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ABSTRACT 

 

 

FABRICATION OF HYDROPHILIC MAGNETIC NANOPARTICLES 

 

 

Magnetic properties of nanoparticles (NPs) enable them to be oriented and self-

assembled into nanostructures. Magnetic nanoparticles (MNPs) used in this study are 

magnetite (Fe3O4) NPs. These particles have great application potential in various fields 

including bioapplications. However, magnetites by their nature, have hydrophobic 

surfaces, hence cannot be used in aqueous media as bare particles. In order magnetites to 

be biocompatible, they need surface modifications. The surface modification this project 

aims involves coating them with SiO2. Silica-coating (Si-coating) can be achieved with 

two methods; “in situ” coating of magnetite NPs where both magnetite synthesis and Si-

coating occur in the same reaction mixture, and coating of pre-prepared magnetite NPs 

where solid NPs are first dispersed, then coated with SiO2. In both methods the reaction 

takes place in aqueous cores of water-in-oil (w/o) microemulsion (ME). AOT is the 

surfactant used in all reactions, where n-heptane is the oil phase. The NP size is controlled 

by controlling the nanodroplet size within the ME. It has been observed that “in situ” 

method resulted in NPs where coating was more successful when compared with the “pre-

prepared particles” method in AOT-stabilized reverse ME. The particles obtained were 

more polydispersed compared to the pre-prepared reaction.  
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ÖZET 

 

 

HİDROFİLİK YÜZEYLİ MANYETİK NANOPARÇACIK ÜRETİMİ 

 

 

Nanoparçacıkların (NPlerin) manyetik özellikleri onların yönlendirilebilen ve kendi 

kendine sıralanabilen nano boyutlu yapılar oluşturulmalarını sağlar. Bu çalışmada 

kullanılan manyetik NP olarak magnetit (Fe3O4) NPler kullanılmıştır. Bu parçacıklar, 

biyolojik uygulamalar da dahil olmak üzere birçok farklı alanda önemli uygulama 

potansiyeline sahiptirler. Ancak magnetit NPler yapıları gereği hidrofobik yüzeye 

sahiptirler, bu yüzden sulu ortamlarda yalın halleriyle bulunamazlar. Biyolojik 

uygulamalarda kullanıma uygun olabilmeleri için yüzeyleri modifiye edilmelidir. Bu 

projede amaçlanan yüzey modifikasyonu yüzeyin SiO2 ile kaplanmasıdır. Silis kaplama 

(Si-kaplama) iki yöntemle gerçekleştirilebilir; “in situ” kaplama yöntemiyle, hem magnetit 

sentezinin hem de Si-kaplamanın aynı tepkime karışımı içinde yapılması ve “önceden 

hazırlanmış magnetit NP” yöntemiyle de, bu magnetitlerin katı haldeyken önce 

mikroemülsiyon (ME) içinde dağılımlarının sağlanması, sonra da SiO2 ile kaplanması bu 

iki yöntemi özetler. Tepkimeler iki yöntemde de ters (yağ-içinde-su) ME içinde 

gerçekleşir. Tüm tepkimelerde yüzey-aktif-madde olarak AOT, yağ fazı olarak da n-heptan 

kullanılmıştır. NPlerin boyut kontrolü, içerisinde sentezlendikleri nano boyutlu 

damlacıkların boyutları kontrol edilerek sağlanır. AOT ile hazırlanmış ME’larda “in situ” 

yöntemiyle sentezlenen NPlerde yüzey kaplamasının “önceden hazırlanmış magnetit NP” 

yöntemiyle sentezlenen parçacıklara kıyasla daha başarılı oldukları gözlenmiştir. Bu 

parçacıklar “önceden hazırlanmış magnetit NP” yöntemiyle sentezlenenlere kıyasla daha 

geniş bir çap aralığına sahiptirler. 
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1. INTRODUCTION 

 

 

 

  Nanoscience is the science of spherical nanoparticle (NP) materials, since the 

particles more readily form in spherical shape [1]. In modern science, nanoscience has 

become one of the most significant research and development areas [2]. NPs are 

remarkably different from their bulk materials because of the great properties they exhibit 

[3]. Magnetic nanoparticles (MNPs) are a good example in this respect. They have some 

unusual properties such as superparamagnetism and quantum tunneling of magnetization. 

These magnetic properties are mainly dependent on the crystal size and the distribution of 

particle sizes. Therefore to control these parameters, several methods for synthesis have 

been developed [4]. 

 

 

 There exists a variety of superparamagnetic NPs, i.e., particles which are attracted 

to an applied magnetic field, but have no residual magnetism once the field is removed [1]. 

Fe3O4 NP is one of these particles, and it is of special interest due to its unique magnetic 

properties and feasibility of preparation [5]. A NP which has high magnetic susceptibility, 

a narrow range of particle size (6-15 nm), and tailored surface chemistry can be effective 

since it is very likely to be used for specific bio-applications [6]. Both in powder or colloid 

form, MNPs tend to agglomerate and form larger entities in time, which results in lowering 

of their magnetic characteristics [3]. To our benefit, nanofabricated Fe3O4 NPs can be 

easily engineered into many forms of composite materials [7]. Using this, one can maintain 

the NPs as un-agglomerated by coating the metal oxide NPs to form core-shell NPs. 

 

 

 The aim of this work is to synthesize silica-coated Fe3O4 NPs in the aqueous 

nanodroplets of water-in-oil (w/o) microemulsion (ME), while silica serves both as a 

protective layer and provides biocompatibility to the core particle, Fe3O4, the metal oxide 

which is also called a magnetite. 
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2.  THEORY 

 

 

 

2.1.  Magnetic Nanoparticles 

 

 

 MNPs are a class of NPs that can be guided with applied magnetic field. They can 

be oriented into nanoscale structures, where dipole-dipole interactions between adjacent 

particles elicit them to couple. Over the years, fabrication of various nanostructures has 

been studied, and yet most of the attention is focused on the structures with magnetic 

nanoparticulate components. Full comprehension of their magnetic behavior due to new 

possible surfaces, interparticle, and exchange interactions, in both magnetic and 

nonmagnetic matrix is aimed [8]. These MNPs possess a strong potential for research for 

their applications in various fields of biomedicine and bioengineering, and in technological 

frontiers. Drug delivery systems, cancer therapy and magnetic resonance imaging (MRI) 

can be given as examples of applications in biomedical and bioengineering areas [9]. Also, 

technologically, these MNPs can be used as magnetic recording media and as magnetic 

fluids [10]. For biomedical applications, properties like blood circulation time and 

bioavailability are of utmost importance, which are directly related with the characteristics 

of the NPs used; such as the size, charge, and surface chemistry [11]. 

 

 

Recently MNPs have been shown to orient and self-assemble into micro-scale 

structures under the influence of a magnetic field, using magnetic nanobeads to magnify 

the field’s effects [12, 13]. 

  

 

Traits of MNPs are highly dependent on their method of synthesis and the chemical 

composition. Several types of MNPs with different compositions and phases can be 

synthesized. Pure metallic NPs, such as Fe or Co, spinel-type ferromagnets, such as 

MgFe2O4, MnFe2O4, and CoFe2O4, alloys, such as CoPt3 and FePt and iron oxides can be 

given as examples of MNPs [14]. Iron oxides, such as Fe3O4 (magnetite), α-Fe2O3 

(hematite) and γ-Fe2O3 (maghemite), are especially important. Magnetites have cubic 

inverse spinel structure with oxygen forming an fcc closed packing and Fe cations occupy 

interstitial tetrahedral and octahedral sites [15] as can be seen in Figure 2.1 [16]. The 
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electrical and magnetic properties this compound exhibit is due to the electron transfer 

between Fe
+2

 and Fe
+3

 in the octahedral sites [17]. Magnetite has high saturation 

magnetization and it is an efficient CO dissociation catalyst [18]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1.  Schematic representation of the inverse spinel structure of (Fe3O4) [16]. 

 

 

2.1.1.  Iron (II, III) Oxide (Fe3O4) Nanoparticles 

 

 

 Superparamagnetism of iron oxide NPs is what makes them so popular among 

researchers. And this property can be explained as responding to a magnetic field and 

possessing the ability of disowning any magnetism once the magnetic field is removed [7]. 

Superparamagnetic iron oxide NPs (SPIONs) have several applications such as MRI 

contrast enhancement, tissue repair, immunoassay, detoxification of biological fluids, 

hyperthermia, drug delivery and cell separation [6]. 

 

 

When SPIONs are coated with a proper coating material on the surface, they can be 

dispersed into some types of solvents [19, 20]. These dispersions of single domain 

magnetic particles are called ferrofluids [21] which have anisotropic magnetic dipolar 

attractions within particles. MRI for medical diagnosis can utilize ferrofluids by applying 

an external magnetic field to dispersion that guides the dispersed to a specific area, which 

provides enhancement to imaging. Ferrofluids can also facilitate AC magnetic field-
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assisted cancer therapy [22]. 

 

 

 The synthesized Fe3O4 NPs should have some specific properties so that they can be 

used in biomedical and bioengineering applications. High magnetization, small size (<100 

nm), narrow size distribution, nontoxicity, biocompatibility, chemical stability, water 

solubility, being well-dispersed in dispersant of interest, and ease of surface modification 

are of great significance [6, 23]. 

 

 

 Since dispersibility in media is the most basic property concerning the applications 

in medical fields, coating the surface of NPs is a frequently studied topic. Coating the 

surface of NPs warrants them both dispersibility and stability [24]. Another reason for 

coating NPs is to avoid agglomeration. Due to large surface area to volume ratio MNPs 

tend to aggregate together which prompts them to no longer retain the distinct properties 

associated with their nanostructures [11, 23]. Also, Fe3O4 is extremely susceptible to 

oxidation, which can be avoided by coating. Exposure to atmosphere of bare magnetite 

NPs result in poor stoichiometry, bad stability and higher crystallite size [23]. 

 

 

 

2.1.2.  Methods for Synthesizing Iron Oxide Nanoparticles 

 

 

 It has been a challenge to control the size and shape of the iron oxide NPs. 

Different methods of synthesis were employed, but not all of them were successful of 

overcoming the issue of size control. The physical methods were proven to be less capable 

in this respect, compared to wet chemical methods. Gas phase deposition and electron 

beam lithography are some examples for physical procedures [6] that lack particle size 

control. These methods may even result in with particles which are not in the nanometer 

size range. 

 

 

On the other hand, wet chemical routes are easier to manipulate when size is 

concerned. Further, these procedures enable control over the composition and even the 

shape of NPs to some extent [11, 25, 26]. Some examples for these routes can be given as; 

coprecipitation method (Si et al.) [17], hydrothermal reaction of Fe
+3 

in the presence of a 
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weak reducing agent and sonochemical decomposition of hydrolyzed Fe
+2 

salt, each 

forming Fe3O4 (Fried and Sun) [27, 28], -irradiation-induced chemical change from -

FeOOH to Fe3O4 (Wang and Xin) [29], organic solution phase decomposition routes, and 

sol-gel methods [30]. 

 

 

Coprecipitation is the most widely used synthesis method for iron oxide NPs which 

can either yield Fe3O4 (magnetite) or -Fe2O3 (maghemite). It is the coprecipitation of Fe
+2 

and Fe
+3 

aqueous salt solutions by addition of a base [31]. The type of salt used is very 

important, and chlorides, sulfates and nitrates can be some of the choices. Along with this, 

there are other criteria that can highly affect the size, shape and composition of NPs, which 

are Fe
+2

:Fe
+3 

ratio and the ionic strength of the media .These are the factors that define the 

properties of iron oxide NPs for the coprecipitation method [32, 33]. 

 

 

In the coprecipitation method, magnetite (Fe3O4) is prepared with a 1:2 ferrous to 

ferric molar ratio, and the overall chemical reaction for this precipitation is [6]: 

 

 

                                 Fe
+2   2Fe

+3   8OH
-
   Fe3O4    4H2O (2.1) 

 

 

The precipitate is black in color for magnetite. 

 

 

 As thermodynamics is concerned, the reaction should take place at pH between 9 

and 14 in order to have a complete precipitation [6]. Also, the eagerness for oxidation of 

iron species should be considered for this reaction, if the reaction kinetics is to be 

controlled. The synthesis must be done in non-oxidizing oxygen free environment by 

bubbling N2 gas through the solution. Otherwise, Fe3O4 would be critically oxidized as: 

 

 

 Fe3O4   
 

 
 O2   

 

 
 H2O   3Fe(OH)3 (2.2) 
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Furthermore, it has been reported that passing N2 reduces the particle size compared to 

cases when the reaction took place in the presence of O2 [6, 26, 27]. 

 

 

 Lastly, there is a more recently discovered method which is the synthesis of iron 

oxide NPs in the water cores of w/o MEs. This provides even easier control over the 

particle size compared to the coprecipitation method [34]. 

 

 

2.2.  Microemulsion Systems 

 

 

 MEs are an important focus of research throughout the world since they can be 

utilized in various technological applications. Chemical synthesis of NPs in MEs is what 

most of the focus is concentrated on [35]. It had been the common knowledge that water 

and oil are immiscible with each other. This concept has been somewhat modified since it 

was observed that if some energy is added into the system of oil and water (by stirring 

them for example), a dispersion of one into the other can be formed. However this 

dispersion is not stable enough, and the system returns to its original state in time. The 

reason that the dispersion can exist upon addition of the energy is due to the increase in the 

interfacial area. Bearing this thermodynamic principle in mind; a third component can be 

added into the system, and if it is a surface-active-agent (i.e., surfactant) with an 

amphiphilic behavior [36, 37], the surface tension would be decreased by the interfacial 

film formed between the oil and water. The presence of the surfactant would provide a 

stable dispersion [38]. 

 

 

 Schulman and Hoar [39] were the ones to discover that emulsions (i.e., 

macrodispersions with dimensions between 0.2-10μm) can turn into solutions with much 

smaller particles (~10 nm). This can be achieved by addition of short chain alkanols (like 

butanol, pentanol, hexanol etc.) to the system, which are referred as cosurfactants. These 

types of solutions are called MEs and their formation does not require any additional input 

of energy. Though, some surfactants, such as AOT can form MEs without the cosurfactant 

[40]. 
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 MEs are homogeneous, optically isotropic, low viscous and thermodynamically 

stable dispersions. Such preparations can either be oil-in-water (o/w) (Figure 2.2a) or w/o 

dispersions (Figure 2.2b) depending on the proportion of the components [35]. In w/o MEs 

(without a cosurfactant), aqueous phase is dispersed as nanosized droplets which are 

surrounded by a layer of surfactant molecules [41, 42]. These nanodroplets existing in the 

bulk oil phase have several advantages. First of all, they are nanoreactors where synthesis 

of NPs can take place. The water pool has a spherical shape, therefore the particles formed 

would be spherical as well [43]. Another advantage is that they prevent aggregation of NPs 

because the surfactants adsorb on the surface of the particles when they reach the size of 

the nanodroplets they are in, acting as protective layers. Therefore, the particles obtained 

are usually very fine and monodispersed [35, 44, 45]. W/o ME systems enable easily 

controllable processes and yield a narrow particle size distribution [46]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2.  Schematic representations of a) an o/w ME, and b) a nanodroplet in reverse 

(w/o) ME. 

 

  

 When two reactants of a reaction are dissolved in two separate but identical w/o 

MEs, and mixed afterwards, they will form the precipitate as the product. Then, the 

surfactant can be washed off from the surface of the precipitated particles. Regarding the 

terminology, w/o MEs are sometimes called as reverse micelle solutions. The two terms 

are not interchangeable, though a reverse micelle solution can be called as w/o ME if the 

dispersion is in a continuous nonpolar organic phase [47]. 

b a 
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 Magnetite is one of the NP types that can be synthesized via w/o ME method. The 

main idea of the synthesis is the alkalization of a solution of iron salts and hydrolysis, 

which can be thought as coprecipitation technique in MEs. 

 

 

 

2.2.1.  Surfactants 

 

 

The surfactants are compounds that lower the surface tension of a liquid, or the 

interfacial tension between two liquids, increasing the contact between them. There are 

many types of manufactured surfactants for various purposes; such as detergents, wetting 

agents, foamers, lubricants, etc. The term surface active agent refers to the fact that 

surfactant interacts with the surface of the liquid and change its properties by the process 

of adsorption. 

 

 

2.2.2.  Droplet Size  

 

 

 In w/o ME systems, a “droplet” is the water nanopool circumscribed by the 

surfactant molecules within the oil medium. The droplet size increases with increased 

amount of the dispersed phase (Figure 2.3). The size of this pool greatly affects the size of 

the synthesized NP.  

 

 

Figure 2.3.  Growth of a droplet upon addition of water. 
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Hydrodynamic radius,   , is the radius of the droplet including the surfactant 

molecules around it. Hence, 

 

 

                                                                                                       (2.3) 

 

 

The measure of the water pool is defined as the radius of the core, rcore, which is directly 

related to the R value, the water-to-surfactant molar ratio. 

 

 

                                
   

  
 

     

            
                                         (2.4) 

 

 

where                      
     

            
                                                      (2.5) 

 

 

and  
  

  
   is a constant value for any particular surfactant. As expected, the size of the 

NP increases with the increasing R value in general, which provides the opportunity of 

tuning the size of the NP [43]. 

  

 

Within the droplets, the NPs are being synthesized and then start to grow. When 

their diameter reaches that of the ME droplet, the surfactant molecules adsorb on the 

surfaces of the particles. This limits the further growth of them which indicates the 

significance of the composition of ME solutions; i.e., the choice of the surfactant [44] 

(since the size of the droplets depend on the type of the surfactant).  

 

 

2.2.3.  Occupancy Number  

 

 

Occupancy number is the number of species solubilized within the core of the 

dispersed phase of a ME. Assuming the amount of magnetite NPs in the solution is also the 

magnetite concentration in the water phase, the average occupancy number of magnetite in 
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a droplet can be calculated [48].  

 

 

                                               
               

    
                          (2.6) 

  

 

  is the concentration of the droplets in ME, and    is the area of surfactant head group. 

 

 

                                                                 (2.7) 

 

 

       is the volume fraction of water .  

 

 

            
             

                                         (2.8) 

 

 

           is the average occupancy number of a droplet. 

 

 

2.3.  Silica Nanoparticles 

 

 

Nanosized silica, SiO2 production is valued for several applications. It has been 

widely used as filler in engineering composite [49] and in bioanalysis applications such as 

labeling and DNA detection. The naturally found crystalline silica (mineral silica – quartz, 

tridymite, cristobalite) can be reduced into nanosized particles by physical techniques with 

a top-down approach. However, these extracted silica particles contain metal impurities, 

which makes them not suitable for bioapplications. Therefore the production of synthetic 

silica (colloidal silica, silica gels, pyrogenic silica, and precipitated silica) is of great 

interest [49]. 

 

 

Chemical synthesis of silica NPs yields pure, mostly amorphous powder forms 

[50]. The synthesized particles may display aggregation and non-specific binding but this 
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can be eliminated or at least reduced by surface modification of the NPs. The surface of the 

silica NPs can be functionalized by additional coating with various alkoxysilanes, such as 

carboxyethylsilanetriol for introduction of carboxylic acid groups (-COOH), 3-

aminopropyltriethoxysilane for amino groups (-NH2), or 3-mercaptopropyl 

trimethoxysilane for thiol groups [51, 52]. 

 

 

2.3.1.  Methods for Synthesizing Silica Nanoparticles 

 

 

Some of the commonly used methods to synthesize silica NPs are sol-gel process, 

flame synthesis and reverse ME [49]. Sol-gel process is hydrolysis and condensation of 

metal alkoxides (Si(OR)4) such as tetraethyl orthosilicate (TEOS, Si(OC2H5)4) or inorganic 

salts (such as sodium silicate) in the presence of mineral acid or base as catalyst [49]. 

Stöber et al. [53] had reported a pioneer work on the synthesis of silica NPs of which the 

silica particles are formed from aqueous alcohol solutions of silica alkoxides in presence of 

ammonia catalyst. Many contemporary researches are evolved from the Stöber method 

[49]. 

 

 

Flame synthesis is utilized mostly to form silica NPs from TEOS. Flame spray 

pyrolysis (FSP) is one of the popular routes of the thermal decomposition methods. 

Understanding the final product properties is aimed with this method, therefore the rates of 

gas phase reactions leading to particle formation is an important aim of these studies [50]. 

 

 

Reverse ME method employs the synthesis of silica NPs in the nanodroplets of 

reverse ME formed by the ternary system of surfactant/water/oil in the presence of a base 

catalyst (Figure 2.4). 
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Figure 2.4.  Ammonia catalyzed TEOS hydrolysis in a system of reverse ME. 

 

 

2.3.2.  Reverse Microemulsion Systems    

 

 

Reverse ME is a widely used method to synthesize silica NPs. There is variety of 

surfactants used to obtain these systems such as AOT [54, 55] (Figure 2.5), Igepal
® 

CO-

520 (or NP-5) [56-58, 43] (Figure 2.6), and Triton X-100 [59, 43] (Figure 2.7) combined 

with different types of oil and catalysts. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5.  Molecular structure of anionic AOT surfactant [60]. 
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Figure 2.6.  Molecular structure of nonionic Igepal
® 

CO-520 surfactant [61]. 

 

 

 

 

 

 

 

 

Figure 2.7.  Molecular structure of nonionic Triton X-100 surfactant [62]. 

 

 

Among them, AOT is the most frequently used one. AOT (or aerosol orange T) is 

the compound sodium bis (2-ethylhexyl) sulfosuccinate also named as dioctyl sodium 

sulfosuccinate. It is anionic and doubly-chained, and it has low solubility in water [47]. 

 

 

2.3.3.  Mechanism for Silica Nanoparticle Synthesis Reaction    

 

 

In the aqueous nanodroplets of reverse MEs, synthesis of silica (SiO2) NPs is 

carried out from TEOS as mentioned before. Chang and Fogler [63] have proposed a 

mechanism for the reactions that take place in the formation of silica NPs in a w/o ME 

medium. These reactions are; hydrolysis of TEOS and condensation of the hydrolyzed 

species forming SiO2 in the presence of a base catalyst. The proposed mechanism is given 

in below, for R being C2H5: 
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Hydrolysis: 

                                       Si(OR)4   H2O   (RO)3Si – OH   ROH                                 (2.9) 

 

 

Alcohol Condensation: 

                          Si(OR)4   (RO)3Si – OH   (RO)3Si – O – Si(OR)3   ROH              (2.10) 

 

 

Water Condensation:     

                     (RO) 3Si – OH   (RO)3Si – OH   (RO)3Si – O – Si(OR)3   H2O          (2.11) 

 

 

Overall Reaction:           

                                       Si(OR)4   2H2O            SiO2    4ROH                                (2.12) 

 

 

Once the silanol ((RO)3Si – OH) is formed by hydrolysis, it can either react with 

another silanol (2.11) or a silicate (Si(OR)4) (2.10) molecule, resulting in either with water 

or alcohol respectively. 

 

 

2.4.  Silica-coated Magnetite (Fe3O4) Nanoparticles 

 

 

MNPs can easily be aggregated due to their hydrophobic characteristics. To 

stabilize them, most commonly a surface modification is introduced, which does not only 

stabilize them, but enables additional derivatization with new functional groups [64]. 

Where the main reason of bare magnetic particles not being desirable is their eagerness to 

aggregate, there are other limitations that cause them to be not so useful in practical 

applications. One of them is their instability, which may lead a change in their original 

structure. A structure change in MNPs can easily alter their magnetic properties. Another 

reason is biodegradation, which may occur when they are used in biological systems. 

These limitations further imply the necessity of a coating layer [6].  

 

 

Coating can be done by modifying the surface with creation of a few atomic layers 

of organic polymer or inorganic metallic (e.g. gold) or oxide (e.g. silica, alumina) surfaces 

[65]. Among the coating materials, silica is a very popular one. Encapsulation of MNPs in 
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silica is an important step in full realization of the MNP behavior in both bioapplications 

and technological frontiers. As Philipse et al. [66] have explained the “spherical MNPs 

with well-defined magnetic interactions”, they have emphasized the interest Si-coated 

MNPs draw because of both a magnetic dipole and a nonmagnetic silica shell which serves 

the purpose of screening. 

 

 

There are various reasons for the commonness and practicality of the silica layer. 

First of all, silica-coated (Si-coated) particles can react with alcohols and various silane 

coupling agents to produce dispersions which are stable in non-aqueous solvents due to the 

presence of silane groups. Also, silica enriched surfaces enable hydrogen bonding/covalent 

bonding of specific ligands or groups. Moreover, a silica surface provides high chemical 

stability against aggregation, biodegradation, pH and electrolyte concentration changes, 

inertness and biocompatibility in biological systems. It acts as a protective layer and helps 

to improve dispersibility. When magnetite NPs are coated with silica, their hydrophilicity 

is greatly improved and they have strong magnetic susceptibility and minimal residual 

magnetism when the magnetic field is removed [23].  

 

 

There are two main methods to obtain Si-coated magnetite NPs and two different 

ways of achieving it. The first way is to use pre-prepared magnetite particles and coating 

them. And the second way is to synthesize magnetite and coat them “in situ”. One of the 

methods to obtain these particles is Stöber method which is only applicable for pre-existing 

magnetite NPs. Similar to what was discussed before, Stöber method is mixing of 

magnetite NPs, aqueous solution and alkoxysilane (TEOS) in alcohol where TEOS is 

hydrolyzed and condensed. It is a sol-gel reaction which is easy and takes place in several 

hours maximum. As a result a silica shell layer is formed around magnetite NPs. However, 

the control over the thickness of the shell layer and the shape of the particles is limited. 

Though it can be optimized through solvent components and volume of alkoxysilane, it is 

not fully controlled. Also the particles are mostly formed as aggregates [24].  

 

 

The other method to serve purpose of coating is reverse ME method which may be 

carried out “in situ”. The core-shell NPs formed have controlled shape of a sphere which is 

achieved with the spherical media that the droplets in the core of the micelles provide. By 
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using different surfactants to form the ME, and having different water-to-surfactant molar 

ratio (R), different sizes of the particles can be obtained. The amount of alkoxysilane used 

would determine the thickness of the shell, so this means it needs to be measured strictly. 

This reaction is more time consuming and more expensive compared to Stöber method, but 

it has much more control over the morphology of the particles [24]. 

 

 

The general purpose to synthesize silica-coated MNPs is to utilize them in 

magnetoelectronic applications in which these NPs are used to form ordered arrays with 

interparticle magnetic couplings controlled through the silica shell thickness [67]. 

Magnetically guided drug delivery, tumor targeting and magnetically assisted chemical 

separation of cells and/or proteins demonstrate the practical usage of these particles [68-

70]. A pioneer work in magnetic separation is done by Robinson et al. [71] in 1973. They 

used silica-coated magnetic iron oxide and cellulose-coated magnetic iron oxide to 

immobilize the enzymes α-chymotrypsin and β-galactosidase in bioreactors, hence 

separated the enzymes from cells. This was the first time magnetic separation was used in 

bioapplications, and it became very prominent afterwards. 

 

 

2.4.1.  Methods for Formation of Si-coated Magnetite Nanoparticles    

 

 

Si-coated magnetite NPs can be obtained either by Stöber method or reverse ME 

method. As to focus on the mechanism of the reverse ME method, these two approaches 

should be considered; “in situ” synthesis and coating of pre-prepared particles.  

 

 

2.4.1.1.  “In situ” Synthesis Method.  The first step is to synthesize magnetite NPs in the 

aqueous cores of reverse micelles by the coprecipitation of ferric and ferrous iron salts with 

an organic base. Since the reaction mixture already contains excess base, upon the direct 

addition of TEOS leads to hydrolysis and polymerization reaction. The polymerization 

reaction takes place much slower in the core of the water droplets of the ME than in an 

aqueous solution (as it is in Stöber method which is much faster), therefore a layer of 

uniform silica coating is expected to be formed around each NP [43]. This is a simple, one-

pot process that utilizes reverse ME. 
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2.4.1.2.  Coating of Pre-Prepared Magnetite Nanoparticles.  The pre-prepared magnetite 

NPs are dispersed in the reverse ME initially. Then again; in the presence of a strong base, 

TEOS is added into the reaction mixture and the layer of silica coating is assumed to be 

formed. 
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3.  MATERIALS AND METHODS 

 

 

 

3.1.  Reagents 

 

 

3.1.1.  Surfactants 

 

   

The doubly chained anionic surfactant dioctyl sodium sulfosuccinate (AOT) is 

obtained from Sigma-Aldrich, and used with no further purification to form reverse ME 

systems. Similarly, Triton X-100 was obtained from Merck and experimented to form 

reverse ME systems to synthesize silica NPs. However the first experiments have failed to 

yield silica NPs, so this surfactant was not used anymore. 

 

 

3.1.2.  Solvents   

 

 

Solvents used as the oil-continuous phase of w/o ME systems were n-heptane and 

n-decane which were obtained from Merck, and used without further purification. 

 

 

3.1.3.  Ammonia Solution 

 

 

The ammonia solution used in this research is from Merck with 29 weight %. The 

ammonia solution acts as a pH buffer, providing the system with OH
-
 ions in the magnetite 

NP synthesis reaction, and acts as catalyst in magnetite NP synthesis, silica NP synthesis 

and silica layer coating reactions. It also provides the water needed to form the reverse 

micelles. 
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3.1.4.  Tetraethyl Orthosilicate (TEOS) 

 

 

TEOS is the metal alkoxide used as the precursor to silicon dioxide in the silica NP 

synthesis and silica-coating synthesis reactions. It was provided from Merck and its 

molecular structure can be seen in Figure 3.1. 

 

 

 

 

 

 

 

 

Figure 3.1.  Molecular structure of TEOS. 

 

 

3.1.5.  Iron Salts    

 

 

In the experiments Fe
+3

 salt was always used in 2:1 stoichiometric ratio to Fe
+2

 salt. 

Iron salts used in the synthesis of magnetite NPs were iron (II) sulfate heptahydrate 

(FeSO4.7H2O) from Sigma-Aldrich, iron (II) chloride tetrahydrate (FeCl2.4H2O)  from J. T. 

Baker, and iron (III) chloride (FeCl3) from Merck . 

 

 

3.1.6.  Bio-Beads SM-2 Adsorbent 

 

 

Bio-Beads SM-2 Adsorbent is polystyrene-divinyl-benzene which particularly well-

adsorbs nonpolar substances or surfactants from aqueous solutions. It is neutral, 

macroporous, polymeric, and Analytical Grade adsorbent of high surface area and it is 

composed of a large number of highly cross-linked microspheres [72]. It is used to remove 

AOT from synthesized NPs by a batch protocol, where prewashed (ethanol) adsorbent is 

added into the mixture which contains the NPs. It is obtained from Bio-Rad Laboratories.  
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3.2.  Instruments 

              

 

3.2.1.  Analytical Balance   

 

 

The analytical balance used in this research is AND GR-200. 

 

 

3.2.2.  Centrifuge   

 

 

Hettich Rotofix 32 centrifuge is used to recover the solid NPs which are broken out 

of the reverse micelles they were synthesized in. 

 

 

3.2.3.  Sonicator   

 

 

It is used in the preparation of AOT/n-heptane stock solution and dispersing the 

magnetite NPs in ME. The model is Bandelin Sonorex. 

 

 

3.3.  Instrumental Techniques 

 

 

Silica NPs, Si-coated magnetite NPs and magnetite NPs were characterized through 

their particle size and shape. For the magnetite containing NPs, it was necessary to check 

the type of iron oxide present; i.e., to prove that the NPs were indeed magnetite, but not 

maghemite or hematite, which are other types of iron oxides. 

 

 

3.3.1.  Particle Size Measurements 

 

 

For particle size analysis of the colloids Dynamic Light Scattering (DLS) is a 

commonly used instrument. A size distribution profile can be obtained and the 

polydispersity of the system can be investigated. If the system is monodisperse, the 

determination of the mean effective diameter can be achieved. For ME systems, DLS does 

not measure the direct particle size, but it measures the diameter of the dispersed phase, i.e, 
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   (hydrodynamic radius) [73]. Since the particles are assumed to be reaching to the size of 

the micelles as the reaction proceeds then ends, the hydrodynamic radius can be assumed 

to be in proxy with the particle size of the NPs.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.  Schematic representation of a DLS instrument [74]. 

 

 

Particle Size Measurements were done with Brookhaven Instruments 90 Plus 

Particle Size/Zeta Analyzer. 2.5 mL of samples were placed in sample holders, and then 

into the instrument. The scattering angle of the instrument was 90°. The measurements 

yield with effective diameter sizes of the reverse micelles. Also polydispersity and size 

distribution (lognormal and multimodal) of the MEs were determined. The data regarding 

these measurements can be found in Appendix A, and the results are discussed in Chapter 

5.  

 

 

3.3.2.  Electron Microscopy Techniques 

 

 

Microscopic techniques can be used to determine both the size and the shape of the 

NPs. TEM (Transmission Electron Microscopy) and SEM (Scanning Electron Microscopy) 

are widely used for these purposes. Electron microscopy is the method used in both of the 

instruments which enables the high resolution visualization of small (micrometer-

nanometer) or subatomic particles (depending on the resolution of the instrument used). 
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The method used in SEM is based on scattered electrons (or secondary electrons), where 

the microscope collects and counts the scattered electrons to produce the image. Whereas 

TEM uses a beam of electrons transmitted through the sample and form the image. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.  An example of a TEM image of core-shell magnetite/mesoporous silica 

nanoparticles [75] (from the work of Dr. Hyeon from Seoul National University). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4.  An example of a SEM image for Si-coated magnetite NPs. 
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Philips XL30 ESEM-FEG/EDAX instrument was used to visualize the particles and 

samples were coated with gold before analysis. Voltage and spot diameter values vary for 

the sample. Magnification is limited by resolution of the instrument, so 300,000 is a 

maximum. For most of the samples 200,000 times magnified images were obtained. Also 

less magnified (10,000x) version images of samples were taken where clusters of the NPs 

can be seen. Energy-Dispersive X-Ray Spectroscopy (EDS) technique was used to 

determine the presence of elements in % ratios. The images and the related EDS analyses 

can be found in Appendix B and Section 5.4, respectively. 

 

 

3.3.3.  XRD Technique 

 

 

X-Ray Diffraction (XRD) technique can be used for identification purposes of NPs. 

It generally gives information about the crystal structure and chemical composition of the 

materials. This method is based on the measurement of the scattered intensity of an X-ray 

after it hits the sample. The magnetite for example, has specific peaks that can be matched 

through databases in XRD analysis, so that it can be differentiated from other iron oxides. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5.  Schematic representation of a XRD instrument [76]. 

 

 

XRD analyses were carried out with Rigaku D/MAX-Ultima+/PC X-Ray 

Diffraction instrument. Solid samples in powder form were used. 
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4.  EXPERIMENTAL METHODS 

 

 

 

4.1.  Preparation of AOT/Oil Stock Solution 

 

 

In all synthesis reactions, an AOT/oil/ammonia reverse ME was used where oil was 

either n-heptane or n-decane. AOT needs to be introduced into the system from a stock 

solution of AOT in oil. In preliminary silica NP synthesis reactions [AOT] is kept at 0.1 M. 

In most of the other reactions 0.75 M AOT was used. The concentration was raised to 1 M 

in two experiments; however this required preparation of 2 M stock solutions of the 

surfactant in oil which proved to be a very difficult task, since AOT does not dissolve 

easily in oil at very high concentrations. Due to experimental difficulties, the stock solution 

was kept at 1 M concentration, and the samples were diluted to 0.1 M or 0.75 M as 

indicated in the thesis. 

 

 

4.2.  Prepation of Fe
+2

 and Fe
+3

 Stock Solutions 

 

 

Since the amounts of iron salts used were very low and they possess a hygroscopic 

nature, it was mostly not practical to weigh them and add them to the system. It was 

therefore preferred to prepare stock solution of FeCl3 and FeCl2.4H2O salts and add them 

as solutions to the mixture. Since FeSO4.7H2O is not very hygroscopic so it could be used 

as solid. 0.075 M aqueous FeCl3 stock solution was prepared with deionized water and the 

appropriate amount of it was used so that [Fe
+3

] : [Fe
+2

] was 1:2 in the reaction mixture. 

  

 

4.3.  Synthesis of Silica Nanoparticles in Reverse Microemulsion  

 

 

Silica NPs were prepared in AOT-stabilized reverse ME systems, and [AOT] was 

kept at 0.1 M in all of the reactions. 
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4.3.1.  AOT-stabilized Reverse Microemulsion with Silica Nanoparticle 

 

 

   AOT-stabilized reverse MEs were prepared with two different oil-continuous 

phases (n-heptane and n-decane), and at three different R values; 5, 7.5 and 10. The 

variable  ,  
     

      
 , was 18.5 for all of the reverse ME systems. The reactions were carried 

out under N2 gas. 

 

 

A sealed round bottom flask with a magnet inside was de-aired by running N2 gas 

through. Then a N2 (g) filled balloon was attached to the flask. Ammonia and AOT 

solutions were added into the flask and the mixture was magnetically stirred until a 

transparent ME was obtained. After the addition of TEOS, the reaction was carried out for 

24 hours. In the end, ethanol was added to break the micelles and free the silica NPs. The 

mixture was then transferred into a centrifuge tube and centrifuged for 20 minutes at 4000 

rpm. Washing with ethanol, then centrifuging steps were repeated for two more times, and 

the particles were dried in oven at 100°C overnight. 

 

 

 

 

Figure 4.1.  Schematic representation of the silica NP synthesis reaction. 

 

 

4.4.  Synthesis of Magnetite Nanoparticles in Reverse Microemulsion 

 

 

Magnetite NPs were prepared in an AOT-stabilized reverse ME. The reaction 

mixtures had a total volume of 50 mL with R value of 5. [AOT] was kept at 0.75 M and the 

variable h was kept at a value of 18.5 in all of the reactions.  
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4.4.1.  AOT-stabilized Reverse Microemulsion Systems with Magnetite Nanoparticles    

 

 

AOT-stabilized reverse MEs containing magnetite NPs were only prepared with the 

oil n-heptane. Unlike the silica NP synthesis reactions where the only source of water was 

ammonia, for these reactions the aqueous phase consisted of both ammonia and the iron 

salt solutions. 

 

 

Required amounts of FeSO4.7H2O (s) and FeCl3 (aq) were added into a round bottom 

flask with AOT and n-heptane. The mixture was then sonicated until a clear yellow-orange 

colored ME was obtained. A magnet was added and the flask was sealed. The mixture was 

purged under N2 (g) for 10 minutes while being stirred. A measured amount of ammonia 

solution was added that changed the color of the reaction mixture to black, and the reaction 

was kept going for 30 minutes, under N2 gas, while still being stirred. Ethanol was then 

added and the mixture was centrifuged. The collected precipitate was washed with n-

heptane, centrifuged, washed with ethanol once more and centrifuged again. The 

precipitate was dried in a 100°C oven overnight. 

 

 

 

Figure 4.2.  Schematic representation of the magnetite synthesis reaction. 
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4.5.  Synthesis of Si-coated Magnetite Nanoparticles in Reverse Microemulsion 

 

 

Two different approaches for synthesis of Si-coated magnetite NPs were employed. 

Both were carried out with the same ternary system; AOT/n-heptane/water. The R value 

was 5 and   was 18.5, in all the reactions. 

 

 

4.5.1.  “In Situ” Synthesis Method   

 

 

 This method aims for “one-pot synthesis” of Si-coated magnetite NPs from the 

initial Fe
+2

 and Fe
+3

 salts. The [AOT] used in these reactions were; 1 M and 0.75 M. For 

practicality reasons, 0.75 M AOT concentration was preferred. The aqueous phase 

consisted of both ammonia and aqueous iron salt again. 

 

 

The initial stage of the reaction procedure was the same with the magnetite NP 

synthesis, but in this case the constant flow of N2 gas was stopped after 30 minutes since 

magnetite synthesis reaction was assumed to be over. A N2 (g) filled balloon was attached 

to the flask containing the reverse ME with magnetite NPs, and TEOS was added into this 

reaction mixture as a precursor to Si-coating reaction. 
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Figure 4.3.  Schematic representation of the “in situ” coating reaction. 

 

 

4.5.2.  Coating of Pre-prepared Magnetite Nanoparticles    

 

 

The magnetites used in these reactions were provided by Yeditepe University 

Chemical Engineering Department, and used without further treatment. The magnetites 

were products of either co-precipitation or partial oxidation reaction. They were dispersed 

either in NH3 (aq) or in AOT solution before being added into the reaction flask. 

 

 

The reverse ME used here has aqueous ammonia as the only source of water. 

Ammonia solution was the first choice to disperse magnetite NPs in, and this was achieved 

by sonication. The mixture was then de-aired for 10 minutes while being stirred, followed 

by addition of AOT and n-heptane. The reaction mixture was stirred for a further 30 

minutes with a magnet, while N2 gas was run through it (Figure 4.4). The second choice as 

dispersion phase was the AOT solution. Dispersion was again done by sonicating the 

particles in the solution. The next step was to add n-heptane and ammonia. The reaction 

mixture was constantly subjected to N2 gas for 30 minutes, while being stirred. 
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TEOS was then added in to the mixture (same procedure for both NH3 and AOT/n-

heptane dispersed systems), and for 24 hours it was only stirred, but was not disturbed 

otherwise, with an attached N2 filled balloon on the flask. When the reaction was over, 

ethanol was added and the mixture was centrifuged. The precipitate was washed with n-

heptane, and then with ethanol once more, and dried overnight in the oven at 100°C. 

 

 

Figure 4.4.  Schematic representation of the pre-prepared coating reactions. 

 

 

4.6.  Bio-Beads SM-2 Adsorbent Treatment 

 

 

The solid NP samples were dispersed in deionized water using a sonicator for one 

hour. Five grams of slurried (in ethanol) Bio-Beads SM-2 Adsorbent is weighed (for 

approximately 25 mL of suspension), and added to the suspension. The mixture was then 

stirred for 30 minutes with a magnet. When Bio-Beads particles were settled at the bottom, 

the solution on the top was transferred into a tube and centrifuged. The precipitate was 

collected, dried and used for measurements. 
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5.  RESULTS AND DISCUSSION 

 

 

 

5.1  General Observations    

   

 

During the silica NP synthesis reaction, the formation of the particles could be 

observed through color change when TEOS was introduced into the system. Initially 

colorless and clear reaction mixture became turbid when TEOS was added. When the 

system has n-decane instead of n-heptane, the mixture became even milkier. A similar 

visual change was observed in both of the methods for coating when TEOS was added. For 

the pre-prepared method a brownish mixture became an orange-brown color upon the 

addition of TEOS. And the “in situ” reaction, the clear brown color before the addition of 

TEOS, got cloudy after the addition. The yellow-orange magnetite NP synthesis reaction 

mixture turned black-brown in color when NH3 was introduced into the system.  

 

 

Silica NPs were formed as white powder-like precipitates. The magnetite NPs were 

dark brown in color, and low in amount. The pre-prepared coating reactions resulted in 

white, powder-like precipitates with brown spots on them. “In situ” coating reactions on 

the other hand yielded three different types of precipitates. One of them was orange-white 

and powdery and another one was light yellow and powder-like and the last one was 

formed as brown and sticky precipitate. 

 

 

The pre-prepared magnetite NPs that were obtained from Yeditepe University were 

responsive to a magnet. Whereas, neither magnetite NPs synthesized in reverse MEs nor 

Si-coating reaction products showed any response to a magnetic field. These products were 

also dispersed in water to check their magnetic response, but again there was none. 
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5.2.  Particle Size Analysis 

 

 

The particle size analyses were done with the DLS instrument where the instrument 

was set with appropriate refractive index [77] and viscosity [78] values for each solvent. 

Table 5.1 lists the solvents that are used, and some of the related properties at 25 °C. 

 

 

Table 5.1.  Refractive index and viscosity values of solvents. 

 

 

 

 

 

 

 

 

Particle size analysis was first done for the silica NPs. These silica NPs were 

synthesized either in AOT/n-heptane/ammonia or AOT/n-decane/ammonia ternary 

systems. The effective diameter and polydispersity values at different R values can be 

found in Table 5.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Oil phase 

/Solvent 

Refractive 

Index 
Viscosity (cP) 

n-Heptane 1.388 0.39 

n-Decane 1.408 0.92 

Ethanol 1.361 1.07 

Water 1.333 0.89 
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Table 5.2.  Sample list of silica NPs at different R values with particle size analysis results. 

 

 

 

 

The preliminary experiments regarding silica NPs were done to have a better 

understanding of AOT-stabilized reverse MEs; i.e., the change in particle size when R 

value is changed, and the effect of the type of oil on the particle formation. The theory 

behind DLS suggests that what is measured is the radius of the dispersed nanodroplet 

which incorporates the surfactant molecules around the core, together with any oil solvent 

tightly bound to the surfactant. 

 

 

The results on Table 5.2 suggest that the droplets including the silica NPs are in the 

38-234 nm range, depending on the composition of the reverse ME. Three R values were 

used; 5, 7.5 and 10. It was observed that by increasing the R value, larger NPs could be 

obtained. This general trend is supported by the theory as well as it was explained in 

Section 2.1.3.2. With n-heptane, when R value was 5, NPs with diameters between 38-53 

Sample 

no 
Oil Phase R 

Effective 

Diameter 

(nm) 

Average 

Effective 

Diameter (nm) 

Polydispersity DLS analysis 

3 

n-heptane 5 

38.7 

45.6 

(± 5.6) 

0.070 Figure A.1 

4 39.7 0.148 Figure A.2 

5 39.9 0.135 Figure A.3 

6 49.5 0.150 Figure A.4 

8 47.6 0.124 Figure A.5 

9 51.4 0.081 Figure A.6 

10 52.1 0.105 Figure A.7 

16 

n-heptane 7.5 

81.9 

80.8 

(± 4.5) 

0.073 Figure A.8 

18 75.1 0.048 Figure A.9 

19 80.4 0.038 Figure A.10 

20 85.9 0.066 Figure A.11 

22 

n-heptane 10 

92.5 
102.2 

(± 9.3) 

0.042 Figure A.12 

23 111.1 0.060 Figure A.13 

24 102.9 0.053 Figure A.14 

25 

n-decane 5 

120.3 
115.8 

(± 23.6) 

0.116 Figure A.15 

26 136.8 0.306 Figure A.16 

28 90.2 0.205 Figure A.17 

29 
n-decane 7.5 

205.0 
 

0.243 Figure A.18 

30 221.2 0.390 Figure A.19 

31 
n-decane 10 

234.0 
 

0.244 Figure A.20 

32 131.3 0.325 Figure A.21 
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nm were synthesized. The diameters had greatly increased in size when n-decane was used. 

The range of the in-decane-synthesized NPs with R = 5 was 90-137 nm. A similar relation 

between n-heptane and n-decane used NPs was observed with R = 7.5 and R = 10. 

 

 

It is safe to say that when n-heptane is used; smaller-sized particles with a narrower 

range can be obtained, compared to in-decane-synthesized NPs. Also, in-decane-

synthesized NPs had higher polydispersities than in-heptane-synthesized NPs. However, it 

is aimed to have the NPs as monodisperse as possible. Therefore; the magnetite synthesis 

and Si-coating reactions all took place in n-heptane. Since it was also desired to synthesize 

the NPs as small as possible, all reactions were carried out at R=5. 

 

 

In Table 5.3. DLS analyses of w/o ME samples can be found. The effective 

diameter values are the diameters of empty aqueous nanodroplets incorporated with 

surfactant molecules within the bulk oil phase, n-heptane. 

 

 

Table 5.3.  Particle size analysis results of w/o ME samples at different R values  

 

 

 

 

 

 

 

 

All silica NP samples were washed with ethanol to free the NPs from the dispersed 

phase, and then dried. Some of the samples were then suspended in either water or ethanol, 

or in both by sonicating for 2 hours. The particle size analysis results of these samples are 

shown in Table 5.4. 

R 
Effective 

Diameter (nm) 
Polydispersity DLS analysis 

5 8.8 0.185 Figure A.22 

7.5 7.2 0.178 Figure A.23 

10 8.0 0.177 Figure A.24 



 
 

 

 

 

 

Table 5.4.  Sample list of silica NPs suspended in different solvents with particle size analysis results. 

 

 Droplet (containing NP) size measured in ME “Dried-then-suspended-in-water/ethanol” silica NP size 

Sample 

no 

Effective 

Diameter (nm) 
Polydispersity DLS  Analysis 

Dispersion 

Phase 

Effective 

Diameter (nm) 
Polydispersity DLS Analysis 

1 62.6 0.142 Figure A.25 Water 247.6 0.309 Figure A.26 

2 63.5 0.163 Figure A.27 
Ethanol 56.1 0.200 Figure A.28 

Water 325.9 0.293 Figure A.29 

27 136.8 0.306 Figure A.30 Ethanol 731.8 0.321 Figure A.31 

33    
Ethanol 194.2 0.286 Figure A.32 

Water 280.5 0.326 Figure A.33 
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Since the reaction mixture was washed with ethanol and NPs were dried, and then 

suspended in water/ethanol, it is certain that ME no longer exists, hence nanodroplets no 

longer exists. According to the measurements at Table 5.4, we can say that DLS analysis of 

this type of samples was no longer suitable to predict the size of the NPs. 

 

 

Results in Table 5.4 suggest that the effective diameters of the ME dispersions are 

in fact smaller than the “dried-then-suspended-in-water/ethanol” silica NPs. Further, 

polydispersity values of these silica NPs are considerably higher than those of the ME 

dispersions. This may be explained through agglomeration. Once the particles leave the 

nanodroplets, they tend to agglomerate and form clusters. This effect may have been 

minimized by sonicating the samples in the solvent for longer periods of time (longer than 

2 hours). 

 

 

The particle size analyses on pre-prepared Si-coating reaction products were also 

done. The samples were collected at the end of 24 hours and measurements were carried out 

without any further processing. The type of dispersion phase pre-prepared magnetite NPs 

were dispersed in when added into the reaction mixture are also indicated in Table 5.5. It 

should be noted that when samples were collected, the NPs were still dispersed in reverse 

ME. This should not be mistaken with the case in Table 5.4, where the silica NPs were 

suspended in water/ethanol after the AOT, i.e., the ME, was removed and the particles were 

dried.  

 



 
 

 

 

 

 

Table 5.5.  Sample list of pre-prepared coating reaction products with particle size analysis results. 

 

 

Sample 

no 

[AOT] 

(M) 

Magnetite 

Suspension 

Effective 

Diameter (nm) 

SEM Measured 

Diameter (nm) 
Polydispersity DLS Analysis SEM Image 

34 

0.1 in NH3 

219.9  0.376 Figure A.34  

35 353.5  0.395 Figure A.35  

36 162.5  0.322 Figure A.36  

37 267.3  0.380 Figure A.37  

38 562.6 21-28 0.214 Figure A.38 Figure B.6 

39 
0.75 

in NH3 1134.6 18-26 0.269 Figure A.39 Figure B.10 

40 in AOT/n-heptane 1174.3 20-28 0.286 Figure A.40 Figure B.7 
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The SEM results that are also listed in Table 5.5 give a completely different story 

than the DLS results. The reason behind this could be the fact that the magnetite NPs were 

not properly dispersed in the ME to begin with. If they were dispersed as larger entities, 

like micro structures, due to the strong aggregation tendencies, this would explain why the 

effective diameter of the dispersed phase is so much larger than the diameter of the actual 

particles revealed by SEM for samples 38-40, hence explaining the inapplicability of DLS 

to these systems.  

 

 

The effective diameters were noticeably increased when the [AOT] was increased 

from 0.1 M to 0.75 M (also the amount of pre-prepared magnetite NPs used was increased 

accordingly). The aim of increasing the concentration was to coat larger amount of NPs, 

not to end up with larger effective diameter of droplets. 

 

 

Unfortunately these results would also suggest that there were no nanosized 

magnetites to coat with silica in the dispersed phase. So the 18-28 nm sized particles 

visualized by SEM could only be silica NPs. The pre-prepared coating method and its 

suspected success will be further discussed in the upcoming sections.  

 

 

Before proceeding to the next coating method, it is important to mention another 

type of particle synthesis; only magnetite NP synthesis in w/o ME. These reactions were 

carried out to compare their products to the Si-coated magnetite NPs as a result of the “in 

situ” reaction. The analyses of magnetite NP samples directly taken from the ME at the end 

of the reaction were also done and the results are given in Table 5.6. 
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Table 5.6.  Sample list of magnetite in ME reaction products with particle size analysis 

results. 

 

 

 

The measurements in Table 5.6 do not show any kind of consistency even though 

the samples 41-44 were all prepared at same conditions, where 41-42 and 43-44 were 

synthesized in batch. This suggests that either the attempts to synthesize only magnetite 

NPs in reverse ME are not successful or the nanodroplets somehow come together and 

form clusters so that they appear as larger.  

 

 

The particles in dispersion have a constant, random Brownian motion and this 

causes the intensity of scattered light to fluctuate as a function of time. The DLS 

instrument generates a correlation function of that scattered intensity. Baseline index is a 

constant in this correlation function. Size is obtained from the correlation function by using 

algorithms and a plot of size distribution of the relative intensity of light scattered by 

particles in various sizes is given at the end [79]. The instrument used in this research 

makes ten runs of equal elapsed times and generates the plot. The theory suggests that 

baseline index value shows how well each run within one measurement of the instrument 

fits to the size distribution plot. It is a value between 0-10, and it is important the baseline 

index to be at least higher than 5 for a dependable measurement. 

 

 

The measurements 41, 42 and 44 all have baseline index values equal to zero 

combined with the fact that they all have high polydispersities, which supports the latter 

theory of “nanodroplets somehow come together and form clusters so that they appear as 

larger”, because these measurements cannot be regarded as reliable. 

Sample 

no 

Effective 

Diameter (nm) 

SEM 

Measured 

Diameter 

(nm) 

Polydispersity 
DLS 

Analysis 

SEM 

Image 

41 7032.5  0.442 Figure A.41  

42 562.1  0.406 Figure A.42  

43 1671.9  0.386 Figure A.43  

44 383.6 12-15 0.343 Figure A.44 Figure B.4 
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With the SEM, diameter measurement of only the Sample 44 could be done but the 

rest of the samples also have SEM images, without the size measurement (Figures B.1-

B.3). They most certainly prove the presence of NPs. However the type of iron oxide NP 

present is yet to be determined. The SEM results are also discussed further on in Section 

5.4.   

 

 

5.3.  XRD Analysis 

 

 

Generally XRD analysis requires a substantial amount of sample. Since our yields 

were insufficient it was only possible to carry out two measurements. The two samples 

were product of “in situ” Si-coating reactions. These measurements could be done since 

the original [AOT] was 1 M and a higher yield could be obtained. However due to 

experimental difficulties experienced in preparing high concentration stock solution of 

AOT (see Section 4.1) it was not possible to carry on with these conditions. Figure 5.1 and 

Figure 5.2 shows the results of these two analyses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.  XRD analysis of Sample 60. 
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Figure 5.2.  XRD analysis of Sample 61. 

 

 

In XRD experiments, the characteristic broad peak of SiO2 is expected at 22 

degrees [80]. The pure magnetite has a peak with high intensity at around 36.5 degrees 

[81]. From the Figures 5.1 and 5.2, the peaks become intense between the region of 22-26 

degrees. This certainly proves the presence of silica. However, since the silica peak is very 

broad, it dominates the whole region, so presence of any iron oxide peak is hidden under 

this peak. 

 

 

5.4.  SEM Analysis 

 

 

SEM images of dried solid samples were taken. For the images where spherical 

particle formation could be observed, the particle sizes were measured. Also EDS analysis 

of some of the samples were carried out. 

 

 

The magnetite NP synthesis in reverse ME reaction products are listed in Table 5.7 

and the related EDS analysis measurements are given in Table 5.8. For some samples, only 

at one place EDS analysis was done, but for others at two or more places, the analyses 

were carried out. 
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In SEM images of samples 41-43 well-defined spherical NP formation cannot be 

observed. Instead, it looks like there are sphere-like structures covered by a sticky coating, 

which may suggest that the magnetite NPs are indeed present but the surfactant, AOT, 

could not be entirely washed off so the exact shapes of NPs could not be seen. This theory 

is supported by the EDS analysis as well. When we look at the % sulfur amount, it is seen 

that all four of the samples have values between 5-10; on the other hand it should have 

been at most a trace amount (<1%) or non-existent, if the samples were cleared off of AOT 

well. 

 

 

The suggested high amounts of AOT concentration might be causing sticky 

interactions between particles, making them coagulate; hence they appear as much larger 

entities. This might be the case for sample 44 where diameters of some spherical-like 

particles were measured. However Figure B.4 is not a really good example of a spherical 

NP sample since there are some rod-like or even clustered structures there. For all we 

know, the 12-15 nm range might have been measured for entities that were formed as a 

result of the aggregation of much smaller magnetite NPs. 

 

 

The samples 43 and 44 have especially higher AOT concentrations, and the sodium 

ion concentrations are also very high to this respect. In these samples silicon seems to be 

present too. However TEOS was never used, so there was no source of silicon in reaction 

mixtures. As an explanation for this contradiction, the following experimental error can be 

given. The flasks used for silica NP synthesis were always very hard to clean. When the 

reaction was over and the flask was emptied, there was always a thin layer of silica 

covering the bottom of the flasks and it was never entirely cleaned. So this residual silica 

might have been transferred to the reaction mixture, if those flasks were used in these 

reactions too, hence showing up at the EDS analysis. 
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Table 5.7.  Samples of magnetite in reverse ME reaction products with SEM images.  

 

 

 

 

 

 

 

 

Table 5.8.  EDS analysis of samples of magnetite in reverse ME reaction products. 

 

Sample 

No 
% Weight 

 C O Na Si S Cl Fe 

41 
36.64 19.47 5.22 - 6.86 0.73 31.09 

44.46 23.43 5.41 - 5.50 0.55 19.75 

42 
31.56 14.33 5.05 - 8.06 1.15 39.78 

51.02 24.56 6.00 - 5.38 0.35 12.65 

43 15.38 21.96 18.29 1.26 9.34 - 33.76 

44 19.33 20.14 15.87 0.63 8.48 - 35.55 

 

 

Pre-prepared Si-coating reaction products were visualized with SEM as well. In 

Table 5.9, it is specified whether the pre-prepared magnetite NPs were suspended in 

ammonia or AOT/n-heptane, and the type of reaction magnetites were initially synthesized 

with. The EDS analysis results of these samples are listed in Table 5.10. 

 

 

First of all, the choice between co-precipitation product magnetite and partial 

oxidation product magnetite was not difficult to make since most of the partial oxidation 

product used coating reactions yielded either not very well-defined, spherical-like particles, 

or no spherical particles at all. An example of the spherical-like sample (Sample 48) image 

can be found at Appendix B (Figure B9). The experimental trials with partial oxidation 

products were no longer continued since it was obvious that co-precipitation products have 

better chance of being coated. 

 

 

Sample 

no 

Diameter 

Range (nm) 
SEM image(s) 

41  Figure B.1 

42  Figure B.2 

43  Figure B.3 

44 12-16 Figure B.4, Figure B.5 
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The co-precipitation product used samples yielded NPs within a close range of 

diameters (17-28 nm), that using whether NH3 or AOT solution as the suspension phase 

made no apparent difference. 

 

 

The Sample 47 was unique of its own way because two different types of particles 

were observed when Figures B.11, B.13 and B.14 were compared with Figure B.12. We 

see the particles in Figure B.8b are much larger and they are not exactly spherical unlike 

the NPs seen in Figures B.11, B.13 and B14. An explanation for this can be provided as the 

particles in Figure B.12 might be only silica NPs and they do not contain magnetite NPs 

inside. And the magnetites are still there, uncoated. The silica NPs might have been formed 

in nanodroplets that were not occupied by magnetite NPs. 

 

 

The increase of the AOT concentration from 0.1 M to 0.75 M had no effect on the 

NP size, and it only caused the yield of the reaction to be increased, which was the aim to 

begin with. 

 

 

 



 
 

 

Table 5.9.  Samples of pre-prepared Si-coating reaction products with SEM images.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.10.  EDS analysis of samples of pre-prepared Si-coating reaction products. 

 

 

 

Sample 

no 

[AOT] 

(M) 

Magnetite 

suspension 

Type of reaction 

that synthesized in 

Diameter 

Range (nm) 
SEM image(s) 

38 0.1 in NH3 Co-precipitation 21-28 Figure B.6 

40 0.75 
in 

AOT/heptane 
Co-precipitation 20-28 Figure B.7,  Figure B.8 

39 0.75 in NH3 Co-precipitation 17-26 Figure B.9,  Figure B.10 

47 0.75 in NH3 Co-precipitation 20-25 
Figure B.11,  Figure B.12,  

Figure B.13  Figure B.14 

48 0.75 in NH3 Partial-oxidation  Figure B.15 

Sample No % Weight 

 C O Na Si S Cl Fe 

40 
25.81 33.16 9.15 25.83 5.10 0.00 0.64 

36.38 31.43 8.30 17.75 5.71 0.00 0.28 

39 
35.27 24.56 6.48 24.57 8.00 0.00 0.73 

31.53 28.61 7.98 24.67 6.26 0.00 0.53 

47 

34.32 29.45 5.65 21.07 4.66 0.12 4.35 

25.11 22.73 4.81 31.10 4.60 0.70 10.61 

17.03 38.06 5.72 30.03 2.06 0.44 5.93 

48 
22.58 32.93 6.23 32.83 4.12 0.29 0.22 

28.25 28.63 6.17 30.69 5.78 0.00 0.21 
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SEM images of samples of “in situ” Si-coating reaction products are listed in Table 

5.11 and the related EDS analysis data are given in Table 5.12. 

 

 

The NP samples synthesized with “in situ” coating method were very different from 

each other. The visually “better” ones compared to the rest are Samples 56 and 60. What 

make them “better” than the rest are their well-defined spherical shapes and narrow size 

distributions. Whether or not there are magnetite NPs within the silica coating is not 

known at this stage, but for Sample 56, the lack of Fe in EDS analysis (because % weight 

is <1) indicates that it is only composed of silica NPs. For the rest of the samples, TEM 

analysis would reveal better explanation regarding presence of Si-coated magnetite NPs. 

 

  

The samples 56 and 60 are actually quite different from each other; 56 was 

prepared with 0.75 M of AOT concentration, where 60 was prepared with 1 M. Since 60 is 

a better candidate for what we have aimed in the project, it can be assumed that an increase 

in concentration to 1 M yields with “better” NPs with higher amounts. 

 

 

The samples 53, 54 and 57 are seemed to be covered with AOT, i.e., something 

sticky that NPs look to be buried in. They should be better washed off of AOT. The 

samples 12 and 14 are highly polydispersed; they have very wide ranges of diameter. 

Again an unusual behavior was observed with Sample 54, where it seems to have two 

different types of particles. One type is spherical and the other one type is randomly shaped 

which appears as larger. This might indicate that coating was not successful and the silica 

and magnetite NPs formed separately. However, this theory was contradicted by the fact 

that “if magnetite NPs were formed without coating of silica, they would not be in the 

range of 50-110, but they’d be much smaller, like it was observed in magnetite NP 

synthesis in ME reactions, where NPs were in between 10-20 nm. 

 

 

Since the EDS results for samples 54 and 57 prove the presence of Fe, the 

possibility of a successful coating cannot be eliminated for all the samples except 56. 

Though, it could not be proved in this research whether the coating have actually taken 

place on “magnetite” NPs. 

 



 
 

Table 5.11.  Samples of “in situ” Si-coating reaction products with SEM images. 

 

 

 

 

 

 

 

 

 

 

Table 5.12.  EDS analysis of samples of “in situ” Si-coating reaction products. 

 

 

 

 

 

 

 

 

 

Sample 

no 

[AOT] 

(M) 

Diameter 

Range (nm) 
SEM image(s) 

53 0.75  Figure B.16, Figure B.17 

54 0.75  Figure B.18, Figure B.19 

56 0.75  Figure B.20, Figure B.21 

57 0.75  Figure B.22, Figure B.23 

58 0.75 50-110 Figure B.24, Figure B.25 

59 0.75 44-115 Figure B.26, Figure B.27 

60 1.0 40-48 
Figure B.28, Figure B.29, Figure B.30, Figure B.31, Figure 

B.32 

Sample No % Weight 

 C O Na Si S Cl Fe 

54 

45.22 22.26 4.39 16.38 6.06 0.32 5.37 

47.48 27.39 5.59 12.82 2.00 0.81 3.91 

58.76 17.92 6.22 4.78 6.85 3.53 1.94 

61.79 18.28 5.79 3.90 7.43 1.39 1.41 

56 

24.61 20.69 6.29 37.81 9.57 0.14 0.90 

55.53 25.10 6.55 7.92 4.76 0.00 0.33 

25.83 26.47 7.62 32.38 7.26 0.09 0.34 

57 
29.08 28.23 6.82 24.39 4.99 1.73 4.76 

40.98 21.04 5.17 19.90 7.50 0.00 5.41 
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Some of the samples were treated with Bio-Beads SM-2 Adsorbent and SEM 

analysis was done on the solid particles afterwards. Table 5.13 lists SEM images and Table 

5.14 lists the EDS anaylsis results of Bio-Beads treated samples that were products of 

different types of reactions. 

 

 

Table 5.13.  Samples of Bio-Beads treated products. 

 

 

 

 

 

 

 

 

Table 5.14.  EDS analysis of samples of Bio-Beads treated products. 

 

Sample 

No 
% Weight 

 C O Na Si S Cl Fe 

62 52.45 28.03 0.84 17.60 0.55 - 0.53 

63 13.90 20.80 2.37 0.94 1.98 - 60.01 

64 17.40 25.89 0.79 41.27 0.32 - 14.33 

 

 

All the samples mentioned in Chapter 5 can be found as listed at Appendix C. 

 

 

5.5.  Occupancy Number 

 

 

By using the relations 2.3, 2.4, and 2.6-8 the occupancy number of an AOT-

stabilized reverse ME system where              and     was calculated. This 

calculation is applicable for both Si-coated pre-prepared magnetite NPs and “in situ” Si-

coated magnetite NPs, because the theoretical amount of Fe3O4 formed as a result of the 

“in situ” reaction was the amount of Fe3O4 added into the pre-prepared reaction mixture.  

 

 

Sample 

no 
Reaction Type SEM image(s) 

62 
Pre-prepared 

magnetite coating 
Figure B.33 

63 
Magnetite 

synthesis in ME 
Figure B.34, Figure B.35 

64 “In situ” coating Figure B.36 
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For the surfactant AOT,  
   

  
           [82] and chain length is equal to 

       [82].    is calculated to be         .   , the area of surfactant head group is 

         [83] for AOT. Therefore                     . 

 
 

       is volume fraction of water and calculated to be            for a system 

with        is equal to             and                . For                  

                  ,               is found to be                   .  

 

 

As a result, for a w/o ME system with the properties mentioned as above, average 

occupancy number of magnetite in a droplet (nmagnetite) was calculated to be      . Hence 

there seems to be less than one NP per droplet (from every ten droplets approximately one 

was occupied). For better results this number has to be increased. It is also possible that, 

the rest of the droplets which are unoccupied could be have been occupied by silica NPs 

when TEOS is introduced into the system. It further supports the theory of two types (both 

magnetite and silica) of NPs are present in the end. 
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6. CONCLUSIONS 

 

 

 

(i) The aim of the project was to prepare Si-coated magnetite NPs. In order to carry out 

the coating under controlled environment, the reaction medium was chosen to be 

the aqueous dispersed phase of a w/o ME. 

 

(ii) Initially, coating of the NPs was tried by inserting the pre-prepared magnetite NPs 

into the nanodroplets and then adding a precursor to initiate a reaction to coat them 

with SiO2. Results have shown that this reaction does not proceed as expected, i.e., 

instead of the coating, inside the empty nanodroplets, silica NPs form. 

 

(iii) Another trial for Si-coating was carried out as “in situ”. In this one-pot reaction, 

first the magnetite NPs were formed inside the dispersed phase, and then these NPs 

were coated with SiO2 upon the addition of silica reaction precursor into the same 

medium.  

 

(iv) Magnetite NP synthesis within the nanodroplets of w/o ME was carried out. The 

reaction yielded much smaller (10-20 nm) NPs compared to the Si-coated ones (20-

115 nm). The aim here was to compare the size of the NPs with Si-coated 

magnetite NP samples. 

 

(v) The effects of changing the composition of the AOT-stabilized reverse MEs on the 

formation of silica NPs were studied. Increasing the R value of the ME yielded 

increased nanodroplet size, resulting in increased NP size. Also two different oil 

phases were tried, among them n-heptane was proved to be more suitable to our 

aim than n-decane, since the MEs having n-heptane yielded much smaller particles. 

These preliminary silica NP reactions were as guidance to the magnetite coating 

reactions where they were all carried out at R = 5 (the smallest R value possible for 

the given system), and with n-heptane as the oil. 
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7.  SUGGESTIONS FOR FUTURE WORK 

 

 

 

(i) The Bio-Beads treatment of the NPs, in order to remove the traces of the 

surfactant left around them, needs to be developed. First the best procedure to 

use this adsorbent should be determined, then the SEM and EDS analyses 

should be carried out on the samples of “before” and “after” Bio-Beads 

treatment and the results should be compared accordingly. 

 

(ii) It was mentioned that occupancy number needs to be increased so that, most of 

the nanodroplets within the ME are occupied. This can be done by using more 

magnetite NPs in the pre-prepared reaction. However, it is not possible to 

suspend that much amount of magnetite NP in the aqueous phase. Simply using 

more water is not the solution, because it restricts the growth of the coating 

layer of NPs. Therefore, another method should be searched to use pre-prepared 

magnetite NPs. 

 

(iii) Though in “in situ” reaction, the amounts of solid salts of irons can be increased 

without any change in water or AOT amount, and this would increase the 

occupancy number in the same ratio. 

 

(iv) The NPs were dried in oven exposed to the air. Due to agglomeration problems, 

the drying should be carried out in a vacuum oven. 

 

(v) TEM analyses of the better samples of “in situ” coating reactions should be 

done to confirm that there are really magnetite NPs within the silica shell. Also, 

the number of magnetite NPs residing within the silica shell should be known. 

 

(vi) If the samples could be obtained with higher yields, it would allow having their 

XRD measurements to be done. This would give a better idea on the iron oxide 

NP content. 
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(vii) The types of reactions carried out in this research should be tried again by using 

another surfactant. A nonionic surfactant can be used instead of the anionic 

AOT. According to Santra et al. [43], Brij-97 as a surfactant yields the smallest 

Si-coated magnetite NPs that are aggregated in the most orderly fashion, 

whereas Igepal
® 

CO-520 used particles are less agglomerated but form tubelike 

structures.  

 

(viii) The fact that the aqueous iron salt solution used in the “in situ” systems was not 

deaired at the beginning, oxidation of the Fe
2+

 might have occurred, hence not 

resulting in the magnetite NPs desired. This can be avoided by using smaller 

flasks so that the complete deairation of the iron salt solution can be 

successfully done. 
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APPENDIX A: DLS ANALYSIS RESULTS 

 

 
The following pages (68-108) show DLS analysis results of the samples mentioned 

in Section 5.2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.1.  DLS analysis of Sample 3. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

Figure A.2.  DLS analysis of Sample 4. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.3.  DLS analysis of Sample 5. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.4.  DLS analysis of Sample 6. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.5.  DLS analysis of Sample 8. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.6.  DLS analysis of Sample 9. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.7.  DLS analysis of Sample 10. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.8.  DLS analysis of Sample 16. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.9.  DLS analysis of Sample 18. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.10.  DLS analysis of Sample 19. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.11.  DLS analysis of Sample 20. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.12.  DLS analysis of Sample 22. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.13.  DLS analysis of Sample 23. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.14.  DLS analysis of Sample 24. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.15.  DLS analysis of Sample 25. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.16.  DLS analysis of Sample 26. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.17.  DLS analysis of Sample 28. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.18.  DLS analysis of Sample 29. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.19.  DLS analysis of Sample 30. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.20.  DLS analysis of Sample 31. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.21.  DLS analysis of Sample 32. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.22.  DLS analysis of w/o ME sample with R = 5. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.23.  DLS analysis of w/o ME sample with R = 7.5. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.24.  DLS analysis of w/o ME sample with R = 10. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.25.  DLS analysis of Sample 1. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.26.  DLS analysis of Sample 1 suspended in water. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.27.  DLS analysis of Sample 2. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.28.  DLS analysis of Sample 2 suspended in ethanol. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.29.  DLS analysis of Sample 2 suspended in water. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.30.  DLS analysis of Sample 27. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.31.  DLS analysis of Sample 27 suspended in ethanol. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.32.  DLS analysis of Sample 33 suspended in ethanol. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.33.  DLS analysis of Sample 33 suspended in water. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.34.  DLS analysis of Sample 34. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.35.  DLS analysis of Sample 35. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.36.  DLS analysis of Sample 36. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.37.  DLS analysis of Sample 37. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.38.  DLS analysis of Sample 38. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.39.  DLS analysis of Sample 39. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.40.  DLS analysis of Sample 40. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.41.  DLS analysis of Sample 41. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.42.  DLS analysis of Sample 42. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.43.  DLS analysis of Sample 43. 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A.44.  DLS analysis of Sample 44.
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APPENDIX B: SEM IMAGES AND MEASUREMENTS    

 

 
The following pages (110-127) include SEM images of samples mentioned at 

Chapter 5. 
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Figure B.1. SEM image of Sample 41. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.2.  SEM image of Sample 42. 



111 
 

 

 

 

 

 

 

 

 

 

 

Figure B.3.  SEM image of Sample 43. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.4.  SEM image of Sample 44 with measurements. 
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Figure B.5  SEM image of Sample 44 from another part. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.6  SEM image of Sample 38. 
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Figure B.7.  SEM image of Sample 40. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.8.  SEM image of Sample 40 from another part. 
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Figure B.9.  SEM image of Sample 39. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.10.  SEM image of Sample 39 from another part, with measurements. 
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Figure B.11.  SEM image of Sample 47. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.12.  SEM image of Sample 47 from another part. 
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Figure B.13.  SEM image of Sample 47 from another part, with measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.14.  SEM image of Sample 47 from another part, with measurements. 
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Figure B.15.  SEM image of Sample 48. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.16.  SEM image of Sample 53. 
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Figure B.17.  SEM image of Sample 53 from another part. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.18.  SEM image of Sample 54. 



119 
 

 

 

 

 

 

 

 

 

 

 

 

Figure B.19.  SEM image of Sample 54 from another part. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.20.  SEM image of Sample 56. 
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Figure B.21.  SEM image of Sample 56 from another part. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.22.  SEM image of Sample 57. 
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Figure B.23.  SEM image of Sample 57 from another part. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.24.  SEM image of Sample 58. 
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Figure B.25.  SEM image of Sample 58 from another part, with measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.26.  SEM image of Sample 59. 
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Figure B.27.  SEM image of Sample 59 from another part, with measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.28.  SEM image of Sample 60. 
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Figure B.29.  SEM image of Sample 60 from another part. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.30.  SEM image of Sample 60 taken from another part. 
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Figure B.31.  SEM image of Sample 60 taken from somewhere else within the sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.32.  SEM image of Sample 60 wtih measurements. 
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Figure B.33.  SEM image of Sample 62. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.34.  SEM image of Sample 63. 
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Figure B.35.  SEM image of Sample 63 from another part. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.36.  SEM image of Sample 64. 
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APPENDIX C: LIST OF SAMPLES 

 

 
Table C.1.  List of all samples and the reaction conditions they were synthesized in. 

 

 
Sample 

No 

The type of reaction it was 

synthesized in 
Oil R [AOT] (M) 

1 

Silica NP 

n-heptane 

5 

0.1 

2 

3 

4 

5 

6 

8 

9 

10 

16 

7.5 
18 

19 

20 

22 

10 23 

24 

25 

n-decane 

5 
26 

27 

28 

29 
7.5 

30 

31 
10 

33 

34 

Si-coating of pre-prepared 

magnetite 

n-heptane 

 
5 

0.1 

35 

36 

37 

38 

39 
0.75 

40 

41 

Magnetite synthesis in ME 0.75 
42 

43 

44 

47 Si-coating of pre-prepared 

magnetite 
0.75 

48 

53 “ In situ” Si-coating of 

magnetite 
n-heptane 5 0.75 

54 
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56 

57 

58 

59 

60 
1 

61 

62 
Si-coating of pre-prepared 

magnetite 

0.75 63 Magnetite synthesis in ME 

64 
“ In situ” Si-coating of 

magnetite 
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