical grade. 8M NaOH solution was also prepared in another beaker. At first
those materials were weighted according to the molar ratio and then making a solution
using distilled water. Taking all of the materials in a beaker and placed in a magnetic
starrier. NaOH was added drop wise in the beaker and the speed of the magnetic stirrer was
gradually increased until precipitation completed. NaOH was added to control the pH of
the solution. Using a pH meter the pH of the solution was kept constant at 13.5. The stirring
process stopped and the sample was left to settle down the precipitates for one an
hour. The particles were settled down at the bottom of the beakers. In this final product
enormous amount of NaOH present which should be washed away from the final product.
After cooling to the room temperature the particles were separated by subsequent using
centrifugation and washed with distilled. The solution was centrifuged at 13000 rpm for 20
munities for 10 times. After removal of NaOH from the mixture was subjected to be a heat
treatment at 353K for 72 hours. This solid phase is form via a chemical process involving
the formation of an intermediate phase, to remove this the sample was milled by hand
milling for 3 hours and preserved this powder sample in vial and made pallet size sample

for annealing at various temperature.
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3.1.1 Synthesis Route of Coo.sZnosFe204

The MNPs of CoosZnosFe204 are prepared by co-participation method from the
mixture of the solution of CoCl.. 6H20, ZnCl>. 2H20, and FeCl,. 6H.0. NaOH was used
as a co-precipitant agent to control the pH level of the solution. All those chemical were
lab grated. The synthesis of CoosZnosFe204 MNPs involving two steps: The preparation
of nano-sized magnetic particles and the stabilization of the nanoparticles. The reaction for
the ions Fe?*, Zn** and Co?* given the final product of CoosZnosFe,O4 nanoparticles. The

reaction takes placed in several steps which is given below:
0.5Coclz. 6H20 + NaOH = 0.5 Co(OH). + NaOH + 3 H20
and
0.5 ZnCl2.2H,0 + NaOH = 0.5Zn(OH), + NaOH + H20
and
2 FeCl3z. 6H20 + 6 NaOH = 2 Fe(OH)3 + 6Nacl + 12 H.0O
and
0.5Cocl2.6H20 + 0.5 ZnCl2.2H,0 + 2 FeClz. 6H20 = Coo5ZnosFe204 + 4 H20O

The final reaction could be write as

0.5Cocl,. 6H20 + 0.5 ZnCl,. 2H20 + 2 FeCls. 6H20 + 8 NaOH =

Coos5ZnosFe204 + 8NaCl+20 H20

1M Coo.5ZnosFe204, BM NaCl and approximate 20M H>O were produced in the
final product. The final product contained NaCl, which should be removed. As NaCl is a
metallic salt which completely dissolved in distilled water. This NaCl of the final product
was removed by subsequent washing and centrifuged of the sample with distilled water.
To wash out NaCl from the solution, the solution was centrifuged by centrifuge rotor. The
rotor speed was 1350 rpm and the time length was 20 minutes. This operation was

continued for 10 times.

Figure 3.1 summarized the experimental procedure to synthesized Coo.5Zno.5Fe204

nanoparticles:
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0.5Cocl2.6H20 + 0.6 ZnCl,.2H20 + 2 FeCls. 6H,0

’

Add 8M NaOH

Stirring and Heating

Precipitate

\4

Filtered and Washed by distilled water

)

Dried at 353K for 72 hours

Heat treatment at various temperature from 200 to

1000°C
Coated with chitosan <_ Characterization
solution

Figure 3.1:  Flow chart of Coos5ZnosFe204 nanoparticles synthesis by chemical
co- precipitation method

3.1.2 Method of Coating of CoosZno.sFe204 by Chitosan

Chitosan is a partially acetylated glucosamine biopolymer with many useful
features such as hydrophilicity, biocompatibility and biodegradability. In addition, the
amino group on the chitosan can also be used for further functionalization with specific

component, such as various drugs, specific binding sites on the functional groups [3.1-3.3]

Interest in the use of chitosan for medical and pharmaceutica applications has been
growing, especially because of its remarkable properties such as biocompatibility, which

makes it suitable for several medical applications [3.4]. Until a few years ago, chitosan was
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used mainly to remove sediments and metallic ions from water, as well as in the food
industry. Currently, chitosan is used in the production of cosmetics, medicines, food
additives, and semi-permeable membranes, and in the development of biomaterials for

medical and dental applications.

The main constituent of chitosan is chitin. Chitin is a cellulose-like biopolymer
found mainly in the exoskeleton of marine animals such as shrimp, crabs, or lobsters. Chitin
can also be found in mushrooms and yeasts. Chitosan is a chemically processed form of
chitin. “Squid pens,” waste shell by-products of squid processing, are a renewable and

inexpensive source of chitosan. The chemical structure of chitosan as shown in figure 3.2:

OH OH OH

O o) 0
HO O

NH, NH, NH,
= In

Figure 3.2: chemical structure of chitosan

Co-Zn ferrite MNPs could be controlled by adjusting concentration of chitosan,
sonication time, and reaction temperature during the coating time. The effects of the above
mentioned phenomenon on the synthesized chitosan bound MNPs were investigated using
DLS measurement. The cobalt zinc ferrite were coated by chitosan. The nanoparticle were
remained suspended homogeneously in the solution. As the nanoparticles are magnetic in
nature, they tried to agglomerate but each nanoparticles are coated with a surfactant which
have a VVan der Waals force greater than the attraction of the nanoparticles. This Van der
Waals force prevent nanoparticles from agglomeration. The 1% w/v chitosan solution was
prepared as 0.4g chitosan was poured into 40ml water and 3ml acetic acid. 40mg dried
sample was taken in a falcon tube with 2ml chitosan solution. This mixture of solution was
vortexed for 30 minutes. After that this sample was sonigeted in a ultra sound bath for
long time. This process was repeated for the sample annealed at 200°C, 400°C, 600°C,
800°C and as-dried sample. After that using distilled water 1mg/ml, 2mg/ml, 4mg/ml and

6mg/ml sample were prepared for each annealing temperature.
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3.2 X-Ray Diffraction

X-ray diffraction (XRD) [3.5-3.6] is the most precise technique for studying the
crystal structure of solids, generally requiring no elaborate sample preparation and is
essentially non-destructive. A crystal lattice is regularly arranged 3D distribution of atoms
in space. They are arranged in such a way that they form a series of parallel plane separated
from one other by a distanced which varies according to the materials.

Incident
beam

Reflected
A beam

dsinf

Figure 3.3: Schematic diagram of Bragg’s diffraction pattern

The term structure encloses a variety of concepts, which describe on various scales, the
arrangement of the building blocks of materials. On an atomic scale, one deals with the
crystal structure, which is defined by the crystallographic data of the unit cell. These data
contain the shape and dimensions of the unit cell and the atomic position within its Bravias
structure. They are obtained by diffraction experiments. On a coaster scale, one deals with
the microscopic observations of the microstructure, which characterizes the size, shapes
and mutual arrangements of individual crystal grains. It also includes the morphology of
the surface of the materials. Microstructure and surface morphology observation of
coatings, which are too thick for direct transmission also depend heavily on the high
resolving power of electron microscopy. Suitable technique is surface replication and
scanning electron microscopy [3.7-3.8]. Frequently one has to determine whether a given
deposit is a single crystal or polycrystalline either with a random distribution of orientation

with respect to the coating plane. For a single crystal coating, it is important to know its
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orientation relationship with respect to the substrate [3.9]. XRD is a suitable tool to
determine the crystal structure of any unknown materials, whether the sample is a single
crystal or poly crystals [3.10] , either with a random distribution of orientations or with a
preferred orientation with respect to the sample. The peaks in an XRD pattern are directly
related to the atomic distance. Let us consider an incident X-ray beam interacting with the
atoms arranged in a periodic manner as shown in 2D in figure 3.3. The atoms represented
as sphere in illustration, can be viewed as forming different set of planes with an inter-

plane distance of d, the condition for the diffraction to occur can be written as

2dSinf = ni (3.1)

This is known as Bragg’s law. Where n is the order of diffraction, A is the wavelength of
the X-rays, d is the distance between two neighboring planes, 0 is the angle between the

incident x-ray and the crystalline plane (in radians).

X-ray tube P N Detector
KBfilter ¥, diaPhragm

Scattered-radiation \
diaphragm \ \

Aperture
diaphragm

"S+<. Measuring circle. .-*”

8 Glancing angle
26 Diffraction angle
a Aperture angle

Figure 3.4: Schematic of the X-ray powder diffractometer.

The X-ray source provides a polychromatic radiation produced from a copper target
source. The monochromator positioned in front of the detector is tuned to select only the
Cu-Ka emission line from the source. The system can then be viewed as operating with a
monochromatic source whose wavelength is 1.5406A°. The sample is rotated around an
axis. As the scanning proceeds, the detector is rotated around the same axis to detect the

diffracted beam is shown in Figure. 3.4. The instrument is fully computer controlled. The
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x-rays detected from the sample surface have been diffracted by families of planes,
according to Bragg’s law. The result of XRD measurements is a diffractogram, which is a
plot of the intensity (humber of counts) versus the angle. The different phases in the crystal
(from peak positions), phase concentrations (from peak heights), crystallite sizes (from
peak widths) and amorphous content (from background hump) can be deduced from a

diffractogram.

The X-ray diffraction (XRD) method was used to investigate the structural
properties of the Coo.5ZnosFe204 sample at BCSIR. The diffraction pattern was recorded
using a Bruker XRD system shown in Figure 3.5 with Cu-Ka radiation using the
wavelength of 1.5406 A, operated at 60 kV and 55 mA, with high temperature attachment
up to 1600°C, with the scanning angular range 10° < 20 < 90° to get possible fundamental
peaks for each sample [3.11]. The XRD machine was totally computer controlled and all

the data were stored in the hard disk memory of the computer for further analysis.

g

Figure 3.5: Experimental set up of Bruker XRD system.

3.2.1 Interpretation of the XRD data from Bragg’s law
In 1912, Max von Laue, a German physicist, discovered that X-rays could be

diffracted, or scattered, in an orderly way by the orderly array of atoms in a crystal. That
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is, crystals can be used as three-dimensional ‘diffraction gratings’ for X-rays. The
phenomenon of X-ray diffraction from crystals is used both to analyze X-rays of unknown
wavelength using a crystal whose atomic structure is known, and to determine, using X-
rays of known wavelength, the atomic structure of crystals. One method of interpreting
XRD is the Bragg formulation. The X-ray waves are considered as being reflected by sheets
of atoms in the crystal. When a beam of monochromatic (uniform wavelength) X-rays
strikes a crystal, the wavelets scattered by the atoms in each sheet combine to form a
reflected wave. If the path difference for waves reflected by successive sheets is a whole

number of wavelengths, the wave trains will combine to produce a strong reflected beam.

The XRD data containing of 8;,;; and d;;; values corresponding to the different
crystallographic planes are used to determine the structural information of the samples like
lattice parameter and constituent phase. Lattice parameter of Cu-Zn ferrite sample were
determined by the Debye- Scherrer methods after extrapolating of the curve. We determine

lattice special djj; using the Bragg’s reflection from the equation

ZdhleinG =nAl
ie

Akt = i (3.2)
25in6
Where n is an integer and A is the X-ray wavelength. The equation for reflection
(Bragg condition) can be satisfied for any set of planes whose spacing is greater than half
the wavelength of the X-rays used (if d < A/2, then sin 6 > 1, which is impossible). This
condition sets a limit on how many orders of diffracted waves can be obtained from a given

crystal using a x-ray beam of a given wavelength.

Since the crystal pattern repeats in three dimensions, forming a three-dimensional
diffraction grating, three integers, denoted h, k, | are required to describe the order of the
diffracted waves. These three integers, the Miller indices used in crystallography, denote
the orientation of the reflecting sheets with respect to the unit cell and the path difference
in units of wavelength between identical reflecting sheets. So the separation between two

planes is given by
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a 3.3)
L — (
Tkt 2

Where a is the lattice parameter, which can be expressed as

a = dhklv h? + k2 + [2 (34)

Determining the exact lattice parameter for each sample, through the Nelson-Riley
extrapolation method. The values of lattice parameter obtained from each plane are plotted
against Nelson-Riley function [3.12]. The Nelson-Riley function is given by

F(6) = ;{00829_'_00829} (3.5

2| sing 0
Where 0 is the Bragg’s angle. Now drawing the graph of ‘a’ vs. F(0) and using
linear fitting of those points will give us the lattice parameter ‘ao’. This value of ‘ap” at F(0)

=0 or 6 =90° .These ‘ag’s are calculated with an error estimated to be + 0.0001A.

3.2.2 Determination of Nanometric Grain Size using Scherrer’s formula
The crystal size of the nanoparticle can be determine by using Scherrer’s formula.
Consider a set of N planes spaced ‘a’ apart. First we will derive the structural factor for

this case, and then determine an expression for the peak width.

This system, effectively, a one dimensional perfect crystal, has a structural factor

or scattering factor S(q)

L& (3.6)
S(q) — N z e_lq(xj_xk)

jk=1
Where for N planes x;=3; so,

S(q) — lz e—iqak X Z e—iqaj
N

k=1 j=1

N N (3.7)

This sum are the simple geometric series. Then
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1 [e—iqa _ e—iqa(N+1)] [eiqa _ eiqa(N+1)] (3.8)
S(q) =% —iga X iqa
N [1—e~ta4] [1— etaq]

Nanoparticles are basically crystalline and because their crystallinity exhibit Bragg

scattering peak in XRD experiment

12 — eldaN _ giqaN (3.9)

S(q) = N 2 — elda — g-iqa

Converting to trigonometric function

_ 11 —cos(Nqa) (3.10)
S(@) = N 1 — cos(qa)
And finally
. ., Nqa (3.11)
1Sin*(—-)
S(@) = v———

N sin2(Lh)

Which gives a set of peaks at gp =0, 2w/a...... , all with height S(qp) =N
From the definition of the FWHM, for a peak at gp and a FWHM of Aq, S(qpt Aq)

S N :
:% = So we can write

o ar + )

1 Sin?[ N
S(ap + Ag) = 2 =3 (3.12)
(w3
Sin?| >
And
Aq
_ Na{ap+-5 _ NaA
Sm[#] _Sln[ ) q] N 313
Ay - oA T (3.13)
_alap + in| 4_] 22
Sin[——5—22]

A A -
24341 — 292 and we can write the

As Aq is small for not too small N, then Sin[ : >

. . . . . . NaA .
equation is a single non-linear equationSinx — = = 0, for x = %. The solution to the

1
22

equation is x = 1.39. Therefore, the size of the set of planes is related to the FWHM by

58



Chapter Three: Materials Processing and Theory of Experimentation

| 556 (3.14)
g Aq

To convert to the equation to an expression for the crystal size in terms of peak

width in the scattering angle 26 used an X-ray powder diffraction, we note that the

scattering vector, g = 47”Sin9. Then the peak width in the variable 26 is approximately

g - 20 2Aq (3.15)
- dg 4
a0 7 Cos@
So,
5.564 0.884 3.16
Dy = Na = = ( )
2mCosB  BCosB

Which is known as the Scherrer’s formula. This formula can only be applicable for
the nanoensemble. Particle size of the prepared CoosZnosFe20s nanoparticles was
determined from the strongest peak of each XRD patterns using Scherrer equation (3.16),
where D, is the average particle size, A is the wavelength of the radiation used as the
primary beam of Cu-K, (A = 1.54178 A), 0 is the angle of incidence in degree and B is the
full width at half maximum (FWHM) of the strongest reflection (311) in radian. At (311)
reflection’s position of the peak, the value of instrumental broadening was found to be
0.06°.

3.3  Theory of Working of Vibrating Sample Magnetometer (VSM)

The principle of VSM is the measurement of electromotive force induces by
magnetic sample when it is vibrate at a constant frequency in the presence of a static and
uniform magnetic field. The VSM was first designed by Simon Foner, in 1959 at the
Lincoln laboratories. [3.13]. since then many transformations and variants have been seen
[3.14], but the basic underlying principle remains the same- induction of emf by Faraday’s
law. All the VSM work, involves the measurement of voltage induced in a stationary coil,

otherwise called as detection coils, due to the harmonic vibration of the sample in a uniform
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magnetic field. It is thus the detection coil geometry and configuration which decides the

sensitivity of measurement.

User inputs
¥ operating

LA Power Lab-view ¢ parameters
Supply \

i Output data
+ 4'

Figure 3.6: Measurement flow scheme

By employing electromagnetism principles, the induced voltage in the detection
coil can be calculated. Suppose due to vibration of the sample, a flux ¢ is picked up by the
detection coil. So,

0 = ppoH (3.17)

Whereu, = 4 x 1077, u = Point dipole and H is the magnetic field. Due to the
vibration, the flux linked to the coil changes and a voltage is induced.

a0 (3.18)
V(e)= -N——

Here N = number of turns in the detection coil. Or,

_ OHyx 0x | OHyx 0y %6_2) (aﬂ"’_"
Ve = NMO[(ax ac T ay ac T oz o)t G et

dHy 9y  OH, az) (aHZ dx 0H,dy . OH, az) ] (3.19)
dy ot oz at) My ox at 9y ot o9z at) "%
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From this it can be deduced that the induced voltage depends on: (1) Number of turns and

(2) gradient of H. If the vibration is harmonic in Z axis

2(0) = ZOSin(;—Z) (3.20)

So,

(3.21)

2(6) = —N 6H, +6Hy +6HZ  C vt

Here, Z, = vibration amplitude, v = velocity of the moving sample. As per the analysis of

A. Zieba, for a coil carrying current,

B.u=19 (3.22)
V() = —a(g(tt) = grad <—H(r)'u>.v(t) (3.23)
Or, V(t) = uG(r)v(t) (3.24)

Thescalar G(r) = :—x (@) is called the sensitivity function, and represents the derivative

along the direction of the sample motion, which was summarized by Pattnaik et al.
Therefore if the amplitude and frequency of the vibration is known, along with the
sensitivity constant, the voltage induced in the detection coil is proportional to the magnetic
moment and hence magnetization of sample. The different constituent parts of the VSM
are the vibrating system, Lock-In amplifier, Electromagnet and power supply, Pick up coil
or Detection coil, Sample, Temperature variation system. This above calculation was done
by Pattnaik et al

Figure 3.6 shows VSM of Model EV7 system. The magnetic properties
measurement system model EV7 is a sophisticated analytical instrument configured
specially for the study of the magnetic properties of the small samples over a broad range
of temperature from 103K to 800K and magnetic field from -20kOe to +20kOe. The VSM

is designed to continuously measure the magnetic properties of materials as a function of
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temperature and the field. In this type of magnetometer, the sample is vibrated up and down
in a region surrounded by several pick up coils. The magnetic sample is thus acting as a
time-changing magnetic flux, varying the electric flux is accompanied by an electric field
and the field induces a voltage in pick up coils. This alternating voltage signal is processed
by a control unit system, in order to increase the signal to noise ratio. The result is a measure

of the magnetization of the sample.

Figure: 3.7: Vibrating Sample Magnetometer at Materials Science Division, AECD

3.4 Maossbauer Spectroscopy

Fifty years ago Rudolf L. Mdssbauer discovered the recoilless nuclear resonance
absorption of y-rays while working on his doctoral thesis. This phenomenon, which rapidly
developed into a new spectroscopic technique is known as Mdssbauer effect [3.15-3.16].
Over the last couple of decades, Mdssbauer spectroscopy has become one of the most
captivating tools in chemical physics providing information about the chemical
environment of the resonating nucleus on an atomic scale [3.15-3.16]. The most well-
known application is the determination of iron *>'Fe in crystalline and in disordered solid
samples. Besides iron, there are many elements in the periodic table which have Mdssbauer
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active nuclei [3.17-3.18]. The Md&ssbauer effect has been observed for the elements which
are dotted in the periodic table shown the phenomenon of recoilless resonance
absorption/emission of y-rays by nuclei is the basic characteristic of Mdssbauer
Spectoscopy [3.19]. The information of the local magnetic and electronic environment of
Massbauer nuclei (i.e. >’Fe or 1°Sn) in a sample can be get from the Mossbauer effect.
This technique has no effect of external magnetic field as in this technique there is no need

external magnetic field.

Maossbauer spectroscopy has also been used to determine the average direction of
magnetization by using the well-known fact that for the °'Fe, The intensity of the six lines

4 .
" . 8 bein
1+ cot® @ g

of the hyperfine spectra have an area ratio 3: Z: 1:1: Z: 3, Where Z=
the angle between the direction of magnetic field at the nucleus and the direction of y-ray
emission [3.20]. In ®'Fe the strength of this magnetic field is H=33T [3.21] at room
temperature. The value Z varies from 0 for the axis magnetization in the sample phase to 4

for the axis of magnetization in sample plane.

By using Mdossbauer spectroscopy the resonant energy of the y-rays absorption could
be determine precisely. So for that, it is easy to detect the small change in energy of the
hyperfine interactions between the nucleus and surrounding. The change in number, shape,
position and relative force of the different ingestion lines are the main determining parts of
change in Mdssbauer spectrum. This change most often archived by the oscillating a
radioactive source in a very small velocity ie. mm/sec, and recording the spectrum in
discrete velocity steps. The energy scale of a Méssbauer spectrum in terms of the source

velocity is shown in figure 3.7.

A Mossbauer spectrum, which is a plot of the relative transmission of the y radiation
as a function of the Doppler velocity, reflects the nature and strength of the hyperfine
interactions between the mossbauer nucleus and the surrounding electrons. The Massbauer
effect makes it possible to resolve the hyperfine interactions and provide information on

the electronic structure.
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Figure 3.8: Specttrum counts Vs source velocity curve.
The three main hyperfine interactions corresponding to the nuclear moments are:

(i) lsomer Shift
(i1) Quadrupole Splitting
(iii) Magnetic Hyperfine Splitting

3.4.1. Isomer Shift

An isomeric shift (IS) occurs when non identical atoms play the role of source and
absorber, thus the radius of the source is different that of the absorber, and the same holds
that the electron density of each species is different. When the change in the Coulomb

interaction between nuclear and electronic charge the IS arisen. In that time the volume of

S"Fe increase slightly to the | = g state. The IS depends directly on the s-electron and can

be influenced by the shielding p, d, f electron. In a M&ssbauer experiment one measures

the change of the energy of the resonance y quantum between the source (s) and the
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absorber (a) nuclei, thus there appears a dependence of the energy of resonance y quantum
on the electronic environment in which the given nucleus is immersed. The IS, 6 measured

in terms of the Doppler velocity necessary to achieve resonance is given in equation (3.25)

6_C

Ey

(AES — AES) (3.25)

Where c is the velocity of light and Ey is the energy of the y quantum. Figure 3.8

represent the hyperfine splitting scheme for 57Fe Mdssbauer spectra.

m;y

e == - +1/

|

% transmission
9% transmission

Figure 3.9: The isomer Shift and Quadrupole Splitting of the nuclear energy

levels and corresponding Mdssbauer spectra.

This shift appears in the spectrum as the difference between the position of the
baricenter of the resonance signal and zero Doppler velocity as shown in figure 3.8 [3.22-
3.24]. Traditionally, the energy differences AE]f/ * are calculated within the framework of
perturbation theory, whereby the variation of the electron-nuclear interaction potential
during the y-transition is treated as a weak perturbation of the nuclear energy levels [3.25-
3.26]. This approach leads to the well-known expression for the isomer shift of Mossbauer
spectra as a linear function of the so-called contact electron density (electron density at the

nucleus) in the absorber pg and source p; compounds, see equation. (3.26)
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& = a(pe — pe) (3.26)

Where a is a calibration constant, which depends on the parameters of the nuclear
y-transition. The most valuable information derived from isomer shift data refers to the

oxidation state and spin state of a Mdssbauer-active atom, its bond properties etc.

The IS arises from the fact that aa nucleus has a finite volume and S-electrons spend
a fraction of their time inside the nuclear region. The nuclear charge thus interacts electro
statically with the S-electron charge. As a result of this interaction the nuclear energy levels
get shifted by a small amount, the shift depends upon the chemical environment. Although,
we cannot measure change directly, it is possible to compare values by mean of a suitable
reference which can be either the y-ray source or another standard absorber. The observed
range of IS is within an order of magnitude of the natural line width of the transition i.e,
108 to 107 ev. Isomer shifts provides important information concerning the nature of the
chemical bond because the outer electrons (valence electrons) would be must effected by
changes chemical surrounding and consequently the changes in the outer S-electrons

densities would contributed.
3.4.2 Quadrupole Splitting

Quadrupole splitting in the Modssbauer spectrum occurs when a nucleus with an
electric quadrupole moment experiences a non-uniform electric field. Nuclei in states with
an angular momentum quantum number 1>1/2 have a non-spherical charge distribution.
This produces a nuclear quadrupole moment. In the presence of an asymmetrical electric
field (produced by an asymmetric electronic charge distribution or ligand arrangement) this
splits the nuclear energy levels. The charge distribution is characterised by a single quantity
called the Electric Field Gradient (EFG) [3.27-3.28].

The magnitude of the quadrupole moment may change in going from one state of
excitation to another. The sign of the electric quadrupole moment, Q indicates the shape of
the deformation. Q is negative for a flattened (pancake-shaped) nucleus and positive for an
elongated nucleus (cigar-shaped). Q is constant for a given Mossbauer nucleus, ie, changes
in the quadrupole interaction energy observed in different compounds of a given Mossbauer

nucleide under constant experimental conditions can only arise from the changes in the
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electric field gradient (EFG) generated by the surrounding electrons and other nuclei.
Therefore, the interpretation of quadrupole splittings requires the knowledge of the EFG.
The interaction between the electric quadrupole moment of the nucleus and EFG at the
nuclear position give rise to a splitting in the nuclear energy levels into substates which are
characterized by the absolute magnitude of the nuclear magnetic spin quantum number |m,
|.

As the Maossbauer spectroscopy involves the absorption of the vy -rays to promote
a nucleus from the ground state to an excited state, the quadrupole Hamiltonian has to be
solved for each energy level if both levels have nuclear spin greater than 1/2. For °’Fe, the
ground state has nuclear spin | = 1/2 and the lowest excited state has | = 3/2. The second
part of figure 3.9 shows the quadrupole splitting of the nuclear energy levels of >'Fe, where
the absoption line is split due to the interaction of the nuclear quadrupole moment with
non-zero EFG at the nucleus. The separation between the lines, AEj, is known as the
quadrupole splitting and is written as,

Mg = 30QV,u((1 +1%)/3)2 427

Where e is the electrical charge, Q is the nuclear quadrupole moment, and V is the
electric field gradient due to the total electron density plus all nuclear charges. V can be
decomposed into three principal components, V2, Vyy, and Vxx, in descending order of
magnitude, and 7 is the asymmetry parameter defined as (Vxx - Vyy)/ Vz. For the substates

with axially symmetric EFG (n = 0), the energy separation AE,, is,

1 3.28
Mg = 54QVz, (3.28)

The quadrupole splitting provides information on the symmetry of the coordination

sphere of the resonating atom.
3.4.3 Magnetic Hyperfine Interaction

The dipole interaction between the nuclear spin moment and the magnetic field is
called the Magnetic Hyperfine Splitting (Nuclear Zeeman Effect) [3.23, 3.24]. The

hyperfine Hamiltonian for a nuclear magnetic dipole ia a magnetic field H is given by
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Hy, = —pH since u = guyl

Hy = —guyIH (3.29)

Where uy is the nuclear magnetron(
N

j , M is the mass the nucleus and g is

the gyromagnetic ratio. The energy level are

Ey = == = guylHmgmy = 1,(1— 1) . (3.30)

A nuclear state with spin I > 1/2 possesses a magnetic dipole moment p. The
magnetic field splits the nuclear level of spin | into (21 + 1) equispaced non-degenerate
substates characterized by the magnetic spin quantum numbers m;. Transitions between the
excited state and ground state can only occur where m; changes by 0 or 1. This gives six

possible transitions for a 3/2 to 1/2 transition, giving a sextet as illustrated in Figure 3.9

(3raf-rs) (33D

g YR
H =~ oy (0f s —2u3<'><r—3> IS

Where ug is Bhor magnetron, s and | are operators for the spin and orbital moment
of the electron and ‘1,//T (OX 2 is the electron density at the nucleus with +%spin projection.

The first term, in this expression is known as Fermi contact term which describes the
contact magnetic interaction between the s-electrons and a nucleus, only S- electron
contribute to the Fermi contact term since the S- electron have a non-zero charge density
at the nucleus. The field resulting from this source is very large compared to that from other
sources. The Fermi contact field mainly arises from the polarization of the spins of paired
S- electrons by the unpaired 3d electrons via exchange attraction that emits between
electrons of like spins [3.12-3.13]. The inner core electrons (1s and 2s) produce a large
negative field, whereas 3s and 4s electron produce smaller positive fields resulting in a net
negative field almost of the nuclei [3.14]. The second term in the above expression is
known as orbital current field and it is produce due to an interaction of the unquenched

orbital moment of the electron with the nuclear magnetic moment.
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The third term known as Dipolar field arises due to dipole-dipole interactions
operation between the electron spin and the nuclear magnetic moment. For observing a

well resolved Zeeman splitting in the Méssbauer spectrum, two conditions have to satisfied

,>7, and 7, >7 (3.32)

Where rz,the life time of the nuclear is excited state, z is the electron spin

correlation time and , is the larmour precession time of the nucleus.

% transmission
_<<
—<y
b

Veloocity (mm/s)2
Figure 3.10: The Magnetic Splitting of the nuclear energy levels and corresponding
Mossbauer spectrum.
The line positions are related to the splitting of the energy levels, but the
line intensities are related to the angle between the Mdssbauer gamma-ray and the nuclear

spin moment. The outer, middle and inner line intensities are related by:

3. 45in26 1 (3.29)
1+ Cos26
Meaning the outer and inner lines are always in the same proportion but the middle
lines can vary in relative intensity between 0 and 4 depending upon the angle the nuclear
spin moments make to the gamma-ray. In polycrystalline samples with no applied field this
value averages to 2 as shown in figure 3.9 but in single crystals or under applied fields the
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relative line intensities can give information about moment orientation and magnetic

ordering.
3.4.4 Experimental Procedure for Mdssbauer Spectrometer

The y-ray source is attached to a vibrating mechanism driven so as to cause a
triangular velocity waveform. That is, the velocities of the emitting source are swept
through a specified range, increasing and then decreasing linearly with time. The velocity
range is selected with a dial control, with maximum velocity up to 20 mm/s. The y-rays
which pass through the sample are detected by a proportional counter. Signals from the
counter pass through a pre-amp and a linear amplifier before reaching a single-channel
analyzer (SCA), which generates a digital pulse if the analog signal falls within a selected
pulse-height range. The digital output from the SCA is fed into the computer which sorts
the event into the associated velocity bin. The computer accumulates data in 1000 data
bins, each corresponding to a specific velocity. Synchronization is maintained between the
computer and piston-driving electronics so as to produce one pass through all bins for each
oscillation cycle. This produces a spectrum with two zero-velocity positions, near bins 256
and 750, and with the maximum speeds near bins 1, 500, and 1000 (Though note that the
online display counts bins from 0 instead of 1). On the computer screen, several versions
of the same information are displayed in order to “see” the accumulating data at different
resolution. The Mdssbauer effect allows for very precise measurements of y- rays
resonance. In combination with Doppler shift, it can be used to observe the hyperfine
splitting of °’Fe nucleus and thus determine the internal field of the °’Fe nuclei. A
measurement of the line width can also be made. The source used in this experiment is
%’Co which decays with a half-life of 270 days to the 136.4 keV excited state of >’Fe by
electron capture. Gamma-ray transitions then occur very quickly by two paths, either to the
14.413 keV state, or directly to the ground state. The emission of the 14.413keV y-ray has
a significant recoilless fraction, and is the one used in this experiment. The emitted photon
energies are unsplit, i.e. they have only one precise energy. This is because this source was

prepared by ion implantation of the cobalt into a copper substrate, in which none of the

perturbing interactions are present. The ground state of the °’Fe has spin % and the excited

state at 14.413 keV has spin % The samples used for absorbers are stainless steel (which
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exhibits only the isomer effect), soft iron (which shows the Zeeman splitting and the isomer
effect), sodium nitroprusside “SNP” (Na2Fe(CN)sNO .2H20) (which shows the quadrupole

splitting and the isomer effect), and hematite (a-Fe203) (which shows all the effects).

Source  Absorber

— ) P [ <€ HV
7| Drive i o ~| Detector
<> l
L Preamp <«
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ﬁ Alnp < supply
» Drive waveform | Sync
generator E PCMEA <«— SCA <«

Figure 3.11: Schematic diagram of Mdssbauer Spectroscopy

Note that hematite is a very common mineral oxide of iron and is one of form of
iron ore. Each absorber contains the naturally-occurring abundance of the ®’Fe isotope of
iron, which is about 2%. The experimental apparatus of schematic diagram of Mdssbauer
spectroscopy shown in the figure 3.10. This experiments on the cobalt Zinc ferrite powder

sample were performed Materials Science Division, AECD.

3.5 Dynamic Light scattering (DLS)

Dynamic light scattering (DLS) is a technique in physics that can be used to
determine the size distribution profile of small particles in suspension in polymer solution
[3.34]. In the scope of DLS, temporal fluctuations are usually analyzed by means of the
intensity or photon auto-correlation function (also known as photon correlation
spectroscopy or quasi-elastic light scattering). In the time domain analysis, the
autocorrelation function (ACF) usually decays starting from zero delay time, and faster
dynamics due to smaller particles lead to faster decorrelation of scattered intensity trace. It
has been shown that the intensity ACF is the Fourier transformation of the power spectrum,

and therefore the DLS measurements can be equally well performed in the spectral
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domain. DLS can also be used to probe the behavior of complex fluids such as concentrated

polymer solutions.[3.35]
3.5.1 Theory of Dynamic Light scattering (DLYS)

The DLS technique investigates the relationships between the normalized time
autocor relation function g® (1) and the delay timet was done by Y. Sun in his M.S thesis.
The time dependence of scattered light is analyzed in terms of the time autocorrelation
function{I(t) + I(t + 1)), where I(t) and I(t + 7) are the scattered intensities of light at
timetand t + T and 7 is the delay time [22]. Results are typically expressed in terms of the

normalized time autocorrelation function g® (1)

() +I(t + 1)) (3.33)
(1(£))?

Where the braces indicate averaging over time. The time autocorrelation function

9P @) =

of the scattered light intensity is related to the scattered field by

(IO + 1+ D) =(EDIPIEC + DI))=(E@PKIE( +
DIPHEE™ (¢ + D) (E(t + T)E™ (D) (3.34)

Where E(t) and E(t + 7) are the scattered electric field of light at time tand ¢t + T,

respectively. Using the relations

(E@I*) =(|E(t +DI?) (3.39)
And
(E(t +DE*(t)) =(E()E*(t + 7)) (3.36)

Equation (2.34) can be written

(I@) + It + 1)) =(|E(®)|?)? + (E*(t + 1))? (3.37)

Using the normalized time autocorrelation function of the electric field of the

scattered light g(¥ (1),
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(EQQE™(t + 1)) (3.38)
(E(E*(1))

The normalized intensity correlation function can be written

9P @ =

gP@® =1+ (P (D)? (3.39)

This is known as the Siegert relation. To this point only the complex amplitude at
a single point on the detector has been considered. In practice, large detector apertures are
commonly used. The statistical consequences of spatial averaging over the detector
apertures must be calculated. For a typical continuous-wave gas laser, beam-intensity
profiles are reasonably close to a Gaussian bell shape. The complex field or the intensity
of scattered light is a stochastic process in space as well as in time. From the Siegert relation

and considering the spatial dependence, one can write the normalized time autocorrelation
function of the intensity of the scattered light g® (7) as
9P @ =1+BlgP @) (3.40)

Where B + 1 is the value of the normalized time autocorrelation function of the

intensity of the scattered light at a given scattering angle and zero delay time

For a solution of noninteracting, monodisperse particles, g™ ()has the form

g (2) = exp(-Ty) (3.41)

Where T = g2Dis the decay rate, D is the macromolecular translational diffusion

coefficient of the particles and g is the magnitude of the scattering vector.

For a polydisperse system, g™ (1) consists of a distribution of exponentials

gV (@) = f ooG(r)e—ndr (3.42)
0

Where, G (T") is the normalized distribution of the decay rates.

The size distribution can be obtained using the method of moment analysis. For this

calculation, a mean decay rate I' and the moments of the distribution y; are defined
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=/ TG(T)dr (3.43)
py = f (T — D)26(I)dr (3.44)
(3.45)

1y = f(r ~ [)3G(I)dr
Assuming that (I' — I')t « 1, one can write the exponential function in Eq. 3.39 as

exp(—T;) = exp(—TI7) exp(=(T' — 1)

_ _ I — 272
=exp(-[)[1-T-Drt+ % +..] (346)
Substituting this expression into Eq. 3.39, we get

2 3
HT™  HU3T (3.47)
TEEETRR

g (@) = exp(-T)[1 +

Then the intensity-intensity autocorrelation function can be written as

Hot? | psT (3.48)
2! * 3!

g () = 1+ Bexp(—2I)[1 + + ]

Details of the particle size distribution can then be obtained by fitting equation
(3.48) to the data. The apparent hydrodynamic radius Ry is defined using the Stokes-

Einstein relation

KzT (3.49)
Rh =
6mnyD

Where, 1y, Kz and T are the viscosity of the solvent, Boltzmann's constant and the
absolute temperature. Equation. 3.38 is obtained in the Stokes approximation for stick-
boundary conditions [3.36- 3.37].

The width of the hydrodynamic radius distribution and the polydispersity index are
defined as [3.38]
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N 3.50

Width = %Rh (3:50)
Vi 3.51

PD.I = —r’f (3:51)

3.5.2 Assembly of a Dynamic Light scattering (DLS)

This experiments on the cobalt Zinc ferrite powder sample were performed
Materials Science Division, AECD. A principal scheme of a DLS set-up is given in figure.
3.12. In a typical set-up of a DLS experiment the sample is contained in a fixed holder. It
is il luminated from a coherent monochromatic light source. Typically, lasers (often He-
Ne with 632.8 nm or Ar-ion with 592 nm wavelength) with vertical polarization are used.
The scattered light from the particles is collected by a detector under the scattering angle
0. In industrially relevant commercial instruments usually one or a set of fixed scattering
angles is used while in academic applications goniometers that allow for measurements at
different scattering angles can be found. In recent developments also fiber optics are used
that act simultaneously as illuminating and detection optics (6 = 180°). The scattered light

is then coupled out in a Y-coupler and led to the detector.

Experimental setup of the DLS
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Figure 3.12: Scheme of a typical DLS set-up
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Photomultiplier tubes (PMT) or Avalanche Photodiodes (APD) are used as
detectors in DLS set ups. A photomultiplier has a photocathode at the entry window. When
a photon of the scattered light hits the photocathode, an electron is produced by the
photoelectric effect. This electron is then multiplied at the following dynodes by secondary
emission which finally leads to a measurable current at the anode. Avalanche photodiodes
can be regarded as the semiconductor analogue to photomultipliers. A high barrier voltage
leads to an enormous internal gain of an incoming photon by ionization in the barrier layer.
From the functional principle of a PMT and an APD it is clear that the measurement of the
scattered intensities means counting the impinging photons. The photon count rate
(Number of photons per unit time in kHz) is taken as an equivalent to the intensity. The
detected scattering signal is processed to obtain information on the diffusional properties
of the sample. Finally, a computer is used for data output and handling.

3.6  Magnetic Hyperthermia

Magnetic hyperthermia is a promising option for cancer therapy. In this method,
MNPs are heated by external alternating (AC) magnetic field. After applying magnetic
field, nanoparticles are generate heat by the process of eddy current, hysteresis losses, and
relaxation loss. Advances in science have made it so that magnetic nanoparticles can be
specifically targeted at cancer cells, making magnetic hyperthermia a truly local treatment.
MNPs can therefore, be used to induce localized hyperthermia used to kill tumor or by
increasing the effectiveness of radiotherapy or chemotherapy. The procedure consist of
dispersing MNPs within the target tissue and applying a Ac magnetic field that cause the
particle produce heat. Inaddition, due to the small area of the treatment, the nanoparticles
can be heated to a temperature high enough to kill the cancer cells while keeping

surrounding tissue unaffected.
3.6.1 Heating Mechanism of Nanoparticle

The heat generation of magnetic nanoparticle can be achieved by three different
way using alternating field, which are Eddy current loss, hysteresis losses, Néel and
Brownian relaxation. Each process of heat generation strongly depends on the crystal size
of the nanoparticle. Mainly, single domain nanoparticle are used in magnetic fluid

hyperthermia treatment. In such small NPs, magnetization relaxation is governed by a
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combination of the external rotation (Brownian) and internal (Néel) diffusion of the

particle’s magnetic moment, with a negligible contribution of hysteresis loss [3.39].
3.6.1.1 Hysteresis Loss

Hysteresis, lagging of the magnetization of a ferromagnetic material, such as iron,
behind variations of the magnetizing field. When ferromagnetic materials are placed within
a coil of wire carrying an electric current, the magnetizing field, or magnetic field
strength H, caused by the current forces some or all of the atomic magnets in the material
to align with the field. The net effect of this alignment is to increase the total magnetic
field, or magnetic flux density B. The aligning process does not occur simultaneously or in

step with the magnetizing field but lags behind it.

If the intensity of the magnetizing field is gradually increased, the magnetic flux
density B rises to a maximum, or saturation, value at which all of the atomic magnets are
aligned in the same direction. When the magnetizing field is diminished, the magnetic flux
density decreases, again lagging behind the change in field strength H. In fact, when H has
decreased to zero, B still has a positive value called the remanence, residual induction, or
retentivity, which has a high value for permanent magnets. B itself does not become zero
until H has reached a negative value. The value of H for which B is zero is called
the coercive force. A further increase in H (in the negative direction) causes the flux density
to reverse and finally to reach saturation again, when all the atomic magnets are completely
aligned in the opposite direction. The cycle may be continued so that the graph of the flux
density lagging behind the field strength appears as a complete loop, known as a hysteresis
loop. The energy lost as heat, which is known as the hysteresis loss, in reversing the
magnetization of the material is proportional to the area of the hysteresis loop. Therefore,
cores of transformers are made of materials with narrow hysteresis loops so that little

energy will be wasted in the form of heat.[3.40]

The application of an alternating field with an amplitude of more than two times of the
coercivity of the particles, the hysteresis will defeat and the flipping of the magnetization
in the particles leads to heating of the particles. If an assembly of MNPs is put into an
alternating magnetic field of frequency f and amplitude poH,pqy, the amount of heat ‘A’

released by the MNPs during one cycle of the magnetic field simply equals the area of their
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hysteresis loop. The amount of heat released by ferromagnetic material through hysteresis

loss is given by,

Hmax (352)
A= f poM(H)dH

Hmin
Then the SAR is
SAR = fA (3.53)

Where f denotes the frequency of the AC magnetic field and it is expressed as f = w/2n, M

magnetization and H applied magnetic field.
3.6.1.2 Eddy Current

Eddy currents are loops of electrical current induced within conductors by a
changing magnetic field in the conductor, due to Faraday's law of induction. By Lenz's law,
an eddy current creates a magnetic field that opposes a change in the magnetic field that
created it, and thus eddy currents react back on the source of the magnetic field.

Following the Faraday-Lenz’s law of electromagnetic induction, when an AC field
penetrates a conducting sample, the associated time-varying magnetic flux will induce the
evolution of eddy currents opposing to the applied field shown in figure 3.12. This results
in a field attenuation, which will depend on the field frequency, the electrical conductivity

of the material and its permeability. The heat loss due to eddy currents (ED) is given by,

D - (umdfH)? (3.54)
- 20p

Where u is the permeability of a material, d, the diameter of the particle and p, resistivity
of the material.

In comparison to magnetic losses eddy current induced heating of small magnetic
particles is negligibly small. Thus the magnetic induction heating of ferrite materials is

mainly caused by hysteresis loss and relaxation loss in alternating magnetic field [3.41].
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Figure 3.13: Eddy Current
3.6.1.2 Relaxation Loss

When the volume of a small particle is reduced below a certain value, called critical
domain size, Deriticat, the proximity of many domain walls in a small volume is not
energetically stable, so that a single-domain configuration is adopted. Within this single
magnetic domain all the atomic magnetic moments will be magnetized along the same
direction, adding up so they behave like a giant magnetic moment (superparamagnet). In
this case, an external AC magnetic field supplies energy and assists magnetic moments to
rotate in overcoming the energy barrier E ~ KV, where K is the anisotropy constant and V
is the volume of the magnetic core. Superparamagnetic MNPs show two different kinds of

heat generating mechanism, Néel relaxation and Brown relaxation mechanism.

Brownian Relaxation Néel Relaxation
D=Q D~
T = N = ToekBT
kpT |
Magnetic
Fluid Anisotropy
Dependent Dependent

Figure 3.14: Brownian and Neel Relaxation
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The Néel relaxation mechanism is characterized by the rotation of the magnetic
spin moment. In this case, the magnetic anisotropy energy barrier of the superparamagnetic
MNPs needs to be overcome before the reversal of the magnetization of the
superparamagnetic NPs can occur. Thus, the intrinsic anisotropy (material, surface, shape,
etc.) and the volume of the superparamagnetic NPs affect the Néel relaxation time and
hence the heating efficiency of the superparamagnetic NPs. The formula for the Néel
relaxation time constant

_— Toel’?’Tn; (3.55)
Where 1, is the relaxation factor, K is the magnetic anisotropy energy density, is the mean

particle volume, kB is the Boltzmann constant, and T is the absolute temperature.

In Brownian rotational relaxation (zg), the magnetic moment aligns with the
magnetic field (H) and the particle rotates under an AC field. During rotation, collision
with the surrounding medium generates heat. Heat dissipation phenomena observed is due
to the rotational Brownian motion of the particle within the carrier liquid. In essence, this
is attributed to the rotation of the magnetic particle as a whole because of the torque exerted
on the magnetic moment by the external AC magnetic field. Energy has to be provided to
overcome the rotational friction offered by the adjacent liquid. This energy is released
during relaxation is called Brown relaxation. Brownian relaxation at temperature (T) is

given by

_ 3nWy (3.56)
" KgT

Tp

Where 7 is the dynamic viscosity of carrier liquid and Vy is the hydrodynamic

radius of the particle, K5 is Boltzmann constant.
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RESULT AND DISCUSSION

4.1  Structural Analysis

Ferrite powder of Coo.5Zno.sFe204 nanoparticles were prepared by co-precipitation
method. The as-prepared and the samples annealed at 200°C, 400°C, 600°C, 800°C and
1000°C were analyzed by Bruker XRD system with Cu- K, radiation of wavelength A=
1.5406 A in the range of 26=15 to 80° in the step of 0.02°, those are presented in figure
4.1 (a, b, c, d, e, and f) and combined in figure 4.2. The as-prepared and annealed samples
were examined using XRD in order to determine the crystal structure, lattice parameter and

average crystallite size.

The structural characterization and the identification of phases are prior for the
study of the ferrite properties. The result obtain from the XRD pattern for all samples of
CoosZnosFe204 with the (hkl) values corresponding to the diffraction peaks of different
plane (111), (220), (311), (400), (511) and (440) represents either even or odd, indicating
the sample are spinal cubic phase. The reflection also demonstrate the homogeneity of the
samples. It has been also found from those figure, that well defined peaks of major phase
of CoosZnosFe204 with good diffraction line broadening, indicating the formation of Co-
Zn ferrite samples have spinal cubic structure with a single phase. The most intense
reflection peak (311) at approximately 26 = 35° is indicated in each diffraction pattern
of the samples. It must be noted that these peak, as with other peaks present in the samples
sharpen and narrow as they are heated making more intense and more clearly seen by the
naked eye. This is a direct result of the particle growth’s contribution to the annealing
process, not in the internal crystallographic ordering. This observations matches with those
of earlier reports [4.1, 4.2]. All peaks were matched with indexed reference pattern: 89-
1012 for Zinc iron oxide and 22-1086 for cobalt iron oxide [4.2].
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Figure 4.1 (a): XRD spectra of Coo.sZno.sFe204 nanoparticles (as-dried sample)
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Figure 4.1 (b): XRD spectra of CoosZnosFe204 nanoparticles annealed at 200°C
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Figure 4.1 (c): XRD spectra of CoosZno.sFe204 nanoparticles annealed at 400°C
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Figure 4.1 (d): XRD spectra of CoosZno.sFe,O4 nanoparticles annealed at 400°C
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Figure 4.1 (e): XRD spectra of CoosZno.sFe204 nanoparticles annealed at 800°C
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Figure 4.1 (f): XRD spectra of Coo.sZnosFe204 nanoparticles annealed at 1000°C
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From figure 4.3 the average crystallite size was calculated from the full- width half-
maxima (FWHM) of (311) reflection peak, which is the strongest reflection, by using
Scherer’s formula [4.3]. The average crystallite size of CoosZnosFe204 reveals growth of
grain from 6nm to 24nm the samples were annealed from 200°C to 1000°C respectively.
XRD analysis indicates that the crystallite size increases as annealing temperature of the
Co-Zn ferrite samples increases and the intense diffraction feature become stronger due to
the growth of grains. This indicates that, with more annealing, the crystallite size of Cobalt
Zinc Ferrite single phase increased as a result of rising atomic mobility and higher reaction

temperature as well as disappearing structural defects and dislocations.
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Figure 4.3: Variation of the grain size with different annealing temperature for
Coo.5Zno.sFe>04 nanoparticles

In figure 4.4 shown the lattice parameters “a” which was calculated from the
spacing of the relative parameter (hkl) of the sample. The result are depicted that the lattice
parameter remained almost constant with the raising of the annealing temperature, which

provided the information of a compositionally homogeneous structure.
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Figure 4.4: Variation of the lattice parameter with different annealing
temperature for Coo.5Zno sFe>O4 nanoparticles

In the following table 4.1 the crystallite size and lattice parameter are presented
numerically with annealing temperature. This calculated lattice parameter a = 8.5A° are
close agreements with the standard JCPDS file number # 89-1012

Table 4.1 Average grain size and lattice parameter of C0o.5ZnosFe2O4 nanoparticles
annealed at different temperature

Annealing Crystal Size (nm) Lattice Parameter
Temperature (°C) (A%
200 6 8.46
400 7 8.45
600 8 8.47
800 17 8.42
1000 25 8.45

4.2  Magnetic Properties analysis

Magnetic properties of a ferrite nanoparticles are immense interest for the
fundamental understanding of magnetic interaction and have a great significance finding

to their possible applications. The chemical composition and size of the particles play an

87



Chapter Four: Result and Discussion

important role in determining the magnetic properties. The magnetic properties of the as-
prepared and annealed samples were determined by using Vibrating Sample Magnetometer

(VSM) and Mdssbauer experiment.
4.2.1 Effect of Annealing Temperature on the Magnetic Properties

To understand the magnetic properties for the different annealing temperature and
corresponding crystallite size all the sample were characterized using VSM at room
temperature within the applied magnetic field range -20KOe to +20KOe. The variation of
the magnetization (M) as a function of applied field (H) for as-prepared and annealed at
200°C, 400°C, 600°C, 800°C and 1000°C for CoosZnosFe20Os nanoparticles exhibit very
clear M-H curve as shown in figure 4.5 (a, b, c, d, e, ) separately and combined curve is

shown in figure 4.6.

It has been seen that the magnetization for the samples are week and very narrow
hysteresis cycle, this indicates that the samples are soft magnetic nature. The VSM curve
reveals the information of hysteresis loop for the CoosZnosFe2O4 nanoparticles, with zero
coercivity and remanance values, which exhibits superparamagnetic behavior of the
nanoparticles [4.5-4.8]. On increasing the applied field from 0 to 10KOe, the magnetization
“M” increase sharply and become nearly saturated at about 10KOe [4.5].

Figure 4.6 depicts that saturation of magnetization value of CogsZnosFe.O4samples
increased with the annealing temperature as the magnetic properties are depends on the
size and the morphology of the nanoparticles [4.9]. As the annealing temperature changed,
particle size of the nanoparticles also changes and surface area to volume ratio changes and
hence the magnetic changes. The CoosZnosFe20s4 nanoparticles obtain from as-dried
samples possessed a saturation magnetization Ms of 32.22 emu/g, while the annealed
samples obtained after 200°C, 400°C, 600°C, 800°C, and 1000°C had Ms value of 29.006
emu/g, 35 emu/g, 40 emu/g and 56.0781 emu/g.
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Figure 4.5 (e): M-H loop of CoosZnosFe204 nanoparticles annealed at 800°C
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The variation in coercivity (Hc) with annealing temperature is shown in figure 4.7
and in the table 4.2. It is indicated that the annealing temperature have a significance
influences on the Hc of prepared nanoparticles. He has gausin behavior and exhibit
significant values ranging between 8.478 Oe and 16.154 Oe for synthesized ferrite
nanoparticles. The variation in Hc with annealing temperature can be explained on the basis
of the domain structure and anisotropy of the crystals [4.10]. Hc initially increases slightly
with annealing temperature and then increase remarkably reaching its maximum value
16.154 Oe at 600°C. Upon further annealing, the value of Hc decrease significantly. This
variation in the value of Hc may possible be attributed to the crystallite size due to surface
effects [4.3]. And above the critical crystallite size, Hc tends to decrease with increase in
crystallite size, the number of grain boundaries increases, and consequently H; of
nanoparticles decreases. Hence, the decrease in the Hc with the increasing of annealing
temperature can be attributed to decrease in the anisotropy field that in response decrease

the domain wall energy.
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From figure 4.8 clearly shows that both the saturation magnetization Ms and M,
increases with increasing value of annealing temperature. This increases of Ms and M, with
respect to annealing temperature can be explain by Neel’s theory [4.11]. Both Ms and My
increases due to a study increase in particle size and crystallinity.

Table: 4.2 Saturation magnetization Ms, Coercivity Hc and Ramenance measured
by VSM technique at room temperature for CogsZnosFe2O4nanoparticles produced

at different annealing temperatures.

Annealing Coercivity, = Saturation Ramenance, = Mi/Ms

Temperature Hc (Oe) | magnetization, Mr(emu/g)

(°C) Ms (emu/g)
200 8.47 29.00 0.206 0.0071
400 8.55 32.23 0.276 0.0085
600 16.15 35.79 0.232 0.0065
800 11.61 40.63 0.787 0.0194
1000 14.19 56.08 1.195 0.0213

4.3  Mdossbauer Study

For biomedical application nanomaterials should be in superparamagnetic state and
the size of the particle should be small. Mdssbauer Study is one of the prominent methods,
which is used to determine the magnetic state of nanoparticles. For performing Mdssbauer
experiment, the change in spectrum was investigated as a function of temperature. The
superparamagnetic behavior is marked by the doublet pattern on the Mdssbauer spectrum.
The continuous improvement of computation capabilities for spectral analysis and the
introduction of sophisticated software for the treatment of Mdssbauer data has enabled
researchers to obtain rich and valuable information from the Mdssbauer experiments as

well as to study the structure with high accuracy and from complementary point of view.
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The superparamagnetic behavior is indicated by the presence of blocking behavior
characteristic by the blocking temperature which mark the transition of the system to a

superparamagnetic state.

The fitting of spectral lines were performed assuming Lorentzian absorption line
shapes using the Mdssbauer spectral fitting software WMOSS by web research. In which
allows for fitting to a continuous distribution. In figure 4.9(a) to figure 4.9(d), which
corresponds to as-dried sample annealed at 200°C, 400°C and 600°C respectively, a
prominent doublet was observed at the central spectra. This doublet pattern arise from the
relaxation of the Fe in Co-Zn ferrite, which has a relaxation time 7 less than z;, which is
the Larmer precession time of the nuclear magnetic moment. The doublet pattern indicates
superparamagnetic behavior of the smaller sized particles in the absence of hyperfine
interaction field. It was also observed that with increasing annealing temperature (particle
size increase), the peaks become sharper due to the reduction in energy distribution with

decreasing surface area.
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Figure 4.9 (a): Mossbauer spectra of Coo.sZno.sFe204 in as-dried condition
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Figure 4.9 (b): Mossbauer spectra of CoosZno.sFe,04 annealed at 200°C

Transmission

Figure 4.9 (c): Mosshauer spectra of Cog.sZnosFe,04 annealed at 400°C
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Figure 4.9 (d): Mossbauer spectra of CoosZno.sFe,04 annealed at 600°C

Table: 4.3 Numerical values of Isomer shift (IS), Quadrupole Splitting (AEg),
Position of Fe3" , Hyperfine field (Hnf) of Coo.5ZnosFe204 nano particles annealed
at different temperatures

Coos5ZnosF Sub Positi Isomer Quadrupole | Hyperfine | Area
€204 site onsgf Shift splitting field (Hnr) "
Fe as) (AEq) mm/sec KG
mm/sec
1 B 0.345 0.586 0 0.800
As-dried 2 A 0.200 0.000 0 0.200
1 B 0.333 0.569 0 0.813
200°C 2 A 0.304 0.016 0 0.187
1 A 0.278 0.357 0 0.357
400°C 2 B 0.345 0.635 0 0.643
1 A 0.342 0.508 0 0.954
600°C 2 B 0.200 0.000 0 0.046
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The various electronic and magnetic parameters such as Isomer shift, Quadruple
splitting, Hyperfine field and relative area determine from the Mdéssbauer spectra are listed
in the table 4.3. From the table 4.3, we observed that all sample have zero hyperfine field,
which is a strong evident that all sample are in superparamegntic state. The cation
distribution at tetrahedral (A) and octahedral (B) sites are presented on the table, which
was calculated based on the relative area of the each species. The isomer shifts in the table
IS quoted relative to metallic iron at room temperature. The quadruple splitting in the
superparamagnetic component indicates distorted co-ordination away from the perfect
tetrahedral or octahedral symmetry. The quadruple splitting for Fe?* is larger than that for
Fe3*; hence the Fe?* does not exist in the composition. Also because the quadruple splitting
in the low spin is lower than 0.8mm/s, Fe®* in composition appears low spins. The central
doublet may be attributed to the Fe* ions, which magnetically isolated and do participated
in the long range number of nearest non-magnetic neighbor. For diamagnetically
substituted ferrites, the existence of the central doublet superimposed on the well-resolved
magnetic sextets. In the present system, the central doublet arise due to the magnetically
isolated Fe?* ions located at the tetrahedral sites rather than any secondary phase.

From the table 4.3 we can observe that up to the 600°C there is no hyperfine field
i.e the samples are in superparamagnetic state. Magnetic materials can generate heat in an
alternating field. In superparamagnetic materials, the relaxation losses in single domain
MNPs fall in to two modes A-sites and B-sites. Heat dissipation from the MNPs is caused
by the delay in the relaxation of the magnetic vector through either the rotation within the
particle that is called Neel relaxation or through the movement of the particles, which is
called Brownian relaxation. When the particle are exposed to a magnetic field, the magnetic
field reversal time shorter than the magnetic relaxation time of particles. Those from the
above Md@ssbauer spectra it can be conclude that CuosZnosFe-O4 nanoparticles annealed

up to 600°C would be most suitable for applications in magnetic particles hyperthermia.
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4.4  Measurement of Hydrodynamic Diameter by Dynamic Light

Scattering

Particle size analysis and aqueous dispersion stability of magnetic nanoparticles is
an important factor for their utilization in various nano-bio applications. In order to
investigate the hydrodynamic diameter of the chitosan coated Coos5ZnosFe20s magnetic
nanoparticles a dynamic LASER scattering (DLS) system is used. It is worth to mention
that the value of the particle diameter obtained from XRD means the particle core size,
whereas the size detected using DLS system refers to a hydrodynamic diameter of particles,
this diameter to obtain from comparing a sphere to translational diffusion coefficient
actually measured. The hydrodynamic size, calculated from the diffusional properties of
the particles is an indicative of the apparent size of the dynamic hydride particles [4.12].
For biomedical application the hydrodynamic diameter of should be the size less than 250
nm [4.13]

The DLS experiment was conducted at a constant temperature of 37°C, which is
the temperature of the body fluid. Figure 4.10 (a), 4.10 (b), 4.10 (c) and 4.10 (d)shows the
size distribution of the chitosan bound Coo.sZnosFe204 nanoparticles at Img/ml, 2mg/ml,
4mg/ml and 6mg/ml particle concentration in 1% chitosan solution and each of those
concentration was made by as-dried, 200°C, 400°C and 600°C annealed nanoparticle. The
shape of the curve clearly indicates that the particle size distribution is gradually rising
with the increasing of annealing temperature of the nanoparticle. In the case of 1mg/ml
concentration the diameter of the as-dried sample is found 171.3nm, which is 224.7nm for
600°C annealed nanoparticle. The highest hydrodynamic diameter was found 233 nm for
6mg/ml sample annealed at 600°C. This increasing diameter for the nanoparticle is due to
the crystallite grain growth with the annealing temperature [4.14].
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Figure 4.10 (a): Variation of the hydrodynamic diameter with annealing

temperature of 6mg/mL chitosan coated nanoparticles
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Figure 4.10 (d): Variation of the hydrodynamic diameter with annealing
temperature of 1mg/mL chitosan coated nanoparticles

It is also to be noted that when the particle concentration increased the
hydrodynamic diameter of the nanoparticle increased slightly. This result suggest that a
strong dipole -dipole interaction of nanoparticles are getting self-agglomerated and
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showing a larger hydrodynamic diameter as compared to nanoparticles in lower

concentration. [4.15]

In table 4.4, 4.5, 4.6 and 4.7 represent the numerical diameter and PI index for
1mg/ml, 2mg/ml, 4mg/ml and 6mg/ml nanoparticle concentration. And in table 4.8 enlisted
the comparison of the diameter among the different particle concentration and their
different annealing temperature. It is seen from the table PI values is almost constant and
less than 0.3 which remark that the diameter of the nanoparticle are nearly homogenous.
[4.16-4.17]

Table 4.4: Variation of diameter with annealing temperature for concentration 1mg/mL

Annealing Temperature DLS Particle Pl
(°C) diameter(nm)
As-dried 171.3 0.142
200 181.9 0.172
400 211 0.284
600 224.9 0.256

Table 4.5: Variation of diameter with annealing temperature for concentration 2mg/mL

Annealing Temperature DLS Particle Pl
(°C) diameter(nm)
As-dried 172.9 0.192
200 182.8 0.152
400 212.9 0.148
600 227.7 0.220

Table 4.6: Variation of diameter with annealing temperature for concentration 4mg/mL

Annealing Temperature DLS Particle Pl
(°C) diameter(nm)
As-dried 174.9 0.213
200 186.5 0.201
400 219.5 0.226
600 230.2 0.205
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Table 4.7: Variation of diameter with annealing temperature for concentration 6mg/mL

Annealing Temperature DLS Particle Pl
(°C) diameter(nm)
As-dried 177 0.226
200 193.4 0.219
400 222.7 0.269
600 233.1 0.226

The table 4.8 summarized the effects on annealing temperature on different sample
concentration of particle and on the particle diameter in nanometer.

Table 4.8: Comparison of the diameter of different particle concentrations

Sample Hydrodynamic diameter in (nm)

Concentration 600°C 400°C 200°C As-dried
1mg/ml 224.9 211 181.9 171.3
2mg/ml 227.7 212.9 182.8 172.9
4mg/ml 230.2 219.5 186.5 174.9
6mg/ml 233.1 222.7 193.4 177

It is found that the increasing annealing temperature is proportional to the
increasing of the particles size and PI values are almost constant. The result showed all
these annealed parameter could influenced on the DLS particle diameter of the
nanoparticles. Due to the good biocompatibility of chitosan, these MNPs may be used to
magnetic field assisted drug delivery, enzyme or cell immobilization, magnetic

hyperthermia and many other industrial application.
4.5 Hyperthermia Study

The measurements of the temperature changes versus time for the chitosan coated
Coo5ZnosFe204 nanoparticles were done in a magnetic field B=0.0006 T which oscillated
at a frequency of f = 342 KHz. So the (H.f) of the system is 1.83x108 A/m.s which is less
than the critical value 4.85x108 A/m.s that’s indicate it can be apply in human body without
any damage of living cell [1.18]. Figure 4.11 (a), 4.11 (b), 4.11 (c) and 4.11 (d) represent
rf induction heating as a function of time for chitosan coated Coo.sZno.sFe2O4 nanoparticles
annealed at 600°C, 400°C, 200°C and as dried sample and their four different

concentrations.
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As it can be seen from figure 4.11 (a), the sample with particle concentration
6mg/mL gave the highest temperature change with time. In the process of induction
heating, for the concentrations of 6mg/mL and 4mg/mL rose quickly within the first five
minutes, reached 46.2 and 42.1°C, then the curves stabilized. But in the case of 2mg/mL
and 1mg/mL samples, 20 min was needed to reach it stabilized temperature, which was
noted 43.9°C and 42.1°C respectively. It can be seen that the heating efficiency increases
with increases of the particle concentration [4.19- 4.20]. It can also be observed that the
rise in temperature of the solution of 6mg/mL and 4ml/mL is in the range of proper
hyperthermia temperature range 42-45°C [4.21]. Though the concentration of 2mg/mL and
1mg/mL sample reached 43°C, it takes approximately 20 and 50 minuet, it is too long time

for reach this temperature for hyperthermia treatment.

Now in figure 4.11(b), shown the heating curve of nanoparticles were annealed at
a temperature 400°C and its different concentrations. It is found that the heating effects of
6mg/mL seemed better than the other concentrations. Take 42-45°C for standard
temperature for hyperthermia treatment, sample of concentration 6mg/mL needed 8 minuet
to achieve this temperature, while the time needed for the concentration 4mg/mL and
2mg/mL was 15 minutes and 20 minutes respectively. On the other hand the maximum

temperature reached by the sample of concentration 1mg/ml was 42.2°C at 50 minutes.

Figure 4.11(c) represent the temperature vs time curve of the nanoparticle annealed
at 200°C. From here it can be seen the sample of concentration 2mg/mL and 1 mg/mL, the
rise in temperature were about 39.5°C and 38.5°C respectively. Which is considerate as a
small temperature for hyperthermia treatment. But in the case of concentrations 6mg/mL
and 4mg/mL, it was found that the temperature rise moderately and reached its platonic
value approximately 42°C and 41°C after 15 minutes.

Finally figure 4.11 (d) represent the induction heating curve of different
concentrations of as-dried sample. From here it has been found that none of the
concentrations able to rise temperature more than 40°C, which is bit low temperature for

use in hyperthermia applications.

Finally the rise in temperature of the Co-Zn ferrite nanoparticles caused by

induction heating depends upon several factors. The temperature induced by induction
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heating is moderate for CuosZnosFe2Os and their heating properties studied result by
varying their concentration as shown in the figure 4.11(a) to figure 4.11(d). It can also be
observed that the samples annealed at 600°C and 400°C of concentration 6mg/mL and
4mg/mL showed a prominent result for application in magnetic hyperthermia. Under the
condition cancerous cells are killed described above, samples 6mg/mL and 4mg/mL
annealed at 600°C and 400°C attain the desired time and temperature.

[¢)]
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] Cog 5Zng 5Fe,0,4 nanoparticles annealed at GOOOC
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045
o

£
[
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|_
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Figure 4.11(a): Temperature kinetic curve of 600°C annealed chitosan coated

Coo5ZnpsFe204 MNPs at different concentrations
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Figure 4.11(b): Temperature kinetic curve of 400°C annealed chitosan coated

Coo.5ZnpsFe204 MNPs at different concentrations
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Figure 4.11(b): Temperature kinetic curve of as-dried chitosan coated

Coo.5ZnpsFe204 MNPs at different concentrations

It is noted that from the above four curves in this section, with rising the annealing
temperature, the induction temperature of each sample also rise. Which might be due to the

rise of particle size of the sample [4.22-4.24].
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CONCLUSION AND OUTLOOK

5.1 Conclusions

Nano-sized ferrite with composition CoosZnosFe.O4 nanoparticles have been
successfully synthesized by a low temperature, high purity and easily reproducible
chemical co-precipitation route. The samples were annealed at 200°C, 400°C, 600°C,
800°C and 1000°C temperature and coated with 1% chitosan solution. The as-prepared and
annealed samples have been detailed investigated by various experimental technique such
as XRD, VSM, Mossbauer Spectroscopy, and DLS. Finally, fluid hyperthermia effect of

chitosan coated nanoparticle have been studied.

Through the structural analysis, performed by XRD, it has been confirmed that, as-
prepared and annealed MNPs have single phase polycrystallinity with clear diffraction
patterns. It has been observed that the width of the diffraction peaks shrank as the annealing
temperature increases, which might be increase in grain size of ferrite. It was also found
that the crystal size of the nanoparticles increased from approximately 7nm to 25snm with

the increases of annealing temperature.

The hysteresis loops obtained from magnetic measurements using VSM showed
that soft paramagnetic nature of the as-prepared and annealed samples. The maximum
magnetization of the Co-Zn ferrite nanoparticles was strongly size dependent and varied
from 29 emu/gm to 56 emu/gm when the grain size was increased from 7nm to 25nm
respectively. The coercivity of the MNPs was also studied as a function of particle size.
Coercivity of the samples in nanolevel is nearly small, which is suggestive of

superparamagnetic behavior at room temperature. The behavior of % indicates that at room

N

temperature a considerable amount nanoparticles are still superparamagnetic in the absence
of external applied magnetic field. The pattern of the magnetization showed as change of
the annealing temperature particle size of the nanoparticle changes and surface area to
volume ratio also changes, henceforth the magnetization changes. The magnetic properties
were also studied by Mossbauer spectroscopy. The central doublet patterns were observed

up to annealing temperature 600°C and there is no hyperfine field confirmed the
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superparamagnetic nature of nanoparticles. Mossbauer spectroscopy it can be concluded
that CoosZnosFe,04 nanoparticles annealed up to 600°C could be most suitable for

application in magnetic particle hyperthermia.

The DLS technique has been reviled that the hydrodynamic diameter of the chitosan
coated nanoparticles vary from 171nm to 233nm and PI index was less than 0.3. The
diameter of the coated particles were found to be increased with the annealing temperature
and the particle concentrations. It would be worthy to note that all samples annealed less
than 600°C have hydrodynamic diameter less than 300nm and PI index is less than 0.3.

Which might be suitable of in vivo biomedical applications.

The main aim of this thesis was to investigate hyperthermia effects of
Coo.5ZnosFe204 nanoparticle. It has been seen that the samples with particle concentrations
6mg/ml and 4 mg/ml (annealed at 600 and 400°C) shows best result. When placed in an
induction coil those sample gives a temperature rise approximately 42°C to 46°C from the
room temperature within 5 minutes. So those sample can be used as a hyperthermia
application on cancer therapy. However, the heat power generated by the other sample
would not be satisfactory for a given amount to rise a human body temperature by 5-6°C

(42-44°C), which is necessary to destroy cancer cells.

5.1 Future Work

This thesis has attempted to cover the synthesis, characterization of Coo.5Zno.sFe204
nanoparticles and its application on magnetic hyperthermia therapy, however there are still

many different areas which could be further developed.

Further research could be used to demonstrate the application of magnetic
nanoparticles in other area such as magnetic drug delivery, MRI and data storage device.
A full study focusing more specifically on hyperthermia measurements could look into a
wider range of zinc doped samples in order to quantify effect with respect to the anisotropy
changes. Another potential problem for use of cobalt is the toxicity nature of cobalt. If the
materials was to be used | human trials, it would be imperative that no leaching of toxic

cation into the body. It is possible through the use of coating agent. So much research is
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needed to improve the capping agent for nanoparticles. Despite the advantages of

hyperthermia as a cancer therapy much research is needed to be use it in human body.
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