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ABSTRACT 

 

 

PRODUCTION AND CHARACTERIZATION OF MAGHEMITE 
NANOPARTICLES 

 
 

Acarbaş Baltacı, Özge 

Ph. D., Department of Metallurgical and Materials Engineering 

Supervisor: Prof. Dr.  Macit Özenbaş 

Co-Supervisor: Prof. Dr. Mürvet Volkan 

September 2010, 153 pages 

 

 

The aim of this study is to produce maghemite nanoparticles by using different 

production methods. To achieve this purpose Sol-Gel Processing and Microwave 

Synthesis methods were employed. Suitable characterization  techniques like XRD, 

TEM, BET, and VSM were  performed to control the properties of the synthesized 

particles whether they are suitable  for certain applications.  

 

In the sol-gel part of the study two different routes were employed to obtain 

maghemite nanoparticles. In the first route TEOS (tetraethoxysilane)  was used as the 

precursor. Approximate particle sizes of these samples lie between 12.0-23.4 nm. 

From the magnetization measurements saturation magnetization (Ms) values are 

obtained between 4-12 emu/g. In the second route of the sol-gel method ethylene 

glycol and diethylene glycol were used as starting materials. Ms value was found as 

28 emu/g for the ethylene glycol sample as the highest magnetization value due to 

having the highest amount of maghemite phase. The superparamagnetic behavior 

observed in these samples was tried to explain by curve fitting. Langevin and tangent 

hyperbolic functions were used to fit the magnetization curves. From the XRD study 

particle sizes of these samples lie in the 4.0-48.5 nm range and these results are 

consistent with the size distributions obtained from the TEM study.  



 v

 

In the last part of the study microwave method was used to produce maghemite 

nanoparticles. Most of the samples contain maghemite and hematite  phases together 

and particle sizes were between 3-30 nm. Ms values of these microwave samples 

were lower than that of the sol-gel samples with a value about 3.0 emu/g.  

 

Keywords: Maghemite, nanoparticle, superparamagnetism, sol-gel, microwave  
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ÖZ 

 

 

MAGHEMİT NANOPARÇACIKLARIN ÜRETİMİ VE KARAKTERİZASYONU 
 
 

Acarbaş Baltacı, Özge 

Doktora, Metalurji ve Malzeme Mühendisliği Bölümü 

Tez Yöneticisi: Prof. Dr. Macit Özenbaş 

Ortak Tez Yöneticisi: Prof. Dr. Mürvet Volkan 

September 2010, 153 pages 

 

 

Bu çalışmanın amacı maghemit nanoparçacıklarını değişik üretim yöntemleri 

kullanarak üretebilmektir. Bu amaca ulaşabilmek için sol-jel ve mikrodalga 

sentezleme yöntemleri kullanılmıştır. Üretilen malzemelerin belli uygulama alanları 

için istenilen özelliklere sahip olup olmadıklarını denetlemek amacıyla XRD, TEM, 

BET ve VSM gibi uygun  teknikler kullanılmıştır. 

 

Çalışmanın sol-jel kısmında maghemit nanoparçacıklarını elde edebilmek için iki 

farklı yöntem uygulanmıştır. İlkinde başlangıç malzemesi olarak TEOS 

(tetraethoxysilane) kullanılmıştır. Bu şekilde elde edilen örneklerin tane boyutları 

yaklaşık 12.0-23.4 nm arasındadır. Manyetik ölçümlerden elde edilen doygun 

manyetizasyon  (Ms) değerleri de 4-12 emu/g arasındadır. Çalışmanın ikinci 

kısmında etilen glikol ve dietilen glikol başlangıç malzemesi olarak kullanılmıştır. 

En yüksek Ms değeri 28 emu/g ile en fazla miktarda maghemit fazını barındıran 

etilen glikol örneğinde elde edilmiştir. Süperparamanyetik özellik gösteren bu 

örneklerin davranışları Langevin ve hiperbolik tanjant fonksiyonları kullanılarak 

açıklanmaya çalışılmıştır. XRD çalışmasından elde edilen tane boyutları yaklaşık  

4.0-48.5 nm aralığındadır. TEM çalışmasından elde edilen tane boyut dağılımları da 

XRD sonuçlarını desteklemektedir. 
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Çalışmanın son kısmında maghemit nanoparçacıklarını üretmek için mikrodalga 

yöntemi kullanılmıştır. Hazırlanan çoğu örnekte maghemit ve hematit fazları birlikte 

bulunmaktadır. Yaklaşık tane boyutları 3-30 nm aralığındadır. Mikrodalga yöntemi 

ile elde edilen bu örneklerin Ms değerleri yaklaşık 3 emu/g civarında olup sol-jel 

yöntemiyle  üretilen örneklere göre daha düşük değerde bulunmuştur.  

 

Anahtar Sözcükler: Maghemit, nanoparçacık, süperparamanyetiklik, sol-jel, 

mikrodalga 
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CHAPTER 1 
 
 
 

INTRODUCTION 
 

 

 

 

Nanotechnology is a new and growing field and it is related with the production and 

application areas of the nanomaterials and their properties  resulted from their 

dimensions. Materials classified in this field are in the range between subnanometers 

to several hundred nanometers [1].  

 

Metastable phases with different properties are produced with the help of the 

nanotechnology, for example  materials having superconductivity and magnetism. 

Miniaturization is one of the important side of the nanotechnology. Computers, 

biosensors, nanorobots and nanoscaled electronics are some of the examples of 

miniaturization. These computers can be used to mimic the human brains, biosensors 

are used in the diagnosis and treatment of different diseases, and nanorobots are used 

in the human body to remove toxins from the body  [2]. 

 

Nanotechnology covers the incorporation of different areas of science like physics, 

chemistry, materials science, molecular biology and pharmacology. This 

multidisciplinary property is resulting from  several applications like electronics, 

optics, nanobiological systems and nanomedicine. Since there are different topics in 

nanotechnology like synthesis and processing of materials, their physical properties, 

nanodevice design and fabrication and design of the characterization tools for 

nanomaterials, multidisciplinary work is needed  for nanotechnology [3]. 
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Synthesis and processing of nanomaterials are important because their size, 

morphology, chemical composition and microstructure are important parameters in 

the applications [2]. 

 

Materials which consist of micrometer sized particles exhibit similar physical 

properties with their bulk form, on the other hand properties of materials with 

nanometer sized particles are quite different from the bulk form. For example 

nanometer sized crystals have lower melting points than their bulk form. 

Ferromagnetic and ferroelectric properties are changed when the size of the material 

decreases. Also conductivity and catalytic properties  of the materials are related with 

the characteristic dimensions  [2]. 

 

Drug delivery, micro-electromechanical systems (MEMS) and lab-on-a-chip are 

some of the examples that used in nanotechnology  [1]. 

 

Various  forms of materials can fall into the nanostructured materials class like 

nanoparticles, quantum dots, nanorods and nanowires, thin films, and bulk materials 

that consist of nanoscale building blocks. There are different techniques for the 

production of these materials. They are classified in four diffrent classes according to 

the growth media: 

- Vapor phase growth: Laser reaction pyrolysis is used for nanoparticles, 

atomic layer deposition (ALD) is used for deposition of thin films. 

- Liquid phase growth: Colloidal processing of nanoparticles and self assembly 

of  monolayers. 

- Solid phase formation: Fabrication of metallic particles in glass matrix. 

- Hybrid growth: Vapor-liquid-solid (VLS) growth of nanowires. 

 

According to the form of the products, production methods can be classifed in four 

different classes : 

- Nanoparticles: Colloidal processing, flame combustion and phase 

segragation. 
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- Nanorods or nanowires: Template-based electroplating, solution-liquid-solid 

growth (SLS), and spontaneous anisotropic growth. 

- Thin films: Molecular beam epitaxy (MBE) and atomic layer deposition 

(ALD). 

- Nanostructured bulk materials: Photonic bandgap crystals by self-assembly of 

nanosized particles.  

 

There are also different approaches to classify the fabrication techniques like top-

down and bottom-up approaches, spontaneous and forced processes. Top-down and 

bottom-up approaches are two methods that are used to synthesize nanomaterials. If 

nanoparticles are produced with milling it can be said that top-down approach is 

used. On the other hand colloidal dispersion is an example of bottom-up approach. 

There is also a hybrid approach like lithography, since thin film growth by 

lithography can be considered as bottom-up, etching step is top-down method. Both 

approaches are quite important in nanotecnology and they have both advantages and 

disadvantages  [1]. 

 

Most important disadvantage of the top-down method is the surface imperfections. 

There are impurities and structural defects on the nanowire surfaces that are 

produced by lithography. Since surface over volume ratio in nanomaterials is large, 

these defects are quite important  [1]. 

 

In the bottom-up approach material is build-up from the bottom; atom-by-atom, 

molecule-by-molecule, or cluster-by-cluster. This approach plays an important role 

in the production of nanomaterials. Bottom-up approach finds wider usage than top-

down approach since the tools are too big to deal with in the top-down approach  [1]. 

 

Chemical industry widely uses the bottom-up approach in the production of salts  and 

nitrates. Also single crystal growth and deposition of films in electronic industry 

generally use this approach  [2]. 
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Nanomaterials have more homogeneous chemical composition and less defects when 

they are   produced by bottom-up approach. Because they are produced nearly in a 

thermodynamic equilibrium state with the help of the reduction of Gibbs free energy. 

On the other hand top-down approach introduces also internal stress to the material 

[2]. 

 

There are some challenges in the production of nanomaterials: 

(1) Due to large surface area there is huge surface energy. 

(2) To obtain materials with desired properties, size, size distribution, 

morphology, crystallinity, microstructure and chemical composition must be 

well controlled. 

(3)   Coarsening through Ostwald ripening and agglomeration must be prevented. 

 

Dimensions of the nanoparticles are quite important since most of the physical 

characteristics are dependent on their dimensions. Generally production methods 

give us the broad size distribution of the nanoparticles and by controlling the reaction 

parameters like time, temperature and concentrations of the reactants, it is not always 

possible to obtain narrow size distribution easily. By using the surfactant stabilized 

solutions it can be possible to control the precipitation and obtain nanoparticles of 

specified size and dispersion degree  [4]. 

 

Production and stabilization methods can not be considered separately from each 

other. Since nanoparticles, especially when  they are smaller than 10 nm, have large 

surface energy, the selection of an inert medium is difficult and it affects the 

properties. Especially for magnetic nanoparticles it is more important since their 

modified surface exhibits different magnetic characteristics from their core. Despite 

this, generally production methods are not directly related to the stabilization 

methods  [4]. 
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Most of the production methods of nanoparticles are for magnetic particles. Size, 

shape and dispersity are the important parameters as said before because magnetic 

properties depends on the size of the particles. Also interactions of the nanoparticles 

should be prevented or at least decreased to a minimum degree. This process can be 

made by immobilization of them on a substrate surface or by using a stabilizing 

matrix. The distance of the particles in a matrix should be controlled [4]. 

 

Generally  magnetic nanoparticles can be found in a 2D form like films, or 3D 

systems like compact materials. But compaction process may cause deterioration of 

the unique magnetic properties of the material. By using different type of matrices 

they can be stabilized. Usually non magnetic dielectric matrices are preferred like 

organic polymers.  These matrices are used to make nanoparticles stable against the 

corrosion, oxidation and agglomeration so their single domain structure can be 

prevented. Coated or encapsulated nanoparticles can be used in many areas like 

xerography, magnetic ink, contrasting agents for magnetic resonance images, and 

ferrofluids  [4]. 

  

Metallic nanoparticles find large application areas owing to their larger 

magnetization values than metal oxides. But their disadvantage is that their low 

stability against air, they are generally oxidized and this oxidation decreases their 

magnetizations. During the production method it is not possible to avoid the 

oxidation completely. Magnetization depends on the degree of oxidation on the 

metallic surfaces. So in order to get true information about magnetic characteristics, 

knowing the oxidation degree is important. Fe, Co, and Ni are the examples of the 

metallic magnetic nanoparticles. Fe-Co, Fe-Ni, Fe-Pt, Co-Pt alloys also show 

magnetic properties. In addition to these alloys, six of the nine rare earth elements 

(REE) from the periodic table exhibit ferromagnetic behavior. They are used in 

magnetic cooling systems [4]. 

 

In the magnetic nanomaterial area oxides like Fe oxides, Co oxides and Ni oxides are 

also find large applications. Especially iron oxides find large usage area like 

magnetic recording media, catalysts, pigments, gas sensors, optical devices, and 



 

 6

electromagnetic devices [4]. They have different structures and hydration states like 

0, II and III and among them commonly observed states are II and III.  There are are 

also another types of oxidation states  [5]. Most abundant forms of iron oxides are 

hematite (α-Fe2O3), maghemite (γ-Fe2O3) and magnetite (Fe3O4). Maghemite and 

hematite have similar structures namely inverse spinel. 32 O2- cubic close packed 

anions provide tetrahedral and octahedral coordination sites for the iron cations. 

Maghemite has only Fe3+ cations and they were found in both octahedral and 

tetrahedral coordinations. On the other hand in magnetite there are both Fe2+ and Fe3+ 

cations exist together. Fe3+ cations were placed  both in octahedral and tetrahedral 

sites. Fe2+ cations occupy the tetrahedral sites. Due to this structural similarity 

betwen these oxides, X-ray diffraction method should not be used only to determine 

the phases. Other techniques should also be used as characterization tools for the 

determination of crystal structure  [5]. 

 

0, II and III oxidation states of the iron metal and iron oxides have unpaired electrons 

in their d shells resulting in paramagnetic behaviour. But in maghemite and 

magnetite there is no complete cancellation, so there is non-zero magnetic moment 

[5]. 

 

Magnetic iron oxide nanoparticles have gained acceptance in several fields of 

application of nanomaterials, like in magnetic recording systems, magnetic 

refrigeration, magneto-optical solid devices, magnetic resonance imaging and in flow 

systems [6]. Especially maghemite (γ-Fe2O3) nanoparticles are used extensively in 

the field of biomagnetics for a broad range of applications, such as drug delivery 

[7,8,9], medical diagnosis [7], cell seperation [7,8]  magnetic resonance imaging, 

sensing [7,10] as well as therapeutic applications [7] such as AC magnetic field-

assisted cancer therapy, i.e. hyperthermia [7,8,11], magnetic refrigeration [9,10,12]. 

All these technological and medical applications require that the nanoparticles are 

superparamagnetic with sizes smaller than 20 nm with narrow size distribution to 

have uniform physical and chemical properties. It is reported that the critical size for 

maghemite nanoparticles is around 10 nm [9].  
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The aim of this study is to produce maghemite nanoparticles by using different 

production methods and to characterize them with appropriate techniques. Main 

focus area was synthesizing the maghemite which is not a stable phase at room 

temperature. According to the theoretical predictions in the literature [13], γ-Fe2O3 is 

only stable at a particle size on the order of 5 nm. As a result of increased particle 

size, maghemite’s tendency of transforming into hematite phase increases. As 

reported before the main problem is to control the particle size of the produced 

nanoparticles.  

 
In order to realize the aim of finding the most effective technique to produce  this 

material, various methods were investigated and compared as a way of overcoming 

the difficulties of improving the quality of the produced material. 

 
Main purpose of this study  is producing maghemite by a typical method which will 

allow us to obtain maghemite  phase in desired properties. To achieve this purpose 

Sol-Gel Processing and Microwave Synthesis methods were employed. 

 
While searching for appropriate methods,  suitable characterization  techniques like 

XRD, TEM, BET, and VSM were  performed to control the properties of the 

produced material whether it is suitable  for certain applications.  

 

This thesis is composed of six chapters. It gives a general  information about 

nanoparticles and aim of the study in Chapter 1. Second chapter  begins with again 

nanoparticles followed by iron oxides, their crystal structures and their applications. 

Given applications are especially for the maghemite phase. After that magnetic 

properties of iron oxide nanoparticles were explained in this chapter. In the last part 

of the chapter production methods for magnetic nanoparticles were given. In this part 

sol-gel process was explained in more detailed way since generally this method is 

preferred to produce maghemite nanoparticles in the literature. Third chapter 

includes the experimental procedure consisting both sol-gel method and microwave 

method. In sol-gel processing, two different routes used in the thesis were explained 

in detail. In the fourth chapter results from XRD (X-ray diffraction), SEM (scanning 

elecron microscopy), TEM (transmission electron microscopy), BET, and VSM 
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(vibrating sample magnetometry) were given and details of phenomena which may 

be responsible for the present experimental findings were presented. Chapter 6 gives 

the summary of the study. Finally in Chapter 5, conclusions and further suggestions 

were made. 
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CHAPTER 2 

 
 
 

LITERATURE SURVEY 

 
 

 

 

2.1  Nanoparticles 
 
 
Materials that are composed of  particles with dimensions less than 100 nm classifed 

as nanomaterials. When the size of the particles changes from micro to nano size 

regime many of the properties of the material change. These are  physical, chemical, 

mechanical and magnetic properties of the materials.  

 

Nanoparticles can be in the form of amorphous or crystalline state. In some studies it 

is proposed that nanoparticles should be considered as a sate of matter [14]. 

 

As the particle gets smaller, surface area to volume ratio increases since many of the 

atoms locate at the surface. As an example  20 nm iron particle has 10 % of its atoms 

at its surface, on the other hand 50 % of the atoms of 3 nm iron particle are located at 

the surface [5]. At this size surface reactivity of the material increases since many 

chemical reactions occur at the surface. High surface area is especially critical for 

performance of the fuel cell and battery technologies. The large surface area of the 

particles also inreases the interactions between the materials in nanocomposites, 

resulting in the high strength and high chemical resistance.  Since dimensions of the 

nanoparticles are smaller than the wavelength of the light, these are useful for the 

packaging, cosmetic and coating applications [15]. 
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Nanoparticles are also used in various different areas like catalysts, films for 

microelectronics, new magnetic materials, protective coatings on metals, plastics and 

glasses [16].  

 

Many of the technological interests have been given to small atomic aggregations 

due to their unique properties between the isolated atoms and bulk solids [16].  

 

Nanotechnology term is related with the sizes of the structural elements. 

Nanomaterials are generally classified  according to their  particles sizes. Figure 2.1 

shows this classification. They can also be classified according to their geometrical 

form and dimensionality. They are cluster materials, fibrous materials, films and 

multilayer materials, and also polycrystalline materials [16].  

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 

Figure 2.1 Classification of substances and materials on the basis of particle (grain) 

size D. 

 

Nanoobject has the dimension between 1 and 100 nm and it has different properties 

than its bulk form. Physical properties, especially magnetic properties, are dependent 

upon the size of the nanoparticles. Thus many scientists are interested in the particles 
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that have sizes smaller than the magnetic domains in the corresponding bulk 

materials [4].  

 

Nanotechnology is related with nanomaterials, their production methods and devices 

produced from those materials. Compact materials and nanodispersions are types of 

nanomaterials. Isotropic materials that contain nanometer sized structural elements, 

belong to first type nanomaterials. On the other hand nanodispersions contain 

homogeneous dipersion medium and isolated nanoinclusions dispersed in this 

medium. There are various distances in these dispersions from fraction of a 

nanometer to tens of nanometers. Other type contains nanopowders that their grains 

are separated by monoatomic layers of atoms, thus agglomeration can be prevented 

[4]. 

 

Nanoparticles can also be called as quasi-zero-dimensional (0D) nanoobjects and 

their  dimensions are not more than 100 nm. Properties of nanoparticles are different 

from larger particles above 0.5 µm. Generally  nanoparticles have spheroid shapes. If 

they have ordered arrangement of atoms they are called as nanocrystallites. Quantum 

dots are the nanoparticles that have discrete electronic energy levels and generally 

their compositions are similar with semiconductor materials [4].  

 

Great importance are given to the nanoparticles since they are between bulk 

materials and molecules and atomic level structures. Nanoparticles that are smaller 

than 1 nm are called clusters in the literature. Nanoparticles have size distributions 

whereas molecular magnetic clusters consist of magnetic nanoparticles with similar 

sizes. Magnetic clusters magnetism is usually  described by exchange-modified 

paramagnetism [4]. 

 

Magnetism of nanoparticles are different from classical magnetic materials because 

of their domain structure and their magnetism can beconsidered as nanomagnetism. 

Superparamagnetism, ultrahigh magnetic anisotropy and coercive force, and giant 

magnetic resistance terms are related with nanomagnetism. Magnetization and 

magnetic anisotropy of nanoparticles are greater than a bulk specimen, in addition 
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Curie or Neel temperatures between nanoparticles and the corresponding 

microscopic phases are also different. Chemical composition, the type and and the 

degree of defectiveness of the crystal lattice, the particle size and shape, the 

morphology, the interaction of the particle with the surrounding matrix and the 

neighboring particles are the important parameters that determine the properties of 

nanoparticles. However these properties are not easily controlled during the synthesis 

procedures [4].  

 

2.2 Iron Oxides 
 

There are  16 iron oxide types including oxides, hydroxides, or oxyhydroxides. But 

among these most important ones are hematite (α-Fe2O3), magnetite (Fe3O4) and 

maghemite (γ-Fe2O3) [17]. 

 
2.2.1 Hematite 
 
 
Hematite (α-Fe2O3)  is second most abundant mineral with the structure similar with 

corundum [17,18]. Among the iron oxides hematite is the most thermodynamically 

stable one and it is the oldest known iron oxide with a blood red colour (Figure 2.2).  

 

 
 

 

Figure 2.2 Hematite ore [19]. 
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Hematite  has a hexagonal unit cell with six formula units per unit cells but it can 

also be classifed in the rhombohedral system. If it is in  rhombohedral system, there 

are two formula units per cell. Its unit cell parameters are a = 0.5034 nm and c = 

1.375 nm for hexagonal and a = 0.5427 nm and  α = 55.3° for rhombohedral systems, 

respectively. Oxygen ions are stacked in the [001] direction. FeIII ions occupied the 

two thirds of the sites, and there is a vacant site in the (001) plane. Fe(O)6 octahedra 

is obtained by the arrangement of the cations. Three octahedra shares the edges and 

one face with each octahedron. Edges are shared with in the same plane, on the other 

hand one face is shared in the adjacent plane in the c axis. This face sharing distorts 

the ideal packing [17]. 

 

Hematite is an antiferromagnetic material. There is a small magnetic moment in the 

basal plane direction since moments of two sublattices don’t cancel each other and 

spins are canted. Magnetic properties of hematite are effected from the preparation 

conditions of the sample. 

 

At 263 K there is a phase transition in hematite, which is called as Morin transition. 

At this temperature antiferromagnetic phase turns to a weak ferromagnetic phase 

[20]. Magnetization of the two spin sublattices are reoriented from parallel to 

perpendicular to the [111] axis [21,22]. The spins of the hematite lie in the 

rhombohedral [111] direction at low temperatures, and at high temperatures they lie 

in the basal (111) plane in a canted position [20]. Crystallite size of the hematite 

influences the Morin transition temperature [23]. Both single and polycrystalline 

hematites show Morin transition. It decreases with decreasing particle size and  if the 

size is smaller than  20 nm there is no such transition in the sample [24]. 

 

2.2.2 Magnetite 

 

Magnetite (Fe3O4) is the most common iron oxide material with black colour ( Figure 

2.3) and it shows high magnetization [25]. It has the inverse spinel type structure 

[17]. There are 32 O2- ions in the face centered cubic unit cell positions.  The unit 

cell parameter is 0.839 nm.  
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Figure 2.3 Magnetite ore [19]. 

 
The structure of magnetite is quite different from the other iron oxides. There are 

both divalent (FeII) and trivalent (FeIII) iron in its formula. Trivalent ions are in  the 

tetrahedral and octahedral sites. Generally magnetite is nonstoichiometric, if 

divalent-trivalent ion ratio is 0.5 it is stoichiometric. Unit cell length differs from its 

original size when there are cation substitutions in the lattice [17]. 

 

Magnetite is a ferrimagnetic material and its Curie temperature is about 850 K. 

Below 850 K magnetic moments are antiparallel in the tedrahedral and octahedral 

sites giving to ferrimagnetic properties to the magnetite. At about 125 K there is a 

semiconductor-insulator phase transition( verwey transition) in the magnetite and its 

electrical conductivity decreases, also monoclinic symmetry is obtained [26]. At this 

temperature freezing of  electron hopping occurs and  resistivity, magnetization, 

magnetoresistive ratio and susceptibility values change sharply [27]. 

 

 Magnetite behaves like a metal when the electrons orient in one direction, and it 

behaves like an insulator when they orient in the other direction. This is the half 

metallicity behavior of magnetite material and because of this property it is the most 

desired material for tunneling magnetoresistance devices [26]. Besides its half 
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metallic property, high polarity is another important nature of this material and thus 

it is important for ultahigh density magnetic storage media and magneto optical 

devices [28]. 

 

2.2.3 Maghemite 

 

Maghemite (γ-Fe2O3) is another important iron oxide material with red brown colour 

(Figure 2.4).  It has a spinel structure which is similar with magnetite. But in the 

maghemite all of the  irons are in the trivalent state [17]. 

 

 
 

Figure 2.4 Maghemite ore [19]. 

 
Unit cell of maghemite is cubic and the unit cell length is 0.834 nm. There are 32 O2- 

ions, 21 1/3 FeIII ions and 2 1/3 vacancies in each unit cell. Vacancy ordering results 

in the superstructure form of synthetic maghemite and it is related with crystallite 

size [17]. 

 

Goethite, hematite and magnetite forms of iron oxides can transform to produce 

maghemite phase. The last part of the transformation is the oxidation of magnetite 

[17]. 
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Maghemite is ferrimagnetic material at room temperature but when the size of the 

particles smaller than a certain limit ∼10 nm it shows  superparamagnetic property. 

Maghemite transforms into more stable hematite phase in the temperature range 370-

600 °C. Its Curie temperature is between 547- 713 °C [17]. 

 

Magnetic properties of  maghemite nanoparticles  are affected by the surface-

interface effects. When surface area of the particles decreases their saturation 

magnetization value also decreases [17]. Size, internal structure disorder, 

agglomeration and interparticle seperation influence the magnetic properties of 

maghemite [7]. 

 

Maghemite nanoparticles find large usage in biomedical applications like drug 

targeting, molecular biology, DNA purification, cell seperation, hyperthermia and 

magnetic resonance imaging [7]. These  nanoparticles are used in industrial 

applications like magnetic recording, magnetic refrigeration, catalysis and many 

other applications. Earth and plenetary sciences are also interested in maghemite 

nanoparticles [7]. 

 
2.3 Applications of Iron Oxide Nanoparticles 
 

Iron oxides are widely used compounds since they have excellent magnetic and 

catalytic properties. Due to their unique properties many different diciplines give 

great importance to these materials (Figure 2.5 and 2.6).  

 

Magnetic nanoparticles with high saturation magnetization and high magnetic 

susceptibility values and sizes less than 200 nm are important for medical 

applications. These nanoparticles have been used in enzyme and protein 

immobilization, drug delivery, especially delivery of cancer drugs and as a contrast 

agent in magnetic resonance imaging (MRI) [29]. 
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Figure 2.5 The multidisciplinary nature of iron oxide research [30]. 

 

 

 
 

Figure 2.6 Biomedical applications of biologically activated magnetic nanoparticles 

[31]. 
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All these applications require the narrow size distribution of nanoparticles and 

uniform chemical and physical properties [32]. The main reason of usage of  iron 

oxide nanoparticles in these applications is their biocompatibility and nontoxicity 

[29]. 

 

 Magnetic iron oxide nanoparticles have large surface areas due to small size and 

their surfaces are hydrophobic. Agglomeration occurs due to the hydrophobic 

interactions between particles. Agglomeration decreases the superparamagnetic 

properties of the nanoparticles and in order to use these nanoparticles in biomedical 

area, agglomeration should be prevented and surface modification should be done to 

increase their stability. Selection of coating materials like polymers or surfactants is 

important since they should have nontoxic, biodegradable and hydrophilic character. 

Some of the examples of polymers and surfactants that are used to modify the 

nanoparticles surface are polyethylene glycol (PEG), dexran, polyvinylpyrrolidone 

(PVP), polyvinyl alcohol (PVA), polypeptides, gelatin and chitosan. Also in some 

cases aluminum oxide and silica can be used as a stabilizer. Usually to prevent 

agglomeration stabilization occurs during the preparation of magnetic nanoparticles 

in chemical routes [29]. 

 
2.3.1 Magnetic Drug-Targeting and Gene Delivery 
 

Targeted drug delivery is important especially for tumor diagnostics and therapeutics 

and it consist of basically two steps. One of them is delivery of drug to the desired 

organism and second one is the release of the drug in a controlled rate [33]. Drugs 

are targeted to specific sites with a magnetic field application by using magnetic drug 

delivery systems. With these systems prolonged release of the drug can be achieved 

[34]. 

 

Blood compartment exerts forces on the particles. Also magnet generates magnetic 

forces and by the competition between these forces drugs are localized in the targeted 

sites. Therapeutic systems are protected, transported and deposited to the desired 
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sites by using delivery systems. Targeted drug delivery systems have no side effects. 

In addition to cancer, magnetic carriers are also used in various diseases [34]. 

Drug carrier system should be small enough to allow the capillary distribution, 

should have biocompatible, non antigenic, non toxic and biodegradable properties. It 

has been reported that generally natural polysaccharides, liposomes and artificially 

synthesized polymers have been used as drug carriers since they have these 

requirements [33]. In a magnetically targeted drug delivery system, drug is binded to 

the magnetic nanoparticle, injected to the bloodstream and a magnetic field is applied 

to pull them out of suspension. But nanoparticles should have high stability and 

should have minimum aggregation. Because of this surface modification is necessary 

in the targeted drug delivery [33]. 

 

For drug delivery application nanoparticles should also allow a targetable delivery 

with being localized in a specific area. PEG is the most widely used coating material 

in the drug delivery application of nanoparticles. It has been shown that when 

nanoparticles are coated with PEG cellular response increased. For these applications 

size, charge and surface chemistry of the nanoparticles are important for blood 

circulation time in the body [32]. 

 

Magnetophoretic mobility (µm) is an important parameter in the drug delivery 

systems. It is the measure of the mobility of a magnetic carrier in a liquid medium 

under the influence of an applied magnetic field. Diameter of the carrier, effective 

susceptibility and the viscosity of the medium affects the magnetophoretic mobility. 

If the saturation magnetization of the magnetic carrier increases, the value of 

magnetophoretic mobility also increases [34]. 

 

2.3.2 Magnetic Resonance Imaging  

 

Magnetic resonance imaging (MRI) is another important biomedical area in which 

nanoparticles are used in a broad manner. It is one of the most powerful techniques 

in biomedical research.  
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There are two relaxation times in this technique. First one is the longitudinal 

relaxation time (τ1) and the second one is transverse relaxation time (τ2) [35]. 

 

Nuclei of elements with a weak internal spin are aligned in the applied magnetic field 

direction. The nuclei are tilted away from its aligned direction when a force exerted 

perpendicular to the direction of the magnetic field. During this period nuclei absorbs 

energy. When the exerted force is removed, nuclei are aligned along its original 

direction with the field. Longitudinal relaxation time, τ1 is the time that is required 

for the nuclei to return the field direction [34].   

 

Different nuclei fall out of phase with each other due to being in an inhomogeneous 

magnetic field, and they emit the resonance signal and this signal interferes with each 

other. Thus there is a decay of received signal. Transverse relaxation time τ2 is 

related with this process. Chemical compound, magnetic field strength and 

temperature affect τ1 and τ2 [34]. 

 

In most cases gadolinium or manganese based materials are used as contrast agents 

to increase the contrast between normal and diseased tissues. In recent years 

superparamagnetic iron oxide nanoparticles have been used instead of paramagnetic 

materials since they have high magnetic moments [36,37]. These high magnetic 

moment nanoparticles are desired since their enhancement in relaxation rates are 

better than conventional Gd based agents [29,38]. 

 

There are also two types of contrast agents; positive contrast agents enhance the 

signal and generally paramagnetic Gd based materials are used, on the other hand  

negative contrast agents reduce the signal and iron oxide nanoparticles are used in 

this case due to their higher magnetizations [35]. Superparamagnetic particles are 

desired in such applications since they don’t retain any magnetization after removal 

of the magnetic field [29]. 
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Mechanism of changing of relaxation times with magnetic particles are quite 

complex. When the magnetic field applied, particles show large magnetic moments.  

Their size and composition are important factors in the relaxation process [34]. 

 

2.3.3 Hyperthermia 

 

Especially in the cancer therapy heating of organs and tissues is called hyperthermia. 

Heating occurs between 41-46 °C [34]. Usually tumor is heated more than healty 

tissues since blood flow is not normal in diseased tissues. Thus hyperthermia is the 

effective method in the cancer treatments [39]. 

 

In the classical hyperthermia there is reversible damage to cells and tissues, but 

radiation injury of tumor cells inreases. Modern clinical hyperthermia optimizes the 

thermal homogeneity at temperatures between 42-43 °C. It is reported that magnetic 

nanoparticles are used in magnetic hyperthermia about 50 years ago. Heating of 

oxide magnetic materials occurs in an external magnetic field due to the reorientation 

of the magnetization [34]. In the magnetic fluid hyperthermia method, ferromagnetic 

or superparamagnetic nanoparticles are injected into the tumor then irradiated with 

an ac magnetic field. Energy is transferred into heat with physical mechanisms. 

Magnetic properties of the particles and external field frequency affect the 

transformation efficiency [40]. 

 

2.4. Magnetic Properties of Iron Oxide Nanoparticles 

 
Magnetic moments of the electrons determine the magnetic properties of the 

materials. Spin and orbital motions of the electrons effect the macroscopic magnetic 

properties in materials [41]. Spin moment is related with the spin of electron around 

its axis. Orbital motion is related with the electron spin which is originated along the 

orbit around the nucleus of the atom. Both of these two moments give the magnetic 

property to the material [42]. Figure 2.7.a and 2.7.b show these two moments. 
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Figure 2.7 a. orbital magnetic moment, b. spin moment [43]. 

 

Diamagnetism, paramagnetism and ferromagnetism are the basic types of magnetism 

in the materials. Materials classification depends on the behavior of  the material in 

the magnetic field [42]. Figure 2.8 shows a schematic representation of different 

types of arrangements of magnetic dipoles. 

 

 

 
              (a)                             (b)                            (c)                            (d) 

 

Figure 2.8 Different orientations of magnetic dipoles: (a) paramagnetic, (b) 

ferromagnetic, (c) antiferromagnetic, and (d) ferrimagnetic [43,44]. 
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Figure 2.9 Periodic table that shows magnetic properties of the elements [45]. 

 

Figure 2.9 shows the elements with different magnetic properties. From the table it 

can be seen that most of the metals are paramagnetic and most nonmetals are 

diamagnetic. Iron, cobalt, nickel and below 16 °C gadolinium are ferromagnetic. 

2.4.1 Diamagnetism 
 
Diamagnetism is a basic property of all substances and involves a slight repulsion by 

a magnetic field [17]. Diamagnetic materials exhibit weak magnetism when they are 

placed in an external field (Figure 2.10). This weak form of magnetism is not 

permanent. Orbital motions of the electrons change in the magnetic field and this 

change causes the diamagnetism. This type of magnetism can be found in all 

materials when other magnetisms are not seen [46].  

 

 
 

Figure 2.10 Magnetic polarization mechanisms in a diamagnetic material [46]. 
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Diamagnetic materials have magnetic susceptibilites smaller than zero and their 

values are generally between 10-5 and 10-6 [30,45]. When a field is applied to this 

material it induces a magnetization to the material and it becomes a magnet. Its 

induced moment is opposite to the applied field and has a small value. If the material 

is not symmetric, field aligns it perpendicular to itself and minimizes the induced 

moment which is antiparallel to the field (Figure 2.11). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11 A magnetic field applied to an elongated material. (a) When χ>0, the 

induced dipole is in the same direction as the applied field and the net force is 

attractive. (b) When χ<0, (diamagnetic) the induced dipole is opposite to the field 

and to minimize this unfavorable antiparallel alignment the material rotates its axis 

perpendicular to the field. The net force is repulsive [45]. 

 

When an applied field acts upon on a conduction loop, there is a current inside the 

loop. This is the fundamental principle of electromagnetism which is called as Lenz’s 

law. Induced current remains after the application of the field since the electron 

orbits are resistanceless from the atomic point of view. Conduction electrons of 

metals and superconductors also behave resistanceless and they exclude the applied 

field due to their diamagnetic behavior [45]. 
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If the orbits of the electrons considered as current loops, diamagnetism of atoms, ions 

and molecules can be modeled. Current times the area of the loop gives the induced 

moment. Passage of the charge, and the frequency of the orbital motion affect the 

current. Due to this reason Langevin predicts the susceptibility like;  

 

               2
2

2

r
mc
NZe

−=χ                                      Eq. 2.1 

 

In this equation N is the number of atoms per unit volume, m is the electron mass, c 

is the speed of the light, Z is the atomic number, e is the unit electric charge, and r is 

the radius of the orbital. According to this equation large atoms with high Z have 

high diamagnetic susceptibilities. Also in this equation there is no temperature effect 

[45]. 

 

2.4.2 Paramagnetism 

 

When the magnetic moment of the atomic, ionic and molecular species are non zero, 

they exhibit paramagnetism. Their susceptibilities are greater than zero. In these 

materials there is also a diamagnetic behavior [45]. Paramagnetic materials have 

small susceptibilities larger than zero with the values between 10-3 and 10-5. Due to 

this positive value, applied field is in the same direction with the induced moment. In 

figure 2.11 there is a permanent magnet which creates a field near the paramagnetic 

material. The field lines and induced dipoles are away from the north pole of the 

magnet. If the material is nonsymmetric its long axis is aligned parallel to the applied 

field [45]. 

 

Paramagnetic nonzero moments occur in most of the materials. Molecules that 

consist of odd number of electrons, transition metals that have partially filled d-shells 

and rare earth elements with partially filled f-shells can have spin moments [45]. 

 

Significant amount of polarization can be obtained with the small value of applied 

field. Thermal energy and magnetic moment alignment are the important parameters 
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for the paramagnetism and ferromagnetism. Langevin model of paramagnetism uses 

this competition which gives the importance of temperature for the magnetic 

properties of materials [45]. 

 

When the  spin and orbital moments do not completely cancel each other, there is a 

dipole moment of atoms which is permanent in some solid materials. Atomic 

magnetic moments are randomly oriented when there is no magnetic field, so there is 

no net magnetization in the material [46]. Magnetic moments are partially aligned in 

the field direction when the field is applied. Figure 2.12 shows the polarization 

mechanism of paramagnetic substances. 

 

 
 

Figure 2.12 Magnetic polarization mechanisms in a paramagnetic material [46]. 

 

Due this orientation net positive magnetization occurs in the material with positive 

and small magnetic susceptibility, χM [30,42]. Moments are randomized by the 

temperature [12]. Cornell et al. described this behavior with Curie-Weiss law [30], 

 

                                                  
C

M

TT
C
−

=Mχ                                                    Eq. 2.2 

 

CM is the Curie constant, TC is the Curie temperature and T is the temperature. 

According to equation Mχ  decreases with increasing temperature, since temperature 

increase changes the alignment of the magnetic moments due to thermal vibrations. 
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Iron oxides exhibit a transition behavior below a certain temperature.  Curie 

temperature is the transition temperature of ferromagnetic and ferrimagnetic 

materials, on the other hand Nèel temperature is related with the antiferromagnetic 

materials.   

 

Figure 2.13 shows the hysteresis behavior of diamagnetic and paramagnetic 

materials. 

 
 

Figure 2.13 Hysteresis behavior of diamagnetic and paramagnetic materials [45]. 

 

2.4.3 Ferromagnetism 

 

There are  permanent magnetizations  in some metallic materials even in the absence 

of magnetic field application. Both electron spin and orbital moments are responsible 

for this behavior [42]. This type of behavior is explained by ferromagnetism and 

generally transition metals iron (as BCC α ferrite), cobalt, nickel, and some of the 

rare earth metals such as gadolinium exhibit this magnetic bahavior [48]. Weiss 

theory describes the ferromagnetism in magnetic materials [45]. 
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Figure 2.14 Curie-Weiss Law for ferromagnetism [45]. 

 

According to Figure 2.14, susceptibility increases with decreasing temperature. 

There is a critical temperature (TC, Curie temparature),  below which material is 

ferromagnetic, on the other hand above this temperature it behaves paramagnetically. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.15 Hysteresis, remanence, and coercivity of ferromagnetic materials [43]. 
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Figure 2.15 is the hysteresis curve of a ferromagnetic sample. According to this 

figure remanent magnetization is a measure of the remaining magnetization when 

field drops to zero. Coercive force is a measure of reverse field needed to drive the 

magnetization to zero after saturation. 

 

Eq.2.2 diverges at TC. In the case of zero applied field, there can be a net 

magnetization in the material. It can be said that there is a spontaneous 

magnetization. Weiss proposed that the atoms are interacting, to explain this result. It 

is alo proposed that the field is proportional to the materials magnetization. 

 

2.4.4 Antiferromagnetism 

 

When the spin moments of neighboring atoms or ions are aligned oppositely 

antiferromagnetism occurs. There is an antiparallel alignment in these materials [46]. 

Magnetic moments cancel each other and result in zero net magnetization [42]. 

 

 
 

Figure 2.16 Magnetic polarization mechanisms in an antiferromagnetic material 

[46]. 
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2.4.5 Ferrimagnetism 

 

Ferrimagnetism is generally seen in ceramic materials and it is similar with 

ferromagnetism, only the source of the net moments are different [46]. Just like 

antiferromagnetic materials, ferrimagnetic materials have the same antiparallel 

alignment of magnetic moments. But the magnitude of the magnetic moments differs 

in opposite direction. Hence in the absence of a magnetic moment, there remains a 

net magnetic moment [41]. 

 

Figure 2.17 shows the alignment of dipoles and TC temperatures of some 

ferrimagnetic materials. 

 
 

 
 

Figure 2.17 Magnetic polarization mechanisms in a ferrimagnetic material [46]. 

2.4.6 Superparamagnetism 
 
Paramagnetic materials exhibit superparamagnetism at temperatures below the Curie 

or Nèel temperature. Superparamagnetic materials are composed of very small 

crystallites below 10 nm. Since the crystallite size is very small thermal energy 

overcomes the coupling forces and changes the magnetization direction. When there 

are fluctuations in the direction of the magnetization, average magnetic field drops to 

zero. This behavior is also observed in paramagnetic materials, but in the 
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superparamagnetic case whole crystallite aligns with the applied magnetic field due 

to the independent behavior of each individual atom [42]. 

 

Electron spins are aligned along the preferred crystallographic directions, thus 

magnetic anisotropy occurs and due to this effect superparamagnetism can be 

observed in the material. These preferred directions are along crystallographic axis or 

set of axes. Magnetization can change the direction if there is enough energy. 

Relaxation time τ is the required time for the spin reversal and it depends on the 

height of the energy barrier between the forward and reverse spin states and the 

temperature, according to 
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The height of the energy barrier between the forward and reverse states is the product 

of the particle volume, V, and the anisotropy constant Keff (which is, to some extent, 

a function of particle size). If the thermal energy of the particles is higher than the 

activation energy barrier between the spin states, rapid fluctuations occur and 

superparamagnetic relaxation is observed. 

 

Iron oxides that have the size smaller than 10 nm show superparamagnetism at the 

room temperature since superparamagnetism depends on the size and the anisotropy 

constant. If the temperature decreases and relaxation time increases 

superparamagnetic relaxation can be prevented. Blocking temperature TB is the 

temperature that particles are ordered below it and it is given in the following 

formula: 

 

k
VK

T eff
B 25
=                                                         Eq. 2.4 

 

In Figure 2.18 different magnetism types are shown. MS is the saturation 

magnetization and at the saturation point all of the spins are aligned with the applied 
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field. HC is the coercive field, MR is the remanent magnetization. Superparamagnetic 

and paramagnetic materials have no hysteresis loops on their M-H curves. 

 
 

 

Ferromagnetism 
Paramagnetism 
Superparamagnetism 
 

M 
MS MR 

H HC 

 
 
Figure 2.18 Magnetization (M) vs. applied field (H) for ferromagnetic, paramagnetic 

and superparamagnetic materials [44]. 

 
2.5 Preparation Methods of Iron Oxide Nanoparticles 
 

Production methods of  magnetic nanoparticles should give particles with uniform 

size and shape. Uniform particles can be produced by using precipitation from a 

homogeneous solution and by controlling the particle growth in a process. In such 

processes precursor in aerosol or vapour is decomposed to produce particles. Gold 

colloids, sulfur sols, metal oxides and hydrous oxides can be prapared by these 

preparation methods [47]. 

 

To produce magnetic nanoparticles and composites with magnetic nanoparticles, 

there are various techniques based on solutions, aerosol/vapour phases or organic and 

inorganic matrices [47]. 

 

 2.5.1 Magnetic nanoparticles 

 

2.5.1.1 Precipitation from solution 

 

In these methods magnetic nanoparticles are produced in a controlled size and shape 

that is suitable for biomedical applications. Usually homogeneous precipitation is 
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preferred that includes separation of the nucleation and the nuclei growth steps. 

Figure 2.19 shows the mechanism of formation of uniform particles [47]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.19 Mechanism of formation of uniform particles in solution: curve I: single 

nucleation and uniform growth by diffusion; curve II: nucleation, growth and 

aggregation of smaller subunits; curve III: multiple nucleation events and Ostwald 

ripening growth [47]. 

 

When the concentration of constituent species reaches a critical supersaturation, 

nucleation occurs in the form of homogeneous precipitation. After the nucleation,  

nuclei grow uniformly by diffusion of solutes from the solution to their surface until 

the final size is obtained. If there is no nucleation during the growth process 

monodisperse particles can be obtained according to the classical model proposed by 

LaMer and Dinegar. Uniform particles can also be obtained after multiple nucleation 

steps by Ostwald ripening process [47].   

 

Coprecipitation, microemulsions, polyol process and decompositon of organic 

precursors are the examples of solution methods that are used for the production of 

iron based nanoparticles [48]. 
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2.5.1.2 Coprecipitation 

 

There are two methods in this technique to produce spherical magnetic nanoparticles. 

Ferrous hydroxide suspensions and oxidizing agents are used in the first one. In the 

literature spherical magnetite nanoparticles with a size range of 30-100 nm is 

obtained. In the other method mixtures of ferric and ferrous hydroxides are used. 

Controlling the pH and ionic strength of the medium yields the control on the mean 

particle sizes. Also chemical composition is affected by these parameters. Smallest 

particles can be obtained by using polyvinylalcohol (PVA) with iron salts. Some 

modifications by using dextran can be applied to this technique for the production of 

nanoparticles for in vivo biomedical applications and this is the most common 

technique to produce magnetic nanoparticles used as  NMR contrast agents [47]. 

 

2.5.1.3 Microemulsions 

 

In the water-in-oil (W/O) microemulsions, microdroplets of the aqueous phase are 

trapped in the surfactant. Surfactant molecules are dispersed in an oil phase. Particle 

nucleation, growth and agglomeration are limited by the small sized microcavities. 

Small sized magnetic nanoparticles in the range of 4-12 nm are prepared by Pileni 

and co-workers by using microemulsions [49]. 

 

The W/O microemulsions are transparent, isotropic and thermodynamically stable 

and these are used to produce nanoparticles for both in vivo and in vitro applications 

since the preparation method is simple [47].  

 

2.5.1.4 Polyols 

 

Especially polyol technique is used for producing the nanoparticles for magnetic 

resonance imaging. In this technique dissolved metallic salts are reduced and metals 

are directly precipitated from a polyol solution. In the literature firstly noble metals 

like Ru, Pd, Pt and Au and other metals like Co, Ni and Cu were prepared by this 

method. Then Fe based materials  are produced by using polyol technique [50,51]. 
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In this process liquid polyol is used as a solvent, reducing agent and sometimes as a 

complexing agent. Polyol slightly or highly dissolve the metal precursor. For less 

reducable metals solution is stirred and heated to a boiling point of the polyol. 

Kinetics of the precipitation should be controlled to produce particles with well 

defined size and shape. Also by separating the nucleation and growth processes, 

uniformly shaped particles can be obtained [47]. 

 

2.5.1.5 High Temperature Decompositon of Organic Precursors 

 

Magnetic iron oxide nanoparticles with narrow size distribution and good 

crystallinity can be obtained by the decomposition of iron precursors with the 

organic surfactants. Magnetic nanoparticles with these properties are potential 

materials especially for magnetic resonance imaging, magnetic cell separation or 

magnetorelaxometry applications [47]. 

 

Nanocrystals of maghemite obtained by injecting the FeCup3 (Cup: N-

nitrosophenylhydroxylamine) solutions into long chain amines at 250-300 °C in the 

study of Alivisatos and co-workers [52]. The size of these maghemite nanoparticles 

range between 4-10 nm and they are highly crystalline and dispersible in organic 

solvents. Hyeon and co-workers used Fe(CO)5 with surfactants and mild oxidants to 

produce 13 nm sized maghemite nanoparticles [53]. In another work of Sun and  

Zeng magnetite nanoparticles are produced by using iron(III) acetlyacetonate, phenyl 

ether, alcohol, oleic acid and oleylamine by a high temperature reaction [54]. 

 

2.5.1.6 Sonochemical Assisted Synthesis 

 

Maghemite and magnetite nanoparticles can also be prepared by sonochemical 

assisted synthesis. Acoustic cavitation generates a localized hot spot in the 

sonochemistry. Acoustic cavitation means that the formation, growth and collapse of 

bubbles occur in an irradiated liquid. The temperature of the localized hot spot is 

5000 K and its lifetime is in the nanosecond level [47]. 
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Maghemite nanoparticles can also be prepared by electrochemical methods in 

organic medium. Size distribution is dependent upon the current density [47]. 

 

2.5.1.7 Spray and Laser Pyrolysis 

 

Spray and laser pyrolysis methods are considered as promising tecniques for the 

production of magnetic nanoparticles for in vivo and in vitro applications. Final state 

of the particles are different in these two techniques. There is an agglomeration of 

ultra fine particles in the spray pyrolysis. Laser pyrolysis results in less 

agglomeration due to the shorter reaction time than spray pyrolysis method [47]. 

 

In spray pyrolysis solution is sprayed into a series of reactors to obtain solid phase. 

In these reactors aerosol droplets evaporate and in the droplet solute condensation 

occurs. At high temperature particles  are precipitated after drying and thermolysis 

steps [47]. 

 

Dense particles are obtained from microporous solids after sintering. Produced 

particles have  predictable shape and size of them are predicted from the original 

droplets. This technique has many advantages over the precipitation from 

homogeneous solution since it is simple, rapid and continuous. Phosphorescent 

nanoparticles can also be prepared by this technique [47]. 

 

Generally Fe3+ salts and organic compounds are used to produce maghemite 

nanoparticles by this method. Fe3+ reduced to mixture of Fe2+ and Fe3+ with the 

magnetite formation, then magnetite  is oxidized and maghemite particles are 

obtained. If there is no reducing agent used in the process, the final phase is hematite 

[47].  

 

Maghemite nanoparticles are also produced between the sizes of 5-60 nm by using 

alcoholic solutions. The type of iron salts affects the morphologies of the  particles 

obtained. 6 nm sized maghemite nanoparticles are obtained by using Fe(III) nitrate, 
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on the other hand the size of the nanoparticles increases up to 60 nm by using Fe(III) 

chloride solution. In addition to these materials acetylacetonate solutions and Fe(II) 

ammonium citrate can be used to produce maghemite nanoparticles with different 

sizes [55]. 

 

Mixture of gases are heated with a carbon dioxide laser in the laser pyrolysis 

technique. A critical concentration of nuclei is reached in the reaction zone above a 

certain laser power and pressure. Then, in the presence of an inert gas particles are 

transferred to a filter. Small sized nanoparticles with narrow size distribution can be 

obtained by using laser pyrolysis technique. One of the most important advantages of 

this technique is extremely low amount of agglomeration of particles [47]. 

 

CO2 laser pyrolysis method can be used to prepare well crystalline maghemite 

nanoparticles with narrow size distribution [56].  If Fe(CO)5 is used as precursor, 

ethylene is also used as an absorbent to carry the carbonyl vapour to the reaction 

zone since this precursor does not absorb the radiation at the 10.6±0.05 µm laser 

wavelength [47]. 

 

2.5.2 Magnetic Composites 

 

Generally superparamagnetic nanocrystals are dispersed in diamagnetic matrixes for 

in vitro biomedical applications. By using these matrixes functional and 

biocompatible nanocomposites can be obtained [47]. Uniform and smooth coatings 

can be prepared via deposition methods by controlling the precursor properties, 

temperature and pH. Layer by layer self assembly method is an important method to 

produce superparamagnetic composites. This method can be used for ultrathin films, 

nanocomposites core-shell materials and hollow capsules [57]. Polyelectrolytes, 

nanoparticles and proteins are used to coat the colloidal particles by using this 

method. Dense and  hollow spherical superparamagnetic iron oxide nanoparticles are 

prepared in the Caruso and co workers study [58]. 
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2.5.2.1 Encapsulation of Magnetic Nanoparticles in Polymeric Matrices 

 

Oxidation of particles, toxicity and susceptibility to leaching are prevented by 

coating the nanoparticles with an organic polymer. This coating also increases the 

compatibility, chemical stability and dispersibility. Mechanical energy is needed in 

this method to obtain dispersibility in the production of  nanocomposites. Magnetic 

nanoparticles are dispersed in the aqueous albumin, chitosan or PVA polymers [47]. 

 

Superparamagnetic latex is produced by emulsion polymerization. 5 nm sized 

superparamagnetic iron oxide is produced by using double hydrophilic diblock 

copolymer. This material controls the nucleation and growth steps and also it 

provides steric stabilization [47]. 

 

2.5.2.2 Encapsulation of Magnetic Nanoparticles in Inorganic Matrices 

 

Usage of inorganic matrices in the production of superparamagnetic nanocrystals is 

very effective and simple method. The most preferred matrix is silica [47]. 

  

Iron ammonium citrate and tetraethoxysilane are used to coat silica on the hollow 

spherical particles of maghemite via aerosol pyrolysis. In the first stage precipitation 

occurs by the evaporation of the methanol solvent. Precipitation of the iron salt solid 

shell is due to the low solubility of the iron ammonium citrate. In the second stage 

shrinkage of the iron salt solid shell occurs and lastly silica coated hollow spheres are 

produced by the decomposition of the precursors. Dense maghemite particles are 

obtained when the salt concentration increases. W/O microemulsion method can also 

be used for the productionof silica coated iron oxide nanoparticles [47]. 

 

2.5.3 Sol- Gel Process 

 

Sol-gel technology has started about 30 years ago with oxide materials. After that 

time it has been used for non-oxide materials like nitrides, carbides, fluorides and 
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sulfides, etc. Recently  sol-gel processing of organic and inorganic materials are 

gaining importance for encapsulation of enzymes, antibodies and bacteria in the 

biotechnology area [59]. 

 

Sol-gel term was firstly  used for solution processes that formed by initial colloid 

followed by a gel. Then the term was started to be used for solution processes 

including hydrolysis and formation of a gel without any colloid formation. Colloidal 

sol-gel process can be described as following [60];  

 

          Precursor material          Dispersible Oxide        Sol        Gel         Oxide     

 

In the sol-gel technology, first researches were based on dense and bulk materials 

and many of the researchers have given an importance to how to densify porous gels 

into glasses and ceramics. Nowadays great attention is being given to the sol-gel 

processing of mesoporous and macroporous materials with good chemical and 

photonic properties and controlled pore sizes. Various products can be processed 

with different shapes in the sol gel area. Powders, fibers, thin films and coatings are 

the products that can be produced by sol-gel processing. However in the sol-gel film 

depositon there are still some technical problems and they should be solved to 

produce these materials practically in the industrial applications. The process 

parameters should be improved for the coating of plastic materials and self standing 

thick films which use different deposition techniques like  ultrasonic pulverization of 

aerosols and electrophoretic deposition. Beside the conventional sol- gel methods 

there are also non hydrolytic sol-gel methods and they have been used to produce 

unique materials [59]. 

 

Metal alkoxides, metal salt solutions and metal complex solutions are dissolved and 

they are called “solution” precursors in the sol-gel process. Among these generally 

metal alkoxides are used [61]. Inorganic salts or alkoxides are used as starting 

materials and hydrous metal oxides or hydroxides are formed by their chemical 

processing [60].  Most of these materials react with water via hydrolsis and 

condensation reactions to give amorphous oxides or oxy-hydroxide gels [61]. 
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After gelation of colloidal dispersions by dehydration or pH control, material is 

calcined to produce stable oxides like SiO2, Al2O3, ZrO2, TiO2, etc. Forms of the 

particles produced vary between polymer chains and highly cross-linked species 

when there is a change in the conditions under which  the precursor material is 

processed [60]. 

 

Sol-gel process has many advantages in the production of ceramics and glasses. It is 

a low temperature synthesis method and simple equipments are needed. At low 

temperatures it is difficult to obtain organic molecule doped inorganic materials, 

therefore sol-gel process is a better choice  to produce these materials. In these 

processes dopants are added to the initial solution, then gelation and drying steps are 

applied, respectively. Usually methanol, ethanol or water are used to dissolve the 

dopant materials [59]. 

 

Various shapes with large areas can be coated in an inexpensive way by using 

deposition methods in sol-gel processing. Various shaped products like monoliths, 

powders, spheres, fibres and thin coatings can be produced by sol-gel process by 

controlling the viscosity of the sols. Final shape of the product obtained after 

dehydration, gelation or freezing and after these steps calcining, firing, drying or 

ultraviolet curing is applied. Besides the advantages, this method has some 

disadvantages like high cost of alkoxides, high shrinkage amounts during production 

and sometimes porosity resulting from residual carbon [60]. 

 

 Sometimes the control of the hydrolysis of the alkoxides in the multi component 

ceramic production can be difficult. Instead of using metal alkoxides, in most cases it 

is reported that usage of metal salts is better since their handle is easier than metal 

alkoxides and they can easily be converted to oxides. Chlorides, acetates, nitrates and 

sulfides that have high solubility in water and organic solvents can be used as metal 

salts in the sol-gel process. But among these materials solubility of  acetates are 

lower than that of other materials [59].  
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In sol-gel  processing,  purity  and homogeneous mixing of precursors, and 

availability of obtaining different shapes like fibers, thin films, optical elements etc. 

and low energy consumption due to low temperature processing are the advantages 

[59]. 

 

As reported above, various methods can be used to prepare iron oxide nanoparticles. 

Among these methods, most widely used technique is the sol-gel process. Different 

production methods are reported that used in the literature for the production of iron 

oxide nanoparticles are given in Table 2.1. As seen in the table most researchers 

preferred the sol-gel method to produce these nanoparticles. 
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         Table 2.1 Production methods of iron oxide nanoparticles. 

 

 

 

 

 

 

Production Method Experimental 
(Precursors) Obtained Phase Magnetic properties Particle size Reference 

Chemical co-precipitation 
technique of ferric and 
ferrous ions in alkali 
solutions through the 

pipette drop  and 
piezoelectric nozzle 

method 

FeCl2.4H2O and 
FeCl3.6H2O, 
HCl, distilled 

water 

γ- Fe2O3 
 

Typical superparamagnetic 
behavior with TB.of  75 and 120 K 

for piezoelectric and  pipette 
methods, respectively. 

Pipette drop method;5-
8 nm 

Piezoelectric nozzle 
method;3-5 nm 

 
[62] 

Vaporization-
Condensation process 

α- Fe2O3 powders 
 

γ- Fe2O3 
 

Strong decrease of the saturation 
magnetization in the sample (D∼15 

nm) when compared with that of 
the bulk material. In sample (D∼45 
nm) the reduction of the saturation 

magnetization amounts only 
around 20 %. 

Mean  TB  ∼ 38±15 K 

D∼15 nm [63] 

Mechanical processing (in 
particular high energy ball 

milling) 

Metallic iron 
powder 

γ- Fe2O3 and Fe3O4 
(after 12 h), 

pure γ- Fe2O3 (after 
48 h), pure γ- 

Fe2O3 (after 72 h) 

Transition between a 
ferromagnetic and paramagnetic 
behavior is observed around 760 

K. 
 

After 12 h; 10-100 nm 
After 48 h; 15 nm [64] 
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Table 2.1 (Continued) Production methods of iron oxide nanoparticles. 

 

 

 

 

 

 

 

 

Production Method Experimental 
(Precursors) Obtained Phase Magnetic properties Particle size Reference 

Sol - gel and mechanical 
crystallization at room 

temperature (mechanical 
activation was conducted 
in a high energy mill at 

900 rpm for 10, 20, 30, 40 
h) 

TEOS, 
Fe(NO3)3.9H2O 

Ethanol 

After 10 h; Fe3O4 

After 30 h; γ- 
Fe2O3 

 

After 40 h; α- 
Fe2O3 

For 10 h; saturation magnetization 
value ∼ 3.89 emu/g, 

for 30 h; ∼8.45 emu/g 
γ- Fe2O3 in silica matrix; 62.6 

emu/g 
(theoretical value of bulk γ- Fe2O3; 

76 emu/g) 
for 40 h; ∼6.22 emu/g (because of 

γ-α transformation) 

Fe3O4: 3-4 nm 

γ- Fe2O3: 11 nm 
γ- Fe2O3: 16 nm 

(after 40 h) 

[65] 

Novel non-hydrolytic 
synthetic method 

Fe(CO)5 , octyleter, 
oleic acid, ethanol 

γ- Fe2O3 
 

TB ∼ 25K (4 nm) 
TB ∼ 185 K (13 nm) 
TB ∼ 290 K (16 nm ) 

4-16 nm [66] 

Dispersing in aqueous 
medium 

FeCl2.6H2O, 
FeCl3.3H2O, PVA, 

water 

γ- Fe2O3 
 

The saturated magnetization and 
coercive force show low magnetic 
values owing to the presence of a 

nonmagnetic layer 

22 nm (without PVA) 
10-15 nm (with PVA) [67] 
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           Table 2.1 (Continued) Production methods of iron oxide nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Production Method Experimental 
(Precursors) Obtained Phase Magnetic properties Particle size Reference 

Microwave processing of 
Fe(NO3)3.nH2O followed 

by low temperature 
annealing 

High purity  
Fe(NO3)3.nH2O 

γ- Fe2O3 
low-temp. 
annealing 
following 

microwave 
processing leads 
to γ- Fe2O3 and 

α- Fe2O3 

- 5-6 nm [68] 

Microwave-hydrothermal 
synthesis 

FeSO4.7H2O, 
FeCl3.6H2O, NaOH 

γ- Fe2O3 
 

Superparamagnetic with 
TB: 200 K 10 nm [69] 

Microwave assisted 
synthesis 

FeCl3, PEG, 
N2H4.H2O 

α- Fe2O3,  Fe3O4 
 

Small hysteresis loop with 
Ms(α- Fe2O3):∼10 emu/g 
Ms(Fe3O4): ∼60 emu/g 

 

4-6 nm (after MW heating 
ellipsoidal nanocrystals 

with 50 nm width, 120 nm 
length) 

 

[70] 

Microwave synthesis 

FeCl3.6H2O, 
FeSO4.7H2O, 

ammonia,ethyl 
alcohol, methyl 

alcohol, acetone, 
urea 

Fe3O4 
 

Superparamagnetic 
nanoparticle Ms: 70.48 

emu/g  
magnetic fluid  Ms: 6.56 

emu/g 

8-9 nm [71] 

Microwave irradiation 
 FeCl3.6H2O, urea Amorphous 

Fe2O3 

Superparamagnetic at 
room temperature 

MS: ∼1 emu/g 
3-5 nm [72] 
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           Table 2.1 (Continued) Production methods of iron oxide nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Production Method Experimental 
(Precursors) Obtained Phase Magnetic properties Particle size Reference 

Forced precipitation in an 
organic solvent 

Fe(ııı)chloride 
2-propanol 

 

Precipitation in 
water; γ+α 

Precipitation from 
iron nitrate in water; 

α 
2-propanol; γ+α 

- 
∼ 5 nm 

After 300 °C surface area: 
γ- Fe2O3;70-120 m2/g 

[73] 

Homogeneous 
precipitation 

FeCl3.6H2O, urea, 
PEG, sodium  

dodecyl benzene 
sulphonate or 
triethylamine 

350 0C; α- Fe2O3+ γ- 
Fe2O3 

650 0C; α- Fe2O3 
- 

γ- Fe2O3 ; 30 nm diameter, 
100-120 nm length, 

Surface area; 50 m2/g 
 

[74] 

Homogeneous 
precipitation 

Iron(ııı) sulphate, 
urea 

α- Fe2O3 
 

- 
 

40-45 nm (surface area: 
148.5 m2/g) [75] 

Precipitation or co-
precipitation 

FeCl2, Fe(NO3)3, 
NaNO3, NaOH 

Fe3O4 

γ- Fe2O3 doesn’t form 
directly in solution by 
precipitation of ferric 

ions, but a small 
proportion of Fe+2 

induces the 
crystallization of all 
the iron to spinel. 

γ- Fe2O3; positive 
charge density ∼ 0.3 

C/m2 
ionic strength 10-2/5. 

10-2 mol/l 

1.6-12.5 nm [76] 
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           Table 2.1 (Continued) Production methods of iron oxide nanoparticles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Production Method Experimental 
(Precursors) Obtained Phase Magnetic properties Particle size Reference 

Colloidal suspensions of 
the magnetite can be 
directly oxidized by 
aeration to γ- Fe2O3 

FeCl2, FeCl3 
Fe3O4 
γ- Fe2O3 

 
- 

Fe3O4;8.5±1.3 nm 
Needle like γ- Fe2O3; 20-
50 nm in length, 4-6 nm 

width 

[77] 

Reverse micelle technique 
 - γ- Fe2O3 

Superparamagnetic 
blocking temperature; 

TB:  ∼147 K (9 nm) 
TB:  ∼166 K (10 nm) 
TB:  ∼303 K (11 nm) 

9 nm (200 °C) 
10 nm (250°C) 
11 nm (300 °C) 

 

[78] 

Sol - gel (Colloidal, 
inorganic polymeric, 
complexing sol gel) 

Fe(NO3)3.9H2O  
glycol 
Y2O3 

γ- Fe2O3 (300 0C) 
α- Fe2O3 (450 0C) 

 
- γ- Fe2O3: 10 nm 

α- Fe2O3: 32.6 nm [79] 

Hydrolysis, oxidation and 
subsequent dehydration of 

tetrapyridino-ferrous 
chloride 

Tetrapyridino-
ferrous chloride 

γ- Fe2O3 
(needle like) 

XRD; no trace of α- 
Fe2O3 

 

- 5 nm 
 [80] 

Mild oxidation of Fe(CO)5 
Fe(CO)5, Oleic 
acid(surfactant), 

oxidant 

γ- Fe2O3 
 

 
- 
 

∼7 nm [81] 
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           Table 2.1 (Continued)  Production methods of iron oxide nanoparticles. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Production Method Experimental 
(Precursors) Obtained Phase Magnetic properties Particle size Reference 

Sol - gel TEOS,  Fe(NO3)3.9H2O 
 

γ- Fe2O3 
 

TB ∼ 54 K (S/V=0.037) 
TB ∼ 88 K (S/V=0.100) 
TB ∼ 236 K (S/V=0.300) 

 

6±2 nm (S/V=0.037) 
4.5±1.5 nm 
(S/V=0.100) 
2.5 ± 1 nm 

(S/V=0.300) 

[82] 

Sol - gel 
FeCl3.6H2O, propylene 

oxide (PO), TMO, 
TMOS, TEOS 

Fe-Si  mixed oxide - 5-20 nm [83] 

Sol - gel TEOS,  Fe(NO3)3.9H2O 
Ethanol-ethylene glycol 

γ- Fe2O3 
 

Superparamagnetic 
behavior, high values of 

coercive field 
3-6 nm [12] 

Sol - gel TEOS,  Fe(NO3)3.9H2O 
Ethanol 

Above 900 °C; α- 
Fe2O3 appears 

 

Superparamagnetism 
µeff: 2.8 (700 °C treated 

sample) 
µeff: 14 (900 °C treated 

sample) 

3-4 nm [84] 

Sol - gel TEOS,  Fe(NO3)3.9H2O 
Ethanol 

Above 900 °C; α- 
Fe2O3 appears 

At higher 
temperetures α-SiO2 

At 1100 °C; ε-Fe2O3 

- 6-25 nm [85] 
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          Table 2.1 (Continued) Production methods of iron oxide nanoparticles 

Production Method Experimental 
(Precursors) Obtained Phase Magnetic properties Particle size Reference 

Sol - gel FeCl3.6H2O, alcohol, 
TEOS, dI water, HNO3 

γ- Fe2O3 
 

Change from paramagnetic to 
ferromagnetic resonance 

observed 
5-12 nm [86] 

Sol - gel Fe(NO3)3.9H2O 
Ethylene glycol 

γ- Fe2O3 

at 300 °C in O2 atm; 
α- Fe2O3 

at 800 °C in N2 atm; 
mixture of magnetite,  
wustite, metallic iron 

 

- 18 nm [87] 

Sol - gel TEOS,  Fe(NO3)3.9H2O 
Ethanol 

γ- Fe2O3 
 Ms: 0.39-8.04 emu/g - [6] 

Sol – gel 
 

Ferric chloride, 
hexahydrate, ferric 
nitrate nonahydrate, 

ethanol, TEOS 

γ- Fe2O3 
 

Superparamagnetic behavior 
Saturation magnetization at 77 K 
compared to RT was 67.7%  and 

42.7% higher 
 

9.42-10.17 nm 
 [88] 
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CHAPTER 3 

 
 
 

EXPERIMENTAL PROCEDURE 
 

 

 

 

In this thesis preparation of maghemite nanoparticles were carried out by mainly two 

processing methods. One of them is sol-gel processing, the other is microwave 

processing. Maghemite nanoparticles are generally prepared by sol-gel method in the 

literature. Throughout the thesis two different route of sol-gel processing were 

reported. In the first route TEOS was used as the precursor material, in the second 

route ethylene glycol and diethylene glycol were used. S/V ratio, iron salt type and 

heat treatment temperature are important parameters in TEOS route of sol-gel 

processing. Another part of the study is related with the microwave processing. In 

this method different microwave powers and durations were employed in order to see 

their effect on the produced samples. 

 

 3.1 Preparation of Maghemite Nanoparticles by Sol-Gel Method 

 

The stabilization of nanometric γ-Fe2O3 is usually achieved by dispersing maghemite 

in a polymeric, glassy or ceramic matrix. Matrix support, which in principle, 

modifies the properties of nanomaterials, thus opening new possibilities to the 

control of their performance [89]. The use of an inorganic matrix as a host for 

nanocrystalline particles can provide an effective way for tailoring a uniform particle 

size and controlling the homogeneous dispersion of ultrafine metal oxide clusters 

[84]. The sol-gel derived oxide matrices act as excellent support for the dispersion of 

metal or metal oxide magnetic particles. Recently, γ-Fe2O3 nanoparticles are 

accommodated in an inert, inorganic, transparent and temperature resistant sol-gel 

matrix. In this case the process is frequently based on the hydrolysis of the 
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precursors, such as tetraethoxysilane (TEOS) and subsequent condensation of 

hydrolysed TEOS in a medium containing a hydroalcoholic solution of the metal salt 

[90].  

 
In this study, the preparation of  γ-Fe2O3 nanoparticles through two different sol-gel 

methods were reported. In the first sol-gel method,  iron nitrate (Fe(NO3)3.9H2O) and 

TEOS were used, in the second method, different from conventional sol-gel method,  

ethylene glycol and diethylene glycol were used as the starting materials.  

 

3.1.1 TEOS Route 

 
For this sol-gel method a series of iron oxide/silica nanocomposites with 0.25 Fe/Si 

molar ratio were prepared by adding 5 ml of tetraethylorthosilicate (TEOS) to an 

initial solution which was obtained by dissolving 0.0055 moles of iron nitrate 

(Fe(NO3)3.9H2O) into 15 ml and 22.5 ml of ethanol. The sample contained 25 wt % 

Fe2O3/(Fe2O3+SiO2).  The hydrolysis reaction was promoted only by the hydration 

water of the salt. After stirring for 1 hour, clear sols having approximately a pH value 

of 1 were obtained. The sols were poured into glass vessels. The surface/volume 

(S/V) ratio which is calculated by dividing the evaporation surface (the section of the 

vessel) by the volume of the sol was taken between 0.03 and 0.05. The vessels were 

closed using a seal with a small punched hole and the sols were allowed to gel in an 

oven at 50 °C for 15 days. Further, they were kept at 150 °C for 24 h for the 

elimination of residual water. Finally, the samples were treated at a higher 

temperature, with steps of 50 °C from 150 °C up to 500 °C, kept for 30 min at each 

temperature and up to 900 °C with steps of 100 °C, kept for one hour at each 

temperature. Some of the samples were only heated to 400 °C for 4 h in air to 

observe the effect of heat treatment temperature on the phases produced in the Fe2O3-

SiO2 nanocomposite.  

 
Another series of iron oxide/silica nanocomposites with 0.25 Fe/Si molar ratio were 

prepared by adding 5 ml of tetraethylorthosilicate (TEOS) to an initial solution which 

was obtained by dissolving iron chloride (FeCl3.6H2O) into 15 ml and 20 ml of 

ethanol to investigate the effect of metal salt on the phases produced in the Fe2O3-
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SiO2 nanocomposite. The different experimental conditions of the gelation process 

for each sample are summarized in Table 3.1. 

 

Table 3.1 Experimental conditions employed for each prepared sample for the TEOS 

route of sol-gel process. 

 

Precursors S/V ratio 
(mm -1) 

Gelation 
temperature and 

time 
Thermal treatment 

TEOS 
Ethanol 

Fe(NO3)3.9H2O 

 
0.03 
0.04 
0.05 

50 °C 
15 days 

400 °C 
4 h 

TEOS 
Ethanol 

Fe(NO3)3.9H2O 

 
0.03 
0.04 
0.05 

50 °C 
15 days 

900 °C 
1 h 

(Stepwise) 

TEOS 
Ethanol 

FeCl3.6H2O 
0.04 50 °C 

15 days 
400 °C 

4 h 

 

 

3.1.2 Ethylene Glycol - Diethylene Glycol Route 

 

In this study, iron nitrate (Fe(NO3)3.9H2O) and ethylene glycol were used as starting 

materials. 7 g of  Fe(NO3)3.9H2O was dissolved in 27.5 g of ethylene glycol and 

afterwards heated at 60 °C or 80 °C for 2 h in N2 gas flow or air under continuous 

stirring. The gel thus obtained was transferred to a Petri dish and dried in air at 110 

°C for 24 h. Samples are heat treated at 300 °C for 2 h in air atmosphere. Also 

instead of ethylene glycol, some samples were prepared by using diethylene glycol. 

In order to see the temperature effect, samples were heated at different temperatures 

between 300 and 750 °C for 2 h in air atmosphere. The different experimental 

conditions for this ethylene glycol-diethylene glycol route are summarized in Table 

3.2. 
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Table 3.2 Experimental conditions employed for each prepared sample for the 

ethylene glycol - diethylene glycol route of sol-gel process. 

 

Sample 

name 
Precursors 

Stirring 

temperature, 

time and 

atmosphere 

Heat treatment 

temperature(°C) 

and time 

OAE1 
 

 

Ethylene glycol, 

Iron nitrate 

(Fe(NO3)3.9 H2O)

60 °C 

2 h, air 

300, 2h 
OAE2 

60 °C 

2 h, N2 

OAE3  

80 °C 

2 h, N2 
OAE32H 

OAD300 

 

Diethylene glycol,

Iron nitrate 

(Fe(NO3)3.9 H2O)

80 °C 

2 h, N2 

300, 2h 

OAD350 350, 2h 

OAD400 400, 2h 

OAD450 450, 2h 

OAD500 500, 2h 

OAD700 700, 2h 

OAD750 750, 2h 

 

Heat treatment is a critical step for obtaining the desired phase of iron oxide. In this 

part samples were heat treated in an air atmosphere in the furnace but the critical 

point is the heat treatment period in the furnace. For example OA3 and OAE32H 

samples were similar samples, their precursors and stirring conditions were the same, 

the only difference appears at the heat treatment step. OA3 sample was heat treated 

in the furnace at 300 °C for 2 h and left in the furnace until the furnace temperature 

decreases to room temperature. On the other hand similarly prepared OAE32H 

sample was heat treated in the furnace and after 2h it was removed from the furnace 

followed by cooling to room temperature. Intensity of the maghemite peaks are 
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higher for the quickly removed sample than the other one in their respective XRD 

spectras. 

 
3.2 Microwave Synthesis of Maghemite Nanoparticles 

 

Iron oxide nanoparticles can  also be  prepared by microwave method [91]. 

Microwave frequency radiation may be used as an efficient and environmental-

friendly alternative to traditional energy sources for solid state synthesis. 

Microwaves are electromagnetic waves which are characterized by wavelengths in 

the centimeter range, generated by electronic devices whose power outputs range 

from microwatts to megawatts. The microwaves can be applied to materials in the 

form of either continuous or pulsed waves. In the continuous mode of operation, 

energy is supplied at a constant power level, whereas in the pulsed mode, the 

microwave energy is turned on and off in a manner at predetermined periods to give 

a desired average power level [92]. It has long been known that molecules undergo 

excitation with electromagnetic radiation. The water molecule is the target for 

domestic microwave ovens; like any other molecule with a dipole, it absorbs 

microwave radiation. Microwave radiation is converted into heat with high 

efficiency, so that "superheating" becomes possible at ambient pressure. Microwaves 

offer several potential advantages over other heating methods: 

 

- Fast heating rates, particularly above the glass transition temperature. 

- Minimal thermal lag effects, since the energy is directed at the material and not 

transmitted through vessels. 

- Good thermal control through the use of pulsing techniques. 

- Minimized thermal gradients, resulting in more homogeneous cure, smaller thermal 

stresses, trapped  volatiles, and material degradation. 

- Floor space for equipment can be less than conventional thermal equipment [92]. 

 

In the microwave procedure high purity iron nitrate (Fe(NO3)3.9 H2O) was used as 

the starting material. Samples were placed in three different crucibles, each was 10 g, 

and hold in a microwave oven (850 W) for 5, 10, and 15 min. After microwave 
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processing, samples were annealed in the furnace at 230 °C for 24, 48, and 72 h. In 

this way 12 samples were prepared. Table 3.3 shows the preparation conditions of 

these samples. 

 

Table 3.3 The preparation conditions of microwave processed samples at 850 W. 

 

 Microwave durations 
 5 min 10 min 15 min 

As microwave 
processed A1 B1 C1 

24 h (230 °C) A2 B2 C2 
48 h (230 °C) A3 B3 C3 
72 h (230 °C) A4 B4 C4 

 

Different samples were also microwave processed at varying powers (630-900 W) 

for different durations in order to observe the effect of microwave power and 

duration. The preparation conditions of these samples were presented in Table 3.4. 

 

Table 3.4 The preparation conditions of microwave processed samples at different 

microwave powers between 630-900 W. 

 

Sample name Microwave 
power(W) 

Microwave 
Duration (min) 

Y9005 
900 

5  
Y90010 10  
Y90015 15  
Y8103 

810 
3  

Y8105 5 
Y81010 10  
Y81015 15  
Y7203 

720 
3  

Y7205 5  
Y72010 10  
Y72015 15  
Y6305 

630 
5  

Y63010 10  
Y63015 15 
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3.3 Preparation of Maghemite Nanoparticles by Modified Microwave System 

 

In the last part of this study the domestic microwave oven was modified and different 

samples were prepared using this new system. The conventional microwave ovens 

close itself in a short time because the electronics and magnetron of the microwave 

system are affected by microwaves reflected from the walls which heat those parts 

(electronics and magnetron). That is, the air flow supplied by the conventional fan is 

not enough to cool the necessary parts of the system. Therefore experiments 

requiring longer time periods can’t be performed in such conventional systems. 

 

 

 
 

 

 

Figure 3.1.a Conventional microwave system. 
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Figure 3.1.b Modified microwave system. 

 

The modified fan system provides the air flow such that the electronics and 

magnetron can be kept cool during the experiments. Air flow circulation is created 

inside the oven by flowing air passing through the electronics and magnetron in the 

cavity of the microwave oven. Table 3.4 shows the preparation conditions of the 

modified microwave samples. 

 

3.4 Characterization of the Nanoparticles 

 

3.4.1 Structural and Morphological Analysis 

 

3.4.1.1 XRD and SEM Analysis 

 

For the structural analysis of the nanoparticles X-ray diffraction (XRD) analyses were 

performed using Rigaku D/MAX 2200/PC Diffractometer with monochromatic Cu-Kα 

radiation (λ = 1.54056 Å) between 2θ values of 10°-90°. The crystal structure of the 

samples was determined by using Hanawalt’s method. Average particle sizes were 

estimated by using Scherrer’s Formula, 
θ
λ

cos
94.0
×

×
=

B
t , which is a technique based on 

measuring the full width of x-ray diffraction peaks at the half maximum height of the 

peak. In the formula, t is the average particle size, λ is the wavelength of  radiation of 

the x-ray beam used, B is the width of the peak at the half of the maximum intensity (in 
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radians) and θ is the half of the diffraction angle 2θ [93]. For maghemite particle size 

determination, the most intense diffraction peak, (311) was used. 

 

Table 3.5 Preparation conditions of the modified microwave samples. 

 

Sample 

name 

Microwave 

conditions 

Heat treatment in 

the furnace 

Crystallite 

size (nm) 
Phases 

OB2 900 W, 20 min 200 °C, 24h 23.8 γ, α 

OB3 900 W, 20 min 200 °C, 3h 7.8 γ, α 

OB4 900 W, 30 min No heat  treatment 6.8 γ, α 

OB6 900 W, 30 min 300 °C, 2h 24.4 γ, α 

    OB8 900 W, 5 min 400 °C, 2,5h 29.8 γ, α 

OB9 900 W, 5 min 350 °C, 2h 19.8 γ, α 

OB10 900 W, 40 min   No heat  treatment 9.1 γ, α 

OB11  810 W, 5 min No heat  treatment 7.9 γ, α 

OB12  810 W, 5 min 300 °C, 2h 23.1 γ, α 

OB13  900 W, 40 min 300 °C, 2h 12.2 γ, α 

 

 

Actually, B is the full width of the peak at the half of the maximum intensity (FWHM) 

after correcting for peak broadening which is caused by the diffractometer. Peak 

broadening caused by the diffractometer was calculated by the estimation of FWHM 

value of almost perfect crystalline structure. For this measurement, a crystalline iron 

sample was used and the calculations showed that the broadening due to the machine is 

almost negligible. Therefore, in the particle size calculations by Scherrer method, 

FWHM was considered to be coming from the observed (311) maghemite peaks in 

XRD spectra. 

 

For the morphological analysis of sol-gel synthesized samples by TEOS route, JEOL 

JSM-6400 Scanning Electron Microscope (SEM) equipped with an Energy Dispersive 
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Spectrometer (EDS analyser) was used. The difference in the surface morphology 

between iron salts, iron nitrate and iron chloride, were  reported using these SEM 

images.  

 

3.4.1.2 TEM Analysis 

 

TEM (Transmission Electron Microscopy) can be used for many different purposes in 

nanoparticle characterization. It can be used generally for structural characterization and 

chemical characterization, also the particle size distributions can be studied using TEM. 

However, one of the disadvantages of TEM instrument is the limited depth of 

resolution [2]. Another problem about TEM characterization is the difficulty of 

sample preparation. But sample preparation of maghemite nanoparticles was not as 

difficult as the sample preparation of other TEM samples.  

 

TEM micrographs and electron diffraction results were obtained by using JEOL JEM 

3010 300 kV microscope at Kırıkkale University, JEOL 2100 HRTEM Transmission 

Electron Microscopy at TUBITAK Marmara Research Center (MAM),  and JEOL 

JEM-2100F Field Emission Transmission Electron Microscopes at Anadolu 

University and Middle East Technical University-Central Laboratory. 

 

The samples used for TEM observations were prepared by dispersing small amount 

of the iron oxide nanoparticles in acetone ultrasonically, placing a small droplet of 

the suspension onto carbon coated copper grids. This method of preparation leads, to 

some extent, to a separation of the particles according to their size. The type of grids 

used in this study was holey and lacey type carbon coated copper grids. 

 

3.4.2 BET Surface Area Analysis 
 

Single point and multi point BET surface area analyses were conducted through 

Quantachrome Corporation, Autosorb-1-C/MS system available at the Central 

Laboratory of Middle East Technical University. Samples were heated at 200 °C for 

2 h during these measurements under N2 atmosphere. 
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Gas adsorption is a successful method for particle surface area analysis. It allows us 

to determine the specific surface area, porosity and pore size distribution. In the 

adsorption process a vapour is in contact with the solid phase, some part of it is taken 

up and some part remains on the solid surface. In physical adsorption, there is Van 

der Waals attraction between the adsorbate and the solid surface, also there is low 

heat of adsorption. Physical adsorption can involve multiple layers of adsorbate, thus 

pore size measurement is possible. It is also a reversible process [94]. 

 

Usually nitrogen is used as the adsorbate material. Ar, CO2, CO, O2 and C4H10 are 

the other examples of adsorbate materials that used in these analyses. Surface area is 

the external surface area of a solid object including surface attributable to the pores 

[94]. 

 

BET theory is a rule for the physical adsorption of gas molecules on a solid surface 

and serves as the basis for an important analysis technique for the measurement of 

the specific surface area of a material. In 1938, Stephen Brunauer, Paul Hugh 

Emmett, and Edward Teller published an article about the BET theory in a journal 

for the first time; “BET” consists of the first initials of their family names [94]. 

 

The concept of the theory is an extension of the Langmuir theory, which is a theory 

for monolayer molecular adsorption, to multilayer adsorption with the following 

hypotheses: (a) gas molecules physically adsorb on a solid in layers infinitely; (b) 

there is no interaction between each adsorption layer; and (c) the Langmuir theory 

can be applied to each layer. The resulting BET equation is expressed by Eq. 3.1: 
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P and P0 are the equilibrium and the saturation pressure of adsorbates at the 

temperature of adsorption, v is the adsorbed gas quantity (for example, in volume 
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units), and vm is the monolayer adsorbed gas quantity. c is the BET constant, which is 

expressed by Eq.3.2: 

                           ⎟
⎠
⎞

⎜
⎝
⎛ −

=
RT

EEc L1exp                                         Eq. 3.2 

E1 is the heat of adsorption for the first layer, and EL is that for the second and higher 

layers and is equal to the heat of liquefaction [94]. 

 
 
  Figure 3.2 BET plot [94]. 
 

Equation (1) is an adsorption isotherm and can be plotted as a straight line with 1 / 

v[(P0 / P) − 1] on the y-axis and φ = P / P0 on the x-axis according to experimental 

results. This plot is called a BET plot. The linear relationship of this equation is 

maintained only in the range of 0.05 < P / P0 < 0.35. The value of the slope A and the 

y-intercept I of the line are used to calculate the monolayer adsorbed gas quantity vm 

and the BET constant c. The following equations (Eq. 3.3 and 3.4) can be used: 

                                         IA
vm +

=
1

                                             Eq. 3.3 

 



 

 
61

                                                    I
Ac += 1                                           Eq. 3.4 

 

The BET method is widely used in surface science for the calculation of surface 

areas of solids by physical adsorption of gas molecules. A total surface area Stotal and 

a specific surface area S are evaluated by the following equations (Eq. 3.5 and 3.6): 

 

                                       V
NsvS m

totalBET
)(

, =                              Eq. 3.5 

 

                                                 a
SS total

BET =                                    Eq. 3.6 

 
N: Avogadro’s number 

S: adsorption cross section 

V: molar volume of adsorbent gas 

a: molar mass of adsorbed species 

 
In the BET method there are both single point and multipoint methods. In single 

point BET specific surface area is determined by using a single on the isotherm. In 

the multipoint method minimum three points are taken [94]. 

 

High surface area values are indicative of samples that contain nanometer sized 

particles. 

 

3.4.3 Magnetic Characterization  
 

To determine the magnetic properties of the materials generally vibrating sample 

magnetometer (VSM) is used. Many types of magnetometers have been developed 

and are now commercially available. They have been extensively reviewed by Foner  

and can be broadly classified into two categories: (i) Those employing direct 

techniques, such as measurement of the force experienced by the specimen in a non-
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uniform field (Guoy, Faraday, Kahn balances); (ii) Those based on indirect 

techniques such as measurement of magnetic induction due to relative motion 

between the sample and the detection coils system (vibrating sample, vibrating coil, 

SQUIDs) or use of galvanomagnetic effects such as the Hall effect [95,96]. 

 

The vibrating sample magnetometer (VSM) developed originally by Foner, has 

however, been the most successful for low temperature and high magnetic field 

studies of correlated electron systems due to its simplicity, ruggedness, ease of 

measurement and reasonably high sensitivity. Also different types of samples can be 

characterized by this magnetometer [96]. 

 

Magnetic properties of powders, thin films and bulk specimens can be measured by 

this system. Vibrating sample magnetometer can operate at different temperatures in 

the range of 2 and 1050 K and it uses DC magnetic field [97]. 

 

The VSM is based upon Faraday’s law according to which an e.m.f. is induced in a 

conductor by a time-varying magnetic flux. In VSM, a sample magnetized by a 

homogenous magnetic field is vibrated sinusoidally at a small fixed amplitude with 

respect to stationary pick-up coils [97]. 

 

Magnetic measurements at different temperatures from 123 K to 293 K were 

performed by using ADE Magnetics Model EV9 VSM. Zero-field cooled (ZFC) 

susceptibilities were measured by cooling samples in zero magnetic field and then by 

increasing the temperature in an applied field of 100 Oe, while field-cooled (FC) 

curves were recorded by cooling the samples in an applied field of 100 Oe.  

 

Magnetic measurements of the samples that were produced by microwave synthesis 

were done by using Lake Shore Model 7407 Vibrating Sample Magnetometer. 

Hysteresis M–H curves were recorded at different temperatures and to applied fields 

of 21 kOe (2.1 T). The results were presented in terms of mass magnetization in cgs-

units, i.e., emu/g. 
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CHAPTER 4 

 
 
 
 

RESULTS AND DISCUSSION 

 
 

 

 

Aim of this study was to prepare maghemite (γ-Fe2O3) nanoparticles by using 

different production methods. Among the iron oxide phases maghemite is the least 

stable one, it tends to transform into hematite (α-Fe2O3) at elevated temperatures.  

 

Different production methods are reported that used in the literature for the 

production of maghemite nanoparticles, but among these sol-gel and microwave 

methods were used in this study. Maghemite nanoparticles are important for many 

different areas, especially these nanoparticles are widely used in biomedical 

applications. Most of the applications require that nanoparticles are 

superparamagnetic with small particle size and narrow size distribution. 

 

During the study, the process temperature and time were the main experimental 

parameters. Since maghemite phase is not stable at higher temperatures, experiments 

were carried out at lower temperatures to obtain the desired phase. In the 

conventional sol-gel route, the effect of the iron salt used for the production of these 

nanoparticles were investigated.  

 

In the microwave procedure,  microwave power is the important parameter to obtain 

the desired phase. Generally hematite phase appears together with the maghemite 

phase at high microwave powers and extended durations. Since it is considered that 

the microwave power is not homogeneous in the oven, microwave system was 

modified and some experiments were carried out with the modified microwave 

system. 
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The nanoparticles were characterized by X-Ray Diffraction (XRD), scanning 

electron microscopy (SEM), transmission electron microscopy (TEM), surface area 

analysis (BET), and vibrating sample magnetometry (VSM). 

 

4.1 TEOS Route of Sol-Gel Processing 

 

 4.1.1 Structural Characterization (XRD)  

 
X-ray diffraction patterns for the nanocomposites obtained by heating the initial gels 

from nitrate salts at 400 °C and 900 °C are shown in Figures 4.1 and 4.2. Together 

with the broad peaks corresponding to amorphous SiO2 (2θ = 23-27°), the peaks of 

the diffractograms obtained by heat treating the gels at 400 °C can be identified 

mainly as γ-Fe2O3 (maghemite) crystalline phase. The broad peaks are characteristic 

of small particles with a mean crystallite size, estimated from the (311) reflection, of 

12 to 15 nm. There are some small peaks corresponding to α-Fe2O3 (hematite) on the 

same XRD spectra. However, the diffractograms obtained by heat treating the gels at 

900 °C can be identified as consisting of α-Fe2O3 (hematite) antiferromagnetic 

crystalline phase and iron silicate (fayalite) peaks. The mean crystallite size 

calculated is about 23 nm. The broadening of the peaks near the base line suggests 

that a significant fraction of the samples consists of smaller particles. In the case of 

samples obtained from nitrate salts, temperatures higher than 400 °C give rise to the 

transformation of maghemite into hematite and fayalite due to a reaction with the 

matrix.  

 
X-ray diffraction patterns for the nanocomposites obtained when FeCl3.6H2O is used 

as a precursor, the iron oxide obtained is α-Fe2O3 (hematite). These differences in the 

resulting iron oxide phases could originate partially during the hydrolysis of the iron 

salts inside the silica pores. It is well-known that the composition and structure of 

iron (III) (hydrous) oxide formed in water depend on the preparation conditions such 

as Fe+3 concentration, the nature of the anion present and pH [98]. Hydrolysis of the 

iron salt proceeds by the formation of monomers and dimers of iron (III) ions, 

followed by the condensation of polymeric species. The polymers formed in the case 
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of nitrates are presumed not to include the nitrate ion in the polymer chain, whereas 

the polymers formed in the chloride solution contain some chloride ions in place of 

the hydroxyl ions [99]. The next step in the precipitation process is the formation of 

oxybridges. In the presence of chloride ions, β-FeOOH is produced initially which 

later converts to α-Fe2O3 by heating [100]. From nitrate solutions, γ-FeOOH can be 

precipitated which directly transforms by heating to γ-Fe2O3 [101]. Therefore, γ-

Fe2O3 nanocomposites should be preferentially formed through the reduction-

oxidation of initially precipitated iron oxide-hydroxide polymeric material. However, 

it is clear that the nature of our nanocomposites formed in an organic medium 

(ethanol) depends on the type of the salt precursor [98]. Therefore, only nitrate salts 

were used as the starting material in this study. X-ray diffraction patterns given in 

Figures 4.1 and 4.2 were obtained for different S/V ratios ranging between 0.03 to 

0.05 prepared from nitrate salts. Apart from the typical broad halo due to amorphous 

silica always present, for the samples gelated with lower S/V ratio, the X-ray patterns 

show well defined peaks. As the S/V ratio increases, it can be observed that peaks 

progressively broaden and the peak intensities start to decrease (Figure 4.1). From 

these results it can be concluded that the evaporation process during gelation plays an 

important role in the crystallization of the γ-Fe2O3 particles. The higher evaporation 

rate seems to be decisive for obtaining samples with smaller particle sizes (15 nm 

when S/V ratio is 0.03 compared to 12 nm when S/V ratio is 0.05). By changing the 

S/V ratio it is possible to control the gelation process, in such a way that higher S/V 

ratio leads to smaller pore size of the matrix. The matrix structure is an important 

factor affecting the particle size of the nanocomposites [102]. 

 

A schematic diagram of the proposed mechanism for the formation of γ-Fe2O3 

(maghemite) nanoparticles in the silica matrix is presented in Figure 4.3. TEOS is 

hydrolyzed by the hydration water of the iron salt and condenses at temperatures 

lower than 80 °C, giving rise to the initial gel. The pore of the gel constitutes the  
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Figure 4.1 X-ray diffraction patterns of iron oxide nanocomposites heated at 400 °C 

with different S/V ratios and prepared from nitrate salts. 

 

 
 

Figure 4.2 X-ray diffraction patterns of iron oxide nanocomposites heated at 900 °C 

with different S/V ratios and prepared from nitrate salts. 



 

 
67

ideal environment for the nucleation of some iron oxide-hydroxide polymers which 

show magnetic behavior. Later heat treatment up to 400 °C promotes the formation  

and growth of γ-Fe2O3 nanoparticles on the preformed nuclei. The size of the final 

particle depends on the preparation conditions such as the concentration of the iron 

salt, the treatment temperature and the S/V ratio.  

 

 
 
Figure 4.3 Schematic diagram of the mechanism of formation of γ-Fe2O3 

nanoparticles in the silica matrix. 

 

4.1.2 Magnetic Characterization (VSM) 

 

The hysteresis loops of the samples heat treated at different temperatures for 

different S/V ratios are shown in Figures 4.4 to 4.6. The saturation magnetization 

values at 10 K increase up to a maximum of 6 emu/g obtained for the sample heat 

treated at 400 °C for S/V ratio equal to 0.03 (Figure 4.1). Larger S/V ratios such as 

0.04 lead to an increase in the apparent saturation magnetization of the composite 

(heat treated at same temperature) to the value of 12 emu/g. The saturation 

magnetization values are, in all cases, far from the reported value for bulk γ-Fe2O3 

(74 emu/g), but these values are in fairly good agreement with the values measured 

in γ-Fe2O3 particles of similar size [63,103,104]. Surface and finite size effects have 

been reported as being responsible for the decrease in the magnetic properties of 
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nanoparticles [103]. Also, the nanocomposites heat treated at 400 0C contain small 

amount of antiferromagnetic α-Fe2O3 (hematite) as indicated in the XRD spectra 

given in Figure 4.1. The samples were not composed of entirely γ-Fe2O3 

(maghemite) crystalline phase.  
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Figure 4.4 Hysteresis loops (M-H curves) of nanocomposites heat treated at 400 °C 

for the S/V ratio of 0.03. The curves were recorded at the temperatures between 10 

and 295 K. 

 
Figure 4.5 Hysteresis loops (M-H curves) of nanocomposites heat treated at 400 °C 

for the S/V ratio of 0.04. The curves were recorded at the temperatures between 10 

and 290 K. 
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Figure 4.6 Hysteresis loops (M-H curves) of nanocomposites heat treated at 900 °C 

for the S/V ratio of 0.03. The curves were recorded at the temperatures between 10 

and 290 K. 

 
As shown in the Figure 4.6, nanocomposites prepared from nitrate salts at a 

temperature of 900 °C show a decrease in the saturation magnetization value to 4 

emu/g where S/V ratio is 0.03. The same value is recorded to be 11 emu/g for the 

same sample prepared at 400 °C. This decrease is mainly due to the presence of the 

nonmagnetic iron oxide phases of hematite and fayalite appeared at 900 °C as can be 

seen from XRD spectra of Figure 4.2. 

 

4.1.3 Morphological Characterization (SEM) 

 

Figure 4.7 and 4.8 are the SEM images of sol-gel samples which were produced from 

nitrate salts and chloride salts, respectively. From these figures it can be concluded 

that nitrate sample has smoother surface than chloride sample. This different 

behavior is a result of using different starting gels for the production of 

nanocomposites. The gel obtained from iron nitrate salt shows a compact appearance 

as a result of its higher degree of network connectivity (polymeric gel) whereas the 

one from the iron chloride appears more loose and highly hygroscopic (colloidal gel). 

In addition, there is small superparamagnetic nuclei formation during the hydrolysis 

and condensation of the gel through the use of iron nitrate salt. Maghemite 
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nanoparticle formation takes place through a reduction-oxidation reaction which 

occurs during the burning of the organic species trapped inside the gel pore [90]. 

 

 
 

Figure 4.7 SEM image of S/V = 0.04 sample heat treated at 400 °C and prepared 

from nitrate salts. 

 
 

Figure 4.8 SEM image of S/V = 0.04 sample heat treated at 400 °C and prepared 

from chloride salts. 
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Table 4.1 summarizes the results of the samples which were prepared by TEOS route 

of sol-gel processing. 

 

Table 4.1 Results of the samples which were prepared by TEOS route of sol-gel 

processing. 

 

Sample Conditions 

Crystallite 

size (nm) 

(Scherrer 

Method) 

Phases 

VSM 

Saturation 

magnetization 

3A 

S/V:0.03 

400 °C, Nitrate

 

15.0  α, γ 
6 emu/g (10 K) 

11 emu/g (100 K) 

4A 

S/V:0.04 
12.7 α, γ 12 emu/g (10 K) 

5A 

S/V:0.05 
12.0 α, γ - 

3 

S/V:0.03 

900 °C, Nitrate

 

23.3 α, Fayalite 4 emu/g (100 K) 

4 

S/V:0.04 
23.4 α, Fayalite - 

5 

S/V:0.05 
23.4 α, Fayalite - 

 

4.2. Ethylene Glycol - Diethylene Glycol Route of Sol-Gel Processing 

 

4.2.1 Structural Characterization (XRD) 

 

Figures 4.9 and 4.10 are the XRD patterns of samples which were produced by 

ethylene glycol - diethylene glycol route of sol-gel method at different temperatures. 

From the XRD studies it can be concluded that some of the samples have higher 

amount of  maghemite phase on their diffraction patterns, while the others have 
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higher amount of hematite phase. By using Scherrer equation, approximate particle 

sizes were calculated for these samples and they are between 4 and 48 nm. Firstly 

ethylene glycol (C2H6O2) was used as the precursor to obtain maghemite 

nanoparticles. Ethylene glycol based sol-gel synthesis is different from conventional 

sol-gel synthesis. The formation of sol in ethylene glycol system do not rely on 

hydrolysis and condensation reactions, but on the formation of chain or network 

large molecules from complexation of ethylene glycol [105]. Then following 

experiments were conducted with diethylene glycol (C4H10O3) precursor. It is 

considered that diethylene glycol could give smaller particle size of maghemite 

nanoparticles due to being larger molecule. Table 4.2 shows the calculated particle 

sizes of the samples. As seen in the Table 4.2, OAE32H sample and OAD300 sample 

were heat treated at the same temperature and the size of the diethylene glycol 

sample (OAE32H) is smaller than that of the diethylene glycol sample (OAD300). 

 

Table 4.2 Approximate crystallite sizes for the samples which were produced by 

ethylene glycol - diethylene glycol route of sol-gel method.  

(E: Ethylene glycol, D: Diethylene glycol) 

Sample name 
Heat treatment 

temperature (°C) 
Phases 

Particle size (nm) 

(Scherrer Method) 

OAE1 300 α, γ 16.0 

OAE2 300 α, γ 7.8 

OAE3 300 α, γ 8.4 

OAE32H 300 α, γ 8.4 

OAD300 300 α, γ 4.0 

OAD350 350 α, γ 8.0 

OAD400 400 α, γ 12.1 

OAD450 450 α, γ 24.2 

OAD500 500 α 24.2 

OAD700 700 α 48.5 

OAD750 750 α 34.6 
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Figure 4.9 XRD patterns of samples which were produced by ethylene glycol route 

of sol gel method and heat treated at 300 °C. 

 
 

Figure 4.10 XRD patterns of samples which were produced by ethylene glycol - 

diethylene glycol route of sol gel method and heat treated at different temperatures 

between 300 and 450 °C. 
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Figure 4.11 XRD patterns of samples which were produced by diethylene glycol 

route of sol gel method and heat treated at different temperatures between 500 and 

750 °C. 

 

Figure 4.9 shows the XRD patterns of samples that were heat treated at 300 °C by 

using ethylene glycol as the precursor. The differences in the preparation conditions 

of these samples were given in detail in Table 3.2 in Chapter 3. Among these 

samples OAE32H sample has more maghemite phase with a higher intensity than the 

other samples, so further studies are based on this sample.  

 

XRD patterns which belong to Figure 4.10 show that all samples contain both 

maghemite and hematite phases. But OAE32H and OAD300 samples that were heat 

treated at 300 °C contain more maghemite phase than the other samples. As the heat 

treatment temperature increases, the intensity of hematite peaks also inreases. Also 

approximate particle sizes, obtained from the Scherrer equation, increase when the 

samples heated at higher temperatures. Same condition also holds for Figure 4.11, as 

the temperature increases from 500 to 750 °C, calculated particle sizes of the samples  

increase. 
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Since XRD patterns of these samples contain both maghemite and hematite phases, a 

quantitative analysis was made to obtain the amounts of different phases in the 

samples. 

 

 Quantitative analysis by diffraction is based on the fact that the intensity of the 

diffraction pattern of a particular phase in a mixture of phases depends on the 

concentration of that phase in the mixture. The relation between intensity and 

concentration is not generally linear, since the diffracted intensity depends markedly 

on the absorption coefficient of the mixture and this itself varies with the 

concentrations  as given in Equation 4.1 [106] : 

 

 

              Eq. 4.1  

 

 

This equation permits quantitative analysis of a two phase mixture, provided that the 

mass absorption coefficients of each phase are known. When the mass absorption 

coefficients of the two phases are equal, Eq. 4.1 becomes simply 

 

                                               α
α

α w
I
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p

=                                              Eq. 4.2 

                                                                                                                                               

where I is the intensity of the γ and α phases, µ is the mass absorption coefficient, ρ 

is the density and finally w is the weight percentages of the phases. The subscript p 

denotes diffraction from the pure phases. 

 

The mass absorption coefficients of γ- and α- Fe2O3 phases are the same, thus the 

ratio of relative intensities allows directly a quantification. However, the most 

intense peak of maghemite (311) [JSPDS No: 39-1346] is unfortunately overlapped 

by the (110) hematite [JSPDS No: 33-0664] peak. In order to avoid overlapping 

problems, hematite (104) peak (relative intensity: 100) and maghemite (220) peak 

(relative intensity: 35) were used for the quantitative measurements  [107]. 
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In this study these calculations were made according to Equation 4.2 and results are 

presented in Table 4.3. 

 

 Table 4.3 Weight percentages of the samples produced by ethylene glycol - 

diethylene glycol route of sol-gel method. (E: Ethylene glycol, D: Diethylene glycol) 

 

Sample name Maghemite (wt%) Hematite (wt%) 

OAE32H 80.0 20.0 

OAD300 77.5 22.5 

OAD350 30.0 70.0 

OAD400 28.7 71.3 

 

4.2.2 Morphological Characterization (TEM) 

 

The shape of the magnetization curves for powder samples are strongly dependent on 

the sample particle size distribution. Finding the correct distribution is therefore 

necessary to help the interpretation of the magnetic behavior of these nanoparticles. 

TEM study was conducted to observe this distribution for some of the ethylene 

glycol - diethylene glycol route of sol-gel samples in this study. Figures 4.12-4.22 

are the TEM images and their size distributions of these samples that were produced 

by ethylene glycol- diethylene glycol route. Approximate particle sizes were 

calculated from TEM images of these samples and these results are given in Table 

4.4. As shown in the table, particle size measurement results of the two methods, 

XRD and TEM, are almost consistent with each other. In the case of nanoparticles, 

the average particle size measured by XRD is smaller than those measured by TEM. 

A number of well defined atomic planes are necessary for coherent diffraction in 

XRD. However, the atoms at the nanoparticle surfaces are not regularly arranged and 

they do not diffract coherently. Therefore, the measured particle size is smaller than 

the real size when measuring nanoparticles with XRD. 
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Figure 4.12  TEM micrographs of the sample  which was produced by sol-gel 

method (diethylene glycol) and heat treated at 300 °C. The numbers on the TEM 

images indicate the particle sizes measured using these images. 
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Figure 4.13 Particle size distribution of the sample of Figure 4.12 which was 

produced by sol-gel method (diethylene glycol) and heat treated at 300 °C.  
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Figure 4.14  HRTEM micrograph of the sample  which was produced by sol-gel 

method (diethylene glycol) and heat treated at 300 °C. 

 

From the HRTEM image of the sample produced by diethylene glycol and heat 

treated at 300 °C, it can be concluded that the sample has high crystallinity (Figure 

4.14).  Interplanar spacing (d) value of this sample was also measured as 3.0 nm 

from the image and it was seen that this result is similar with the d value of the (220) 

plane as shown in the Table 4.5. 

 
 

Figure 4.15  TEM micrograph of the sample  which was produced by sol-gel method 

(diethylene glycol) and heat treated at 350 °C. 
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Figure 4.16  TEM micrographs of the sample  which was produced by sol-gel 

method (diethylene glycol) and heat treated at 350 °C. The numbers on the TEM 

images indicate the particle sizes measured using these images. 
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Figure 4.17 Particle size distribution of the sample of Figure 4.16 which was 

produced by sol-gel method (diethylene glycol) and heat treated at 350 °C.  
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Figure 4.18 HRTEM micrograph of the sample  which was produced by sol-gel 

method (diethylene glycol) and heat treated at 350 °C. 

 

Interplanar spacing (d) value of the sample produced by using diethylene glycol and 

heat treated at 350 °C was also measured (Figure 4.18) and the result is consistent 

with the d value of the (321) plane of the maghemite phase (Table 4.5).   

 

 

 
 

Figure 4.19  TEM micrographs of the sample  which was produced by sol-gel 

method (diethylene glycol) and heat treated at 400 °C. The numbers on the TEM 

images indicate the particle sizes measured using these images. 
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Figure 4.20 Particle size distribution of the sample of Figure 4.19 which was 

produced by sol-gel method (diethylene glycol) and heat treated at 400 °C.  

 

  

 

 
 

Figure 4.21 TEM micrograph and diffraction pattern of the sample  which was 

produced by sol-gel method (ethylene glycol) and heat treated at 300 °C. The 

numbers on the TEM images indicate the particle sizes measured using these images. 
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Figure 4.22 Particle size distribution of the sample of Figure 4.21 which was 

produced by sol-gel method (ethylene glycol) and heat treated at 300 °C.  

 

As given in the table 4.4 and shown in the figures 4.12-4.22, the particle sizes are 

generally below 10 nm, although there are some particles greater than 10 nm and 

having larger particle sizes. However, all TEM images indicate that these particles 

are spherical and these particles show 3-dimensional assemblies demonstrating the 

uniformity of the nanoparticles. Electron diffraction, X-ray diffraction, and high 

resolution transmission electron microscope (HRTEM) images of the nanoparticles 

showed the highly crystalline nature of the  γ-Fe2O3 structures.  

 

By using the radii in the diffraction pattern of Figure 4.21, the interplanar spacings of 

the samples were calculated from equation 4.3 [11] where L is the camera length, R 

is the measured radius from the diffraction pattern, λ is the wavelength and d is the 

interplanar spacing. λ is 0.019 Å for the 300 kV microscope. 

 

dL
R λ
=                                                   Eq. 4.3 
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From the electron diffraction study, it is observed that interplanar spacing (d) values 

of the ethylene glycol sample matched with the maghemite phase. 

 

Table 4.4 Approximate crystallite sizes for the samples by XRD and TEM method, 

which were produced by ethylene glycol - diethylene glycol route of sol-gel method.  

(E: Ethylene glycol, D: Diethylene glycol) 

 

Sample name and 

heat treatment 

temperature (°C) 

Particle size (nm) 

(Scherrer Method) 

Particle size (nm) 

(TEM Method) 

OAE32H, 300 8.4 

8.75 ± 0.35 

7-9 nm ∼ 29.85 % 

9-13 nm ∼ 35.82 % 

(Figure 4.19) 

OAD300, 300 4.0 

5.35 ± 0.27 

1-5 nm ∼ 48.14 % 

5-7 nm ∼ 35.18 % 

7-11 nm ∼ 16.66 % 

(Figure 4.12) 

OAD350, 350 8.0 

7.64 ± 1.46 

1-5 nm ∼ 37.14 % 

5-10 nm ∼ 42.85 % 

10-15 nm ∼ 12.85 % 

(Figure 4.15) 

OAD400, 400 12.1 

5.15 ± 0.76 

1-3 nm ∼ 34.21 % 

3-7 nm ∼ 36.84 % 

7-13 nm ∼ 28.94 % 

(Figure 4.17) 
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Table 4.5 Electron diffraction (ED) results for the maghemite nanoparticles obtained 

for the sample which was produced by sol-gel method (ethylene glycol) and heat 

treated at 300 °C. 

 

 1 2 3 4 5 

ED results-

d(Å) 
2.99 2.75 2.21 1.69 1.57 

Theoretical 

values-d(Å) 
2.95 2.78 2.23 1.70 1.60 

Crystalline 

plane (hkl) 
(220) (221) (321) (422) (511) 

 
 
4.2.3 Magnetic Characterization (VSM) 
 

Magnetic measurements at different temperatures from 123 K to 293 K were 

performed by using ADE Magnetics Model EV9 Vibrating Sample Magnetometer 

(VSM). Figures 4.23-4.26 are FC-ZFC curves of  these samples. Zero-field cooled 

(ZFC) susceptibilities were measured by cooling the samples in zero magnetic field 

and then by increasing the temperature in an applied field of 100 Oe, while field-

cooled (FC) curves were recorded by cooling the samples in an applied field of 100 

Oe.  

 

The temperature dependence of magnetization of nanoparticles exhibits a cusp that 

corresponds to the blocking temperature, TB  [108]. The difference in TB is attributed 

to the size difference and the existence of a broadened distribution of energy barriers. 

Furthermore, Kim et al. studied the effect of surface coating on the blocking 

temperature. Without coating, due to the increase in the surface area to volume ratio, 

the attractive force between nanoparticles will increase, and agglomeration of the 

nanoparticles will take place. These agglomerated nanoparticles act as a cluster, 

resulting in an increase of the blocking temperature [108]. The significance of this 

temperature is that the whole sample becomes superparamagnetic above this 

temperature, the particles are free to align with the field during the measurement 



 

 
85

period. At room temperature and the temperatures above the TB, the particles have 

sufficient thermal energy to overcome the energy barrier and magnetic spins are free 

to fluctuate between orientations. This process is called superparamagnetic 

relaxation. Below the TB, the spins are frozen, or blocked, resulting in a disordered 

state common to superparamagnetic materials. The zero field curve (ZFC) exhibits 

maximum and this maximum point shifts to a lower temperatures for smaller particle 

sized samples, which defines a typical blocking process of an assembly of 

superparamagnetic particles [109]. 

 

In this study blocking temperatures were found as approximately 220 K, 300 K and 

300 K for the samples heat treated at 300, 350 and 400 °C, respectively using M-T 

curves (M: Magnetization, T: Temperature). TB was found approximately as 265 K 

for the ethylene glycol sample of sol-gel processing. These results show that these 

samples behave superparamagnetically at the room temperature. Since the aim of the 

study is to produce maghemite nanoparticles that can be used in biomedical 

applications at room temperature, the results obtained seem to be quite satisfactory. 

 
Figure 4.23 M-T curves for the sample produced by sol-gel method (diethylene 

glycol) and heat  treated  at 300 °C using zero field cooling and field cooling 

procedures at the applied   field of 100 Oe.         
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Figure 4.24 M-T curves  for the sample produced by sol-gel method (diethylene 

glycol) and heat treated  at 350 °C using zero field cooling and field cooling 

procedures at the applied  field of 100 Oe.                                                      

 
Figure 4.25 M-T  curves for the sample produced by sol-gel method (diethylene 

glycol) and heat treated  at 400 °C using zero field cooling and field cooling 

procedures at the applied  field of 100 Oe.   
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Figure 4.26 M-T curves for the sample produced by sol-gel method (ethylene glycol) 

and heat treated at 300 °C using zero field cooling  and field cooling  procedures at  

the applied field of 100 Oe. 

 

Magnetic nanoparticles behave very differently from bulk or thin film systems. 

Saturation magnetization value of bulk maghemite is reported in the literature as 74 

(emu/g). However γ-Fe2O3 maghemite nanoparticles have lower value of saturation 

magnetization when compared to bulk form. It could be attributed to nanoscale 

dimension and the surface effects [63,104]. 

 

When the size of the particles reduced below the single domain limit (∼15 to 20 nm 

for iron oxide), they exhibit superparamagnetism at room temperature [63,110], 

followed by a spin-glass like transition at low temperature. Superparamagnetism is 

essentially a result of non-interacting, thermally fluctuating nanoparticle moments 

where the particle volume dependent effective anisotropy energy (KV) of each 

particle is easily overcome by the thermal energy (kBT). The effect of this is that the 

nanoparticles have a large moment with high saturation magnetization but a non-

hysteretic M-H curve with zero remanence and coercivity [110]. 
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Figures 4.27-4.31 are the M-H (M: Magnetization, H: Applied Magnetic Field) 

curves of  the samples. These samples show no hysteresis at all the temperature 

ranges. Ms (saturation magnetization) values were found as approximately 27, 22 and 

16 emu/g for the diethylene glycol samples heat treated at 300, 350 and 400 °C, 

respectively. Ms value was found as 28 emu/g for the ethylene glycol sample. 

 

In this study saturation magnetization (Ms) values of the sol-gel processed samples 

are quite high when compared with the results in the literature (Table 2.1) Also 

obtained blocking temperatures (TB) of the sol-gel samples are comparable with the 

similar sized nanoparticles given in the literature. As the size decreases TB shifts to  

lower temperatures [78].  TB  values obtained from this study are indicative of the 

room temperature usage of these nanoparticles in the desired applications. 

 

 
 

Figure 4.27 M–H curves obtained at different temperatures for the sample produced 

by sol-gel method (diethylene glycol) and heat treated  at 300 °C.            
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Figure 4.28 M–H curves obtained at different  temperatures for the sample produced 

by sol-gel method (diethylene glycol) and heat treated at 350 °C. 

 

 
Figure 4.29 M–H curves obtained at different  temperatures for the sample produced 

by sol-gel method (diethylene glycol) and heat treated at 400 °C.         
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Figure 4.30 M–H curves obtained at different  temperatures for the sample produced 

by sol-gel method (diethylene glycol) and heat   treated at 450 °C.       

 
Figure 4.31 M–H curves obtained at different  temperatures for the sample produced 

by sol-gel method (ethylene glycol) and heat treated at 300 °C. 

 

In this study M-H curves are used to determine the magnetization behavior of the 

samples. If the figures do not show any hysteresis behavior and have sigmoid shape, 

it can be concluded that the sample behaves superparamagnetically. Another  

important method for the determination of superparamagnetic behavior is the FC-
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ZFC characteristic where these curves are used to determine the blocking 

temperature (TB) of the samples. Finally M - H/T curves are used to determine the 

superparamagnetic behavior, when they coincide with each other it can be said that 

the sample behaves superparamagnetically. Since M - H curves are lacking a precise 

description of M versus H due to random orientation of the particles, M - H/T curves 

become a universal method for the determination of superparamagnetic behavior. 

Figures 4.32-4.36 are the M - H/T curves of these samples produced by ethylene 

glycol-diethylene glycol route of sol-gel processing. 

 

 
 

Figure 4.32 M - H/T curves obtained at different temperatures for the sample 

produced by sol-gel method (diethylene glycol) and heat treated at 300 °C. 
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Figure 4.33 M - H/T curves obtained at different temperatures for the sample 

produced by sol-gel method (diethylene glycol) and heat treated at 350 °C. 

 

 
 

Figure 4.34 M - H/T curves obtained at  different temperatures for the sample 

produced by sol-gel method (diethylene glycol) and heat treated at 400 °C.        
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Figure 4.35 M - H/T curves obtained at  different temperatures for the sample 

produced by sol-gel method (diethylene glycol) and heat treated at 450 °C. 

 

 
 

Figure 4.36 M - H/T curves obtained at different temperatures for the sample 

produced by sol-gel method (ethylene glycol) and heat treated at 300 °C. 
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Two key qualities remain for a superparamagnetic system: 1) lack of hysteresis and 

2) data of different temperatures superimpose onto a universal curve of M versus 

H/T. From the results, it can be concluded that the samples that were heat treated at 

300, 350 and 400 °C,  show superparamagnetic behaviour [45,111,112]. 

 

VSM results of the samples heat treated at 500, 700 and 750 °C showed  different 

magnetic properties than the other samples due to containing mainly hematite phase 

(Figure 4.11). M-T curves of these samples indicated a transition temperature called 

as Morin temperature in the literature (Figures 4.37-4.39). Hematite (α-Fe2O3) has a 

rhombohedral structure and a magnetic phase transition occurs at ∼  263 K, known as 

the Morin temperature, characterized by a reorientation of the magnetization of the 

two spin sublattices from parallel to perpendicular to the [111] axis in the 

antiferromagnetic phase. Also, due to the anisotropic superexchange interaction, 

spins are slightly canted out  of the basal plan, giving rise to a weak ferromagnetic 

state. In particular, it is known that the spin reorientations in hematite are determined 

to a large extent by the presence of impurities or substitutions and by the particle size 

and morphology [24,113,114]. The diethylene glycol samples heat treated at 500, 

700 and 750 °C exhibited Morin temperatures in the range 260-273 K and this 

variation is attributed to the variation in the particle sizes (Table 4.6). 

 
Figure 4.37 M-T curves for the sample produced by sol-gel method (diethylene 

glycol) and heat treated at 500 °C using zero field cooling  and field cooling 

procedures at the   applied field of 100 Oe.   
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Figure 4.38 M-T  curves for the sample produced by sol-gel method (diethylene 

glycol) and heat treated at 700 °C using zero field cooling  and field cooling 

procedures at the   applied field of 100 Oe.   

 

 
 

Figure 4.39 M-T curves for the sample produced by sol-gel method (diethylene 

glycol) and heat treated at 750 °C using zero field cooling and field cooling 

procedures at the applied field of 100 Oe. 
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The diethylene glycol samples heat treated at 500, 700 and 750 °C which exhibited 

Morin temperatures in the range 260-273 K yield M-H curves with a paramagnetic 

slope at lower temperatures (123, 173 and 223 K), on the other hand at  273 and 293 

K the same samples showed a hysteretic behaviour according to magnetic 

measurements. This transition in magnetic behavior is attributed to Morin transition 

in the hematite phase (Figure 4.37-4.39). 

 
Figure 4.40 M–H curves obtained at different  temperatures for the sample produced 

by sol-gel method (diethylene glycol) and heat treated at 500 °C.  

 
Figure 4.41 M–H curves obtained at different  temperatures for the sample produced 

by sol-gel method (diethylene glycol) and heat treated at 700 °C. 
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Figure 4.42 M–H curves obtained at different  temperatures for the sample produced 

by sol-gel method (diethylene glycol) and heat treated at 750 °C. 

 

Table 4.6 summarizes the magnetic properties of  sol gel processed samples of 

ethylene glycol-diethylene glycol route which were heat treated between 300 and 750 

°C. As it can be seen from the Table 4.6, the highest magnetization value (28 emu/g) 

belongs to ethylene glycol sample (OAE32H) which was heat trated at 300 °C. Since 

the amount of maghemite phase is higher in this sample than the other samples with 

the value of 80 % (Table 4.3). The saturation magnetization values of the other 

samples (OAD300, OAD350, OAD400) are also quite high when compared with the  

results of the sol-gel processed samples from the literature given in Table 2.1 such as 

8 emu/g as the maximum value [6]. 
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Table 4.6 Magnetic properties of the samples which were produced by ethylene 

glycol - diethylene glycol route of sol-gel method. 

 

Sample Phases Ms (emu/g), TB (K), TMorin ( K) 

OAE32H α, γ 28,  TB : 265 

OAD300 α, γ 27, TB : 220 

OAD350 α, γ 22, TB : 300 

OAD400 α, γ 16, TB : 300 

OAD450 α, γ - 

OAD500 α, γ  TMorin: 240-260 

OAD700 α TMorin: 260-273 

OAD750 α TMorin: 260-273 

 

 

4.2.4 Analysis of Magnetization Curves 

 

If a magnetic field H is applied to a randomly oriented assembly of magnetic dipoles 

which are assumed to have no mutual interactions and do not interact with any other 

system, there is no change in the mean orientation along the applied field, i.e. there is 

no induced magnetization in the system. This is only true for non-quantum- 

mechanical or classical moments  which might be termed as classical or Langevin 

paramagnetism. It applies to assemblies of particles with permanent freely rotating 

moments which are too large for quantum treatments to be significant 

(superparamagnetism) [115]. In this case the total moment of the macroscopic body 

will be proportional to µ, the number of atoms per unit volume N, and the degree of 

alignment. The alignment is measured by cos θ, and since there are many moments, 

the average alignment can be obtained from the probability of having a given cos θ. 

In a system in thermal equilibrium at temperature T, this probability is given by the 

Boltzmann distribution and the integration yields the Langevin function    
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x

xxL 1)coth()( −=                                   Eq. 4.4 

 

In Equation 4.4, the parameter x = µ H / k T  is the ratio of magnetic alignment 

energy to thermal randomizing energy, and hence gives emphasis to the competition 

between these two terms where k is the Boltzmann constant [45]. 

 

Observed experimental results show that the magnetizations of nanoparticles 

produced in this study originate from two contributions;  

• one due to the superparamagnetic particles and  

• the other due to the blocked particles.  

Superparamagnetic part can be described by Langevin function
x

xxL 1)coth()( −=  

from a minimum particle size up to a critical size, and the blocked part can be 

described by hyperbolic tangent function (tanh(x)) from the critical size up to a 

maximum particle size [116].  

 

Using this assumption magnetization curves can be described by  

 

                                       M(H) = C1.L(x) + C2.tanh (x)                    Eq. 4.5                    

 

Mathcad programme was used to obtain best fit of Eq. 4.5 to the magnetization data 

using least-squares procedure.  

 

Langevin model was used in the Mathcad programme as the only function by 

considering that the samples consist of small sized particles with narrow size 

distribution, however the results were not satisfactory (Figure 4.43). Best fit was 

obtained when it is assumed that there is a size distribution of particles. According to 

this assumption smaller particles behave as superparamagnetic and described by 

Langevin function, on the other hand larger blocked particles described by tangent 

hyperbolic function. Correlation coefficients of both models are in the range between 

0.98-0.99. The results are given in the Table A.1 in the appendix. 
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                                                                    a.            

 

                              b.                                                                    c. 

 

 

Figure 4.43 a. M-H curve (123 K) of sol-gel sample produced by using diethylene 

glycol and heat treated at 300 °C, b.  It’s fitted curve by using only Langevin 

function, c. It’s fitted curve by using Langevin and tangent hyperbolic functions.  

 

Figures 4.44-4.46 show the fitted curves of the samples at different temperatures and 

Table 4.7 gives the values of the parameters C1 and C2 obtained from the fitting. 
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Figure 4.44 Fitted M-H curves of 300 °C heat treated sol-gel sample produced by 

using diethylene glycol 
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Figure 4.45 Fitted M-H curves of 350 °C heat treated sol-gel sample produced by 

using diethylene glycol. 
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Figure 4.46 Fitted M-H curves of 400 °C heat treated sol-gel sample produced by 

using diethylene glycol. 
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Table 4.7 Parameters in Equation 4.5 obtained from the fitting for the samples 

prepared by using diethylene glycol. 

 

 123 K 173 K 223 K 273 K 293 K 

 C1 C2 C1 C2 C1 C2 C1 C2 C1 C2 

OAD300 17.2 11.6 15.1 12.3 13.9 11.9 13.3 10.8 13.1 10.4 

OAD350 11.0 11.2 8.4 13.0 7.5 12.9 7.5 12.0 7.4 11.8 

OAD400 6.3 9.4 4.4 10.7 3.7 10.9 3.8 10.3 3.7 10.2 

 

 

Since C1 belongs to the superparamagnetic part and C2 belongs to the paramagnetic 

part from the Eq.4.5, it can be meaningful to compare the ratios of C1 and C2 with 

the results obtained from the quantitative analysis of the phases obtained using XRD 

data of the samples (Table 4.3). Table 4.8 gives these compared results and it can be 

concluded that results are matching with the amount of the phases present in the 

samples, because it was thought that maghemite phase provides the 

superparamagnetic contribution to the magnetic behavior of the sample. 

 

Table 4.8 Comparison of the fitting parameters C1 and C2 with the quantitative 

analysis of XRD data. 

 

 γ  123 K 173 K 223 K 273 K 293 K 

OAD300 0.77 C1/C1+C2 0.6 0.55 0.53 0.55 0.55 

OAD350 0.30 C1/C1+C2 0.49 0.39 0.36 0.37 0.38 

OAD400 0.28 C1/C1+C2 0.40 0.29 0.25 0.26 0.26 

 α  123 K 173 K 223 K 273 K 293 K 

OAD300 0.23 C2/C1+C2 0.4 0.45 0.47 0.45 0.45 

OAD350 0.70 C2/C1+C2 0.51 0.61 0.64 0.63 0.62 

OAD400 0.72 C2/C1+C2 0.60 0.71 0.75 0.74 0.74 

 

Finally, Table 4.9 gives the characterization results of the samples produced by 

ethylene glycol and diethylene glycol route of sol-gel processing. 
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Table 4.9 General results of all characterization techniques used for the samples 

produced by ethylene glycol - diethylene glycol route of sol-gel method.  

(E: Ethylene glycol, D: Diethylene glycol) 

 

Sample 

name 
Phases 

Particle size 

(nm) 

(Scherrer 

Method) 

Particle 

size (nm) 

(TEM 

Method) 

BET 

Surface 

area (m2/g) 

VSM 

MS (emu/g), TB,

TMorin 

OAE1 γ,α 16.0 - - - 

OAE2 γ,α 7.8 - - - 

OAE3 γ,α 8.4 - - - 

OAE32H γ (80%), 
α (20%) 8.4 8.75 ± 0.35

 104 28, TB: 220 K 

OAD300 γ (77.5%), 
α (22.5%) 4.0 5.35 ± 0.27

 114.0 27, TB: 220 K 

OAD350 γ (30%), 
α (70%) 8.0 7.64 ± 1.46

 72.9 22, TB: 300 K 

OAD400 γ (28.7%), 
α (71.3%) 12.1 5.15 ± 0.76

 49.9 16, TB: 300 K 

OAD450 γ,α 24.2 - 31.3 - 

OAD500 γ,α 24.2 - 22.5 - 

OAD700 α 48.5 - 9.5 T Morin: 260-
273 K 

OAD750 α 34.6 - 5.5 T Morin: 260-
273 K 

 
 
As given in the introduction part of this thesis, γ-Fe2O3 maghemite nanoparticles are 

generally studied for their use in biomedical treatments. Conventional 

chemotheraphy and hyperthermia treatment of cancer suffers from several drawbacks 

that reduce therapeutic efficiency and cause undesirable side effects. Hyperthermia 

involves selective deactivation of cancer cells by heating in the temperature range of 

41-47 °C, but conventional hyperthermia techniques suffer from insufficient 
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temperature rise in the tumor, poor temperature distribution and risk of organ damage 

to overheating [117].  

 

Iron oxide magnetic nanoparticles can improve cancer therapy by overcoming 

several limitations of conventional chemotherapy and hyperthermia. These particles 

release the drug following localization in the tumor, resulting in increased tumor 

drug concentration with minimal systemic toxicity. If an alternating magnetic field is 

applied after localization, the iron oxide magnetic cores of the particles generate 

heat, raising the temperature of the tumor and resulting in hyperthermia [118]. 

 

It was found that applied magnetic field strength and frequency as well as particle 

properties such as particle size and anisotropy constant strongly influence power 

output; the highest power output is obtained in a relatively narrow particle size range. 

Optimum sized γ-Fe2O3 maghemite particles produce higher power output than 

optimum sized Fe3O4 magnetite particles [117]. The superparamagnetic size limit 

was determined as 16 nm for spherical iron particles and 28 nm for γ-Fe2O3 

maghemite particles [45]. Therefore, the maghemite nanoparticles produced by sol-

gel processing are feasible to be used in combined hyperthermia and chemotherapy 

applications. 

 
4.3 Microwave Method 

 
The objective of this part of the study was to synthesize nanoparticles of maghemite 

(γ-Fe2O3) via microwave processing of Fe(NO3)3.nH2O followed by low temperature 

annealing. Fe(NO3)3.nH2O has the ability to effectively absorb microwave radiation, 

which raises the temperature in the system and initiates the below reaction 

 

          4Fe(NO3)3 ·nH2O = 2Fe2O3 + 12NO2 + 3O2 + 4nH2O              Eq. 4.6 

 

The use of low reaction temperatures is essential, because this reduces the probability 

of the formation of hard agglomerates [119]. 
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XRD was used to characterize the structural phases of nanoparticles. BET 

measurements  were also performed for microwave samples to understand the 

surface areas of them. TEM study was conducted to examine the morphology and 

crystal structure of the nanoparticles. VSM (Vibrating Sample Magnetometer) was 

used in order to characterize the magnetic properties of these particles. 

 

4.3.1 Structural Characterization (XRD) 

 
Table 4.10 shows the approximate particle sizes of the microwave synthesized 

samples calculated by using Scherrer’s equation that were prepared at 850 W 

microwave power. As can be seen from the table, the particle size generally 

increases with the increase in the duration of the heat treatment period. 

 

Table 4.10 Approximate particle sizes calculated according to Scherrer’s formula for 

the microwave processed samples produced at 850 W. 

 

X-Ray diffraction patterns given in figures  4.47-4.49 were obtained for the same 

microwave processing time and different furnace heat treatment durations. 

According to these figures, the sample which is microwave processed for 5 minutes, 

has only maghemite phase, it contains no hematite phase. The broad peaks are 

                        Microwave durations 
 5 min 10 min 15 min 

 

Particle 
size 

(nm), 
Phases 

BET 
(m2/g) 

Particle 
size 

(nm), 
Phases 

BET 
(m2/g) 

Particle 
size 

(nm), 
Phases 

BET 
(m2/g) 

As 
microwave 
processed 

2.7 
(γ) 141.0 6.1 

(γ,α) 140.1 6.1 
(γ) 159.0 

24 h (230 °C) 
 

3.4 
(γ,α) 114.9 8.0 

(γ,α) 117.0 9.6 
(γ,α) 131.4 

48 h (230 °C) 
 

4.0 
(γ,α) 111.8 8.0 

(γ,α) 103.1 12.1 
(γ,α) 125.4 

72 h (230 °C) 
 

8.0 
(γ,α) 116.7 8.0 

(γ,α) 127.1 12.1 
(γ,α) - 
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characteristic of small particles with a mean crystallite size, estimated from the (311) 

reflection, of 2.7 nm. Further low temperature annealing following microwave 

processing leads to the coexistence of maghemite and hematite phases as found by 

XRD. The samples, which were placed in the furnace for different annealing periods 

showed both maghemite and hematite phases. The amount of hematite phase in these 

samples increased essentially with the increase in the annealing period as indicated 

by the increase in the intensities of the α-Fe2O3 peaks (Figure 4.47) showing that 

maghemite particles transformed into more stable hematite particles. Also, with the 

increase in the annealing time, the peaks are becoming sharper showing the increase 

in the particle sizes as calculated in Table 4.10. Similar results were obtained for the 

samples processed for 15 minutes, but hematite peaks were also observed for the 

sample which was microwave synthesized for 10 minutes without any heat treatment 

in the furnace (Figure 4.48).  

 

Figure 4.50 shows the XRD patterns of the samples heat treated for 24 h at 230 °C 

for different microwave durations. As the microwave treatment time increases from 5 

to 15 minutes, the increase in the peak intensities of hematite phase and 

corresponding particle sizes can be observed from the shape of the peaks. Similar 

results were also observed for the samples heat treated for 48 and 72 h at 230 °C in 

the Figures 4.51 and 4.52. 

 
Figure 4.47 XRD patterns of the samples which are microwave synthesized for 5 

minutes at 850 W. 



 

 
109

 
 
Figure 4.48 XRD patterns of the samples which are microwave synthesized for 10 

minutes at 850 W. 

 
 

Figure 4.49 XRD patterns of the samples which are microwave synthesized for 15 

minutes at 850 W. 
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Figure 4.50 XRD patterns of the samples which are microwave synthesized for 

different periods at 850 W and heat treated for 24 h at 230 °C . 

 
 

Figure 4.51 XRD patterns of the samples which are microwave synthesized for 

different periods at 850 W and heat treated for 48 h at 230 °C. 
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Figure 4.52 XRD patterns of the samples which are microwave synthesized for 

different periods at 850 W and heat treated for 72 h at 230 °C. 

 

Single point and multi point BET surface area measurements were conducted for the 

samples which are microwave processed at 850 W for different periods. Multipoint 

BET measurements yielded surface area values between 100-160 m2/g as given in 

Table 4.10. These results show that samples have large surface area and they are 

nanometer sized particles.  Figures 4.53-4.56 are the XRD patterns of the samples 

which are microwave synthesized at different powers such as 630, 720, 810 and 900 

W.  
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Figure 4.53 XRD patterns of the as microwave processed samples at 900 W.                          

 
 

Figure 4.54 XRD patterns of as microwave processed  samples at 810 W. 
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Figure 4.55 XRD patterns of as  microwave processed  samples at 720 W.      

 
Figure 4.56 XRD patterns of as   microwave processed samples at 630 W. 

 

XRD studies showed that some of the samples have only maghemite phase on their 

diffraction patterns, while the others have both maghemite and hematite phases co-

existing together. Low microwave powers and short durations increases the tendency 

to form maghemite phase. By using Scherrer equation approximate particle sizes 

were calculated and they are found between 2.6 and 24.6 nm. Larger particles were 
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found especially at the microwave power of 900 W and long durations as it can be 

seen from the XRD figures (Figure 4.53).  

 

Multipoint BET measurements were also carried out for these samples which are 

microwave processed at different power values and surface area values between 95 

and 186 m2/g were determined as given in Table 4.11. 

 

Table 4.11 Approximate particle sizes and BET results of samples which were 

synthesized by microwave method at different powers. 

 

Sample 
Name 

Microwave 
Power (W) 

Microwave 
Duration 

(min) 

Particle 
Size (nm) 
(Scherrer 
Method) 

BET Surface
Area (m2/g) 

Y9005 
900 

5  4.8 115.0 
Y90010 10  24.6 - 
Y90015 15 24.2 - 
Y8103 

810 
3 4.8 - 

Y8105 5 3.1 138.0 
Y81010 10 3.4 - 
Y81015 15 16.1 - 
Y7203 

720 
3 2.6 186.0 

Y7205 5 3.4 154.0 
Y72010 10 3.1 114.0 
Y72015 15 3.1 94.4 
Y6305 

630 
5 3.1 169.0 

Y63010 10 4.1 - 
Y63015 15 4.1 - 

 

 

Since the conventional microwave ovens close itself in a short time because the 

electronics and magnetron of the microwave system are affected by microwaves 

reflected from the walls which heat those parts (electronics and magnetron). That is, 

the air flow supplied by the conventional fan is not enough to cool the necessary 

parts of the system. Therefore experiments requiring longer time periods can’t be 

performed in such conventional systems. For this reason, the domestic microwave 

oven was modified as explained in Section 3.3.  
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Figure 4.57 is the XRD pattern of some of these samples which were produced by 

modified microwave system. All samples contain both maghemite and hematite 

phases existing together in their XRD patterns. 

 
Figure 4.57 XRD patterns of the modified microwave samples. 

 

Table 4.12 gives the preparation conditions and particle sizes of these modified 

microwave samples. Approximate particle sizes were found between 6.8 to 23.8 nm 

according to Scherrer’s equation. 

 

Table 4.12 Preparation conditions and particle sizes of the samples that were 

prepared by modified microwave system. 

 

Sample 
name 

Microwave 
power (W) 

Microwave
Duration 

(min) 

Heat 
treatment 

tempereture 
and time 

Particle 
size (nm) 

(Scherrer 

Method) 

BET 
Surface 

Area 
(m

2
/g) 

OB2 900 20  200 °C, 24 h 23.8 110.8 

OB3 900 20  200 °C, 3 h 7.8 153.7 

OB4 900 30  - 6.8 168.2 

OB11 810 5  - 7.9 154.8 
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The experimental procedure in microwave processing seems quite simple but it was 

difficult to obtain the maghemite phase. Several different microwave powers and 

durations were applied to prepare the samples. Most of the samples contain 

maghemite and hematite  phases existing together and particle sizes are between 3-30 

nm. The main point about this method is the crystallinity of the samples. Short 

microwave treatment periods yielded maghemite particles, however their crystallinity 

were not pronounced as compared to sol-gel samples. Some of the samples were well 

crystalline, but in this case size of the particles became quite large which affects the 

magnetic properties adversly. 

 

4.3.2 Morphological Characterization (TEM) 

 

Figure 4.58 show the TEM micrographs of the A3 sample which was microwave 

synthesized at 850 W for 5 minutes and heat treated at 230 °C for 48 h. Figures 4.59 

and 4.60 are the TEM micrograph of the A1 sample which was microwave 

synthesized at 850 W for 5 minutes only, and its size distribution, respectively. As it 

can be seen from the figures, the sample A1 is composed of nanometer sized 

particles approximately in the range of 4-6 nanometers indicating narrow size 

distribution. TEM image indicates that particles larger than 10 nm are only a few 

percent of all the particles present (Figure 4.60). These figures are in good agreement 

with the results obtained from Scherrer’s equation using XRD spectra of the iron 

oxide nanoparticles. Figure 4.61 is the HRTEM micrograph of the C1 sample which 

was microwave synthesized at 850 W for 5 minutes and heat treated at 230 °C for 48 

h. This TEM image also indicates that average particle size is about 5 nm and the 

particles show a narrow size distribution which is an important parameter for 

biomedical applications. 
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Figure 4.58 TEM micrographs of the sample which was microwave synthesized at 

850 W for 5 minutes and heat treated at 230 °C for 48 h. 

 
Figures 4.62 and 4.63 are the TEM micrograph of the sample A1 which was 

microwave synthesized at 850 W for 5 minutes only and its EDX pattern, 

respectively. According to EDX analysis mass percentages of Fe and O are ~30 and 

70, respectively and from this result it can be concluded that this particle is the Fe2O3 

phase of the iron oxide sample. 

 

 
 

Figure 4.59 TEM micrograph of the sample (A1) which was microwave synthesized 

at 850 W for 5 minutes only. 
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Figure 4.60 Particle size distribution of the sample A1 which was microwave 

synthesized at 850 W for 5 minutes only. 

 

 

 
 

Figure 4.61 HRTEM micrograph of the sample (C1) which was microwave 

synthesized at 850 W  for 15 minutes only. 
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Figure 4.62 TEM micrograph of the sample (A1) which was microwave synthesized 

at 850 W for 5 minutes only. 
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Figure 4.63 EDX pattern of sample A1 which was microwave synthesized at 850 W 

for 5 minutes only. 

 

Electron diffraction studies were conducted for some of the  microwave samples. 

Figure 4.64 is the TEM micrograph of the A3 sample which was microwave 

synthesized for 5 minutes at 850 W and heat treated at 230 °C for 48 h and its 
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diffraction pattern. Table 4.13 shows theoretical interplanar spacing (d) values of 

maghemite nanoparticles.  

 

The theoretical and measured interplanar spacing values are in good agreement with 

maghemite, therefore it can be said that the observed ring pattern belongs to the 

maghemite phase. Ring pattern reveals a fine crystallite size for the investigated 

sample which supports the particle sizes obtained from XRD patterns.  

 

 
 
Figure 4.64 TEM micrograph of the sample (A3) which was microwave synthesized 

at 850 W for 5 minutes and heat treated at 230 °C for 48 h and its diffraction pattern. 

 

Table 4.13 Electron diffraction (ED) results for the maghemite nanoparticles 

obtained for the sample which was microwave synthesized at 850 W for 5 minutes 

and heat treated at 230 °C for 48 h ( Figure 4.64). 

 

  
1 

 
2 

 
3 

 
4 

 
5 

 
Measured ED results - d (Å)

 
2.92 

 
2.75 

 
1.71 

 
1.46 

 
1.20 

 
Theoretical values - d (Å)

 
2.95 

 
2.78 

 
1.70 

 
1.47 

 
1.20 

 
Crystalline plane (hkl) 

 
(220) 

 
(221) 

 
(422) 

 
(440) 

 
(444) 
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TEM study was also performed for the sample which was microwave processed for 3 

minutes at 810 W (Figure 4.65). Table 4.14 and 4.15 show the theoretical interplanar 

spacing (d) values of maghemite nanoparticles of that sample. Calculations were 

done according to Eq. 4.3 indicating that these values belong to maghemite phase 

similar to Figure 4.64 and the diffraction patterns also reveal a fine crystallite size. 

 

 

 
 

Figure  4.65 a-b. TEM micrographs and diffraction patterns of the sample  which 

was microwave synthesized at 810 W for 3 minutes. 

 

Table 4.14 Electron diffraction (ED) results for the maghemite nanoparticles shown 

in Figure 4.65.a. 

 

  
1 

 
2 

 
3 

 
4 

 
Measured ED results-d(Å) 

 
2.58 

 
2.29 

 
1.95 

 
1.51 

 
Theoretical values-d(Å) 

 
2.51 

 
2.31 

 
1.96 

 
1.52 

 
Crystalline plane (hkl) 

 
(311) 

 
(320) 

 
(330) 

 
(521) 

 

 

 

a) b)



 

 
122

Table 4.15 Electron diffraction (ED) results for the maghemite nanoparticles shown 

in Figure 4.65.b. 

 

  
1 

 
2 

 
3 

 
4 

 
Measured ED results-d(Å) 

 
2.78 

 
2.51 

 
2.09 

 
1.68 

 
Theoretical values-d(Å) 

 
2.78 

 
2.51 

 
2.08 

 
1.67 

 
Crystalline plane (hkl) 

 
(221) 

 
(311) 

 
(400) 

 
(430) 

 

 

4.3.3 Magnetic Characterization (VSM) 

 

Magnetic measurements for the microwave processed samples were performed at 

different temperatures from 100 K to 350 K in order to get more information about 

the magnetic beahvior of these nanoparticles. Figure 4.66 shows M–H curves 

(Magnetization vs. Applied Magnetic Field) for the samples A1 and A2 at 300 K.  

Sample A1 is the sample which was microwave synthesized at 850 W for 5 minutes 

only and sample A2 is the sample microwave synthesized at 850 W for 5 minutes 

and heat treated at 230 °C for 24 h. Figures 4.67 and 4.68 are M–H curves 

(Magnetization vs. applied magnetic field) for samples A1 and A2 at different 

temperatures. The magnetization curves for sample A1 and A2 obtained at 350 K and 

lower temperatures have no hysteresis loops and coercive fields approach to zero, 

indicating that these samples A1 and A2 show S-shaped magnetic behavior for all the 

temperature ranges studied in accordance with their calculated particle sizes (2.7 nm 

and 3.4 nm) due to the nanoscale dimensions and surface effects of particles. It is 

well known that superparamagnetism is dependent with the critical size for the single 

domain structure. As a particle becomes smaller than the critical size, its coercivity 

decreases and the particle becomes superparamagnetic due to thermal effects [120, 

121]. The typical value of the critical size is about 16 nm for Fe [45] and 28 nm for 

γ-Fe2O3 maghemite particles [117]. For sample A2, magnetization curves depicted a 

slight decrease in saturation magnetization value when compared to pure maghemite 
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sample A1 (Fig. 4.67), because the sample A2 contained both maghemite and 

hematite phases. Observed saturation magnetization values (MS) from the Figures 

4.67 and 4.68 for the samples A1 and A2 at 100 K are ∼4 and ∼3 emu/g, respectively. 

In the literature different synthesis methods yield different Ms values of  ∼8, 1, and 2 

emu/g for 10–12 nm (mechanical activation) [65],  3–5 nm (microwave irradiation) 

[72]  and 9–10 nm (sol–gel) [88] sized γ-Fe2O3 particles, respectively. On the other 

hand, 2–3 nm sized amorphous iron oxide obtained by microwave heating has much 

lower MS value as 0.4 emu/g [122].   

 

Figure 4.66 M–H curves obtained at 300 K for sample A1 which was microwave 

synthesized for 5 minutes only and sample A2 which is the sample microwave 

synthesized for 5 minutes and heat treated at 230 °C for 24 h. 

 

Figure 4.67 M–H curves obtained at different temperatures for sample A1 which is 

the sample microwave synthesized for 5 minutes only. 
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Figure 4.68 M–H curves obtained at different temperatures for sample A2 which is 

the sample microwave synthesized for 5 minutes and heat treated at 230 °C for 24 h. 

 

Magnetic measurements at different temperatures from 100 K to 298 K were 

performed  for the other samples which are synthesized at microwave powers of 630, 

720, 810 and 900 W and figures 4.69-4.79 are the M-H curves, M - H/T curves and 

FC (Field Cooled) – ZFC (Zero Field Cooled) curves of these samples. Zero-field 

cooled (ZFC) susceptibilities were measured by cooling the samples in zero magnetic 

field and then by increasing the temperature in an applied field of 100 Oe, while 

field-cooled (FC) curves were recorded by cooling the samples in an applied field of 

100 Oe. Although they do not exhibit hysteresis loops, they lack to show a perfect S-

shaped character in their M-H curves. Their M – H/T curves do not coincide fully on 

each other. All these magnetic behavior indicate that these particles show higher 

paramagnetic behavior rather than superparamagnetic behavior. Their M-T curves 

also did not yield a blocking temperature which is an indication of 

superparamagnetic range above this temperature. However, all these samples have 

the particle sizes generally less than 5 nm except longer microwave treated samples 

(Table 4.11). They are well below the superparamagnetic critical size limit, but their 

crystallinity was not pronounced as in the case of sol-gel processed samples, 

resulting such behavior of magnetic character. 
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Figure 4.69 M–H curves obtained at different temperatures for the sample which 

was microwave synthesized at 810 W for 10 minutes. 

 

 
 

Figure 4.70 M - H/T curves obtained at different temperatures for the sample which 

was microwave synthesized at 810 W  for 10 minutes. 
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Figure 4.71 M–H curves obtained at different temperatures for the sample which 

was microwave synthesized at 810 W  for 3 minutes. 

 

 
 

Figure 4.72 M - H/T  curves obtained at different temperatures for the sample which 

was microwave synthesized at 810 W  for 3 minutes. 
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Figure 4.73 M-T curves  for the sample which was microwave synthesized at 810 W  

for 3 minutes using zero field cooling and field cooling procedures at the applied 

field of 100 Oe. 

 

 
 

Figure 4.74 M–H curves obtained at different temperatures for the sample which 

was microwave synthesized at 720 W for 5 minutes.  
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Figure 4.75 M - H/T  curves obtained at different temperatures for the sample which 

was microwave synthesized at 720 W for 5 minutes. 

 

 
Figure 4.76 M-T curves  for the sample which was microwave synthesized at 720 W  

for 5 minutes using zero field cooling and field cooling procedures at the applied 

field of 100 Oe. 
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Figure 4.77 M–H curves obtained at different temperatures for the sample which 

was microwave synthesized at 630 W  for 5 minutes.  

 

 
 

Figure 4.78 M - H/T  curves obtained at different temperatures for the sample which 

was  microwave synthesized at 630 W for 5 minutes. 
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Figure 4.79 M-T curves  for the sample which was microwave synthesized at 630 W  

for 5 minutes using zero field cooling and field cooling procedures at the applied 

field of 100 Oe. 

 

Microwave oven was modified to increase its effectiveness for longer treatments to 

overcome the difficulty of lacking perfect crystallinity and different series of samples 

were prepared by using different combinations of microwave powers and durations 

that yielded a change in  magnetization results as given Figures 4.80-4.87, which are 

the M-H curves and  M - H/T curves of  the samples produced by modified 

microwave oven. 
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Figure 4.80 M–H curves obtained at different temperatures for sample which was 

microwave processed in the modified oven at 900 W for 20 min and heat treated in 

the furnace at 200 °C for 24h.  

 
Figure 4.81 M-H/T curves obtained at different temperatures for sample which was 

microwave processed in the modified oven at 900 W for 20 min and heat treated in 

the furnace at 200 °C for 24h. 
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Figure 4.82 M–H curves obtained at different temperatures for sample which was 

microwave processed in the modified oven at 900 W for 20 min and heat treated in 

the furnace at 200 °C for 3h.  

 
 

Figure 4.83 M-H/T  curves obtained at different temperatures for sample which was 

microwave processed in the modified oven at 900 W for 20 min and heat treated in 

the furnace at 200 °C for 3h. 
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Figure 4.84 M–H curves obtained at different temperatures for sample which was 

microwave processed in the modified oven at 900 W for 30 min.  

 

 
 

Figure 4.85 M-H/T curves obtained at different temperatures for sample which was 

microwave processed in the modified oven at 900 W for 30 min.  
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Figure 4.86 M–H curves obtained at different temperatures for sample which was 

microwave processed in the modified oven at 810 W for 5 min.  

 
 

Figure 4.87 M-H/T  curves obtained at different temperatures for sample which was 

microwave processed in the modified oven at 810 W for 5 min.  
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By looking at the magnetization results it was observed that the magnetic behaviors 

of lastly prepared modified microwave samples are different from than that of the 

previous microwave samples; they are not paramagnetic, their M-H curves have the 

S-shape but their saturation magnetization values are smaller with the value of about 

3 emu/g when compared to sol-gel samples (highest value 28 emu/g in Table 4.6). 

These magnetic characteristics indicate that the crystallinity becomes better in the 

modified microwave processing, but still most of the samples contain both 

maghemite and hematite phases together (Figure 4.57). Longer microwave treatment 

periods cause an increase both in the particle size and the amount of hematite, which 

affects the magnetic properties adversely. 
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CHAPTER 5 

 
 
 

SUMMARY 

 
 

 

 

In this study main aim is to produce maghemite nanoparticles that exhibit 

superparamagnetic behavior which are generally intended for use in biomedical 

applications, especially in magnetic resonance imaging (MRI)  as contrast agents and 

for drug delivery in chemotheraphy and hyperthermia treatment of cancer. When 

these nanoparticles are superparamagnetic, there will be no residual magnetization in 

the human body after MRI applications. Particles have to be composed of smaller  

sized nanoparticles for superparamagnetic behavior. In the literature the critical value 

of superparamagnetism is about 10 nm for the maghemite nanoparticles.  

 

It is difficult to produce maghemite phase since its stability doesn’t exist when the 

particle size becomes larger. Maghemite phase turns into hematite phase that is 

thermodynamically stable when the particle size increases. There are various 

different techniques that are used for the production of this material. Some of them 

are sol-gel, homogeneous precipitation, mechanical processing and microwave 

methods. Usually maghemite nanoparticles are stabilized by using polymeric, glass 

or ceramic matrix. Generally for metal or metal oxide nanoparticles, sol-gel matrices 

are used since they  have many advantages over other methods. 

 

In this thesis, firstly sol-gel method was employed by using tetraethoxysilane 

(TEOS) to produce maghemite nanoparticles. Different metal salts were used and the 

nitrate salts yielded better results. Approximate particle sizes of these samples lie 

between 12.0-23.4 nm. Samples that heat treated at 400 °C  contain maghemite and 

hematite phases together, on the other hand in the samples that heat treated at 900 
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°C, a different phase, fayalite, was observed together with the hematite phase. 

Probably it is due to the reaction with the matrix. From the magnetization 

measurements saturation magnetization values are obtained between 4 -12 emu/g. 

The saturation magnetization values are below the reported value for bulk γ-Fe2O3 

(74 emu/g), but these values are in fairly good agreement with the values measured 

in γ-Fe2O3 particles of similar size given in the literature. Surface and finite size 

effects have been reported as being responsible for the decrease in the magnetic 

properties of nanoparticles. 

 

Another sol-gel method was used in order to obtain maghemite phase with desired 

magnetic properties. In the literature sol gel derived maghemite nanoparticles are 

prepared by using TEOS generally. Ethylene glycol was used as starting material as 

different from the classical sol-gel method. In this case there is no hydrolysis and 

condensation reaction. Instead of ethylene glycol, diethylene glycol was also used for 

some of the samples. The aim of using this material is to decrease the particle size. 

Samples were heated at different temperatures up to 700 °C and they contained both 

maghemite and hematite phases and showed superparamagnetic behavior.  

 

The particle sizes were generally below 10 nm, although there were some particles 

greater than 10 nm and having larger particle sizes for the case of ethylene glycol-

diethylene glycol route of sol-gel processing. However, all TEM images indicate that 

these particles are spherical and show 3-dimensional assemblies demonstrating the 

uniformity of the nanoparticles. Electron diffraction, X-ray diffraction, and high 

resolution transmission electron microscope (HRTEM) images of the nanoparticles 

showed the highly crystalline nature of the  γ-Fe2O3 structures. From the electron 

diffraction study, it is observed that interplanar spacing (d) values of the ethylene 

glycol sample matched with the maghemite phase. Also quantitative analysis were 

applied to these samples.  

 

M-H (M: Magnetization, H: Applied Magnetic Field) curves of  the samples 

exhibited no hysteresis at all the temperature ranges. Ms (saturation magnetization) 

value was found as 28 emu/g for the ethylene glycol sample heat trated at 300 0C as 
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the highest magnetization value due to having the highest amount of maghemite 

phase in this sample with respect to the other samples with the value of 80 %. Ms  

values were found as approximately 27, 22 and 16 emu/g for the diethylene glycol 

samples heat treated at 300, 350 and 400 °C, respectively. The saturation 

magnetization values of these samples processed by diethylene glycol are also quite 

high when compared with the  results of the sol-gel processed samples from the 

literature such as 8 emu/g as the maximum value of saturation magnetization (Ms). 

 

Two key qualities remain for a superparamagnetic system: 1) lack of hysteresis and 

2) data of different temperatures superimpose onto a universal curve of M versus 

H/T. From the results for sol-gel processed samples, it can be concluded that the 

samples that were heat treated at 300, 350 and 400 °C,  show superparamagnetic 

behaviour. 

 

VSM results of the samples heat treated at 500, 700 and 750 °C showed  different 

magnetic properties than the other samples due to containing mainly hematite phase. 

The diethylene glycol samples heat treated at 500, 700 and 750 °C exhibited Morin 

temperatures in the range 260-273 K and this variation is attributed to the variation in 

the particle sizes and they yield M-H curves with a paramagnetic slope at lower 

temperatures (123, 173 and 223 K), on the other hand at  273 and 293 K the same 

samples showed a hysteretic behaviour according to magnetic measurements. This 

transition in magnetic behavior is attributed to Morin transition in the hematite phase 

 

Observed experimental results show that the magnetizations of nanoparticles 

produced in this study originate from two contributions;  

• one due to the superparamagnetic particles and  

• the other due to the blocked particles.  

Superparamagnetic part can be described by Langevin function
x

xxL 1)coth()( −=  

from a minimum particle size up to a critical size, and the blocked part can be 

described by hyperbolic tangent function (tanh(x)) from the critical size up to a 

maximum particle size. This distribution was also proved by the TEM micrographs. 
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Best fit was obtained when it is assumed that there is a size distribution of particles. 

According to this assumption smaller particles behave as superparamagnetic and 

described by Langevin function, on the other hand larger blocked particles described 

by tangent hyperbolic function. 

 

Also the ratios of the fitting parameters for the Langevin function and the tangent 

hyperbolic function at different temperatures are matching with the amount of the 

phases present in the samples, because it was thought that maghemite phase provides 

the superparamagnetic contribution to the magnetic behavior of the sample. 

 

In this study blocking temperatures, where the whole sample becomes 

superparamagnetic above this temperature and the particles are free to align with the 

field during the measurement period, were found as approximately 220 K, 300 K and 

300 K for the samples heat treated at 300, 350 and 400 °C, respectively using M-T 

curves (M: Magnetization, T: Temperature). TB was found approximately as 265 K 

for the ethylene glycol sample of sol-gel processing. These results show that these 

samples behave superparamagnetically at the room temperature. Since the aim of the 

study is to produce maghemite nanoparticles that can be used in biomedical 

applications at room temperature, the results obtained seem to be quite satisfactory. 

 

It is considered that ethylene glycol-diethylene glycol route of sol-gel method was 

better than the conventional one, because the preparation period was easier than that 

of the TEOS route, also results are satisfactory from the magnetization point of view. 

 

It was found in the literature that applied magnetic field strength and frequency as 

well as particle properties such as particle size and anisotropy constant strongly 

influence power output for chemotheraphy and hyperthermia treatment of cancer; the 

highest power output is obtained in a relatively narrow particle size range. The 

particle sizes obtained in this study are generaly less than the superparamagnetic size 

limit which was determined as 28 nm for γ-Fe2O3 maghemite particles [45]. 

Therefore, the maghemite nanoparticles produced by ethylene glycol-diethylene 
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glycol route of sol-gel processing are feasible to be used in combined hyperthermia 

and chemotherapy applications. 

 

Another method to prepare the maghemite nanoparticles is the microwave method. In 

the literature it is reported that microwave radiation has many advantages and little 

work has been reported on the maghemite material. So by using this technique it was 

aimed to obtained small sized superparamagnetic maghemite nanoparticles. The 

experimental procedure seems quite simple but it was difficult to obtain the 

maghemite phase due to inhomogeneity of the power distribution in the domestic 

microwave oven used in this study. Several different microwave powers and 

durations were applied to prepare the samples. Most of the samples contain 

maghemite and hematite  phases together and particle sizes are between 3 – 30 nm.  

The TEM images of microwave processed samples also indicate that average particle 

size is about 5 nm and the particles show a narrow size distribution which is an 

important parameter for biomedical applications. 

 

It was  considered that microwave radiation is not effective enough for the 

preparation of the samples, so the domestic oven was modified and different series of 

samples were prepared by using different combinations of microwave power and 

durations. This time magnetization results were changed. But saturation 

magnetization values of these microwave samples were lower than that of the sol-gel 

samples. Sol-gel samples have the saturation values about 28 emu/g, whereas 

microwave samples have this value about 3 emu/g. The main point about this method 

is the crystallinity of the samples. Short microwave treatment periods yielded 

maghemite particles, however their crystallinity were not pronounced as compared to 

sol-gel samples. Some of the samples were well crystalline, but in this case size of 

the particles became quite large which affects the magnetic properties adversely.  

 

Although both techniques are quite facile, sol-gel method in which ethylene glycol 

and diethylene glycol are the starting materials is more advantageous than the 

microwave method due to magnetic characterization results which are the main 

parameter for the biomedical applications.  
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CHAPTER 6 

 
 
 

CONCLUSIONS AND FURTHER SUGGESTIONS 

 
 

 

 

• Firstly sol-gel method was employed by using tetraethoxysilane (TEOS) to 

produce maghemite nanoparticles. Different metal salts were used and the 

nitrate salts yielded better results.  

 

• The saturation magnetization values of the first sol-gel method are below the 

reported value for bulk γ-Fe2O3 (74 emu/g), but these values are in fairly 

good agreement with the values measured in γ-Fe2O3 particles of similar size 

given in the literature. Surface and finite size effects have been reported as 

being responsible for the decrease in the magnetic properties of nanoparticles. 

 

• In the second sol-gel route ethylene glycol and diethylene glycol were used as 

the starting materials. The particle sizes for the case of ethylene glycol-

diethylene glycol route of sol-gel processing were generally below 10 nm and 

samples have good crystallinity.  

 

• The saturation magnetization values of the samples processed by ethylene 

glycol-diethylene glycol route are  quite high when compared with the results 

of the sol-gel processed samples from the literature. 

 

• It is considered that ethylene glycol-diethylene glycol route of sol-gel method 

was better than the conventional one, because the preparation period was 

easier than that of the TEOS route, also results are satisfactory from the 

magnetization point of view. 
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• The maghemite nanoparticles produced by ethylene glycol-diethylene glycol 

route of sol-gel processing are feasible to be used in combined hyperthermia 

and chemotherapy applications. 

 

• Another method to prepare the maghemite nanoparticles is the microwave 

method. The experimental procedure seems quite simple but it was difficult 

to obtain the maghemite phase due to inhomogeneity of the power 

distribution in the domestic microwave oven used in this study.  

 

• The main point about microwave method is the crystallinity of the samples. 

Short microwave treatment periods yielded maghemite particles, however 

their crystallinity were not pronounced as compared to sol-gel samples. 

 

• Although both techniques are quite facile, sol-gel method in which ethylene 

glycol and diethylene glycol are the starting materials is more advantageous 

than the microwave method due to magnetic characterization results which 

are the main parameter for the biomedical applications.  

 

• However, more work is required to understand the formation mechanisms and 

characterization results of these magnetic nanoparticles; namely systematic 

TEM study is required for the complete statistical distribution of these 

nanoparticles and VSM work down to liquid helium temperatures is required 

for full magnetic characterization especially for the determination of blocking 

temperatures. 
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APPENDIX A 

 
  

 

CORRELATION COEEFFICIENTS OF THE MAGNETIZATION DATA 

 

 

 

 

Table A.1 Correlation coefficients of the magnetization data of the diethylene glycol 

route of sol-gel processing. 

 
 123 K 173 K 223 K 273 K 293 K 

Model 1 2 1 2 1 2 1 2 1 2 

OAD300 0.995 0.998 0.992 0.998 0.990 0.996 0.989 0.996 0.988 0.996 

OAD350 0.994 0.996 0.992 0.997 0.990 0.995 0.988 0.994 0.987 0.994 

OAD400 0.992 0.995 0.990 0.995 0.987 0.993 0.985 0.992 0.985 0.992 
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