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ABSTRACT 

The effects of surfactants, co-surfactants, aqueous phase and temperature on 

the solubilisation capability of microemulsion systems were investigated. 

Appropriate water-in-oil (w/o) microemulsion systems for the synthesis of 

nanomaterials were selected in consideration of the higher solubilisation and 

the better thermo-stability. 

Mono-dispersed iron oxide nanoparticles with the size of 1-5 nm were 

synthesised via Igepal CO-520/cyclohexane w/o microemulsion at 25°C. The 

size of particles increased from 1 nm to 10 nm with the increase of the size of 

water pools. The original particles as prepared were identified as magnetite, 

which transformed into maghemite after 2-hour hydrothermal at 120°C and 

into hematite after 2-hour hydrothermal at 140°C, accompanied with the 

increased crystallite size. Precipitation was employed for basic studies of 

starting materials, reaction time and temperature. Compared with 

precipitation-derived particles, microemulsion-derived nanoparticles show 

smaller particle size, are less aggregated and exhibit higher activities and a 

lower saturation magnetisation and coercivity both at 5K and 300K. 

Poly-(methacrylic acid) (PMAA), Polyacrylamide (PAM) nano-spheres were 

synthesised via Triton X-114/cyclohexane and Brij 97/cyclohexane w/o 

microemulsions at 60°C, respectively. The size of PMMA spheres is 30-100nm 

while the size of PAM spheres increased from 50 nm to 200 nm with the 

increase of surfactant concentration from 19.3% to 28.9%. The increased size of 

water pools from 2.43 to 4.32 also resulted in the increased size of PAM from 

50 nm to 500 nm. The effects of reaction time and temperature, and reagent 

concentration on PAM polymerisation in microemulsion were investigated in 

terms of the conversion, molecular weight and morphology of polymers produced. 

Core-shell structured silica coated iron oxide nanoparticles were synthesised 

via Igepal CO-520/cyclohexane systems at 25°C, with 5 nm core and 5 nm 

shell. Nanocomposites of PAM embedded with iron oxide were synthesised in 

Brij 97/cyclohexane at 60°C, with the size of 120 nm. The crystallinity of 

magnetic nanoparticles was affected by the coating process. 
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INTRODUCTION 

Nano-scaled materials can be defined as those whose characteristic length scale lies within the range 

between one and several hundreds of nanometers, which exhibit novel electrical, mechanical, chemical, 

optical and magnetic properties, compared with their corresponding bulk materials. 

With the development of nanotechnology, the fabrication of magnetic nanoparticles attracts more 

attentions due to their wide applications in information storage, colour imaging, magnetic refrigeration 

bio-processing 121, medical diagnosis 131 and controlled drug delivery 141. Various techniques have been 

developed to prepare iron oxide nanoparticles. Having the promising control of the particles' size and 

morphology with high homogeneity, the water-in-oil (w/o) microemulsion, as a spatially and 

geometrically restricted media, is advancing more rapidly in the synthesis of nano-scaled particles 

including magnetic metal oxides such as magnetite 1671 and maghemite I8'91 and organic polymers 1101 

The superiority of w/o microemulsion systems in nano-synthesis area arises from its featured structure 

in which the aqueous droplets of the system can be used as a nano-reaction vessel for the preparation 

of finely divided materials 151. 

However, nano-structured particles posses large surface areas and often form agglomerates as a result 

of attractive van der Waals forces I' 'I of minimising the total surface or interfacial energy. On the other 

hand, magnetic nanomaterials would undergo rapid biodegradation when being directly exposed to the 

biological system which limits their applications in biotechnology and biomedical engineering. 

Therefore, a coating process should be applied not only to avoid the aggregation, but also to prevent 

the biodegradation. For instance, silica-coated magnetic nanoparticles can be immobilised with the 

antibody to deliver them into a specific target via the antibody-antigen recognition. The 

1. 
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polymer/magnet nanocomposites can be more easily dispersed in organic solutions, which would be 

very useful for efficient bio-molecule separation and magnetically guided biosensor applications 1121 

Since the restricted environment offered by the w/o microemulsion system provides better control over 

the particle morphology and inter-particle spacing, it was also employed as a novel technique in the 

synthesis of nanocomposites, especially the core-shell structured nanomaterials. 

The main objectives of this project are to synthesise iron oxide nanoparticles, poly-(methacrylic acid) 

(PMAA) and poly-acrylamide (PAM) nano-spheres, silica coated nanocomposites and PAM/iron 

oxide nanocomposites via w/o microemulsion systems. The studies will include the systematic 

investigation of w/o microemulsions and the effect of reaction parameters, especially the 

microemulsion-dependent factors on the properties of synthetic nanomaterials. 

The morphology of nanoparticles and nanocomposites, including the size, shape and the inter-structure 

was characterised by transmission electron microscope (TEM). Silica-coated iron oxide nanoparticles 

were further examined using a TEM equipped with thin window energy dispersive X-ray analysis 

(EDX). The crystallinity of magnetic nanomaterials was identified by X-ray diffractometry (XRD). 

The magnetism of iron oxide nanoparticles was measured by a superconducting quantum interference 

device (SQUID). Fourier transform infrared spectrometry (FTIR) was employed in the characterisation 

of polymer nano-spheres and polymer/iron oxide nanocomposites. The molecular weight of polymer 

nano-spheres was calculated by dilute solution viscosity measurements with an Ostwald viscometer. 

ýyl I 

THESIS OUTLINE 

Chapter !2 is the literature survey about the topic-related content of this thesis covering: the 

development of nanotechnology and nano-synthesis; the definition and properties of the w/o 

microemulsion and the synthesis of magnetic nanomaterials via w/o microemulsion systems. 

z. 
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Chapter 3 provides an insight to the details of the synthesis and the characterisation of samples. 

Chapter 4 investigates the influence of various factors, i. e. the effect of surfactants, co-surfactants, 

component ratio and temperatures on behaviours of w/o microemulsions, to find out an appropriate 

system for the further fabrication. Different behaviours of microemulsions in different circumstances 

are discussed in terms of the structure-derived interactions and geometrically packing considerations. 

Chapter 5 
presents the synthesis of iron oxide nanoparticles via w/o microemulsion systems. 

Precipitation was also involved to make comparisons and systematic investigations of reaction 

conditions. Hydrothermal and calcinations were employed as post-heat-treatments. The magnetic 

nanoparticles synthesised by different methods were studied through the mechanism of crystal growth 

and the thermodynamically dependent phase transition happening on iron oxide nanoparticles 

synthesised from a macro- and a nano- environment, respectively. 

Chapter 6 deals with the microemulsion polymerisation of acrylamide and methacrylic acid. The 

effects of reaction time and temperature, initiator, crosslinking and microemulsion-dependent factors 

were investigated. The mechanism of microemulsion polymerisation of AM was mainly studied in 

terms of the morphology of polymer nano-spheres. 

Chapter % summarises the synthesis of silica/iron oxide and PAM/iron oxide nanocomposites via w/o 

microemulsions. The effect of coating process on the properties of original magnetic nanoparticles was 

discussed in terms of the particular interactions exists in the core-shell structure. 

Chapter 8 describes the main conclusions and future work of this project. 

3 



LITERATURE SURVEY 

2.1 NANOTECHNOLOGY: HISTORY AND DEVELOPMENT 

A nanometre is one billionth of one metre (10"9 m, about 3-4 atoms wide). The term "nano-structured" 

describes materials with structure on length scales from 1 to 100 nm 1131. Nano-structured materials 

often have unique electrical, chemical, structural, and magnetic properties 11411, which is so important 

that it gradually directs scientists' traditional research towards the nano-scale exploration. 

Nanotechnology, the science and technology of precisely controlling the structure of matter at the 

molecular level (nano-scale), is widely viewed as the most significant technological frontier currently 

being explored in the 21' century. 

In 1958, the great physicist Richard Feynman 1181 suggested that it should be possible to build machines 

small enough to manufacture objects with atomic precision. This was the first vision of the 

possibilities of science and technology at the nano-scale 1191. The term "nanotechnology" was coined in 

1974 by Norio Taniguchi of the University of Tokyo X181 to denote "production technology to get the 

extra high accuracy and ultra fine dimensions, i. e. the preciseness and fineness on the order of I 

nanometre". Taniguchi predicted that within 15 years there would be machining methods capable of 

sub-100 nm dimensional precision which was largely proven correct. 

What is most amazing about the development of nanotechnology is the pace at which it has advanced. 

By the early 1990s, nano-technology's capabilities could not only image and probe atomic structures, 

but also move individual atoms, one at a time, around on a substrate. One early demonstration of the 

power came in 1990 when team of IBM physicists revealed that they had, the year before, spelled out 

. 
ýf 
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the letters -IBM" using 35 individual atoms of xenon (Figure 2.1-11. In 1991, the same research team 

built an "atomic switch" likely to be an important development in the future of computing 1181. The 

"Quantum Stadium" image generated by IBM researchers provides another poignant example of the 

ability of controlling the position of atoms lFigure 2.1-21. The image consists of 76 iron atoms on a 

12 copper substrate. Wave patterns in the interior are from the density distribution of trapped electrons 1 

Figure 2.1-1 The IBM logo on atomic t Ywu -Iý1 1_i 
scale. All right reserved 0'. Courtesy IBM, Almaden Research 

Center. All right reserved [201. 

I laving recognised the potential of nanotechnology, governments started to support the development 

in their economies by directing special funding to the area. The leading countries today are USA and 

Japan. The scale of funding is large, up to several hundred million USD per annum in these two 

countries. At the same time governmental research and development decision makers all over the 

world are setting up new nanotechnology-specific research programs aiming at putting their respective 

countries in a favourable position for the future. There are more than 4000 companies and research 

institutes are dealing with nano-technique all over the world 1221. The global spending was 7.4 billion 

USD in 2002 and will increase up to 26.0 billion USD by 2006. The total markets for nanotechnology 

worldwide will grow from 110.6 billion USD in 2003 to 299.9 billion USD in 2006 and 891.1 billion 

USD in 2015 1221. This growth rate is very rapid and it does not show signs of slowing down. The sales 

to date have been largely domestic, but with the increasing global interest on the development of 

s 



%rl 
% 

LITERATURE SURVEY 
02006 MIAN LIN. IPTME. LOUGHBOROUGH UNIVERSITY 

nanotechnology and with the advantage of modern communication we can safely speculate that this 

could be a very profitable investment in the near future. 

Nanotechnology is a cross-section technology and will redefine all known technologies and markets in 

the 21st century. On a short-term basis, nanotechnology will complement and change life science, 

pharmacy, diagnostic, medicine technology, food, environmental technology, water, energy, 

electronics, and mechanical engineering and so on. Although in the past twenty years, nano-science 

has truly made a big progress, and some nanotechnology-based products are already on the market and 

others will follow, nanotechnology as a whole is still an emerging area. The world markets for pure 

nanotech products only come to a few billions USD, markets and products using nanotech are already 

many times bigger. The global growth rates will, according to branch and application, amount to 8- 

1221 21 % per annual in the next 15 years 

2.2 APPLICABLE METHODS: 
SYNTHESIS OF NANO-STRUCTURED MATERIALS 

There are a number of processes currently used for producing nanomaterials. Before introducing these 

methods, the novel properties of nano-structured materials will be briefly described in advance. 

2.2.1 Properties of nano-structured materials 
The promise of nanotechnology is based upon the ability to create nano-structured materials that will 

produce novel properties on the macro scale 1211. However, in many cases, the mechanisms behind 

these observed properties are not yet clearly understood, it is still possible to attribute, by inference, 

the novel qualities of these nanomaterials to the following changes in internal structure. 

1. When the diameter of grain falls into nano-scale, the fraction of surface atoms becomes dominant 

. 6. 
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with the ratio of atoms on the surface to the total increased (Figure 2.2-Il. The increased surface 

areas will alter the physical properties of nanomaterials. 

100 

90 

60 

E. 40 

0 
.. W) 

0 

O 10 Y0 30 40 50 

Particle size (nm) 

Figure 2.2-1 The relationship between the number of surface atoms and particle size. 

2. Discrete electronic levels (quantum behaviour) will alter the electrical and optical properties of 

nanomaterials as grain size approach the nano-scale. The discrete energies associated with electron 

1211 become more evident as grain size <5 nm, creating non-linear property effects 11 

  Magnetic Properties 

The fundamental motivation for the fabrication and study of nano-scaled magnetic materials is the 

dramatic change in magnetic properties when the critical length is comparable to the nanoparticles or 

nano-crystal size. For example, the ultra line alloy particles of iron series exhibit much stronger 

magnetism comparing with bulk materials. It also has superior thermal conductivity especially at the 

low temperature 12h1" The magnetisation of ferromagnetic materials is very sensitive to the size and 

structure of the sample 1231. If the sample consists of small particles, its magnetisation decreases with 

the particle sizes, because small particles finally reach a super-paramagnetic state with reduced 

X23 
exchange 

inter-particle interactions -25ý. 

  Mechanical Properties 

The mechanical properties of nanornaterials is that the strength and hardness follow the Ilall-Fetch 

relationship, i. e. they increase with the increase of the grain size, up to a critical dimension (-10 nm) 
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and decreased after that I Figure 2.2-2 1 1261. In practice, nano-structured metals and ceramics generally 

show super-plasticity at 200°C which is lower than micro-structured materials. The improved 

1211 formability is of much importance to ceramics . 

r ý 

C 
° I- ý 
` 
e 
a 
ý 
C 

H, oyao d'u: 

ý 

Hall-Petch Equation 

a,, = ao + Kd1'2 H- Ho + Kd1"2 

a,, : yield strength 
oo : lattice yield stress (minimum stress 

required to move a dislocation) 
H: hardness 
Ho: single crystal hardness N 

x 

amorphous 

dý Grain Size, d 

K: constant 
d: average grain size 

Figure 2.2-2 Strength/Hardness of nano-structured materials (26] 

  Chemical Reactivity & Electrical Properties 

Large numbers of atoms on the surface of nano-crystallites provide active sites for reactions leading to 

an increased chemical activity. Quantum effect in nanomaterials produces a non-linear dependence of 

1261 electrical conductivity on electric field and can produce electron tunnelling characteristics 

" Thermal Properties 

The decreased thermal conductivity and melting point of nano-structured metals might be observed 

(such as a 27'C lower melting point for gold), which is attributed to the enhanced diffusibility, 

meanwhile an increased thermal expansion coefficient might be obtained. 

  Optical Properties 

As having the ultra small size of grains in nano-structured materials, the absorbance of the light by the 

particulates can be different. For example, the colour of larger cadmium selenide particles is black, 

however with the crystallite size of -1.5 nm, the materials appears yellow and if the size was increased 

1271 to 4 nm, the materials will appear red 

. 8. 
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2.2.2 Applied methods in fabricating nano-structured materials 
Over the past 15 years nano-sized materials have been prepared from a variety of physical or chemical 

methods. Mechanical grind is one of the most fundamental physical methods, which could be regarded 

as a "top-down" process, involving re-structuring a bulk material in order to create a nanostructure 1281. 

Another physical process commonly used to produce nano-structured materials is Physical vapour 

deposition (PVD). 

As one of chemical methods, Chemical vapour deposition (CVD) involves a gas-phase chemical reaction 

which forms a solid material on a substrate, which is commonly used to produce nano-structured 

ceramics and composites. Precipitation Method, Sol-Gel Process and Hydrothermal are another three major 

chemical methods. Further discussing about them will be given in this chapter. Electro-deposition has 

been used to form nano-crystalline materials with the grain size of 5 nm. Pascal C et al. 1291 reported the 

synthesis of maghemite nanoparticles by electro-deposition process. Besides the methods mentioned 

above, Ziolo et al. 130-3'I also reported the Matrix-Mediated Synthesis of maghemite nano-crystallites in 

aqueous solution using FeC12.4H2O as raw material. Recently Vollath et al. 1321 have synthesised the 

maghemite nanoparticles by the microwave Plasma Method. Hyeon et al. 1331 prepared iron-oleic acid 

metal complex by the Thermal Decomposition of iron pentacarbonyl in the presence of oleic acid at 

100°C followed by 300°C aging to synthesise highly crystalline and mono-dispersed maghemite 

nanoparticles. Sonochemical method was studied by Shafi et al. Ill to produce magnets coating. 

2.2.2.1 Precipitation method 

Precipitation is the process by which aqueous solutions of reagents are mixed together to introduce 

precipitation through chemical reactions and the desired materials would be obtained after post- 

treatments, such as filtering, washing, drying and pyrolysis. 

The final product of the precipitation process depends on the concentration of reactants, pH value, 

1341 temperature, time of aging, the nature of the anions present, and other topochemical transformations 

9 
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Hence the nature of precipitated particles could be controlled by different reaction conditions. 

2.2.2.2 Sol-Gel process 

Sols and gels have been known to exist naturally for a long time but were only of pure scientific 

interests. Since the 1970's, an increasing number of publications published in the field of gels and 

inorganic colloids led to an increasing number of potentially interesting applications in high 

technology ceramics 1351. Now, high purity sub-micro powders, nuclear fuels, electronic and ionic 

conductors and magnetic materials can be produced by sol-gel techniques. 

CHEMISTRY SOL 

LJ 
PRECURSORS 

I 

Colloidal gel Powder 

At 
. 00ýý 

Fibres 

" 
ýý Coatings 

DRYING -. 
Poýý 

Monoliths 

ý " 00" 

Colloidal 
particles+ liquid \ .., 

Polymer 
macromolecules 

+ liquid 

Polymeric gel Ordered gores 

SINTERING \ CERAMIC 

II 

Figure 2.2-3 Schematics of sol-gel process. 

A sol is a stable suspension of colloidal solid particles within a liquid 1361. In order to keep dynamic 

stability of a sol and make it exist longer, the solid particles in it must be small enough for the forces 

responsible of dispersion to be greater than gravity. Generally the particle size between 2 nm and 0.2 

µm is necessary in a colloidal sol. A gel is a porous 3-dimensionally interconnected solid network that 

expands in a stable fashion throughout a liquid medium and is only limited by the size of the container 1351 

As shown in Figure 2.2-3, the sol-gel process is a colloidal method used to synthesise ceramics with an 

intermediate stage including a sol and/or a gel state 1351. The homogeneous solution phase and the 

elastic, gel-like, solid phase are essentially two phases presenting in sol-gel processing. The solution is 

dried then transformed into a gel, while maintaining a constant volume. Subsequent drying leads to a 

. 
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phase transformation with a reduction in volume, finally resulting in the desired phase. To obtain 

nano-structured materials using this process is to control the processing parameters. The properties of 

the materials depend on the hydrolysis catalyst, the pH value of the gelling solution, the nature of the 

impurities added before gelling and the thermal treatment 1351 The morphological properties were 

largely determined by the gelation and ageing process, which are strongly influenced by the pH value 

and water content of the sol. 

2.2.2.3 Hydrothermal process 

The term of "hydrothermal" appeared about 140 years ago. It was used initially to describe the 

phenomenon of water existing in stratum changing under the action combined by temperature and 

pressure 1371. Nowadays, the name of "hydrothermal" has been introduced into chemistry area. The 

major differences between hydrothermal process and other technologies are shown as below 1381: 

Powders are formed directly from solution; 

Powders are anhydrous. Crystalline/amorphous of powders depends on hydrothermal temperature; 

Particle size could be controlled by hydrothermal temperature; 

Particle shape could be controlled by starting materials; 

Powders are highly reactive in sintering; 

Many cases, powders do not need calcinations; 

Many cases, powders do not need milling process; 

Basically, hydrothermal process is a wet-chemical technique, which is normally carried out in a sealed 

vessel between 130°C and 250°C. Higher hydrothermal temperature would result in the increased 

1391 oxidation of the products. The increase of aging time usually induces the growth of particles . 

2.2.2.4 Microemulsions 

The preparation of nanomaterials via microemulsions attracted growing interests in recent years, 

especially the water-in-oil (w/o) microemulsion system. 

. 11. 
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oil 

[A]. Water-in-oil microemulsion [B]. Oil-in-water microemulsion 

Figure 2.2-4 Schematics of microemulsion system. 

Figure 2.2-4 shows the schematics of microemulsion systems. Since a mono-layer of surfactant 

molecules surrounded at the interface of oil/water, the nano-droplets of the dispersed phase can be 

formed stably. In a w/o microemulsion system, the water droplets provide a reaction vessel for the 

preparation of finely divided particles. The growth and the aggregation of the precipitated "seeds" are 

partially restricted by the steric barrier provided by the surfactant mono-layer 1401. The most important 

feature for this method is that the size and the morphology of particles synthesised can be well 

controlled by varying the relative concentration of the surfactant, reactants, water and oil8'411. More 

details of microemulsion system will be discussed in 2.4. 

2.2.3 Comparison and Limitation 

Material properties depend on its atomic structure, composition, microstructure, defects, and interfaces, 

which are controlled by the thermodynamics and kinetics of the synthesis 1421. With the increasing 

interests of the synthesis of nano-structured materials, looking for an appropriate method to well 

control the material properties under nano-scale, particularly, the desirable morphology and the low 

extent of aggregation is of more and more important in applications. 

In the preparation of nanomaterials by PVD, the particle size could be controlled by changing the 

pressure of inert gas. The ultra-fine particles arc mono-dispersed and the surface of' them is smooth. 

I2 . 
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However, the control of the morphology of prepared particles is difficult. The same problem also 

exists in Mechanical Grind. And as the impurities could contaminate the final product during processing, 

Mechanical Grind is not used in industrial productions. 

Although chemical methods seem more superior to produce nanomaterials with homogeneous particle 

size and high purity, there are also some disadvantages. CVD offers good control over the chemical 

used for catalytic reactions and gas absorption applications. However, there is a problem of collection 

and storage of powders produced by this processing. 

The main advantages of Precipitation Method are chemical homogeneity, the possibility of obtaining fine 

particles with a narrow size distribution and the good reactivity of products which allows the decrease 

in calcinations and sintering temperature 1431 However, in the hydrolysis of metal alkoxides in alcohols 

and water mixture, as reported by Bogush et al. '44', when the size of particle is less than 100 nm, the 

high poly-dispersity is unavoidable. 

One of advantages of using Sol-Gel Process is the possibility to obtain large amounts of powders with 

high purity and the preparation of multi-component nanoparticles with mixing of the elements on a 

nano-scale. The synthesis of metallic oxides by the sol-gel process is a widely accepted method, 

particularly when it is desired to incorporate other metallic ions in the gels 145-481. However, an inherent 

problem of sol-gel-derived materials is that it is difficult to mix the constituents on the molecular scale 

149-501 
and the resultant structures are often meta-stable, prone to restructuring 

Comparing with other wet-chemical techniques, one obvious advantage of Hydrothermal Process is that 

crystalline powders could be prepared without calcinations at elevated temperature. It was reported 

that maghemite particles prepared by the hydrothermal process showed lower agglomeration 

compared with the spray pyrolysis method I"l 

The most distinguished feature of W/O Microemulsion from other methods is the water-droplets in the 

13. 
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Table 2.2-i Preparation of Ideal ultra fine powders 1541 and real powders by precipitation, sol-gel, hydrothermal and 
microemulsion methods are shown. 

Ideal Powder Precipitation Sol-gel Hydrothermal 1541 Microemulslon 

Particle size 
Fine powder less 

<2 pm <1 pm <1 pm < 100 nm than 1 pm 

Coagulation 
Soft or no 
agglomeration 

Weak Weak No or weak No 

Diversity 
Narrow particle A bit wide Narrow Narrow Much Narrow 
size distribution relatively 

Chemical 
controllable controllable Controllable Controllable controllable 

composition 

Microstructure controllable controllable Controllable Controllable Well controllable 

Morphology controllable Poor Controllable Poor Controllable Poor Controllable 
water pool 

Homogeneity Uniformity Good Good Good Good 

Reactivity, / Good Good Good Good 
sinter ability 

Single crystal In Ultra small size 
general. It near single 

Crystallinity / Good Good depends on domain then 
preparation difficult to define 
temperature by x-Ray pattern 

bulk oil phase serve as nano-reactors for the synthesis of nanoparticles. Normally the water pool is 

14'. 
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spherical and the size of the pools could affect the size of the nanoparticles prepared, therefore the 

morphology of nanoparticles could be controlled by the water pools 1231. The surfactant stabilised 

nano-droplets introduce a cage-effect in the synthesis via microemulsions, which limits the growth 152 

and the aggregation of particles. Additionally, the presence of the surfactant allows the formation of a 

remarkably ordered particle arrangement upon volatilisation of the solvent 1531. 

The "surfactant wall" in microemulsions, not only reduces the interfacial tension and stables the 

overall system but furthermore act like a spherical mould for particles growing within the water pools. 

That is why the microemulsion system shows superiority in the control of the morphology of 

nanoparticles prepared, comparing with precipitation method, sol-gel process and hydrothermal 

method [Table 2.2-11. The size of nanoparticles synthesised by microemulsion systems is much close to 

the nano-scale (generally below 100 nm). The unique inter-structure of microemulsion systems also 

plays a significant role in the synthesis of core-shell structured nanocomposites by introducing the 

potential of tailor-making the morphology of particles in order to facilitate desired nano-products. 

Hence, the microemulsion is a novel system in the nano-synthesis area. 

2.3 DRESSING UP: ADVANCED CORE-SHELL STRUCTURE 

2.3.1 What is core-shell structure 
The term core-shell nowadays can be defined by a core of matter that is surrounded by a shell of a 

different matter 1551 A schematics of a core-shell structure is illustrated in Figure 2.3-1 A. TEM 

micrographs of core-shell structured nanocomposites are shown in Figure 2.3-1 B, c, by the research 

work of Tarun K. et al. 1561. 

Although there is no clear cut definition of core-shell structured particles, the main prerequisite to 

. 
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Sndl 

[A] Schematics of core-shell structure [B] Polymer shell [C]. TEM micrographs of silica-poly-enzl 
methacrylate) nanocompositest at 

Figure 2.3-1 Schematics and TEM micrographs of core-shell structure. 

interaction of the shell and the core which leads to an interaction between both shell and the core 

classify particles in that category is the intimate close connection in terms of physical and/or chemical 

compartments, creating synergistic effects 

Pure nanoparticles have the following limitations: 

they tend to form large aggregates, 

their original structure may change if they are not stable enough resulting in the alteration of 

chemical properties, such as the rapid biodegradation when nano-magnets are directly exposed 

to the biological system. 

Therefore, a suitable coating is necessary to discard such limitations. Swadeshmukul ei al. 1231 found 

that the silica coating protects the magnetic particles from possible decomposition induced by the 

surrounding environment, prevents further aggregation, and reduces the inter-particle magnetic 

interference retaining the magnetic property of each particle intact. On the other hand encasing 

colloids in a shell of different composition may protect the core trom cxtran(; ous chemical and 

physical changes 157-591. The shell can also alter the charge, functionality, and reactivity of the surface, 

and can enhance the stability and dispersihility of' the colloidal core. MagIietic, e)ptical, or catalytic 

functions may be imparted to the dispersed colloidal core depending on propert 
ies of the coating. 
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[A]. uncoated iron oxide nanoparticles [B]. silica-coated iron oxide nanoparticles 
Figure 2.3-2 Magnetisation curve for particles prepared in microemulsions with Brij-97 ("), Igepal CO-520 (+), and 

Triton X-100 (Solid line) E231 as surfactants. 

Nanoparticles have different properties when dressed into core-shell structure. Core-shell structured 

nanocomposites often exhibit improved physical and chemical properties over their single-component 

counterparts, and hence are potentially useful in a broader range of applications. For examples, the 

magnetic nanocomposites with the core-shell structure could result in spin bias exchange at the 

boundary of the super-paramagnetic particles and, as a consequence of single domain characteristics, 

lead to enhanced coercivity and apparent ferromagnetic behaviour 1601, as shown in Figure 2.3-2. 

Santra et al. 1611 reported that at any given magnetic field, the magnetisation for an uncoated sample is 

always higher than that for a coated sample. It is well known that below some critical size (<10 nm) 

magnetic particles become single domain because of the interplay between the energy of dipole field 

and domain wall creation. The decrease in the magnetisation when particles are coated with silica 

clearly distinguishes coated and uncoated particles 1611 (Table 2.3-11. 

Table 23-1 SQUID data for iron oxide samples prepared by the w/o microemulsion, with and without coating. 1611 

Sample 

ý 
SQUID specific magnetisation (eMU/g] 

10 Me 

Bulk (uncoated) Iron oxide 14.60 

NaOH coated Iron oxide 0.212 

NaOH uncoated Iron oxide 0.540 

20 KOe 

18.30 

0.311 

0.898 

. 17. 
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However, despite the fact that the advantages of uniformly coated and stable colloidal particles have 

been recognised for years 162-641, the controlled coating of colloids with recognised layers has for many 

years remained a technical challenge. 

2.3.2 Applicable methods into core-shell 
Sol-gel process is a widely accepted method for the preparation of nanoparticles and nanocomposites, 

for instance, to incorporate other metallic ions in the gels. However, the synthesis of nanoparticles 

using the restricted environment offered by w/o microemulsions provides much better control over the 

morphology of particles. The controlled environment also allows sequential synthesis to produce 

nano-particles with core-shell structure in situ 1401. Tatham et al. 1651 reported the nanocomposites with 

core-shell structure prepared by arrested precipitation of metal or semiconductor cluster in the w/o 

microemulsion system. The following section summarises the concepts and recent development in 

microemulsions which are enrolled as one of the most suitable system to synthesis nanoparticles. 

2.4 MICROEMULSIONS: 
A STAGE BUILT IN A LITTLE WATER POOL 

In 1959 J. H. Schulman 1661 firstly introduced the term "microemulsions" for transparent solutions in a 

model four-component system; water, oil, surfactant and co-surfactant. Friberg and his group 1671 

stressed long-term stability of the microemulsions which was in fact a result of their thermodynamic 

stability. From a practical point of view microemulsions can be defined as thermodynamically stable 

liquid phases where the surfactants are optimised with regard to surface activity and the system with 

(681 regard to water and oil content 

2.4.1 Internal structure of microemulsions 

The internal structure of microemulsions may be complex and varied. Extensive theoretical and 

. 18. 
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experimental work has been devoted to different kinds of microemulsion systems in order to establish 

an unambiguous picture of these systems with regard to the structure. One of the most common 

models used to explain the different phase-forming situations for microemulsion systems was 

proposed by Winsor, who divided the system into four types: Winsor 1, Winsor 11, Winsor Ill and 

Winsor IV IFigure2.4-II. 
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Figure 2.4-1 Winsor model of microemulsions. 
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It is physio-chemically conceived that on the higher end of water content, on the average, spherical 

dispersion of surfactant-coated oil micro-droplets exists in equilibrium with the excess water IWinsor II. 

The increasing surfactant concentration ends up with increased droplet dimension together with 

distortion of the spherical shape; at comparable proportions of water and oil and irregular dispersions 

of both oil and water may simultaneously exist. This is called the "bi-continuous state" IWinsor III, 

which is considered to be a sponge-like random network. As lör compositions with a low percentage 

of water and a high percentage of oil, the situation like Winsor I is reverse IWinsor IIII, a spherical 

dispersion of water micro-droplets coated with surfactant in equilibrium with excess oil. In 

Winsor Iv, which is normally called as microeniulsion, either the oil micro-droplets or the water micro- 

droplets homogeneously disperse in the continuous phase, which is a thermodynamic stable system 

with single phase. 

As for the bi-continuous model, Lindman et al. have shown that the microemulsion structure can 

be very intriguing for high amounts of water and oil, where these two components are free to diffuse 

I9. 



el 
LITERATURE SURVEY 

0 2006 MIAN LIN. IPTME. LOUGHBOROUGH UNIVERSITY 

like in their pure states. In addition, the diffusion of the surfactant is generally low which indicates that 

this species is in an aggregated state. According to this model water and oil are supposed to have 

unrestricted diffusion in their respective channels inside the network, while the surfactant will 

constitute a mono-layer separating both the continuous domains. 

In microemulsions, the aggregates of surfactant molecules are varied as well. A crucial parameter for 

surfactant association (ionic and non-ionic), and the formation of different kinds of structures is the 

steric factor defined as the packing ratio x72.741: 

R=V, / (1"a(, ) (2-1) 

In the expression V, is the molecular volume of the hydrocarbon chain, a� is the head group area and I 

is the effective length of the surfactant molecule, normally 80-90% of the fully extended hydrocarbon 

chain. The geometries of aggregates will be restricted by the topology of the area of the end group and 

the volume of the hydrocarbon chain. Spherical aggregates will form when R<Y, . 
When the ratio is 

increased from ', to ', rod-shaped aggregates are favoured. The lamellar structures will törmed 

when /<R<I and reversed structures appears when R>I (Figure 2.4-21. 

Surfactant molecules 

Normal 
aggregates 

spherical cylindrical 

Q 
o ý` O 

pý 1 c: 

Inverted hexagonal phase 

r, 
y, 
ýXýý 
\\ýjý 

lý ýý No 

Reverse aggregates 1 BI-layer lamella 

000000000CM 

Figure 2.4-2 Schematic diagram of possible aggregate shapes expected for different geometries of the surfactant molecules 
according to K= V, IIaI criteria. 
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2.4.2 Water-in-oil microemulsions 

Microemulsion systems can be basically categorised into water-in-oil microemulsion system and oil- 

in-water microemulsion system. A water-in-oil (w/o) microemulsion is a transparent solution 

consisting of nano-sized water droplets, stabilised by a curved mono-layer of surfactant (and in some 

cases co-surfactant), and dispersed in a continuous hydrocarbon oil 1751. In the preparation of inorganic 

nanoparticles, these ultra-small water droplets could be regarded as a restricted reaction container, 

which appears more promising in controlling of particle size and its morphology in nano-synthesis. 

In the w/o microemulsion, the polar heads of the surfactants are oriented inward and the non-polar 

tails orient towards the oil continuum. The availability of free water in the core called the "water-pool". 

The structure of the interfacial water in w/o microemulsion systems is different from bulk water. 

Table 2.41 Nature of solubilised water In non-ionic surfactant 

System mo No. of EO H20/EO Ref. 

Triton X-100/Hexanol/Cyclohexane 

C12EO7/Hexa noI/Deca ne 

NP-6/cyclohexane 

NP-5/cyclohexane 

5.8 9.5 

1.4 7.0 

4.0 6.0 

1.2 5.0 

0.50 

0.20 

0.67 

0.25 

17&771 

1781 

1791 

1531 

When the amount of water in the organic phase is very low, most of the water molecules are hydrogen 

bonded to the surfactant polar groups and they are said to be bound. With an increase in the water 

content, unbound or free water molecules become available. The presence of surfactant head groups 

may significantly affect the water mobility. Table 2.4-1 summarises the available results for the 

minimum water to surfactant molar ratio wo and the water to polar head (ethylene oxygen, EO) molar 

ratio (H2O/EO), by which free water is detected in the hydrophilic "core" of the surfactant aggregates. 

It was shown that less than one water molecule per EO unit is involved in the initial hydration shell. It 

seems that water may preferentially solvate some of the EO units along the polar chain, and that 

21. 



\1G 
94 h 

LITERATURE SURVEY 
0 2006 MIAN LIN. IPCME. LOUGHBOROUGH UNIVERSITY 

further water addition results in the gradual formation of free water domains rather than in the 

1731 complete hydration of all the EO units . 

The knowledge of "free water" is very useful to the synthesis of nanoparticles via w/o microemulsions, 

especially the hydrolysis reaction in microemulsion, which is related to the kinetics of particle growth. 

2.4.3 Analysis on behaviours of microemulsion 
The different surfactants, different component ratio and temperature could all affect the stability of 

microemulsion systems. 

2.4.3.1 Effect of ionic surfactant and non-ionic surfactant 

Surfactant is a kind of amphiphiles with hydrophilicity and hydrophobicity simultaneously that could 

greatly reduce the interfacial tension. Which type of emulsions will be formed mainly depends on the 

nature of surfactants. Normally surfactants are classified according to their structure, into ionic, 

zwitterionic and non-ionic according to their charges. The structure and name of four classified 

specific surfactants are given in Figure 2.4-3. 

Anionic: 
0 

ýýýýýi Na*O-SI-0- 

b vvvvvv 

Sodium dodecylsulphate 

Zwitterlonie: 
N 

0jI 

ý P0,, 00^ ., --- , _-_�- _-- . 0 
DI palmltoylphosphatldylchollne 

a. aovmc: // 'N--. """"""-""""""". " ..., nu 

Br 
;- \/\/ V \/ \/ \/ ý, ý/ý, ný". ýýýý. ý. ýýv .... 

Cetylpyridinlum bromide Polyoxyethylene(4) lauryl ether 

Figure 2.4-3 Classification of surfactants 

Being the equibiliser of a thermodynamic stable system, surfactants play an important role. Different 

surfactants would yield different types of microemulsion systems. The first successful attempt to 

quantitatively correlate surfactant structures with their effectiveness as emulsifiers was the HLB 

system first developed by Griffin 1801. HLB means Hydrophile and Lipophile Balance 181-821 ý8 

. 
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Amphiphilic surfactants are characterised by the value of HLB, a relative ratio of polar and non-polar 

groups in the surfactant. The more hydrophilic surfactant normally has the higher value of HLB. 

Table 2.4-2 The range of HLB of surfactants with different usage 181). 

HLB 1-3.5 

HLB 3.5 -8 

HLB 7-9 

HLB 8-16 

HLB 13-16 

HLB 15 - 40 

Antifoams 

Water-In-Oil Emulsifiers 

Wetting and Spreading Agents 

Oil-In-Water Emulsifiers 

Detergents 

Solubilisers 

The HLB values and corresponding different systems formed are showed in Table 2.4-2 which gives an 

elementary principle to deal with so many kinds of surfactants. Although there is not an absolutely 

correct principle of choosing a surfactant for required applications, its HLB value partially provides a 

handy quantitative indication. At the higher end of the scale lies hydrophilic surfactants, which possess 

high water solubility and generally act as good solubilising agents, detergents, and stabilisers for oil- 

in-water emulsions; at the lower end there are surfactants with low water solubility, which act as 

solubilisers of water in oils and good w/o microemulsion stabilisers. The effectiveness of a given 

surfactant in stabilizing a particular emulsion system would depend on the balance between the HLB 

values of the surfactant and the oil phase involved 1801 

2.4.3.2 Effect of temperature 

It is well known that temperature generally affects the behaviour of surfactants and results in changing 

the microemulsion system. First, the change in temperature is known to affect the characteristics of the 

surfactant aggregates - size, shape, ionic nature, etc., and consequently affects the solubilising 

properties of surfactants. Second, the change in temperature might affect the intermolecular 

interactions between oil, water and surfactant, which would affect the structure of microemulsion 

systems. Figure 2.4-4 A, B shows the change of the structure of the microemulsion system with the 

23. 
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change of temperature. Krafft point (KP) and Cloud point (CP) are two characteristic factors of 

microemulsion system in terms of temperature dependence. 

C 

CMC 

Crystals + 
Solution 

º------------ 

Micelles + 
Solution 

CMC 

Sokition 

Liquid 
Crystals 

KP T CMt CP 

[A] (Bl 

Figure 2.4-4 Effect of the temperature on the structure of microemulsions 

" Krafft Point (KP) 

The surface tension of a solution of an individual surfactant decreases steadily as the bulk 

concentration of surfactant is increased until the concentration reaches a value known as the Critical 

Micelle Concentration (CMC). The temperature at which the solubility of an ionic surfactant becomes 

equal to the CMC is known as the Krafft point (KP) 1801. For surfactants being used below KP, the 

maximum reduction in surface tension will be determined by the concentration of surfactant at 

solution saturation and these materials may show lower effectiveness in reducing surface tension than 

similar materials that are being used above their KP. 

" Cloud Point (CP) 

The hydrophilicity of non-ionic surfactant basically depends on the hydration of EO units in the 

structure. The increase of temperature would normally result in the dehydration of EO units. Hence, 

the water solution of non-ionic surfactant will turn turbid with the increase of temperature, followed 

by phase separation. The temperature when non-ionic surfactant begins to separate from water is 

called Cloud Point (CP). 

. 
24 
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Figure 2.4-5 Phase diagrams at a constant surfactant concentration of 16.6% in the C12E5/H2O/tetradecane system [851 

For a non-ionic surfactant, the phase equilibrium will be mostly governed by the cloud point 1831. The 

system based on C12E5/H, O (C12E5, the surfactant molecules in which the hydrocarbon chain is 

typically of the order C12 and the number of EO units is 5) has been investigate extensively with 

184-861.1xS, 
regard to phase diagram Figure 2.4-5 is a typical cut of C12E5/H20/tetradecane system . 

At low 

temperatures, w/o microemulsion phase (L) occur. An increase in temperature leads to the gradual 

formation of a bi-continuous phase (La), which transformed into a w/o microemulsion phase with excess 

water (L+W) at higher temperature. 
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Figure 2.4-6 A schematic phase diagram and various micro-structures found in different regions of the liquid phase 
(microemulsion), L. At higher temperatures the liquid phase is in equilibrium with excess water (L+W), and at lower 
temperatures with excess oil (L+O) ("'. 
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2.4.3.3 Effect of oil/water molar ratio 

Figure 2.4-6 shows the different structures of microemulsion systems in such a two-dimensional cut as 

temperature and component ratio are varied. The transitions in this schematic drawing can also be 

interpreted as changes in the interface averaged mean curvature C. At low volume fractions of oil, C is 

positive (curved towards oil) and oil-in-water microemulsion systems might be formed as a result. 

While at high volume fractions of oil, C is negative (curved towards water) and the formation of w/o 

microemulsion systems would be available. At almost equal volume fractions of oil and water the 

mean average curvature of the surfactant is zero, which probably results in the bi-continuous structure. 

2.4.3.4 Effect of co-surfactant and electrolyte 

A surfactant mixed with a co-surfactant in a certain proportion is most used to further decrease the 

surface tension. Smaller alkanol (like butanol, pentanol and hexanol), and amines (like butylamine, 

hexylamine) can be profitably employed for this purpose. It is considered that their presence in the 

interface between water and oil imparts flexibility, in addition to lowering the interfacial tension, 

leading to easier surface bending for energetically favoured dispersion. 

80 
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Figure 2.4-7 Effect of added NaCl on the phase diagram of water and cyclohexane containing 5 wt% C9H1eCeH40- 
(CH2CH2O)e7H. Dotted curves: no salt added. Drawn curves: 6wt% salt added. Not that the equilibrium compositions of the 
phases occurring in two- and three-phase areas may change on adding salt ten. 

The influence of added electrolyte (Sodium chloride and calcium chloride etc. ) on the phase 

equilibrium has also been investigated in several systems with non-ionic surfactant. Some 

. 
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representative results from the system H20(6% NaCI)/C6H12/i-C9H19C6H40-( CH2CH2O)(5%) are 

shown in Figure 2.4-7. The addition of NaCl systematically decreases the temperature of maximum 

solubilisation, but the extension of one-phase regions is otherwise not affected. Shinoda 1871 has shown 

that by a very precise design of the balance between hydrophobic and hydrophilic properties of the 

surfactant and by a judicious choice of added salt, it is possible to obtain systems in which the one- 

phase regions extend almost continuously from aqueous solutions to oil solution at very low surfactant 

concentrations. 

2.4.4 Applications 

During the past decades there has been a complete revolution in utilizing microemulsion systems in a 

variety of chemical and industrial processes. With the evolution of science and technology, especially 

the rush of nanotechnology, some new applications in nano-synthesis area are carried out. 

W/O microemulsions provide particularly favourable conditions for the preparation of mono-dispersed 

nanoparticles. The particle nucleation can be initiated simultaneously at a very large number of 

locations in the microemulsion with the nucleation sites well isolated from each other and in close 

contact with surfactants which may act as stabilisers of the particles formed. The structure and the 

solubilisation of microemulsions both can affect the formation of nanoparticles. 

Polymerisation in microemulsions can be utilised to prepare polymer nano-spheres. The particle size is 

related to the amount of surfactant employed in the formulation. The molecular weight of the polymer 

can be decreased or increased by varying the emulsifier concentration. 

Coating and encapsulation of particles to form core-shell structured materials are specialised 

technologies that impact a wide variety of products. This typically involves tailoring the surface 

properties of particles, often accomplished by coating or encapsulating them within a shell of a 

preferred material. Due to the unique internal structure, microemulsion system provides a novel 

environment for isolated cores forming and controlled shell. 

. 
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2.5 NOVEL APPROACH: SYNTHFSiS OF MAGNETIC NANOMATFRIALS VIA MICROTMULSIONS 

Synthesis of ultra small magnetic nanoparticles has been intensively studied with uniform size 

distribution because of their applications particularly in biology and medicine 
188-911, 

such as Magnetic 

Resonance Imaging (MRI) contrast agent 192-941, magnetic separation of oligonucleotides 1951 cells, and 
19 

magnetically guided site specific drug delivery systems ä97i 

The exploration of commercial application of magnetic nanoparticles in biology and medicines is 

attributed to, first of all, their nano-scale size. As we know, living organisms are built of cells that are 

typically 10 µm across. However, the cell parts are much smaller and are in the sub-micron size 

domain. Even smaller are the proteins with a typical size of just 5 nm 1981. To work on the cellular 

machinery without introducing too much interference 1991, the simple idea is using nano-scaled 

materials as ideally small implant, detector or carrier. The size and size distribution could be important 

especially in diagnostic applications. Applications in biology and medical diagnosis and therapy 

require the magnetic particles to be stable in water. The colloidal stability of the magnetic fluid will 

depend on the dimensions of the particles, which should be sufficiently small so that precipitation due 

to gravitation forces can be avoided 11001. On the other hand, different potential applications require the 

magnetic nanoparticles to have different properties. For biomedical applications the use of particles 

that present super-paramagnetic behaviour at room temperature is preferred 1101-1031 That is the 

characteristic of magnetic materials exhibited only in nano-scale structure. 

As discussed in previous sections, pure nanoparticles have some limitations when used directly, such 

as aggregation or the instability of chemical properties. Therefore, a coating layer would be necessary 

to give them a protection. Additionally, the coating also might be an important factor in consideration 

of material properties, including the considerably enhanced optical and magnetic properties. For 

example, the coated materials exhibit an increased absorption coefficient and an enhancement of the 
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third-order susceptibility U041 Ferromagnetic particles in a non-magnetic host exhibit applications in 

magnetic recording heads. Diandra et al. 1131 reported that the electrically insulating/conductive nature 

of the nonmagnetic matrix can also affect the magnetic properties of the nanocomposite. 

There are some reports on the coating of ceramics or polymer on mono-disperse magnetic particles. 

Löpez-Quintela and Rivas 11051 reported that ferrite particles synthesised in reversed micelles have sizes 

approaching the magnetic domain size and then exhibit super-paramagnetic properties. Incorporation 

of these ferrite particles into the polymer-micro spheres confers super-paramagnetic properties to the 

composite. Such super-paramagnetic polymers were used in developing compositions for reprographic 

applications 11061 Polymer beads containing super-paramagnetic particles have also found commercial 

application in the field of biotechnology 1107-1081 Furusawa et al. 11091 used electrostatic and 

polymerisation processes to achieve the encapsulation of magnetic nanoparticle-coated polystyrene 

particles within a polystyrene shell. In the process, magnetic nanoparticles were heterocoagulated with 

larger polystyrene micro-spheres, followed by seed polymerisation to form a polystyrene layer around 

the composite particles. The advantage of this method is that the composite particles can be controlled 

by the diameter of the core latexes that are initially used. This study also shows the successful 

combination of multiple methods to form nanocomposite particles. Homola et al. 1110"1121 reported the 

coating of y-Fe203 particles with preformed smaller silica particles by combining the particle mixtures 

under conditions where the two types of particles are oppositely charged. Rendering pure magnetic 

nanoparticles into nanocomposites with core-shell structure helpfully prevent the aggregation, and at 

the same time mostly maintain its original function. In some cases, there is possible interaction 

between core surface and coating layer. In other words, nanocomposites also assist in preventing 

agglomeration of magnetic particles by fixing them rigidly within the coating, which may provide a 

1131 way of tuning interactions over a broader range possible than in ferro-fluids 

The main idea behind the microemulsion technique in the synthesis of nanomaterials is that by 

appropriate control of the synthesis parameters one can use these nano-reactors to produce tailor-made 

nano-scaled products with new special properties 1131. Furthermore, the ability to control the formation 

. 
29 



\\ i 
/ \\ 

LITERATURE SURVEY 
0 2006 MIAN LIN. IPI'ME. LOUGHBOROUGH UNIVERSITY 

of different core-shell nano-structures also became one of the main advantages of microemulsion over 

other preparation methods in nano-synthesis area. In the following sections, more attentions would be 

paid to review the synthesis of nanocomposites with core-shell structure via microemulsion systems. 

2.5.1 Synthesis of magnetic nanoparticles via w/o microemulsions 

Iron oxide such as magnetite (Fe304) and maghemite (y-Fe2O3) are most commonly employed for 

biomedical applications 1001. They are similar in physical properties and crystalline structure [Table 

2.5-11. Both display ferromagnetism. Maghemite has slightly reduced magnetic response comparing 

with magnetite and could be obtained by controlled oxidation of magnetite or by heating one of 

modifications of FeO(OH) 11141 Magnetite has about 20% higher saturation magnetisation than 

maghemite. Furthermore, the coercivity of magnetite particles is usually higher by about 15% than the 

coercivity of maghemite particles of the same size and shape 11141. Due to its strong magnetic properties, 

magnetite was used first in biology and then in medicine for the magnetic separation of biochemical 

products 11151 and cells 11161 11171 as well as the magnetic guidance of particles systems for drug delivery 

Table 2.5-1 Physical properties of magnetite and maghemite due-ua1 

Crystal system Cell dimensions Density Colour T. 

Magnetite Cubic 0.839 nm 5.26 g/cm3 Black 850K 

Maghemlte Cubic or tetragonal 0.834 nm 4.87 g/cm3 Reddish-brown 820-986K 

2.5.1.1 Mechanism of magnetic nanoparticles formation by precipitation 

It will be helpful to understand the reaction of synthesis of magnetic nanoparticles in w/o 

microemulsions by the investigation of the same reaction carried out in solution via precipitation. At 

the first stage, very small primary particles nucleate following the reaction, which aggregate and form 

the larger particles by a contact-re-crystallisation mechanism 11201 
. The adhesion of additional primary 

particles to the already re-crystallised particles leads to further growth. The coagulation of primary 

particles results from van der waals and magnetic forces under the condition of weak repulsion. In the 

. 
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excess of ferrous/ferrite ions the electrostatic repulsion between the primary particles is small or 

negligible and consequently, the coagulation of very small primary particles would be expected to 

1121 occur readily 

Due to the competition between the particles to already formed aggregates and the aggregation of the 

grown particles, the particle size and the increase of size distribution occurs as the excess 

concentration of ferrous/ferrite species increases. The large particles of various size-distributions are 

formed by fast diffusion/adhesion growth at the very low excess and at larger surplus iron 

concentrations the rate of iron oxide formation is slowed down; thus, simultaneous growth by 

adhesion and coagulation of the smaller clusters into larger particles may take place 11211. 

2.5.1.2 Magnetic properties of magnetic materials 

Generally, the most used magnetic materials are ferro-magnets featured by spontaneous magnetisation. 

This magnetic property strongly depends on the temperature. The temperature-dependence of the 

ferro-magnets could be defined by Curie temperature Tc (the transition temperature between the 

ferromagnetic and super-paramagnetic state) 11221 : 

" Below the Curie temperature, materials possess a spontaneous magnetisation M5f i. e. a 

magnetisation in the absence of an applied field. 

  The magnitude of the spontaneous magnetisation MS reaches to the maximum at OK and 

decreases as the temperature increases, and is zero at the Tc. 

  Heating magnets above Tc, the spontaneous magnetisation disappears and the materials 

become paramagnetic with effectively randomly oriented ionic magnetic moments. 

" On cooling below Tc, the spontaneous magnetisation reappears with equal intensity, assuming 

that there have been no structural or chemical changes during the heating. 
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Figure 2.5-1 Applied field vs. magnetisation plot for the maghemite nanoparticles (123] 

Figure 2.5-1 shows a magnetisation plot of y-Fe2O, nanoparticles as a function of magnetic field at 5K 

and 300K respectively. The Tc of this sample is about 100K. Below the Tc, particle showed 

ferromagnetic behaviour with an increase in remnant magnetisation M, and coercivity Hc. At 5K, H( 

was about 3000e, and reduced to 30 Oe at 300K. 

Many of the processes by which y-Fe2O, particles are prepared involve the preparation of particles of 

Fe3O4 as an earlier step, which are then converted to y-Fe203 by carefully controlled oxidation. The 

transformation of Fe3O4 y-Fe2O3 begins at IO0°C and is completed at 250°C, while the 

transformation of Fe1O4--a-Fe2O3 starts at 250°C and is finished at 500°C 11241 
.A review of magnetite 

transformation studies is shown in Figure 2.5-2, and more details can be found in Cornell and 

Schwertmann's text 119 

Imaoka 112 1,1 used both acicular and non-acicular particles in his study of the transformations: 

Fe, O4 -->y - Fe203 -+ a- Fe, 03 (2-2) 

Although the first step took place between 100°C and 250°C, (in agreement with Klimaszewski and 

Pietrzak 11251), for both particles, the second step occurred at 250-400°C for the non-acicular particles 
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Figure 2.5-2 Transformation observed in iron oxides (1251 

but at 560-650°C for the acicular ones. Bando et al. 11261 determined that the y-a transformation 

took place in the temperature range of 400-500°C for non-acicular particles and 450-500°C for 

acicular particles. Gustard and Schuele converted acicular y-Fe203 particles partially to u-Fe203 at 

temperatures of 525-650°C and found the remanence increased by a factor of three, (compared with 
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the initial value), when 90% conversion has been achieved. On the other hand, the temperature was 

subject to the particle size of any powder. For the nano-crystalline powders, the transformation 

temperature would decrease with decreasing mean size of particles 11271 

The heat treatment temperature will affect the magnetic properties of nanoparticles. Higher 

temperatures progressively reduce the magnetic qualities; for example, a sample oxidised at 380°C has 

only half the remanence of one oxidised at 285°C. The remanence disappeared when heated at 665°C. 

Figure 2.5-3 shows the hysteresis curves of barium ferrite powders samples prepared via two different 

co-precipitation methods (a: the ferrite solution was added into basic agent; b: basic agent was added 

into ferrite solution). For both methods, samples showed reduced intrinsic coercivity consequently 

with the increase of calcination temperature X128-1291. The relationship between the coercivity and 
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Figure 2.5-3 The Hysteresis curves of two samples calcined at 800°C and 1100°C for 1.5h [131] 

a: Ferrite solution was added to the aqueous solution of sodium hydroxide and sodium carbonate; 

b: The aqueous solution of sodium hydroxide and sodium carbonate was added to the ferrite solution 

calcination temperature could be explained by the changing of particle size. It was reported that, with 

the increase of the calcination temperature, a growth of particles occurs. However, experimentally tör 

ferromagnetic materials, the coercivity of small particles varies approximately as the inverse of the 

particle size 11301. Therefore the increased calcination temperature could result in the decrease of 

coercivity of ferro-materials. 
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Table 2.5-2 Magnetic properties of the barium ferrite powders [131] 

Calcination temperature [°C] 

800 

1100 

S00 

1100 

4.50E+01 

440 

162 

424 

142 

On the other hand, the calcination time shows minor effect on the intrinsic coercivity of the barium 

ferrite powders. As shown in Table 2.5-2, with the increase of calcination time from 1.5 to 4.0 hours, the 

coercivity decreased by only about 2.5%. When the calcination temperature increased from 800°C to 

1100°C, the decrease of the coercivity was nearly 3 times. 
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Figure 2.5-4 Temperature-moment plots for maghemite particle samples with different size [1231" 

Table 2.5-3 Comparison between the maghemite particle samples with different size 11231. 

Samples 

1 

2 

3 

4 

Diameter ]nm] 

130 

20-30 

10-12 

5-11 75 

It has been established by several groups that the abrupt change in magnetic properties takes place 

Curie Temperature (K] 
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130 

100 

3S 



4A 
LITERATURE SURVEY 

2006 MIAN LIN. IPTME. LOUGHBOROUGH UNIVERSITY 

when particles are in nanometre range. For example, nano-crystalline iron oxides are 

super-paramagnetic and they behave as ferromagnetic when the size is in micrometer range 11231 This 

kind of size-dependent magnetic property has been investigated by Chatterjee ei al. 11231. In their study 

of nano-crystalline maghemite, it was found that with decrease of the particle size, the Curie 

temperature decreased. As shown in Figure 2.5-4 and Table 2.5-3, the Curie temperature was 205K for the 

particles with 130 nm in size and deceased to 75 K when the particle size decreased to 5-11 nm. 

2.5.1.3 Mechanism of magnetic nanoparticles formation in w/o microemulsions 

The magnetic iron oxide nanoparticles can also be prepared using water-in-oil (w/o) microemulsion 

systems. W/O microemulsion technique was first used for the preparation of nanoparticles of metals 

such as Platinum 11321 followed by the metal oxides such as magnetite 11331 and maghemite 1'341. 

Normally in the synthesis of magnetic nanoparticles via w/o microemulsion system, the precursor salts 

mixes with precipitating agent in the water cores 11351, or by adding precipitating agent directly into w/o 

microemulsion, water droplets collide and coalesce, allowing the mixing of the reactants to produce 

the nanoparticles 1136-1381 The reactants dissolved in water droplets need to get through the surfactant 

layer before they meet each other. Hence, comparing to the reaction happening in bulk aqueous 

solution by precipitation, the reaction rate could be slower in microemulsion system. Figure 2.5-5 shows 

the schematic of the reaction in the microemulsion system. 

Step 1: Step 2: Step 3: 

Solubilisation of reactants Contact of different reactants Nucleation and Growth 

Surfactant layer 

1- 
0 

I 
_.....: 

Figure 2.5-5 Schematic illustration of various stages in the growth of ultra fine particles in microemulsions. 
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The exchange of ions between the water-droplets by either diffusion or collision of them affects the 

particle formation. The surfactant walls act as barriers to the particle nucleation in synthesis via 

microemulsion. On the other hand, these walls of the micro-droplets act as cages for particle's growth. 

Consequently, the cage effect results in a narrow particle size distribution. The overall mechanism of 

particle nucleation and growth in w/o microemulsion involved both intra- and inter-micelle processes. 

Besides reactant diffusion to existing particles, the particle growth also involved aggregation of nuclei 

during micelle-micelle collisions. 

2.5.1.4 System-dependent studies of magnetic properties of particles 

As for the synthesis of nanomaterials via microemulsion, system-dependent properties of nanoparticles 

reveal the possibility of system-control in fabrication, which is actually a great motivation to introduce 

microemulsion method into the nano-synthesis area. 

  Effect of Molar ratio of water phase to surfactant wo 

The number of owo has a direct correlation with the water pool radius, and the size of the water pool 

also correlates with the size of inorganic particles formed. Chhabra et al. 11391 prepared iron oxide 

nanoparticles via water-in-oil microemulsion system with cyclohexane as the oil phase and the Triton 

X-100 as the surfactant. From a systematic XRD study of samples derived from different wo values 

and calcined at different temperatures (Figure 2.5-61, it was found that the single-phase y-Fe2O3 was 

02Ö 
3Ö ' 4Ö 5,0 r 60 

2-tneta 

The lower curve corresponds to amorphous 

Fe2O3 from a microemulslon with wo=30; 

The upper curve represents y-Fe203 from a 

microemuision with ma-40. 

Figure 2.5-6 XRD of the Fe203 particles produced via the microemulsion followed by calcination at 225°C (191 
" 
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Table 2.5-4 Crystallographic phases of Fe203 obtained at different calcination temperature for different values of coo. 

Calcination 

Temperature [°C] 

225 

250 

275 

Coo 

30 40 50 60 

amorphous 

y 

a+ y 

VV 

a+ y a+ y 

a+y a+y 

300 a+ y a+ y a+ y 

Y 

a+ Y 

a+ Y 

a+ Y 

a: a-FesO,; y: y- Fe203 

formed when wo varied from 40-60 followed by calcination at 225°C. The amorphous y-Fe203 

appeared when wo=30. When the calcination temperature was increased, the single-phase y-Fe203 was 

only formed when wo=30, (which correspond to smaller droplet size) X1391. Other samples consisted of 

the mixture of y and a phase [Table 2.5-41. 

It was also found that with the increase of cwo, there is a slight increase in the droplet diameter, Dh. 

Consequently, the equivalent spherical diameter, D of the corresponding y-Fe203 particles synthesised 

in situ increased as well (Table 2.5-51. Hence, it is possible to control the average size of the solid 

particles by the size of the microemulsion droplets 11391 in synthesis via microemulsion system. 

Table 2.5-5 Correlation between the droplet diameter of microemulsion and the diameter of product for different wo. 

Microemulsion phase Product Fe203 (calcined at 2259C) 

wo Dn /nm D /nm 

30 24 7.5 

40 27 7.6 

50 30 7.7 

60 32 8.2 

" Effect of Surfactant 

According to the investigation of hematite nanoparticles synthesised with and without surfactants by 

Jing et al. "401, different surfactants influenced not only the morphology of particles but also their 

magnetic properties. 
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Figure 2.5-7 TEM micrographs of a-Fe203 prepared with A. no surfactant, B. DBS, C. SDS, D. CTAB, E. HPC 11401. 

Sodium dodecylsulphonate (SDS), hexadecyipyridinium chloride (HPC), sodium dodecylebenzene 

sulphonate (DBS) and cetyltrimethyl ammonium bromide (CTAB) are four surfactants used in the 

preparation of a-Fe203. TEM micrographs of a-Fe203 nanoparticles prepared by microemulsion with 

different surfactants are shown in Figure 2.5-7. The particle size of the sample prepared with surfactant 

was clearly smaller than particles prepared without surfactant. The TEM micrographs of the particles 

from a-Fe, O3/SDS, a-Fe2O3/HPC, a-Fe, O3/DBS and a-Fe2O3/CfAB shows hexagonal, rhombohedral, 

sub-round and hexagonal-like morphology, respectively and the corresponding particle size was about 

230±10,150±8,240±15 and 260±5 nm. Meanwhile the a-Fe201 prepared without surfactant showed 

irregular shape with the size around 380±50 nm. 

Table 2.5-6 Shape, particles size and magnetic parameters of the samples prepared with and without surfactants 

Sample Shape Particle size Coercivity [Oe] 
Remnant magnetisation 

[emu/g] 

a-Fe203 Irregular 380±50 68.00 0.01058 

a-Fe203/SDS Hexagonal 230±10 19.01 0.00382 

a-Fe203/DBS Subround 240±15 179.2 0.04189 

a-Fe203/CTAB Hexagonal-like 660±5 577.8 0.05931 

a-Fe203/HPC Rhombohedral 150±8 93.29 0.01483 
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The magnetic parameters of each sample are summarised in Table 2.5-6. The magnetisation 

measurements of all the a-Fe203 samples exhibit slight hysteretic features, indicating that they are all 

weak ferromagnetic at room temperature. The a-Fe203 prepared with different surfactant showed 

different magnetic properties. 

2.5.2 Synthesis of core-shell structured nanocomposites via microemulsion 

The water-in-oil microemulsion is a versatile and effective technique for size-specific synthesis of 

nanoparticles and core/shell structured nanocomposites. Normally, the overall procedure for 

preparation of magnetic nanocomposites involves the following steps: 

" Core formation: synthesis of nano-magnetic particles via w/o microemulsion; 

  Coating layer on the nano-magnets in w/o microemulsion: 

Encapsulate the nano-magnetic core in polymer spherical shell 

Magnetic nanoparticles coated with ceramic by hydrolysis reaction of alkoxide. 

The first stage, core formation, has been discussed in 2.5.1.3: Mechanism of magnetic 

nanoparticles formation in w/o microemulsions. Hence, the synthesis of core-shell structured 

nanocomposites will only include polymer and ceramic coating via microemulsion systems. 

2.5.2.1 Polymerisation in microemulsion 

Polymerisation reactions in microemulsion (also called microemulsion polymerisation) can be used to 

produce very small polymer spheres. The stable microemulsion polymerisations usually produce 

nearly spherical nanoparticles with sizes below approximately 100 nm 11411 

W/O microemulsion polymerisation involves the dispersion of an aqueous monomer solution in a 

continuous oil phase under continuous agitation. Surfactants are added into the organic oil phase to 
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make the overall hydrophilic-lipohilic balance (HLB) of system between 3 and 8 11421 Since the w/o 

microemulsion system is thermodynamically stable. It avoids the need for periodic mixing which is 

required during the long-term storage of macro-emulsions X1431. Furthermore, the polymerisation in w/o 

microemulsions often leads to very high-molecular weight products with good rheological properties 

11441 such as high fluidity even at large volume fractions 

The mechanism of polymerisations in the w/o microemulsion system includes droplet collisions or 

migration of monomer through the interface into the droplets. The final product is composed of one 

single highly collapsed polymer chain per latex 1131. 

Figure 2.5-8 Schematics of the formation of polymer nano-spheres in w/o microemulsion systems. 

The formation of polymer nanospheres in microemulsion is consisted of several stages. The schematic 

of step-by-step polymerisation in w/o microemulsion systems is shown in Figure 2.5-8 J1451: 

©: The aqueous cores are surrounded by the surfactant and disperse in the oil phase to form w/o 

microemulsion system. 

The water-soluble monomer dissolved in the appropriate aqueous solution is added drop-wise 

into the w/o microemulsion. The solution goes to the aqueous cores by diffusion and 

penetrates inside by crossing the surfactant layers. The aqueous solution plays a role in the 

1transport of the water-soluble organic molecule into the aqueous cores iýsý 
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0: The polymer nano-sphere forms in the aqueous cores. 

00: The reactants exchange between the aqueous cores as a result of collisions between droplets 

and the formed nuclei can grow 11451 

000: The formed nanospheres are stabilised by surfactant molecules. 

The parameters which could affect the result of the reaction of polymerisation in microemulsion are 

summarised in following for pure polymer nanospheres and core-shell structured nanocomposites. 

  Effect of time 

The conversion-time plots of replicate polymerisations are shown in Figure 2.5-9 from the research 

work of Hernandez-Barajas et al. 11461, which indicate the dependence of polymerisation conversion (%) 

on time. As shown in Figure 2.5-9, the conversion increased with the increase of polymerisation time 

and finally reached close to 100%. 
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Figure 2.5-9 W/O microemulsion polymerisation of acrylamide using V-70 as initiator j1461 

A. ME6 (0) and ME7 (0) are two samples with same experimental conditions. 

  Effect of Monomer and Initiator Concentration 

Candau et at. 11471 investigated the effect of monomer and initiator concentration on the polymerisation 

of acrylamide (AM) in w/o microemuisions stabilised by Aerosol OT (AOT) and initiated with 

azobisisobutyronitrile (AIBN) or potassium persuiphate (KPS). 
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Figure 2.5-10 Dependence of the rate of polymerisation on monomer concentration in the presence of A. AIBN, B. KPS 1471 

Since KPS is a water soluble initiator and acrylamide is a water soluble monomer, both of them will 

be located in the dispersed water phase. In the AM polymerisation initiated by KPS, the initiators do 

not need to migrate through the interface, which is on contrary to the reaction initiated by AIE3N, an 

oil-soluble initiator. As shown in Figure 2.5-10, the rate of polymerisation, R, increased with the 

increase of monomer concentration in both polymerisation processes. Rp was first order with respect to 

initial monomer concentration in the presence of AIBN and was 1.5 orders with KPS 11471 

According to the result of Candau el al. 11471, the rate of polymerisation seems independent of the 

initiator concentration, except in the very low concentration range. The Molecular weight of 

polyacrylamide (PAM) decreases very slightly with increasing KPS concentration. However, in the 

study of the microemulsion polymerisation of AM with presence of sodium bisulphite, NaIISO1 as 

initiator, Hao el al. 11481 reported that the polymerisation rate was dependent on the square root of the 

initiator concentrations. This dependence has been confirmed for many different monomer-initiator 

combinations over ranges of monomer and initiator concentrations 11491 
. Therefore, in some cases, the 

concentration of initiator could affect the polymerisation rate. 

In the investigation of microemulsion polymerisation of methyl methacrylate 
(MMA) initiated by 

benzoyl peroxide (BPO), Xu at el. "'0' found that the polymerisation rate Rp increased almost linearly 

with the increase of initiator concentration, meanwhile the polymer molecular weight, M decreased 

. 
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Figure 2.5-11 Effect of BPO and monomer concentration on polymerisation of MMA at 60°C 11603. [A] Effect of BPO concentration 
on polymerisation. 20%MMA, 68% H2O; [B] Effect of monomer concentration on polymerisation. 30.8 x 10-' BPO 

[Figure 2.5-II Al. R. was first order with respect to BPO concentration and the molecular weight of 

poly-(methyl methacrylate) (PMMA) was negative 0.45 orders to initiator concentration. However, as 

shown in Figure 2.5-I I B, the polymerisation rate and polymer molecular weight both increased with the 

increase of monomer concentration: RP oc [MMA] 107; Al,, a [MMA]"'s. 
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Figure 2.5-12 W/O microemulsion polymerisation of acrylamide using V-70 as initiator 11") with various molar initiator 

concentrations: 2.43 mmol/L ( ), 1.62 mmol/L ("), 1.29 mmol/L ("), 0.972 mmol/L (A) 

The effect of monomer concentration on polymerisation in w/o microemulsion was also investigated 

by Hernandez-Barajas et a1. i161. As shown in Figure 2.5-12, the conversion of monomer increased with 
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the increase of polymerisation time. The reaction with different monomer concentration showed 

different efficiency of polymerisation. To yield the same conversion, the sample prepared from lower 

monomer concentration took less time than the sample from higher monomer concentration. 

" Effect of crosslinkina concentration 

A two-stage polymerisation process of micro-structured polyacrylamide was reported by Puig et al. 11511. 

As shown in Table 2.5-7, the size of polymer particles increased with the increase of the concentration 

of crosslinking agent. 

Table 2.5-7 Particle size for the w/o microemulsion polymerisation of acrylamide In the presence of various 

concentrations of crosslinking agent 11511 

moio. rlnkln`. aaVmAM Ig/gl 
0.01 53 

0.02 58 

0.05 62 

D" [nm) Db [nm) 

41 

45 

48 

": Particle size In final latex; b: Estimated dry particle size 

  Effect of molar ratio of water to surfactant wa 

As reported in the literature 11521, micelle size increased with wo in w/o microemulsion with AOT Ii53ý 

and a direct correlation of Dh, the water core radius (hydrodynamic radius) with wo is given as below, 

and Dh is in nm: 

Dh =1.15 wo (2-4) 

Therefore with increasing water content, the size of water pool increases. The TEM micrographs of 

PAM nano-spheres prepared via w/o microemulsion with AOT is shown in Figure 2.5-13. In the 

presence of water, the polymer particles swell, and the internal density of PAM particles decreased 

with the increase of wo, but resulted in larger polymer micro spheres. It is also observed that, with coo>_ 

30, over 70% of the particles have a somewhat hollow interior structure [1541, probably due to the 

tendency of the incorporated water to segregate from the bulk aliphatic hydrocarbon solvent into the 

11541 polymer matrix 

IfS. 
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B 

Figure 2.5-13 Transmission electron micrographs of the polymer precipitated in AOT/isooctane w/o microemulsions micelles 

when [A]. wo = 0, [B]. wo =20, [C]. wo =35 [1541 

The same dependence of polymer particles on wo was reported by Dresco el al. ""I. According to his 

results, the radius of polymeric particles increased with the increase of aw,,. The size of polymer 

particles was about 1.5 order to the molar ratio of water to surfactant I Figure 2.5-141. 
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Figure 2.5-14 Variation of hydrodynamic radius D� with water to AOT molar ratio. The dotted line is given as a trend line [1661 

In fact, the interior structure of microemulsion system would change consequently with the changing 

of m(). Hao ei al. 11481 investigated the effect of microemulsion structure on polymerisation of 

acrylamide. As shown in Table 2.5-8, the microemulsion composition for 1,2,3 and 4 were w/o 

microemulsion systems with the weight ratio of , Surfactant : Oil : Water =9: 2: 9 and the contents of 

co-surfactant (n-butanol) decreased in proper order. The composition for 5,6 and 7 were bi-continuous 

(BC) microemulsion system with the weight ratio of Surfactant : Oil : Co - surfactant = 9: 2: 9 and 
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the contents of water increased in proper order. The component content for 8 was the same as 5,6 and 

7, but 8 was prepared as an o/w microemulsion system. 

Table 2.5-8 Effect of microemulsion structures on polyacrylamide molecular weights at 30°C 11481. 

Microemuision W/0 

composition 1234 

Mx 10-5 6.58 9.65 9.58 7.34 

BC 

567 

5.75 3.68 2.92 

o/w 
s 

5.60 

The molecular weights of PAM shown in Table 2.5-8 were different in different microemulsion. The 

highest molecular weights are obtained in W/O microemulsion system because water-soluble 

monomer, acrylamide is solubilised mostly in the water-pool. The lowest molecular weight was 

obtained in BC because the polymerisation might be stopped 1'681 by the free-radical reaction 

  Effect of Surfactant 

Hao et al. 11481 investigated the polymerisation kinetics of acrylamide in the w/o microemulsion system 

and found that the reaction rates could be affected by surfactant concentrations. 

I 

4 

°ý 3 

2 
1 23 

4+Log IGTABI 

Figure 2.5-15 Plot of the initial rate of polymerisation, Rp vs. the logarithm of CTAB concentration. 

As shown in Figure 2.5-15, at concentrations of cetyl-tri-methyl-tetrammonium bromide (CTAB) below 

the critical micelle concentration, CMC, the polymerisation rate Rp was nearly the same as that in the 

. lf7. 
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aqueous solution. The increase of Rp was modest small in the CMC region but there is a remarkable 

rise of Rp when [CTAB]=8.0 X 10"3 M, the second CMC, which is the transition concentration of the 

structure of microemulsion system from spherical to rod-like micelles. With further increase of CTAB 

concentration, the polymerisation rate approached an unchanged value 11481 
. The high Rp occurring in 

the concentration of the second CMC of CTAB indicated that the reaction rates were sensitive to the 

change in microemulsion structure [1481. The different concentration of surfactant could result in 

different arrangement of micelles. And the latter would probably affect inter- and intra- micelle 

exchange of the reactant, which result in different kinetics of polymerisation. 

Capek ('561 investigated the effect of surfactant on polymerisation by the synthesis of polyacrylamide 

via microemulsion system with Tween 85 as surfactant. The effect of Tween 85 concentration on the 

AIBN-initiated microemulsion polymerisation of AM is summarised in Figure 2.5-16. The 

polymerisation was very fast and the final conversion (close to 100%) was reached in 10 minutes. It 

could be observed that to yield the same conversion, the sample prepared from lower initiator 

concentration took less time than the sample from higher initiator concentration, which presumably 

due to the increased size of surfactant aggregates decreased the entry rate efficiency of oil-soluble 

initiator AIBN and consequently decreased the AM polymerisation rate in w/o microemulsion. That 

Time / min 

Figure 2.5-16 Variation of the monomer conversion in the w/o microemulsion polymerisation of AM, with different Tween 85 

concentration and the reaction time at 60°C 1166'3. 

Tween 85 concentration /mol"dm 3x 102: [1]. 2.72, [2]. 5.44, [3). 8.16, [4]. 10.88; [5]. 13.6. 

. 
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Figure 2.5-17 Variation of the rate of polymerisation in w/o microemulsion polymerisation of AM, with different Tween 85 

concentration and the reaction time at 60°C "G"'. 

Tween 85 concentration /mol"dm 3x 102: [1]. 2.72, [2]. 5.44, [3]. 8.16, [4]. 10.88; [5]. 13.6. 

was supported by the results of the effect of surfactant concentration on rate of polymerisation and its 

conversion shown in Figure 2.5-17. The rate of polymerisation R. of all samples rapid firstly increased 

to the maximum value (stage I), then kept a constant value where the conversion was up to 50% (stage 

II), and finally decreased until the end of reaction (stage III), where the conversion was close to 100%. 

The increase in the initial rate of polymerisation probably results from the particle nucleation. In stage 

I, it is same as the previous investigation that the higher surfactant concentration resulted in the higher 

polymerisation rate. However, in stage III the higher concentration of surfactant resulted in the lower 

11561 
polymerisation rate Figure 2.5-17, the curves 1,2 and 31 

1,3 . 

tlf 

1.2 
ýo 
g 
ý 1.1 
ýý 

Ö 
1,0 . 

Itt j 

- \ý 

0.4 0,5 0.6 0,7 0,8 0.9 1,0 1.1 1.2 

2+ log {[Tw 851 / (mol. dm)) 

Figure 2.5-18 Variation of the rate of polymerisation in the w/o microemulsion polymerisation of acrylamide (AM), with the Tw85 

concentration. 100g cyclohexane, 35g water, 5g AM, 0.104g AIBN, 60°C 11561. 
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The dependence of the maximal rate of AIBN-initiated polymerisation vs. Tween 85 concentration is 

described by a curve as shown in Figure 2.5-18. The decrease in the polymerisation rate appeared at the 

higher surfactant concentration, which is possibly attributed to the decreased radical concentration in 

the polymer particle. Hence the dilution of monomer concentration could result in the reduction of the 

polymerisation rate. 

1.5 

f 
I- 
0 
Q 

13°--------------17----------------21- 

1.0 2°-6°--10° --14 ---------------15--------------22-- 

3°-7° -- 11 ---15 --------------14-------------- 23-- 0.5 

0.0 

4° 8° - 12 -16 ----- -20- --- -- 24- 

o. o o. s 1.0 1.5 

p-Ethylphenol, M 

Figure 2.5-19 AOT and p-ethylphenol compositions corresponding to synthesis experiments The numbers with superscripted 

circles indicate compositions where the synthesised polymer has spherical morphologies 11671. 

The ratio of surfactant to monomer in polymerisation significantly affects the morphology of final 

products. Karatyigitoglu et al. 11571 found that clear and well-defined spherical morphologies are not 

always obtained. The spherical morphology can be produced only at specific phase compositions 

dictated by the surfactant to monomer ratio. In Figure 2.5-19, the points with the superscripted 0 (1,2,3, 

4,5,6,7,8,9,10,13) correspond to phase compositions where spherical polymer particles are 

generated. Generally, the polymer spheres appeared when the monomer concentration was low. With 

the increase of monomer concentration, the spherical polymer particles appeared at the high 

concentration of AOT. As a conservative estimate, the molar ratio of AOT to monomer had to be 

maintained as 3: 1 for the generation of spherical morphology. 
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2.5.2.2 Synthesis of Ceramics via microemulsion 

The mechanism of the alkoxide hydrolysis process involves both hydrolysis and condensation 

reactions. The question of bound or free water in the polar domain of the fluid medium is relevant to 

the formation of particles in W/O microemulsion systems, since the hydrolysis reaction is expected to 

be facilitated when free water is present Hence, the rate of hydrolysis is affected by the 

percentage of the surfactant and the water phase in microemulsion system, which is attributed to both 

steric effects and hydrogen bonding. 

Silicon oxide is a good example of the hydrolysis process. In the hydrolysis of silica alkoxide, particle 

formation can be analyzed in terms of nucleation and growth models 1'S9"'60ß. The particle size depends 

on the relative rates of the hydrolysis (producing silanol groups) and condensation (forming 

silicon-oxygen-silicon bonds) reactions, which can be represented as follows 1491: 

Hydrolysis: 

Condensation: 

M-OR+HzOa=M-OH+ROH 

=M-OH+=M-ORa=M-O-M=+ROH 

-M-OH+-M-OH<-* =M-O-M =+ H20 

As for the synthesis of silica nanospheres via w/o microemulsion system, the reactions in the 

water-droplets are the same as the reactions mentioned above. The microemulsion mediated hydrolysis 

of metal alkoxides also provides an effective method for the synthesis of mono-disperse ceramic 

nanospheres (typically less than 100 nm) 11611. The effect of time, pH value and reactant concentration 

on hydrolysis reaction in microemulsion would be discussed as following. 

  Effect of time 

Figure 2.5-20 shows the change in average particle size with the change of reaction time in 

tetra-ethyl-ortho-silicate (TEOS) hydrolysis via w/o microemulsion. The size of SiO2 particles 

increased with the increase of reaction time and levelled off after 200 minutes. 

. SI. 
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Figure 2.5-20 Average particle size as a function of reaction time at 25°C. 

  Effect of PH Value 

The reactions about hydrolysis and condensation of metal alkoxides are highly pH dependent. As 

reported by the early work by Stöber et al. 11621 under basic conditions TEOS undergoes hydrolysis and 

poly-condensation reactions which result in the formation of nano-disperse spherical particles of 

amorphous silica. A three-dimensional gel network was formed at low pH values, and at discrete 

11631 particles were produced high pH values 

Arriagada et al. [1641 found that the morphology of silica particles prepared in w/o microemulsion 

became more irregular as the ammonia concentration decreased (Figure 2.5-21 A-D and Figure 2.5-21 E-FI. 

However, the effect appeared more significant at high wo value when comparing the Figure 2.5-21 D and 

Figure 2.5-21 H. It seemed that the high ammonia concentrations (i. e., relatively strong alkaline 

conditions) were required in morphological control in the w/o microemulsion system. 

The observed morphology dependence on ammonia concentration may be related to the ability of the 

OH- ion (generated by the hydrolysis of ammonia) to catalyze both hydrolysis and condensation 

1t64l reactions and the tendency for siloxane bonds to break in highly alkaline solutions " 

52 
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Figure 2.5-21 Effect of ammonia concentration (wt% NH3) on the morpi 

(A-D]: R=4.5, E-H: R=1.7, [A. E]: 29.6 %, [B. F]: 14.6 %, [C. G]: 6.3 %, [D. H]: 1.6 % 

641 

  Effect of molar ratio of water to surfactant to. 

The size distribution of SiO2 particles shows a complex dependence on the water to surfactant molar 

ratio wo. The particle size was controlled by varying water to surtactant molar ratio. 

Arriagada ei a/. 11641 prepared a series of samples from different water-to-surfactant molar ratios and 

various constant ammonium hydroxide concentrations in the solubilised aqueous phase. The particle 

diameter is shown in Figure 2.5-22. It can be seen that as w,,, water to surfactant ratio, increased, the 

particle size decreased initially, after reached a minimum at an w� value of about 1.8, the size 

increased again. The effect of pH value on hydrolysis has been discussed before, here it could also he 

found that in the most dilute ammonia solution utilised in this work (1.6 % NH3), no minimum is 

X observed within the ono range investigated, and the particle size decreases continuously 1641 

The effect of wo on particle size in the synthesis of silica nanospheres via microemulsion could be 

explained by "free-water". When wo is low, water is mostly bound to the surfactant molecules, and the 



\i 
i 

LITERATURE SURVEY 
0 2006 MIAN LIN. IFrME. LOUGHBOROUGH UNIVERSITY 

v 75 

70 
Ä 

65 

.2 60 

CL 
E 55 

50 

0 

45 

40 

35 

cl 0 

I 

I 

wt% NH3 in aqueous phase 

0 

0 

6.3 

ýý 

2345 

wo - [water]/[surfactant] 

0 

1.6 

6 7 

Figure 2.5-22 Effect of the wo on the mean diameter of Si02 particles at different ammonia concentrations; 

mobility of the Off ions is reduced. Therefore, the hydrolysis and the nucleation reactions are not 

favoured in a given w/o microemulsion system. Furthermore, there are few TEOS monomers per 

aggregate, so that intra-micelle nucleation is less promising. On the contrary at high awo values, water 

molecules are mostly "free" from surfactant bonding. A larger number of hydrolysed TEOS species 

are expected to present in water-droplets. The nucleation in the aggregates containing few monomers 

may depend heavily on inter-micellar collisions, while in contrast each reverse micelle would be able 

to produce a nucleus at high wo values. Therefore, if nucleation occurs in the w/o microemulsion 

system over a limited period of time as suggested above, then the final particle size would decrease 

I'bai continuously as wo increases 
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Figure 2.5-23 Silica particle growth kinetics measured by DLS at different values of wo =[H20] / [Surfactant Tx-4511521. 
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However, this wo-dependent particle size conforms to the experimental data only for the samples 

prepared with the lowest ammonia concentration (1.6 wt% NH3). At higher ammonia concentrations, a 

minimum in particle size is observed as wo is increased. The minimum in particle size can be 

1'6'1 
rationalised by effects of inter-micellar interactions on the particle formation process 

When the molar ratio of water to TEOS is constant as 7.8, Fu et al. 1521 found that a decrease in water 

content (smaller coo) resulted in larger particle size [ Figure 2.5-23 1. 

  Effect of surfactant 

In synthesis of silica nanoparticles via w/o microemulsion, according to the research of Santra et al. 1231, 

different non-ionic surfactants could result in the different particle size [Table 2.5-91. Compared to 

Igepal CO-520 and Triton X-100, Brij 97 surfactant has a longer hydrophobic chain. Therefore, the 

interaction between hydrophobic groups attached to adjacent nanoparticles will be stronger. More 

ordered fashion in particle aggregation in the case of Brij 97 was obtained 1231 as a result. 

Table 2.5-9 Data of silica-coated iron oxide nanoparticles prepared via different w/o microemuision systems 1231. 

Surfactant Sample 

BrIJ 97 

Igepal 520 

Triton x-i00 

Particle size [nm] 

NH4OH coated 3±1 

NH4OH uncoated 2±1 

NH40H coated 9±4 

NH40H uncoated 4±2 

NH4OH coated 6±1 

NH4OH uncoated 4±1 

2.5.2.3 Mechanism of coating nano-magnets with polymer/ceramic 

The property of magnetic nanoparticles could be modified by applying coating materials with polymer 

or ceramics. For example, in the drug delivery technology, the nanoparticles binding drugs are 

localised by magnetic forces at a particular part of body. But the body's reticuloendothelial system 

usually take up the nanoparticles due to the hydrophobic surface then probably delays them off the 

. SS. 
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target tissue. Surface coverage by amphiphilic polymer derivatives over the nanoparticles significantly 

increases the blood circulation time by minimizing or eliminating the off target adsorption to the 

nanoparticles 1165I. The advantage of core-shell structured nanocomposites has been discussed in earlier 

sections. The synthesis of magnetic nanocomposites coated by polymer or ceramics would be included 

in following. 

  Mechanism of polymer coating 

In the case of coating magnetic oxide particles with polymer, generally, these magnetic polymeric 

particles could be fabricated by coating the magnetic particles with performed natural or synthetic 

polymers X1671. That is a simple and classic method to produce polymer-magnetic composites and has 

been widely applied. 
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Figure 2.5-24 Schematic of the enzyme-catalyzed polymerisation reaction in w/o microemulsion systems [a] Simplified 

mechanism; [b] The enzyme is resident in the water core of the w/o microemulsion. The monomer is surface active and partitions 

to the water/oil interface ['66] 

The development of emulsion polymerisation, especially microemulsion polymerisation, led to new 

approaches to synthesise magnets/polymer core-shell structured nanocomposite. An example of 



m 

LITERATURE SURVEY 
02006 MIAN LIN. IPTME. LOUGHBOROUGH UNIVERSITY 

coating polymer on the magnetic nanoparticles in w/o microemulsion system is shown in Figure 2.5-24 

11661. The water pools of the system are capable of solubilising bio-molecules such as enzymes, which 

retain catalytic activity in water environment 1'661. The monomer partitions to the oil-water interface 

directed to the water core as shown in the Figure 2.5-24b. Consequently, an oxidative enzyme 

encapsulated in the micelles could polymerise the monomer very efficiently to produce polymer. The 

polymer particle size normally is significantly larger than the micelle size. Their morphological details 

indicate that they are not always independent spherical particles, but often exist as interconnected 

1291 spheres 

  Mechanism of ceramic coating 

As for ceramics coating, alkoxide is added drop wise to w/o microemulsion with preformed particles 

in water pools. When the hydrolysis starts, freshly formed ceramic nuclei precipitated onto the surface 

of magnetic cores 1041. After a period of aggregation and condensation, a layer of ceramic shell formed 

1231 
on preformed nanoparticles 

2.5.2.4 Parameter-dependent studies of polymer coating nanocomposites 

The parameter-dependence core-shell structured magnets/polymer nanocomposites prepared in w/o 

microemulsion would be given below, including the effect of molar ratio of water to surfactant and the 

effect of weight ratio of monomer to magnetic core. 

  Effect of Molar ratio of water phase to surfactant wo 

As discussed in synthesis of polymer nanospheres via w/o microemulsion system, the size of polymer 

nanospheres increased with increasing wo. The same tendency was found in the synthesis of the 

polymeric nanocomposites (Table 2.5-101. Dresco et a!. 1'551 reported that, the nanospheres obtained 

through microemulsion polymerisation had size values ranging from 220 to 320 nm, depending on the 

water/surfactant molar ratio. The size of polymeric nanocomposites increased with the increase of 

molar ration of water to surfactant. 

. Sl 
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Table 2.5-10 Sizes of polymeric magnetite particles synthesised with hydrophilic initiator 

Water [wt %] Monomers [wt%] wo Size [nm] 

718.9 320 

627.5 316 

627.5 311 

627.5 270 

536.4 220 

Table 2.5-1i Relative amount of polymer bound to magnetite, coating thickness. 

Initial monomer/magnetite weight Relative weight 

ratio of coating polymer 

2: 4 

3: 4 

1: 1 

4: 3 

4: 2 

Coating thickness [nm] 

0.183 ± 0.001 40±20 

0.193 ± 0.001 50±30 

0.1236 ± 0.0009 90 ± 50 

0.602 ± 0.001 46 ± 19 

1.418 ± 0.003 62±15 

  Effect of monomer to magnets weight ratio 

The synthesis of poly(ethyl-2-cyanoacrylate) nanoparticles with a magnetic core was reported by Arias 

et al. 11681 
. 
The amount of polymer (PE-2-CA) incorporated to the particles increased consistently when 

the increase of monomer/magnetite weight ratio. Meanwhile the thickness of the polymer coating was 

not necessarily increased with an excess of initially added monomer 11681 ITable 2.5-111. 

2.5.2.5 Synthesis of magnetic nanocomposites vs. magnetic properties 

All the above discussions are concentrated on the change of size and morphology of nanoparticles 

prepared via w/o microemulsion system. In this section, the factors in preparation which could affect 

the magnetic properties of nanomaterials synthesised in w/o microemulsion will be investigated. 

. 
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The molar ratio of water to surfactant could probably affect the magnet content in magnetic 

nanocomposites. In the research of Kommareddi et al. 1'661, the weight percent of iron contained in 

ferrite-PEP composites decrease when the wo became smaller. For ferrite particles synthesised at wo = 

5 micelles, the composite ferrite content was 4.03 %, synthesis in wo = 10 micelles resulted in a 

composite ferrite content of 4.48 %, and synthesis in wo = 15 micelles led to a composite ferrite 

content of 5.34 %. A similar result was reported by Dresco et al. 1551 that the encapsulation of 

magnetite particles was found to be low when the water/AOT ratio became lower that 4.5. 

Table 2.5-12 Summary of key parameters from magnetic measurements. 

wo wt% Fe In composite (dM/dH) H-0 emu/g G Dmag nm Tb, K 

5 4.03 4.9x1&5 0.51 12 

10 4.48 1.4 x 104 1.05 20 

15 5.34 1.06x 10-3 1.42 27 

The lower wo resulted in lower content of encapsulated magnets in nanocomposites and consequently 

the wo value also could affect the blocking temperature of the magnetic material. Sunderland et al. 

reported that the blocking temperature increased with the increase of the concentration of the magnetic 

nanoparticles in the nanocomposites. This behaviour is consistent with an increase of magnetic dipolar 

interactions due to the diminishing of average inter-crystal distance as the concentration of the 

magnetic nano-phase increases 11691. The similar results has been reported by Kommareddi et al. 11661 as 

summarised in Table 2.5-12. 

S9. 



EXPERIMENTAL DETAILS 

3.1 MATERIALS 

All the chemicals were purchased from Sigma-Aldrich Company Ltd. (Gillingham, United Kingdom) 

or Fisher Scientific UK (Loughborough, United Kingdom) in analytical grade purity. The chemicals 

involved in the inorganic chemistry experiment were used as received. In the polymerisation 

experiment most of chemicals needed to be purified before being used in the reaction. Methacrylic 

acid (MAA) was vacuum distilled at 60°C just prior to the reaction. Acrylamide (AM) and N, N- 

(methylene bis acrylamide) (MBA) was re-crystallised from chloroform and acetone respectively as 

recommended 1101. Potassium persulphate (KPS) was used as the initiator without further purifying 

treatment. 

Table 3.1-1 List of all chemicals used in this project. 

Surfactant Solvent Chemicals 

AOT Cyclohexane Iron Chloride (I1) Tetrahydrate 99% 

Tween 85 Isooctane Iron Chloride (III) Hexahydrate 98% 

Tween 80 Petroleum Ether Ammonia Solution 35% 

Triton X-100 Toluene Tetraethylorthosilicate 

Triton X-114 Acetone Acrylamide 

Igepal CO-520 Ethanol Methacrylic Acid 

Igepal CO-720 Chloroform Potassium Persuiphate 

Brij 97 N, N'-Methylene-Bis-Acrylamide 

Azobisiso butyron itri le 

Azobiscyciohexa ne-1-ca rbon itrile 

. 6'0. 
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De-ionised water was used throughout the experiment. In the synthesis of iron oxide nanoparticles, the 

iron salt solution was always prepared freshly in order to prevent the possibility of hydrolysis of the 

iron salt to form the iron hydroxide. In the polymerisation, the monomer water solution and the 

initiator water solution were also prepared just before the reaction to avoid "self-initiated- 

polymerisation" (monomers polymerise without initiator). Table 3.1-1 lists all the chemicals used, more 

information in details is given in Appendices. 

3.2 INVESTIGATION OF W/O MICROEMULSIONS 

In the preparation of the water-in-oil (w/o) microemulsion system, first, the surfactant was mixed with 

the oil phase to form surfactant/oil solution; then a certain amount of aqueous phase was added, drop 

wise. The mixture was kept stirring by using a magnetic stirrer until it transferred from turbid to clear. 

Then a three-component (oil, surfactant and water), microemulsion system was formed as a result. A 

loading test was normally employed in the investigation of the maximum solubilisation of aqueous 

phase of a microemulsion system. The aqueous phase was added drop wise into surfactant/oil mixture 

continuously until the mixture could not turn clear and kept in turbid. In that case, the phase separation 

would happen short after. 

[A]. Clear [B]. Translucent [C]. Opaque 

Figure 3.2-1 Photos of w/o microemulsion systems with the different loading of the aqueous phase 

The transparency of the system was judged by visualizing. Figure 3.2-1 shows the photos of 
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microemulsion systems under different loading of the aqueous phase. The clear sample [Figure 3.2-1 Al 

was a w/o microemulsion system. The translucent appearance [Figure 3.2-1 BI was normally viewed as 

the ending signal for the addition of the aqueous phase in our loading tests. Over-loaded systems, 

which could not be called as microemulsion, looked opaque as shown in Figure 3.2-1 C. 

The investigations were carried out at room temperature which was around 25°C. An overall loading 

amount is defined as the percent ratio of the weight of the aqueous phase to the total weight of the 

microemulsion: 

Loading Amount of Aqueous Phase 

[Aqueous Phase]We, 
Rht _" 100% 

[Surfac tan t+ Oil Phase + Aqueous Phase] 
weigh! 

(3-1) 

The power of solubilisation of the aqueous phase in a microemulsion system was evaluated by its 

maximum solubilisation value at a particular temperature. In loading tests, the continuous blending 

time was generally less than 5 min. When the mixture remained turbid after stirring for more than 15 

minutes, it was viewed as the system having reached the maximum solubilisation point. 

  Phase diagram 

A water-in-oil microemulsion system normally is formed by the solubilisation of the aqueous phase 

(water) into oil/surfactant mixture. With the increase of the amount of the solubilised aqueous phase, 

the size of water pools increases. A transition from microemulsion to non-microemulsion, which is 

emulsion or bi-continuous structure, will happen when the loading of the aqueous phase reaches a 

critical value. Before the transition point, the conductivity of the w/o microemulsion system is 

dominated by the continuous oil phase, which generally appears non-conductive. As the transition 

happens, the bulk phase is the mixture of oil and some water (aqueous phase), then the conductivity of 

the system is supposed to slightly increase due to the existence of the conductive matter, water. 
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Therefore, the difference of the conductivity of the system could be utilised to resolve the transition 

from microemulsion to non-microemulsion. 

The phase diagram of the ternary system consisting of cyclohexane, Igepal CO-520 and water, was 

determined at 25°C by the measurement of conductivity. The system consisting of cyclohexane, Brij 

97 and the aqueous phase and the system consisting of cyclohexane, Triton X-114 and methacrylic 

acid aqueous solution, were determined at 60°C. The surfactant was first dissolved in the oil in a 

cylinder flask fitted with a magnetic stirrer and a probe of conductivity meter (HANNA Instruments, 

model HI 8633). Then the flask was immersed in a water bath at a set temperature. After stirring for 

30 min, the aqueous phase was added drop wise into to the oil phase while keep stirring. The next drop 

was not added until the system returned to transparent. Meanwhile, the conductivity of the system was 

recorded at intervals. When the composition was close to the microemulsion-emulsion boundary, the 

system returned to transparent very slowly. If the system could not come back to transparent after 30 

min, this point was taken as the microemulsion-emulsion boundary. The transparency of the system 

was also judged by visual observation. 

3.3 SYNTHESIS OF NANOMATERIALS VIA W/O MICROEMULSIONS 

The synthesis of iron oxide nanoparticles, silica nano-spheres and silica/iron oxide nanocomposites 

was carried out in the Igepal CO-520/cyclohexane w/o microemulsion system. The synthesis of 

polymer nano-spheres and polymer/iron oxide nanocomposites was carried out in Brij 97/cyclohexane 

and Triton X-114/cyclohexane w/o microemulsion systems respectively. For any of above reactions, 

the system was always kept stirring by a magnetic stirrer during the ripening period. At the end of 

reaction, acetone was added immediately to precipitate the product synthesised in the water pool of the 

microemulsion. The w/o microemulsion system was then broken into a suspension. A centrifuge 

(Heraeus, Bofuge Primo) was used to accelerate the precipitation of particles from the suspension. 

Different washing procedures and post-treatments were carried out according to different products- 

. 
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3.3.1 Synthesis of iron oxide nanoparticles 
Pre-calculated amounts of the iron salt solution were firstly added into the mixture of Igepal CO-520 

and cyclohexane to form a w/o microemulsion system. The ammonia solution was then added drop 

wise into the system by a plastic micro-syringe to react with the iron salt. The system was 

continuously purged with argon during the reaction. Products were precipitated by centrifugation after 

adding acetone to break up the system. Iron oxide samples were washed thoroughly with acetone and 

de-ionised water to remove the oil, surfactant and any remained reactants. Normally, samples were 

washed by four times with acetone followed by two times with de-ionised water and finally with 

acetone again. The whole procedure of the synthesis of iron oxide via the w/o microemulsion system 

is shown in Figure 3.3-1. 

................. 

...................................... .. Surfactant + Oil 

Iron salt solution 

................................ w/o 
microemulsion 

Characterisation 

Figure 3.3-1 Flow chart of the synthesis of iron oxide via w/o microemulsion system. 

3.3.2 Synthesis of polymer nano-spheres 
AM and MAA were the monomers employed in the experiment. They were both prepared into 

solutions of the required concentration with the small amount of N, N'-methylen-bisacry lam ide. The 

......................... .................................... Initiator 

Surfactant + Oil : :............ 
_.., ........................... .... ........ .................. ;.; 

Separation 
W/O Polymer nano-spheres 

microemulsion Formed in the water pools 
Washing/Drying Monomer solution 

.......................... ........... 

.................................... 
Characterisation 

Figure 3.3-2 Flow chart of the synthesis of polymer nano-spheres via w/o microemulsion system. 
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microemulsion system was formed when the monomer solution and the heat initiator solution were 

added into surfactant and oil mixture. Argon was bubbled at room temperature through the 

microemulsion for the first 30 min to eliminate oxygen. The polymerisation was initiated when the 

temperature was increased by using an oil bath. The whole procedure of the synthesis of polymer 

nano-spheres via w/o microemulsion was similar as the synthesis of iron oxide lFigure 3.3-21. 

m 
poh mrr, usuin /? rdun -m monomer) Conversion = 100% 

m 
monomer 

(3-2) 

The conversion in polymerisation was taken to evaluate the polymerisation result with different 

conditions. The conversion was calculated by the polymerisation product after washing and drying. 

Any loss in washing could be neglected. The equation is given as Equation 3-2. 

3.3.3 Synthesis of silica nano-spheres 
Silica nano-spheres were prepared by the hydrolysis oftetra-ethyl-ortho-silicate (TEOS) in lgcpal CO- 

520/cyclohexane w/o microemulsion. De-ionised water and ammonia solution were solubilised in 

Igepal CO-520/cyclohexane solution with the certain molar ratio of 11)0 to TEOS and NII to THOS. 

TEOS was injected into the microemulsion with a micro-syringe. The hydrolysis took place at room 

temperature (-25°C) for 24 hours. Acetone was also used to precipitate the product. After that, 

samples were separated by centrifugation and washed thoroughly with acetone by four times to 

remove the oil and the surfactant followed by 2 times with de-ionised water to remove the remained 

ammonia. The whole procedure of the synthesis of silica via the w/o microemulsion system is shown 

in Figure 3.3-3. 

TEOS 

Surfactant + Oil Separation 

Water (OM-] 

nýy ý. ýý ýý :9., ,.... . .. _ . _.. __ _.. _... .: Characterisation 
nnuvamuýsýon . 

s Washing/Drying . .......................................: 

Figure 3.3-3 Flow chart of the synthesis of silica nano-spheres via w/o microemulsion system. 
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3.3.4 Synthesis of nanocomposites of iron oxide with ceramics/polymer 

  Silica/iron oxide 

Nanocomposites of iron oxide/silica were prepared by two steps: iron oxide nanoparticles were first 

_.. OH 

Surfactant + Oil 
W/o 

microemulsion 

:................................. Iron salt solution 
...................................... 

TEOS 

ý7' 

Separation 

Washing/Drying 

Characterisation 

Figure 3.3-4 Flow chart of the synthesis of silica/iron oxide nano-composites via w/o microemulsion system. 

synthesised as described in 3.3.1, then pre-calculated TEOS was added into the microemulsion system 

containing preformed iron oxide nanoparticles. The hydrolysis reaction of TEOS at room temperature 

(---25°C) was carried out for 24 hours. Products were treated by the same procedure as the pure silica. 

The flowchart of the silica/iron oxide nano-composites synthesis is illustrated in Figure 3.3-4. 

  Poly-acrylamide/iron oxide nano-composites 

. _... _....... .... .............. 
Surfactant + Oil 

Iron salt solution 

W/o 
microemulsion 

Surfactant + Oil 

.......................................... AM solution 

PAM[IfQA : 
oxide 

Figure 3.3-5 Flow chart of synthesis of PAM-iron oxide nanocomposites via microemulsion. 

Iron oxide nanoparticles were synthesised via Brij 97/cyclohexane system at 60°C. Then this "parent" 

Initiator 

. bb. 
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microemulsion system containing magnetic nanoparticles was added into another microemulsion 

system with the monomer, initiator and cross linking agent as the aqueous phase. Encapsulation 

process was carried out under the same condition as the polymerisation of monomer initiated by heat 

initiator. The whole procedure of polymer coating is shown in Figure 3.3-5. 

3.4 SYNTHESIS OF NANOPARTICLES BY OTHER METHODS 

  Synthesis of iron oxide nanoparticles via precipitation 

Iron oxide nanoparticles were also synthesised by the precipitation of iron salt solution with ammonia 

solution, then washed by de-ionised water till the PH value was around 7. The effects of different 

starting materials, ripening time and ripening temperature on the formation of iron oxide nanoparticles 

were investigated as shown in Table 3.4-1. 

Table 3.41 Investigation of Iron oxide nanoparticles prepared by precipitation. 

Starting materials 
[Fe]3+: [Fe]2+ 

Ripening 
temperature [°C] 

Ripening time [H] 

[Fe]3' 9: 1 3: 2 

25 

2 2 

25 

12 24 

40 

2 

4: 1 1: 1 1: 2 i: 9 [Fe]2+ 

60 

2 24 2 12 

90 

12 24 

25 

2 

  Hydrothermal process 

Hydrothermal process was carried out at a high temperature in an autoclave. The autoclave is an 

airtight vessel made by stainless steel, with a Teflon container with a lid, and a stainless steel cap. The 

internal volume is about 30ml. Iron oxide nanoparticles were washed and centrifuged before the 

hydrothermal process. A particular ratio, -0.7g/l5ml of washed samples to water was mixed and 

sealed in the autoclave and kept in a temperature-controlled oven for different aging times. 

" Calcination 

Calcination of iron oxide nanoparticles were carried out in a tube furnace. Samples were wrapped in a 

. 6-7 
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piece of foil and placed in the middle of the tube. The heating programme was started at 2°C/min heating 

rate, followed by 120-minute holding at the set temperature then cooled down to 30°C at 2°C/min. 

3.5 CHARACTERISATIONS 

" Molecular weight 

The molecular weight of polymer products was calculated by Dilute Solution Viscosity 

Measurements. The viscosity of a polymer in a solution is normally directly related to its molecular 

weight. Since the measurement of the solution viscosity does not require any complex equipment and 

generally gives good agreement between laboratories, so it is a valuable technique related to the 

measurement of the molecular weight. 

The viscosity average molecular weight is calculated from the intrinsic viscosity [il] by applying the 

Mark-Houwink equation I1711 

[q] = K. -M,, " (3-3) 

`K' and 'a' are parameters determined for polymers where absolute molecular weight data is available. 

There are a large number of literature values. The molecular weight dependence of intrinsic viscosity 

as reference in our experiment is given b\ 11,21 : 

Acrylamide: [/)] -- 6.3 1x 10 ý 19 ý 
ýý '' 

tilethacrvlic acid: [ill =66x10' ": 11, ", 

(3-4) 

(3-5) 

An Ostwald % iscomctcr IFigure 3.4-I I "as employ cd in % iscosik mcasurcmcnt oI' 

prepared polymer solution. Solution was measured with a graduated reservoir and dc- 

ionised water was used as solvent. The liquid was injected into viscometer by a titrator. 

A bulb was used to pull the liquid level up then let it down through the capillary trecl%. 

i 

ý 

ý ý 

r y" . .. II 

.O.. 
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An electronic stopwatch was applied to record the time of travelling through the two standard marks 

on capillary for the polymer solution with a specified concentration. The original polymer solution 

was diluted into several different concentrations; that is as half as the previous value each time. Then a 

series of travelling time against different concentration was achieved. Since the flow time is 

proportional to the viscosity, a relative viscosity could be defined as a simple time ratio: 

l%rel - tsoluhon / tsolvent (3-6) 

We also define a specific viscosity to be the fractional change in viscosity upon addition of polymer: 

)7sp = 
tsoluhon - tsolvent 

tsolvent 

The reduced viscosity is the fluid viscosity increase per unit of polymer solute concentration, c: 

ýred 
1lsp 

C 

(3-7) 

(3-8) 

The intrinsic viscosity, [rl] is the limit of the reduced viscosity, as the polymer solute concentration 

approaches zero. The intrinsic viscosity is also the limit of the inherent viscosity, ln(t7, 
ei 

), as the 

solution polymer concentration approaches zero: 

[17 1= lim 
l7red 

_ 
lim 

cc 
(3-9) 

Plot ln(ij, 
ei) VS. c and rl, ed VS. c. Both plots have the same intercept, which is called the intrinsic 

viscosity, [TI]. Finally, calculate the molecular weight of the synthesised polymer from the Mark- 

Houwink equation and the intrinsic viscosity of the unknown. 

X-Rav Diffractometrv 

The structure of the powder samples was measured using a Bruker D8 X-ray with a quarter-circle 

eulerian cradle. The X-ray diffraction patterns were taken from 10° to 70° (20 value). Samples to be 
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characterized using XRD would preferably be dried and grinded into fine powders. The X-ray 

radiation source can be CoKa or FeKa. 

" Transmission Electron Microscope 

A transmission electron microscope, TEM (JEM I OOCX, JEOL, Japan) was used to examine the size 

and shape distribution, crystallinity and morphology of nanoparticles and core-shell structures. The 

nanoparticles were firstly diluted with acetone. The solvent was allowed to evaporate at room 

temperature. A specimen substrate, copper grid coated with carbon film, was then covered with a 

hemispherical drop of the diluted suspension. The prepared sample was finally placed in the specimen 

chamber of the TEM. 

  Fourier Transform Infrared 

Fourier transform infrared (FTIR) spectra were obtained using Mattson 300 FTIR spectrometer 

(Unicam Ltd., United Kingdom). The spectra were recorded from 400 to 4000 wave numbers at 4 cm -1 

resolution averaging 64 scans. The FTIR spectrums were measured at room temperature and compared 

with standard reference, matching fingerprint region (additional information). 

The samples for FTIR measurement were dried in a oven or a vacuum oven at 40°C. Fully dried 

samples (about I vol%) would be milled with potassium bromide to form a very fine powder. This 

powder is then compressed into a thin pellet which can be analysed. 

" Superconducting quantum interference device (SQUID) magnetomery 

Magnetisation of nano-sized iron oxide and magnetic nano-composites prepared via w/o 

microemulsion system and precipitation processing had been investigated by superconducting 

quantum interference device (SQUID) magnetomery. Measurements were carried out at 5K and 300K 

with a full hysteresis curve in addition to a scan at a constant field of 0.1 Tesla (1000 Gauss) between 

5K and 300K. 

. 
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APPROPRIATE W/O MICROEMULSIONS 

4.1 INVESTIGATION OF W/O MICROEMULSIONS 

Finding appropriate water-in-oil (w/o) microemulsion systems are the fundamental work for the 

synthesis of different nanoparticles. It should be noticed that during the reactions, the introduction of 

reactants and the precipitation of products both could probably de-stabilise the system; the particular 

temperature required by the reaction might disturb the thermodynamic balance of microemulsions and 

result in the phase separation. Hence, it is necessary to study the behaviours of microemulsions under 

different circumstances in order to find proper systems which could endure any change in reaction 

conditions and keep its thermodynamic stability simultaneously. 

4.1.1 Studies on different surfactants 
Ionic surfactants, AOT, and some non-ionic surfactants: Tween 85, Igepal CO-520, Triton X-114, 

Triton X-100, Brij 97 etc, were involved in this investigation. 

4.1.1.1 The miscibility of surfactant in oil 

The miscibility of different surfactants in different oil phases at room 25°C and 60°C was investigated 

and the results are given in Table 4.1-1,4.1-2, respectively. At 25°C, the ionic surfactant AOT and the 

non-ionic surfactant Tween 85, were miscible with all three oil phases (isooctane, petroleum ether and 

isooctane ), while Tween 80, Triton X-100, Igepal CO-720 and Brij 97 did not dissolve in any selected 

oil phase. Non-ionic surfactants Triton X-114 and Igepal CO-520 dissolved in petroleum ether (PE) 

and cyclohexane but not in isooctane. 
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Table 4.1-i The miscibility of different surfactants in different oil phases at 250C. 
(Please not that, 0 means the surfactant could dissolve in that oil and QX means not. ) 

AOT 

Tween 85 

Tween 80 

Triton X-100 

Triton X-114 

Igepal CO-520 

Igepal CO-720 

Brij 97 

Isooctane Petroleum Ether Cyclohexane 

�� 

�� 

oa 

ao 
oý 
F) ý 
9 19 

9o 

I/ 

Vf 

D 

0 

v 

19 

0 

Table 4.1-2 The miscibility of different surfactants in different oil phases at 60°C. 
(Please not that, 2 means the surfactant could dissolve in that oil and 191 means not. ) 

AOT 

Tween 85 

Tween 80 

Triton X-100 

Triton X-114 

Igepal CO-520 

Igepal 00.720 

Brij 97 

Isooctane Petroleum Ether Cyclohexane 

�� 

00 

19 o 
00 

I/ 

I/ 

N 
rxi 

v 

9 
I/ 

When the temperature was increased to 60°C, as shown in Table 4.1-2 Brij 97 became miscible with 

cyclohexane but maintained non-miscibility with isooctane and PE. There were no changes observed 

in miscibility for other surfactants with the change of temperature from ambient to 60°C. 

4.1.1.2 Behaviour of non-ionic surfactant in w/o microemulsions 

The behaviour of different non-ionic surfactants with different oil phases in w/o microemulsion 

systems was investigated through the loading test by titrating water into the mixtures of surfactant and 

oil to determine the power of solubilisation of water phase in the w/o microemulsion system. The 

. 
72. 



\G 

INVESTIGATION OF W/O MICROEMULSIONS 
0 2006 MIAN LIN. IPrME. LOUGHBOROUGH UNIVERSITY 

maximum solubilisation of water, S-wmax was mainly used to evaluate test results. The definitions and 

calculations of the loading and maximum solubilisation of aqueous phase were given in Chapter S. 
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Surfactant to oil (wt: wt) 

Figure 4.1-1 Maximum solubilisation of water in Tween 85 systems at 25°C. 

Figure 4.1-1 shows the maximum solubilisation of water, S-wmax, in the systems consisted of Tween 85 

with different oil phases at 25°C. Basically, S-wmaX increased with the increase of weight ratio of 

surfactant to oil, from 1.9%, 2.3% and 2.8% at surfactant/oil of 1: 19 to 7.7%, 7.6% and 9.7% at 1: 3, 

for Tween 85/isooctane system, PE system and cyclohexane system respectively. Tween 

85/cyclohexane system showed the highest S-wmax at every weight ratio of surfactant to oil. 

The maximum water solubilisation in the w/o microemulsion increased with the increase of the weight 

ratio of surfactant to oil was also observed in Igepal CO-520/cyclohexane system (Figure 4.1-21 and 

Triton X-114/cyclohexane system [Figure 4.1-31. S Wmax increased steadily from 7.4% and 1.1% at 1: 19 

to 16.9% and 7.3% at 1: 3 for these two systems respectively. A different result was observed in the 

Igepal CO-520/PE system (Figure 4.1-21, where there was a rapid increase of S-w, from 2.2% to 

23.4% when the ratio was increased from 1: 9 to 3: 17. However, those Igepal CO-520/PE systems with 
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extreme high S-wmax values were not stable. They first looked like a transparent gel, then separated 

after 12 hours. Therefore, dotted lines were applied for Igepal CO-520/PE system at the ratio of 3: 17, 

1: 4 and 1: 3, because those values could not simply mark the boundary between w/o microemulsion 

and non-w/o microemulsion. 
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Figure 4.1-2 Maximum solubilisation of water in Figure 4.1-3 Maximum solubilisation of water in 
Igepal CO-520 systems at 25°C. Triton X-1 14/cyclohexane system at 25°C. 

4.1.1.3 Behaviour of ionic surfactant in w/o microemulsion systems 

AOT was the only ionic surfactant investigated in the experiment. The maximum solubilisation of 

water in systems with AOT and different oil phases (isooctane, cyclohexane and toluene) are given in 

Figure 4.1-4. AOT system showed the similar trend as above non-ionic surfactant systems, i. e. the 

maximum water solubilisation increased with the increase of weight ratio of AOT to the oil phase. 

AOT/isooctane system exhibited more power of water solubilisation than others. For example, the 

maximum solubilisation of water in AOT/isooctane system at 1: 9 was about 22%, which was twice 

higher than 7.4% of cyclohexane system, and nearly triple times higher than 5.0% of toluene system at 

the same ratio. 
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1: 19 1: 9 3: 17 1: 4 1: 3 

Surfactant to oil (wt: wt) 

Figure 4.1-4 Maximum solubilisation of water in AOT systems at 25°C. 

Table 4.1.3 Maximum water solubilisation (%) in w/o microemulsion systems at 25°C. 

Microemulsion system 

Tween 85/cyclohexane 

Igepal CO-520/cyclohexane 

Triton X-114/cyclohexane 

AOT/Isooctane 

Weight ratio of surfactant to oil (wt/wt) 

L19 L9 3: 17 L4 L3 

2.8 4.9 7.2 8.5 9.7 

7.4 9.1 11.0 13.8 16.9 

1.1 1.9 4.1 4.5 5.3 

17.6 22.3 28.4 35.6 46.7 

In summary, for systems with either ionic surfactant, AOT or non-ionic surfactants, the maximum 

water solubilisation was all observed at the weight ratio of surfactant to oil of 1: 3, which was the 

highest percentage of surfactant applied in experiments. Furthermore the AOT w/o microemulsion 

system with exhibited much higher S-wmaX than most non-ionic systems ITable 4.1-31. 

4.1.2 Studies on addition of co-surfactants 
As given in Table 4.1-1 and Table 4.1-2, Triton X-100 cannot dissolve in cyclohexane at either room 

temperature (25°C) or higher temperature (60°C). However, with the presence of co-surfactant, 
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hexanol, Triton X-100 dissolved in it. The mixture of cyclohexane, Triton X-100, hexanol and the 

added water can form a four-component w/o microemulsion system. Figure 4.1-5 gives the maximum 

solubilisation of water in Triton X-100/hexanol/cyclohexane system. "I he weight ratio of hexanol to 

Triton X-100 was kept constant as 1: 5. S-Wrnax increased with the increase of weight ratio of surfactant 

mixture (surfactant and co-surfactant) to oil, from 1.5% at 1: 19 to 10.5% at 1: 3. 
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Figure 4.1-5 Maximum solubilisation of water in Triton Figure 4.1-6 Maximum solubilisation of water in 
X-100/Hexanol/cyclohexane system at 25°C. Igepal CO-520/cyclohexane system with different 

co-surfactant applied at 25°C. 
Hexanol : Triton X-100 = 1: 5 (wt: wt). 

Surfactant mixture oil = 1: 9 (wt: wt). 
Co-surfactant : Igepal CO-520 = 1: 5 (wtwt). 

The capability of co-surfactants on the improvement of the maximum water soluhilisation was also 

investigated in the lgepal CO-520/co-surfactant/cyclohexane/water microcmulsion systems (Figure 4.1- 

61. S-w,,, ax of the system without co-surfactant was 9.1% at the weight ratio ot'surfactant to oil was 1: 9, 

With the addition of different co-surfactants (butanol, propanol, pentanol, hexanol or octanol), all the 

systems showed increased S-wax and the S-w,,, ax value of the microemulsion with hutanol showed the 

most significant increase. Therefore, the system with hutanol was further investigated with different 

surfactant to oil weight ratio was shown in Figure 4.1-7. S-w,,, ax of the system with the hutanol was 
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higher than the system without co-surfactant. It also could be observed that the rate of change of 

maximum solubilisation levelled off when the ratio was larger than 1: 9. 

The effect of the percentage of co-surfactant in the surfactant mixture on the maximum water 

solubilisation of Igepal C0520/cyclohexane /butanol system is shown in Figure 4.1-8. It can be seen that 

S-w.,,, slightly increased from 11.2% to 14.1% with the increase of weight ratio of butanol to Igepal 

CO-520 from 1: 8 to 1: 3. 
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Figure 4.1-7 Maximum solubilisation of water in Igepal Figure 4.1-8 Maximum solubilisation of water in 
CO-520/cyclohexane system with butanol applied as Igepal CO-520/butanol/cyclohexane system at 25°C. 
co-surfactant at 25°C. 

Surfactant mixture : oil = 1: 9 (wt: wt). 
Butanol : Igepal CO-520 = 1: 5 (wt: wt). 

Surfactant mixture : oil =1: 9 (wt: wt). 

4.1.3 Studies on aqueous phases 

The capability of solubilisation of microemulsion system could he varied with the different aqueous 

phases. The loading tests were carried out again to evaluate the influence of the aqueous phase on the 

solubilisation of' microemulsion systems and water, iron salt water solution, ammonia solution and 

monomer water solution were used as different aqueous phases in the study. 

,7 . 
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Table 4.1-4 showed the maximum solubilisation of different aqueous phases in Tween 85/cyclohexane 

system, Igepal CO-520/cyclohexane system and Triton X-114/cyclohexane system respectively at 

25°C. The monomer solution (methacrylic acid, MAA and acrylamide, AM) showed the highest Smax 

value (>10%) in all three systems, compared with the solubilisation of the water, the iron salt water 

solution and the ammonia solution (2%-10%). The similar phenomenon was also observed in Brij 

97/cyclohexane system at 60°C ITable 4.1-51. 

Table 4.1-4 Maximum solubilisation of different aqueous phases (%) In different w/o microemulsion systems at 25°C. 
Surfactant : oil - 1: 9 (wt: wt). 

W/O microemulslon system Water Fe(II) 0.1M Fe(III) O. iM NH3+120 MM 25 wt% AM 50 wt% 

Tween 85/cyclohexane 4.9 3.8 3.6 4.4 11.5 15.0 

Igepal CO-520/cyclohexane 9.1 7.6 8.9 10.4 11.7 16.9 

Triton X 114/cyclohexane 1.9 1.9 2.0 2.6 13.2 11.8 

Table 4.1-5 Maximum solubilisation of different aqueous phases (%) In Brij 97/cyciohexane system at 60°C. 
Surfactant : oil - 1: 9 (wt: wt). 

W/0 microemuislon system Water Fe(ll) 0.1M Fe(III) O. iM NHs+I20_ MAA 25 wt% AM 60 wt% 

Brij 97/cyclohexane 2.3 1.0 1.2 L8 5.7 7.4 

In considering the synthesis of iron oxide nanoparticles in w/o microemulsion system in the next stage, 

the influence of mole concentration of iron salt water solution was investigated in Igepal CO- 

520/cyclohexane system. 

As shown in Figure 4.1-9, the system with low mole concentration (0.1 M) of the [Fe]2' water solution 

showed higher Smax values than the system with higher concentration (0.5M) solution. However, when 

the aqueous phase was [Fe]3+ water solution, the system with higher mole concentration did not always 

exhibit the higher maximum solubilisation values (Figure 4.1-101. As the weight ratio of surfactant to oil 

was 1: 19 and 1: 9, the Smax values of the 0.1M [Fe]3+ water solution were similar to 0.5M aqueous 

solution. When the ratio was increased,, the maximum solubilisation of 0-I M solution was 

continuously increased, meanwhile the Smax value of 0.5M solution showed no much difference. 

78. 



%. 1112 
/ \\ 

INVESTIGATION OF W/O MICROEMULSIONS 
0 2006 MIAN LIN. IPTME. LOUGHBOROUGH UNIVERSITY 

20 

1S 

16 

20 

- --- 
-o-o. iM ------- is 

-"- o. bM ^ ä is 1 
Y 

a+ 
3 14 

w 0 is " 0 
10 

:3 
8 

6 

2- 

1: 19 1: 9 3: 17 1: 4 1: 3 

Surfactant to oil (wt : wt) 

Figure 4.1-9 Maximum solubilisation of iron (II) salt 
water solution with different molar concentrations in 
Igepal CO-520 / cyclohexane system at 25°C. 

Surfactant : oil = 1: 9 

4- 

2 

o" 

Surfactant to oil (wt : wt) 

Figure 4.1-10 Maximum solubilisation of iron (III) 
salt water solution with different molar 
concentrations in Igepal CO-520 / cyclohexane 
system 25'C. 

Surfactant : oil =1: 9. 

4.1.4 Studies on temperature 

The investigation of temperature effect on w/o microemulsion systems is very important particularly 

for the synthesis of polymer at elevated temperature. In this part of experiments, temperature was 

varied from room temperature (-25°C) to 70°C, which covers the general range of reaction 

temperatures in the later synthesis. It can be seen from Figures 4.1-11,12 and 13, that the maximum 

solubilisation of water in microemulsion systems with non-ionic surfactants (Tween 85, Igepal CO- 

520 and Triton X-1 14) significantly decreased with the increase of temperature. Particularly for Igepal 

CO-520/cyclohexane system, S-wmaX decreased from 8.9% at 25°C to 0.4% at 60°C. 

A different tendency of maximum solubilisation changing with temperature was observed in Brij 

97/cyclohexane system [Figure 4.1-141. S-wmaX increased from 3.6% to 9.1% as the temperature 

increased from 40°C to 70°C. When the aqueous phase was AM water solution, S111,, increased from 

8.93% at 40°C to 12.6% at 70°C. 

1: 19 1: 9 3: 17 1: 4 1: 3 

79 
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Figure 4.1-11 Maximum solubilisation of water in 
Tween 85 / cyciohexane system at different 
temperatures. 

Surfactant : oil = 1: 9. 
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Figure 4.1-12 Maximum solubilisation of water in 
Igepal CO-520 / cyclohexane system at different 
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Surfactant : oil = 1: 9. 
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Figure 4.1-15 Maximum solubilisation of water in AOTIToluene system at different temperatures. Surfactant : oil = 1: 9. 

The ionic surfactant AOT exhibited the similar relationship between temperature and the maximum 

solubilisation of aqueous phase in toluene as Brij 97 in cyclohexane. As shown in Figure 4.1-15, with 

increasing temperature, the loading of water increased in the AOT / toluene system. 

i 
ýy 

4.2 DISCUSSIONS 

A w/o microemulsion is a transparent solution consisting of water droplets stabilised by the surfactant, 

(and in some cases co-surfactant) and dispersed in continuous oil phase. According to the theoretical 

Winsor model, the interior structure of microemulsion system can be varied by changing the 

percentage of each component. The stability of w/o microemulsion could be affected by different 

. 
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surfactants, oils, addition of co-surfactants, the nature of dispersed phase and the temperature, arising 

from the change of interactions between each component. 

4.2.1 Effect of surfactant (co-surfactant) and oil 
The stability of w/o microemulsion system is strongly dependent on the type of the surfactant and the 

oil phase. The function of surfactant is to reduce the interfacial tension between the pair of immiscible 

liquids, enabling them to be dispersed between each other and promotes the formation of 

microemulsions. The oil phase also plays a important role. The interaction between the surfactant and 

the oil phase affects the behaviour of w/o microemulsion system formed. 

4.2.1.1 Compatibility between surfactant and oil 

Although the mechanism of solubility of a surfactant in oil is complicated, there is a common principle 

which can be used to approximately determine the miscibility of a surfactant and an oil - the structure 

similarity, i. e. the better miscibility more likely exists between two phases with the more similar 

structures. For example, linear structured Triton X-100 can not dissolve in cyclohexane which has a 

cyclic structure, but can dissolve in isooctane which is a linear chain. 

The comparison of structure similarity gives us a basic idea, but it is still far from satisfying. For 

example, Tween 85, Triton X-100, Triton X-114, Igepal CO-520 and Igepal CO-720 all have a cyclic 

chain within each of their structures, but not all of them dissolved in cyclohexane; this indicates that a 

structure similarity is not sufficient in this interpretation. With respect to the different behaviours of 

surfactants, their HLB (Hydrophile-Lipophile Balance) values provide a more practical solution. 

Figure 4.2-1 shows the HLB values of all the surfactants used in this project, which are placed in HLB 

axial by sequence of their HLB values. The higher HLB value means the stronger hydrophilic of the 

surfactant. Therefore having a higher HLB value, Tween 80, Igepal CO-720, Triton X-100 are more 

difficult to dissolve in the non-aqueous oil phase. However, AOT is a different case. Although having 

. 
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the highest HLB value comparing with other non-ionic surfactants, AOT can easily dissolve in all 

selected oil phases as AOT is an ionic surfactant and could ionise in oil phases. Hence the HLB 

principle is more appropriate when applied to non-ionic surfactants. 

Triton X-100 

HLB 

AOT 

-41 
40 

Igepal CO-520 
Igepal CO-720 Tween 85 

Tween 80 
Brij 97 

I Triton X-114 

15 14.2 13.5 12.4 11.0 10.0 

Figure 4.2-1 Schematic of HLB value of all surfactants used in this project 

Brij 97 appears non-soluble in cyclohexane at 25°C but became soluble in the same oil phase at 60°C. 

The determinative factor is the melting point of surfactant itself. Brij 97 turns into liquid at 30°C, 

while having a paste-like appearance at 25°C. Precisely speaking, Brij 97 is soluble with haze in 

cyclohexane at 25°C. 

4.2.1.2 Effect of different non-ionic surfactants 

Non-ionic surfactants are usually composed of ethylene oxide (EO) units, such as IGEPAL CO series 

and Triton X series (polyoxyethylenated alkylphenols), BRIJ series (polyoxyethylenated fatty acids) 

and TWEEN series (polyoxyethylenated polyols). The hydrophilic properties of the non-ionic 

surfactant depend on the number of EO units in the compound. The addition of EO units enables the 

manufacturer to produce a series of products in a broad spectrum of solubility and performance 

characteristic 
11731. At the same time, the addition of the EO units could also determine the solubility of 

the compound in organic solvents. 

In the solution of the non-ionic surfactant with the oil, surfactant molecules could aggregate by the 

intermolecular hydrogen-bonding 176-771 to form surfactant clusters known as micelles, which can 

. 83. 
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solubilise the aqueous phase by the interaction with the EO of the polyoxyethylenated (POE) chain 11741 

A three-component (surfactant, oil and water) w/o microemulsion system is formed as a result. 

Different oil phases result in different extent of solubilisation of the aqueous phase in the 

microemulsion system. In our investigation, cyclohexane seemed the best oil phase for all soluble 

surfactants in terms of the power of the water solubilisation than isooctane and PE. In fact, the extent 

to which a substance can be solubilised into a micelle in the microemulsion depends upon the size of 

the micelle that is the locus of the solubilisation 1"'1. The amount of solubilised aqueous phase 

generally increases with the increase of the size of micelles. The determination of the size of the 

micelle could be further interpreted by another important measurement, aggregation number, which is 

the number of surfactant units making up the micelle. If the molecular weight of the surfactant unit 

making up the micelle is known, the aggregation number can be calculated as: 

fl=Mm/M0 (5-1) 

where n is the aggregation number, M. the micelle weight, and Mo the molecular weight of the 

individual surfactant molecule 11741. According to the Equation 5-1, the increase of aggregation number 

means the increase of micellar size and the better capability of solubilisation. Hence, the better 

capability of the system with cyclohexane suggests that it may have the larger size of micelles with the 

larger aggregation number comparing with the isooctane and the PE systems, which is presumably 

attributed to the different miscibility between the different oil phases and surfactants. 

All the surfactants used, i. e. Tween 85, Igepal CO-520 and Triton X-1 14, have cyclic structures 

similar to cyclohexane, but isooctane and PE have the straight chains. On the basis of the previous 

discussion, cyclohexane may have better miscibility with non-ionic surfactants employed. The 

hydrophobic groups of the surfactant might extend towards the oil phase, i. e. cyclohexane, rather than 

coiling together in the interface. Such arrangement of surfactant molecules in the interface decreased 

the cross-sectional area of the hydrophobic group. From the geometric consideration, the decrease of 

the cross-sectional area would probably result in the increase of the number of surfactant molecules 

P. 
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surrounding a micelle. Therefore, cyclohexane, due to its better miscibility, leads to the larger 

aggregation number comparing with other two oil phases, which consequently favours the higher 

solubilisation of water into the w/o microemulsion system. 
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Figure 4.2-2 Effect of different surfactants on the maximum water solubilisation in w/o microemulsion systems 
with cyclohexane as the oil phase at 25°C. 

As for the systems with the same oil phase, the nature of non-ionic surfactant is another determinative 

factor affecting the solubilisation power of the aqueous phase. The amount of the aqueous phase 

solubilised into the oil phase by POE non-ionic surfactants appears to increase with the increase of the 

surfactant concentration and the length of the POE chain 11731. The experimental results of the water 

solubilisation in w/o microemulsions with Tween 85, Igepal CO-520 and Triton X-114, respectively, 

were all in agreement with the surfactant influence mentioned above, i. e. the increase of surfactant 

concentration lead to the increase of the maximum water solubilisation. Additionally, Igepal CO-520 

was found to exhibit better water solubilisation than Tween 85 and Triton X-114 IFigure 4.2-21 in 

cyclohexane presumably because the different length of POE chains. The length of POE chain in 

Tween 85, Igepal CO-520 and Triton X-114 is 20,5 and 8 respectively. As shown in Figure 4.2-3, POE 

chain lies flat on the surface of the water phase 11731. For the surfactant with multiple EO units, the 
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Figure 4.2-3 Schematics of the POE surfactant in w/o microemulsion. 

portion of the molecule between the two hydrophilic groups tends to lie flat in the interface 11741. An 

increase in the POE chain length appears to be associated with an increase ofcross-sectional area and 

so a consequent decrease in the aggregation number. Hence, as having the shortest POF chain, Igepal 

CO-520 apparently has the largest aggregation number and then the better soluhilisation of water in 

emulsifying cyclohexane. In another words, the aggregation number could he affected by the change 

of cross-sectional area due to the different packing situation of hydrophilic groups of different 

surfactants. 

On the other hand. the aggregation number could also be affected by the 111,13 value of the non-ionic 

surfactant. The higher HLB value means the higher hydrophilicity of the surfactant, which would he 

far more repelled by the oil phase. Hence, surfactant molecules with the higher 111,11 value would tend 

to aggregate into micelles even at lower concentration in the oil phase. In this case the aggregation 

number was comparably smaller than the surfactant with the lower 111.13 value 120. As shown in Figure 

4.2-I, the HLB values of Tween 85, Igepal CO-520 and Triton X-I 14 are 11.0,10.0 and 12.4 

respectively. Therefore the corresponding capability of water solubilisation of these three surfactants 

would he expected to be as Igepal CO-520 > Tween 85 > "Triton X-1 14, which is in agreement with 

our investigation results. 

. 
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Table 4.2-1 Maximum water solubilisation Igepal CO-520/PE system at 25°C. 

Weight ratio of surfactant to oil [wt: wt] 1: 19 1: 9 3: 17 1: 4 1: 3 

Maximum water solubilisation [%] 0.43 2.53 23.03 25.43 26.83 

The solubilisation of water into the oil phase could result in the modification of the shape of the 

micelle. The rapid jump of maximum water solubilisation in Igepal CO-520/PE system was reported 

in Section 4.1.1.2 [Table 4.2-11. When the weight percentage of the surfactant was over 10% (1: 9), there 

was a sudden increase of water solubilisation in the Igepal CO-520/PF, system, accompanied with the 

large increase of viscosity of microemulsion system, which perhaps suggested the formation of a 

hexagonal liquid crystalline phase. 
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between micelles 
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Hexagonal liquid 
crystalline phase 
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Figure 4.2-4 Transition of the arrangement of micelles in the w/o microemulsion with the increase 
of the loading amount of the aqueous phase. 

The hexagonal liquid crystalline phase is a high viscosity fluid phase composed of a close-packed 

array of cylindrical assemblies of surfactant molecules (Figure 4.2-41. The arrangement of' solubilised 

micelles changes with the addition of the aqueous phase. At the beginning, since the aqueous phase is 

little, micelles are in a relatively small size and could move somewhat freely in the bulk phase, (dilute 
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micelle solution). With the increase of the amount of the aqueous phase, micelles swell and by the 

inter-micellar collision and association, they turn from the original spherical shaped micelles into 

cylindrical micelles in order to solubilise larger amount of aqueous phase. If the addition of aqueous 

phase is continuously increased, the space was almost fully occupied and the micelles have to change 

into a more compacted packing model for the stability and the lowest surface tension. Then hexagonal 

packing of rod-shaped micelles is formed. The presence of hexagonal liquid crystalline phase results 

in the sudden increase of viscosity of the system. 

Hence the different phenomena observed in prepared Igepal CO-520/PE system was probably 

attributed to the formation of the hexagonal liquid crystalline phase. However, due to the lyotropic 

property of surfactant liquid crystalline phase, characteristics of the system are highly dependent on 

the nature of solvent 1801 That maybe the reason why there was no similar phenomenon observed in the 

Igepal CO-520/cyclohexane system. 

4.2.1.3 Effect of co-surfactant 

The presence of co-surfactant in the interface between water and oil imparts flexibility. In addition to 

lowering the interfacial tension, the addition of co-surfactants into microemulsion system results in 

easier surface bending to energetically favoured dispersion. Unlike the surfactant that resides only at 

the water/oil interface, the smaller co-surfactant molecule is not static. It constantly migrates in and 

out of the dispersed and continuous phases increasing the mobility of the mono-molecular interface, 

consequently decreasing the viscosity of such systems 1161. Therefore, a co-surfactant mixed with a 

surfactant in a certain proportion is a convenient method to improve the solubilisation of aqueous 

phase in the w/o microemulsions system. Alknaols with 4-8 carbon chains, i. e. butanol, pentanol and 

hexanol, and amines (like butylamine, hexylamine) are generally employed for this purpose. 

By introducing co-surfactant into the system, some of the non-soluble surfactants can be dissolved in a 

particular oil phase, for example, Triton X-100. Compared with Triton X-1 14, Triton X-100 has the 

similar structure but the lager number of EO units and consequently the poor oil solubility. Hence, 

. 88. 
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Triton X-100 was shown to be insoluble in cyclohexane, either at room temperature (25°C) or 60°C. 

However, with the addition of hexanol as the co-surfactant, Triton X-100 became to be dissolved in 

the cyclohexane, presumably because the added alkanol molecules enlarged the distance between two 

adjacent surfactant molecules and turned the micelle into a loose packing state. The flexibility of 

interface was consequently improved, which was of benefits to help the system changing into more 

homogeneous state. 

Butanol 
YO 

Octanol ýýý Propanol 

llexartol Pentanul 

No-co-s urtdctoutt Q Co-stlftAftAnt 

Figure 4.2-5 Maximum water solubilisation in Igepal CO-520/cyclohexane system with different co-surfactants applied at 25°C. 
Surfactant mixture: oil =1: 9 (wt: wt). Co-surfactant: Igepal CO-520 = 1: 5 (wt: wt). 

In addition to making insoluble surfactants soluble in oil phases, the presence of co-surfactant also 

increased the extent of soluhilisation of the aqueous phase in w/o microemulsions. 'I'he effect of 

different co-surfactants was examined in our experiment. For Igepal CU-520/cyclhexane system 

lFigure 4.2-51, the highest water solubilisation appeared when the co-surfactant was hutanol, probably 

because hutanol as of the shortest length of the chain could migrate more easily in/out the surfactant 

layer which could greatly increase the flexibility and the soluhilisation capability. 

Table 4.2-2 shows the difference of maximum water sotuhilisation in Igepal ('0-520/cyclohcxanc 

system with and without the co-surfactant, butanol. In this four-component system, increased 
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with the increase of the concentration of the surfactant mixture, i. e. surfactant + co-surfactant, in 

which the weight ratio of co-surfactant to surfactant was kept in constant as 1: 5. 

Table 4.2-2 Maximum water solubilisation (%) in Igepal CO-520/cyclohexane system with butanol applied as co- 
surfactant at 25 °C. Butanol: Igepal CO-520 - 1: 5 (weight ratio). 

Surfactant : oil (wt: wt] L"19 L"9 3: 17 L4 L"3 

No co-surfactant 7.4 9.1 11.0 13.8 16.9 

Butanol 9.4 14.6 15.7 18.3 18.9 

In general the co-surfactants are short-chain alkanols. Due to their relative smaller size, co-surfactant 

molecules normally manoeuvre themselves in between the surfactant molecules. Hence the addition of 

the co-surfactant enlarges the cross-sectional area and consequently increases the capacity of micelles, 

which improves the solubilisation of aqueous phase. However, since the size of micelle increases with 

the increase of the surfactant concentration 11741 
, it is assumed that the increase of cross-sectional area 

by adding co-surfactant becomes less pronounced for micelles of large volume than small. Therefore, 

the accompanied increment in maximum water solubilisation seems modest. 

Table 4.2-3 Maximum water solubilisation In Igepal CO-520/butanol/cyclohexane system at 25°C. 

Co-surfactant : Surfactant [wt: wt] L"8 L"6 14 i3 

Maximum water solublllsatlon [%] 2.13 2.2 2.62 2.87 

On the other hand, with the same amount of the surfactant added, the decrease of co-surfactant 

concentration in surfactant mixture might result in the decrease of solubilisation of water phase in w/o 

microemulsion system, apparently because of the decrease in cross-sectional area and the aggregation 

number [Table 4.2-31. 

4.2.2 Effect of aqueous phase 
A fundamental characteristic of surfactants is their tendency to adsorb at interface in an oriented 

fashion 1141. In the w/o microemulsion with the non-ionic surfactant, surfactant molecules adsorb at 
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the interface of oil and water; the hydrophobic groups orient towards the oil phase and POE chains 

immerse in the inner core of micelle with aqueous phase. The interfacial tension is determined by the 

competition results of the interactions between surfactant/oil and surfactant/water. 

Therefore, for a particular w/o microemulsion system, different aqueous phases could result in 

different interactions between the surfactant and the solubilised aqueous phase. The absorption of 

surfactant molecules on interface can be altered due to the different interfacial tension. Then, the 

aggregation number, which is related to the absorption of the surfactant at interface, might be affected. 

Consequently, the extent of solubilisation of the aqueous phase in the w/o microemulsion system 

would be changed. 

Water 

so 
25 

AM 

MAA 

NHSOH 

Fe(II) O. 1 M 

Fe(III) 0.1 M 

O Tween 85/cyclohexane 

C Igepal CO-540/cyclohexane 

o Triton X-114/cyclohexanc 

i Brij 97/cyclohexane 

13 AOT/isooctane 

Figure 4.2-6 Effect of different aqueous phases on the maximum water solubilisation in different w/o microemulsion systems. 
Surfactant : oil = 1: 9. 

Figure 4.2-6 shows the effect of different aqueous phases on the maximum water solubilisation in 

different microemulsion systems. For most of the investigated systems, Smax of monomer water 

solution (AM and MAA) was higher than other aqueous solutions or water. As is known, AM and 

MAA are amphiphilic materials. Although as solubilisate, the AMIMAA molecules do not entirely 

. 
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stay in the inner core of micelles in w/o microemulsion system. Due to their amphiphilic property, 

some of the AM/MAA molecules prefers to reside in the interface of oil-water phases and act like co- 

surfactants, which result in significantly improved solubilisation of the aqueous phase. 

However, the effect of AM/MAA molecules on the capability of solubilisation was varied with the 

different w/o microemulsion systems. For Tween 85/cyclohexane, Triton X- 11 4/cyclohexane and Brij 

97/cyclohexane systems, the maximum solubilisation of monomer solution was much higher than 

other aqueous phase. For Igepal CO-520/cyclohexane system, the maximum solubilisation values of 

five different aqueous phases were relatively close to each other. In another word, the influence of 

monomer molecules on the solubilisation in Igepal CO-520/cyclohexane system was not as significant 

as they acted in other systems. As found at 25°C, Igepal CO-520/cyclohexane system exhibited 

superior power of water solubilisation comparing with others, which means at a particular ratio of 

surfactant to oil, Igepal CO-520/cyclohexane system has the larger aggregation number which could 

result in micelles of larger volume. According to the investigation of the co-surfactant effect, the 

increase of cross-sectional area arising from the addition of co-surfactant becomes less pronounced for 

micelles with large volume than small. That probably is the reason why the effect of monomer 

solution on solubilisation of Igepal CO-520/cyclohexane was modest. 

The extent of solubilisation in ionic microemulsion system with AOT also could be affected by 

different aqueous phases. Because of amphiphilicity, the AM/MAA molecules continued playing the 

role as co-surfactants in AOT systems. The improved solubilisation can be attributed to the increase of 

cross-sectional area due to the existence of AM/MAA molecules in the interface. It should be noticed 

that, in AOT/isooctane system, except the significantly higher solubilisation of MAA solution, the 

extent of solubilisation of water was the second higher value much more than iron salt solution and 

ammonia solution, which was different from what we found in non-ionic systems, which will be 

discussed in 4.2.5 non-ionic and ionic surfactants. 
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4.2.3 Effect of temperature 

The hydrophilicity of non-ionic surfactant basically depends on the number of EO units in the 

surfactant structure. Consequently, a rise in temperature usually results in the dehydration of POE 

group, which could affect the over-all solubility of these materials 1131. In the water solution of non- 

ionic surfactants, raising temperature normally leads to the precipitation of non-ionic surfactants from 

water even below the critical micelle concentration (CMC). In a word, the POE non-ionic surfactants 

show inverse temperature-solubility. 

The dehydration of EO units with increased temperature may change the interfacial tension of 

surfactant-water phases 11751 and the aggregation number in consequence. It was reported that the 

average aggregation number decreases with the increase of temperature 11771, which would result in the 

reduction of the capacity of micelles. Since the smaller size of micelle yields the lower extent of 

solubilisation of aqueous phase, the increase of temperature generally leads to the decrease of the 

extent of solubilisation of the aqueous phase in non-ionic w/o microemulsion systems. 
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Figure 4.2-7 The changing of maximum water solubilisation in different w/o microemulsion systems with the 
increase of temperature. Surfactant 

. oil = 1: 9 (wt: wt) 

93. 



ql 
DISCUSSIONS: APPROPRIATE W/O MICROLMULSIONS 

(ID 2006 MIAN LIN. IPrME. LOUGHBOROUGH UNIVERSITY 

For example, the w/o microernulsion system with Tween 85, Igepal CO-520 and 'I riton X-1 14 showed 

decreased solubilisation of the aqueous phase with the increase of temperature. Figure 4.2-7 shows that 

the maximum solubilisation of these three non-ionic systems, exhibited negative results with the 

increased temperature. The comparably abrupt slope of the line referring to Igepal CO- 

520/cyclohexane system suggests that Igepal CO-520 is more sensitive to the changing of temperature 

than Tween 85 and Triton X-1 14. Normally, non-ionic surfactants with longer POE chains show a 

higher cloud point by virtue of a greater capacity to hydrate ['731. In comparison to Tween 85 (x=20) 

and Triton X-114 (x=8), Igepal CO-520 (x=5) has the shortest POE chains. Therefore the 

solubilisation of aqueous phase in the system with Igepal CO-520, might be more significantly 

influenced by the dehydration of EO units with the increased temperature. 
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Igepal C 0-520 Triton X-114 
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Figure 4.2-8 Maximum water solubilisation in individual surfactant/oil system at 60'C Surfactant oil =13 (wt wt) 

However, a positive result of solubilisation vs. temperature was observed in the Brij 97/cyclohexanc 

non-ionic microemulsion system (Figure 4.2-71. The extent of solubilisation increased with the increase 

of temperature above 30°C. The similar result was also found by F, Iworthy ei u/. 11781 in 

CHL(CH2)is(OE)7OH non-ionic surfactant. which showed it positive effect of temperature on 

solubilisation by the results from light-scattering, viscosity and vapour-pressure techniques. The 

apparent discrepancy seems ascribable to the fact that the water trapped in POIL chain may increase 

with rising temperature 11731. Figure 4.2-8 summarises the extent of water solubilisation in w/o 

microemulsion systems with different non-ionic surfactants at 60°C. nrij 97/cycohexane system 

exhibited the relatively higher value of maximum solubilisation at higher temperature, meanwhile, the 

capability of solubilisation in the other three systems were not satisfactory. This comparison indicates 

that, in consideration of the preparation of nanoparticles, Brij 97/cyclohexane w/o microemulsion 
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system would be more appropriate as a synthesis medium capable of performing under the high 

reaction/ripening temperature, especially for the polymerisation. 

4.2.4 Non-ionic and ionic surfactants 
The different behaviours of non-ionic surfactants and ionic surfactants, are attributed to the 

mechanism of hydrophilicity. POE non-ionic surfactants show hydrophilic behaviour by introducing 

the EO unit to compounds. The water molecules are affixed to the EO units through hydrogen bonding. 

As for the ionic surfactant (e. g. AOT), the surface-active portion of molecule bears a negative/positive 

charge in water. The mechanism of hydrophilicity involves ion-dipole interactions between the 

I 
solubilised water and the counter-ions of the surfactant presenting in the interior of the micelle 13I 

In w/o microemulsion systems, the maximum amount of water solubilised into the oil phase increases 

with the increase of surfactant concentration, which is applicable in both ionic and non-ionic systems. 

AOT w/o microemulsion systems showed much higher water solubilisation than non-ionic systems, 

particularly at higher temperature, partially due to the different effect of the temperature on the 

hydrophilicity of ionic and non-ionic surfactants respectively. As we know, the increased temperature 

leads to the dehydration of EO groups of non-ionic surfactants, which consequently weakens the 

capability of water solubilisation in corresponding microemulsion systems, i. e. the inverse- 

temperature maximum water solubilisation in Tween 85/cyclohexane, Igepal CO-520/cyclohexane and 

Triton X-114/cyclohexane systems was observed. On the contrary, for ionic surfactants an increase in 

temperature generally results in an increase in the extent of solubilisation for water phase, presumably 

11741 to increased thermal agitation increases the space available for solubilisation in micelles 741 

It has been discussed in above that the aqueous phase solubilised may affect the power of 

solubilisation in systems with ionic surfactants. The different aqueous phases exhibited the different 

maximum solubilisation values in AOT/isooctane system, which was the same as non-ionic surfactants. 

Furthermore, there were two considerably higher maximum loadings were observed in solublising the 
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monomer solution and the de-ionised water in AOT/isooctane w/o microemulsion system, which was 

different from what was found in the investigation of non-ionic surfactants. The former could be 

explained by the co-surfactant effect of amphiphilic monomer molecules; the latter indicated the effect 

of the pH value on the solubilisation of systems, as the pH values of iron salt solution are ammonia 

solution are 12.0 and 14.0, respectively, while the water is neutral. It should be mentioned that, the 

extent of water solubilisation into hydrocarbon solvents by POE non-ionic surfactants could also be 

affected by the pH value of aqueous phases, but not as much as for ionic surfactants. 

ýýuiý 
w 

SUMMARY 

The main purpose of the investigation of w/o microemulsion systems is to find out appropriate systems 

for the synthesis of nanoparticles. The major concern is the extent of solubilisation of aqueous phase. The 

higher solubilisation of aqueous phase gives the more freedom in changing reaction parameters to produce 

different products. 

At 25°C, since the w/o microemulsion system with Igepal CO-520/cyclohexane showed the highest 

maximum water solubilisation value mainly attributed to the lower HLB value (10.0) of Igepal CO-520 

and the shortest length of POE chains in its structure, so it will be used in the synthesis of iron oxide 

nanoparticles and silica nano-spheres at 25°C. Although the addition of co-surfactant 1-butanol improved 

the extent of water solubilisation in microemulsion systems, in regard to the possible effect of co- 

surfactant (alkanols) on the hydrolysis of metal alkoxides and the polymerisation, the synthesis of' 

nanoparticles and nanocomposites would be carried out in the system without co-surfactant. 

The heat initiated polymerisation in w/o microemulsions need to endure the temperatures up to 60°C. 

The system employed in this part should have the better stability at higher temperature accompanied by 

the relatively higher solubilisation value of water phase. In this point of view, Brij 07/cyclohexane 

system is the better choice. It was thereby selected for use in the synthesis of nanoparticles at higher 

temperature, the microemulsion polymerisation and the synthesis of polymer/magnets nanocomposites. 
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SYNTHESIS OF NANO-MAGNETS 

S. 
1 PREPARATION OF IRON OXIDE NANOPARTICLES 

Iron oxide nanoparticles were synthesised via precipitation method and w/o microemulsion. The 

studies on different starting materials, different ripening time and temperature, and different post-heat- 

treatments were presented in this section. 

Some characteristic values of standard XRD peak values of magnetite (Fe304), maghemite (y-Fe203) 

and hematite (a-Fe203) are given in Table 5.1-1. The identification of crystal phases in iron oxide 

nanoparticles synthesised will base on these reference data. The characteristic values of all samples 

can be found in Appendix Ill. 

Table 5.1-1 Standard XRD peaks for different forms of Iron oxide. 

Magnetite (Fe304) Hematite [a%031 
D spsdnw Inbrdty 

- ----- 
ýý 

-- ---- 
Inbnlty 

2.532 999* 2.700 100 

1.484 367 2.519 70 

2.969 293 1.694 45 

1.616 277 1.840 40 

2.099 202 3.684 30 

Maghemlte [y-Fe203] 
Dipsdft Intensity --- -- pwmeft 

--- - 
ýýr 

2.517 100 2.51 100 

2.953 35 L47 40 

1.475 34 2.95 30 

1.607 24 1.60 20 

2.088 16 2.08 15 

Cow. t.. )r. 0 20001cPDS4ne. m. öonal C. nne for DlHnotlon Data Al r4>b r... rv. d. 
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5.1.1 Preparation by precipitation method 
The investigation of reaction parameters including different starting materials, ripening temperature 

and ripening time were carried out in the synthesis via the precipitation method. Since the reaction in 

the precipitation method is the same as what occurred in the water pool of microemulsions, it was 

thought the results from this part of work would give a good indication for the synthesis of iron oxide 

nanoparticles via w/o microemulsion system. 

5.1.1.1 Studies on different molar ratio of [Fe]" to [Fe]" in starting materials 

Figure 5.1-1 shows the X-ray diffractograms of iron oxides prepared from different starting materials, 

i. e. iron salt solutions, with different molar ratio of ferric ions to ferrous ions. The reaction with pure 

ferric ion solution produced an amorphous product IFigure 5.1-1 111 and the similar amorphous pattern 
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10 
"Omft&&9 

15 20 25 30 50 55 60 65 35 40 45 

2 Theta (Degree) 

Figure 5.1-1 X-Ray diffractogram of iron oxide samples prepared from different starting materials 
with different ratio of [Fe]" to [Fe). Temperature was 25'C. 

JA). [Fe]r, (B). [Fe]": [Fe]r=1: 9, IC]. [Fe]3+: (Fe]2+=1: 2, ID]. [Fe]3+: [Fe]2+=1: 1, 

(E]. (Fe]": [Fe]x'=2: 1, [F]. (Fe]3' : [Fe]r=3: 2, (G)" [Fe)": [Fe]r=9: 1, N. (Fel3' 

70 

was observed in the sample prepared from the starting material with the molar ratio of 9: 1 (Figure 5.1-1 

G). The characteristic peaks were clearly observed until the content of ferrous ion [Fe]3' reached to 

60% (3: 2). The intensity of the main characteristic peak (311) increased and became sharper with the 

increase of the concentration of ferrous ions [Fe]2+ in the starting iron salt solution. All the recognised 

iron oxide samples were identified as magnetite. 

5.1.1.2 Studies on ripening temperature 

Figure 5.1-2 shows the X-ray diffractograms of the iron oxide samples prepared at different ripening 

temperatures for 2 hours. It was found that all samples showed similar XRD patterns. However, with 
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an increase of ripening temperature from 25°C to 90°C, the intensity of the main characteristic peak 

(311) of samples increased. There was no phase transition observed in samples prepared at different 

temperatures, varied from 25°C to 90°C for 2 hours. The samples were all identified as magnetite. 

10 1S 20 26 30 36 40 45 

2 Theta (Dogma) 

60 55 eo S5 70 

Figure 5.1-2 X-Ray diffractogram of iron oxide samples prepared in different ripening temperatures for 2 hours. 

[A]. 25'C, [B]. 40'C, [C]. 60'C. [D]. 90'C 

TEM micrographs of iron oxide nanoparticles prepared by precipitation at different temperatures (i. e. 

25°C and 90°C), and their diffraction patterns are shown in Figure 5.1-3. The size of nanoparticles in 

different samples was all about 20 nm. The increase of the ripening temperature from 25°C to 90°C 

did not result in the significant difference of size and shape of iron oxide nanoparticles produced. 
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[AJ. 1ý c 

[Bj. 90"C 

(A. DFJ 

[B. DF] 

Figure 5.1-3 TEM micrographs of iron oxide nanoparticles and their diffraction patterns prepared via precipitation method 
at different temperatures. 
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However, the crystallinity observed from the diffraction pattern of iron oxide prepared at the high 

temperature, 90°C [Figure 5.1-3 B. DF] seemed stronger than the crystallinity of the sample prepared at 

the low temperature, 25°C (Figure 5.1-2 A. DF]. 

5.1.1.3 Studies on ripening time 

The iron oxide nanoparticles were prepared for different ripening times varied from 2 hours, 12 hours 

to 24 hours, with three different ripening temperatures, 25°C, 60°C and 90°C, to carry out the 

preparation of samples. 

10 Is 20 26 30 35 40 45 

2 Theta (Degree) 

50 55 60 .5 

Figure 5.1-4 X-Ray diffractogram of iron oxide samples prepared in different ripening times at 25'C. 

[A]. 2 hours, [B]. 12 hours, [C]. 24 hours 

70 

Figure 5.1-4 shows the X-ray diffractogram of iron oxide samples prepared at 25°C with different 

ripening times. The iron oxide samples were all identified as magnetite. There was no phase transition 

observed with the increased ripening time. However, the slightly increased intensity of main 

characteristic peak (311) observed in X-ray diffractograms indicated the increase of crystallinity of iron 

oxide nanoparticles prepared with the increase of the ripening time. 
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The X-ray diffractograms of the iron oxide synthesised at 60°C, shown in Figure 5.1-5, also show an 

increase of the intensity of main characteristic peak (311) with the increase of ripening time. The iron 

oxide samples were identified as magnetite after being ripened at 60°C for 2 hours and 12 hours 

respectively. There was a phase transition from magnetite to maghemite observed when the ripening 

time was 24 hours. 

10 Is 20 25 30 35 40 45 
2 Theta (Degree) 

60 55 so 65 

Figure 5.1-5 X-Ray diffractogram of iron oxide samples prepared in different ripening times at 60'C 

[A]. 2 hours, [B]. 12 hours, [C]. 24 hours 

70 

As mentioned above, magnetite iron oxide nanoparticles were synthesised by the precipitation 

method at 90°C with 2-hour ripening. When the ripening time was increased to 12 hours, 

magnetite transformed into maghemite. There was no further phase transition observed, when the 

time was progressively increased to 24 hours. Additionally, the increase of the intensity of the 

main characteristic peak (311) of the samples was also observed with the increase of ripening time 

1Figure 5.1-61. 
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Figure 5.1-6 X-Ray diffractogram of iron oxide samples prepared in different ripening times at 90'C 

[A]. 24 hours, [ß]. 12 hours, [C]. 2 hours 

70 

To summarise, magnetite nanoparticles were prepared by the precipitation method at 25°C, when the 

ripening time ranged from 2 hours to 24 hours. A phase transition from magnetite to maghemite took 

place when the iron oxide was prepared at 60°C, with the ripening time up to 24 hours. With the 

synthesis of iron oxide nanoparticles by precipitation at 90°C, such transition appeared after 12-hour 

ripening. 

5.1.2 Preparation by w/o microemulsion 

Igepal CO-520/cyclohexane was selected as the w/o microemulsion system to prepare iron oxide 

nanoparticles at room temperature (-25°C). Brij 97/cyclohexane was selected to form another w/o 

microemulsion system to synthesis iron oxide nanoparticles at 60°C. The latter was mainly employed 

for the microemulsion polymerisation and the synthesis of the iron oxide/polymer nanocomposites. 

. 
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5.1.2.1 Phase diagrams of two employed W/O microemulsion systems 

Aqueous Phase 
0.00-1.0 

Water-in-oil Microemulsion 

Figure 5.1-7 Phase diagram of w/o microemulsion system: Igepal CO-520/cyclohexane/aqueous phase at 25°C. 

Aqueous Phase 
0.00-1.0 

Water-in-oil Microemulsion 

Brij 97 

Figure 5.1-8 Phase diagram of w/o microemulsion system. Brij 97/cyclohexane/aqueous phase at 60°C. 
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[A]. Igepal C()-L)20jcyclohexane, 2b C (aUFj 

jBj. Brij 97/cyclohexane, 60"C [B. DF] 

Figure 5.1-9 TEM micrographs of iron oxide nanoparticles prepared via different w/o microemulsion system at different 
temperatures and their diffraction patterns. 
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The phase diagrams of w/o microemulsion systems: Igepal CO-520/cyclhexane and Brij 97 

/cyclohexane are shown in Figure 5.1-7 and 5.1-8, respectively. The ratchet area marks the ratio of each 

component in the microemulsion systems and no microemulsion was formed with the component ratio 

at the points beyond this area. 

Figure 5.1-9 shows the TEM micrographs of iron oxide nanoparticles prepared at different temperatures 

via the above two w/o microemulsion systems. The synthesis of iron oxide in Igepal CO- 

520/cyclohexane system was carried out at 25°C, while the Brij 97/cyclohexane system was carried 

out at 60°C. The size of iron oxide nanoparticles produced was around 5 nm. The iron oxide 

nanoparticles prepared from microemulsion had the smaller dimension and narrower size-distribution 

than the sample prepared by precipitation. Moreover, the latter were more aggregated. The diffraction 

patterns shows that the sample prepared at 60°C lFggure 5.1-9 B. DFI, exhibited better crystallinity than 

the sample prepared at 25°C (Figure 5.1-9 A. DFI. The X-Ray diffractograms of iron oxide nanoparticles 

prepared via Igepal CO-520/cyclohexane at 25°C and Brij 97/cyclohexane at 60°C respectively are 

shown in Figure 5.1-10. The main characteristic peak (311) was still observed from both samples. 

10 1S 20 25 30 35 40 45 

2 Theta (Degree) 
60 55 so 65 70 

Figure 5.1-10 X-Ray diffractogram of iron oxide Samples prepared via different w/o microemulsion system at different 
temperatures. [A]. Igepal CO-520/Cyclohexane, 25"C, (B]. Bry 97/Cydohexane, 60'C. 
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[Al. 1% 

[C]. 8% 

[B]. 2% 

iuj. 1i, 

Figure 5.1-11 TEM Micrographs of iron oxide nanoparticles prepared via different w/o microemulsion system with different 
loading of aqueous phase. 

I08 



ýZ1 
PREPARATION OF IRON OXIDE NANOPARTICLES 

®2006 MIAN LIN. IVTME. LOUGHBOROUGH UNIVERSITY 

5.1.2.2 Studies on different loading of aqueous phase 

Iron oxide nanoparticles were synthesised in the w/o microemulsion system (Igepal CO- 

520/cyclohexane) with different loading of aqueous phase. The loading amount was varied from 1%, 

2%, 6%, 8% to 10%. The TEM micrograph of 6% sample has been shown in Figure 5.1-9 A and others 

are shown in Figure SA-It. Comparing the micrographs, it was found that the iron oxide nanoparticles 

produced with 10% and 8% were bigger than samples prepared with 2% and I %. As shown above, the 

size of nanoparticles with 6% was around 5 nm. The size of particles with 10% (Figure 5.1-11 1)1 and 8% 

IFigure 5.1-11 CI looked bigger than that and the size of 2% iron oxide particles in Figure 5.1-11 B was 

less than 5 nm, especially the particles shown in Figure 5.1-I 1 A, obviously about I nm. 

JA_DFf. .2A, (ö. Uf J. lU'i, 

Figure 5.1-12 TEM Micrographs of diffraction patterns of iron oxide nanoparticles prepared via different w/o microemuision 
system with different loading of aqueous phase. 

f fence, the size of iron oxide nanoparticles slightly increased with the increase of aqueous phase 

loading of the Igepal CO-520/cyclhexane microcmulsion system. The micrographs of diffraction 

patterns of iron oxide samples prepared with different loading are shown in Figure 5. I-12. The 

109, 



\rJ 

w 
PREPARATION OE IRON OXIDE NANOPARTICI ES 

92006 MIAN LIN. IPTME. LOUGHBOROUGH UNIVERSITY 

crystallinity of 10% sample looked better than 2%, which indicated the loading of aqueous phase in 

microemulsion could also affect the crystallinity of iron oxide nanoparticles prepared. 

5.1.3 Studies on post-heat treatment 

In order to investigate the crystallinity of the iron oxide nanoparticles, the samples prepared in 

experiments were heat-treated by either hydrothermal process or calcinations. 

5.1.3.1 Hydrothermal process 

  Studies on different aging temperature 

lAl [aDF) 

Figure 5.1-13 TEM micrographs of diffraction pattern of iron oxide nanoparticles prepared by precipitation at 25°C 

The investigation of different aging temperatures in hydrothermal process was carried out fir the iron 

oxide nanoparticles prepared by precipitation. The initial particle size before the hydrothermal 

7/0. 
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Figure 5.1-14 TEM micrographs of iron oxide nanoparticles prepared by precipitation after hydrothermal at different 
temperatures for 12 hours, accompanied with their diffraction patterns. 
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process was about 5-20 nm [Figure 5.1-13 A]. The TEM micrograph of the diffraction pattern of these 

iron oxide nanoparticles is shown in Figure 5.1-13 A. DF. 

The iron oxide samples prepared by precipitation underwent hydrothermal treatment at different 

temperatures, ranged from 120°C to 200°C. The TEM micrographs of samples treated at 120°C and 

200°C are shown in Figure 5.1-14 A, B respectively. The growth of the particle size after hydrothermal 

process can be clearly observed. The average particle size of 120°C sample Figure 5.1-14 Al was about 

20-30 nm. When the aging temperature was increased to 200°C, the size of iron oxide 

10 Is 20 25 30 35 40 45 

2 Theta (Oayraa) 

60 65 60 es 70 

Figure 5.1.15 X-Ray diffractogram of iron oxide nanoparticles prepared by precipitation after hydrothermal at different 
temperatures. 

[a]. 120°C, [B]. 140'C, [C]. 160T, [o]. 200'C 

. 
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nanoparticles ranged from 20-180 nm (Figure 5.1-14 Bl. The TEM micrographs of the diffraction 

patterns (Figure 5.1-14 A. DF, B. DFI showed that the crystallinity of iron oxide treated-samples increased 

with the increase of aging temperature. 

The X-ray diffractograms of iron oxide samples prepared by precipitation followed by hydrothermal 

process at different aging temperatures are shown in Figure 5.1-15. The most remarkable change of iron 

oxide samples with hydrothermal temperature was the phase transition. They were identified as 

magnetite when prepared at 25°C and transformed into maghemite when treated by the hydrothermal 

process at 120°C for 12 hours. Hematite phases were clearly observed when the aging temperature was 

200°C. 

The investigation of aging temperature in hydrothermal process was also carried out for the iron oxide 

samples prepared via the w/o microemulsion system. The original particle size was around 5 nm 

lFigure 5.1-9 A]. After the hydrothermal at 120°C for 12 hours, the iron oxide nanoparticles grew up 

with the size about 10-20 nm [Figure 5.1-16 A]. When the aging temperature was increased to 200°C, the 

size of iron oxide samples was increased into about 60 nm accompanied with narrow size distribution 

lFigure 5.1-16 B]. At the same time, the crystallinity was improved with the increase of hydrothermal 

temperature [Figure 5.1-16 A. DF, B. DF]. 

Figure 5.1-17 shows the diffractograms of iron oxide samples prepared by w/o microemulsion system 

followed by hydrothermal at different aging temperatures. The samples were identified as magnetite as 

prepared at 25°C. A phase transition from magnetite to maghemite happened after the hydrothermal at 

120°C for 12 hours. A further transition from maghemite to hematite was observed when the aging 

temperature was increased to 140°C, which was lower than the transition temperature of the iron oxide 

samples prepared by precipitation. 

. 
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Figure 5.1-16 TEM micrographs of iron oxide nanoparticles prepared by W/O miCroemulsion after hydrothermal at different 
temperatures for 12 hours, accompanied with their diffraction patterns 

114. 



m 
PREPARATION OF IRON OXIDE NANOPARTICLES 

02006 MIAN LIN. IFTME. LOUGHBOROUGH UNIVERSITY 

10 ta 20 25 30 35 40 45 
2 Theta (Degree) 

so 55 

400    ; 214 

eo 
ý 

as 70 

Figure 5.1-17 X-Ray diffractogram of iron oxide nanoparticles prepared via w/o microemulsion system after hydrothermal at 
120°C with different temperatures. 

[A]. 120'C, [B]. 140°C, [C]. 160'C, [D]. 200'C 

  Studies on different acing time 

With the iron oxide nanoparticles prepared by precipitation, no phase transition was observed with the 

hydrothermal temperature at 120°C, so further studies of different aging time were carried out. As 

shown in Figure 5.1-18, the size of nanoparticles increased with the increase of aging time, from 2 hours 

to 96 hours. The original size of the samples before the treatment was 5-20 nm [Figure 5.1-131. The 

average size of nanoparticles increased to 20 nm [Figure 5.1-18 Al after the hydrothermal process at 

120°C for 2 hours. The particles continuously grew from an average size of 20 nm to 30 nm IFigure 5.1- 

18 Dl as the aging time was increased progressively to 96 hours. At the same time, the mono-dispersity 

of the particles seemed to improve as well. The TEM micrographs of diffraction patterns of these post- 

. 
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Figure 5.1-18 TEM micrographs of iron oxide nanoparticles prepared by precipitation after hydrothermal process at 120°C with 
different aging times. 
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Figure 5.1-19 TEM micrographs of diffraction pattern of iron oxide nanoparticles prepared by precipitation after hydrothermal 
process at 120°C with different aging times. 
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treated iron oxide nanoparticles shows that the increase of aging time in hydrothermal process 

increased the crystallinity of iron oxide nanoparticles produced. 

  311 

10 15 20 25 30 35 40 45 

2 Theta (Degree) 
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Figure 5.1-20 XRD diffractogram of iron oxide samples prepared by precipitation after hydrothermal at 120°C with different 
aging times. 

[A]. 2 Hours, [B]. 12 Hours, [C]. 24 Hours, [D]. 96 Hours 

The increase of crystallisation intensity with the increase of aging time in the hydrothermal process 

was also observed in the diffractogram of these iron oxide samples prepared by precipitation, post- 

treated by the hydrothermal process at 120°C, shown in Figure 5.1-20. With the aging time increased 

from 2 hours to 96 hours, the intensity of the main characteristic peak (311) also increased; there was 

no phase transition observed. Iron oxide samples were identified as maghemite after the hydrothermal 

process at 120°C with the aging time from 2 hours to 96 hours. 
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Figure 5.1-21 X-Ray diffractogram of iron oxide samples prepared by precipitation at different calcination temperatures: 

[A]. 140'C, [B]. 200'C, [C]. 250'C, [D]. 300'C. [E]. 400'C, [9.450'C. [G). 500'C 

. 119. 
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5.1.3.2 Calcination 

  Studies on different calcination temperature 

The iron oxide samples prepared by precipitation at 25°C, were calcined at different temperatures 

ranged from 140°C to 500°C for 2 hours. The diffractograms of these samples are shown in Figure 5.1- 

21. The original iron oxide sample prepared by precipitation, was identified as magnetite. There was 

no phase transition observed with a calcination temperature of 200°C. The iron oxide samples 

transformed from magnetite into maghemite with the calcination at 250°C. For calcination temperature 

of 250°C to 400°C, samples were all identified as maghemite. Hematite phase was observed when the 

calcination temperature was above 450°. 

" Studies on different starting materials in Preparation of iron oxide via precipitation 

The calcination treatment was also carried out at 300°C for 2 hours on iron oxide samples prepared by 

precipitation, with different starting materials, (i. e. different molar ratio of ferric ion to ferrous ion in 

iron salt solution). Whatever the starting materials was, the products prepared by precipitation at 25°C 

were all identified as magnetite. 

After calcination at 300°C, the samples prepared from [Fe]2+ transformed into maghemite. The 

maghemite phase was also observed from the sample prepared from the iron salt solution with the 

molar ratio of [Fe]3+ to [Fe]2+ as 2: 1. The iron oxide particles prepared from the ratio as 1: 2 

transformed into hematite after calcinations at 300°C for 2 hours. The sample prepared from the 

starting materials with the ratio as 1: 1 did not undergo any phase transition during the calcination, i. e. 

the final products were still magnetite. 

As mentioned in . 5.1.1.1, the sample prepared from pure ferric ion showed an amorphous XRD 

pattern. However, after 300°C calcination, it transformed into hematite and the characteristic peaks 

could be clearly identified. The X-ray diffractograms of these samples are shown in Figure 5.1-22. 

. 120. 
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Figure 5.1-22 XRD diffractogram of iron oxide samples prepared by precipitation with different starting materials calcined at 
300'C for 2 hours. 

A. [Fef', B. (Fe(": (FeJ2'=1: 2, C. [Fe)s': [Fer=1: 1, D. (Fej": (Fer=2: 1, E. [Fe]'' 
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5.1.4 Magnetism characterisation 
Magnetic characterisation of the microemulsion-derived iron oxide nanoparticics was carried out using 

a SQUID (Quantum design) magnetometer. Hysteresis measurements were made with a field scan of 

+5.5 kOe. Representative room temperature (300K) and 5K data fir the sample prepared via w/o 

microemulsion is shown in Figure 5.1-23. 
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Figure 5.1-23 Magnetisation curve for iron oxide nanoparticles prepared via w/o microemulsion at different temperatures. 

The figure on the left shows the full hysteresis curve between fields of -5.5 to + 5.5 kOe. The figures 

on the right show details of the low field region of 300K and 5K data respectively. For this collection 

of iron oxide nanoparticles with an equivalent spherical diameter of 5 11111, the specific saturation 

magnetisation obtained at 5K, (r, - 45 emu /g and the coercive field is //, = 4000c ; at 300K, 

a, = 35 emulg and ff = 200e 
. Figure 5.1-24 shows the temperature dependence of the saturation 

magnetisation below room temperature. The saturation magnetisation decreased smoothly with 

increasing temperature. The transition temperature is well above 350K, the maximum temperature 

employed in this experiments. 
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Figure 5.1-24 Field-cooled effect of the temperature variation of magnetisation measured at 1 kOe for iron oxide nanoparticles 
prepared via the w/o microemulsion. 

The magnetic measurement for the larger iron oxide nanoparticles (5-20 nm) prepared by precipitation, 

was also made with a field scan of ±5.5 kOe lFigure 5.1-251. Again, the figures on the right show details 

of' the low field region of 300K and 5K data respectively. The specific saturation magnetisation 

obtained at 5K, or, = 87 emu /K and the coercive field is H,. = 7200e , at 300K, rr, - 78 emu /g and 

H= 2500e. 
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Figure 5.1-25 Magnetisation curve for iron oxide nanoparticles prepared by precipitation at different temperatures. 
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5.2 DISCUSSIONS 

Nano-sized iron oxide particles were synthesised by precipitation methods and w/o microemulsion 

systems (Igepal CO-520/cyclohexane, Brij 97/cyclohexane). The samples prepared by two different 

methods exhibited the different morphologies and the different activities under the same heat- 

treatment conditions. 

5.2.1 Investigation of reaction parameters by precipitation 
The precipitation method was applied to prepare iron oxide nanoparticles, mainly because the reaction 

is the same as the reaction taking place in water pools in microemulsions. Compared to microemulsion 

synthesis, precipitation is simple and economical for characterisations. Therefore a large number of 

synthesis experiments were carried out using the precipitation method, in order to find out the effects 

of reaction parameters, such as the starting materials, ripening temperature and ripening time on the 

properties of iron oxide nanoparticles prepared. The basic reactions preparing iron oxide samples are 

as follows: 

Fe 2+ +OH- -ý Fe(OH)2 "ý-> Fe(OH)2 ý +Fe(OH)3 
=Fe(OH)2 ý +Fe(OH)3 

Fe3+ +OH- --ý Fe (OH)3 ý 

4 
Fe, 

rOy " nN2O 

(5-I) 

As shown in Equation 5-1, iron hydroxide is firstly precipitated from aqueous iron salt solutions then 

dehydrates into iron oxide. Although the precipitate is written as Fe,, Oy-nH2O, FeO(OH) might be a 

component sometimes 11141 As the different degree of oxidation, the final product is probably a 

. 
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mixture of different iron oxides. For example, if the oxidising potential is insufficient to form higher 

oxidation products as hematite (a-Fe203) or maghemite (y-Fe203), the reaction will produce magnetite 

(Fe304) which is a mixed oxide, Fee+Fe3+O4. 

5.2.1.1 Effect of different starting materials 

The effect of different starting materials on iron oxide nanoparticles was investigated through the 

different ratio of ferric ion [Fe]3+ to ferrous ion [Fe]2+ in starting iron salt solution. With the increase of 

the percentage of [Fe]3+ in starting materials, the crystallinity of iron oxide samples synthesised was 

found to be depressed and the intensity of the major characteristic peak (311) decreased. 

The mechanism existed in the reaction including [Fe]3+ is different from the reaction without [Fe]3+ 

One of the most conspicuous features of [Fe]3+ in the aqueous solution is its tendency to hydrolyse 

forming complexes such as the hydrated ion [Fe (H20)6]3+ Even at pH 2-3, the extent of hydrolysis is 

11141 significant , governed in its initial stages by the following equilibrium equations: 

[Fe(H2O)6 ]3+ = [Fe(H2O)s (OH)]2+ + H+ 

[Fe(H2O)s (OH)]2+ = [Fe(H20)4(OH)21++ H+ 

2[Fe(H2O)6 ]s+ 
= [Fe(H2O)4 (OH)2 Fe(H2O)4 1 4+ + 2H+ 

(5-2) 

(5-3) 

(5-4) 

At pH 4-5 the hydroxide species forms a dimer 1191: 

H 

2[Fe(H20)5 "OH]2+ -). 

H 

O 

(HZO)4 " Fe Fe " (H20)4 

0 

4+ 

J (5-5) 

. 12S. 
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The formation of the dimer above, with two OH groups, has been accepted for a long time. However, 

following the work of Knudsen 11801, a linear Fe-O-Fe bridge seems more likely to be formed in the 

structure. As the pH is increased above 2-3, more highly condensed species than the di-nuclear one are 

formed, attainment of equilibrium becomes sluggish, and so colloidal gels are formed; ultimately, 

11141 hydrous ferric oxide is precipitated out as a red-brown gelatinous mass 

According to the work of Matijevionc et al. 151, in addition to amorphous ferric hydroxides generated, 

the hydrous oxides also tend to crystallise either into a-FeOOH or into a-Fe203, depending on the 

ripening temperature. In this part of work, the reaction/ripening temperature employed was just 25°C, 

with 2-hour ripening. It seemed the temperature (25°C) was too low for ferric hydrous oxides to be 

transformed into the crystallised phase, therefore the sample prepared from pure ferric ion solution did 

not show any characteristic peaks in its X-Ray diffractogram. 

If changing the percentage of ferric ion in starting materials, the content of amorphous hydroxide in 

final product would be changed. So, the presence of amorphous hydroxide might introduce a 

disturbance into the diffractogram of the whole sample. Hence, it was observed that the crystallinity of 

the iron oxide samples prepared by precipitation at 25°C, was improved with the decrease of the ferric 

ion content in the starting iron salt solution. However, the ripening time and temperature also played 

an important role in phase transition. Since the reactions were all carried out at 25°C for 2 hours, 

different starting materials did not result in any different phases in the iron oxide nanoparticles 

prepared by precipitation. Whatever starting materials were used, the final products were all magnetite. 

5.2.1.2 Effect of ripening temperature 

The formation of crystals is based on producing a super-saturated solution. There are different stages 

of the precipitation in solutions. Since each of the crystallisation stages is governed by several factors, 

the kinetics of the whole process is a function of these variables. 

Generally, the time dependence of the concentration of the crystallising substance can be illustrated as 

. 126. 
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Figure 5.2-111811. There are three stages involved: nucleation (ab), growth (bc) and re-crystallisation (cd). 

The concentration of the solution during the nucleation period remains practically constant. During 

period be (a time interval tic ib) the growth of crystals takes place. Finally, the third part of the curve, 

denoted by cd, represents slow re-crystallisation. 

C 

a 

Tb Ts 

dC 

dT 

T TI 

Figure 5.2-1 Dependence of the concentration of 
the crystallising substance on time. 

Figure 5.2-2 Dependence of the crystallisation 
rate on time: 

[1]. at relatively high super-saturation; 
[2]. at low super-saturation. 

The duration of the nucleation period depends on the degree of super-saturation of a solution, the 

nature of the solute and the solvent, the vigour of stirring the solution, the presence of impurities 11821 

Within the second period (b-c), the crystallisation rate may vary with the degree of super-saturation. 

Figure 5.2-2 shows two types of curves which represent the dependence of the crystallisation rate on 

time. At low super-saturations the curve has a plateau where the crystallisation rate reaches its 

maximum value. At high super-saturations the rate has a maximum. When there is no residual super- 

saturation, the final stage of re-crystallisation of the precipitate takes place, which includes dissolution 

and crystallisation. Re-crystallisation of precipitates in saturated solutions, takes place due to the 

dynamic nature of the equilibrium between the liquid and solid phases 11521. The dissolution or re- 

deposition of crystals in saturated solution introduces a variable concentration layer near the surfaces 

of such crystals. Then diffusion of matter in solution will be promoted by the presence of such 

concentration gradient. Increasing the temperature will affect Brownian movement in solution and 
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consequently affect the rate of diffusion. According to the observation by Belopol'skii and Margolis 11831 

when the temperature is increased, not only does the crystallisation rate increase, but the value of v. _,,, 

(i. e. the maximum crystallisation rate), increases as well, and the time needed to reach this value 

decreased. Therefore, the particles grow up during bc; grow larger and homogenous during cd. The 

increase of temperature will reduce the duration of re-crystallisation period. The extent of super- 

saturation of the solution could affect the growth of particle size before the stage cd. 

In our experiment, since the precipitation took place rapidly in 1-2 minutes after the addition of 

ammonia hydroxide, the first two stages of the crystallisation, (i. e. nucleation and growth), might be 

finished before the ripening treatment, and consequently the influence of ripening time and 

temperature on the crystallinity of the particles would be mainly controlled by the re-crystallisation 

stage. If the ripening time was restricted as 2 hours, the higher temperature applied could result in the 

further extent of re-crystallisation. 

Hence, the increase of crystallinity of iron oxide nanoparticles with the increase of reaction/ripening 

temperature varied from 25°C to 90°C, was observed by the sharpening of the diffraction peaks. 

Although, there was no much difference in the particle size (-20 nm) observed in the TEM 

micrographs when being prepared with the different temperatures, the peak broadening of X-ray 

diffraction can be used to estimate the crystallite size in a direction perpendicular to the 

crystallographic plane, based on Scherrer's formula as follows 11841: 

Xs= 0.9A l(FWHM * cos 0) (5-6) 

where X, is the crystallite size (nm); ? the wavelength of monochromatic X-ray beam (nm) 

(X=0.15406nm for CuKa radiation); FWHM the full width at half maximum for the diffraction peak 

under consideration (rad); and (°). The diffraction peak at 20 = 35.4° (311) was chosen for calculation 

of the crystallite size since it is sharper. The calculated Xs for the iron oxide nanoparticles synthesised 

at different temperatures based on this diffraction peak using Scherrer's formula, are listed in Table 5.2-1. 

. 
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Table 5.2-1 Effect of ripening temperature on the crystallite size and phase transition of Iron oxide nanoparticies. 

Ripening temperature Crystallite size Xs [nm] 

25'C 

40'C 

60'C 

90'C 

10.0 

12.5 

V. 7 

25.0 

Identification 

Magnetite 

Magnetite 

Magnetite 

Magnetite 

As shown in Table 5.2-1, the crystallite size increased with the increase of reaction/ripening temperature 

and the reaction at 90°C for 2 hours was insufficient with respect to oxidising potential to produce 

maghemite. 

The reason for not increasing the reaction/ripening temperature any higher was in consideration in 

considering of the effect of such temperatures on the stability of a microemulsion system. The main 

purpose of using the precipitation method in the preparation of iron oxide nanoparticles, was to study 

the basic reaction parameters and make comparison between it and the microemulsion method, i. e. 

comparison of the traditional vs. novel. Therefore the reaction conditions for the precipitation method 

were restricted to these which could be applicable in the synthesis via a w/o microemulsion. 

5.2.1.6 Effect of ripening time 

The preparation of iron oxide nanoparticles was also investigated with different ripening times. Since 

by having the same starting materials and reaction conditions, but with the exception of the ripening 

time, the same kinetics in first two stages of crystallisation would be expected. The possible difference 

in the crystallisation at different ripening time was mainly attributed to the third stage, re- 

crystallisation. 

The increase of crystallinity with the increase of the ripening time, was observed clearly from the 

sharpening and increased intensity of the diffraction peaks of the iron oxide samples. The phase 

transition from magnetite to maghemite, (i. e. higher oxidation status), appeared when the sample was 

prepared/ripened at 60°C followed by 24-hour aging, or prepared/ripened at 90°C with 12-hour aging. 
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It was found that the temperature seems a more determinative factor in terms of the phase transition, 

than the ripening time, i. e. it took the sample less time at higher temperature ripening (90°C) to 

complete the phase transition than at lower temperature ripening (60°C). 

The tendency for a phase transition to overcome the energy required and reach equilibrium is driven 

by the Gibb's free energy, G. The Gibb's free energy comes from the enthalpy, H and entropy, S of 

reaction in the system, and OG has been defined in terms of enthalpy and entropy changes, OH and AS, 

and temperature T as: 

EG=LH-TES (5-7) 

From Equation 5-7, if AG is positive, the forward transition is blocked while the reverse transition is 

spontaneous; when AG is negative, the forward transition is promoted. Gibb's free energy, enthalpy, 

and entropy are state functions in thermodynamics and they are all the function of temperature. In 

considering the phase transition, increasing the temperature can result in the increase of entropy 

against the enthalpy of transition and consequently the decrease of AG, which would push the phase 

transition forward. Certainly, it takes time for the system to reach the new thermodynamic equilibrium 

driven by the Gibb's free energy. That is why we found in these experiments that, the increase of 

ripening time sometimes could result in a phase transition, for example, increasing the time of 60°C- 

ripening from 12 hours to 24 hours lead to the phase transition from magnetite to maghemite. If the 

temperature is too low, then the enthalpy of transition AH cannot be overcome, which would lead to a 

positive value of AG for the system. In this case, no phase transition will be observed. Therefore, when 

the temperature was as low as 25°C, there was no phase transition even with the ripening time 

increased from 2 hours to 24 hours 

Table 5.2-2 Effect of reaction/ripening time on the crystallite size and phase transition of Iron oxide nanoparticles. 

Ripening time (h) 

2 

12 

24 

Crystallite size Xs (nmj Identification 

25'C 60'C 90"C 25"C 60'C 901C 

10.0 17.7 25.0 Magnetite Magnetite Magnetite 

11.4 19.6 15.3 Magnetite Magnetite Maghemite 

13.9 14.1 18.6 Magnetite Maghemite Maghemite 
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The crystallite sizes calculated from Equation 5-7 as a function of ripening time are given in Table 5.2-2. 

The crystallite size generally increased with an increase of ripening time. The shaded size values refer 

to the different phase as maghemite. The crystalline behaviour as a function of ripening time can be 

explained by the mechanism of crystal growth in solution. Generally, re-crystallisation produced larger 

crystals because small particles were dissolved and re-deposited on the surfaces of larger crystals. This 

process of particle coarsening was called "Ostwald ripening" So increasing the ripening time 

could result in the growth of crystals. 

5.2.2 Synthesis of nano-magnets via w/o microemulsions 
Igepal CO-520/cyclohexane and Brij 97/cyclohexane were selected to form two different w/o 

microemulsion systems for the synthesis of iron oxide nanoparticles. The latter was mainly employed 

for higher temperature (60°C) reactions. According to the research of Santra et al. 1231, although there 

was no major difference in particle morphology observed by using strong base or mild base, the total 

ionic strength of the water pool increased in the presence of a large amount of strong base, which will 

have introduced instability of the microemulsion system 1231. That is one of the reasons why a mild 

base, NH3"H2O, was chosen to prepare iron oxide rather than other alkaline-based hydroxides. The 

other reason is the nature of the by-product formed, NII4CI, which could be simply removed by 

washing with de-ionised water. 

Regarding the application in synthesis, w/o microemulsion systems are featured by the water pools, 

which are spherical in shape. The surfactant molecules constructing a wall surround these nano-sized 

water-droplets. These walls act as cages for the growing particles and thereby reduce the average size 

of the particles during the collision and aggregation. That is why the microemulsion method has 

become a powerful tool to produce sub-micro particles, especially nanoparticles, in recent years. 

As shown in Figure 5.2-3, the reaction was initiated by adding of the ammonia solution into the 

microemulsion system; after the second aqueous phase, NH3"H20 passing through the surfactant wall, 
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reagents rapidly mixed followed by a precipitation reaction. 

NH3"H2O 

Microemulsion 
Surfactant / Oil / Iron solution (Fe2+/ 

Fe3+) 

Lý 
y 

R 
W, 

The molecules of second 
reagent passing through 
surfactants wall 

9 
ýýý r 

Reaction starts 

0 

r Lýý 
ý t. ý, . 0 

Drop wise addition of 
ammonium solution 
into microemulsion 

0 
-ý 

Iron oxide 
particles formed 

Nano-reactor 

Surfactants molecule 0 Iron oxide particles -º NH3"H20 Iron solutions 

Figure 5.2-3 Schematics of procedure in synthesis of iron oxide nanoparticles via w/o microemulsions 

.I he reaction in the microemulsion is the same mechanism as in the precipitation method. only one 

difference is that the reaction via w/o microemulsions, takes place in individual water pools rather than 

in a hulk phase. The advantage of the restricted environment in microemulsion is that, the iron oxide 

nanoparticles prepared from w/o microemulsion could he smaller than those by precipitation. That was 

in agreement with the results here, i. e. the size of particles prepared from microemulsion was about 5 

rim, smaller than the size of particles prepared by precipitation, i. e. 20 nni. Moreover, the latter 

showed poly-dispersity in size distribution but the l rmer were all mono-dispersed nanoparticles. 

However, the crystallinity of microemulsion-derived iron oxide nanoparticles was not as good as 

precipitation-derived samples, although the characteristic peaks (311), (440) were still identified. The 

noisy XRI) pattern of microemulsion sample is probably due both to poor crystallised materials and 

ultra small crystalline materials, where diffraction peaks cannot he well resolved. 

1.2 
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The micrographs of diffraction pattern showed that the crystallinity of microemulsion-derived iron 

oxide nanoparticles increased with the increase of reaction/ripening temperature and the increase of 

the loading of the aqueous phase. As discussed in previous section 5.2, the increase of the aqueous 

phase solubilised in microemulsion could result in the increase of the capacity of water pools, which 

means the reactor grows larger, hence there will be more space provided for the growth of particles in 

situ. Therefore, the increased particle size accompanied with the increased crystallinity could be 

expected as a result. In our experiment, the iron oxide nanoparticles grew from I nm to over 5 nm, as 

the loading of aqueous phase increased from 2% to 10%. 

5.2.3 Investigations of post-heat-treatments 
The iron oxide nanoparticles prepared via w/o microemulsion showed different size and crystallinity 

from the particles prepared by precipitation. The post-heat-treatment, including hydrothermal process 

and calcination, were employed for further investigation of the effect of heat-treatment on morphology 

and crystallinity or iron oxide nanoparticles. Especially in the studies of hydrothermal process, the 

difference between iron oxide samples prepared by different methods was amplified, which suggested 

the size-dependent properties of nanoparticles. 

5.2.3.1 Hydrothermal process 
Hydrothermal process is using aqueous solvents under high pressure and relative low temperature, 

(compared to the melting point of the material), to dissolve and re-crystallise materials which are 

relatively difficult to grow under ordinary conditions 1s'I. The high pressure and relatively high 

temperature attributed to the hydrothermal process result in rapid convection and very efficient solute 

exchange, which encourage comparatively rapid growth of larger, purer and dislocation free crystals. 

Hence, when the hydrothermal system reaches its saturated point, fine particles, e. g. iron oxide, start to 

dissolve in the solvent (i. e. de-ionised water) and form a saturated solution. This saturated solution 

then moves to the upper region due to convection currents induced by the temperature gradient. In the 

upper region the nanoparticles grow by the deposition of the material as the solubility in the upper 
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region is lower due to low temperature conditions. Thus, the gradient of temperature and solute 

concentration in whole system results in a loop current and promotes the particle growth I53I 

The discussion included the effect of hydrothermal temperature and aging time on the crystallinity of 

the iron oxide nanoparticles. However, the aging time does not affect the crystallisation rate, but is an 

11821 important factor whose change leads to different crystallisation states . 

" Effect of aeine temperature 

Different aging temperatures affect both the rates of solute of dissolving and aggregating in autoclave. 

Consequently it affects the crystallinity and morphology of the final product. From the TEM 

micrographs, it could be seen that iron oxide nanoparticles prepared by both microemulsion and 

precipitation were shown to be growing in size after hydrothermal process at different aging 

temperatures for 12 hours. The higher aging temperature could result in the larger particle size. The 

precipitation-derived particles grew from the original 5-20 nm to 20-30 nm after 120°C aging, and 

then to 20-180 nm after 200°C aging. Although, the homogeneity of particles from precipitation 

increased with the particle growth after the hydrothermal process, some huge particles (180 nm), 

appeared as well as the small ones (20 nm), when the aging temperature was 200°C. As for 

microemulsion-derived particles with the original size of 5 nm, increased to 5-10 nm after 120°C 

aging and to 60 nm after 200°C aging. Comparing with the precipitation samples, the homogeneity of 

microemulsion samples were maintained, whatever the aging temperature was. 

Since the use of a closed system increasing the hydrothermal temperature, basically leads to the 

increase of pressure inside and the super-saturation of the solution, resulting in the growth of particles. 

The difference in the temperature effect on the particle size, for samples derived from different 

methods could be explained by the mechanism of Ostwald ripening, which is based on the fact that the 

equilibrium solute concentration with a particle of radius r, increases as r decreases in agreement with 

the Thompson Freundlich equation: 

. 
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(', (r) = (' exp ,, 

R Tr 
(5-8) 

where y is the surface tension of solid-solvent and V is the molar volume of the solute molecules in 

the solid. As shown in Figure 5.2-4, when a solution comprises a distribution of particles with different 

sizes, a small particle of radius r, has a higher equilibrium solute concentration C, than a larger particle 

with radius r, > rs. A solute gradient concentration establishes in the liquid so that this solute 

undertakes a diffusion flow from the smaller towards the larger particles. This process keeps going on 

as long as the dissolution kinetics of the smaller remaining particles is significant. Due to the poly- 

dispersed size distribution in iron oxide nanoparticles prepared by precipitation method, some big 

particles might exist in the original samples accompanied with some ultra small ones. After the 

hydrothermal process, the ultra small particles were "eaten" by the bigger particles. In addition to the 

medium-sized particles growth and grow homogeneity, some big particles will grow even larger. 

I lowever, since the microemulsion-derived particles has the narrow size-distribution, so there was no 

size-variation observed in the after-hydrothermal samples. 

Precipitation 

rL 

Solid 
particle 

0 

Dissolution 

11 

. 
Diffusion of solute r. 

p 

Solution 

Figure 5.2-4 Schematics of the mechanism of Ostwald ripening 

The crystallite size calculated by Equation 5-7 and the phase transition as a Function of hydrothcrmal 

temperature, are given in Table 5.2-3. The size of crystallite also increased with the increase of aging 

temperature. Both the precipitation particles and the microentulsion particles transformed into 

/ff. 



ý 
DISCUSSIONS: Sl N THESIS OF NANO-MAGNETS 

02006 MIAN LIN. IPTME. LOUGHBOROUGH UNIVERSITY 

Table 5.2-3 Effect of hydrothermal temperature on the crystallite size and phase transition of iron oxide nanoparticles. 

Temperature 
Precipitation-derived particles 

Crystallite Size X. [nm] 

Before 10.0 

120 °C 12.0 

140°C 15.0 

160 °C 14.6 

200°C 26.9 

Identification 

Magnetite 

Maghemite 

Maghemite 

Maghemite + Hematite 

Hematite 

Microemulsion-derived particles 

Crystallite Size X. [nml Identification 

/ Magnetite 

10.4 Maghemite 

14.4 Hematite 

18.1 Hematite 

21.7 Hematite 

the complete oxidation phase, hematite, after 200°C hydrothermal process with 12 hours. Ilowevcr, 

this transition took place with microemulsion-derived particles at a lower temperature (140°C), than 

with the precipitation-derived particles, i. e. at 200°C, presumably because the particles synthesised by 

microemulsion have smaller particle sire and so larger surface area, resulting in increased chemical 

reactivity 1271. It should he mentioned that, the size-gap observed from precipitation sample was a 

temporary phenomenon. If the aging time could be prolonged, the particles would he expected grow to 

mono-size finally. 

  Effect of aging time 

'I he effect of aging time was investigated for iron oxide nanoparticles prepared by precipitation 

followed by hydrothermal process at 120°C' for different periods. Both the micrographs of diffraction 

patterns and X-ray diffractograms show an increase in crystallinity of particles, with increase of aging 

time. The intensity of the main characteristic peak (311) increased as well. 

In terms of the morphology. TIE micrographs showed that the particles grew homogeneous with 

increase of aging time. Although there was no much growth in particle size as the time varied from 2 

hour to 96 hours, the average size increased From 5 nm to 30 nm. I hence, the major clTect of increasing 

aging temperature, probably is to encourage the particles growth and the major eflcct of increasing 

aging time, probably is to render the particles into mono-size. 

13'6. 
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Table 5.2-3 Effect of hydrothermal time at 120°C on the crystallite size and phase transition of iron oxide 
nanoparticles prepared by precipitation. 

Precipitation-derived particles 
Time [Hour] 

Crystallite Size X. [nm) Identification 

Before 10.0 Magnetite 

2 8.03 Maghemite 

12 12.0 Maghemite 

24 14.5 Maghemite 

96 24.1 Maghemite 

Table 5.2-3 gives the effect of aging time on the crystallite size and phase transition of iron oxide 

nanoparticles prepared by precipitation. The increase of aging time led to the growth of crystals. The 

hydrothermal process not only affects the morphology of nanoparticles, but also, in some cases, 

encourages the oxidation of compounds by attracting oxygen into solutions. As shown in 'f'able 5.2-3, 

the nanoparticles transformed from magnetite into maghemitc after the heat-treatment, hut there was 

no further phase transition happened as the aging time varied from 2 hours to 96 hours, i. e. the 

prolonged time at 120°C aging did not change the degree of oxidation transforming ferrous ions 

completely into ferric ions. The oxidising potential was possibly insufficient as the time varied from 2 

to 96 hours. 

[A]. Original (B]. 2 hours ýý [C]. 24 hours [D]. 96 hours 

Figure 5.2-5 TEM micrographs of iron oxide nanoparticles prepared by precipitation after hydrothermal at 120"C 
with different aging times. 

I. J/. 
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Despite of the change in particle's dimension and size-distribution, the shape of iron oxide 

nanoparticles underwent a significant change as well. As shown in Figure 5.2-5, before the 

hydrothermal process, particles were spherical. After 2 hours, some rectangular particle formed. 

When aged for 24 hours, the particles were more like hexagon. Finally they turned into diamond 

shape with 96 hours. 

The shape change of crystals indicated the dependence of the growth rate on the crystallographic 

direction. There appears to be structural reasons for facilitating growth in a certain preferred direction 

1'181. When these tendencies are present, rapid growth appears to accentuate the differences between 

the preferred and other directions. It needs a relative long period to have the difference between 

growth rate in different directions to take effect. The phenomenon was observed are a rather long 

investigation time period. The same anisotropic growth could happen in the synthesis of nanoparticles 

via microemulsion. That is because the preferential surfactant adsorption restricts the side-ways 

1361 interconnection of the particles and allows a further aggregation process in an ordered fashion 

5.2.8.2 Calcination 

Calcination was applied in experiment to study the crystallinity and phase transition of iron oxide 

nanoparticles. It was found that the extent of oxidation of samples was improved with the increase of 

calcination temperature, i. e. the iron oxide transformed from magnetite to maghemite after 

calcinations at 250°C for 2 hours and to hematite after calcinations at 450°C for 2 hours. As shown in 

Table 5.2-4, the crystallite size also grew with the increase of temperature. 

As discussed at the beginning of 
5.2, different starting materials could affect the crystallinity of iron 

oxide nanoparticles prepared by precipitation at 25°C. The decrease content of [Fe]3+ in the starting 

solutions lead to the increased crystallinity of the final products. Table 5.2-5 gives the calculated 

crystallite size of iron oxide nanoparticles prepared with different starting materials, before and after 

calcination at 300°C and accompanied phase transition details. It was found that the treatment by 

calcination resulted in the growth of crystal in all the iron oxide samples. Iron oxide nanoparticles 

. 138. 
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transformed into different phases after calcination at 300°C, presumably due to the effect of the choice 

of starting materials. Although they were all identified as magnetite as prepared, except amorphous 

products from pure ferric ion, it is assumed that the content of ferric ions and ferrous ions in the solid 

would be different, which was attributed to the starting stage. As a result, the oxidising potential 

needed to accomplish the phase transition to a higher oxidation state could he perhaps different for 

individual samples. Therefore, 300°C calcination resulted in different iron oxide phases, samples 

prepared from different starting materials. 

Table 5.2-4 Effect of calcination temperature on the crystallite size and phase transition of iron oxide nanoparticles 
prepared by precipitation at 25 °C for 2 hours. 

Temperature [°C] Crystallite Size X. [nm] Identification 

Before 10.0 Magnetite 

140 10.8 Magnetite 

200 12.0 Magnetite 

250 13.6 Maghemite 

300 15.5 Maghemite 

400 19.7 Maghemite 

450 31.0 Hematite 

500 43.4 Hematite 

Table 5.2-5 Effect of 300°C calcination on the crystallite size and phase transition of iron oxide nanoparticles 
prepared by precipitation with different starting materials at 25°C. 

[Fe]'*: [Fe]s' (mol/moI] 
Crystallite size X. [nm] Identification 

Before After Before After 

[Fe]2+ 18.7 50.0 Magnetite Maghemite 

1: 2 15.4 48.7 Magnetite Hematite 

1: 1 12.5 17.7 Magnetite Magnetite 

2: 1 10.0 15.5 Magnetite Maghemite 

[Fe]3+ / 6.2 Amorphous Hematite 

L19 
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SUMMARY 

The precipitation method was employed accompanied with w/o microemulsion to investigate the 

synthesis of iron oxide nanoparticles. It was found that: different molar ratio of ferric ion to ferrous ion in 

starting iron salt solution could result in magnetite products, but having with different crystallinity. As 

the reaction/ripening was temperature varied from 25°C to 90°C, the products were all found to be 

magnetite for a 2-hour reaction. The increase of time and temperature both could introduce the phase 

transition from magnetite to maghemite. The higher temperature applied, the shorter ripening time 

needed to produce maghemite nanoparticles. 

The size of iron oxide particles obtained by the w/o microemulsion method was smaller (1-5nm) than 

that prepared by precipitation (-20nm). After the hydrothermal process, the nanoparticles from both 

methods grew larger, meanwhile the microemulsion-derived particles maintained homogeneity. The 

increase of hydrothermal temperature improved the oxidation of iron oxide samples. The transition 

temperature from maghemite to hematite of samples prepared by w/o microemulsion (140°C), was lower 

than samples by precipitation (200°C). Different calcination temperature resulted in different phase of 

iron oxide. When being calcined at 300°C, the magnetite samples prepared from different starting 

materials transformed into different iron oxide phase. 

Due to the smaller size and narrower size-distribution, microemulsion-derived iron oxide nanoparticles 

exhibited lower saturation magnetisation and coercivity compared with precipitation-derived samples. 

. /ý0. 



POLYMERISATION IN W/O MICROEMULSIONS 

6.1 PREPARATION OF POLYMER NANO-SPHERES 

The heat-initiated polymerisation of acrylamide (AM) and methacrylicacid (MAA) were carried out in 

Brij 97/cyclohexane and Triton X-114/cyclohexane w/o microemulsion systems, respectively. The 

investigation of microemulsion polymerisation included the influence of different reaction conditions, 

different concentrations of reagents (i. e. KPS, crosslinking agent, monomers), and the microemulsion- 

dependent factors (i. e. wo, surfactant concentration). 

6.1.1 Acrylamide partitioning in oil and water 
The partitioning of AM in oil and water was investigated at room temperature (25°C). As shown in 

Table 6.1-1,95.5% of AM was soluble in de-ionised water (i. e. water phase), and only 4.5% of AM was 

soluble in cyclohexane (i. e. oil phase). The solubility values indicated that, AM monomers preferred to 

"stay" in the water phase rather than in the oil phase of the w/o microemulsion system at 25°C. 

However, because of its amphiphilic property (soluble in both oil and water), most of AM monomers 

would be located near the interface of oil/water but not the core of micelles. 

Table 6.1-1 Partitioning of AM In oil and de-Ionised water at 25' C 

Solubility In cyclohexane [wt%j Solubility In de-Ionised water (wt%l 

4.5 95.5 

. 
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6.1.2 Studies on different surfactants 
According to the investigation of w/o microemulsions, the Brij 97/cyclohexane system exhibited the 

higher extent of water solubilisation and the better stability when the reaction temperature was above 

30°C, so it could be an appropriate system to undergo the AM polymerisation. In order to find out the 

suitable w/o system, it is still necessary to compare the different surfactants in terms of the 

microemulsion polymerisation of AM. As shown in Table 6.1-2, the conversion of AM polymerisation 

was affected by different surfactants. A nearly 100% conversion was obtained in Brij 97 system and 

Tween 85 system. However, the conversion of AM polymerisation in Igepal CO-520/cyclohexane 

system and Triton X-1 14/cyclohexane system were about 86.5% and 80.2%, respectively. 

Table 6.1-2 The molecular weight of PAM prepared via w/o microemuision system 

Surfactant used In system BrIJ 97 Tween 85 Igepal CO-520 Triton X114 

Conversion (%] 99.4 98.6 86.5 80.2 

Molecular weight [x105 g/mol] 4.20 3.86 3.74 2.40 

The molecular weight vs. surfactant exhibited the similar trend as conversion vs. surfactant [Table 6.1-21. 

The molecular weight of polyacrylamide (PAM) synthesised from Triton X-114/cyclohexane system 

was 2.40 x 105 g/mol, which was the lowest value compared with others. The comparably highest 

molecular weight of PAM, 4.20 x 105 g/mol, was obtained from the polymerisation via Brij 

97/cyclohexane w/o microemulsion system. 

Figure 6.1-1 shows TEM micrographs of PAM prepared via microemulsion with different surfactants. 

The spherical morphology of PAM particles was clearly observed in the sample prepared from Brij 97 

system. The size was 80-100 nm (Figure 6.1-1 Al. The morphology observed in the samples prepared 

from Tween 85/cyclohexane system and Igepal system looked more like the swelling results from 

small PAM particles [Figure 6.1-1 B, Cl. Some huge PAM spheres (> I µm) were observed in the sample 

prepared in Triton X-114/cyclohexane system [Figure 6.1-1 Dl. Hence, Brij 97/cyclohexane seemed the 

. 142. 
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Figure 6.1-1 TEM micrographs of PAM nano-spheres polymerised via different w/o microemulsion systems at 60"C for 6 hours, 
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Figure 6.1-2 Phase diagram of w/o microemulsion system Brij 97/cyclohexane/AM solution at 60°C 

better system to prepare PAM nano-spheres not only in consideration of the higher solubilisation of' 

the aqueous phase at high temperature, but also the formation of' the polymer with higher molecular 

weight and the spherical morphology. Figure 6.1-2 gives the phase diagram of' the three-component 

system with Brij 97/cyclohexane/AM aqueous solution. I he slash area marks the component ratio to 

form the w/o microemulsion system. 

6.1.3 Studies on initiator in AM polymerisation 
The effect of different initiators on AM polymerisation as investigated in two aspects: the different 

kinds of initiator and the concentration of water soluble initiator (KPS) employed in the 

microemulsion polymerisation reactions. 

"Fahle 6.1-3 listed all the initiators used in our experiment and the conversion value of' the monomers 

after polymerisation at 60°C for 6 hours. KPS, due to its hydrophilicity, would mostly present in the 
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water phase of the w/o microemulsion. On the other hand, azobis-iso-butyronitrile (AIE3N) and 

azobiscyclohexane- l -carbonitrile (ABCN), due to their hydrophobicity would he likely to present in 

the continuous oil phase of the w/o microemulsions. The AM polymerisation initiated by any one of 

these three initiators obtained the comparably high conversion of monomers. 

Table 6.1-3 Initiators employed in microemulsion polymerisation. 

Initiator 

KPS 

AIBN 

ABCN 

a: QaL3ujua= 
(A]. AIBN 

Conversion 

97.4 

96.2 

96.1 

177- 1 lf-T-7-W 1, M= 

JB]. AEiCN 

Property 

Hydrophilic 

Hydrophobic 

Hydrophobic 

Figure 6.1-3 TEM micrographs of PAM prepared via Brij 97/cyclohexane initiated by different initiators at 60"C 

The "fF. M micrographs of PAM product prepared via w/o microemulsion system with KPS has been 

shown in Figure 6.1-1 A. The micrographs of I'AM samples prepared with other two different initiators 

are shown in Figure 6.1-3. The spherical morphology was observed from the PAM sample prepared by 

KPS (Figure 6.1-1 Al with the size of 80-100 nm. I lowever, under exactly the same reaction conditions, 

/45. 
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no obvious nano-spheres were found in the samples prepared using AIBN or ABCN FFigure 6.1-31. In 

Figure 6.1-3 A, it was difficult to identify the individual particles which were heavily aggregated. 

Therefore, KPS was used as the initiator in the further investigation of microemulsion polymerisation 

of AM. 

Table 6.1-4 Molecular weight of PAM prepared via w/o microemulslon system at 600C for 6 hours. 

[ KPS) / water [x10-2 M) Conversion [%) Molecular weight [x105) 

2.0 93.8 4.81 

2.8 95.1 4.46 

5.3 99.6 

6.7 96.1 

8.0 100 

4.20 

3.92 

4.05 

The influence of the concentration of heat initiator KPS on AM polymerisation via w/o microemulsion 

was evaluated by conversion value and the molecular weight of PAM. As listed in Table 6.1-4, 

generally speaking, an increase of KPS concentration resulted in a slightly decrease in molecular 

weight of PAM, but a slightly increase in conversion value. 

6.1.4 Studies on reaction temperature and time of AM polymerisation 
Temperature is always an important factor in a heat-initiated polymerisation. Figure 6.1-4 shows the 

dependence of conversion of AM monomers vs. polymerisation temperature. The conversion value 

increased as the temperature increased. TEM micrographs of PAM (Figure 6.1-51 shows that the PAM 

nanoparticles synthesized at either 40°C or 60°C for 6 hours were spherical and about 80 nm. It 

seemed that the change of polymerisation temperature did not significantly affect the shape and size of 

PAM synthesized. 

The investigation of the AM polymerisation at different reaction times (Figure 6.1-61 shows that, the 

conversion of AM increased with the increase of reaction time. At 40°C, 95% conversion was 

achieved when the time was longer than 5 hours. At 60°C, the polymerisation time as short as 2 hours 

. 
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Figure 6.1-4 The conversion of AM polymerisation in Brij 97/cyclohexane at different temperatures for 6 hours 
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Figure 6.1-5 TEM micrographs of PAM nano-spheres polymerised via Brij 97/cyclohexane at different temperatures for 6 hours 
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Figure 6.1-6 Conversion of AM polymerisation in Brij 97/cyclohexane with different reaction times at 40°C and 60°C. 
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Figure 6.1-7 TEM micrographs of PAM nano-spheres polymerised in Brij 97/cyclohexane at 60°C for different times 
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was sufficient to yield 95% AM conversion. 100% conversion was achieved after 6 hours for both 

40°C and 60°C. Figure 6.1-7 shows TEM micrographs of PAM synthesised at 60°C for 3 hours and 6 

hours, respectively. The size of both samples was 80-100 nm, spherical with mono-size-distribution. It 

seemed the difference in polymerisation temperature did not significantly affect the morphology of 

PAM nano-spheres synthesised via Brij 97/cyclohexane w/o microemulsion. 

6.15 Studies on crosslinking 
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Figure 6.1-8 Conversion of AM polymerisation via w/o microemulsion with or without cross-linking at 60'C for 6 hours. 

N, N'-methylen-bisacrylamide (MBA) was the crosslinking agent used in AM polymerisation via the 

w/o microemulsion. Conversion values of polymerisation with and without the crosslinking with the 

different reaction time are shown in Figure 6.1-8. It was found that, with or without the crosslinking, the 

conversion of polymerisation increased with the increase of reaction time. However, nearly 30% 

higher conversion was obtained for the polymerisation with crosslinking agent compared with the 

reaction without crosslinking agent. 
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Figure 6.1-9 TEM micrographs of PAM nano-spheres prepared via Brij 97/cyclohexane microemulsion system with different 
concentrations of cross-linking agent at 60°C for 6 hours 
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The molar concentration of MBA, (based on the total mass of MBA and AM in water solution), was 

calculated, as below: 

Concentration of MBA = 
mMBA (mol / L) (6-1) Vwafer 

solution of AM and MBA 

The TEM micrographs of PAM samples prepared with different cross-linking molar concentrations is 

shown in Figure 6.1-9. Spherical PAM nanoparticles were obtained at lower MBA concentration. For 

example, when [MBA] = 6.6 x 10.2 M, the size of PAM nano-spheres was 80-100 nm FFggure 6.1-9. Bl; 

when the concentration decreased to 2.7 x l0-' M, the size of PAM nano-spheres was 300-400 nm 

[Figure 6.1-9. A1. However, the PAM nano-spheres could not be clearly identified when the concentration 

was increased to 10.6 x 10-2M [Figure 6.1-9. CI. When the concentration was continuously increased to 

26.5 x 10-2 M, only film or strip-like product was observed in TEM micrographs [Figure 6.1-9. DI. 

6.1.6 Studies on AM concentration in polymerisation 
The effect of monomer concentration on the conversion of w/o microemulsion polymerisation of AM 

and the molecular weight was given in Table 6.1-5. The calculation of monomer concentration was 

based on the total mass of the disperse phase: 

Monomer Concentration = 
mmnn°me' (mol / L) (6-2) 

Vmonomer 
solution 

Table 6.1-5 shows that the conversion of AM polymerisation increased from 81.3% to 99.8% with an 

increase of initial monomer concentration from 0.58M to 5.75M. The molecular weight of PAM nano- 

spheres also increased from 2.26 x 10' g/mol to 4.20x 105 g/mol with the increase of initial AM 

concentration from 2.30M to 5.75M. On the other hand, as shown in the TEM micrographs of PAM 

samples (Figure 6.1-101, the particle size of PAM nano-spheres increased with the increase of the 

monomer concentration. Some comparably large PAM spheres, about 300-500 nm diameter, were 
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Table 6.1-5 Molecular weight of PAM prepared via Brij 97/cyclohexane microemulsion system at 60°C for 6 hours. 

Monomer concentration [M] Conversion [%) Molecular weight [x105 g/mol] 

0.58 81.3 / 

1.15 84.1 / 

2.30 88.2 2.26 

3.45 89.9 3.60 

4.60 98.7 3.93 

5.75 99.8 4.20 

observed in the PAM samples with the AM solution as (4MI = 1.15Af . 
But when the initial AM 

concentration was increased to 2.30M, it became difficult to clearly identify the individual PAM 

particles. As shown in Figure 6.1-10 B. it looked like the aggregate of' small particles. As the 

concentration was continuously increased to 3.45M, the size of PAM nano-spheres was about 40 uni 

Figure 6.1-10 CI. When the initial AM concentration as increased to 4.60M, the size of spherical I'AM 

particles was increased to about 50-80 nm (Figure 6.1-11) DI. PAM nano-spheres with the size of'80-100 

rim was observed in the sample prepared from monomer solution with I AAf I=5.75M (Figure 6.1-10 El. 
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Figure 6.1-10 TEM micrographs of PAM nano-spheres polymerised via Brij 97/cyclohexane w/o microemulsion with different 
monomer concentrations at 60°C for 6 hours, 
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6.1.7 Studies on microemulsion system control 
The system factors, such as surfactant, percentage of surfactant/oil and the loading of water phase 

could affect the polymerisation results. We call the possible dependence between system factors and 

microemulsion polymerisation results as system control. The investigation of different surfactants has 

been reported in Section 6.1.2 and the investigation of other system-dependent factors will be included 

in the following sections. 

6.1.7.1 Studies on concentration of surfactant 

The effect of surfactant on AM polymerisation in Brij 97/cyclohexane microemulsion system was 

investigated by its weight concentration, (based on the total mass of surfactant, oil and water phase): 

Concentration = 
m5fff '` " 100% 

M gurrt +m oil +m water phase 

(6-3) 

In the experiment, as the concentration of Brij 97 was varied from 14.5% to 28.9%, the morphology of 

PAM nano-spheres changed as a consequence. The TEM micrographs of PAM samples prepared from 

microemulsion systems with different surfactant concentrations are shown in Figure 6.1-11. 

It was found that the size of PAM nano-spheres increased with the increase of surfactant concentration. 

When the percentage of surfactant in the system was 19.3%, the size of PAM nano- spheres was 50-80 

nm [Figure 6.1-11 Bl. With the increase of surfactant concentration from 19.3% to 24.1%, the spheres' 

size increased to 80-100 nm [Figure 6.1-11 Cl. The size of PAM nano-spheres reached 150-200 nm as 

the surfactant concentration was increased to 28.9% [Figure 6.1-11 Dl. However, when the surfactant 

concentration was 14.5%, no PAM nano-spheres could be clearly identified by TEM [Figure 6.1-11 Al. 

6.1.7.2 Studies on different loading of aqueous phase 

The system control of microemulsion polymerisation of AM was also investigated in terms of different 

loading amount of the aqueous phase. Figure 6.1-12 shows the TEM micrographs of PAM samples 

. IS#. 
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Figure 6.1-11 TEM micrographs of PAM nano-spheres polymerised via Brij 97/cyclohexane at 60°C for 6 hours, 
with different surfactant concentration. 
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Figure 6.1-12 TEM micrographs of PAM nano-spheres polymerised via Brij 97/cyclohexane w/o microemulsion at 60°C for 6 
hours, with different loadings of aqueous phase. 
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prepared via Brij 97/cyclohexane microemulsion system at 60°C for 6 hours with different loadings of 

the aqueous phase. 

As for the PAM samples prepared with the loading of' aqueous phase less than 5.8% (4.2`%,. 3.5°/,, 

2.4%), the spherical morphology was observed from TEM micrographs IFigure 6.1-12 A, 13 and CI. 

I lowever, when the loading of' aqueous phase '. as 5.8%. there were no PAM nano-sphere l'Mund in 

TEM IFigure6.1-12 DI. 

The size of PAM nano-spheres changed with the change in loading of aqueous phase as vaell. "I he 

smallest PAM nano-spheres with the size of 50 nm (Figure 6.1-12 Al, were obtained with a loading of 

aqueous phase of 2.4%. When the loading was increased to 3.5%, the site was increased to 80-100 nm 

[Figure 6.1-12 BI. The much larger polymer spheres with the size of 250-50(1 nm (Figure 6.1-12 ('I were 

observed as the loading was further increased to 4.2%. 

The AM polymerisation, via Brij 97/cyclohexane w/o nticroentulsion system, was also carried out 

with the loading of aqueous phase at 1.6%. A phase separation was observed after the reaction lI igure 

6.1-131. The precipitation was so hard that it could not dissolve in the sol%ent to prepare the I 

specimen. 

Figure 6.1-13 The photo of Brij 97/cyclohexane microemulsion system after polynu'risation at 60"C for 6 hours 
with the loading of aqueous phase of 1 6% 
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6.1.8 Preparation of PMAA nano-spheres 
The polymerisation of methacrylic acid (MAA) is also briefly investigated in this section. The 

partitioning of MAA in cyclohexane (oil phase) and de-ionised water (water phase) was investigated. 

As shown in Table 6.1-6, it was found that 86% of MAA was soluble in cyclohexane and the remainer 

in the de-ionised water, i. e. the majority of the MAA monomer had been partitioned into the oil phase. 

However, due to its amphiphilic property, similar to AM, the monomer molecules of MAA will have 

mostly located near the interface of oil/water phases. 

Table 6.1-6 Partitioning of MAA In oil and de-Ionised water at room temperature. 

Solubility In cyclohexane [wt%] Solubility In deaonlsed water [wt%] 

86 14 

From the investigation of the w/o microemulsion systems, it appeared that Brij97/cyclohexane was the 

better system for the polymerisation at higher temperatures. So it was used in microemulsion 

polymerisation of AM. However, the preparation of MAA in microemulsion was a different case. 

Table 6.1-7 gives the maximum solubilisation values of MAA aqueous solution in different 

microemulsions and the conversion of monomers polymerised in different systems. 

Table 6.1-7 Maximum solubilisatlon of MAA aqueous solution (25 wt%) In different microemulsions and the 

conversion of monomers polymerised In different systems at 60* C for 6 hours. Surfactant : oil " 3: 7 (wt wt). 

Microemulsion systems Maximum solubllisatlon (%j Conversion (%j 

Tween 85/cyclohexane 7.2 92.2 

Igepal CO-520/cyclohexane 8.1 94.0 

Triton X114/cyclohexane 13.9 100 

Brij 97/cyclohexane 16.1 53.4 

Triton X-114/cyclohexane showed the highest maximum solubilisation value of the monomer aqueous 

solution at 60°C and 100% conversion after 6-hour reaction. On the other hand, a relatively low 

conversion value of 53.4% was achieved from the polymerisation in Brij 97/cyclohexane system. 
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Therefore, in comparison to Triton X-1 14/cyclohexane, Brij 97/cyclohexane may not be an 

appropriate system for MAA polymerisation although its capability of solubilisation looked good. As 

for the other two systems listed in Table 6.1-7, they were again unsuitable due to the lower 

solubilisation at higher temperature. Hence, Triton X-1 14/cyclohexane was chosen as surfactant/oil 

phase for the preparation of poly-(methacrylic acid) (PMAA) via w/o microemulsion. 

  Studies on reaction time and temperature 

The polymerisations of MAA via w/o microemulsion were carried out at 60°C, and KPS was used as 

the initiator. Figure 6.1-14 shows the results of the time and temperature effects on MAA polymerisation. 

The reaction at 70°C yielded a bit higher conversion, than the reaction at 60°C, although both 

reactions achieved 100% conversion. It should be mentioned that no polymer was precipitated out in 

the reaction at 50°C. As shown in Figure 6.1-14, the polymerisation of MAA was slow at the beginning 

of reaction and over 90% conversion of MAA to PMAA was obtained after 2-hour reaction in Triton 

X-114/cyclohexane system. After 6 hours, 100% conversion to the polymer was obtained. Hence, 

further investigations were carried out for 6-hour reaction. 
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Figure 6.1-14 Conversion of MAA by polymerisation in Triton X-114/cyclohexane w/o microemuision system 
with different reaction times and temperatures. 
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  Studies on initiator concentration 

The conversion of MAA and molecular weight of the resulting PMAA prepared with different initiator 

concentrations, are summarised in Table 6.1-8. The conversion increased from 22.6% to 100% with an 

increase of concentration of KPS from 1.75 X 10"3 M to 8.81 x 10"3 M. There was an initial increase in 

the molecular weight of the polymers, with an increase in the initiator concentration up to 3.38 x 10"3 

M and it then decreased with any further increase. 

Table 6.1-8 Molecular weight of PMAA prepared via Triton X-114/cyclohexane at 60'C for 6 hours. 

[ KPS ]/ water [x10.3 M) Conversion [%) Molecular weight 1x105 g/molj 

L75 22.6 L67 

3.38 95.9 2.97 

6.28 98.9 1.45 

8.81 100 L44 

  Studies on monomer concentration 

The conversion and molecular weight of PMAA produced with different monomer concentrations are 

given in Table 6.1-9. It was found that the conversion value increased with the increase of MAA 

concentration. However, the molecular weight increased when the concentration increased from 

1.30M to 2.61M, then decreased as the concentration reached to 4.17M. Figure 6.1.15 shows TEM 

micrographs of the PMAA nano-spheres prepared with different monomer concentrations. The 

particles with larger size of 80-100 nm were obtained from the higher concentration, 4.17M. When the 

concentration was decreased to 2.61M, the size of PMAA nano-spheres decreased to 30-50 nm. 

Table 6.1-9 Molecular weight of PMAA prepared via Triton X-114/cyclohexane at 60'C for 6 hours. 

Monomer concentration [M] Conversion 1%) 

1.30 

2.61 

4.17 

95 

100 

100 
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[A] 2.61M [B] 4.71M 

ý 

Figure 6.1-15 PMAA nano-spheres prepared via Triton X-1 14/cyclohexane w/o microemulsion with the different monomer 
concentrations at 60°C for 6 hours. 

6.2 DiScuSSºONS 
Polar monomer. acrylamide (AM) polymerised in the Brij 97/c)clohexanc %N/o microcniulkion stein 

with the presence of free-radical initiator KPS at 60°C for 6 hours to form chains of' the structure 

4Cl1,41'flf, 

CON!!, 
where n is 3,000 to 7,000. 

Solutions of acrylamide in water polymerise at moderate temperature with the influence of nearly all 

free-radical initiators, including peroxides, per-sulphates etc. The reaction involves the normal steps of 

/e)/ 
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initiation. propagation, and mutual termination of pairs of growing chains. Reactions are homogeneous 

throughout and may be carried essentially to completion. 

Z1 
ý. 

ýº - 
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Reversed micelle 

a Monomer Polymer 

L ýýý 
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Water 
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Figure 6.2-1 Schematics of heat initiated polymerisation in a w/o microemulsion system 

According to the results of the AM partitioning in oil and water, AM is a highly water soluble 

monomer (95.5% in water; 4.5% in oil). That means it would prefer stay in the water pool of w/o 

microemulsion system rather than the continuous oil phase. I he reactions occurred in the micro-water- 

droplets of system are the same as in the monomer water solution. The growth mechanism of AM 

polymerisation in the w/o microemulsion system is illustrated in Figure 6.2-1. The water-soluble 

initiator is dissolved in the water droplets surrounded by surfactant molecules and disperse in oil to 

torn the w/o microemulsion system containing monomer for polymerisation. Initiator l rnis free 

radicals in the water phase and initiates the polymerisation. The reaction is via the normal 3-stage, 

initiation, propagation and termination. The resultant polymer chains are restricted by surfactant layers 

and coils in the water-droplets, which form the polymer nano-spheres. The crosslinkcd polymers will 

he produced if cross-linking agents are added, the same as the inorganic reactions in the w/o 

microemulsion, the mechanism includes droplet collision or migration of reactant through the interface 

into the droplets. 

M2, 
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The major problem in the preparation of w/o microemulsion containing monomer as media for a heat 

initiated polymerisation, is stability. The formation and stability of a w/o microemulsion system are 

affected by the property of components, the surfactant and the temperature. Therefore, the w/o 

microemulsion system with Brij 97/cyclohexane, due to its superior stability accompanied with the 

higher water solubilisation at higher temperature (above 30°C), was employed to study the 

polymerisation of AM initiated by potassium per-sulphate (KPS) at 60°C. 

Additionally, the Brij 97 w/o microemulsion system also exhibited the superiority in the conversion 

and molecular weight of polymers synthesised, comparing with the microemulsion polymerisation, 

reactions with other surfactants, (i. e. Tween 85, Igepal CO-520, and Triton X-114). The effect of 

different surfactants on polymerisation will be discussed in 6.2.5. 

6.2.1 General consideration of AM polymerisation via w/o microemulsions 
In free-radical polymerisation, the radical produced by the initiator has an unpaired electron and would 

like to be paired when possible. The monomer with carbon-carbon double bond has a pair of electrons 

which could be very easily attacked by the free radicals to form the new chemical bond, between the 

radical fragment and one of the double bond carbons of the monomer molecule, and leave an unpaired 

electron to associate itself with the formed radical. Then a new radical unit appears. In this fashion, the 

monomers can link to each other one by one to form the polymer chains. 

The heat is the most widely used mode of generating radicals to initiate polymerisation. The initiators 

used for thermal initiated polymerisation have different decomposition rate, kd, at different 

temperatures. The decomposition rate marks the efficiency of introducing free-radicals of initiators. It 

is related to half-life, t112 by the following equation 11721 

t� 2=0.693 / kd (6-4) 
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According to the Equation 6-4, the initiator which has the higher decomposition rate will be more 

efficient in decomposing and introducing free-radicals, compared with the initiators with lower kd. The 

more free radicals decomposing will introduce more monomer molecules to react with them and form 

new radical units. The rate of monomer being introduced into radicals units can be defined as the 

polymerisation rate, R. So a higher decomposition rate of an initiator will probably result in a higher 

polymerisation rate of the reaction. Hence, the initiator with a high decomposition rate will initiate the 

free-radical polymerisation more efficiently. 

Table 6.2-1 lists the decomposition rate of KPS in water at different temperatures. It could be found that 

kd of KPS increases with the temperature increased from 40°C to 70°C. Hence, ss for our experiment, 

the rate of AM microemulsion polymerisation at different temperature would be in sequence as: 

RP(70°C) > RP(60°C) > RP(50°C) > RP(40°C). 

Table 6.2-i Decomposition rate of potassium persulphate in water at different temperatures 11871 

Temperature ('C) Decomposition rate, kd (s1) 

40 

50 

60 

70 

1.65x10-2 

4.02x1a2 

5.01x10-2 

10.08 x 10"2 

The high polymerisation rate indicates that for a particular reaction time, it will result in a higher 

conversion of monomers, which could explain the results of AM polymerisation vs. temperature. The 

conversion of AM in microemulsion polymerisation increased with the increase of reaction 

temperature, (ranging from 40°C to 70°C) due to the respective increased decomposing rate of initiator. 

However, with the increase of reaction time, the conversion of AM will have level off and close to 

100%. The polymerisation reaction with the higher polymerisation rate would probably take less time 

to achieve 100% conversion comparing with the reaction with the lower rate. For example, nearly 80% 

conversion was obtained from the polymerisation at 60°C for 20 min, but only about 27% conversion 
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was obtained from the reaction at 40°C after the same time. Figure 6.2-2 shows the conversion varying 

with the reaction time of AM microemulsion polymerisation at different temperatures, which is a 

zoomed-in version of Figure 6.1-6. 

7 

0 

-- a- 40 

ý- 60'C 

Time (Hour) 

Figure 6.2-2 The conversion of AM polymerisation via Brij 97/cyclohexane w/o microemulsion at different time and temperature. 

On the other hand, the free-radical polymerisation of AM initiated by KPS, is a chain polymerisation, 

where full-sized polymer molecules are produced almost immediately after the start of the reaction. 

Generally in a chain polymerisation, the polymer size is independent of the conversion 11881. The 

diameters of the polymer particles remained approximately constant with conversion, while the 

number of polymer particles grow steadily during the polymerisation 1101. Therefore, it was found that 

the morphology of PAM nano-spheres produced did not change as the conversion changing with the 

reaction time. The TEM micrographs of PAM nano-spheres prepared via Brij 97/cyclohexane 

microemulsion system for 3 hours and 6 hours respectively, showed that polymer produced in both 

samples was spherical with the size of 80-100 nm. 
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6.2.2 Effect of initiator 

PAM nano-spheres were prepared using different initiators. As hydrophobic initiators, AIBN and 

ABCN, are present primarily in the continuous oil phase. The monomers will be initiated at the 

interface by radicals formed from the decomposition of AIBN or ABCN in cyclohexane 11471. If the 

reaction was initiated by the water-soluble initiator, KPS, which primarily presents in the dispersed 

water phase, the initiation of AM polymerisation will start mainly in the water-droplets. 

Whatever initiator used, (KPS, or AIBN or ABCN), there was no significant difference in conversion 

value when the reaction finished, however, the morphology of PAM synthesised looked quite different 

in this case. The spherical polymer particles with the size of 80-100 nm were only obtained from the 

AM polymerisation initiated by KPS. No PAM nanoparticles could be clearly identified from the TEM 

micrographs of the' samples prepared with AIBN or ABCN, which indicates that for AM 

polymerisation in Brij 97/cyclohexane system, the site of initiation does not affect the conversion of 

monomers but probably affects the morphology of the polymer prepared. 
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Figure 6.2-3 Effect of the concentration of KPS on the AM conversion and molecular weight of PAM prepared via Brij 
97/cyclohexane w/o microemulsion at 60°C for 6 hours. 
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The effect of initiator concentration was investigated by using KPS in AM polymerisation via w/o 

microemulsion. As shown in Figure 6.2-3 A, for 6-hour reaction, the conversion of AM increased from 

93.8% to 100% with an increase of the concentration of KPS. The slight difference between the 

conversion values was presumably attributed to the different polymerisation rates arising from the 

different initiator concentrations. 

Rp kP[( M] . 
fka[I] 

I/2 

(6-5) P k, 

Equation 6-5 describes the most common case of free radical chain polymerisation 11881 where Rp is the 

polymerisation rate, [M] is the concentration of monomer, [I] is the concentration of initiator, f is the 

initiator efficiency defined as the fraction of the radicals produced, and k,, kl are rate constants of 

propagation and termination steps respectively. Equation 6-5 shows that the polymerisation rate is 

dependent on the square root of the initiator concentration. This dependence has been proved for many 

different monomer-initiator combinations over wide ranges of monomer and initiator concentrations 1189-1"]. 

Since in a particular reaction time, the AM polymerisation with higher polymerisation rate would yield 

the higher conversion value, therefore increasing the initiator concentration would normally increase 

the polymerisation rate and result in a higher conversion of monomers. 

However, with the increase of the concentration of KPS, the molecular weight of PAM prepared in 

w/o microemulsion decreased. Figure 6.2-3 B shows the dependence of molecular weight on initiator 

concentration. The slope is about -0.1. An increase of initiator concentration would generally result in 

an increase of primary radical decomposed. Is has been reported by Deb and Kapoor 11911 and 

Berger et al. 11921 that, at the high concentration of primary radicals, the termination mode may change 

from the normal bimolecular termination between propagating radicals to primary termination, which 

involves propagating radicals reacting with primary radicals: 

Bimolecular termination: Mn. + Mm .kd> Dead polymer: Mn+m (6-6) 
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Primary termination: M,, *+ R- k° 4 Dead polymer: M� -R (6-7) 

In this case, the growth of polymer chains could be terminated by the presence of primary radicals. 

The more primar y radicals produced, the more opportunities that the primary termination occurs. 

Therefore, the increase of the concentration of KPS could interrupt the build-up of molecular weight 

of PAM and result in comparably lower molecular weight values. 

The molecular weight of PAM decreases with increasing KPS concentration was also reported by 

Candau et al. (147], which was synthesised via AOT/toluene w/o microemulsion system. Furthermore, 

Xu et al. 11501 found similar results in the preparation of poly-(methyl methacrylate) initiated by 

benzoyl peroxide via the microemulsion system. 

6.2.3 Effect of crosslinking 

Linear 

Crosslinked 

Figure 6.2-4 Structure of linear and crosslinked polymers. 

When the polymers are produced in which the polymer molecules are linked to each other, at multi- 

points other than their ends, the polymers are said to be crosslinked 11881 [Figure 6.2-41. Crosslinking is 
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important because it turns an assembly of separate chains into a network structure with a resultant 

change, of properties. The polymerisation of acrylamide in the presence of N, N'-methylen- 

bisacrylamide (MBA), leads to a crosslinked polyacrylamide with a nearly uniform distribution of 

pendant ethyleneacrylamide groups. 

Due to the formation of the network structure, the crosslinking should give the polymers greater 

solvent resistance. For example, PAM is a water soluble polymer, and it can dissolve in some polar 

solvents. However, a crosslinked PAM network will only swell in these solvents. That was the reason 

why in the experiment, the conversion value of AM reacted with crosslinking agent was much higher 

than the reaction without crosslinking. 

Table 6.2-2 Size of PAM nano-spheres prepared In Brij 97/cyclohexane at 60°C for 6 hours 
with different molar concentrations of MBA. 

Concentration of cross-linking 
x102 [M] 

0.27 6.6 10.6 26.5 

Particle size [nm) 300-400 80-100 NA NA 

The addition of a crosslinking agent will affect the morphology of the polymer produced. In the 

experiment, the PAM nano-nanospheres were only achieved when the concentration of MBA was 

6.6x 10.2 M and 0.27x 10.2 M, respectively. As shown in Figure 6.1-9 C, the sample looked like a network 

constructed from individual particles linked together when the concentration of crosslinking agent was 

increased to 10.6x10-2 M. When the concentration was increased to 26.5x10.2 M, no individual 

particles were observed [Figure 6.1-9 Dl. Since the mechanism of microemulsion polymerisation 

includes the droplet collision or the migration of reactant through the interface into the droplets, a 

large quantity of MBA in the water phase might not only crosslink the polymer chains in the same 

water pool, but also probably extend the network structure by inter-micelle exchange during the 

collision of different droplets. Hence, probably the individual PAM nano-spheres could only be 

produced when the concentration of crosslinking agent was low. 
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Table 6.2-2'lists the corresponding particle sizes of different PAM samples prepared with different 

concentrations of MBA. If was found that when the MBA concentration decreased from 6.6x 10-2M to 

0.27x 10.2 M, the particle size of PAM spheres increased from 80-100 nm to 300-400 nm. As 

mentioned above, it is the crosslinking make the water soluble PAM into network structure and un- 

dissolved in water or other polar solvents. So when the concentration of crosslinking agent was low, 

the extent of the swelling of PAM nano-spheres might be promoted and result in the increased size of 

polymer spheres. ' 

6.2.4 Effect of monomer concentration 
From the discussion above, most AM molecules due to their hydrophilicity stay within the interior of 

water droplets in w/o microemulsion systems. However, the monomers can still part present in the 

surfactant layers due to their minor lipophilicity. It has been reported in 4.1 that AM monomers are 

not simply dissolved in the water phase in microemulsion system but some of them will be found in 

the surfactant layer, most likely playing the role as a co-surfactant, improving the solubilisation of the 

water phase. 
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Figure 6.2-5 Maximum solubilisation of AM water solution in Brij 97/cyclohexane w/o microemulsion system with the different 
weight concentrations at 60°C. 
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Figure 6.2-5 shows the improvement of maximum solubilisation of the aqueous phase in Brij 

97/cyclohexane w/o microemulsion system with the increase of AM concentration in the aqueous 

phase. From the discussions in 4.2, the presence of monomers acting as co-surfactants in the 

interface of water/oil increases the cross-sectional area, which results in the increase of the volume of 

micelles and consequently the solubilisation of aqueous phase. Hence it was found that with the 

presence of AM molecules, Sw_max increased from 6.2% for the pure water to 8.68% for 10% AM water 

solution. However, the improvement of solubilisation will be less pronounced if the AM concentration 

is increased, presumably because the partitioning of the AM molecules in surfactant layer is saturated 

and the further increase of AM concentration will most likely result in the increase of AM molecules 

in the core of the water droplets. This might be the reason why Sw_ma,, seemed to level off when the 

concentration was above 30%. On the other hand, the increased AM monomers in the water droplets, 

where the initiation starts, could result in the increase of conversion of microemulsion polymerisation 

in a particular time [Figure 6.2-6 A]. 
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Figure 6.2-6 Effect of the concentration of AM on the conversion and molecular weight of PAM prepared via Brij 97/cydohexane 
w/o microemulsion at 60°C for 6 hours. 
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The different partitioning of AM molecules with the different AM concentrations, is also proposed to 

account for the resultant difference of molecular weight and the size of PAM prepared. The effect of 

AM concentration on the molecular weight of PAM prepared, is shown in Figure 6.2-6 B. With the 

increase of AM concentration, the molecular weight of polymer increased, and the slope is about 0.5. 

Candau et ' al. 11471 showed similar results for the synthesis of AM polymerisation in a w/o 

microemulsion system as cc [AM] 0.4 without initiator. The free radical polymerisation reaction in 

the absence of any initiator is usually attributed to the presence of impurities in the medium 11931 The 

increase of the polymer molecular weight with an increase of monomer content was also found in the 

synthesis of PMMA in microemulsion systems, as reported by Xu et al. 11501 that My oc [MMA]°'73 

The increase of AM content would result in the increase of AM molecules reacted with the primary 

radicals or radical fragments in the water droplets, which probably initiate the propagation reactions 

and consequently give a rise of 4. The build-up of molecular weight of polymer could be attributed to 

the ratio: 

kp /kt 1/2 
(6-8) 

being high in an acrylamide free-radical polymerisation (1941. As shown in Equation 6-8, with the 

relatively high rate of propagation, the build-up to high molecular weight can readily be visualised. 

Therefore, the increase of monomer concentration in AM microemulsion polymerisation would 

possibly result in the build-up to high molecular weight of PAM. 

Table 6.2-3 Size of PAM nano-spheres prepared in Brij 97/cyclohexane w/o microemuision system at 60' C for 6 
hours with the different concentrations of AM. 

AM mole concentration 
xjo-2[M] 

1.15 2.30 3.45 4.6 5.75 

Particle size [nm[ ' 300-500 / 40 50-80 80-100 

As mentioned above, an increase of AM concentration possibly increases the volume of micelles 

without disturbing the system stability, which indicates the "micro-reactors" (i. e. water droplets) in 

microemulsion polymerisation constructed by surfactant molecules, could be larger with the higher 
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concentration of AM. Therefore, the larger PAM nano-spheres would be expected to be synthesized in 

the larger micelles. Table 6.2-3 summarises the effect of monomer concentration on the size of polymer 

nano-spheres synthesized. As the AM concentration was increased from 3.45M to 5.75M, the size of 

PAM particles increased from 50 nm to 80-100 nm. No polymer spheres could be observed in the 

sample prepared with the monomer concentration at 2.30M. However, the TEM micrograph of this 

sample [Figure 6.1-9 B) appears to show the networks consisted of large quantities of small polymer 

particles, size around 100 nm. For the investigation with the same amount of the solubilisation of 

aqueous phase, the decrease of monomer concentration means the increase of water content in the 

system, particularly the water droplets. Water is a solvent for the polymer PAM. So with an increase 

of water content, the PAM nano-spheres formed in water droplets might be more readily swollen. It is 

found in Table 6.2-3 that when the monomer concentration was decreased to 1.15M, the polymer 

spheres produced became swollen to large spheres, size of 300-500 nm. 

6.2.5 Investigation of system-controlled polymerisation 
Similar to the synthesis of inorganic nanoparticles via the w/o microemulsion systems, one of the most 

important considerations in utilising w/o microemulsion to produce polymer nanoparticles, is the 

possibility of a potential system control, by changing the system parameters such as surfactant 

percentage or the size of water pool (coo), to change the morphology of the polymer nano-spheres 

produced. The investigation included the effects of different surfactants, different surfactant 

concentrations and the different sizes of water pools (coo). 

6.2.5.1 Effect of different surfactants 

The Brij 97/cyclohexane w/o microemulsion system was initially selected as the more appropriate 

system to preparation of PAM nano-spheres, due to its higher water solubilisation at higher 

temperature. A comparison of the effects on polymerisation with different surfactants, further showed 

that Brij 97/cyclohexane was a better system also in terms of produced high conversion, molecular 

weight and the spherical morphology of polymers. 
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The conversion values and the molecular weight values of PAM prepared in different microemulsion 

systems with different surfactants are shown in Figure 6.2-7. Regarding the morphology, as shown in 

Figure 6.1-I, only the Brij 97 system produced spherical PAM particles. All these different 

polymerisation results arising from the different surfactants, are presumably attributed to the different 

partitioning of AM molecules in the different reaction systems. 
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Figure 6.2-7 Effect of the different surfactants on the conversion and molecular weight of PAM prepared via Brij 97/cyclohexane 
w/o microemulsion at 60°C for 6 hours 

Table 6.2-4 Maximum solubilisation j%J of the aqueous phase in w/o microemulsion systems with different 
surfactants at 60°C. Surfactant : oil - 1: 3 (wt: wt) 

Aqueous phase water AM solution (50%) 

BrIJ 97 6.19 11.8 

Tween 85 1.4 11.0 

Igepal CO-520 0.4 11.9 

Triton X-114 0.6 7.4 

Table 6.2-4 shows the maximum soluhilisation of different aqueous phases in w/o microentulsiott 

systems with different surfactants at 60°C'. It was Found that in the presence of numonters, the 'I ween 
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85, Igepal CO-520 and Triton X-114 systems all exhibited higher solubilisation of aqueous phase and 

the increase of their 5,,, 
_ values of AM solution comparing with water were all larger than Brij 97 

system. Hence, to improve the power of solubilisation to such an extent, the AM molecules in these 

three systems are largely located in the interface to act as co-surfactant. In this case, the propagation 

will most likely occur near the outer part of water droplets, which would possibly benefit the inter- 

micellar growth of PAM. Therefore, the formation of individual PAM nano-spheres growing within 

water droplets would be difficult. 

6.2.6.4 Effect of different surfactant concentrations 

According to the investigation of the w/o microemulsions, the maximum solubilisation of aqueous 

phase increased with an increase of surfactant concentration. However, the more surfactant molecules 

in the oil phase can not lead to the larger aggregation number nor either a larger volume of micelles. 

The increased extent of solubilisation with the increase of surfactant concentration, may be attributed 

to the increased number of micelles. In this fashion, as the inner space of a w/o microemulsion system 

. would be much more crowded by the introduction of more surfactant aggregates, droplet collisions 

would be favoured. 

Table 6.2-5 gives the different size of PAM nano-spheres prepared with w/o microcmulsion systems 

with different surfactant concentrations. It was found that the size of polymer spheres increased from 

50 nm to 200 nm as the surfactant concentration increased from 19.3% to 28.9%, presumably due to 

the favoured, further growth of PAM nano-spheres by the mechanism of droplet collision. 

Table 6.2-5 Size of PAM nano-spheres prepared In Brij 97/cyclohexane at 60' C for 6 hours with different 
concentrations of surfactants. 

Surfactant concentration [wt%] 14.5 19.3 24.1 28.9 

Particle size [nm] / 50-80 80-100 150-200 

6.2.5.3 Effect of different size of water pools ((i, ) 

The size of water pools in the w/o microemulsion system increased with the increase of the percentage 

. 17S. 



\\ i 

DICUSSIONS: POLYMERISATION IN W/O MICROEMULSIONS 
O 2006 MEAN LIN. IPTME. LOUGHBOROUGH UNIVERSITY 

of aqueous phase, which means there would be more space for the growth of polymer synthesized. As 

a result, the larger size of PAM nano-spheres would be expected. Table 6.2-6 summarises the effect of 

the size of water pools on the size the PAM synthesised. The water pool size wo is calculated from the 

molar ratio of water phase to surfactant: 

coo = [Water]/[Surfactant] (6-9) 

It was found that the size of PAM nano-spheres increased from 50 nm to 500 nm as wo increased from 

2.43 to 6.08, which indicates the possibility of system-controlled particle growth in the w/o 

microemulsion system. The similar results have also been reported by Dresco et al. 11551 that, the 

polymer nanospheres synthesised by microemulsion polymerisation had size values ranging from 220 

to 320 nm, depending on the water/surfactant molar ratio. 

Table 6.2-6 Size of PAM nano-spheres prepared In Brij 97/cyclohexane at 60C for 6 hours with different size of 
water pools. Surfactant : oil -1: 3 (wt. -wt) 

Water pool size [mol/mol] 1.60 2.43 3.57 4.32 6.08 

Particle size [nm] / 50 80-100 250-500 

6.2.6 Investigations of the synthesis of PMAA 

i 

In our experiment, PMAA nano-spheres were synthesised via Triton X-114/cyclohexane w/o 

microemulsion system, at 60°C for 6 hours. The mechanism of MAA polymerisation in 

microemulsion is different from the polymerisation of AM in microemulsion systems, mainly because 

MAA monomer is an oil-soluble monomer, which prefers to stay in the continuous oil phase of 

microemulsion systems. As both reactions were initiated by water-soluble initiator KPS, the initiation 

of water-soluble monomer AM, would start in the water-droplets but the initiation location of MAA 

would be probably in the interface of the water/oil. This monomer partitioning also determines the 

propagation loci of microemulsion polymerisation. As discussed above, since the free radicals are 
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generated by KPS in the water phase, the build-up of PAM would take place within the water-droplets. 

However, the propagation of MAA polymerisation seems likely to happen near the interface. 

  Effect of different surfactants 

Tween 85,, Igepal CO-520, Triton X-114 and Brij 97 were used in this investigation. It was found that 

over 90% conversion values of PMAA were obtained by the polymerisation in Tween 85, Igepal CO- 

520 and Triton X-114 systems, ' respectively at 60°C for 6 hours, while under the same reaction 

conditions, the conversion of PMAA in Brij 97 system was only 53.4%. 

The different conversion might be attributed to the different arrangement of surfactant molecules in 

cyclohexane. Since Tween 85, Igepal CO-520 and Triton X-114 all have cyclic chains in their 

structures, the aggregation of such kind of surfactant molecules in the oil phase would be in a loose 

packing state1741. However, Brij 97 due to its straight chain in alkyl group, the packing of Brij 97 

molecules in the oil phase would be tight and comparably in-flexible 11741 which would probably lead 

to the lower transfer of the oil-soluble MAA monomers from the oil phase to the water droplets during 

the microemulsion polymerisation. As a result, the conversion of PMAA was low after the 

polymerisation in Brij 97/cyclohexane at 60°C for 6 hours. hence, Brij 97/cyclohexanc is not a 

suitable system in the microemulsion polymerisation of MAA, although it has good capability of the 

solubilisation of aqueous phase at 60°C. Therefore, Triton X-114/cyclohexane was selected for the 

w/o microemulsion system to carry out the MAA polymerisation, due to its higher extent of 

solubilisation of MAA water solution (25wt%) at higher temperature and the higher conversion of the 

polymer produced. 

" Effect of polymerisation time and temperature 

Due to the partitioning of MAA in the w/o microemulsion systems, most MAA molecules need to 

penetrate the surfactant layer then react with the free radicals or radical fragments generated in the 

water phase during the polymerisation. Hence, the initiation efficiency of KPS would probably be 

depressed, comparing with AM polymerisation in microemulsions. Since the decomposition rate of 
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KPS in water decreased with the decrease of temperature from 70°C to 40°C, no polymer precipitated 

out from MAA microemulsion polymerisation after 6 hours with the reaction temperature below 60°C. 

As for the microemulsion polymerisations of MAA carried out at 60°C and 70°C, respectively, it was 

found that the polymerisation rate increased with the reaction temperature, presumably due to the 

increased decomposition rate of KPS at higher temperature. 

  Effect of initiator concentration 

The degree of conversion to PMAA increased from 22.6% to 100% with the increase of KPS 

concentration from 1.75 x 10"' M to 8.81 x1 O-3 M [Figure 6.2-8 A]. The lowest conversion value (22.6%) 

coming from the lowest KPS concentration, associated with the lower KPS initiation efficiency. 
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Figure 6.2-8 Effect of the concentration of KPS on the conversion and molecular weight of MAA prepared via Triton X- 
114/cyclohexane w/o microemulsion at 60'C for 6 hours. 

As shown in Figure 6.2-8 B, there was an initial increase in the molecular weight of the resulting 

polymers as the initiator concentration increased up to 3.38 x 10'3 M, and then decreased with a further 

increase in the KPS concentration. This phenomenon is often the case in conventional inverse 
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emulsion polymerisations of certain acrylic compounds 11951. When more initiator was used, the more 

nucleated particles were produced, resulting in a lowering of the molecular weights of the polymers. 

On the other hand, the lower molecular weight, (e. g. 1.67 xl O' glmol of PMAA prepared with 

1.75 xl O-' M KPS compared with the sample prepared with 3.38x 10-3M) is presumably because of 

the chain-transfer reactions introduced by the large amount of the surfactant, hence the growing chains 

would be readily terminate the propagation in the microemulsion systems. 

" Effect of monomer concentration 
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Figure 6.2-9 Effect of the concentration of MAA on the conversion and molecular weight of PMAA prepared via Triton X- 
114lcyclohexane w/o microemulsion at 60'C for 6 hours. 

The increase of MAA concentration generally leads to the increased conversion of PMAA prepared 

via microemulsion systems [Figure 6.2-9 Al, due to the increased numbers of monomers captured in the 

polymerisation. There was an increase in the molecular weight of the PMAA synthcsiscd with an 

increase in the monomer concentration, as there was more monomer to take part in the propagation 

reaction 11961. However, the molecular weight of PMAA decreased when the monomer concentration 

was increased to 4.17 x 10"' M accompanied with an observed phase separation. 
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SUMMARY 

Polyacrylamide nano-spheres were synthesised in a w/o microemulsion system, at 60°C for 6 hours, 

initiated by KPS. Brij 97/cyclohexane was shown to be an appropriate system compared with others used 

in terms of resulting conversion, molecular weight and spherical morphology. 

The conversion increased with an increase of reaction time and temperature until 100% complete, while 

the size of polymer spheres was unchanged. Different concentrations of crosslinking agent produced 

PAM nano-spheres with a different morphology. The spherical particles were prepared with lower 

concentration of crosslinking agent (<10.6x1o-2M). 

The increase of AM concentration from 3.45M to 5.75M could result in the increase of conversion and 

molecular weight from 3.60x105 g/mol to 4.20x105 g/mol, as well as the size of polymer nano-spheres 

increased from 40 nm to 100 nm. The size of PAM spheres also increased with an increase of surfactant 

concentration and the size of water pools, which indicates the possibility of system-controlled synthesis of 

PAM nano-spheres. 

PMAA nano-spheres were synthesised via w/o microemulsion system, Triton X-114/cyclohexane, at 

60°C for 6 hours. The size of PMAA nanospheres increased with the increase of monomer concentration. 
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SYNTHESIS OF NANOCOMPOSITES 

7.1 PREPARATION OF SILICA/IRON OXIDE NANOCOMPOSITES 

The preparation of' silica/iron oxide nanocomposite, ýýa, carried out in Ieepal (( )-520'cýclohexane 

w/o microemulsion system at 25°C. The preparation of silica nano-spheres was also included in the 

investigation in terms of the different system-dependent parameters, (i. e. loading of the aqueous phase 

and the surfactant concentration), and the different molar ratio of reactants. I he latter wýºs further 

investigated in the preparation of nanocomposites. 

ýý 

(AJ. 1 ,. 11). 1 , 

tt 
JA UtJ 

Figure 7.1-1 TEM micrographs of silica nano-spheres prepared via Igepal CO-520/cyciohexane w/o rrncroemul5'°0 
SySterT-1 at 

25°C for 24 hours and their diffraction patterns. Surfactant oil = 1.4 (wt wt) 
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7.1.1 Preparation of silica nano-spheres 
The silica (silicon oxide) nano-spheres were prepared by tetra-ethyl-ortho-silicate (T IAN hydrolysis 

via a w/o microemulsion system of Igepal CO-520/cyclohexane, at 25°C for 24 hours. ' he phase 

diagram of Igepal CO-520/cyclohexane microemulsion system was given in Chapter 5. The "Il-, M 

micrographs of one of the silica samples and its amorphous diffraction pattern are shown in Figure Zt-t. 

The size of particles in Figure 7.1-1 A was about 30 nm and these particles are essentially mono- 

dispersed and spherical in shape. The following sections of Chapter % include the investigation ofthe 

preparation of silica nano-spheres with respect to the molar ratio of 11,0 to II': OS, the loading of 

aqueous phase and the different surfactant concentrations. 

7.1.1.1 Studies on the molar ratio of 11.0 to TEOS 

The silica nano-spheres were prepared in w/o microemulsion at 25"C fir 24 hours, with the loading of 

aqueous phase as 2% and the molar ratio of 11,0 to 'l I. OS (RI IT) varied between 20 and fill. 
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Figure 7.1-2 TEM micrographs of silica nano-spheres prepared via Igepal CO-520/cyclohexane w/o microemulsion at 25"C for 
24 hours with the different molar ratios (RHT) of water to TEOS Surfactant oil = 1.4 (wt wt) 

The 'I FIM micrographs (Figure 7.1-21 show that the site of' silica nano-spheres produced, increased from 

25 nm 35 nm with an increase of Rill from 20 to 40 and then started to decrease with the further 

increase in the RI II value. For example, when RIII' as increased to 50, the site of' silica spheres 

decreased to about 22 nm. When Rl IT was further increased to 60, the site decreased to 15 nm. F he 

maximum diameter of silica nano-spheres prepared in the w/o microennrlsion systems appeared at the 

RI If of'40 (over a range of 20 to 60). 

7.1.1.2 Studies on different loading of the aqueous phase 

'Ihe size of silica nano-spheres changed with the different loading of the aqueous phase, varied from 

2(°/,. 4% to 8'%% and the MIT of'40. The 2% sample is shown in Figure 7.1-I A. Ntihich was 30 mil. As 

shown in Figure 7.1-3, it was be fcnmd that the size of silica nano-spheres decreased from 30 11111 to 10 

nm, as the loading of aqueous phase increased from 2% to 8%. 
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Figure 7.1-3 TEM micrographs of silica nano-spheres prepared via Igepal CO-520/cyclohexane w/o microemulsion with 
different loadings of aqueous phase at 25°C for 24 hours. Surfactant oil =14 (wt wt) 

7.1.1.3 Studies on different concentration of surfactant 
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Figure 7.1-4 TEM micrographs of silica nano-spheres prepared via w/o microemulsion with different concentrations of surfactant 
at 25°C for 24 hours 

The preparation of silica nano-spheres in w/o microcnrulsion was also investigated with the different 

concentration of the surfactant. As shown in Figure 7.1-4, the increase of surfactant concentration, 

(weight concentration based on the total mass of' surtitctant, oil and aqueous phase in system), from 

14.6% to 36.4%, lead to an increase of particle size produced, from 8 uni to 35 nm. 

7.1.2 Preparation of silica coated nancxompositcs 
I he preparation of pure iron oxide nanoparticles and silica nano-spheres have been individually 

discussed in the previous sections. This section deals with the preparation of silica-coated 

nanocomposites, which was carried out in Igcpal ('U-520/cyclohexane system at 25(V fr 96 hours. 

The phase diagrams of the w/o microcmulslon employed was given in Figure 5.2-7. 
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Figure 7.1-5 TEM micrographs of iron oxide nanoparticles and silica/iron oxide nanocomposites prepared via Igepal CO- 
520/cyclohexane w/o microemulsion system at 25°C. Surfactant oil =14 (wt wt) 
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As shown in the TEM micrographs, the size of pure iron oxide nanoparticles prepared by w/o 

microemulsion system was about 5 nm (Figure 7.1-5 Al, and the size of the silica coated magnetic 

nanocomposites was 15 nm, with the thickness of the ceramic coating layer around 5 nm [Figure 7.1-5 

Bl. The core-shell structure could be observed clearly from the TEM micrographs. The lighter colour 

silica shell surrounded the darker colour iron-oxide-core evenly. Compared to the pure iron oxide 

nanoparticles, the silica-coating layer probably prevents iron oxide nanoparticles from aggregating. 

The micrographs of diffraction patterns of the pure iron oxide nanoparticles and silica coated 

nanocomposites prepared in microemulsion, are given in Figure 7.1-5. The pure iron oxide nanoparticles 

exhibited a few comparably sharp rings [Figure 7.1-5 A. DFI, while the nanocomposites sample exhibited 

blurred pattern, which probably means the crystallinity of original iron oxide nanoparticles was 

affected due to the presence of silica coating layer. 

X-Ray diffractograms of the nanoparticles with and without coating, are shown in Figure 7.1-6, also 

indicated that the crystallinity of nanocomposites [Figure 7.1-6 A[ was different from the original iron 

oxide cores [Figure 7.1-6 B[. It was difficult to identify any characteristic peaks from the XRD pattern of 

silica coated nanocomposites. 

10 Is 20 25 30 35 40 45 

2 Thota (Geproe) 

60 66 so 66 70 

Figure 7.1-6 X-ray diffractograms of Iron oxide nanoparticles and silica coated nanocomposites prepared In Igepal CO- 
520/cyclohexane w/o microemulsion system at 25'C for 96 hours. Surfactant : oil " 1: 4. - 

(A] Silica coated nanocomposites; (Bj Original Iron oxide nanoparticles 
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Figure 7.1-7 EDX analysis of [A] outer layer and [B] central part of the silica coated nanocomposites prepared in Igepal CO- 
520/cyclohexane w/o microemulsion system at 25'C for 96 hours. Surfactant : oil " 1: 4. 

The evidence of core-shell structure was proved by the Energy Dispersive X-ray Analysis as shown in 

Figure 7.1-7. A nano-probe was applied to the outer layer and the central part of the nanocomposites, 

respectively. There was no elemental iron detected in the outer layer (shell), indicating the iron oxide 

core being fully encapsulated by the silica shell. 

" Studies on the molar ratio of IHzOI to ITEOSI 

The effect of molar ratio of [1120] to [TEOS] on the morphology was also investigated in the synthesis 

of silica coated nanocomposites, via the w/o microemulsion system [Figure 7.1-81. According to the 

TEM micrographs, the thickness of the shell did not change significantly when the ratio was varied 

from 10 to 50 Figure 7.1-8 A, B1. When the ratio was increased to 60 (Figure 7.1-8 Cl, the boundary 

between core and shell looked blurred. The core/shell structure was difficult to observe as the ratio 

. 188. 
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Figure 7.1-8 TEM micrographs of silica-coated nanocomposites prepared via Igepal CO-520/cyclohexane w/o microemulsion 
system with the different molar ration of (H201 to [TEOS] Surfactant oil =14 (wt wt) 
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was finally increased to 100, possibly due to a very thin layer of coating. On the other hand, the finely 

separated particles partially indicate the existence of a coating layer. 

7.2 
PREPARATION OF PAM/IRON OXIDE NANOCOMP'OSITES 

PAM/iron oxide nanocomposites were synthesised in Brij 97/cyclohexanc vk, 'o microemulsion system 

at 60°C for 6 hours, initiated by KPS. The original iron oxide nanoparticles were also synthesised in 

this system at 60°C for 24 hours. 

The TEM micrographs of PAM/iron oxide nanocomposites show that those nano-composites were 

spherical and of narrow size distribution lFigure 7.2-11. It can he seen clearly from the close-up picture. 

that a large amount of 5 nm iron oxide particles were embedded into PAM nano-spheres, 
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Figure 7.2-1 TEM micrographs of PAM/iron oxide nanocomposites prepared via Brij 97/cyclohexane w/o microemulsion system 
at 60°C for 6 hours. Surfactant . oil =13 
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Figure 7.2-2 X-ray diffractograms of [A] PAM/iron oxide nanocomposites and [B] pure iron oxide nanoparticles 

which was about 120 nm as diameter. Although the original polymer boundary could hardIý he seen in 

the 'I FM micrographs, the areas marked by bonded iron oxide particles indicates that these 
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Figure 7.2-3 FT-IR spectra of iron oxide nanoparticies and PAron oxide nanocomposites prepared via Brij 97/cyclohexane 
w/o microemuision system at 60'C for 24 hours and 6 hours respectively.. 

nanocomposites were well isolated. The X-ray diffractograms of iron oxide nanoparticles and 

PAM/iron oxide nanocomposites prepared via w/o microemulsion system at 60°C, are shown in Figure 

7.2-2. Characteristic peaks, (311) and (440) could be identified for both pure and composites samples. 

The FT-IR spectra of PAM/iron oxide nanocomposites shows the characteristic absorptions of PAM at 

3410,1618,1452,1420,1325,1350,1184 and 1120 cm'', where are assigned separately as: 

" C-N: 1325,1184,1120; 

" C-11: 1350,1420,1452; 

" C=O: 1618; 

" N-11: 3410; I 
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7.3 DISCUSSIONS 

Introducing a second material to pure nanoparticles to form core-shell structured nanocomposites or 

nano-sized host matrices with embedded particles, can effectively avoid the aggregation of pure 

nanoparticles to be well maintained at the primary nano-scale, while altering the original properties of 

single nanomaterials. 

The synthesis of nanocomposites, based on magnetic nanoparticles (i. e. iron oxide), was carried out in 

w/o microemulsion systems with silica and PAM, respectively. The following discussion of the 

synthesis of nanocomposites, will be in regard to the composite morphology and the different 

mechanisms leading to the formation of ceramic/polymer nanocomposites. 

7.3.1 Free-water in synthesis of silica coated nano-composites 
W/O microemulsion systems are employed in the synthesis of nanoparticles and nanocomposites, 

mainly from the consideration of their restricted environments arising from a unique interior structure, 

which could be expected to give a good control on the morphology of nanomaterials prepared inside. 

In fact, such a kind of control was partially achieved in the synthesis of silica-coated nanocomposites 

via Igepal CO-520/cyclohexane w/o microemulsion system at 25°C for 96 hours, by changing the 

molar ratio of H2O to TEOS (RIHT); this resulted in changing the "fret-water". 

The term of "free-water" refers to the unbound water molecules in the water droplets in the 

microemulsions, arising from the little interactions between the polar water phase and hydrophilic 

groups of the surfactant, and the extent of solubilisation in the microcmulsion systems. When the 

amount of water in the organic oil phase is very low, most of the water molecules are hydrogen 

193. 
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bonded to the surfactant polar groups and they are said to be "bound". With an increase in the water 

content, unbound or "free water" molecules become increasingly available. 

According to the discussion above, free-water is not only a reagent in the hydrolysis reaction of TEOS 

but also a system-dependent factor. Since TEOS hydrolysis in w/o microemulsion systems can be 

affected by both steric effects from the surfactant layer and the presence of free-water, hence, the 

synthesis of silica nano-spheres and silica-coated nanocomposites is expected to be controlled by the 

w/o microemulsions. From this point of view, the discussion about the free-water in synthesis of pure 

silica nano-spheres will be given first. 

7.3.1.1 Free-water in synthesis of silica nano-spheres 

Silica submicron particles have been prepared by the controlled hydrolysis of metal alkoxides in an 

alcohol and water mixture, 1197-1981 accompanied with the high poly-dispersity. W/O microemulsion 

systems provide an effective method of the synthesis of mono-dispersed silica nano-spheres. 

The formation of silica nano-spheres in w/o microemulsion systems is given in Figure 73-1 

schematically. The synthesis of silica by the alkoxide hydrolysis can be generally described by the 

reactions i'ýi: 

Hydrolysis: Si(OR)4+X-H20= Si(OR)4-,, (OH), +x" ROIi (7-1) 

Condensation: IIII 
- Si -OR + HO- Si Si -0- Si -+ ROii 

IIII 

IIII 
- Si -OH + HO- Si -=- Si -0- Si -+1120 

1111 

(7-2) 

(7-3) 

. 19g. 
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Figure 7.3-1 Growth mechanisms of TEOS nano-spheres in the water-in-oil microemulsion system containing ammonia solution 

The mechanism involves both hydrolysis and condensation reactions. The I rmer reaction results in 

the formation of nuclei and the latter encourage the addition of monomers to existing particles. The 

resultant morphology of silica spheres is affected b} the effects of the reagent concentration on the 

relative rates of the hydrolysis and condensation reactions. Once it nucleus is formed in it water droplet, 

further growth is initially determined main l' by the content of monomers inside. An increase in the 

rate of hydrolysis IF. quation 7-II, will encourage the nucleation of silica "seeds" and result in the small 

size of ceramic spheres. 

Flic eflects of the RI fI value, the sire of water pools (w�) and the surfactant concentration on the size 

of silica nano-spheres were investigated. It was found that the site of silica nano-spheres increased 

with an increase of surfactant concentration. but with a decrease of RI1*1 and the size of %%ater pools. 

Flic influence of' these parameters on the site of silica nano-spheres synthesised in w/o 

microemulsions, all arise from the influence of dif ferent amounts of" free-ý%atcr. 

The oxvethylenc (t-. O) units of the non-ionic surfactant interact with water molecules through 

hydrogen bonding. As the water content increases, self-assembling of surfactant molecules is 

thermodynamically favoured, and with the increase of water soluhilised into systems, free-water 



m 
MIR 

SYNTHESIS OF NANOCOMPOSMS 
02006 MIAN UN. IPTME. LOUGHBOROUGH UNIVERSITY 

molecules will present in the hydrophilic domain, whose properties approach those of bulk water 1531. 

According to Guizard et al. 12001, the rate of hydrolysis clearly increased for larger wo values as the 

result of the presence of more free-water, with the increased size of water pools, small silica spheres 

will be produced consequently. From this point of view, the decreased size of particles derived from 

the increased RHT value, can also be ascribed to the presence of the increased amount of unbound 

water which favours the hydrolysis reactions and produce small nano-spheres. Seile et al. 12011 reported 

the water to TEOS mole ratio (RHT) should be about 50 in order to obtain maximum particle size. 

Bogush et al. f44,163,202 have reported a maximum particle size at a ratio of 40. Our results are in 

agreement with those reported by Bogush et al. 

The effect of surfactant concentration on the size of particles prepared from TEOS hydrolysis in w/o 

microemulsions can also be explained by the effect of free-water. As known, with a particular amount 

of water solubilised in microemulsion systems, the increased concentration of surfactant molecules 

would result in an increased amount of water bound to the polar groups of the surfactants. In other 

words, the increase of surfactant concentration leads to an increased amount of bound water and the 

disappearance of free-water. Hence the hydrolysis rate in this case would be comparably low and the 

growth of particles would be favoured. Therefore, it was found in our experiment, that the size of 

silica nano-spheres increased from 8 nm to 35 nm as the surfactant concentration increased from 

14.6% to 36.4%. 

7.3.1.2 Free-water in synthesis of core-shell structured nanocomposites 

The effect of free-water on the formation of silica nano-spheres can be utilised in the synthesis of 

silica-coated nanocomposites to control the thickness of ceramic shell. Figure 7.3-2 shows the 

schematics of the synthesis of silica coated nanocomposites in w/o microemulsion systems. As shown 

in the picture, the silica monomers are precipitated on the surface of prepared iron oxide nanoparticles 

in water droplets, by the hydrolysis of TEOS and after the condensation, the core-shell structured 

nanocomposites are formed. 

. 196. 
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Figure 7.3-2 Schematics of the synthesis of silica coated nanocomposites 

The thickness of silica shell could he atlected hý free-water effect. As KI II was 10, core-shell 

structured nanocomposites were shown in 1 IN micrographs (Figure 7.1-81. When kill was increased 

to 60, the resulting shell became difficult to he observed from the II'M micrographs and finally 

seemed to disappear in the 'EEM micrographs at a RI II of 100. 

According to the discussions about free-water in 7.: 3.1 
. 
1. the increase of RI II would result in the 

increase of tree-water in water droplets of w/u inicrucnuulsions, and the increased of the reaction rate 

of 'I l'. OS hydrolysis. Consequently, the formation of silica nuclei is promoted, in the synthesis of' 

nanucomposites, which probably leads to a thinner shell coating on the iron oxide nanopartieles. As 

shown in I EM micrographs of'the silica coated nanocomposites prepared with Ri II of 100 IMiuure 7.2- 

4 although the existence of the core-shell structure was not clearly observed. the well dispersed 

composite nanoparticles, with a size of 12 nm, partially indicates one of the advantages of a coating 

process, preventing aggregations of pure nanoparticles. On the other hand, it was also found that the 

overall size of the composite nanoparticles decreased from 20 not to 12 mn. with the increase of RII I 

from 10 to 100. As the original iron oxide nanoparticles prepared in advance, can not grow during the 

coating process, one reason to explain the change of composite size, should he the change of'the shell. 

Therefore, the core-shell structured silica/iron oxide nanocomposites could he sNnihcsiscd ý is Igepal 

C O-520/cyclohexane w/o microemulsion at 25°C for 96 hours. The thickness of the silica shell can he 

Hydrolysis of TEOS 
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affected by free-water and consequently controlled by the microemulsion system. 

7.3.2 Comparison between different nanocomposites synthesised 
Silica/FeO and PAM/FeO nanocomposites were all synthesised via w/o microemulsions with different 

morphology. As mentioned above, silica/FeO nanocomposites were prepared as core-shell structured 

nanomaterials with a ceramic shell and the magnet core. PAM/FeO nanocomposites were prepared as 

a polymer matrix embedded with nano-sized iron oxide particles. The different morphology of these 

two nanocomposites indicates the different mechanism of composite formation and also resulting in 

different properties. 

In the synthesis of silica/FeO, the prepared iron oxide nanoparticles in water droplets act as nuclei for 

precipitation of silica monomers. Hence the condensation of silica monomers is generally based on 

each single magnetic nanoparticle, which probably explains why there was no aggregates of iron oxide 

nanoparticles encapsulated in silica coating. Additionally, the w/o microemulsion systems also 

provided a protected environment by surfactant layers for the particle growth. 

As for the synthesis of PAM/FeO, the prepared iron oxide nanopartieles are initially mixed with AM 

monomers. After initiation by KPS at 60°C, the formed polymer chains coil together and trap those 

magnetic particles, because of the restricted space by surfactants. The addition of the crosslinking 

agent makes the polymer chains connect to each other and the iron oxide nanoparticles became 

embedded in the polymer matrices as a result. Due to the amphiphilicity of AM monomers, the 

surfactant layers in microemulsion polymerisation is assumed to be more flexible and the intcr- 

micellar exchange would be much favoured compared with the silica coating. Generally, the final 

particle size was significantly greater than the water pool diameters. 

The crystallinity of both nanocomposite samples were depressed, compared with original iron oxide 

nanoparticles. However, the PAM/FeO showed comparably clearer characteristic peaks at (311) and 

. 1.9s. 
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(440) [Figure 7.2-2], presumably because the interaction between iron oxide nanoparticles and their host 

matrices was not as strong as those between silica shells and iron oxide cores. In fact, for core-shell 

structured nanomaterials, there is an intimate close connection in terms of physical and/or chemical 

interaction existing between the shell and the core, which leads to an interaction between both shell 

and the core compartments creating synergistic effects Hence the depression in crystallinity of 

silica coated nanocomposites, might demonstrate the presence of such a kind of physical/chemical 

interactions. However, the structure of iron oxide nanoparticles dispersed in polymer matrix may lead 

to a comparably loose construction of PAM/FeO nanocomposites. 

On the other hand, the much stronger crystallinity revealed by the XRD pattern of PAM/FeO 

nanocomposites, (compared to silica/FeO), might be attributed to the different partitioning of magnetic 

nanoparticles in the composites. As for the latter, iron oxide nanoparticles were entirely encapsulated 

in the centre and coated by ceramics. However, apparently much more iron oxide nanoparticles were 

located on the surface of the PAM/FeO spheres. Hence the crystallinity could be well resolved. 

SUMMARY 

Core-shell structured silica/iron oxide nanospheres and PAM/iron oxide nanocomposites were 

synthesised via w/o microemulsions. The thickness of silica shell was partially controlled by the system- 

dependent factor, free-water. As the RUT was increased from 10 to 100, the size of silica/FeO 

nanocomposites decreased from 20 nm to 12 nm. 

The produced nanocomposites both showed depressed crystallinity compared with original magnetic 

nanoparticles. However, the characteristic peaks as (500) and (440) could still be recognised from the 

XRD pattern of PAM/FeO samples. 
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CONCLUSIONS & FUTURE WORKS 

Iron oxide nanoparticles, polyacrylamide and poly-(methacrylic acid) nano-spheres, silica/PAM 

coated nanocomposites with uniform size distribution and controlled morphology, were synthesised in 

water-in-oil (w/o) microemulsion systems. 

Igepal CO-520/cyclohexane was selected to carry out the nano-synthesis at 25°C, due to its higher 

solubilisation of aqueous phase, which allowed the investigation to be carried out with a broad range 

of system-dependent parameters, such as loading of aqueous phase and surfactant concentration, 

without disturbing the thermodynamic stability of systems. From a geometrical point of view, the non- 

ionic surfactants with the shorter POE chains and the smaller cross-sectional areas, could both result in 

the increased solubilisation capability of the aqueous phase. Hence, the lgepal CO-520/cyclohexane 

w/o microemulsion system showed higher extent of water solubilisation at 25°C. 

Temperature normally has an inverse-effect on the solubilisation of aqueous phase in w/o 

microemulsion systems with non-ionic surfactants, due to the dehydration of POE chains with 

increased temperature. However, the Brij 97/cyclohexane microcmulsion system showed an increased 

solubilisation with the increase of temperature from 40°C to 70°C. Therefore, Brij 97/cyclohexane 

combination because of its better stability at higher temperatures, accompanied with required 

solubilisation capability, were selected as the high-temperature system (60°C) for the microcmulsion 

polymerisation of acrylamide. 

The size of microemulsion-derived magnetic particles increased from 1 nm to over 5 nm with the 

increase of the size of water pools in the microemulsions. The iron oxide nanoparticles prepared by the 

. 200. 



UG 
at 

CONCLUSIONS & FUTURE WORKS 
0 2006 ML\N LIN. IPIME. LOUGHBOROUGH UNIVERSRY 

precipitation method were 5-20 nm. The increase of ripening time and temperature, both could result 

in the increased crystallinity accompanied with the increased crystallite size of the iron oxide particles. 

The maghemite phase appeared when the sample was prepared at 90°C for 12 hours. Due to the 

existence of amorphous hydrous ferric oxide, the starting materials with a lower content of ferric ions 

resulted in the better crystallinity of the nanoparticles. 

The complete oxidation phase as hematite was observed from microemulsion-derived samples after 

12-hour hydrothermal . process at 140°C, while the corresponding transition temperature for 

precipitation-derived samples was 200°C. The increase of hydrothermal temperature leads to the 

increase of crystallinity and crystallite size of nanoparticles. As the hydrothermal temperature was 

increased from 120°C to 200°C, the size of microemulsion-derived particles increased from 10 to 60 

nm. Meanwhile, the size of precipitation-derived samples increased from 20-30 nm to 20-180 nm. 

The broad size distribution of precipitation samples resulted in the size-gap of particles. 

Microemulsion-derived iron oxide nanoparticles have the lower saturation magnetisation and the 

lower coercivity at 5K and 300K, respectively, compared with precipitation-derived particles, due to 

the smaller particle size which is presumably close to the single domain. 

PAM nano-spheres were synthesized via Brij 97/cyclohexane at 60°C for 6 hours, initiated by KPS. 

The size of polymer spheres increased from 50 nm to 200 nm with an increase of surfactant 

concentration. The increased size of water pools resulted in the increased size of PAM from 50 nm to 

500 nm. KPS was used as the heat initiator in polymerisation of AM. Increasing the concentration of 

KPS resulted in a slightly increase of conversion and the decrease of molecular weight of the polymer 

from 4.81x105 g/mol to 4.05x105 g/mol. The synthesis of PMAA nano-spheres were investigated by 

polymerisation in a Triton X-114/cyclohexane w/o microemulsion system, at 60°C for 6 hours. Both 

the KPS and MAA concentrations can affect the molecular weight of polymer produced. The increase 

of the latter also led to the increase of size of PMAA spheres from 30 nm to 100 nm. 
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As for the synthesis of core-shell structured nanocomposites, the thickness of the ceramic shell was 

affected by RHT. The original size of iron oxide core was -5 nm. The overall size of nanocomposites 

decreased from 20 to 12 nm with the increase of RHT from 10 to 100, presumably because the 

increased amount of free-water results in the increased rate of hydrolysis reactions and consequently 

the decreased size of silica shell. PAM coated nano-magnetic materials have been prepared by a Brij 

97/cyclohexane w/o microemulsion system at 60°C for 6 hours. It was seen clearly from the TEM 

micrographs that many of iron oxide particles, size around 5 nm, were homogeneously embedded in 

the polymer spheres, size of 120 nm. 

FUTURE WORKS 

1. The system-controlled synthesis of core-shell structured nanocomposites was partially 

confirmed, which is still far from completion. The thickness of shell and the content of core 

are both expected to be nicely controlled by the system parameters, accompanied with 

required magnetic properties. 

PAM/FeO nanocomposites was synthesised from Brij 97/cyclohexane w/o microcmulsion 

system in our experiments, in terms of the morphology. For polymer/magnet nanocomposites 

to be effectively applied in bio-science and technology, not only the magnetic properties of 

composites need to be further investigated regarding the functionality, but also, other 

polymers, such as PMAA or some bio-degradable materials, such as poly-cthyl-2- 

cyanoacrylate, which is very suitable to act as drug carrier, could be introduced in the research 

and fabrications. 

. 202. 
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Abstract 

A new water-in-oil (W/O) reverse microemulsion system was developed to prepare sili- 

ca-coated iron oxide magnetic nanocomposites, where Igepal CO-520 was used as the surfac- 
tant and cyclohexane as the oil phase. As a comparison, coprecipitation method was also em- 

ployed to synthesize the nanomagnets and hydrothermal as a post-treatment to enhance the 

crystallinity of the iron oxide nanoparticles prepared. The iron oxide nanopulicles prepared 

via the microemulsion and co-precipitation at ambient temperature are magnetite (Fe304) and 
have poor crystallinity with the size of 5- l Onm and 10-20nm, respectively. The iron oxide par- 
ticles via microemulsion grew in size to -- 6Onm after hydrothermal treatment at 2(X)`t: and 
transformed to hematite (b-Fe, 03) at 1409C 

, while large size distribution (14-180nm) of the 

nanoparticles was observed for those prepared by coprecipitation after post-hydrothermal treat- 

ment at 20090 and the nanoparticles were in the maghemite (ii-Fe2()3) phase at temperatures 
14090 , 

16090 and transformed into the hematite ( fi-Fe, 03 ) at 2MI, 
. 

Silicon oxide coated 
iron oxide nanocomposites were also synthesized in-situ by ammonia-catalyzed tetraethyl or- 
thosilicate (TEOS) hydrolysis and condensation after forming the iron oxide nanoparticles in 

the microemulsion system. TEM micrograph showed that the iron oxides were coated by a thin 
layer of silica, which was further supported with F. l)X analysis. 

Key wards : Microemulsion, Core-shell stricture, Narwparticles, Magnetic. 

I" Introduction 

In recent years, there has been considerable 
'nterest in the synthesis of nano-sized magnetic 
Particles such as Fe; 03 and F('304, due to their 
Potential applications as magnetic inks, ferroflu- 
's, magnetic recording, magnetic storage media, 
and magnetic cell separation and other medical 
applications (Ilaik et al. , 1999; Safarik and Sa- 
farikova, 1999; Tartaj and Serna, 202; Martin et 
111. 

, 2003 ). However, pure magnetic particles 

themselves may not be very useful in practical ap- 
plications as they tend to form large aggregates 
and they can undergo rapid biodegradation when 
they are directly exposed to the biological system 
( Swadeshrnukul et a/. , 

2(0l ). Therefore a coating 
is very necessary to prevent such problems 
( Swadeshrnukul et al ., 

2(x)1 ; Zhong and Maye, 
2001 ; Caruso, 2001 ; Caruso et al. , 

2001 ; I, eevy et 
al. , 

2002 
. 

For example , the nanomagnets com- 
pOsite systems with the core/shell structures could 
result in spin bias exchange at the boundary of the 

'SSN 
: 1708-5284 
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superparamagnetic particles and, as a consequence added to the microemulsion system with NH4OH 
of single domain characteristics, lead to enhanced as the base. Nitrogen gas was continuously purged 
coercivity and apparent ferromagnetic behaviour during the mixing. Resultant products were� left to 
(Shi et al : , 1996) . These coated particles would react under ambient temperature for 24 hours. Sili- 
also be very useful for efficient bio molecule sepa- 
ration and for magnetically guided biosensor appli- 
cations (Swadeshmukul, et al. , 2001) ., ý, , 

ca nanoparticles were prepared by the hydrolysis 

of tetraethylorthosilicate (TEOS) (H2O/TEOS = 
40mol/mol) in the same reverse microeinulsion as 

A microemulsion is a thermodynamically 'sta- above. Silica coated iron oxide particles were pre- 
ble system composed of at least three components :- pared by two steps : iron oxide nanoparticles was 
two immiscible components ( usually water and first. synthesized as described above, then precal- 
oil) and a surfactant (Boutonnet et al. , 1982 ; Shi culated TEOS was added into the microemulsion. 
et al. , 1996), which provides a' microheteroge- 
neous medium for the generation of nanoparticles. 
The formation of particles in such systems is con- 
trolled by the reactant distribution in the droplets 
and by the dynamics of interdroplet exchange. The 
surfactant stabilized micro-cavities provide a cage- 
like effect that limits, particle, nucleation, growth 
and agglomeration. In this report, a new water-in- 
oil microemulsion system was developed to prepare 

The mixed solution was left to react at ambient 
temperature for 72 hours. All, the nanoparticles 
synthesised were separated by centrifugation, 
washed thoroughly 'with acetone and distilled water 
to remove any extraneous species (two times with 
acetone followed by two times with distilled water 
and finally with acetone again). °' 

`2.3 . Hydrothermal treatment iron oxide nanoparticles, silicon oxide nano- 
spheres and iron oxide/silicon oxide nanoparticles 
with core-shell structure 

. The transmission electron 
microscope (TEM), X-ray diffractometer (XRD) 

and Energy dispersion X-ray were employed to 
study the morphology, particle size and crystallini- 
ty of both the uncoated and silica-coated iron ox- 
ide particles. 

2. Experimental details 

2.1. Materials 
All chemicals were purchased from Sigma- 

Aldrich and were used as receive. The surfactant 
used was Igepal CO-520. The iron chloride (II ) 
tetrahydrate 99% iron chloride ( III) hexahydrate 
98 %, tetraethylorthosilicate (TEOS) 

, and ammo- 
nium hydroxide 35 % were' reactants for the iron 
oxides and silica coated iron oxides. The oil phase 
was cyclohexane. Distilled water'' was used 
throughout the experiment 

2.2 . Synthesis of iron., oxide, silicon oxide 
and . 

iron oxide /silicon oxide nanopar- 
ticles . 

The 'synthesis of the iron oxide nanoparticles 
was carried out in an Igepal CO-520/cyclohexane 
(20/80 wt %) reverse microemulsion. Precalcula- 
ted amounts of iron chloride aqueous solution were 

The hydrothermal treatment of the nanoparti- 
cles synthesised was carried out in an autoclave at 
the high temperature between 140 and 20090 The 
autoclave is an airtight vessel made. by stainless 
steel with a Teflon inner container, and a stainless 
steel cap. The starting materials had been washed 
and centrifuged before undergoing the hydrother- 

mal treatment 
.1g of nanoparticles and 20g of wa- 

ter was mixed and sealed in the autoclave. The au-. 
toclave was kept in a temperature-controlled oven,, 
for 5h. Internal pressure depends. on the tempera-, 
ture. 

-2A. Characterisation `1-` 
A transmission electron microscope, JEOL 

2000FX, was used to examine iron oxide, silica 

, and silica coated iron oxide nanoparticles . Samples. 
were made by placing a drop of the' solution on a 
copper grid. The. solvent was allowed to evaporate 
at room temperature . 'Particle sizes were estimated 
from TEM pictures. lb' e, silica coated iron oxide 
particles were further examined using a FE! 

, 
Tec 

nai F20 Field Emission Gun Transmission Electron 
Microscope equipped with thin window Energy 
Dispersive X-ray Analysis (EDX) . The crystallini- 
ty of the powder, samples was measured using a 
Bruker D8 X-ray diffractometer with CuK, radia- 
tion A=0.15406nm at 40kv and 30mA. Data were 
collected over the 20 ranging 10-70 ( with a step 
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size of 0.02° and a count time of 0.5s 
. Samples to 

be characterized using XRD were dried and grin- 
ded into fine powders before measurement. 

3. Results and discussion 
Iron oxide particles were synthesized via the 

microemulsion and coprecipitate methods. The size 

of the nanoparticles synthesized by microemulsion 
is in the range of 5-l0nm, while the particles pre- 

pared by coprecipitation were 10-20nm ( Fig. 1) 
. 

The introduction of microemulsions to produce 

nanoparticles bound the particle size within small- 

er nano-range and facilitate the uniform particles. 
While the co-precipitation method does not hold a 

micro-cage in "moulding" the particles morpholo- 

gy and thus produces particles with a relative lar- 

ger particle size and a broader particle size distri- 

bution. The X-ray diffraction pattern (XRD) indi- 

cated these nanaparticles are magnetite (Fe304 ) 

and have poor crystallinity (Fig. 2) 
. 

The investigation of the effect of hydrother- 

mal on the crysatllinity and phase changes of the 

iron oxide nanoparticles was carried out in a small 

autoclave at different temperatures ranging from 

14090 to 20090. It is worthy to note that the 

growth of iron oxides synthesised via microemul- 

sions was from 10nm to - 60nm with rather nar- 

row size distribution after being hydrothermal 

treatment 
( Fig. 3a) 

, while irregular size distribu- 

tion was observed for the iron oxide nanoparticles 

prepared via pcoprecipitation, sizes ranges from 

14-180nm ( Fig. 3b) 
. 

XRD patterns ( Fig. 4) 

showed that the iron oxide prepared via mi- 

croemulsions was transformed from magnetite to 

hematite (ä-Fe203) at hydrothermal temperature 

77 

above 140CC In contrast, a maghemite (-Fe2O3) 

phase was observed for the nanoparticles prepared 
via the coprecipitation when undergoing hydrother- 
mal treatment at temperatures 140`C , 160'C and 
transformed into the hematite (-Fe2O3) iiat 200`C 
(Fig. 5) . The silicon oxides were also synthesized by 
the hydrolysis of tetraethylorthosilicate ( TEOS ) 

using the same microemulsion at ambient tempera- 
ture for 72h using NH4OH as a catalyst. TEM mi- 
crographs showed that the silicon oxide particles 
were in the size around 20 nm with a very uniform 
particle size distribution ( Fig. 6a) 

. 
Silica coated 

iron oxide particles were prepared in-situ via mi- 
croemulsion. TEM micrograph ( Fig. 6b) shows 
that the size of the coated magnetic particles is 15- 
20nm with the thickness of the coating - 2-5nm. 
X-ray diffraction pattern of the silica coated iron 

oxide nanoparticles displayed poor crystallinity as 
compared to the uncoated iron oxide nanoparticles 
even after hydrothermal treatment at 200`C for 
5h. This may be attributed to the layer of silica 
coating restricting growth of iron oxide nanoparti- 
cles in hydrothermal. 

In order to further investigate the core-shell 
structure of the coated nanopartilces, the sample 
was examined using a High Resolution Transmis- 

sion Electron Microscope equipped with a thin 
window Energy Dispersive X-ray Analysis. A 

nanoprobe was applied to the outer layer ( shell) 
and the central part (core) of the nanoparticle, re- 
spectively. There was no iron element detected in 
the shell, indicating the iron oxide core being 

wrapped by a silicon oxide shell (Fig. 7). 

Fig. 1 TVA1 micrographs of iron oxide nanoparticles prepart-d 1, 
,%( 

Irft 

microemulsion and (right) coprecipitated at ambiet temperature.. 



Zn 

Fig. 2. X-ray diffraction pattern of the iron neide nan. )pnrtic! r pro irr. I ci: k iii, ný"muki�n, at ambient temperature 

i 
Fig. 3. TEM mirographs of iron oxide nanoparticles prepared by (left) microemulsion 

and (right) coprecipiation after hydrothermal at temperature 200 t. 
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Fig. 5. X-ray diffraction patterns of the nanoparticles prepared via coprecipitation 
for the hydrothermal as a function of synthesis temperature for 5h. 

ab 
Fig. 6. TEM micrographs showing (left) silica nanoparticles and (right) iron 

oxide/silica nanopartiles prepared via microemulsions. 

4. Conclusions 
Both microemulsion and coprecipitation 

methods were used to synthesize iron oxide 

nanoparticles. 
Hydrothermal was also employed as 

a post-treatment to enhance the crystallinity of the 

iron oxide nanoparticles. The iron oxide nanoparti- 

cles produced via both microemulsion and copre- 

cipitation revealed the increasing in crystallinity 

after hydrothermal treatment. More stable crystal 

phase a-Fe203 was formed for the nanoparticles 

prepared via microemulsions and a metastable 

phase -Fe2O3 äwas observed for the nanoparticles 

prepared via coprecipitation after hydrothermal at 

/ý 

140`C for 5h. Spherical silica nanoparticles were 
also synthesized by hydrolysis of TEOS in the mi- 
croemulsion. TEM micrographs showed that iron 
oxide nanoparticles were successfully coated by 
silica via microemulsions: dark spots (iron oxide) 
being coated by a thin layer of light area ( silica) 
which was further supported with EDX analysis. 
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ABSTRACT: `A water-in-oil microemulsion, water-in-cy- 
clohexane stabilized by poly(ethylene glycol) tent-octylphe- 

nyl, _ was ` developed to prepare poly(methacrylic acid) 
(PMAA) particles. Up to 100% conversion of the amphiphilic 
monomer, methacrylic add (MAA), which could not be 

converted to the polymer efficiently in a dioctylsulfosucci- 

nate sodium salt/toluene microemulsion, was achieved. The 

viscosity-avera5ge molecular weight of the PMAA prepared 
was 1.45 x 10 g/mol. The effects of some polymerization" 
parameters, including the reaction temperature and the con- 
centrations of the initiator and the monomer, on the poly- 
merization of MAA were investigated. The results showed 
that the polymerization rate of MAA was slower than that of 

INTRODUCTION 

A microemulsion may be defined as a thermodynam- 
ically stable isotropic dispersion of two immiscible 
liquids consisting of nanometer-sized domains of one 
or both liquids in the other, stabilized by an interfacial 
film of surface-active molecules. They can be classified 
as oil-in-water and water-in-oil (w/o) according to the 
dispersed and continuous phases. In both cases, the 
dispersed phase consists of monodispersed droplets in 
the size range of 10-100 nm. " 

Recently, w/o (inverse) microemulsions have at- 
tracted much more attention as a route for preparing 
inorganic ' nanomaterials3-5 _ and,,. high-molecular- 

weight water-soluble polymers. "' This route offers a' 
novel and versatile technique for the synthesis of a 
wide variety of nanophase materials with the ability to 
control precisely the size of the particles formed and to 
yield polymer particles with 'a narrow particle size' 
distribution and excellent latex stability. It also offers a 
unique method for controlling the kinetics of particle 
formation and growth by varying the physicochemical 
characteristics of the microemulsion system. 4. 

Correspondence to: X. Bao (x. bao©lboro. ac. uk). 
Contract grant sponsor: Royal Society. 
Contract grant sponsor: Loughborough University. 

Journal of Applied Polymer Science, Vol. 100,2497-2503 (2006) ° 
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acrylamide in the microemulsions reported in the literature. ' 
The degree of conversion increased with the initiator con- 
centration, reaction temperature, and monomer concentra- 
tion. However, the stable microemulsions became turbid 
during the polymerization when the reaction temperature 
was at 70°C or at a high monomer concentration (40 wt %) 
The synthesized PMAA particles were spherical and had 
diameters in the range of -50 nm. ® 2006 Wiley Periodicals, Inc. 
J Appl Polym Sci 100: 2497-2503,2006 

Key words: poly(methacrylic acid); microemülsion poly 
merisation; nanoparticles 

Most studies on the polymerization of water-soluble 
monomers via inverse microemulsions have mainly 
focused on acrylamide (AM). 7-11 The use of the micro- 
emulsion approach has led to stable and clear micro- 
latices with uniform diameters of about 50 nm. Each of 
the final latex particles contains only about one high- 
molecular-weight macromolecule in a collapsed state. ' 
More recently, polymerizations in inverse microemul- 
sions of other water-soluble monomers, including 
2-methacryloyl oxyethyl trimethyl ammonium chlo- 
ride, have also been reported 12-15 

Poly(methacrylic acid) (PMAA) possesses a wide, 
range of physical and chemical properties, such as good 
variations in the hydrophilicity, hardness, toughness, 
adhesion, complex formation, a special pH-responsive 
ability, and electrolyzable properties, and this makes it a 
good candidate, for many applications. 16,17 In some 
cases, nanometer-sized PMAA particles arc preferred, 
such as controlled drug delivery18,19 and self-assembly 
processes. 20 Obviously, the inverse microemulsion route 
offers a possible way_ of preparing nanometer-sized 
PMAA particles as the polymerization is carried out in 
restricted small droplets in the microemulsion system. 
However, so far, no results have been reported on the 
polymerization of methacrylic acid (MAA) with an in- 
verse microemulsion method. 

In this work, w/o microemulsion systems were used 
to prepare nanometer-sized PMAA particles. The effects 
of the reaction parameters, including the temperature 
and the initiator and monomer concentrations, on the- 

_ 
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polymerization were investigated. The mechanism of the 
formation of the PMAA nanoparticles is discussed and 
compared with the ionic surfactant sodium bis(2-ethyl- 
hexylsulfosuccinate) (AOT) system. 

Materials 

EXPERIMENTAL 

The surfactants polyoxyethylene(5)nonylphenylether 
(Igepal-CO-520), poly(ethylene glycol) tert-octylphe- 
nyl (Triton-114), AOT, and sorbitan trioleate (Tween- 
85) were purchased from Sigma-Aldrich (Gillingham, 
United Kingdom), were analytical-grade, and were 
used without further purification. Toluene, cyclohex- 
ane, and 2,2,4-trimethylpentane (analytical-grade) 
were purchased from Fisher Scientific (Loughbor- 
ough, United Kingdom) and used as the oil phase. 
MAA, purchased from Sigma-Aldrich, was vacuum- 
distilled at 60°C just before the reaction. N, N-Methyl- 
enebis(acrylamide), purchased from Fisher Scientific, 
was recrystallized before use. Analytical-grade potas- 
sium persulfate (KPS) was used as the initiator without 
further purifying treatment. Acetone and ethanol were 
used as supplied. Distilled water was used throughout 
the experiments. 

Loading and partitioning of the monomer solution 
The loadings of the monomer and its salt solution in 
the microemulsions were measured. The monomer, or 
its ammonium salt solution, was added dropwise into 
the prepared oil/surfactant solution, which was 
stirred continuously. The next drop of monomer was 
not added until the system had turned transparent. If 
the system did not turn back to the transparent state 
after 30 min, this point was taken as the loading of the 
monomer in the microemulsion. The transparency of 
the system was judged by visual observation, and the 
experiments were conducted at 20°C. 

The partitioning of the monomer solution in the 
microemulsion systems was measured with the fol- 
lowing procedure. The MAA monomer (2 g) was 
added to a mixture of 10 g of distilled water and 10 g 
of oil. The resulting mixture was well shaken to allow 
the monomer to dissolve into the water and oil phases. 
Then, the mixture was poured into ä separating fun- 
nel. The funnel was kept still for 4h to allow the oil 
and water phases to separate fully. The final weight of 
MAA in the two phases (water and oil) was deter- 
mined, and the partitioning percentage of the mono- 
mer in the oil and water was calculated. The experi- 
ments were carried out at 20°C. 

Polymerization 

MAA solutions were prepared with, or without, a 
crosslinl ing agent, N, N'-methylenebisacrylamide (cross- 

ZHANG ET AI� 

TABLE I 
Loadings of MAA Aqueous Solutions in Microeulsion 

Systems (Surfactant/Oil = 3/7 w/w) at 20°C 

Loading [aqueous MAÄ 
Microemulsion system solution/surfactant (g/g)] 

AOT/toluene 0.51 
Igepal-CO-520/cyclohexane 0.77 
Triton-114/cyclohexane 1.54 

linker/monomer = 0.01 mol %). The monomer solution 
and the initiator were added to the oil/surfactant solu- 
tion. The amount of KPS was varied and quoted as the 
weight percentage of the total weight of the monomer in 
the microemulsion. Oxygen was removed via the bub-' 
bling of nitrogen through the microemulsion reaction 
medium for about 30 min at the ambient temperature. 
The polymerizations were carried out at 40-70°C for a 
certain time. The polymer was precipitated out by the 
addition of acetone and then washed with acetone 5 five 
times to remove the surfactant and any monomer resi- 
dues. The polymers were vacuum-dried at 40°C for 48 h 
before characterization. 

Characterization 

The size and morphology of the polymer particles 
were investigated with transmission electron micros- 
copy (TEM) (EM 1000X, JEOL Ltd., Tokyo, Japan). 
The polymer samples were diluted with acetone. A' 
copper grid coated with carbon film was covered with 
a hemispherical drop of the aforementioned diluted 
latex. The molecular weights of PMAA were deter- 

mined by their relative viscosities in 0.002M HCl aque- 
ous solutions with an Ostwald viscometer. The molec- 
ular weights of the p1olymers were calculated with the 
following equation: 

Lrll = 66 x 10' hf' (cm3/g) , (1) 

where [, q] is the intrinsic viscosity and M is the vis- 
cosity average molecular weight. 

RESULTS AND DISCUSSION 

Selection of the microemulsion systems 

It is desirable for selected microemulsion systems to 
have a high loading of the aqueous monomer solutions 
and a relatively high stability with temperature, which is 
particularly important for thermally induced radical po- 
lymerization. Based on our previous work in optimizing 
components of microemulsion systems that have rela- 
tively high water loadings, three w/-o microemulsion- 
systems-AOT/toluene/aqueous MAA solution, Triton-114/cyclohexane/aqueous 

MAA solution, and Ige- 

pal-CO-520/cyclohexane/aqueous MAA solution- 
were employed in this research. The loadings of the 
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Figure 1 Effect of temperature on the loading of aqueous MAA solutions in microemulsion systems [MAA solution/ 
surfactant (g/g)]. 

aqueous MAA solution (25 wt %) in these three micro- 
emulsion systems at 20°C are listed in Table I. Among 
the three microemulsion systems, the highest loading of 
the MAA solution was obtained with the Triton-114 

system. 
The effect of temperature on the loading of the 

aqueous MAA solution was also investigated and is 

shown in Figure 1. Both the Igepal-CO-520 and Triton- 
114 systems were rather sensitive to changes in-the 
temperature. The loading of the aqueous MAA solu- 
tion in these two systems decreased with increasing 
temperature. On the contrary, the AOT system was 
more stable with a change in the temperature, and the 
loading even increased with the temperature increas- 
ing. As the radical polymerization normally is carried. 
out at a temperature greater than 60°C and the-Igepal- 
CO-520 system had a very low loading at that temper- 

ature, the Triton-114 and AOT systems were chosen 
for the preparation of PMAA. 

The polymerizations were carried out at 60°C, and 
KPS was used as the initiator. The degrees of conver- 
sion of MAA in these two microemulsion systems are 
given in Table II. A very limited conversion of about 
3.4% was obtained in the AOT/toluene system. This is 

quite different from the polymerization of AM in the 

TABLE II 
Degree of Conversion of MAA Polymerized 

in Three Microemulsion Systems (Surfactant/Oil 
= 3/7 wtlwt) at 60°C for 6h 

Nficroemulsion Triton-114/ AOT/ AOT/ 

system cyclohexane toluene cyclohexane 

Degree of conversion 'I 
(wt %) 100 3.4 14.9 

AOT/toluene/water system, which has been studie4 
extensively, 1'7 9 and 100% conversion of the monomer 
to the polymer was achieved in a few minutes., A 
better degree of MAA conversion of nearly 15% was 
observed in the AOT/cyclohexane system. However, 
a complete MAA monomer conversion (100%) was 
achieved in the Triton-114/cyclohexane system. 

The low degree of conversion of MAA in the AOT 
system may be related to the partitioning of the mono- 
mer in the water and oil phases. The partitioning of 
aqueous MAA in water and different oil phases is 
shown in Table III. The partition of MAA in the water 
phase was generally very low. Only 0.7% MAA stayed 
in the water phase in the water/toluene mixture, but 
14% MAA dissolved in the water phase in the water/ 
cyclohexane system. Therefore, it can be assumed that 
the majority of the MAA monomer was partitioned 
into the oil phase in the AOT/toluene/monomer mi- 
croemulsion system. 

Moreover, the polymerization of MAA generally 
took place in the water phase in the microemulsion 
system when the water-soluble initiator, KPS, was 
used, as the initiating radicals formed in a dispersed 
water phase and were, at any time, preferentially cap- 
tured by unnucleated micelles containing MAA 
monomer. ' That led to the very low conversion of 
MAA in the AOT/toluene system, which indicated 

TABLE III 
Percentage of MAA in the Oil and Water Phases 

(Water/Oil = 50/50 wt/wt) 
Water phase (wt %) Oil phase (wt %) 

Water/cyclohexane 14.0 86.0 
Water/toluene 0.7 99.3 
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TABLE IV 
Effect of Temperature and Reaction Time on the Degree 

of Conversion (wt %) of MAA4 

Temperature Reaction time (h) 

(°C) 0.25 0.5 1.0 2.0 4.0 6.0 

50 ------ 
60 7 35 61 92 97 99 
70 20 39 69 94 99 100 

' Monomer solution (4.7 wt % in the 3/7 wt/wt Triton- 
114/cyclohexane microemulsion. 

that the partitioning of the monomer in the water and 
oil phases played an important role in the conversion 
of the monomer to the polymer in these w/o micro- 
emulsions. This was further supported by the increase 
in the degree of conversion of MMA to 14.9% in the 
AOT/cydohexane/MAA microemulsion due to the 
greater partitioning of MAA in the water phase. 

However, the conversion of MAA to PMAA in the 
AOT/cydohexane system was much less than that in 
the Triton-114/cydohexane system, although the oil 
phase was the same in both systems; this implied that 
the surfactants used in these systems may also play an 
important role. The anionic surfactant, AOT, had a 
more hydrophilic head than the nonionic surfactant, 
Triton-114. Hence, a bigger cagelike effect may have 
been produced by the strong hydrophilic interactions 
between the polar head groups of AOT, which could 
lead to lower transfer of the MAA monomer from the 
oil phase to the water phase during polymerization in 
the AOT system. As MAA showed only a small par- 
tition in the water phase and the monomer in the 
water phase was used up rapidly, the propagation of 
the polymer chains needed more monomer, which 
was transferred from the monomer-rich. oil phase to 
the water phase through the surfactant layer. The 
stronger cagelike effect caused by the dose packing of 
the AOT molecules restricted this transfer, resulting in 
a lower degree of conversion. On the other hand, the 
barrier formed by the nonionic surfactant, Triton-114, 
at the oil/water interface was electrically neutral and 
small, so it had lower steric hindrance to the transfer 
of the monomer from the oil phase to the water phase 
during polymerization, leading to a complete conver- 
sion of MAA in the Triton-114 system. 

Effects of the temperature and reaction time on the 
polymerization of MAA 

As the loading of the MAA aqueous solution in the 
Triton-114/cyclohexane microemulsion system was 
sensitive to the temperature (see Fig. 1), a lower tem- 
perature was preferred to obtain a higher loading of 
the aqueous monomer solution in the microemulsion 
system, which resulted in a higher polymer yield. 
However, as shown in Table N, no polymer was 
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precipitated out in the microemulsion systems until 
the polymerization temperature reached 60°C, and 
this could be attributed to the low initiation efficiency 
of KPS at low temperatures in the microemulsion sys- 
tem containing large amounts of the surfactant. It was 
also observed that the polymerization rate of MAA 
was not as rapid as that of AM. The latter only needed 
a few minutes to achieve a total conversion of the 
monomer to the polymer in a microemulsion. 7 The 
polymerization of MAA was slow at the beginning of 
the reaction, and over a 90% conversion of MAA to 
PMAA was obtained after 2h of reaction in our sys- 
tems (Table IV). It was also observed, from Table IV, 
that the polymerization rate of MAA increased with 
the reaction temperature. However, the microemul- 
sions were not stable during polymerization at 70°C as 
they became slightly opaque. 

Effects of the concentrations of the initiator and 
monomer on the polymerization 
The effect of the initiator concentration on the degree of 
conversion of PMAA was investigated, and the results 
are summarized in Table V. There was only a 23% con- 
version obtained when the KPS concentration was 056 
wt % of the monomer. However, nearly complete con- 
versions were reached when the initiator concentration 
was larger than 1.01 wt %. There was an initial increase, 
in the molecular weight of the polymers with an increase 
in the initiator concentration up to 1.01 wt %, and it then 
decreased with a further increase in the KPS concentra- 
tion. On the basis of the study of the polymerization of 
the water-soluble monomer AM in an inverse micro- 
emulsion, l it is believed that the initiation of the water- 
soluble monomers occurred in the water pools of the 
inverse micelles by the free radicals generated from the 
dissolved initiator in these pools. Hence, the higher the 
initiator concentration was, the more radicals were pro- 
duced and the higher the polymerization rate and the 
degree of conversion were. 

The phenomenon of a molecular weight decrease 
with an increase in the initiator concentration is often 
the case in conventional inverse emulsion polymeriza- 
tions of certain acrylic compounds -22 

When more ini 
tiator was used, more radicals were captured as the 

TABLE V 
Effects of KPS on the Degree of Conversion and 

Molecular Weight of PMAA' 

KPS/monomer (wt %) ' 

0.56 1.01 2.16 3.19 

Degree of conversion (wt %) 22.6 
Molecular weight x 10'6 

(g/mol) 1.67 

95.9 98.9 100 

2.97 1.45 1.44 

MAA (4.79'(, ) aqueous solution reacted at 60°C for 6h in 
the 3/7 w/w Triton-114/cydohexane microemulsion. 
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TABLE VI 
Effect of the Monomer Concentration on the Conversion 

and Molecular Weight of MAA* 
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there was more monomer to take part in the propaga- 
tion reaction. ' The molecular weights of the polymer 
decreased when the monomer concentration increased 
to 40%, and this was accompanied by an observed 
phase separation. 

The molecular weight of PMAA prepared in the 
Triton-114 system was rather low compared to that of 
polyacrylamide (PAM) prepared in a microemulsion 
with AOT as the surfactant [weight-average molecular 
weight (M,,, ) > 1.0 X 106 g/mol]. ' The surfactant, 
Triton-114, probably was the reason for this result. 
Triton-114 has hydroxyl groups that may act as chain- 
transfer sites to terminate chain growth, leading to the 
observed low molecular weights. This assumption 
was supported by the result obtained when we used 
another surfactant, Tween-85, in which the molecular 
weight of the synthesized PMAA was larger than 4.1 
X 105 g/mol. Tween-85 does not have hydroxyl 
groups in its molecular structure. 

The low polymerization rate of the PMAA synthe- 
sized in our microemulsion systems was probably 
related to the very low partitioning of the MAA mono- 
mer in the water phase, as discussed previously. Most 
of the MAA monomer dissolved in the oil phase, and 
the concentration of the monomer in the water phase 
was low at the beginning of the polymerization. As a 
water-soluble initiator, KPS was used in the polymer- 
ization; the initiation occurred in the water phase. 
Then, these radicals propagated by the addition of the 
monomer in the water phase to form oligomers that 
were water-soluble. Because acetone was used as the 
solvent to wash the product, these oligomers were 
able to dissolve in this polar solvent, and so no prod- 
uct was found after washing for the polymers synthe- 
sized for short reaction times. Growing (nucleated) 
inverse micelles, for further propagation, collected the 

MAA concentration (wt %) 

12.5 25 40 

Degree of conversion (wt%) 95 100 100 
Molecular weight x 10 

(g/mol) 0.43 1.45 0.74 

a Polymerization at 60°C for 6h in the 3/7 w/w Triton- 
114/cydohexane microemulsion. 

amount of the surfactant was greatly augmented with 
respect to that in conventional emulsions, and more 
nucleated particles were produced, resulting in a low- 

ering of the molecular weights of the polymers. How- 

ever, the lower molecular weight of the polymer made 
with 0.56 wt % KPS compared with that made with 
1.01 wt % was probably due to chain-transfer reactions 
caused by the large amount of the surfactant, so the 
growing chains had more chance to terminate the 

propagation reactions in the microemulsion systems. 
The effect of the monomer concentration on the 

polymerization was also investigated in terms of the 
molecular weights and the degrees of conversion of 
the polymers formed in the Triton-114/cyclohexane 

microemulsion system (Table VI). The polymerization 
rate increased with the monomer concentration (Fig. 
2), and a complete conversion of the monomer to the 
polymer was observed after polymerization for 4h for 

a monomer concentration of 25 wt % and for 8h for a 
monomer concentration of 12.5%; this was much 
slower in comparison with the polymerization of AM 
in the AOT/toluene microemulsion system. There was 
an increase in the molecular weights of the polymers 
with an increase in the monomer concentration, as 

100 
90 
80 
70 
60 
50 
40 
30 
20 
10 
0 

0 2468 

Polymerisation time lh 

+12.5 wt% 
--t- 25 wt% 

10 

Figure 2 Effect of the monomer concentration on the polymerization rate of MAA in the Triton-114/cyclohexane micro- 
emulsion system. 
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(a) 

ZHANG ET AL. 

(h) 

Figure 3 PMAA nanoparticles prepared via polymerization in the Triton-114/cyclohexane microemulsion with monomer 
concentrations of (a) 25 and (b) 40 wt %. 

monomer from the unnucleated inverse micelles via a 
micelle collision mechanism or by the diffusion of the 
monomer through the continuous oil phase to the 
water phase. However, this monomer feeding rate 
seemed likely to be slow because of the small parti- 
tioning of MAA in the water phase and the cagelike 
effect of the large amount of the surfactant on the 
transfer of the monomer. That was why the MAA 
polymerization rate was lower than that of AM. ' The 
dispersability of the monomer from the continuous 
phase to the disperse phase played a very important 
role in controlling the polymerization rate. 

Morphology of the PMAA particles 
Figure 3 shows TEM micrographs of the PMAA syn- 
thesized under different reaction conditions. The par- 
ticles were, in general, spherical and easily aggregated 
because of the attractions between polar groups. The 
sizes of the polymer particle were about 30-50 nm 
[Fig. 3(a)f with a very narrow size distribution when a 
low monomer concentration (<25 wt %) was used. 
However, the particle size increased to over 100 nm 
with a polydisperse size distribution when the poly- 
merization took place at a high monomer concentra- 
tion [40 wt 0%; Fig. 3(b)]. 

PMAA, which could not be prepared efficiently in an 
AOT/toluene microemulsion, probably because of a 
very low partitioning of the MAA monomer in the oil 
phase and a larger cagelike effect formed by the strong 
hydrophilic interactions between the polar head 

groups of AOT. The polymerization rate of the mono- 
mer (IVIAA) in the Triton-114 microemulsion system 
was slower than that reported? for AM in the AOT 

microemulsion. The polymerization rate and the de- 

gree of conversion of the monomer increased with the 

concentrations of the initiator (KPS) and monomer. 
The viscosity-average molecular weight of the pre- 
pared PMAA was about 1.45 x 105 g/mol, which was 
rather low compared with that of PAM prepared via 
an AOT-microemulsion (MZ� > 1.0 X 106 g/mol). This 
is probably caused by chain transfer between the sur- 
factant hydroxyl groups and the propagating chains. 
The PMAA particles were spherical, in general. About 
30-50-nm PMAA particles were obtained when low 

monomer concentrations were used, but the particle 

sizes increased to over 100 nm at high monomer Con- 
centrations. 

The authors give special thanks to J. Bates for his help and 

advice with transmission electron microscopy. 

CONCLUSIONS 

A water-in-cyclohexane microemulsion stabilized by 
Triton-I 4 was developed to produce amphiphilic 
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STRUCTURES AND PROPERTIES OF SOME CHEMICALS USED 

11-i Surfactants 

Name Structure & Chemical Formula 

AOT 

Dioctyl sulfosuccinate sodium salt 

0 " lý 

O 
Na' 

o- 
O ý`_ 
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Polyoxyethylene (20) sorbitan trioleate 

Polyethylene glycol sorbitan monooleate 

Tween 85 HLB: 1L0 

R-t-O- '-ý, -0 0--r -0--ý, -R 

0 
R= -0 

Tween 80 

HO(CAO f(OCzh4bQH 

U 

\ 
Mol. wt: 1,839 

OC2Hs ý D-O-(C 
OC-AhCH 

Properties 

Mol. wt: 444.55 
HLB: 40 

MoI. wt: 1,310 
HLB: 15.0 

sumofw, x, Y, z=20 

Triton X-100 

Polyoxyethylene (10) Isooctylphenyl ether 

CH3 CH3 
(OCH2CH2)xOH 

Mol. wt: 647 
HLB: 13.5 

CH3 CH3 

CH3-CCH2C 

x =10(avg ) 
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Triton X-114 

Igepal CO-520 
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Polyethylene (8) glycol tert-octylphenyl ether 

O(CH2CH2 O)nCH2CH, OH 

CH3CCH3 
1 

; P'2 

CH3CCH3 

CH3 

Mol. wt: 637 
HLB: 12.4 

Polyoxyethylene (5) nonylphenyl ether 

C (OCH2CH2)nOH Mol. wt: 441 
HLB: 10.0 

n-. 5 

Igepal CO-720 

Polyoxyethylene (12) nonylphenyl ether 

C9H19 (OCH2CH2)nOH Mol. wt: 749 
HLB: 14.2 

ný12 

BrIJ 97 

Polyoxyethylene (10) oleyl ether 

Mol. wt: 709 
C1BH35(OCH2CH2)nOH HLB: 12.4 

n-10 

11-2 Co-surfactants 

Name Chemical Formula 

i-Propanol CH3CH2CH2OH 

1-Butanol CH3CH2CH2CH2OH 

iýPentanol CH3(CH2)3CH2OH 

Properties 

Mol. wt: 60.10 
BP: 97* C 

Mol. wt: 74.12 
BP: 116-118"C 

Mol. wt: 88.15 
BP: 136-139 °C 
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2-Pentanol CH3CH2CH2CHOHCH3 

1-Hexanol CH3(CH2)50H 

1-0ctanol CH3(CH2)70H 

11-3 Solvents 

Name Structure & Chemical Formula 

C6Hls 

Cyclohexane 

Isooctane 

CaHia 

CH3 H 

CH3"-C-CH3-C-CH3 

CH3 CH3 

Petroleum Ether Hydrocarbon 

C7Ha 

Toluene 

Acetone 

H 

CH3 

CH3COCH3 

0 

x 

Mol. wt: 88.15 
BP: 119-121 °C 

Mol. wt: 102.18 
BP: 156.5 °C 

Mol. wt: 130.2 
BP: 193-195 °C 

Properties 

Mol. wt: 84.16 
BP: 80.7 °C 

Mol. wt: 114.23 
BP: 99 °C 

Mol wt: 87-114 
BP: 20-75 °C 

Mol wt: 92.14 
BP: 110.6 °C 

Mol wt: 58.09 
BP: 56.3 °C 
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Ethanol 
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CzHeO 

ýýOH 
Mol wt: 46.07 
BP: 78.4 °C 

Chloroform 

CHCI3 

H 
Mol wt: 119.4 
BP: 62 °C 

cl CI 

11-4 Chemicals 

Name Structure & Chemical Formula Properties 

Tetraethylorthosilicate (CrHs)4Si-04 Mol wt: 208.33 

C3H5NO 

Acrylamlde H2CýCH` C0 

NH2 

CaH804 

Methacrylic acid 

N, N'-methylene-bis- 
acrylamide 

(H2C-CHCONH)2CH2 

CaHssNa 

Mol wt: 71.08 

Mol wt: 86.06 

Mol wt: 154.16 
Slightly soluble In 
water 

Azoblslsobutyronitrlle \,, 
�/ 

Mol wt: 164.24 

ýN =ý 

C14H2ON4 

Azoblscycloheane-i- CNN 
carbonftrlle N=N 

NC 

Mol wt: 244.34 
soluble In 
toluene, benzene, 
Insoluble In water 
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III 
CHARACTERISTIC VALUES OF IRON OXIDE SAMPLES 

Table III-1 Samples prepared by precipitation from different starting materials at 259C. 

Sample Intensity %D Spacing Angle Identification 

[Fe]2+ 

IFe13+: [Fe]2*-L9 

(Fe]3": (Fe]-i2 

100 2.53238 35.6 

34.7 L47856 62.8 

3L0 - 2.95811 30.2 

27.8 L61017 57.2 

23.8 2.09361 43.2 

100 2.52848 35.5 

49.7 2.10112 43.0 

38.3 2.96093 30.2 

38.3 L48398 62.5 

27.2 L61273 57.1 

100 2.53264 35.6 

37.4 147914 62.8 

36.6 2.95799 30.2 

30.6 160969 57.2 

20.0 2.08923 43.3 

Fea04 

Fe30s 

F0304 

100 2.53057 35.6 

45.4 L47638 62.9 

[Fej3*: [Fe12'-i1 34.3 2.95738 30.2 Fe304 

29.5 L60732 57.3 

23.2 2.09208 43.2 

[Fe]3': [Fe]3'-2: 1 

100 2.52558 35.7 

36.6 1.47584 62.9 

32.2 2.95313 30.2 

29.7 1.60571 57.3 

19.3 2.08811 43.3 

F0304 

100 2.52730 35.6 

44.3 1-47937 62.8 

[Fe]3*: [Fe]2*-3: 2 42.4 2.96614 30.1 F0304 

41.4 2.08858 43.3 

33.5 1.60853 57.2 
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Table 111-2 Iron oxide samples prepared by precipitation at different ripening temperatures for 2 hours. 

Sample Intensity %D sparing Angle Identification 

25'C /// 

40"c 

60'C 

90 "C 

100 2.53222 35.4 

59.5 L48398 62.5 

55.8 L60853 57.2 

52.5 2.96093 30.2 

42.2 2.08858 43.3 

100 2.53222 35.4 

52.2 1.48282 62.6 

51.8 2.96093 30.2 

48.6 1.61133 57.1 

43.4 2.09358 43.2 

100 2.53180 35.4 

55.1 1.47895 62.8 

46.7 1.61508 57.0 

39.4 2.96283 30.1 

37.8 2.09546 43.1 

Fe304 

Fe30s 

Fe30a 

F0304 

Table 111-3 Iron oxide samples prepared by precipitation In different ripening times at 25'C. 

Sample Intensity D sparing Angle Identification 

25'C 2h /// 

25'C 12h 

25'C 24h 

100 2.53098 35.4 

55.3 L48167 62.6 

43.5 L61695 56.9 

38 2.96614 30.1 

34 2.09108 43.2 

100 2.52558 35.7 

36.6 1.47584 62.9 

32.2 2.95313 30.2 

29.7 1.60571 57.3 

19.3 2.08811 43.3 

Fe, 0a 

Fea04 

F0304 
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Table 111-4 Iron oxide samples prepared by precipitation In different ripening times at 60 °C 

Sample Intensity D spacing Angle Identification 

60* C 2h /// 

60"c 12n 

60'C 24h 

100 2.52474 35.5 

44.6 L48282 62.6 

44.2 2.95574 30.2 

35.8 3-70552 53.7 

35.6 L61695 56.9 

100 2.52150 35.6 

89.2 2.95023 30.4 

86.1 L47984 62.7 

85.9 1.61302 57.1 

82.6 L70505 53.7 

Table 111-5 Iron oxide samples prepared by precipitation in different ripening times at 90'C 

Sample Intensity D sparing Angle Identification 

90'C 2h / 

90'C 12h 

90'C 24h 

ii 

100 2.51009 35.6 

87.9 1.47123 62.8 

86 2.95117 30.3 

85.2 L60929 57.2 

83.1 L70525 53.7 

Fe304 

Fea0s 

y-Fe, o, 

Fea0s 

y-Fe, 0a 

100 2.51566 35.7 

88.5 L47378 62.9 

86.1 2.94749 30.3 V-Fe207 

84.6 L60729 57.3 

83.7 L70561 53.7 

Table 111-6 Iron oxide samples prepared by precipitation followed by hydrothermal at different temperatures for 12 hours. 

Samples Intensity 0 sparing Angle Identification 

No hydrothermal /// Fe304 

12o"c 

100 2.51360 35.7 

56.9 1.47588 62.9 

50.2 2.94796 30.3 y- Fes0a 

46.9 1.60859 57.2 

43.8 2.09428 43.2 
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100 

39.3 

36.7 

36.0 

22.1 

2.51722 35.6 

L47856 62.8 

2.95002 30.3 y- Fe2O3 

L61042 57.2 

2.09315 43.2 

100 2.52431 35.5 

4L3 L48120 62.7 
y- Fe203 

33.5 2.96532 30.1 & 

32.0 1.60924 57.2 a- Fe203 

22.2 2.08343 43.4 

100 2.69611 33.2 

92.4 2.51783 35.6 

50.4 L69422 54.1 

46.2 L84052 49.5 

42.4 L48203 62.6 

a- Fe203 

Table 111-7 Iron oxide samples prepared via w/o microemulsion system followed by hydrothermal In different 
temperatures for 12 hours. 

Samples Intensity D spacing Angle Identification 

No hydrothermal /// Fe304 

12o"c 

140'C 

160'C 

200"c 

100 2.51140 35.7 

49.8 1.47473 63.0 

43.2 2.95832 30.2 y-Fe, 0, 

38.9 1.61139 57.1 

31.2 170091 53.9 
100 2.70921 33.0 

83.3 2.52032 35.6 

63 3.68974 24.1 Fes0a 

51.9 2.20113 41.0 

50 L81412 49.5 

100 2.70011 33.2 

82.9 2.51325 35.7 

62.6 L69731 54.0 

44.5 L83902 49.5 

43.1 3.66734 24.3 

100 2.70404 33.1 

90 3.06810 29.1 

76.2 2.52435 35.5 

53.4 1.83527 50.0 

a- Fe2O3 

a-Fss0a 
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Table 111-8 Iron oxide samples prepared by precipitation after hydrothermal at 1200C with different aging times. 

Sample Intensity D sparing Angle Identification 

No hydrothermal / 

2 Hr 

// Fe30" 

100 2.52102 35.6 

51.0 1.47948 62.8 

38.5 L60803 57.2 y-Fe203 
36.3 2.95056 30.3 

34.3 2.09839 43.1 

12 Hr /// 

24 Hr 

96 Hr 

100 2.52102 35.6 

46.3 147937 62.8 

32.9 161273 57.1 

31.0 2.96614 30.1 

29.1 2.09860 43.1 

100 2.52474 35.5 

56.7 1.48277 62.6 

49.5 2.95313 30.2 

32.4 2.09178 43.2 

29.7 1.61420 57.0 

Table 111-9 Iron oxide samples prepared via precipitation process followed by calcination with different temperatures. 

Sample Intensity D spadng Angle Identification 

1A0"c 

200"c 

250'C 

300'C 

100 2.51169 35.7 

48.5 1.47394 63.0 

42.3 2.93984 30.4 

27.8 1.60353 57.4 

20.4 2.08302 43.4 

100 2.51438 35.7 

38.3 147446 63.0 

36.6 2.94194 30.2 

30.3 160484 57.4 

20.3 2.08641 43.3 

100 2.51952 35.6 

40.1 1.47664 62.9 

35.7 2.94991 30.3 

32.6 1.60791 57.2 

22.2 2.08750 43.3 

Y-Fesoa 

y+es0a 

Y-Fe203 

Fea04 

Fea0s 

Y-F92ß 

100 2.51113 35.7 
68.1 1.47360 63.0 

56.7 2.94796 30.3 y-Fe203 
45.6 1.60303 57.4 
34.3 2.07688 43.5 
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100 2.51232 35.7 

55.8 L47360 63.0 

42.6 2.08679 43.3 y -Fe2O3 

40.0 L60442 57.4 

35.5 L70091 53.9 

100 2.50943 35.8 

80.3 2.69154 33.3 

50.9 L69124 54.2 

41.6 L48216 62.6 

29.1 3.66920 24.2 

100 2.69580 33.2 

80.6 2.51416 35.7 

46.8 L69335 54.1 

4L9 3.67571 24.2 

37.1 L83844 49.5 

afea0a 

afes0a 

Table 111-10 Iron oxide samples prepared via precipitation with different starting materials followed by calcination at 300'C. 

Sample Intensity D spacing Angle Identification 

Jpe1z« 

IFe13*: 1Fe1»'-12 

[Fe]3*: [Fe]2l-li 

100 2.51208 35.7 

36.5 2.94694 30.3 

32 L47384 63.0 y -F920a 
22.4 L60433 57.4 

17.4 2.08442 43.4 

100 2.51463 35.7 

34.9 2.69628 33.2 

31.4 1.47372 63.0 

28.3 2.94983 30.3 

26 L60493 
, 

57.4 

100 2.51009 35.7 

39.9 L47245 63.1 

34.6 2.93984 30.4 

29.4 L60377 57.4 

18.3 2.07834 43.5 

[FO]3*lFej"-21 /// 

IFe13. 

100 2.51804 

66.9 2.69899 

43.9 1.45287 

33.6 2.19891 

30.5 L69173 

35.6 

33.2 

64.0 

4i0 

54.2 

cl-F6203 

F@304 

r-Fe2O3 

afes0a 


