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ABSTRACT 

Microemulsion techniques have been widely used to prepare nanoparticles (NPs) of 

controlled shapes and dimensions. Magnetite nanoparticles (Fe3O4) of various sizes 

were synthesized using the water in oil (w/o) microemulsion as nano-reactors. 

Commonly available mustard and soybean oils were used beside hexane as oil phases 

for the synthesis. The effect of the oil phase on the structure, optical band gap and 

morphology of the nanoparticles were studied. The X-ray diffractogram of each of the 

samples showed a well-defined crystalline phase with no effect of the oil phase in 

their crystal structure. UV spectra of the samples showed the surface plasmon 

resonance at nearly the same value of 220 nm with different bandgap energies. The 

average diameter of the spheroid particles was found to be 57 nm, 33 nm and 24 nm 

on using hexane, mustard oil, and soybean oil as organic phases, respectively. This 

way, the nanoparticles of variable sizes could be prepared by changing the oil phase 

in the microemulsion. 

Keywords: Magnetite, Microemulsion, Soybean oil, Sunflower oil, Optical band gap 
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साराांश 

आजकल माइक्रोईमल्सन नामक विविको प्रयोगद्वारा वनवित आकार-प्रकार र आयाम भएका 

नानोकविकाहरु तयार गने प्रविविको विकाश भएको पाईन्छ । यो अनुसंिानको क्रममा "तेल 

वभत्र पानी (तेल[पानी])" कोटीको माइक्रोईमल्सनलाई नानोप्रवतवक्रयाशालाको रुपमा उपयोग गरेर 

विविि आकारका म्यागे्नटाइट नामक चुम्बकीय गुियुक्त नानोकविकाहरु संशे्लषि गररएको वियो 
। यो अध्ययनमा तैलीय िसु्तको रुपमा हेके्जन तिा तोरी र भटमासको तेललाई प्रयोग गरर 

वतनीहरुले नानोकविकाको िनोट, आकार-प्रकार तिा अविकल ब्याण्ड ग्यापमा पाने प्रभािको 

िारेमा विशे्लषि गररएको वियो । प्राप्त नानोकविकाहरुको नमुनामा गररएको एक्स-रे वििततनले वत 

सिै नमुनामा मिीवभय संरचना विद्यमान भएको तिा वतनीहरुको आन्तररक रचनामा तैलीय िसु्तको 
कुनै प्रभाि नरहेको पाईयो । प्रते्यक नमुनाको परािैजनी-दृश्य-पटको अध्ययन गर्ात वतनीहरुमा 

असमान अविकल ब्याण्ड ग्याप भएका र झनै्ड  २२० नानोमीटरमा प्रकाशको अविक शोषि गने 

नानोकविकाहरु िनेको िाहा पाईयो । सािै हेके्जन तिा तोरी र भटमासको तेललाई तैलीय 
िसु्तको रुपमा प्रयोग गर्ात क्रमस: ५७ नानोमीटर, ३३ नानोमीटर र २४ नानोमीटर ब्यासका 

गोलाकार नानोकविकाहरु िनेको समेत वनर्क्यौल गररयो । यसरी, माइक्रोईमल्सनको िनौटमा 
तैलीय िसु्तको विविविकरि गरेर विवभन्न आयतनका गोलाकार नानोकविकाहरु तयार गनत 
सवकन्छ भने्न वनष्कषतमा पुवगयो । 
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CHAPTER 1 

INTRODUCTION 

1.1 Definitions of Nanomaterials and Nanotechnology 

International organization of standardization (ISO) has defined a nanoparticle as “The 

particle having its diameter in between 1 nm to 100 nm is nanoparticle” (Boholm & 

Arvidsson, 2016). According to British Standards Institution (BSI), “If all the field or 

diameter of the particle is in nanoscopic range then the particle is nanoparticle” 

(Jeevanandam et al., 2018). Scientific Committee on Consumer Products (SCCP) 

defined a nanoparticle (NP) as “The particle whose at least one dimension is in the 

nanoscale range”. Thus, nanochemistry deals with the study of the synthesis and 

application of the material whose dimension lies in the nanoscopic range (Schaming 

& Remita, 2015). 

 

Figure 1.1: Scheme showing the particles having a diameter ranging from sub 

nanoscopic scale to microscopic and macroscopic scales  

As shown in Figure 1.1, the size of red blood cells and viruses is mesoscopic in size 

visible by an optical microscope, whereas atoms and molecules have a size less than 1 

nm. The size of nanoparticles is between these two extremes i.e. larger than molecular 

level but for smaller than macroscopic materials. Nanotechnology thus encompasses 
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the science of contrary, manipulating and applying objects with dimensions between 1 

nm and 100 nm.  

The term nanotechnology was first introduced by Prof. Norio Taniguchi in order to 

explain the “Processing of separation, consolidation, and deformation of materials by 

one atom or one molecule” (Mehnath et al., 2021). The International Union of Pure 

and Applied Chemistry (IUPAC) has defined nanotechnology as the “Manipulation of 

matter on an atomic and molecular scale” (Jones et al., 2020). The definition of 

nanotechnology as proposed by the National Aeronautics and Space Administration 

(NASA) is, “The creation of functional materials, devices and systems through 

control of matter on the nanometer length scale 1 nm to 100 nm, and exploitation of 

novel phenomena and properties such as physical, chemical, biological at that length 

scale” (Mehnath et al., 2021). 

Nature is an inspirational source for many scientific researches and has also produced 

several nanostructured materials that make life possible for various biomass. A simple 

example of such material is the smallest unit of life, the cell. A cell membrane is a 

part of the cell that has its dimension in the nanoscopic range and is considered a one-

dimensional nanomaterial. Some other natural nanoscale phenomena and mechanisms 

are summarized in Table 1.1.  

Table 1.1:  Some nanoscale phenomena and mechanisms observed in various living 

organelles and organisms (Jeevanandam et al., 2018) 

Natural Technologist Functions 

Cell Organelles Basic metabolism of a living organism 

Chlorophyll Photosynthesis 

Web spinning spider Web synthesis that can resist light and water 

(strongest natural fiber) 

Gecko Able to walk on the wall (anti-gravity) 

Lotus leaf Self-cleaning action 

Water strider Able to walk on water 
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1.2  Historical Development  

Nanotechnology has been used by humans since ancient times. During the Fourth 

century Romans used nanomaterials to create swords with high strength and 

flexibility. These swords consisted of 1.5% carbon in the form of nanotubes 

(Deshmukh, 2019). Similarly, microscopic analysis of Damascus steel swords made 

in the Fifth century showed the presence of carbon nanotubes that provided them with 

high strength. The strength of such steel was so great that it was capable to split a 

metal helmet in a single shot (Murty et al., 2013).  

The famous Lycurgus Cup of the Fourth century was made of glass, contained gold-

silver alloyed NPs which were distributed in such a way that the glass looks green in 

reflected light (Figure 1.2a) but, when light passes through the cup it reveals a 

brilliant red color as shown in Figure 1.2b  (Deshmukh, 2019). 

 

Figure 1.2:  Lycurgus Cup with unique optical property (Freestone et al., 2008) 

One of the chief reasons for the attraction to watching nanoparticles’ research is due 

to their fascinating optical properties. Different metal nanoparticles show different 

colours due to which they can be used in decoration and paints. One of the most 

widely used nanoparticles was of gold in the size range of 20 nm which showed wine 

-red colour. Similarly, silver nanoparticle in the same size range is grey while 

platinum appears black (Schaming & Remita, 2015).  
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In 1857, by reducing the aqueous solution of complex salt of gold with phosphorous 

in presence of carbon disulphide, Faraday was successful to produce gold NPs in the 

laboratory, colloidal solution of gold, as those were called then. After this, many 

scientists tried to study these size depending properties. However, the lack of 

analytical instruments made it difficult to establish the size-dependent properties in 

the past. Rapid development in the field of nanotechnology was only possible after the 

discovery of the TEM in 1931 by M. Knoll and E. Ruska and then of STM in 1981 by 

G. Binnig and H. Rohrer. This has enabled scientists to develop several metallic, non-

metallic as well as composite nanomaterials that have potential applications in 

different fields. 

Some major contributions made by different scientists to nanochemistry development 

are summarized in Table 1.2.   

Table 1.2: Historical development in nanochemistry (Schaming & Remita, 2015; 

Toumey, 2009) 

Year Breakthrough events Scientist 

1857 Synthesis of gold nanoparticle M. Faraday 

1900 There may be a tiny particle that obey their own law M. Planks and A. Einstein 

1902 Concept of surface plasmon resonance R.W. Wood 

1931 Discovery of TEM M. Knoll and E. Ruska 

1937 Discovery of SEM M. V. Ardenne 

1959 A lecture on “There is plenty of room at the bottom” R. Feynman 

1974 The term nanotechnology was introduced N. Taniguchi 

1980 Discovery of buckminster fullerene R. E. Smalley 

1981 Discovery of STM G. Binnig and H. Rohrer 

1986 The term “Molecular Nanotechnology” was introduced E. Drexler 

1991 The term “Nanomedicine” was introduced Reported by (Min et al., 2015) 

1991 Discovery of carbon nanotube S. Iijima 

1.3 Magnetite Nanoparticles  

Ferrous-ferric oxide, commonly called magnetite is one of the main ores of iron. It has 

a molecular formula of Fe3O4 with the chemical composition of Fe
+2

 Fe
+3

2
 
O

-2
4

 
and is 

mostly found in rocks. It is ferri-magnetic i.e. can be attracted to a magnet and 

become a permanent magnet. Lodestone, a naturally-magnetized piece of magnetite, 

was used by early people to discover the magnet and magnetic properties. The IUPAC 
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name for magnetite is iron (II,III) oxide and is the most magnetic naturally occurring 

mineral on earth (Morel et al., 2013). Almost all of the naturally occurring crystalline 

rocks and sedimentary rocks contain magnetite. Iron oxide ore with more than 70% of 

magnetite is considered to be a valuable source of iron. Such ores have been used for 

the extraction of iron since ancient times (Fleet, 1981). 

Magnetite has an inverse spinel structure with identical unit cell dimensions of 

alternating tetrahedral and octahedral layers (Bragg, 1915). In the crystal structure, 

Fe
2+

 ions and half of the Fe
3+

 ions occupy octahedral sites whereas the other half of 

Fe
3+

 ions occupy the tetrahedral site. The magnetic moment of trivalent iron ions in 

octahedral sites is equal but opposite to the magnetic moment of divalent iron ions in 

the tetrahedral sites. So, the net magnetic moment in magnetite is given by Fe
+2

 ions 

in the octahedral sites. Each unit cell consists of 32 oxygen atoms, 16 Fe
3+

 ions and 8 

Fe
2+

 ions in a face centred cubic structure (Kozlovskiy et al., 2019). 

 

Figure 1.3:  Unit cell of magnetite crystal (Schmitz-Antoniak, 2015) 

Figure 1.3 shows the unit cell of magnetite crystal. Here, each particle in blue colour 

and with large size represents O
2-

 ion. Similarly, smaller size particles in red colour 

represent Fe
3+

 ions in tetrahedral sites and particles in white colour represent Fe
3+

 and 

Fe
+2

 ions in octahedral sites. The axial length and interfacial angle for a unit cell are 

a=b=c= 0.839 nm and α=β=γ= 90°. 
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Biologically, magnetite particles are found in different organisms from bacteria such 

as Magnetospirillum magnetotactium, to higher animals including human beings. It is 

found in the hippocampus of the organism and is involved in information transfer, 

memory and learning. Magnetite is also found in the brain of bees as well as birds 

which allows them to sense the direction of the earth’s magnetic field. Molluscs such 

as snails have magnetite teeth as well as the tongue that makes it abrasive to help 

them grab food from rocks (Frankel & Blakemore, 1989).  

Several chemical methods can be used for the synthesis of magnetite NPs such as sol-

gel (Hamed Sadabadi, 2015; Hu et al., 2019; Takai et al., 2019; Xu et al., 2007), 

microemulsion (Liang et al., 2010; Salvador et al., 2021; Singh & Upadhyay, 2018), 

solvothermal (Tian et al., 2011; B. Sen Yadav et al., 2020), sonochemical reduction 

(Andrade et al., 2012; Cheng et al., 2005; V. K. Yadav et al., 2020), hydrothermal 

(Torres-Gómez et al., 2019), coprecipitation (Nkurikiyimfura et al., 2020), hydrolysis 

and thermolysis of precursors, flow injection, electron spray and pyrolysis. Each of all 

these methods has its own advantages as well as difficulties. 

Due to their unique properties, magnetite nanoparticles have been widely used in 

several fields. The promising applications of such size-controlled materials have been 

found in magnetic recording media such as audio and videotape, catalysis, adsorption 

of heavy metals, biomedical uses including in drug delivery systems, radiofrequency 

hyperthermia, magnetic resonance imaging (MRI), cancer therapy, and many more 

(Fato et al., 2019; Karami, 2013; Linh et al., 2018; Maity et al., 2010; Prilepskii et al., 

2018; Schwaminger et al., 2017). 

1.4 Objectives  

The broad objective of this study is to synthesize magnetite nanoparticles (MNPs) of 

controlled size via microemulsion technique using edible oil as oil phase. The specific 

objectives of the study include: 

1.  Synthesis of MNPs using microemulsion technique with hexane, mustard oil 

and soybean oil as oil phase, and 

2.  Study of the effect of different oil phases on morphology, size as well as band 

gap energy of the prepared MNPs. 
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CHAPTER 2 

LITERATURE SURVEY 

2.1 Unique Properties of Nanostructured Materials 

Nanoscale materials can have quite different properties as compared to their bulk 

analogues. As the size of the particle approaches the nanoscopic range, some of the 

properties such as hardness, strength, ductility, elastic modulus, melting point, density 

and thermal conductivity of the material change significantly (Kozlovskiy et al., 2019; 

Murty et al., 2013; Radoń et al., 2017; Salvador et al., 2021; Yoshida & Lahann, 

2008). For instance, differences in some of the major properties of nickel (Ni) in its 

nanoscopic range as compared to its microscopic range are shown in Table 2.1.  

Table 2.1: Comparison of properties of nickel (Ni) in microscopic and nanoscopic 

range (Murty et al., 2013) 

Properties Change in property 

Hardness Increases by 5 times 

Strength Increases by 3-10 times 

Corrosion resistance Reduced (localized corrosion) 

Electrical 

Wear Resistance 

Frictional coefficient 

Saturation magnetization 

Electrocatalytic property 

Resistivity increases 

Increases by 170 times 

Reduce to half 

Reduce by 5 % 

Enhance the evolution of hydrogen 

 

Particles at the atomic level show completely different properties as compared to 

bulk. So, properties such as melting point, mechanical strength, optical, microbial 

properties, exciton, magnetic domains, super hydrophobicity of the NPs always 

depend upon the size of the particle. These different properties are mainly due to their 

high surface to volume ratio. Due to these unique properties of the particle at the 

atomic level, nanomaterials include a wide range of applications in physics, 

chemistry, material science, optics, biomedical science (Boufas et al., 2020; Ghimire 

et al., 2016; Horst et al., 2017; Kozlovskiy et al., 2019; Rashid et al., 2017). 

Some unique properties of nanomaterials are discussed below:  
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2.1.1 Antimicrobial properties:  

Nanomaterials show different properties to microorganisms as compared to bulk 

material. Non-metallic, metallic, as well as metal oxide nanoparticles, are mostly used 

in the biomedical field for cell treatment. The antimicrobial properties of the 

nanomaterial proceed either through the physical or chemical mechanism. For CNTs, 

the physical mechanism is due to the structural damage of the cell wall and membrane 

of the microorganisms. The structure of the nanomaterial is responsible for such 

phenomena. Some chemical interactions between the nanomaterial and cell can cause 

oxidative stress and ultimately can cause the death of the cell. Some mechanisms also 

include the electron transfer between the cell and nanomaterial (Al-Jumaili et al., 

2017). 

Metallic nanoparticles such as gold, silver, magnesium etc. have been widely studied 

as antimicrobial agents due to their low toxicity. Not only the metallic form but also 

metal oxide had been studied and proven as the material to kill bacteria, viruses as 

well as fungi through cell membrane damage and the formation of reactive oxygen 

species as shown in Figure 2.1 (Gharpure et al., 2019). 

 

Figure 2.1: Antimicrobial mechanism of SeO2 nanoparticle (Muthu et al., 2019) 

2.1.2 Quantum confinement:  

Optical, electronic, magnetic property difference is due to the quantum confinement 

effect. The quantum confinement effect arises when the size of the particle is too 

small as compared to the wavelength of the electron. Here, the term quantum 

represents the atomic realm of particles and confinement means to confine the motion 

of randomly moving electrons to restrict motion in specific energy levels. The 

confinement of the electrons and holes always depends on the properties of material 

called Bohr’s radius (Dorfs et al., 2019). 
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Figure 2.2: Change in optical property due to quantum confinement effect (Jagtap et 

al., 2019) 

2.1.3 Surface plasmon resonance (SPR):  

The measurement of tiny molecules in the very dilute concentration of analyte plays a 

crucial role in a variety of fields, from the food industry to biological, 

pharmacological, and therapeutic applications. Based on their interaction with 

biomolecules, these small molecules can be suitably detected by surface plasmon 

resonance. The formation of surface plasmons will be at the interface of two 

materials, one of the interfaces is a metal with a lot of free conduction electrons and 

the other is a dielectric. Surface plasmon resonance is not only limited to the 

multimolecular layer but is also more evident for metal particles with dimensions that 

are much smaller than the wavelength of interacting light. However, the system's 

sensitivity for detecting these compounds is quite poor. For years, improving 

sensitivity has been a struggle and many strategies have been tried to improve SPR 

signals. The use of a variety of nanomaterials to improve SPR signals has yielded 

promising results. In addition to this benefit of employing nanomaterials, signal 

amplification afforded by the proper use of reflected light phase information could be 

useful in improving SPR sensitivity. Traditional SPR sensors are unable to detect tiny 

changes in the target's exterior qualities, however, phase-sensitive SPR sensors can 

(Li & Zhang, 2017).  
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Figure 2.3: Surface plasmon resonance of gold nanoparticle (Szunerits et al., 2014) 

2.2  Iron Oxide Nanoparticles and Their Properties 

2.2.1 Various forms of iron oxides 

The magnetic properties of any material depend upon its size, shape, structure, 

crystallinity, synthetic method as well as nature of metal. The magnetic properties 

over a magnetic field whenever is weak have no significant effect on the living 

organism. However, the use of high strength field can have a significant impact. 

Recently, a large number of works had been carried out to study and use these 

magnetic NPs in the adsorption of heavy metal ions from waste water as well as 

magnetic field hyperthermia (Horst et al., 2017). 

One of the most abundant metals on the earth's surface is iron and it is found in the 

form of oxide. Iron oxide has oxidative stability, compatibility in the non-aqueous 

system, and nontoxicity.  Yellow iron has been used as the pigment for several years 

in catalysts, jewellers, adsorbents, batteries, electrodes, medicines, fertilizers and raw 

materials for the iron and steel industries. According to Cornell and Schwartzman 

there are 17 types of iron oxides ranging from oxides, hydroxides and oxihydroxides 

(Boufas et al., 2020; Zeng et al., 2016). 

Oxide, hydroxide and oxyhydroxide crystal of iron can be ferromagnetic, 

antiferromagnetic and ferrimagnetic as Fe
2+

 ion contains four unpaired electrons in 3d 
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shell and Fe
3+

 ion contains three unpaired electrons in 3d shell. Out of all the oxide 

ores of iron, magnetite (Fe3O4) and Maghemite (Γ-Fe2O3) are mostly used to make 

superparamagnetic materials (Zeng et al., 2016). Table 2.2 shows different oxides, 

hydroxides and oxyhydroxides of iron with their molecular formula and local name. 

Table 2.2: Classification of natural iron oxides, their molecular formula and minerals 

names 

Type of compound Molecular formulae Name of the compound 

 

 

         Oxide 

ᾳ-Fe2O3 Hematite 

Fe3O4 Magnetite 

Γ-Fe2O3 Maghemite 

β -Fe2O3  

ε -Fe2O3  

FeO Wustite 

 

 

 

 

       Oxide- Hydroxide 

α –FeOOH Goethite 

Γ –FeOOH Lepidocrocite 

β –FeOOH Akagetite 

Fe16O16(OH)y(SO4)z.nH2O Schwertmannite 

δ- FeOOH  

δ ‘-FeOOH Feroxyhyte 

FeOOH  

Fe5HO8.4H2O Ferrihydrite 

 

         Hydroxides 

Fe(OH)3 Bernalite 

Fe(OH)2  

Fex
iii

Fey
ii
(OH)3x+2y-z(A

-
)z Green rust 

There are different forms of iron oxides in nature. The most common iron oxides that 

are important in scientific technology are magnetite, maghemite, and hematite. Other 

oxyhydroxides and hydroxides consist of minerals bearing oxygen. As per the review, 

the (OH
-
) group of the hydroxides forms structures resulting in lower bond strengths 

than the oxide minerals. 

2.2.2 Methods for producing nanoparticles 

Magnetic properties of nanomaterials are powerful manipulation and detection tools 

which have been studied for a long time. Magnetic nanoparticle acts as the active 

component of ferro fluids, recording tape, flexible disk recording media, as well as 

biomedical materials and catalysts. Assembly of magnetic grains also has been used 
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in hard disk recording media, permanent magnets, and nanocrystalline soft materials 

(Kodama, 1999). 

In the last few decades, significant progress has been made in the synthesis of 

nanoparticles. Based on the approach, methods for nanoparticle synthesis can be 

divided into the following two ways: (Choi et al., 2008; Saleh, 2020)  

I. “Bulk to nano” approach: This method consists of breaking down the bulk 

material into nanoparticle size. In the approach, a bulk material in its solid 

form is taken as starting substrate. Such material is then processed through 

either wet or dry methods for reduction of its size. A large quantity of the 

particle can be synthesized within a short period by this method. This method 

is commonly called as a top-down approach.  

II.  “Atom to nano” approach: This approach includes the synthesis of 

nanoparticles from the atomic level. The liquid, as well as gas phase of the 

material, is taken as starting material for such an approach. This approach is 

also known as the bottom-up approach. As compared to the top-down 

approach, the bottom-up approach has a high tendency to obtain shape and 

size-controlled nanoparticles. Table 2.3 shows some of the nanoparticles 

synthesized from these approaches.  

Table 2.3:  Different methods for nanoparticle synthesis (Ealias & Saravanakumar, 

2017)  

Approaches Methods Examples of nanoparticles synthesized  

Atom to Nano Sol-gel Carbon, metal and metal oxide-based materials  

Spinning Organic polymers 

CVD Carbon and metal-based materials 

Pyrolysis Carbon and metal oxide-based materials 

Biosynthesis Organic polymers and metal-based materials 

Bulk to Nano Mechanical milling Metal, oxide and polymer-based materials  

Nanolithography Metal based materials 

Laser ablation Carbon based and metal oxide based materials 

Sputtering Metal based materials 

Thermal decomposition Carbon and metal oxide based materials 
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Among various solution mediated techniques, sol-gel and micro-emulsion methods 

frequently seem for nanoparticle synthesis are discussed in the following paragraphs. 

Sol-gel method: Sol-gel technique is one of the most promising techniques for the 

preparation of both pure solid as well as composite based nanomaterials. Molecular 

scale homogeneity, low proceeding temperature and the possibility of incorporation of 

many different metal dopants in the different matrices are some advantages of this 

technique. This procedure consists of a diphasic system, solid phase and liquid phase 

where sol is formed which then slowly proceeds towards a gel-like structure. Typical 

precursors of the sol-gel technique are metal alkoxide and metal chlorides, which 

undergo both polycondensation and hydrolysis to form a colloidal particle. The size of 

the forming particle is then varied from the colloidal size to the solid phase matrix 

size (Hamed Sadabadi, 2015; Sara shaker, Shirzad Zafarian, Shilpa chakra, 2013; Xu 

et al., 2007). Example of nanoparticles synthesized by the sol-gel method is titanium 

oxide (TiO2), zinc oxide (ZnO), aluminium oxide (Al2O3), iron oxide (Fe2O3, Fe3O4) 

(Habte et al., 2019; Irshad et al., 2018; Tabesh et al., 2018; Tadic et al., 2019).  

In the sol-gel technique, the solution of salt precursors is initially hydrolyzed followed 

by condensation to form a colloidal suspension called sol. During condensation, water 

or alcohol is removed to form the metal oxide or hydroxide linkage. Sol is then 

converted to viscous gel and solid material as shown in Figure 2.4. The gel is finally 

dried for evaporation of the solvent and ground to obtain powder nanoparticles (Murty 

et al., 2013).   

 

Figure 2.4: Sol-gel technique for nanoparticle synthesis 

Microemulsion method: The microemulsion method was used first by Schulman by 

preparing a quaternary solution of water, benzene, hexanol and potassium-olate. 

Generally, oil and water are immiscible in the normal condition, so they separate into 

two phases when mixed with an interfacial tension of about (30 dynes/cm - 50 
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dynes/cm) (Eastoe et al., 2006). This can be overcome by the use of surface-active 

reagents commonly called surfactants. Surfactant contains hydrophilic as well as 

lipophilic properties. If a suitable amount of surfactant is used, it creates an interface 

between the water and oil phase decreasing the interfacial tension. Similarly, a 

cosurfactant is also used to increase the stability of microemulsion. It is found that 

this system consists of particles having a diameter between 600 nm and 800 nm 

(Kumar & Mittal, 1999).  

Reverse microemulsion or water dispersed in oil (w/o) is thermodynamically stable 

isotropic dispersion of water in the continuous oil phase. These two phases are also 

stabilized by the use of proper surfactant molecules. The oil phase of such a system is 

generally compound having a chain of 5 to 12 carbons. In many cases, alcoholic 

compounds such as isopropyl alcohol have been used as co-surfactant. The use of the 

co-surfactant in the reaction system further increases the stability of the emulsion. An 

emulsion is formed via agitation of oil and water. It results in two-phase dispersion 

droplets being coated with the surfactant. This surfactant is determined based on the 

phase. The use of hydrophilic surfactant compels the emulsification of oil in droplets 

throughout a continuous aqueous phase. On the other hand, the water is emulsified in 

droplets dispersing continuously in the oil phase when a lipophilic surfactant is used 

(Al-Jumaili et al., 2017; Malik et al., 2012).  

Synthesis of NPs through microemulsion can be carried out by using two solutions, 

one consisting of salt precursor and another with a reducing agent. When these two 

solutions are mixed collision between two nanodroplets occurs which is called 

percolation.  

 

Figure 2.5: Microemulsion technique for nanoparticle synthesis 

Microemulsion I 

with salts
Microemulsion II 

with reducing 

agent

Mixing

Percolation

Formation of nanoparticles
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Due to these advantages, several metallic, as well as non-metallic nanoparticles, have 

been successfully synthesized by this method. This method is mostly applicable in the 

fields of biology and chemistry with the ability to control particle properties (Ghimire 

et al., 2016).  

Nanoparticles can also be prepared using these methods. A comparison between 

different methods with their advantages and disadvantages is shown in Table 2.4. 

Table 2.4: Comparison of different methods for the fabrication of NPs  

Method of preparation Advantages Disadvantages References 

Coprecipitation  synthesize large 

amount of water 

soluble and 

biocompatible NPs 

low control of particle shape 

 broad distribution of size 

and 

 aggregation of particles and 

uncontrolled oxidation. 

(Ahn et al., 2012; 

Ma? et al., 2014) 

Sol gel  control of morphology 

and chemical 

composition  

desired shape and 

length  

expensive alkoxide 

reactants, 

 need high temperature for 

calcinations  

 time consuming  

(Hamed 

Sadabadi, 2015; 

Xu et al., 2007) 

Hydrothermal  smaller size and lower 

crystallinity  

affect the properties of 

particles by the molar ratio 

of salt. 

(Daou et al., 

2006; Khollam et 

al., 2002) 

Microemulsion 

 

uniform properties and 

size of the NPs  

difficult to remove 

surfactant 

low synthesis 

(Liang et al., 

2010) 

Aerosol/vapor 

(pyrolysis)  

high production rate  large aggregates  (Lyubutin et al., 

2019) 

Several techniques have been used for the synthesis of magnetite nanoparticles. Some 

of the methods adapted and properties of MNPs is given in Table 2.5.  
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Table 2.5: Different approaches for MNPs synthesis  

Method of synthesis Reagents Properties of particles References 

Microemulsion 

technique 

0.3M FeSO4 and 

Fe(NO3)3 in the 

aqueous phase, 

cyclohexane as oil 

phase and 

NP5+NP9  as the 

surfactants 

Size: <10nm (Zhou et al., 2001) 

Coprecipitation 

method 

ferrous and ferric 

ions by NaOH in an 

aqueous solution. 

Particle Size: 3 to 20 nm 

Disadvantage: 

adjustment of pH, < 20 

nm 

(Sun & Zeng, 2002) 

Microwave 

hydrothermal method 

ferrous sulphate and 

sodium hydroxide 

Size: 0.15-0.2 nm. (Khollam et al., 2002) 

Microemulsion 

technique 

FeCl3 and FeCl2, 

NaOH. sodium 

dodecyle benzene 

sulfonate (DBS), 

ethanol 

Size: 10 nm Liu et al., 2004 

Co-precipitate 

followed by 

hydrothermal 

[N(CH3)4OH] 

solution 

Size: 12 nm (Daou et al., 2006) 

Thermal 

decomposition 

acetyl-acetonate, 

iron carbonyl and 

iron cupferronates, 

oleylamine, oleic 

acid, steric acid 

Size: 2 to 30 nm 

 

(Majewski & Thierry, 

2007) 

Microemulsion 

technique 

n-heptane, n-

hexanol 

Size: < 16 nm Lu et al., 2013 

Microemulsion 

technique 

oleic acid,  

isopropyl myristate 

(IPM), brij-97, 

transcutol, 

polyethylene glycol 

400 and propylene 

glycol 

 Daik et al.  2017 

Magnetite has been prepared by various methods with a wide range of possible 

applications. However, the toxicity of the nanomaterials, different rate of deposition 
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of ferrous and ferric ions, irreproducibility of the synthetic method and separation in 

its pure form after application are some challenges during magnetite synthesis. 

Interchange in the crystal structure and instability of the prepared materials over a 

long time due to agglomeration is also an issue (Sharifi et al., 2012). This work would 

be focused in the size-controlled synthesis of MNPs taking these all limitations into 

account. 

2.2.3 Applications of magnetite nanoparticles 

I.  Magnetite nanoparticles in heavy metal removal 

Environmental pollution is currently one of the major problems faced by living 

organisms. With the increase in the population, nature, as well as natural resources, 

has been consistently affected by different actions carried out by human beings. The 

contamination of the water with heavy metals’ ions such as copper, iron, lead, 

chromium etc. has exceeded. If such metals exceed their permissible limit they can 

cause both short and long term harmful effects which will make the survival of living 

organisms harder in the next few years. Waste water produced by different industries 

such as mining, alloy, Chlor-alkali, radiator manufacturing, battery manufacturing as 

well as electroplating is playing a leading role to cause the increase in the 

concentration of these metals ions in natural resources (Yunus et al., 2020). These 

metals do not degrade easily and their accumulation in the living organism can cause 

several health problems such as renal failure, oral ulcer, cancer, kidney failure, 

metabolic acidosis etc (Shen et al., 2019). Excess of these elements which are 

necessary in trace quantity for metabolic function in biological system, results in 

higher degree of problems in the aquatic system also. So, the removal of these metal 

ions from the waste water is important (Trivedi et al., 2007). 
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Figure 2.6: Illustration of a magnetic adsorption process (Wei et al., 2017) 

Amine-functionalized mesoporous Fe3O4 nanoparticles (AF-Fe3O4) had already been 

developed and used for the highly efficient removal of toxic heavy metal ions from 

water. The maximum amino group grafted onto AF- Fe3O4 was 0.1790 μg/mg as 

identified by the ninhydrin test. AF- Fe3O4 was also simply recovered from the water 

with magnetic separations at a low magnetic field within 1 min. Thermodynamic 

studies showed that the adsorption process was endothermic and spontaneous. The 

maximum removal was over 98% of Cu(II), Cd(II) and Pb(II) in 50 mL of a solution 

containing 5 mg/L metal ions (Xin et al., 2012). 

The advantage of the magnetite nanoparticle over classical adsorbents on removal of 

the heavy metals ions from the solution is due to their high adsorption capacity. The 

high surface to the volume ratio in nanomaterial leads for effective removal of such 

metal ions. High dispersion of the material during water treatment and their 

paramagnetic behavior makes them as nobel adsorbent. Separation of the metals 

loaded over such type of adsorbent can be easily carried out using an external field 

and also the adsorbent can be reused (Giraldo et al., 2013).  

II. Magnetite nanoparticles in biomedical application 

Magnetite nanoparticles had been widely used for bioanalytical and biomedical 

applications such as in biosensors, bioimaging, targeted drug delivery and signal 

markers. Among magnetic nanoparticles of nickel, cobalt and iron, magnetite 

nanoparticle is mostly used due to their low toxicity and high oxidation stability. 

However, for the application of MNPs in the biomedical field, size of the particle 
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must be less than 20 nm. Below this size, they exhibit the superparamagnetic property 

that is required for biomedical applications such as magnetic imaging. However, the 

agglomeration of the particle to reduce the surface energy and magnetism loss due to 

oxidation limits their application. Encapsulation of MNPs by organic polymer and 

inorganic material helps to increase stability as well as bioconjugation.  

Most two most common applications of MNPs in the biomedical field are targeted 

drug delivery and magnetic fluid hyperthermia. Folic acid-coated magnetite 

nanoparticle of size 3 nm to 13 nm was successfully prepared by using the 

precipitation method. The nanoparticle thus formed was then loaded with curcumin. 

Cyclodextrin cavities were saturated between 0.3 mg to 0.5 mg of curcumin with the 

release of the drug up to 80 % within a short period (Salem et al., 2015). Similarly, 

the core/cell nanoparticle of Fe3O4/ SiO2 encapsulated with PEG-PLA was prepared 

by using the precipitation polymerization process. Such microsphere showed low 

toxicity even at high concentrations with high loading efficiency of nearly 50 % 

(Deng & Lei, 2013). 

In magnetic fluid hyperthermia, heat is used to kill tumours cell inside the body. The 

source of heat is the magnetic nanoparticle which can generate heat through the 

hysteresis loss in the presence of the external magnetic field. As temperature increases 

up to 45℃, local cell death occurs due to apoptosis as well as necrosis (Estelrich & 

Antònia Busquets, 2018). 

 

Figure 2.7: Illustration of a typical magnetic hyperthermia therapy process (Latorre & 

Rinaldi, 2009) 
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III. Magnetite nanoparticles in electrical application 

Most of the iron oxide falls in the category of semiconductor where the energy gap 

between the valence band and conduction band is less than 5eV. For the excitation of 

an electron from valence or to the conduction band, external energy such as visible 

light of appropriate energy is needed. Among all the semiconductors with partially 

filled lattice band, MNPs shows abnormally good conductor. At room temperature, it 

shows the resistivity in the range 10
^-4

 to 10
^9

 Ωm which is significantly higher i.e. 

10
^6

 times greater than Fe2O3 and that is due to the exchange of electrons in the Fe
+2

 

and Fe
+3 

centres. The electrons coordinated with these iron species within the 

magnetite structure. Due to electron delocalization effects, magnetite can be slightly 

deficient on octahedral sites. Such deficiency allows for n-type and p-type magnetite 

semiconductors (Boufas et al., 2020; Weidenfeller et al., 2002).  
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CHAPTER 3 

 EXPERIMENTAL 

3.1 Materials 

Ferric chloride anhydrous (99%, Fisher Scientific, India) and ferrous sulphate 

heptahydrate (98%, Fisher Scientific, India) were used as salt sources. Ammonia 

(25%, Fisher Scientific, India) was used as the precipitating agent for the synthesis of 

MNPs. Hexane (Glaxo Laboratories, India), commercially available edible mustard 

oil and soybean oil were used as the oil phase in the microemulsion. Sodium dodecyl 

sulphate (SDS) (Fisher Scientific, India) was used as the surfactant whereas isopropyl 

alcohol (Glaxo Laboratories, India) as a cosurfactant. All reagents were of laboratory 

grade and used without further purification. Distilled water was used in all the 

experiments if required.                                                                      

3.2 Preparation of Solutions 

3.2.1  Preparation of microemulsions 

Three different microemulsions were prepared with an identical water/oil (w/o) ratio 

of 1:10 (v/v) using hexane, mustard oil and soybean oil as different oil phases using a 

standard protocol. 

In a typical experiment, 46 mL of each oil phase (hexane, mustard oil and soybean 

oil) was mixed with 2.6 mL of water, 0.8 gm of surfactant and 13.4 mL of 

cosurfactant in a 250 mL conical flask. The mixture placed in the thermostat at 40 ℃ 

was homogenized with the help of a magnetic stirrer for 30 minutes until a clear 

microemulsion was obtained. The formation of microemulsion was attested by the 

transformation of the opaque heterogenous mixture to a homogenous solution due to 

the formation of the possible nanoscale microemulsion. (See Figure 3.1) 
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Figure 3.1:  Photographs showing the change in solution transparency due to 

microemulsion formation: a) translucent solution before, and b) transparent solution 

after the stirring for 30 min  

Each of the microemulsions was divided into two equal volumes and named ME (I) 

and ME (II). 

3.2.2 Preparation of microemulsion containing the salt precursor:  

To the ME (I) of each type, 2.7 gm of FeSO4 (0.1 mol) was added and stirred to 

completely dissolve the salt. Then 0.81 gm of FeCl3 (0.05 mol) was added (at a molar 

ratio 2:1 of salts) to the resulting solution with constant stirring. The mixture was 

stirred for 30 minutes under an argon gas atmosphere at 40 ℃.  

3.2.3 Preparation of microemulsion containing the precipitating agent:  

 To the ME (II) of each type, 7.5 mL of ammonia was added and stirred for 30 

minutes.  

All the solutions were stored safely in the lab at 25 ℃. 

ba
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3.3  Preparation of Magnetite Nanoparticles (MNPs):  

Each microemulsion containing ammonia ME (II) was poured dropwise into the 

microemulsion containing the precursor salts solution ME (I). The color of the 

mixture immediately changed to black. The mixture was stirred for two hours using a 

magnetic stirrer. 

 

Figure 3.2: Photographs showing the preparation of MNPs: a) the apparatus showing 

the arrangement of the inert gas environment during synthesis, and b) MNPs 

containing a round-bottom flask showing black precipitate 

Black-colored particles were then separated using a bar magnet. A bar magnet was 

made close to the particle and the solution was discarded. The sample was then 

washed with an ethanol-water mixture at a volume ratio of 1:1. For this, ethanol-water 

was added to the sample, sonicated for 5 minutes and centrifuged. The process was 

repeated 3 times. The sample was dried in a muffle furnace at 100 ℃ under an argon 

gas atmosphere for an hour. The dried sample was then kept in a sealed vial for 

further characterization.  

The procedure for the synthesis of MNPs using microemulsion is presented in Scheme 

3.1.  
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Scheme 3.1: Procedure for the synthesis of MNPs using microemulsion technique 

(Satter et al., 2014) 

3.4  Characterization Methods 

3.4.1  Preliminary characterization 

The freshly prepared powder of the magnetite was taken on a clean dry white sheet of 

paper and a magnetic fish was brought close to the sheet to observe the response of 

the powder sample to the external magnetic field; shown in Figure 3.3a. 

To further characterize the magnetite powder, 0.1 g of the powder was dispersed 

through ultrasonication in the ethanol and water mixture (volume ratio of 1:1) in a 15 

mL glass vial.  The dispersed solution was then studied through a laser beam to 

observe the light scattering property, the Tyndall effect; shown in Figure 3.3b.  
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Morphology and particle size determination was also done using Boeco BM-800 

binocular microscope with B-CAM 16 digital camera. The sample was finely ground 

and was spread onto the glass slide and observed under the optical light.  

 

Figure 3.3: Illustration for preliminary study of physical properties of synthesized 

powder: a) magnetic property, and b) Tyndall effect   

3.4.2  X-Ray powder diffraction (XRD) 

The crystal phase and structure of the samples were investigated by an X-ray 

diffractometer (Bruker D2 Phaser) equipped with CuKα radiation, λ = 0.15418 nm 

and the pattern were recorded at a scanning rate of 0.1˚/step and 2θ angle ranging 

from 20° to 80°. The acceleration voltage of 35 kV and emission current of 30 mA 

were used. 

The obtained patterns were baseline corrected using the ALS system and then 

smoothed to 15 points (Savitzky-Golay) using Originpro 2016 (64 bits). 

3.4.3  Fourier transform infrared (FTIR) spectroscopy 

The FTIR spectra were recorded using IR Affinity-1 FTIR Spectrometer (Shimadzu) 

to identify species, functional groups, and vibration modes associated with each peak. 

Spectra were collected in the spectral range of 4000–400 cm
−1 

with a spectral 

resolution of 4 cm
−1

. 
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3.4.4 Ultraviolet-visible (UV-Vis) spectroscopy  

For the UV-Vis analysis, the colloidal solutions of samples were prepared in the 

ethanol-water mixture (1:1 volume ratio) with multiple ultrasonication. Absorbances 

were studied through a UV spectrophotometer (Shimadzu UV-1900i, Japan) using a 

10 mm quartz cuvette. Deuterium lamp and halogen lamp of 20 W were used as the 

source for UV and visible lights respectively. Silicon diode was used as the detector 

to obtain the spectra. Lights of wavelengths 190 nm to 800 nm were used for the 

study of absorbances characteristics of the MNPs.   

To obtain the corresponding direct transition band gap energy of particles, tauc plot 

was done. The method for the determination of band gap energy is based on the 

following equation. (1). 

(αhν)
2 

= B (hν – Eg) ……………...   (1) 

Here, ν represent the photon’s frequency, h the Planks’s constant and α the absorption 

coefficient, B a constant and Eg the band gap energy. (Makuła et al., 2018)  

Surface plasmon absorbances and tauc plots were sketched using OriginPro 2016 (64 

bit).   

3.4.5 Scanning electron microscopy (SEM) 

SEM was performed using an FEI Quanta 650 ESEM-FEG operated at 15 kV. For 

SEM analysis, sample powders were dispersed in distilled water by ultrasonication 

(Hielscher ultrasonic processor UP500S, 400 W, 24 kHz, tapered tip probe), with 65% 

amplitude for 3 min in the pulse mode (0.5 s pulse/pause). Dispersions were then 

pipetted on a glass slide. After drying at 60 °C on a hot stage, the glass slide with the 

dry powder was carbon coated for electrical conductivity (10 nm C-layer). 

The average size of particles obtained from each method was measured by Image J 

software. At least 20 particles were selected to calculate the average diameter of the 

particles, and further normal distribution curves were fitted using OriginPro 2016 (64 

bit). 
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CHAPTER 4 

 RESULTS AND DISCUSSION 

4.1 Preliminary Characterization 

The results from preliminary characterization can deliver information such as color, 

magnetic property as well as light scattering properties of the particles. 

Figure 4.1 shows a powdery texture (Figure 4.1a) and the magnetic nature of the 

sample in the presence of an external bar magnet (Figure 4.1b). It can be observed 

that powder samples were black-colored identical to the color of MNPs as given in the 

literature (Niculescu et al., 2021). All powder samples were attracted to the magnet 

demonstrating the magnetic nature of the particles.  

 

Figure 4.1:  Photographs showing MNPs: a) physical appearance of MNPs, and b) 

magnetic nature of particles shown by their attraction to magnetic fish  

Figure 4.2 shows the photograph of the response of the colloidal solution of the 

particle towards laser light (Figure 4.2a) and an optical micrograph of the particles 

(Figure 4.2b). The scattering of the laser light can be seen, as a basic property of the 

colloidal solution in which particles have dimensions comparable to that of visible 

light (nanometer scale). The scattering of light through the colloidal solution is called 

Tyndall effect and is one of the fundamental properties of nanofluid (Pang et al., 

2012).  

a b
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Also, the optical microscope was used to obtain some morphological information 

about the powder. An optical micrograph (Figure 4.2b) of the colloidal solution 

dispersed on a glass slide shows the spherical particles, the agglomeration of the 

nanoparticles, with a diameter of about 1 μm.  

 

Figure 4.2: Photographs showing optical property and particle morphology: a) 

scattering of the laser by MNPs colloidal solution, and b) optical micrograph of MNPs 

deposited on a glass slide 

4.2 Chemical Characterization 

4.2.1 Ultraviolet-visible (UV-Vis) spectroscopy and Tauc plots 

To characterize the band gap energy of the magnetite nanoparticles, UV-Vis spectra 

of all three samples were recorded. Surface plasmon absorption was observed at a 

different wavelength for three different samples. However, the samples absorbed 

nearly at the same wavelength, also corresponding to the literature value, 233 nm (M. 

Awwad & M. Salem, 2013).  

Figure 4.3 shows the UV-Vis spectrum with its corresponding tauc plot for the MNPs-

Hex. The characteristics surface plasmon absorption of light was found to occur at the 

wavelength of 224 nm. To calculate energy between O (2p) band to Fe (3d) band for 

synthesized nanoparticles, the corresponding tauc plot was analyzed.  

10 μm1 cm
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On plotting (αhν)
2 

with photon energy and extrapolating the straight-line section of 

the plot to the x-axis ie. taking (αhν)
2
 = 0, the corresponding value of band gap was 

found to be 4.54 eV. This indicated that MNPs synthesized using hexane as an oil 

phase had an energy band gap compared to a wide band gap semi-conductor (Shur, 

2019). This small change in the absorption wavelength of the sample as well as the 

band gap from the previously reported value of 233 nm is due to the difference in the 

size of the particles (Khalil et al., 2012).  

  

Figure 4.3:  Surface plasmon absorption and tauc plot for MNPs-Hex 

The peak for surface plasmon resonance (SPR) for the MNPs-Must has been recorded at 

a wavelength of 219 nm. The corresponding band gap energy, hence, can be 

calculated to be 4.70 eV. It can be thus deducted that the SPR for this sample is lower 

than that of one reported in the literature and that observed to MNPs-Hex i.e. blue shift. 

The change in the position of the absorbance peak in UV-Vis spectra compared to 

MNPs-Hex is due to the change in the particle size called as quantum size effect. 
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Figure 4.4:  Surface plasmon absorption and tauc plot for MNPs-Must 

Surface plasmon absorption of visible light for MNPs-Soya was found to be at 209 nm 

(Figure 4.5) and the corresponding band gap energy was calculated to be 5.24 eV. The 

value of SPR in UV-Vis spectra for MNPs-Soya was at a lower wavelength as 

compared to both MNPs-Hex and MNPs-Must. However, the band gap energy, in this 

case, was found to be larger than that of two samples MNPs-Hex and MNPs-Must. The 

results so far obtained for three different kinds of MNPs have been summarized in 

Table 4.1. 
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Figure 4.5:  Surface plasmon absorption and tauc plot for MNPs-Soya 

Table 4.1:  Surface plasmon absorption and band gap energy of different MNPs 

Sample UV absorbance (nm) Band gap energy (eV) 

MNPs-Hex 224  4.54  

MNPs-Must 219  4.70  

MNPs-Soya 209  5.24  

A decrease in the particle size can be concluded for the shifting of the peak towards a 

shorter wavelength. The shifting of the absorbance peak towards a shorter wavelength 

in the case of MNPs-Soya as compared to MNPs-Hex and MNPs-Must indicates a decrease 

in mean particle size (Khalil et al., 2012). As the SPR absorbance wavelength follow 

the order of MNPs-Hex > MNPs-Must > MNPs-Soya, the mean particle size of MNPs is in 

the order of MNPs-Hex > MNPs-Must > MNPs-Soya. Similarly, as the size of the particles 

decreases, the corresponding band gap energy increases. Therefore, the highest band 

gap energy was found in the case of MNPs-Soya as the mean size of the particle is less 

than that of MNPs-Hex and MNPs-Must. Similarly, the broadening of the absorbance 

peak tells information about the size distribution of the synthesized particle (Alfredo 

Reyes Villegas et al., 2020).  
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4.2.2 Fourier transform infrared spectroscopy (FTIR) 

FTIR of samples was carried out to characterize the functional groups and bonding 

nature present in the MNPs. It also provides further information about the interaction 

of the oil phase on the surface of nanoparticles during synthesis.  

 

Figure 4.6:  FTIR spectra of  MNPs synthesized through hexane, mustard oil, 

soybean oil as oil phase 

Figure 4.6 shows the FTIR spectra associated with the MNPs. In FTIR spectra, the 

absorbance of all bare samples of MNPs at 544 cm
-1

 is due to Fe-O stretching of iron 

at tetrahedral holes. However, most of the peaks below 1000 cm
-1

 in the IR spectrum 

were due to the metallic bond (Sakthi Sri et al., 2020). The peak at around 1400 cm
-1 

on sample MNPs-Must and MNPs-Soya is attributed to the asymmetric and symmetric 

stretching vibration of the COO
-
group. This result revealed that the C=O group may 

be bound on the magnetite particle surface. For the sample MNPs-Must the strong 

amide peak at 1641 cm
-1

, as well as a weak ester peak at 1760 cm-1, was obtained. 

However, in MNPs-Soya, the peak intensity of amide and ester carbonyl vibrations are 
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reversed. These were due to the difference in the degree of ammalytion and the 

hydrolytic reaction of both residual oil phases in a basic medium (Liu et al., 2008). 

4.3 Structural Characterization  

4.3.1  Study of crystal structure using x-ray diffraction 

X-ray diffraction patterns can be used to compare the phase purity, crystallinity and 

approximate size of crystallite. The XRD patterns of samples are shown in Figure 4.7. 

All of the samples show XRD peaks at around 32
o
, 37

o
,44

 o
,52

o
,58

o
and 63

o
 (2θ), 

corresponding to 200, 311, 400, 422, 511 and 440 miller reflection planes, similar to 

that of MNPs (JCPDS 75-449) indicating that black colored magnetic powders are 

indeed magnetite. Sharp peak also suggests that Fe3O4 NPs have a good crystalline 

structure (Ma et al., 2003). Peak broadening is consistent with the small particle size. 

Peak broadening may also be a consequence of defects and some degree of 

polycrystallinity in magnetite nanoparticles (Stanjek, 2002). The diffraction peak at 

37
o
 (2θ) corresponding to the 311 miller plane family was chosen for calculation of 

the crystalline size, as it is isolated from other peaks and is relatively sharper (Radoń 

et al., 2017). 
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Figure 4.7: XRD patterns of various MNPs samples synthesized using different oil 

phase 

The average crystallite size was calculated using Debye-Scherer’s formula, 

            D=
  

      
           (1) 

Where ‘D’ is the average crystallite size (nm), ‘K’ is the shape factor (K = 0.93 for 

most of the spherical crystals), ‘λ’ is the wavelength of the X-ray (λ = 0.154 nm for 

CuKα radiation), ‘β’ is the full width at half maximum FWHM (radian) and ‘θ’ is the 

Bragg’s diffraction angle.  

Table 4.2: Crystallite size of MNPs prepared by various methods  

Sample FWHM (Radian) Crystallite Size (nm) 

MNPs-Hex 0.98105 9.0 

MNPs-Must 

MNPs-Soya 

1.42 

1.60 

6.04 

5.39 

Table 4.2 gives the comparison of the crystalline size of MNPs prepared by various 

oil phases. The presence of a structural peak in XRD patterns and average crystallite 

size was calculated as 9.0 nm, 6.04 nm and 5.39 nm for hexane, mustard oil and 

soybean oil respectively. The average crystallite size of the MNPs was found in the 

order of MNPs-Hex > MNPs-Must > MNPs-Soya as similar to the result obtained by UV-

Vis. Nanocrystalline MNPs were obtained in all cases. 

4.3.2 Study of size and morphology using scanning electron microscopy 

Scanning electron micrographs recorded and the size distribution curve for the 

magnetite nanoparticles (MNPs) prepared using different oil phases are shown in 

Figures 4.8, 4.9 and 4.10 which reveal aggregated spheroids particles with an average 

diameter of each particle in the nanoscale range. The aggregation of the nanoparticle 

into clusters might have been caused due to the absence of a capping agent. Similar 

shaped particles were also prepared previously using the sol-gel method ( See Figure 

4.11) (Xu et al., 2007).  
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Figure 4.8: SEM micrographs of MNPs-Hex: a) High-pressure magnification, b) Low-

pressure magnification, and c) Size distribution curve 

The morphological characteristics of MNPs using hexane as an oil phase in w/o 

microemulsion are shown in Figure 4.8a and Figure 4.8b. Both of the micrographs 

show spheroid morphology of MNPs-Hex which are highly agglomerated to form a 

cluster having an average diameter of nearly 200 nm. However, the average size of 

each particle was found to be 57 nm through the size distribution curve (See Figure 

4.8c).  

Figure 4.9: SEM micrographs of MNPs-Must: a) low magnification, b) high 

magnification, and c) size distribution curve 

Similarly, Figure 4.9 is the SEM micrographs and size distribution curve of MNPs-

Must obtained at a low magnification of 1μm (Figure 4.9a) and a high magnification of 

500 nm (Figure 4.9b). As like with MNPs-Hex, the shape of the particles was found to 

be spheroid which is also agglomerated to form a cluster. However, the average 

diameter of individual particles was 33 nm.  
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Figure 4.10: SEM micrographs of MNPs-Soya: a) Low magnification, b) High 

magnification, and c) Size distribution curve 

Figure 4.10 revel the SEM images as well as the size distribution curve of MNPs-Soya. 

As earlier results, spheroid particles having an average crystallite size of 24 nm with a 

highly agglomerated cluster can be seen. 

SEM images clearly show that nanoparticles can be synthesized using commercial oil 

as oil phase during the microemulsion technique. The size of the particle can also be 

varied by using different oil phases. The average size of the particle was also found in 

the order of MNPs-Hex > MNPs-Must > MNPs-Soya, similar to the results obtained from 

UV as well as XRD. Here, the variation in average crystallite size is the result of the 

difference in the size of nanodroplet that has also been mentioned in the literature (Tai 

& Chen, 2008). But as expected, surface stabilization of the nanoparticle by the oil 

phase itself was not significantly observed. 

   

Figure 4.11: Morphology comparison of MNPs: a) prepared by sol-gel method (Xu et 

al., 2007), and b) prepared using w/o microemulsion 
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Figure 4.11a and Figure 411b. shows particles morphological photographs of MNPs 

synthesized through two different methods. Similar spheroid and highly aggregated 

MNPs were reported by Xu et. al. through the co-precipitation method. No surface 

capping agents were used in either case.    
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CHAPTER 5 

 CONCLUSION AND PERSPECTIVES 

This work aims to study the prospect of using edible oil as an organic in w/o 

microemulsion for the synthesis of magnetite nanoparticles (NPs). Study of the effect 

of different oil phases on the physical properties of the MNPs by microscopic and 

spectroscopic methods reveals the following conclusions:  

1. The formation of MNPs evident by the Tyndall effect shown by dark 

magnetite powder suspension. 

2. Ultraviolet-visible spectroscopy shows surface plasmon resonance below 225 

nm with band gap energies (4.54 eV-5.24 eV) within the range of wide-band 

semiconductors (2 eV-7 eV) such as SiC, BN. 

3. X-ray diffraction of the samples showed their crystalline nature with different 

crystallites size in the range of 5.4 nm to 9 nm.  

4. Fourier transformation infrared spectroscopy showed the presence of Fe-O 

bond (at 544 cm
-1

) corresponding with magnetite and COO
- 
group (1397 cm

-1
) 

possibly from the residual oil phases.  

5. Scanning electron micrographs of the particles showed larger particles size 

(but less than 200 nm) due to agglomeration. 

This work can be further extended by:  

1. The study of the effect of changing the nature of oil, the concentration of 

surfactant and cosurfactant as well as reaction temperature on the size and 

morphology of the particles. 

2. Performing more experiments to explain the probable presence of the residual 

oil phase on the surface of the NPs. 
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