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KEYWORDS Abstract Synthesis of nanoparticles by microemulsion method is an area of considerable current
Microemulsions; interest. Since the discovery of microemulsions, they have attained increasing significance both in
Nanoparticle; basic research and in different industrial fields. Due to their unique properties, namely, ultralow
Nanoparticle synthesis interfacial tension, large interfacial area, thermodynamic stability and the ability to solubilize other-

wise immiscible liquids. The uses and applications of microemulsions are numerous in chemical and
biological fields. The nanoparticles not only are of basic scientific interest, but also have resulted in
important technological applications, such as catalysts, high-performance ceramic materials, micro-
electronic devices, high-density magnetic recording and drug delivery. The microemulsion technique
promises to be one of the versatile preparation method which enables to control the particle prop-
erties such as mechanisms of particle size control, geometry, morphology, homogeneity and surface
area. This review aims to give a vivid look on the use of microemulsions for synthesizing and con-
trolling the grain size and morphology of the nanoparticles and at the same time will summarize
some recent works carried out in the synthesis of organic and inorganic nanoparticles by this
method.
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1. Introduction

Field of nanotechnology come out from the different scientific
fields like physical, chemical, biological and engineering sci-
ences where novel techniques are being developed to control
single atoms and molecules. Nanoparticle in nanotechnology
is defined as a small object that behaves as a whole unit in
terms of its transport properties and potential application.
Nanoparticles of either simple or composite nature are impor-
tant materials in the development of novel nanodevices which
can be used in numerous physical, biological, biomedical and
pharmaceutical applications (Chan et al., 2002; Brigger et al.,
2002; Sondi et al., 2000). Nanoparticles and nanostructured
materials have been fascinating the world of science for dec-
ades due to their use in catalysis, photography, photonics, elec-
tronics, labeling, imaging, sensing and surface enhanced
Raman scattering. They are among the most challenging areas
of current scientific and technological research because of
interesting changes in their optical, magnetic, catalytic, electri-
cal and drug delivery properties accompanied with improved
physical properties like mechanical hardness, thermal stability
or chemical passivity. Many optical properties of nanoparticles
often differ drastically from those of the single crystals with the
same chemical composition. At nanometer size, crystallites are

influenced by the presence of significant number of surface
atoms and by the quantum confinement effect of the electronic
states and this influences the property of nanomaterials as
compared to their bulk phases. The properties of matter within
this scale are significantly different from individual atoms or
molecules and from bulk materials (Dong-Hwang and
Szu-Han, 2003). These inorganic and organic nanomaterials
have been synthesized by a variety of physical and chemical
methods like chemical reduction methods (Zaheer et al.,
2010; Ahmad et al., 2010; Chou and Ren, 2000; Nersisyan
et al., 2003; Nickel et al., 2000; Sun and Xia, 2002; Sileikaite
et al., 2006), thermal methods (Sun and Luo, 2005), irradiation
methods (Shao and Yao, 2006; Li et al., 2006) or methods
using laser ablation (Tsuhi et al., 2002). Among these methods
micro emulsion method is one of the versatile preparation
technique which enables control of particle properties such
as size, geometry, morphology, homogeneity and surface area
(Hu et al., 2009; Pileni, 2003). Many reviews have been written
which discuss different aspects of microemulsions (Pileni, 2001,
2007, 2008; Lopez-Quintela et al., 2004; Cushing et al., 2004;
Shervani et al., 2006; Holmes et al., 2003). The microemulsion
method has been used to synthesize colloidal metals, colloidal
Fe;0,4, colloidal AgCl, nanocrystalline Fe,O5;, TiO,, Al,Os;,
and high-Tc oxide YBa,Cu;0O; (Boutonnet et al., 1982a,b;
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Bandow et al., 1987; Ayyup et al., 1988; Hou and Shah, 1988;
Lal et al., 1998; Zhang et al., 2002). This review aims to give a
vivid look on the use of microemulsions for synthesizing and
controlling the grain size and morphology of the nanoparticles
and at the same time will summarize the most recent work car-
ried out in the synthesis of organic and inorganic nanoparticles
by this method.

2. Microemulsions: past and current state

The word microemulsion was originally proposed by Schulman
et al. (1959). They prepared a quaternary solution of water,
benzene, hexanol, and k-oleate which was stable, homoge-
nous and slightly opalescent. These systems became clear as
soon as a short chain alcohol was added. In the years between
1943 and 1965 Schulman and co-workers described how
to prepare these transparent systems. Basically a coarse (or
macro) emulsion was prepared and the system was then
titrated to clarify by adding a co-surfactant (second surface ac-
tive substance). When the combination of the four components
was right, the system cleared spontaneously. Most of the work
reported by Schulman dealt with four component systems.
Hydrocarbons (aliphatic or aromatic), ionic surfactants, co-
surfactants (generally 4-8 carbon chain aliphatic alcohol)
and an aqueous phase. Schulman had previously published
extensively in the field of monolayers and applied what he
had learnt in that field to explain the formation of microemul-
sions. He proposed that the surfactant and co-surfactant, when
properly selected, form a mixed film at the oil/water interface,
resulting in an interfacial pressure exceeding the initial positive
interfacial tension. To summarize, the basic observation made
by Schulman and co-workers was that when a co-surfactant is
titrated into a coarse microemulsion composed of a mixture of
water/surfactant in a sufficient quantity to obtain microdro-
plet, the result may be a system which is low in viscosity, trans-
parent, isotropic, and very stable. The titration from opaque
emulsion to transparent solution is spontaneous and well de-
fined. It was found that these systems are made of spherical mi-
cro droplets with a diameter between 600 and 8000 nm. It was
only in 1959 that Schulman proposed to call these systems
microemulsions. Previously he used terms such as transparent
water and oil dispersion, oleophatic hydromicelles or hydro-
pathic oleomicelles. Since this time, microemulsions have
found a wide range of applications, from oil recovery to syn-
thesis of nanoparticles, as reported by Chhabra et al. (1997).
Microemulsions are isotropic, macroscopically homogeneous,
and thermodynamically stable solutions containing at least
three components, namely a polar phase (usually water), a
nonpolar phase (usually oil) and a surfactant. On a micro-
scopic level the surfactant molecules form an interfacial film
separating the polar and the non-polar domains. This interfa-
cial layer forms different microstructures ranging from
droplets of oil dispersed in a continuous water phase
(O/W-microemulsion) over a bicontinuous ‘‘sponge” phase
to water droplets dispersed in a continuous oil phase (W/O-
microemulsion). The latter can be used as nanoreactors for
the synthesis of nanoparticles with a low polydispersity (Julian
et al., 2006; Destree et al., 2008; Zhong-min et al., 2007; Wanz-
hong et al., 2006). Different types of microemulsions are
known, such as water-in-oil (W/O), oil-in-water (O/W) and
water-in-sc-CO, (w/sc-CO»,).

3. Reverse micelles as nanoreactor

Surfactant molecules are dissolved in organic solvents to form
spheroidal aggregates that are called as reverse micelles (Pileni,
1989). Here the polar head groups point inwards towards the
core. Reverse micelles can be formed in the presence or ab-
sence of water. If the medium is free of water then aggregates
are very small, while the presence of water makes large surfac-
tant aggregates. Water is readily solubilized in the polar core
and form “‘water pool” contents. These water pool contents
are characterized by W i.e. water-surfactant molar ratio. The
aggregates containing a small amount of water (W° < 15)
are usually called reverse micelles whereas aggregates corre-
sponding to droplets containing a large amount of water mol-
ecules (W° > 15) are called microemulsions (Luisi et al., 1986).
Depending on the proportion of various components and the
hydrophilic-lipophilic balance value of the surfactant used,
the formation of microdroplets can be in the form of oil-swol-
len micelles dispersed in water as oil-in-water (O/W) micro-
emulsion or water swollen micelles dispersed in oil as for
water—in-oil (W/O) microemulsion, also called reverse micro-
emulsion (Fig. 1). These nanodroplets can be used as nanore-
actors to carry out the chemical reactions (Fig. 1). It was
initially assumed that these nanodroplets could be used as tem-
plates to control the final size of the particles, however, the re-
search carried out in the last few years has shown that besides
the droplet size, several other parameters also play an impor-
tant role in the final size distribution.

In short, reverse micelles can be defined as “Water in oil
microemulsion in which polar head groups of surfactant mol-
ecules are attracted by aqueous core and directed towards in-
side and hydrocarbon chain i.e. a polar part is attracted by
non aqueous phase and directed towards outside”. It consists
of nanometer sized, monodispersed water droplets. It can eas-
ily control the size and shape of the aqueous core by varying
the value of W°. The reverse-micelles obtained at a particular
ratio of the aqueous phase to the surfactant leads to uniform-
size nanoreactors and have an aqueous core of 5-10 nm (Luisi
et al., 1986) in which it is possible to precipitate the inorganic
and organic material.

Apart from the use of reverse micelles in synthetic chemis-
try, it can also be used in synthesis of biologically important
systems, e.g. reactions based on enzymes are basically
performed in aqueous solution. The conversion of non-polar

Oil —=
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g

Hydrocarbon
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Figure 1 A typical structure of reverse micelle.
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substrates is impossible. The use of reverse micelles allows one
to convert either water or oil — soluble substrates into prod-
ucts. During the water pool exchange, non-polar compounds
are in contact with the enzyme favoring the catalytic reaction
(Fletcher et al., 1986).

4. Water-in-oil (W/O) micro emulsions

A “water-in-oil” micro emulsion is formed when water is dis-
persed in a hydrocarbon based continuous phase, and is nor-
mally located towards the oil apex of a water/oil/surfactant
triangular phase diagram. In this region, thermodynamically
driven surfactant self-assembly generates aggregates known
as reverse or inverted micelles (Ekwall et al., 1970); spherical
reverse micelles, which minimize surface energy, are the most
common form. Added polar or ionic components will become
compartmentalized into the central cores of these reversed mi-
celles, hence affording fine dispersion of inorganic and organic
materials in oil (Fig. 2). It is important to recognize that these
systems are dynamic i.e. micelles frequently collide via random
Brownian motion and coalesce to form dimers, which may ex-
change contents then break apart again. Clearly, any inorganic
reagents encapsulated inside the micelles will become mixed.
This exchange process is fundamental to nanoparticle synthesis
inside reversed micellar ‘templates’, allowing different reac-
tants solubilized in separate micellar solutions to react upon
mixing. Micelles in these systems can be described as “‘nanore-
actors”, providing a suitable environment for controlled nucle-
ation and growth. In addition, at the latter stages of growth,
steric stabilization provided by the surfactant layer prevents
the nanoparticles from aggregating (Lopez-Quintela et al.,
2004). In general there are two methods for nanoparticle syn-
thesis using microemulsion techniques (Osseo-Asare and
Arriagada, 1990). The first method is called the one micro-
emulsion method. This method includes “‘energy triggering”
and the “one micro emulsion plus reactant’ method. In the en-
ergy triggering method, the reaction is initiated by implement-
ing a triggering agent into the single micro emulsion which
contains a reactant precursor (Fig. 3a). This fluid system is
activated in order to initiate the reactions that eventually lead
to particle formation. For example, pulse radiolysis and laser

i

o

e

Figure 2 Water in oil microemulsion.

photolysis have been used to trigger the preparation of nano-
size gold particles (Kurihara et al., 1983). However in one
microemulsion plus reactant method, the reaction is initiated
by directly adding the pure reactant (liquid or gaseous phase)
into the micro emulsion containing another reactant (Fig. 3b).
The ions e.g. metals are first dissolved in the aqueous phase of
a W/O microemulsion. Then the precipitating agent, in the
form of an aqueous solution e.g. salt NaOH or a gas phase
e.g. NHj3 (g), CaCOgj (g), is fed into the micro emulsion solu-
tion. Another scenario within the one micro emulsion-plus
reactant method is that the precipitating agent is first dissolved
in the polar core and a metal-containing solution (e.g. organic
precursor) is subsequently added into the micro emulsions.
The one-micro emulsion method generally is driven by the dif-
fusion-based process, since the second trigger/reactant is dif-
fusing into the droplets containing the reactant in the used
micro emulsion. The second method which is also often used
for preparing nanoparticles is the two micro emulsion meth-
ods. Two reactants A and B, which are dissolved in the aque-
ous nanodroplets of two separate micro emulsions are mixed
as shown in (Fig. 4). This method relies on fusion-fission
events between the nanodroplets.

In order to produce the nanoparticles, two micro emulsions
carrying the appropriate reactants are mixed. The Brownian
motion of the micelles leads to intermicellar collisions and suf-
ficiently energetic collisions lead to a mixing of micellar con-
tents. The chemical reaction starts when there are fusion-
fission event between the droplets as a perquisite for the mixing
of the reactants. After the chemical reaction has taken place at
the nanodroplets, critical number of molecules is produced
(Nerit), this results in nuclei formation and furthermore leads
to the growth of nanoparticles.

The micelles undergo numerous collisions and thereby the
reactants are exchanged, mixed, and react to form the product.
Nanoparticles of different materials have been prepared using
this technique. The particles produced by the simple addition
method can be much larger than the original droplet size but
in the latter method the sizes are much smaller than the origi-
nal droplet size (Li and Park, 1999). In the micro emulsions
mixing method, the two reactants are pre micellized in two sep-
arate micro emulsions and are brought into contact through
intermicellar exchange to conduct the reaction. In some cases,
where reaction rates are very rapid, the overall reaction rate is
governed by the intermicellar exchange rate. Unlike in gas-li-
quid systems, here the fusion-fission and exchange of contents
between colliding micelles lead to reaction and also disrupt the
initially established Poisson distribution of the reactant in the
micelles. The intermicellar exchange rate plays a significant
role in the nanoparticle formation and the effect has been stud-
ied (Bagwe and Khilar, 2000). Different research groups have
obtained trends for the effect of intermicellar exchange rate
(Bagwe and Khilar, 2000), water-to-surfactant molar ratio
(Monnoyer et al, 1995), and concentration of reactants
(Monnoyer et al., 1995). Some differences exist in the literature
on the effect of these parameters on the terminal particle sizes.
For instance, different research groups have reported qualita-
tively different findings on the effect of water-to-surfactant
molar ratio on the terminal particle size (Monnoyer et al.,
1995; Bagwe and Khilar, 2000). Although the formation pro-
cess involves diffusion, collision, exchange, reaction, nucle-
ation, and growth of nuclei, timescale analysis of these
processes leads to different models. One of the early attempts
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Figure 3  Different methods of nanoparticle synthesis in micro emulsions: (a) one microemulsion method: energy triggering method and

(b) one-micro emulsion method plus reactant method.

was by Nagy (1989), who provided a very simplified analysis of
precipitation process in the case of the single-micro emulsion
method, by assuming that all the reaction and nucleation are
completed initially and the remaining non nucleated micelles
contribute to the growth of the already formed nuclei.
Natarajan et al. (1996) extended this model by considering
fusion-fission mechanisms for the intermicellar exchange pro-
cess, which leads to nuclei formation in micelles having atoms
greater than the critical nucleation number and also subse-
quent growth of the nucleus. Reaction, nucleation, and growth
were assumed to be instantaneous processes. Bandyopadhyaya
et al. (1997) developed a model to describe the formation of
CaCOj; nanoparticles considering finite rates for nucleation
and diffusion of gas into a micelle.

5. Oil-in-water (O/W) microemulsions

The increasing interest regarding microemulsion systems arises
essentially from their numerous potential applications in vari-
ous branches of modern science or technology. Microemul-
sions can be prepared in a narrow temperature range
(usually 10-20 °C). One of the ways to overcome this problem

is to use a mixture of ionic and non-ionic surfactants, as ionic
surfactants are effective with a wide range of temperature
whereas non-ionic surfactants exhibit large solubilizing power.
By using a proper mixture of ionic and non-ionic surfactants
one could increase the temperature range for producing O/W
microemulsions. By increasing the pH of the microemulsion
more carboxylic acid groups are neutralized and the negative
charge at the interface provides the double layer which en-
hances the formation of O/W microemulsion. The charged
head group of the microemulsion droplets is the driving force
for producing O/W microemulsion with a wide range of tem-
peratures. Normal micelles can solubilize more oil in the
hydrocarbon core, forming swollen micelles which are oil-in-
water (O/W) microemulsions. Varying the concentration of
the dispersed phase and the surfactant it is possible to tailor
the size of the droplets in the range 1-100 nm, approximately.
The use of an aqueous continuous phase allows for the incor-
poration of the organic droplets (micelles) and thereby
decreasing the use and the human exposure to organic sol-
vents. Moreover, the micelles (oil-in-water) (Fig. 5) can also
be used as carriers or containers of a wide number of organic
compounds or particles, e.g. optical limiting units. The
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Figure 4 Two-microemulsion method. Cations: A, N, Anions: B, M.

reversed micelles (water-in-oil) can also be used to carry inor-
ganic compounds. The O/W microemulsions were prepared
following the phase diagram reported by Wang et al. (1995).
The compositions were calculated from the phase diagram
and exact amounts of surfactant and co-surfactant were dis-
solved in water. A small volume of heptane was then added,
stirred mechanically, and sonicated for 5 min in an ultrasonic
bath to form the oil-in water microemulsion. Different micro-
emulsions were prepared by varying the concentration of sur-
factant and dispersed phase, which gave micelles with different
droplet size. The droplets constituting the dispersed phase of
an oil-in-water microemulsion can be used as carriers of lipo-
philic solutes across an aqueous environment.

6. Bicontinuous microemulsions

The bicontinuous structure or sponge phase is a quite intricate
structure. As its name suggests, in this structure water and oil
are continuous phases. The sponge structure is a good exam-
ple: the sponge has a continuous structure, but it is possible
to “fill” the sponge with a liquid. The liquid forms a continu-
ous phase and the material of sponge also forms a continuous
phase. Thinking that the sponge surface is the surfactant, we
present a cartoon of a bicontinuous structure below: bicontin-
ous structures are perhaps more frequently observed than
discrete micellar aggregates. They are encountered in micro-
emulsions, in mesophases, and even in relatively dilute surfac-
tant solutions. Furthermore, structures that cannot be
described in terms of particles and also ubiquitous in nanophil-

ic systems: zeolites, copolymer molecular metals, volcanic min-
erals, surfactant-templated synthetic mesoporous oxides
(Anderson et al., 2006), and composite media. As first pro-
posed by Scriven (Fig. 6a), there are no longer isolated drop-
lets but rather a bicontinous arrangement of oil and water
channels. Most of the microemulsions that are bicontinous
contain comparable amounts of water and oil, and most inter-
esting are those that are stabilized by only small amount of
surfactants (Kresge et al., 1992). The first experimental demon-
stration that microemulsions may indeed be bicontinuous
came from NMR self-diffusion studies (Lindman and Oisson,
1996). The relatively high diffusion coefficient of both water
and oil suggests that some continuity must exist between the
water and the oil domains. The demonstration of a microemul-
sion with a mean curvature on the average of zero is a strong
indication of bicontinuity. A further possible bicontinuous
microstructure, considered in relation to water-poor system,
is similar to a hexagonal liquid crystal structure, where one
of the liquid lies inside interconnected tubules or conduits.
The model structures that were proposed for the description
of bicontinuous system satisfy the mathematical constraint
that the dividing surface between hydrophilic and hydrophobic
domains is a surface of constant mean curvature. In micro-
emulsions the structure is lacking any long-range order and
the mean curvature over the dividing surface is not homoge-
nous at any given instant. However, we can visualize bicontin-
uous microemulsion structure using well-defined models
(continuous paths between interconnected spheres, distorted
lamellae, tubule structures with one of the solvents confined
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Figure 6  Bicontinuous structure.

to branched tubes, and a minimal surface type of structure
similar to that established for bicontinuous cubic phase) but
picture them as being thermally disrupted or melted. Talmon
and Prager were the first to provide a thermodynamic model
for bicontinuous microemulsion (Fig. 6b).

7. Supercritical CO, microemulsions

Much attention has been paid to the synthesis of nanoparticles
in water-in-supercritical CO, microemulsions (Ohde et al.,
2001, 2002a,b,c). Using conventional water-in-oil microemul-
sions for nanoparticle synthesis, the main problem which arises
is the separation and removal of solvent from products. Super-
critical carbon dioxide used as a solvent offers several advan-
tages such as fast reaction speed, rapid separation and easy
removal of solvent from nanoparticles. This method has been
used to produce Ag and Cu (Ohde et al., 2001) and CdS and
ZnS (Ohde et al.,, 2002) nanoparticles. Hydrogenation of
olefins catalysed by Pd nanoparticles in a water-in-CO, micro-
emulsion has also been reported by Ohde et al. (2002a,b,c).
The selectivity coefficients for the counterion exchange
in the water-AOT-heptane microemulsion interface were
determined by using pseudo-phase ion exchange formalism
(Goncalves et al., 2003). Theoretical results have been success-
fully compared to quenching of the RuL3™ luminescence emis-
sion measurements. Finally, the catalytic activity of metallic
particles synthesized in AOT microemulsions has been a field

of high activity. Using water/AOT/supercritical CO, micro-
emulsions, Ohde et al. (2002a,b,c) showed that hydrogen gas
can cause reduction of a number of metal ions including
Pd>" dissolved in the water core of the microemulsion. After
reduction, the hydrogen gas can also serve as a starting material
for in situ hydrogenation in supercritical CO,. The hydrogena-
tion of 4-methoxycinnamic acid to 4 methoxyhydrocinnamic
acid, hydrogenation of trans-stilbene to 1,2-diphenylethane
and hydrogenation of maleic acid to succinic acid were
performed in supercritical CO, microemulsions catalysed by
Pd nanoparticles (size range of about 5-10 nm). Further studies
(Ohde et al., 2002a,b,c) have shown that rhodium nanoparticles
dispersed in CO, microemulsions are also effective catalysts for
rapid hydrogenation of arenes in supercritical CO,.

8. Mechanism and dynamic of nanoparticle synthesis

The aqueous droplets continuously collide, coalesce, and break
apart, resulting in a continuous exchange of solution content.
In fact, the half-life of the exchange reaction between the drop-
lets is of the order of 107>~1072 s (Atik and Thomas, 1981a).
Two models have been proposed to explain the variation of
the size of the particles with the precursor concentration and
with the size of the aqueous droplets. The first is based on
the LaMer diagram (La Mer and Dinegam, 1950), which has
been proposed to explain the precipitation in an aqueous med-
ium and thus is not specific to the micro emulsion. This dia-
gram (Fig. 7) illustrates the variation of the concentration
with time during a precipitation reaction and is based on the
principle that the nucleation is the limiting step in the precip-
itation reaction. In the first step the concentration increases
continuously with increasing time. As the concentration
reaches the critical supersaturation value, nucleation occurs.
This leads to a decrease of the concentration. Between the con-
centrations C;,. and C; . the nucleation occurs. Later the de-
crease of the concentration is due to the growth of the particles
by diffusion. This growth occurs until the concentration
reaches the solubility value. This model has been applied to
the micro emulsion medium, i.e., that nucleation occurs in
the first part of the reaction and later only growth of the par-
ticles occurs. If this model is followed, the size of the particles
will increase continuously with the concentration of the
precursor or a minimum in the variation of the size with the
concentration can also be expected. This stems from the
fact that the number of nuclei is constant and the increase of
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Figure 7 LaMer diagram.
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concentration leads to an increase of the size of the particles.
The second model is based on the thermodynamic stabilization
of the particles (La Mer and Dinegam, 1950). In this model the
particles are thermodynamically stabilized by the surfactant.
The size of the particles stays constant when the precursor
concentration and the size of the aqueous droplets vary. The
nucleation occurs continuously during the nanoparticle
formation. These two models are limiting models: the LaMer
diagram does not take into account the stabilization of the
particles by the surfactant, and the thermodynamic stabiliza-
tion model does not take into account that the nucleation of
the particles is more difficult than the growth by diffusion.
Because the process of nanoparticles formation is stochastic
in nature, Monte Carlo simulation is probably a natural choice
to explain the mechanism of formation of microemulsions;
however, it is computationally intensive given that the number
of micelles to be considered in a simulation can be very large.
A mean field approximation with Monte Carlo simulation is
probably needed to account for all the possible combinations
of various species in the micelles and outcomes of the fusion-
fission events. The population balance equations with mean
field approximation, restricting the maximum number of mol-
ecules in a micelle, can be solved and the particle size distribu-
tion (PSD) can be computed from the fraction of nucleated
micelles. The different stages of nanoparticle formation pro-
cess inside water droplets can be explained as: chemical reac-
tion, nucleation and particle growth. Two different reactants
(A and B) are introduced in these microemulsions. For metal
oxalate, A should be a metal ion and B should be the oxalate
ion. These two microemulsions are mixed up by constant stir-
ring and the droplets continuously collide, which results in the
interchange of reactants. During this process, the reaction
takes place inside the nanoreactor. The different steps are
shown schematically in Fig. 9. The mechanistic steps for the
formation of nanoparticles may be explained by Fig. 10.

8.1. Chemical reactions

The very first step of nanoparticle formation in microemulsion
system is the chemical reaction between the two reactants
trapped in microemulsion cores, or the reaction between the
reactant and the precipitating agent. Rauscher et al. (2005)
presented a time scale analysis for the precipitation of CaCOj3
in a typical microemulsion system, where typical time con-
stants for the chemical reaction Tcpem (10’]2710’8), the droplet
exchange 7.y (10_8710_3), and nucleation ., (107'%-107%),
and particle growth 7, (1073-107") were estimated. The pre-
sented time constants show that the chemical reaction and
the nucleation are the fastest phenomena occurring in the
microemulsion system. Due to the same time scales of these
processes the chemical reaction is regarded as an instantaneous
step in this study. Thus the fastest dynamics in this process is
represented by the nucleation. By this implementation of the
chemical reaction the product molecules C are instantaneously
formed, when droplets with either one of the reactants are
mixed by the droplet exchange. Thus the liquid molecules
and the consequent solid precipitation molecules are formed
by the following reaction scheme:

A+B— C| +D

Atik and Thomas showed by their experimentally obtained
data that the distribution of the dissolved salts inside the water

droplets of microemulsion system followed a Poisson distribu-
tion (Atik and Thomas, 1981a). The use of a Poisson distribu-
tion in the presented model leads to the assumption that the
molecules C inside all droplets of the reactor are distributed
according to the Poisson distribution and that newly formed
C inside one droplet is immediately distributed by the droplet
exchange within the reactor to conserve this equilibrium distri-
bution (Bandyopadhyaya et al., 2000). The Poisson distribu-
tion gives the number of droplets containing i molecules of
C as Proportion pi of the total amount of droplets in the sys-
tem (7 is an integer number). The only parameter needed to cal-
culate pi is the average droplet occupancy A with liquid
molecules C.
The Poisson distribution is then defined by:

A1) - Exp=H)

Pilr) = i

(1)

The average droplet occupancy 4 with the liquid molecules
C at a specific time 7 is given by:

N(t
1) =) @
N drop(t)

where N, (?) is the total amount of molecules C inside the reac-
tor in moles and Ng,op(?) is the total number of droplets inside
the reactor at a specific time in moles. Ngop() can be calcu-
lated from the total amount of water at a specific time Vy,(?)
and the droplet diameter dg.op. This relation is given by

V(1)
Ndmp(l) = 3
K- d Na

arop :

3)

where k4 is the droplet shape factor and N4 is Avogadro’s
number.

8.2. Nucleation

In a highly supersaturated solution the instability of the system
will result in a fast local concentration fluctuation. This leads
in a homogeneous phase to small solid clusters of molecules.
These clusters are assumed to be formed by the mechanism
of addition of dissolved molecules to the cluster until a critical
cluster size is reached. Thereby, a stable nucleus is formed
(Myerson, 1983). If the cluster cannot reach the critical size,
it will redissolve. In the absence of foreign particles this mech-
anism is considered as primary homogeneous nucleation. For
primary heterogeneous nucleation, nuclei are formed on the
surface of foreign solid particles. These foreign particles are
generally known to reduce the surface energy being required
for nucleation as there are interactions between the foreign
particles, molecules, and the solvent (Hirai et al., 1993) The
surface energy ¢ can drop from around 0.08-0.1 J/m? (for
homogeneous nucleation) to much lower values of about
0.002-0.003 J/m? (for heterogeneous nucleation). Fig. 8 illus-
trates that homogeneous nucleation occurs at very high super-
saturation and heterogeneous nucleation occurs at much lower
supersaturation. After the establishment of the Poisson distri-
bution of the molecules C, the second step of the nanoparticle
formation i.e., nucleation occurs inside the water droplets sim-
ilar to the known bulk phase precipitation reaction scheme.
New particles P are born if the number of C molecules inside
one droplet is greater than the critical number of molecules
needed to form a stable nucleus N, (Alejandra and Reinhard,
2006; Voigt et al., 2005).
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Figure 8 Scheme of the dependencies of the primary nucleation
rate B on the supersaturation ratios.

The nucleation mechanism can be represented by the fol-
lowing scheme:

NcrilC — P
The molecular nucleation rate r,, of the dissolved C can be

obtained from the nucleation rate B,,. and Avogadro’s num-
ber N according to equation

BHUC
nuc — 4
o = @
8.3. Growth

The growth of the small nuclei to bigger particles can be initi-
ated by several mechanisms. Mechanisms like transport of dis-
solved reactant (e.g. BaSO,) molecules by diffusion or by
convection to the particle surface followed by a reaction on
the surface or the agglomeration of small nuclei can be respon-
sible for particle growth. In the case of microemulsion precip-
itation, the second mechanism can be neglected due to the
protecting surfactant monolayer around each droplet and the
very low occupancy of droplets with particles (Alejandra and
Reinhard, 2006). The growth of one particle P into a bigger
particle P’ by the consumption of C is expressed by equation:

P+C—P

The consumption rate of dissolved molecules C due to
growth can be represented by r, and is derived from the total
molar transfer flux due to crystal growth (Jain and Mehra,
2004) by:

3-Kyp - > -

where kj, is the particle shape factor, pc and Mc are the den-
sity and the molecular weight of reactant molecules, respec-
tively. The growth rate G can be interpreted as the velocity
of particle growth. The integral term in the above equation
is simplified by using the mean particle diameter d,,,,, instead
of the whole distribution. Thereby, the particle number den-
sity function f{dp) is replaced by the dirac delta function §.
The above equation on simplification by bringing the above
mentioned changes is simplified to the following final
equation:

3'Kvp’pc'np'NA'd§,m'G
Fg = e

(6)

where N, = np - Na.

Similar to the nucleation rate approach, the growth rate G
also depends on the concentration of the dissolved C molecules
in the liquid phase.

8.4. Fusion—fission rules

The overall process of nanoparticle synthesis in microemulsion
is guided by certain rules:

e The collision between two non nucleated (nonempty)
micelles results in transfer of entire solute in one micelle
and the formation of an empty micelle.

The fusion between two micelles containing different reac-

tants in each results in complete mixing of the solutes fol-

lowed by reaction in one micelle and the formation of an
empty micelle.

e The fusion between a nucleated and a non nucleated (non-
empty) micelle results in transfer of entire solute into the
micelle containing a nucleus, leading to growth of the exist-
ing nucleus and the formation of an empty micelle.
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Figure 9 Mechanism of the formation of nanoparticles in
microemulsions.
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e The collision of any micelle with an empty micelle results in
no change.

e The autocatalysis effect has been considered for collisions
involving nucleated micelles.

8.5. Microemulsion dynamics

By microemulsion dynamics, we mean the fact that the do-
mains are not static ones, but are in continuous movement
and collision with each other. In each collision, material inter-
change can takes place. The whole process of motion-collision
exchange can be characterized through a parameter 7., which
is characteristic of each kind of microemulsion. Understanding
how the chemical reaction proceeds depends on the ratio be-
tween the characteristic chemical reaction time 7, and 7.,.
When the reaction is very slow in comparison to the micro-
emulsion dynamics 7,/t.x > 1, the reaction sees the microemul-
sion as a static object, and a pseudo-phase model can be
applied. In contrast, for chemical reactions with 7./te <
or = 1, the dynamics of the microemulsion has to be taken
into account to explain the chemical reaction. If one assumes
that microemulsion domains are formed by spherical droplets,
the characteristic droplet’s collision time in microemulsions
can be easily calculated assuming that the droplets diffuse
through a continuous medium with viscosity (1). Then, the col-
lision rate constant is given by kD = (8/3) kgT/n~ 10" M

U's™! for a typical low viscosity solvent. Because usually the
droplet’s volume fraction ® = 0.1, i.e., (droplet) = 107> M

OZOk

for a typical droplet’s size &~ 10 nm, the encounter rate con-
stant Kepe &~ 10 s7L. Thus the average collision time (encoun-
ter time) Teycis & 1 ps. It is well known that not all droplet
collisions are effective for material exchange. This can be taken
into account introducing an encounter rate factor (y), which
for a particular material (reactant) depends on the film flexibil-
ity (Kumar et al., 2004), i.e. kex = yken. For rigid films like
AOT microemulsions = 10> that is, only one in each 1000
collisions is effective for the reactants exchange (Lopez-Quin-
tela et al., 2004). However for flexible films this value can reach
up to y = 107" (Kumar et al., 2004). Then the microemulsion
exchange characteristic time 7. is in the range = 10 us <
Tex < 1 ms. According to (Fig. 11) reactions with a half-life
reaction time t,, much larger than 0.01-1 ms are assumed to
occur in a “‘static” pseudo-phase system, in which the exchange
of material does not play any role in the kinetics (region III,
Fig. 11). However, for reactions with a half-life reaction time
7, far below 0.01-1 ms, the droplet’s exchange is the control
factor of the kinetics (I). This occurs only for reactions that
are near diffusion controlled. The interplay of droplet’s ex-
change and chemical reaction has to be taken into account
for reactions with 7, near 7.y (II). Therefore, to understand
chemical reactions in microemulsions, there is a need to know
which model is most suitable for a particular reaction. How-
ever there are not many available data for this classification,
and any study in this direction will be of valuable importance.
Because film flexibility is mainly determined by the surfactant,
it is convenient to classify reactions located in regions I and II
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Figure 10 Mechanism for the formation of equal number of droplets.
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Reaction time 7, versus microemulsion dynamics (z;).
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based on the surfactants being used. This will restrict the z, val-
ues, corresponding to each surfactant, to a small range that, in
turn, depends on other variables (such as co surfactant, oil,
droplet’s size) and the specific reactant to be exchanged. A
more direct comparison of the different experimental results
can then be achieved.

9. Phase diagrams for microemulsions

One peculiarity of microemulsions lies in the so-called ‘phase
inversion’ that takes place at a given water-to-oil concentra-
tion ratio. At lower water content the microemulsion consists
of very small water droplets dispersed in oil (W/O), while at
higher water content the situation is reversed and the system
consists of oil droplets dispersed in water (O/W). Between
these two phases exists an intermediate situation in which
the system consists of layers of surfactant separating alternate
layers of water and oil. However on the w/o side more compli-
cated structures seem to exist. By increasing the water content
the droplets of water initially increase their radius slightly and
then their shape undergoes a change becoming an elongated
cylinder. Finally the layered status is reached from which,
again increasing the water content, the system passes directly
to the o/w droplets situation. The existence of this kind of
structural change has been predicted on the basis of many
different measurements, such as x-ray, optical properties,
dielectric properties, viscosity and NMR. From the thermody-
namic point of view, microemulsions are rather complicated
systems, mainly because of the existence of at least four com-

ponents, and because of the electric double layer surrounding
the droplets, or the rods, or the layers that contribute notice-
ably to the free energy of the system. In addition, the actual
surface tension is a variable parameter whose value is deter-
mined by the co-surfactant (alcohol) concentration of the
interface. The condition of formation of microemulsions is gi-
ven and the phase inversion is foreseen. However, only spher-
ical droplets are considered. A hypothetical phase diagram of a
microemulsion given by Prince (1977) is shown in Fig. 12. Be-
cause of the unusual shape of the w/o region, the alteration of
the W/O droplets to a cylindrical form, along a line of fixed
concentration of surfactant traverses a region in which a
microemulsion cannot be thermodynamically stable. A phase
may be defined as a region of component space homoge-
neously filled with matter. Any phase diagram is the compact
graphical representation of phase boundaries of any feasible
system (uni- or multicomponent). A ternary mixture of water
(W), oil (O) and surfactant (S) has four independent thermody-
namic variables namely pressure, temperature, and two com-
position variables. Out of these variables, effect of pressure
is small compared to that of temperature. Assuming, that pres-
sure is constant at atmospheric level, the phase diagram of a
ternary system may then be represented in an upright prism
with the Gibbs triangle as base and temperature (T) as the
ordinate (Fig. 13). The composition variables are conveniently
expressed in mass fraction of oil () in the mixture of water and
oil, « = B/(A + B), and that for amphiphile (y) in the mixture
of all three components, y = C/(A + B + C), both expressed
in weight percent (wt.%). Each point in the phase prism is then
unambiguously expressed by a set of co-ordinate (a, y, and 7)
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Hypothetical phase regions of microemulsion systems.
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which represents the composition of a particular system
(Fig. 13). The phase diagrams are helpful in various ways, like
knowing the extent of solubilization, presence of multiphase
etc., corresponding to any particular composition chosen.
The microemulsion region is usually characterized by con-
structing ternary-phase diagrams. Three components are the
basic requirements to form a microemulsion: an oil phase, an
aqueous phase and a surfactant. If a cosurfactant is used, it
may sometimes be represented at a fixed ratio to surfactant
as a single component, and treated as a single ““pseudo-compo-
nent”. The relative amounts of these three components can be
represented in a ternary phase diagram. Gibbs phase diagrams
can be used to show the influence of changes in the volume
fractions of the different phases on the phase behavior of the
system. The three components composing the system are each
found at an apex of the triangle, where their corresponding
volume fraction is 100%. Moving away from that corner re-
duces the volume fraction of that specific component and in-
creases the volume fraction of one or both of the two other
components. Each point within the triangle represents a possi-
ble composition of a mixture of the three components or pseu-
do-components, which may consist (ideally, according to the
Gibbs’ phase rule) of one, two or three phases. These points
combine to form regions with boundaries between them, which
represent the “phase behavior” of the system at constant tem-
perature and pressure. The Gibbs phase diagram, however, is
an empirical visual observation of the state of the system
and may, or may not express the true number of phases within
a given composition. Apparently clear single phase formula-
tions can still consist of multiple iso-tropic phases (e.g. the
apparently clear heptane/AOT/water microemulsions consist
multiple phases). Since these systems can be in equilibrium
with other phases, many systems, especially those with high
volume fractions of both the two immiscible phases, can be
casily destabilised by anything that changes this equilibrium
e.g. high or low temperature or addition of surface tension
modifying agents. However, examples of relatively stable
microemulsions can be found. It is believed that the mecha-
nism for removing acid build up in car engine oils involves
low water phase volume, water-in-oil (W/O) microemulsions.
Theoretically, transport of the aqueous acid droplets through
the engine oil to microdispersed calcium carbonate particles
in the oil should be most efficient when the droplets are small
enough to transport a single hydrogen ion (the smaller the
droplets, the greater the number of droplets, the faster the neu-
tralisation). Such microemulsions are probably very stable
across a reasonably wide range of elevated temperatures. A
very convenient method for preparation of a microemulsion
and construction of planer triangular phase diagram is the
titration procedure. A surfactant is dissolved in an inaqueous
(or organic) medium and is titrated with organic (or aqueous)
phase. The transition points (turbid and transparent) are
noted. The single-phased, optically transparent domains corre-
spond to the microemulsions whereas turbid zones are for mul-
tiphase systems. Repeating the same procedure for different
concentrations of surfactant solution, almost all transition
points can be noted. Thus, a triangular phase diagram can eas-
ily be drawn. Any mixture of three components, 4, B, and C
can be represented using properties of an equilateral triangle
(ternary diagrams, Figs. 12-14). The relative amounts of 4,
B and C are expressed in percentage of the selected parameter,
such as:

A% + B% + C% = 100% (7)

Only two percentages are independent, the third one can be
obtained by the Eq. (7) (Fig. 13) shows how the given mixture
can be plotted. Point M is obtained at the crossing of the
respective percentage values of 4, B and C. Eq. (7) cannot
be used in four components microemulsions, unless a pseu-
do-component is defined, such as a given ratio of surfactant
to alcoholic co surfactant. This active mixture is considered
as a third component and is placed at the C apex.

The composition of the mixture is specified by the compo-
sition variables a and g, where « is the weight fraction of oil in
the mixture of oil and water:

Mmoil

o=l (8)

Mmojil + Mwater

and g is the weight fraction of surfactant in the ternary
mixture:

Mgurfacts
Y — surfactant (9)
Mwater + Moil + Msurfactant
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Figure 13  The ternary phase diagram representation. Point M
represents the liquid composition with 59% of 4, 9% of B and
32% of C (total 100%) The percentage can be mass, volume or
mole percentages.
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Figure 14 Phase prism with the Gibbs phase triangle as base
(ABC) and the temperature axis (7) as ordinate.
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The phase behavior of mixtures of water, n alkane and alkyl
polyethyleneglycol ether type surfactants (CiEj) has systemat-
ically been studied in the last two decades.

10. Factors affecting microemulsion dynamics
10.1. Surfactants and co-surfactants in microemulsions

The surface active agents or surfactant molecules are amphi-
philic in character, i.e., they possess hydrophilic and hydro-
phobic regions in their molecules. They have a long
hydrocarbon tail and a relatively small ionic or polar head
group. Amphiphiles can be ionic (cationic, anionic), zwitter-
ionic, or nonionic depending on the nature of their head
groups. Cetyltrimethylammonium bromide provides a very
flexible film, which gives rise to a high exchange dynamic of
the micelles. In recent years, an increasing number of works
used CTAB as surfactant. (Porta et al., 2002) obtained smaller
Au nanoparticles using CTAB as a surfactant. Chen and Wu
(2000) studied the influence of reactants, metal salt and reduc-
ing agent on the final Ni nanoparticle size in a water/CTAB/n-
hexanol microemulsion. ZrO,—Y,0O; nanoparticles have been
obtained in a CTAB/hexanol/water microemulsion by Fang
and Yang (1999). In their report, these authors noted a pecu-
liar behavior; nanoparticle size distribution is narrowed down
in two cases, increasing the water content at fixed surfactant
concentration or decreasing the surfactant content at fixed
water content. Both cases led to larger droplets. This kind of
microemulsions has also been used to produce other materials
spinel ZnAl,O4 (Giannakas et al., 2003), perovskite nLaMnO;
(Giannakas et al., 2003), bioceramic hydroxyapatite
(Koumoudilis et al., 2003), cerium oxide (Wu et al., 2002),
and coated materials like, SiO,-coated Pt, Pd and Pt/Ag (Yu
et al., 2003). The catalytic activity of nanoparticles synthesised
in CTAB microemulsions has also been studied by Sun et al.
(2001).

The anionic surfactant perfluoropolyethercarboxylic acid
was converted to its ammonium salt by reaction with excess
ammonium hydroxide. This surfactant has been used in
water-in-carbon dioxide microemulsions (Sun et al., 2001;
Stallings and Lamb, 2003) to produce Ag nanoparticles
(Nagashima et al., 2003) and Ti (Sun et al., 2001). Triton
X-100 has been used to prepare different kinds of nanoparticles:
Ce0,, Cel-x-Zrx0,, Ce-Tb mixed oxides, AlL,O3, Y,O5:Eu3 ™,
TiO; and silver halides (Rodriguez et al., 2003; Hungria et al.,
2003; Pang and Bao, 2002; Pang et al., 2003; Andersson
et al., 2002; Xu and Li, 2003). Zhang and Chan (2003) studied
the formation of Pt—-Ru bimetallic nanoparticles using a water-
in-oil reverse microemulsion of water/Triton X-100/propanol/
cyclohexane. Zhang and Chan (2002) also studied the synthesis
of Pt—Co nanoparticles using the same microemulsion. Silica-
coated iron oxide nanoparticles were studied by Santra et al.
(2001) using different precipitating agents (NH4OH or NaOH)
and surfactants (Triton X, Brij 97 and Igepal). They found that
the ultra small synthesized particles (<5 nm) aggregate in dif-
ferent morphologies. Results are explained, assuming that the
extent of surfactant adsorption on to the particle surface varies
depending on the experimental conditions. The more ordered
structures observed with Brij 97 are attributed to its longer
hydrophobic chain (compared to Triton X and Igepal), pro-
moting a more ordered particle aggregation, due to stronger

hydrophobic-hydrophobic interactions between the oleyl
groups attached to adjacent nanoparticles. The authors do
not exclude the influence of the ultrasounds used during the
reaction on the adsorption process. Different results were ob-
tained by Tartaj and Serna (2002). These authors found that
the nature of the surfactant (Igepal CO-720 or Triton X-100)
did not significantly affect the microstructure of the prepared
iron oxide nanoparticles, using cyclohexane as oil and n-hexa-
nol as cosurfactant. Poly(oxyethylene)-5-nonylphenol ether
(NP-5), poly(oxyethylene)-9-nonylphenol ether (NP-9) and
poly(oxyethylene)-12-nonylphenol ether (NP-12) have been
recently used to prepare different particles, such as hydroxyap-
atite (Bose and Saha, 2003), metallic bismuth (Fang et al.,
2001), and also applied in catalytic activity studies (Liu
et al., 2002). Rh nanoparticles have been synthesized in NP-
5/cyclohexane microemulsion (Althues and Kaskel, 2002). At
a fixed RhCl; and surfactant concentration, and fixed W value,
ultrafine Rh particles were obtained using different reducing
agents (H,, NaBH, and N,H,). Different final particle sizes
were obtained, depending on the reactants nature. Pt—Ru
bimetallic nanoparticles have been prepared by using these
nonionic surfactants (Liu et al., 2002). Silica-coated Rh nano-
particles were also reported (Althues and Kaskel, 2002).

Brij 30, a nonionic surfactant was used to study the immo-
bilization of ZnS nanoparticles synthesised in microemulsions
to silica (Althues and Kaskel, 2002), and to prepare silica
coated iron oxide (Santra et al., 2001). In a very interesting pa-
per, various surfactants have been compared for the synthesis
of silica coated zinc ferrite nanoparticles (Hanaoka et al.,
2001). Pentaoxyethylene-glycol-nonyl-phenyl ether, commonly
known by Igepal-CO520, is a nonionic surfactant which was
used by Bae et al. (2002) to study the influence of [water]/
[TEOS] molar ratio on the final size of Pd and Pd/SiO,. They
concluded that the particle size and the thickness of the coating
can be controlled by manipulating the relative rates of the
hydrolysis and condensation reaction of TEOS.

Span-Tween 80, a commercial mixture of sorbitol
monooleate and polysorbate 80, was used to prepare TiO,
nanoparticles in microemulsions (Zhand and Gao, 2002). Poly-
oxyethylene 4 lauryl ether was used to prepare Pd, Pt and Pt/
Pd nanoparticles, which showed a high catalytic activity
(Yashima et al., 2003). Polyoxyethylene 15 cetyl ether was used
by Tago et al. (2003) as a surfactant to obtain SiO,-coated
CeO, nanoparticles. They observed that this type of particle-
forming agents affects the efficiency of silica coating on the
CeO, nanoparticles.

Epikuron 170 a lecithin (min 67% phosphatidylcholine)
used as a surfactant to prepare nimesulide, a molecule of phar-
maceutical interest (Debuigne et al., 2001). The size seems to
be independent of either the water: surfactant ratio or the con-
centration of the active compound. Debuigne et al. (2001) pro-
posed that the constancy of the size suggesting that the size is
controlled by thermodynamic stabilization of the nanoparti-
cles with the surfactant molecules. In several important
applications, ionic surfactants are used in conjunction with a
co-surfactant such as a medium chain-length alcohol. The
co-surfactant is an uncharged entity and its adsorption is not
impeded by the electric field. It therefore provides the addi-
tional lowering of interfacial tension necessary for microemul-
sion formation. Co-surfactants are usually alcohols or amines
ranging from C4 to C10 and helps in the formation and stabil-
ization of micelles/microemulsions. In many cases it also acts
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as an organic solvent. The co-surfactant provides a “dilution
effect” in addition to that of the surfactant and causes a fur-
ther decrease of the interfacial tension. If salt is added to the
solution, the surface potential is partly neutralized. This de-
creases the coulombic repulsion between adjacent head groups
and allows the formation of larger micelle. Their short hydro-
phobic chain and terminal hydroxyl group are known to en-
hance the interaction with surfactant monolayers at the
interface, which can influence the curvature of the interface
and internal energy. The amphiphilic nature of co-surfactants
could also enable them to distribute between the aqueous and
oil phase (Bose and Saha, 2003). Marchand et al. (2003) have
studied the synthesis of MoS, particles in AOT/water/n-hep-
tane microemulsions (Marchand et al., 2003). In a Similar
work Bagwe and Khilar (1997a,b) have used NP-5 as a cosur-
factant to synthesise Ag particles in AOT/n-heptane/water.

10.2. Water content

This effect has been reviewed extensively elsewhere (Pileni,
2001, 2003, 2007; Lopez-Quintela et al., 2004). In most pa-
pers, water content is described by the water to surfactant
molar ratio w® = ([H,O]/[surfactant]), however it is impor-
tant to recognize that the total water in the system can be
raised not only by raising w° but also by increasing [surfac-
tant] at constant w° levels (Kimijima and Sugimoto, 2005).
Another effect of changing w° is to vary the effective concen-
tration of reagents inside the micelles, if the overall reagent
concentration is kept constant. Many papers show the final
particle size to be dependent on the initial w® (Nanni and
Dei, 2003; Berkovich et al., 2002; Lemyre and Ritcey,
2005), demonstrating control over the outcomes of the syn-
thesis merely by changing w®. It is also generally observed
that the size of the nanocrystals produced differs from that
of the initial nanoreactors and also the variation in particle
size with w° is strongly dependent on the nature of the chem-
ical reaction. This observation is generally attributed to a
templating effect on nanocrystal growth by the reverse mi-
celles. Unfortunately in many cases, the same effect is not
seen (Kitchens et al., 2003; Krauel et al., 2005). Kitchens et
al. (2003) found that, at any given value of w° the same size
nanoparticles can be synthesized if left for sufficient time for
the reaction to go to completion. They proposed that the rate
of nanoparticle growth is affected by varying w°. Surfactants
are fully hydrated at given water content and increase in the
water content induces formation of a thermodynamically sta-
ble emulsion made of several phases with interconnected cyl-
inders trapped inside an onion phase and filling the interstices
between spherulites (Pileni, 2001). With the water bound, the
micelle interface is said to be “rigid”, lowering intermicellar
exchange and thus growth rates. As w® is raised, the film be-
comes more fluid, so the rate of growth increases, until it
reaches a point when all extra water added is just added to
the bulk water pool (at around w® = 10-15). At this point
the extra water added merely dilutes the reagents, decreasing
reaction rates, so any increase in rate of intermicellar ex-
change from this point is negated, and in some cases a de-
crease in particle size is observed (Krauel et al., 2005).
These ideas and findings run contrary to the bulk of other
work (Kimijima and Sugimoto, 2005; Nanni and Dei, 2003)
which suggests that particle size can indeed be controlled
by w’.

10.3. Reagent concentration

Several studies have shown an increase in particle size goes
hand-in-hand with reactant concentration (Lisiecki and Pileni,
2003). The clearest example is from the work of Lisiecki and
Pileni (2003), who investigated the size of silver nanodisks gen-
erated as a function of the concentration of added reducing
agent (hydrazine). As the ratio [hydrazine]:][AOT] was in-
creased, an increase in particle size was observed, leading to
changes in optical properties of the nanoparticle dispersion.
One plausible explanation is that a ‘polymerisation’ of AOT
occurs via reaction with hydrazine to form an imine dimmer.
Increasing reagent concentration also appears to reduce poly-
dispersity. In studies by both Lisiecki and Pileni, 2003 and Eas-
toe and Cox, 1995 an increase in the number of particles of a
similar size was noted when concentration of reagents, NaBH,
and PbS, was raised.

11. Microemulsion mediated synthesis of inorganic
nanomaterials

11.1. Metals

Since metals display surface catalytic properties, the synthesis
of size controllable and monodisperse metal particles is of
considerable importance. The reduction method is one of the
most common ways to prepare metal nanoparticles through
microemulsions. Platinum, palladium, rhodium and Iridium
nanoparticles have been prepared using reverse micelles
(Boutonnet et al., 1982a,b). H,PtCls was dissolved in CTAB/
water/octanol reverse micelles. Subsequent reduction with
hydrazine produced nanoparticles. Pd nanoparticles were
formed by reducing Pd(NH,)4Cl, or K,PdCl; with N,H,.
Rhodium particles were formed by reducing RhCl, with bub-
bling hydrogen, whereas iridium particles could be obtained
by bubbling active hydrogen through 2% Pt-Al,O; at 70 °C.
Ag and Au colloidal nanoparticles were successfully prepared
by reducing the AgNO; and HAuCl, in water/cyclohexane/
PEGDE or PEGDE/water/n-hexane reverse micelles, where
NaBH,; was used as the reducing agent (Barnickel and
Wokaum, 1990). Silver and copper salts of Aerosol OT can
be used for the preparation of Ag and Cu nanoparticles (Pileni
and Lisiecki, 1993). Copper nanoparticles have been synthe-
sized in the reverse micelles using hydrazine as a reducing
agent. The size of Cu nanoparticles can be controlled by the
water content in the reverse micelles (Pileni and Lisiecki,
1993). Gold and silver nanoparticles were also produced by
reducing gold chloridetetrahydrate HAuCl, with citric acid
at 80 °C for half an hour (Chen et al., 1994). Nanoparticles
of other metals such as Co, Ni and metal alloys Fe-Ni, Cu.Au
and Co—Ni have also been synthesized using reverse micelles
(Monnoyer et al., 1995).

11.2. Preparation of metal sulphide nanoparticles

Colloidal semiconductors are attracting much interest due to
their applications as enhancement of photoreactivity and pho-
tocatalysis and non-linear optical properties. The key to syn-
thetic investigation of this kind of nanoparticles must be the
careful control of semiconductor size and size distribution.
The preparation method is usually applied in the preparation
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of metal sulphide particles (Petit et al., 1990). CdS particles
have been synthesized in AOT and triton reverse micelles with
functional surfactant such as cadmium lauryl sulfate and cad-
mium AOT (Petit et al., 1990). The average diametere of the
particles was found to depend on the relative amount of
Cd?* and S*>". The particles obtained from AOT were smaller
and more monodisperse than those from the Triton reverse mi-
celles. Colloidal CdS was prepared in the mixed sodium AOT/
cadmium AOT/isooctane reverse micelle (Petit et al., 1990).
Pbs nanoparticles can be made by mixing Polyoxethylene
dodecyl erther-n-hexane reverse micelle, which supplies Pb>*
from electrolytes such as Pb(NO3), or Pb(ClOy), and other re-
verse micelle that contains S~ and Na,S or H,S. A number of
nanoparticle semiconductors such as CdS, PbS, CuS, Cu,S and
CdSe (Petit et al., 1990; Eastoe and Warne, 1996; Robinson
et al., 1991; Haram et al., 1996) have also been synthesized
using this method. In recent years apart from synthesis of
nanoparticles, surface modification of the metal sulphide par-
ticles has attracted much interest. The modification of the
semiconductor surface is also very important either from the
point of view of enhancing the stability of the nanoparticles
or for providing unique physical and chemical properties. An
additional profit from this treatment is that it allows the parti-
cles to be separated from the micellar solution and redispersed
in another solvent. Some surface capped semiconductor nano-
particles have been synthesized with the capping agent such as
sodium hexamephosphlate and phenyl trimethylselenium (Petit
et al., 1990; Harron et al., 1990).

11.3. Preparation of nanoparticles of metal salts

Many metal salts such as silver halide, metal sulphate and metal
carbonate possess unique properties. Precipitation methods are
usually used to prepare the nanoparticles of these materials. Sil-
ver halide nanoparticles were synthesized by reacting AgNO3
with sodium halides in Aerosol OT W/O microemulsions
(Chew et al., 1990). However the metal carbonate nanoparticles
such as BaCos, CaCo; and SrCO; were prepared by bubbling
CO, through the reverse micelle solution containing the corre-
sponding aqueous metal hydroxides. Nanoparticles of AgCl
and AgBr have been synthesized using reverse micelles (Bagwe
and Khilar, 1997a,b; Monnoyer et al., 1995).

11.4. Metal oxides

Nanoparticles of metal oxides are usually produced by the
hydrolysis method in which metal alkoxide react with water
droplets in the reverse micelles. Nanoparticles of metal oxi-
des such as ZrO,, TiO,, SiO,, GeO, and Fe,O; (Chang et al.,
1994; Esquena et al., 1997; Lopez-Perez et al., 1997; Chen
et al., 2008) have been synthesized. GeO, nanopartices can
be direcly obtained from AOT-cyclohexane W/O microemul-
sions. SiO, nanoparticles could be obtained by adding
Si(OC,Hy), to the solubilized ammonia aqueous solution
in AOT and Ployoxyethylated nonulphenyl ether W/O
microemulsions. Similarly ZrO, nanoparticles have been ob-
tained by hydrolyzing Zr(OC4Hy), with sulphuric acid in
ployoxyethylene nonylphenyl ether cyclohexane systems and
then washed with ammonia aqueous solution. TiO, nanopar-
ticles can be prepared by adding benzene solution of TiCly
to etylbenzyldimethylammonium chloride-benzene W/O
microemulsions.

11.5. Preparation of magnetic nanoparticles

The first magnetic nanoparticles formed in micelles were from
the oxidation of Fe?" salts to form Fe;O4 and ¢-Fe,Os
(Inouye et al., 1982). This reaction was carried out in an
AOT/isooctane system and formed spherical nanoparticles with
surprisingly tight size distributions of less than 10%. Later,
other reactions using hydrogen peroxide were used to form
MnFe>0,. The initial reaction conditions not only controlled
the particle size, but also the cation occupancy (Carpenter
et al., 1999a,b). An interesting phenomenon seen with iron
reductions is the influence of the surfactant on the iron crys-
tal structure. If anionic surfactants (such as AOT) are used,
a-Fe is formed with the body centered cubic (bcc) crystal
structure expected from thermodynamic equilibrium of the
bulk metal at room temperature (Duxin et al., 1997). Con-
versely, if a non-ionic surfactant is used (for instance, nonyl
phenol polyethoxylate), a face centered cubic (fcc) crystal
structure forms (Wilcoxon and Provencio, 1999). The process
for the formation of metals can be expanded to form metal
alloys. Instead of using a single metal salt, mixed metal salts
are used and reduced simultaneously (Tanori et al., 1995). It
is essential that the reduction is carried out simultaneously or
mixed phase products will be formed. The precipitation of
precursors that are subsequently fired to produce an oxide
end product is an important synthetic process. This has been
used in the synthesis of many different ferrite materials
(MH,ZH)F6204, (Ni,ZH)FCQO4, Zl’]FCzO4 and BaFelelg
(Yener and Giesche, 2001; Agnoli et al., 2001). In these cases,
the particles were formed with sizes between 5 and 50 nm.
The particles had spheroidal morphology with typical size
variations of 10%, although higher conversion temperatures
generally widen the size distribution to 10-20%. The reaction
time of the metathesis reaction controlled the morphology
and size of the particles for this reaction. Particles synthesized
by quenching the reaction after short reaction times devel-
oped polyhedral morphology and 13 nm average particle size.
Similar reactions carried out for 2 h resulted in particles with
spherical morphology and 39 nm average grain diameters
(Carpenter et al., 1999a,b). Cobalt hexacyanoferrate nano-
cubes have been prepared using reverse micelles and AOT
(Vaucher et al., 2002). Although there are many examples
of inverse micelles used as microreactors, there are only a
few examples of the use of direct micelles. Sodium dodecyl-
sulphate is the principle surfactant used in these reactions
due to the morphology of the aggregate. The most striking
example of direct micelle synthesis was presented by Liu
and co-workers with the synthesis of CoFe,O4 (Liu et al.,
2000a,b). In this example, a chemometric model was created
for predicting the size of a ferrite from the synthesis condi-
tions of surfactant concentration, metal concentration, base
concentration, and temperature. The synthesis was later ex-
panded to include the mixed ferrites of MnFe,O; and
MgFe,04 (Liu et al., 2000a,b). In order to control side reac-
tions and precipitation common to aqueous systems, micelles
are formed using alcohol as the polar phase. Some workers
have employed ethanol-based micelles to form SrFe;»Ojo.
In this case, Sr(OH), has such a high solubility in water that
inhomogeneous and strontium deficient precipitates were
formed, thus the change to ethanol was necessary. The parti-
cles display a large size distribution and a plate like morphol-
ogy with an average particle size of 100 nm.
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11.6. Nanowires

The Nanoparticles fabricated in the reverse micelles are spher-
ical particles in most cases. However, since the optical, electric,
and other properties of nanoparticles are affected by the shape
of nanoparticles. Various shapes have been synthesized. For
example, cubic pt nanoparticles have been synthesized and
they showed extremely good catalysis selectivity and activity
(Ahmad et al., 1996). Addition of CdS nanowires into the por-
ous almunium oxide film will be of potential use in photo-elec-
tronics (Routkevitch et al., 1996). Qi et al. (1997) using reverse
micelles of TX-100/hexanol-cyclohexane/water have success-
fully synthesized cubic BaSO,4 nanoparticles. They have found
that the water content in the reverse micelles greatly affected
the shape of the nanoparticles. Cubic nanoparticles of BaSOy,
were obtained in the higher content of water. On the other
hand, in the non-ionic reverse micelle C,E4/cyclohexane, add-
ing 0.1 M BaCl, and Na,CO; aqueous solution to 0.2 M
C1,E4/cyclohexane solution, and mixing the two reverse mi-
celles, BaCO3; nanowires were obtained. Hopwood and Mann
have also synthesized BaSO,4 nanowires using reverse micelles
(Hopwood and Mann, 1997).

11.7. Nanocomposites

Composite nanoparticles are composed of two kinds of nano-
particles, not only modifying the properties of single semicon-
ductor nanoparticles, but also producing some new electric
and optic properties. The composite semiconductor nanoparti-
cles can be divided into sandwich type and shell-core type.
Sandwich type CdS-TiO, (Lawless et al., 1995) and CdS-
SnO, have been prepared and show prospects in solar cell
applications (Nasr et al., 1997). On the other hand, shell-core
type composite nanoparticles such as CdS—-ZnS (Hirai et al.,
1994) CdS/PbS CdS/HgS (Kamalov et al., 1996; Hota et al.,
2007) CdS/Ag,S (Han et al., 1998) CdS/CdSe, CdSe/ZnS (Peng
et al., 1997; Kortan et al., 1990), CdSe/ZnSe have been synthe-
sized using different methods (Han et al., 1998). They showed
enhancement of photocatalytic efficiency and strong enhance-
ment of emission. Reverse micelle is also an important method
for synthesizing the composite nanoparticles. So far reverse
micelles have been successfully used to synthesize composite
nanoparticles such as CdS-ZnS, CdS-Ag,S and CdSe-ZnS,
CdSe-ZnSe (Han et al., 1998; Peng et al., 1997). For core shell
nanoparticles the synthesis contains two steps; the first step is
the formation of core nanoparticles in the reverse micelles and
the second step is the growth of the shell particle on the core.
CdS/ZnS (where CdS is the core and the ZnS is the shell) are
the typical shell core type composite nanoparticles and can
be synthesized as follows. Mixing of the reverse micelles con-
taining Cd>* and S>” in a 1:2 ratio, one can obtain the core
CdS reverse micelle solution. In this reverse micelle S*~ is ex-
cess. After several minutes, Zn>" containing reverse micelle
was added. ZnS precipitated in the core CdS nanoparticles,
and a shell-Core type CdS/ZnS composite nanoparticle was
obtained. Using this method, composite nanoparticles of
CdS/ZnS and ZnS/CdS have been synthesized. Another type
of composite nanoparticle contains two metals not in the 1:1
ratio have also been reported. Chen and Chen (2002) have re-
ported the synthesis of Au—Ag, Au-Pd and Pd-Pt bimetallic
nanoparticles in water/AOT/isooctane microemulsions (Chen
and Chen, 2002; Wu et al., 2001a,b). The following mechanism

is proposed: for Au—Ag (Chen and Chen, 2002) and Au—Pd
(Wu et al., 2001a,b), the reduction rate is so large that almost
all of the ions are reduced before the formation of nuclei.
Then, the atoms start to aggregate to form the nuclei. Since
the nucleation rate of Au is much faster than that of Ag (Chen
and Chen, 2002) or Pd (Wu et al., 2001a,b), the nuclei of the
bimetallic system should be mainly formed from Au atoms,
and the composition of the nuclei might have a higher Au con-
centration than that of the feeding solution, i.e., Au might act
as the seed for the formation of the bimetallic particle. All nu-
clei might be formed almost at the same time. After that, Ag or
Pd atoms codeposite on to the nuclei and grow to their final
sizes. The faster growth rate of Au than Ag or Pd leads to
the enrichment of Ag or Pd in the outer layer of the bimetallic
nanoparticle. For the case of Pd-Pt (Wu et al., 2001a,b), the
formation rate of Pd nanoparticles is faster than Pt nanoparti-
cles, but the difference is less than Au—Ag and Au—Pd particles.
Consequently, the nucleus might contain both Pd and Pt code-
posited at a similar deposition rate, so that a homogeneous al-
loy structure is obtained. It is interesting to note that the same
Pd-Pt synthesis using a different reduction agent i.e., different
chemical reaction, leads to a different final nanoparticle size.

12. Microemulsion mediated synthesis of organic nanomaterials

Only a limited number of organic nanoparticles can be pre-
pared using oil in water microemulsions usually called micro-
emulsion polymerization (Vaucher et al., 2002). Phase
separation is perhaps the main reason why such techniques
made little progress within the past decade (Holdcroft and
Guillet, 1990). Nanosize polymer particles can be obtained
using polymerization reactions in o/w microemulsions, this
leads to hydrophobic nanoparticles (10-40 nm) dispersed in
water (Candau, 1990). The advantage of this method is fast
polymerization rates and high molar mass of polymers, while
the drawback is the need of high weight ratio of surfactant
to polymer.

The first successful microemulsion polymerization was re-
ported by Atik and Thomas (1981b) who used CTAB/sty-
rene/hexanal/water O/W microemulsion. The reaction was
carried out either thermally using azobisisobutyronitrile
(AIBN) or radiolytically using Cs y-ray source. Monodisperse
latex nanoparticles of diameters 35 and 20 nm were obtained.
Styrene has also been polymerized using three component
microemulsions of dodecyl trimethyl ammonium bromide
(DTAB) and potassium persulphate (KPS) initiator (Perez-
Luma et al., 1990). This resulted in monodisperse lattices with
radii in the range of 20-30 nm. Guo et al. (1989) studied sty-
rene polymerization in SDS/pentanol/water microemulsions
using both water soluble KPS and oil soluble AMBN as initi-
ators and found that the fraction of formed particles were
determined by the amount of initiator. Palani et al. (1991)
studied the polymerization of MMA using MMA /ethylene gly-
col dimethacrylate/water system with acylamide as amphiphile.
The particles formed were transparent up to 60% of water in
the microemulsion systems.

Different microemulsion systems have been used to synthe-
size organic nanoparticles of cholesterol, Retinol Rhodiarome,
Rhovanil (Destree and Nagy, 2006). The microemulsions used
are AOT/heptane/water, Triton/decanol/water, and CTABr/
hexanol/water. The general preparation of these organic
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nanoparticles consists of the direct precipitation of the active
compound in the aqueous cores of the microemulsion. After
their preparation, nanoparticles are revealed with iodine vapor
and observed with a transmission electron microscope (The
mechanism of the formation of nanoparticles has been previ-
ously studied (Nagy and Mittal, 1999). This consists of several
stages. The solution of the active compound in an appropriate
solvent penetrates inside the aqueous cores by crossing the
interfacial film. The solvent certainly plays a role in the trans-
port of the active compound inside the aqueous cores. The ac-
tive compound precipitates in the aqueous cores because of its
insolubility in water, and the nuclei are thus formed. The so
formed nuclei can grow because of the exchange of the active
compound between the aqueous cores. Finally, the nanoparti-
cles are stabilized by the surfactants.

12.1. Synthesis of nanoparticles of pharmaceutical interest

Solid nanoparticles of nimesulide (molecule of a pharmaceutical
interest) have been synthesized by direct precipitation in two
water/oil (W/O) microemulsion systems Epikuron 170 (E170,
which is a lecithin)/isopropyl myristate/water/n-butanol (ME1)
and E170/isopropyl myristate/water/isopropanol (ME2). The
size distributions of the observed nanoparticles are relatively
narrow for the two systems. In the two microemulsions, the
diameter of the nanoparticles is between 45° and 60 A°. The
interest in these organic nanoparticles lies in their pharmaceu-
tical applications (Debuigne et al., 2001). First, the microemul-
sions used to synthesize the nanoparticles are potential systems
for drug delivery (Lawrence, 1994). Indeed, microemulsions
have a low viscosity, making intravenous injections easier.
Second, the solid organic substances could be injected directly
into the vena in the form of nanoparticles. As these substances
are often insoluble in water, a classical method of drug delivery
using aqueous solutions is not applicable. However, if nanopar-
ticles could be prepared in suspension in water, they could be
directly injected. The size of the particles is very important,
because bigger particles could lead to embolism. In yet another
study solid nanoparticles of Amoxicillin has been reported.
Three different types of amoxicillin nanostructures were synthe-
sized successfully (Xike et al., 2005). It is conceivable that these
special nanostructures can enhance the solubility rate of disso-
lution, and bioactivity of amoxicillin (Horn and Rieger, 2001).

13. Conclusions

The long-term objective of this study is to create the experi-
mental and theoretical Know-How for the large-scale realiza-
tion of a process for the synthesis of tailored nanoparticles
by precipitation in microemulsion droplets. The technical-scale
production of nanoparticles with tailored properties is of par-
ticular interest due to the increasing demand from industry.
This study provides the basis for the scale-up of the synthesis
route in water-in-oil (W/O)-microemulsion droplets. However
research in this field is still in infancy and efforts are needed for
better understanding.
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