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Preface

Microemulsions are thermodynamically stable mixtures composed of at least three
components, namely, oil, water and surfactant, and sometimes a fourth component
called as co-surfactant essentially comes into play. This field is one of the still rapidly
growing fields of science and technology that have attracted a great attention of the
scientists with various professions, ranging from pure physical chemists to oil engineers,
pharmacologists and biologists. Besides many researchers investigating the structural
and pure scientific aspects of these systems by different tools and techniques, there are a
lot of others benefiting them as a powerful and vital tool to achieve own aims. Regarding
these facts, the investigation and work either on the scientific or application aspects of
microemulsions still is a high priority research theme.

This book was intended to provide an insight into the fundamentals and some
applications of microemulsion systems. In the first Chapter, a very short introduction
about the background and general aspects of microemulsions is given. The author has
tried to introduce different types of related fields and provide some reviews and
original references to enter the reader into the play.

The second Part of the book was assigned for investigating the influence of some
determining parameters on the microstructure and phase behavior of these systems. In
Chapter 2 of the book, Dr Buckin one of the prominent experts in this special field has
provided a new aspects in investigation of microemulsion characteristics, such as size,
microstructure and state of water in nano-droplets and ... with high-resolution
ultrasonic measurements. The third Chapter of the book by Dr Cid and co-authors deals
with the effect of changing the size and type of co-surfactants on the electric percolation
and percolation temperature of the system. In Chapter 4, Dr Rout and co-authors have
discussed on another aspect of the microemulsion science, and used one of the well
known theoretical models already proposed for the description of the microemulsions, to
predict phase behavior and microstructure of a system in 1-phase region.

In Part 3 and Part 4 of the book different type of applications of the microemulsions
have been explained. Among the applications of microemulsions, their use in drug
delivery systems and vaccines have gained a great interest during the last decade. One
of the challenges in this field is to develop some common “ready to use” drug delivery
systems where one only needs to add an active component to formulation. Dr Balogh
in Chapter 5 has presented if it is really as simple as to add any active component and
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use them or further work will be required with these formulations. The next Chapter
deals with the work on a thermal reversible system for delivering of poorly water-
soluble drugs by oral administration. Dr Gao has discussed on the different
parameters affecting the oral delivery of the lypophilic drugs by the mentioned
system. In the Chapter 7, the improvement of the vaccination methods using
microemulsions has been demonstrated. Dr Franc¢a and co-author have explained the
beneficial effect of using nanoparticles for vaccine delivery via microemulsions
resulting in good immune responses.

The last Part of the book is devoted to their use in oil industry as an old and important
application, as well as the other main type of microemulsion applications, namely, use
of them in preparation of the nanostructured materials, which has become very
popular during last decade. Dr Santanna and co-authors have described how several
microemulsion systems which may be used in different areas of the oil industry, such
as wells hydraulic fracturing, corrosion inhibitors in pipelines, in the breakdown of
water/oil emulsions, in enhanced oil recovery, and as alternative fuel. In Chapter 9, Dr
Kunitake and co-authors have introduced use of microemulsions with bicontinuous
microstructures as a template for preparation of the continuous porous polymeric
materials and bicontinuous hybrid materials by polymerization or gelation. In Chapter
10, another type of microemulsion applications, i.e., use of microemulsions with water
in oil droplets as nanoreactors for the preparation of the nanostructured materials is
investigated. Dr Dromta and co-authors have discussed on the preparation of the
magnetic core-shell nanoparticles with a narrow particle size distribution. As
described in Chapter 11 by Dr Mohd Zabidi, use of microemulsion technique was able
to produce Co-based nanocatalysts with a good selectivity in Fischer-Tropsch
reactions. The use of microemulsion systems in preparation of the photocatalysts is
one of the other widely used applications. In the Chapter 12 Dr Zieliriska-Jurek and co-
authors have reviewed this field and discussed about the different factors affecting the
properties of prepared photocatalysts.

Finally, I would like to express my gratitude to Mrs Ivona Lovric, the publishing
process manager and Intech Open Access publisher for their efforts in the publishing
process. Many thanks also to my family and families of all other collaborators for their
patience and acceptance of the lost evenings. I wish that this book can give an insight
into the field.

With the best wishes
Marvdizaj, 2012

Dr Reza Najjar

Assistant Professor of Chemistry,
Faculty of Chemistry,

University of Tabriz,

Tabriz,

Iran
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Microemulsions — A Brief Introduction

Reza Najjar
Polymer Research Laboratory, Faculty of Chemistry, University of Tabriz, Tabriz,
Iran

1. Introduction

Nevertheless, the existence and application history of the microemulsions goes back to the
very older times, but the oldest available reports in this field have been published by
Schulman (Schulman & Hoar, 1943) and Winsor (Winsor, 1954). Their works are the starting
point of efforts for the systematic understanding of the microemulsions. Meanwhile, the
widespread generalization and applications of these systems have been started in the late
1970s, with their use for the enhanced oil recovery during the energy crisis.

The term of microemulsion applies to a mixture with at least three components; an oily phase,
an aqueous phase and a surface active species, so called surfactants. Sometimes the forth
component i.e., co-surfactant can/must be present (Saito & Shinoda, 1967. Saito & Shinoda,
1970). Depending on the ratios between the components, in the two extremes the microstructure
of the microemulsions vary from a very tiny water droplets dispersed in oil phase (w/o
microemulsion) to a oil droplets dispersed in water phase (o/w microemulsion). The
microstructure of the mixture changes continuously from one to another extreme, namely, from
a spherical to cylindrical, tubular and interconnected continuous oil and water phases separated
with a very thin layer of surfactant molecules, in the middle, which is defined as bicontinues
microemulsion (Scriven, 1976). The microemulsions of each kind are thermodynamically stable
and transparent solutions. There are main differences between emulsions and microemulsions
in terms of structure and stability. In contrast to the microemulsions, the emulsions are unstable
systems and without agitation, phase separation will occur in them. The other difference is that
the size of droplets in emulsions are in the range of micrometers, while in microemulsions the
size of micelles are in the range of 5-100 nm, depending on the some parameters such as
surfactant type and concentration, the extent of dispersed phase (Prince 1977, Hou et al., 1988,
Maitra, 1984). Hence, sometimes the microemulsion term is misleading, because it doesn’t
reflect the size of dispersed phase droplets in the system which, are in the nanometer range.
Depending on the type of the surfactants employed in the preparation of the microemulsion,
another important parameter that affects the main characteristics of a microemulsion is the
presence of electrolytes in the aqueous phase.

2. Phase diagrams and types of microemulsions

The formation of the thermodynamically stable microemulsions require that an adequate
amount of the corresponding components must be mixed. Determination of these proper
compositions is an important issue in this field to obtain the microemulsions with required
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properties. For this purpose, one must prepare mixtures with different compositions of the
components, and check them regarding the type and number of phases present in the
system. The resulting diagrams, showing the number/or type of phases present in the
system associated with each specific composition, are called phase diagrams. From the
industrial and application point of view, this process is called formulation, which indicates the
specific compositions of the components giving a stable mixture effective in the concerned
property. A number of different methodologies have been used for determination of the phase
diagrams. Almost the earliest studies about the phase diagrams of the microemulsions can be
found in the 1960s (Ekwall et al., 1960). Using the phase diagrams, it has been confirmed that
the Schulman's so-called micromulsion is not an emulsion but a solubilized solution (Shinoda
& Kunieda, 1973). The mechanism of the microemulsion formation has been studied in
connection with the phase diagrams and the relation between the amounts of components
required to form a clear microemultion has been understood from the phase diagrams
(Ahmad et al., 1974). They have studied the phase diagrams of different systems with anionic,
cationic and non-ionic surfactants, and could obtain maximum solubillization with the
optimum ratio of the surfactant and co-surfactant. By a detailed investigation on
pseudoternary phase diagrams of two microemulsion systems it has been evidenced that a
great variety of phases is present. They have concluded that the interaction between water and
oil domains is an important parameter affecting the stability of microemulsions (Roux et al.,
1983). The phase diagrams of the ternary system containing water-sodium alkylbenzene
sulfonate (NaDBS)-hexanol and their quaternary system with xylene have been prepared at
three different temperatures. The formation of different phases, such as microemulsion phase,
reverse micelle phase was observed which have been qualitatively examined by optical (phase
contrast and polarizing) microscopy or low angle X-ray diffraction. According to the results
the amount of microemulsion phase was decreased by increasing of the temperature at
surfactant concentrations of lower than 15% (Baker et al., 1984). The phase diagrams of the
systems with alkyl polyether surfactants have been studied extensively in different aspects,
(Zhao et al., 2011, Lang, 1999. Balogh, 2010, Selivanova et al., 2010, Magno et al., 2009, Boonme
et al.,, 2006, Mitra & Paul, 2005, Lim et al., 2005).

The effect of addition of inorganic salts into the aqueous phase of the microemusions have
been studied using phase diagrams. It has been observed that the added salts has a great
influence on the solubilisation ability of the microemulsion system (Komesvarakul et al.,
2006, Wei et al., 2005, Li et al., 2003, Van Nieuwkoop & Snoei, 1985, Yu et al., 2009, Chai et
al., 2009, Qin et al 2008, Nedjhioui et al., 2007, Koyanagi et al., 2007, Mitra & Paul, 2005,
Shinoda, 1967, Shinoda & Saito, 1968). As an example, it has been observed that the addition
of salt shifts the fish diagram towards more hydrophobic oil systems and higher surfactant
concentrations will be required (Komesvarakul et al., 2006). Determination of the phase
diagrams has been used also as the bases for the applications of the microemulsion for the
preparation of the nanoparticles (Najjar & Stubenrauch, 2009, Magno et al., 2009a). Here, the
phase diagrams have been used to select the proper compositions of the microemulsions to
get spherical well defined micelles, and consequently resulting nanoparticles.

3. Thermodynamics of microemulsions

The microemulsions are thermodynamically stable mixtures of oil, water and one /or more
surface active agents (surfactants). For understanding of the thermodynamics of the
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microemulsions one must consider all kind of the interactions existing between the
components present in the system, i.e. oil, water, surfactant (and co-surfactant) and the
microstructures (micelles, globules, lamellar and ... ) formed in the system with each other
and the media. The theoretical aspects of the stability of microemulsions is a well known
issue (Kumar & Mittal, 1999).

Nevertheless, the nature of the interactions between oil and water are repulsive forces, the
presence of the surfactant molecules changes the balance between the forces towards the
attractive forces. The stabilizing effect of the surfactants is exerted by the formation of the
different types of microstructures to favour the stabilizing interactions. Hence, the
understanding of the microstructure of the microemulsion systems is of prime importance.

Almost the first speculations about the microstructures of the microemulsion consisting of
the surfactant, oil and water have been made in 1950s (McBain, 1950, Philipoff, 1951, Becher,
1968, Shinoda, 1970). In the meantime, the first accurate thermodynamic data about a
microemulsion system have been reported in 1960s. Based on those data Shinoda has
developed an acceptable model, which could reasonably explain this dissolution
phenomenon by formation of the structures such as log-boom (Becher, 1968), lamellar
(McBain, 1950), cylindrical, spherical, ellipsoidal, or rodlike micelles (Shinoda, 1970). Many
reports can be found in the literature about the thermodynamic stability considerations of
the different microemulsion systems (Ruckenstein, 1981, Bennett et al., 1981, Bellocq et al.,
1982, Prouvost et al., 1985, Biais et al., 1987, Mukherjee et al., 1997, Garcia-Sanchez et al.,
2001, Fu et al., 2002, 2003).

For modeling of phase behavior, Bennett et al was presented a mathematical framework in a
way consistent with the thermodynamically required critical tie lines and regarding critical
endpoints. The modeling of surfactant-rich third phase evolution were extended to satisfy
these requirements and also Hand's scheme for modeling of binodals and Pope and Nelson's
approach was regarded (Bennett et al., 1981). It has been presented that the model-generated
progressions of ternary phase diagrams gives a better understanding of the experimental
data and reveals correlations of relative phase volumes (volume uptakes) with other phsae
diagrams parameters.

In recent years, kartsev et al have used a two-phase model to approach to the
thermodynamics of microemulsions (Kartsev et al., 2010). They proposed dispersion
medium as one phase and the sum of disperse phase nanodrops as the second phase.

The performance of model was evaluated with experimental data and it was proved that the
use of this model to solve microemulsion thermodynamics problems quantitatively gives
satisfactory results with model inadequacy not more than 10%.

4. Techniques for investigation of microemulsions microstructure

In the course of development of the microemulsions, different techniques has played an
important role in this process and helped scientists to understand the different aspects of
microemulsion science.

Nuclear magnetic resonance (NMR) and infrared spectroscopy are among the oldest
techniques used for the investigation of microemulsions. Using NMR measurements,
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Gilberg and co-workers have indicated that in case of micelles with a larger water core the
packing density of surfactant molecules is low, and consequently the stability of such
micelles are lower than the micelles with higher packing density (Gillberg et al., 1970). Stilbs
has demonstrated that by solubilization of the short-chain n-alcohols in microemulsions
containing SDS micelles the 1TH NMR line broadening occurs (Stilbs, 1982). He concluded
that the results are indication of the highly disordered structures only, and the addition of
the short-chain n-alcohols causes the breakdown of the micelles. Also, it was shown that by
increasing of the surfactant concentration the growth in micellar size occurs progressively,
and at higher concentrations long prolate-shaped aggregates form. The addition of water to
the bicontinuous microemulsions, studied by 13C-NMR chemical shift trends of C8G2 and
pentanol carbons, indicated a reduction in the mean surfactant film curvature towards water
(Parker et at., 1993). The measurement of the rotational correlation time (t) of a nitroxide
labeled fatty acid probe, 5-doxyl stearic acid, versus cetyltrimethylammonium bromide
(CTAB) (as surfactant) concentration in aqueous solution has been done via ESR
spectroscopy (Li et al., 1997).

The CMC value obtained by this method has been in good agreement with the surface
tenstion measurements. Using 2H NMR studies, it was indicated that five water molecule
are tightly bound to each CTAB molecule. The chemical shifts and T1 relaxation time data
obtained by 1H NMR measurements were used to investigate the microemulsion properties
and structure (Waysbort et al., 1997, Bastogne et al., 1999, Kataoka et al., 2007, Causse et al.,
2006).

Investigaton of the microemulsions containing didodecyldimethylammonium sulfate (as
surfactant), water and dodecane /or hexadecane by NMR self-diffusion approach, has
revealed that diffusion coefficients for the surfactant and oil are equal at high surfactant-to-
oil ratios. This observation indicates that the structure is truly bicontinuous over distances
on the order of pm in such a system (S6derman & Nydén, 1999). The existence of a worm-
like structure in the intermediate water contents instead of the classical bicontinuous
structure was proposed, which is confirmed by SAXS and SD-NMR analysis (Libster et al.,
2006). There are many other reports in the literature about the studying of the
microstructure and other properties of the microemulsion systems. Among them are the
studyng of the competitive solubilization of cholesterol and phytosterols in nonionic
microemulsions by pulse gradient spin-echo NMR (Rozner et al., 2008), study of the
microstructure of four-component sucrose ester microemulsions using SAXS and NMR
measurements (Fanun 2001), solution properties of C18:1E10/0il/water system by PGSE-
NMR self-diffusion (Ko et al., 2003), reverse micelles of di-isobutylphenoxyethoxyethyl-
dimethylbenzylammonium methacrylate in benzene (Emin et al., 2007).

Another type of techniques that have played an important role in understanding of the
microemulsions, is the methods developed for visualization of microemusion micro-
structures. These techniques based on the transmission electron microscopy (TEM) images
prepared from a very thin film of the samples. This type of techniques is consisted of three
different methods: a) freeze fracture electron microscopy (FFEM) (Jahn & Strey, 1988,
Burauer et al, 2003), b) Cryo-Direct Imaging (Cryo-DI) (Talmon, 1999, Bernhein-
Grosswasser et al., 1999) and c) freeze-fracture direct imaging (FFDI) (Belkoura et al., 2004).
The first of these techniques was introduced by Jahn and Strey in 1988 (FFEM) (Jahn &
Strey, 1988, Jian et al, 2001). Development of these techniques along with the other
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techniques helped the scientists in well understanding of microstructure of microemulsions.
Later on, these techniques has been developed/used by other researchers to investigate the
microemulsions (Agarwal et al., 2004, Ponsinet & Talmon, 1997, Hellweg et al., 2002, Yan et
al., 2005, Mondain-Monval, 2005, Zhang et al., 2010, Klang et al., 2012)

The use of cryo-field emission scanning electron microscopy (cryo-FESEM), in combination
with the other techniques, has been reported by Boonme et al. for investigation and
characterization of microemulsion structures in the pseudoternary phase diagram of
isopropyl palmitate/water/Brij 97:1-butanol system (Bonne et al., 2006, Krauel et al., 2007).
According to the photomicrographs made using cryo-FESEM technique, in microemulsions
with higher than 15% wt/wt water contents the formation of globular structures have been
observed (Sai et al., 2006, Lu et al., 2006, Anouti et al., 2012, Krauel et al., 2005, Kapoor et al.,
2009, Lutter et al., 2007, Holland & Warrack, 1990).

The other type of methods which have played a significant role in the characterization of the
microemulsions is the scattering techniques, such as dynamic light scattering and neutron
spin-echo spectroscopy (Hellweg & Langevin, 1998, Nagao et al., 1997, Nagao et al., 2006,
Geyer et al., 2004, Gradzielski & Langevin, 1996, Hellweg et al., 2001, Hellweg et al., 2001,
Magid, 1986, Tabony et al., 1983, Atkinson et al., 1988, Magid et al., 1983, Chen, 1986, De
Geyer & Tabony, 1986), light scattering (Attwood & Ktistis, 1989, Guest & Langevin 1986,
Aoudia et al.,, 1991, Zhang & Michniak-Kohn, 2011, Li et al., 2010, Xie et al., 2007, Ben Azouz
et al., 1992, Zemb, 2009, Magid, 1986, Kljaji¢ et al., 2011, Tan et al., 2011, Wadle et al., 1993,
Dave et al., 2007, Kataoka et al., 2007, Silas & Kaler, 2003, Wines & Somasundaran, 2002,
Fanun, 2008, Hellweg et al., 2001, Fanun et al., 2001).

5. Surfactants

The surfactants are molecules with at least two parts, one part soluble in polar solvents
(hydrophilic) and the other part insoluble in the polar solvent (hydrophobic). Because of this
double character, the term amphiphile is also used as synonym with surfactant (Holmberg
et al., 2002). The polar part of the surfactant molecule is referred as head, and the non-polar
part of the molecule as tail. Having these two parts with opposing solubilisation abilities,
gives the surfactant molecules unique capabilities, such as tendency to adsorb at the surfaces
and interfaces, which results in the decrease of the surface tension, and also formation of the
aggregates inside the solutions, resulting in the formation of the microemulsions. This
double character of the surfactant molecule enables it to orient in desired way while in
contact with the two phases with different hydro/lypophilic properties, or to make
aggregates inside of the solution with hydro- or lypophilic parts directed towards the
media. Such aggregates can solubilise an oil in aqueous phase (micelles) or water in the oily
phase (reversed micelles).

The polar nature of the head group of surfactants vary from non-ionic to ionic character.
Depending on the nature of this part, the surfactants are categorized into non-ionic,
anionic, cationic and amphoteric (zwitterionic) surfactants (Tadros, 2005, Rosen et al.,
2000, Os, 1998). Versatile types of functional groups have been utilized as the head group
for the surfactants. Among them carboxylates, sulphates, phosphates, sulfonates,
quaternary amines, polyethers have a great importance in many different applications.
Commercially used surfactants can be obtained from synthetic or natural resources
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(Hayes et al., 2009, Nace et al., 1996, Goodwin 2004, Holmberg 1998). Regarding the
structure, surfactants can be simple molecules, like sodium or potassium salt of the
carboxylic acids generally with 12-18 carbon atoms, or polymers with various molecular
weights (Kwak 1998, Hill 1999, Malmsten, 2002,). For any application of the surfactants
one should evaluate the issues concerned with that special case, as the toxicity, stability
and performance of the surfactants is closely related to its structure (Esumi & Ueno, 2003,
Dias & Lindman 2008).

6. Microemulsions in non-conventional systems

Ionic liquids and supercritical fluids are widely used non-conventional systems which
have been used in many different fields of applications, as well as microemulsion research
(Zhang et al., 2006, Tingey et al., 1991, Eastoe et al., 1991, Johnston et al., 1996). Among the
supercritical fluids, carbon dioxide, because of its non-toxicity, cheapness and easy
availability, has been used as solvent for different purposes, such as extraction and
polymerizations. One of the main issues in using the supercritical carbon dioxides as
solvent is that for the high molecular weight polymeric compounds it has lower
solubilising power. Hence, for this type of applications design and synthesis of special
surfactants is of prime importance (Najjar 2006, Beginn et al., 2006). The effect of
supercritical conditions on the microemulsions and formation of the micelles in this type
of solvents such as sc-ethane, sc-propane has been studied (Kumar & Mittal, 1999,
McFann & Johnston, 1993, Beckman et al., 1991, Bartscherer et al., 1995, Schwan et al.,
2010). Use of general low molecular weight surfactants such as sodium bis-2-ethylhexyl
sulfosuccinate (AOT) (Kotlarchyk et al., 1985, Olesik & Miller, 1990, Zulauf & Eicke, 1979,
Yazdi et al., 1990), poly(ethylene oxide) alkyl ethers (C,Em) (Johnston et al., 1989, Yee et
al., 1992, Eastoe et al., 1990, Klein & Prausnitz, 1990), fluorinated analogues of AOT (Park
et al., 2006) and flouropolymers based surfactants are the most widely used surfactants in
supercritical hydrocarbon fluids (ethane and propane) (Eastoe et al., 2001, Eastoe et al.,
2006, Hoefting et al., 1993).

Supercritical carbon dioxide is also one the widely used sc-fluids in microemulsion science.
Because of the lack of favourable interactions between CO, and most of compounds, the
commercially available general surfactants have not performed well in sc-CO,. Meanwhile
formation of the some microstructures similar to micelles has been evidenced in sc-CO»
(Randolph et al., 1987, Ritter & Paulaitis, 1990, lezzi et al., 1989, Oates 1989, Consani &
Smith, 1990, Eastoe et al., 2001, Sagisaka et al., 2003, Klostermann et al., 2011). Many
research activities have been done examining the performance of a lot of commercially
available surfactants in sc-CO, mostly showing very low effect on the increasing of
solubilisation of polar compounds (such as water) in the solvent. As mentioned previously,
by the design of special surfactants, mainly based on the flouropolymers one can improve
the micelle formation, and consequently solubilisation of the more polar compounds in sc-
CO; phase (Eastoe 2006). Various techniques have been used for the investigation of the
microstructure of microemulsions in supercritical fluids. Among them are the time-resolved
fluorescence spectroscopy using coumarin 480 (Pramanik et al., 2010), pyridine N-oxide
(Simoén de Dios & Diaz-Garcia, 2010, Yazdi et al., 1990, Zhang & Bright, 1992a, 1992b, Lépez-
Quintela et al., 2004), pyrene (Nazar et al., 2009) or Ti(IV) complexes (Chem et al., 2009) as
fluorescence probe, FT-IR spectroscopy (Yee et al., 1991, 1992, Takebayashi et al., 2011),
small-angle neutron scattering (SANS) measurements (Eastoe et al., 1996, Zielinski et al.,
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1997, Cummings et al., 2012, Torino et al., 2010, Frielinghaus et al., 2006), electron
paramagnetic resonance (EPR) spectroscopy (Johnston et al., 1996), small-angle X-ray
scattering (SAXS) (Fulton et al., 1995, Kometani et al., 2008, Akutsu et al., 2007), near-
infrared spectroscopy (Takebayashi et al., 2011), and high-pressure NMR (Thurecht et al.,
2006), which have been extensively employed for investigation of these systems.

The earliest theoretical studies of microemulsions in supercritical fluids was reported in
1990s showing a good agreement between theory and experimental results, among them are
the works of Johnston et al. (Peck & Johnston, 1991). Different models have been examined
and the results compared to be in different levels of agreement with the experimental data
(Garcia—Sénchez et al.,, 2001, Taha et al., 2005, Ganguly & Choudhury, 2012).

A lots of reports can be found in the literature about the application of micreomulsions
prepared in supercritical fluids for different purposes, such as, investigation of sustained
release of nucleic acids from polymeric nanoparticles prepared in sc-CO; microemulsions
(Ge et al., 2010), biocatalysis using lipase encapsulated in microemulsion-based organogels
in sc-CO; (Blattner et al., 2006), continuous tuning of size CdS and ZnS nanoparticles in a
water-in-sc-CO, microemulsion (Fernandez & Wai, 2007), and synthesis of nanoporous
clusters of zirconia (ZrO») (Lee et al., 2010).

7. Some applications of microemulsions
7.1 Industrial applications

Microemulsions play a great role in the everyday life of human body. There are many
final products which, in principle based on the microemulsions and/or they are
somehow in very close relation with the microemulsions. Sometimes the microemulsion
formation is the important process that, occur at the final stage of the application.
However, in every case the formation of the microemulsion results in the solubilisation
of the chemicals which may be the active agent or the unwanted compound that its
removal is the first task of the process. Or in some cases this solubilisation helps to
deliver the active agents to the required sites. Any formulation which intended to be
used in industrial scale should be economical. Various types of cleaning process are one
of the main areas that relates to the application of the microemulsions in big scales. Some
of the other areas include: agrochemicals formulations (Mulqueen 2003, Chen et al., 2000)
(solubilizing organic agrochemicals in water), preparation of the vaccine adjuvants to
improve the effectiveness of the active compounds (O'Hagan et al., 1997, Hariharan &
Hanna, 1998), micro and -emulsion polymerization (Xu & Gan, 2005, Capek 2001),
floatation process in the pulp and paper industry, concrete and asphalt, petroleum
industry (for example in enhanced oil recovery, natural gas dehydration and etc.)
(Santanna et al., 2009, Austad & Taugbel 1995), firefighting foams, defogging agents,
decontamination of the media from chemical and biological agents and many more other
application (Solans & Kunieda, 1997). Also, formulation of the cosmetics (Valenta &
Schultz, 2004), medicals and food additives are the other important areas that require
very exact control and analysis. According to the statitistics, in 2003 about 2 milion m3 of
surfactants, made from fatty alcohols has been consumed (Brackmann & Hager, 2004).
There are many more reports in the literature that indicate the importance and level of
the applications of this type of compounds.
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7.2 Applications in biological and health sciences

Because of many unique properties, such as stability, ability for solubilisation of the lypo- or
hydrophilic compounds and etc, microemulsions has attracted a great attention for a several
type of applications. Therefore, these mixtures have entered in many fields of research and
applications, ranging from advanced oil recovery to delivering genes into the cells. The
ability to formulate such mixtures with biocompatible ingredients has made possible to use
them in biological and health related areas extensively. Hence, microemulsions have found
wide application in delivering drugs with different physical and chemical characteristics
and different ways of delivering such as, oral delivery of protein drugs (Sarciaux et al., 1995,
Ke et al., 2005, Cheng et al., 2008, Kim et al., 2005,), ophthalmic (Lv et al., 2005., Gulsen &
Chauhan, 2005), transdermal (Kantaria et al., 1999, Kreilgaard et al., 2000, Sintov & Botner
2006, Neubert, 2011, Zhu et al., 2008), amphiphilic drugs (Djordjevic et al., 2004, Oh et al.,
2011), internasal (Cho et al., 2012) or other ways (Zhou et al., 2011, Lawrence & Rees, 2000).

Besides drug delivery, microemulsions have many other applications in these fields. Among
them is the delivering of genes into the cells (Gupta et al., 2004), with the aim of treatment of
disease or diagnosis (Pedersen et al., 2006, Peng et al., 2006, Xu et al., 2011, Rossi et al., 2006,
Santra et al., 2005), targeting cancer cell (Tao et al., 2011, Lu et al., 2008, Reithofer et al.,
2011), act as vaccine (Sun et al., 2009, Mumper & Cui, 2003), biocatalyss (Stamatis & Xenakis,
1999, Zoumpanioti et al., 2010, Blattner et al., 2006), cosmetics (Chiu & Yang, 1992, Forster et
al., 1995, Valenta & Schultz, 2004, Teichmann et al., 2007) or changing the genetic to improve
the performance of the targeted cells (Kitamoto et al., 2009, Courrier et al., 2004).

Use of food grade components, oil and surfactant allows to prepare microemulsions which,
can be added to foods and beverages (Rao & McClements, 2011, Zhang et al., 2008, Zhang et
al., 2009, De Campo et al., 2004, Feng et al., 2009, Rao et al., 2012, Ziani et al., 2012, Flanagan
et al., 2006).

7.3 Preparation and processing of nanomaterials

One of the other important fileds of applications of microemulsions is their use as media for
the synthesis of different materials. Regarding the microstructure of the microemulsions one
can choose a special formulation to have a well defined microstructure in the system. The
microstructures which, are widely used in this respect are the water droplets in oil phase or
oil droplets in water phase. As the size of this droplets are in the range of nanometer (about
5 to 50 nm), they act as nanoreactors dispersed in the oil or water media. This concept has
been used extensively for the preparation of the many different type of materials, such as
organic, inorganic, oxides, polymers and etc. in nanometer dimentions. Since last two
decades and even now, this field is one of the hot research topics, specially for preparation
of the nanomaterials. By this methodology, many researchers have prepared metallic and
intermetallic nanoparticles (Aubery et al., 2011, Hosseini et al., 2011a, 2011b, Shokri et al.,
2011, Garcia-Diéguez et al., 2010), metal oxides (Tian et al., 2012, Du et al., 2012, Lin et al,,
2012), metal salts (Dromta et al., 2012, Guleria et al., 2012, Esmaeili et al., 2011), polymers
(Ouadahi et al., 2012, Ma et al., 2012, Mishra & Chatterjee, 2011, Elbert, 2011), luminescent
nanoparticles (Probst et al., 2012, Darbandi et al., 2012), magnetic nanoparticles (Jing et al.,
2011, Xu et al., 2011) and lipid nanoparticles for drug delivery (Puri et al., 2010, Seyfoddin et
al., 2010, Das & Chaudhury, 2011). One of the other applications of microemulsions is to
polymerize bicontinous microemulsions to obtain porous materials. This has been done by
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use of polymerizable surfactants, which their polymerization reaction can be started
photochemically (Schwering, 2008, Ye, 2007, Stubenrauch et al., 2008, Chow & Gan, 2005,
Magno et al., 2009b).

8. Theoretical studies on microemulsions

The microemulsions have been also studied theoretically and some models have been
introduced for the theortical discussion on the microemulsions. The models such as
continuum and lattice models, and models based on phenomenological free energy densities
as well as those based on microscopic Hamiltonians have been proposed. These models
mainly discuss about the parameters such as interfacial tensions, progression of
microemulsion phase equilibria, and the wetting or non-wetting of the interfaces (Widom
1996). Boyden et al. has used the Monte Carlo method to simulate the oil/water miscibility
gap, the coexistence of various phases, kinetics of micelle formation (Boyden et al., 1994).
Most of the observed properties have been described very well by the proposed model. The
phase behaviour of the microemulsions has been simulated by a mathamatical framework
(Bennett et al., 1981), excess Gibbs energy models (Garcia-Sanchez et al., 2001) and lattice
Monte Carlo simulation (Behjatmanesh-Ardakani et al., 2008). In another study, Acosta has
used the net-average curvature (NAC) model, introduced by his own research group
(Acosta et al., 2003) to prepare the equation of state to fit and predict the phase behavior of
microemulsions formulated with ionic surfactants (Acosta et al., 2008). In a work reported
by Kiran et al. the morphology and viscosity of microemulsions has been studied using the
HLD-NAC model (Kiran et al., 2010). They have introduced a new shapebased NAC model,
relating the net and average curvatures to the length and radius of microemulsion droplets,
with a hypothesized cylindrical core with hemispherical end caps.

Many of the reactions and processes in the microemulsions have been simulated using
different models. The investigation of the drug release from drug loaded microemulsions
(Grassi et al., 2000, Sirotti et al., 2002), nanoparticle precipitation using a population
balance model (Niemann & Sundmacher, 2010), the formation of nanoparticles in mixing
of two microemulsion systems by a Monte Carlo model (Jain & Mehra, 2004), time-
evolution of the polymer particle size distribution (Suzuki & Nomura, 2003) and
solubilization of oil mixtures in anionic microemulsions (Szekeres et al., 2006) have been
perfomed theoretically.

9. Conclusions

In the same way as other fields, the science and technology of the microemulsions is a
rapidly growing area, which gained a very high importance during last two decades.
According to the scopus database, the number of papers published in the area of
microemulsions, 1960-70s (112 papers), 1980s (974 papers), 1990s (2762 papers), 2000s (6933
papers) and 2011 (843 papers) shows a very high increasing rate. Besides the other
parameters, the finding of many novel applications is one of the reasons for this fast
delevolment in the area. The use of microemulsions in drug delivery systems and also in
nanoscience and nanotechnology are among the most important applications, which
attracted a high attention of the researchers. The possibility and easiness of the tuning of
microemulsion properties with different parameters has allowed the scientists to use them
in many interdisciplinary fields of research and applications. The future need for the
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developing of systems and materials with sustainablilty and biodegradability requires that
biodegradable surfactants and compounds must be developed. Doing this, will be another
reason increasing the importance of the microemulsions which can be used in bio systems.
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1. Introduction

The unique properties of microemulsions, such as stability, ease of preparation and their
ability to form spontaneously have attracted considerable interest in numerous applications
including, synthesis of polymers, delivery of active compounds, solubilisation of enzymes in
organic solvents and biocatalysis. Developments of microemulsion based formulations
require routine analytical techniques that allow users to analyse their microstructure and
particle size, transitions between different phases and phase diagrams, the state of solutes
encapsulated in microemulsion droplets and their activity (e.g. enzymes), and to monitor
chemical reactions curried in microemulsions.

Ultrasonic spectroscopy has a considerable potential in this area as demonstrated previously
(Lang et al., 1980; Ballaro et al., 1980; Zana et al., 1983; Cao et al., 1997; Mehta & Kawaljit,
1998; Wines et al., 1999; Letamendia et al., 2001). This technique employs an ultrasonic wave
(MHz frequency range), which probes the elastic characteristics of materials. As it
transverses a sample, compressions and decompressions in the ultrasonic wave change the
distance between molecules within the sample, which in turn respond by intermolecular
repulsions and attractions. This ability of ultrasonic waves to probe intermolecular forces
allows access to molecular levels of organisation of materials. Measurements of scattering
effects of ultrasonic waves provide particle size analysis. Application of ultrasonic
spectroscopy in microemulsion systems in the past was often limited by the resolution of the
measurements, requirements of large sample volumes and limited range of measuring
regimes. Introduction of high-resolution ultrasonic spectroscopy (HR-US) (Buckin &
O’Driscoll, 2002; Buckin et al., 2003; Kudryashov et al., 2000; Buckin et al., 2002) overcame
the above limitations and allowed applications of this technique for analysis of
microemulsion structure and phase diagrams (Hickey et al., 2006) in a simple automatic or
manual titration regimes. The technique is based on precision measurements of ultrasonic
velocity and attenuation in the frequency range 1 to 20MHz. In w/o microemulsions it
provided characterization of transitions between different phases, such as swollen micelles,
microemulsion, coarse emulsion, liquid crystals, and evaluation of microstructural attributes
of the phases, as well as characterisation of the state of water in emulsion droplets and the
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size of the droplets (Hickey et al.,, 2006, 2010). Previous applications of ultrasonic
spectroscopy for analysis of microemulsions demonstrated an exceptional sensitivity of
ultrasonic parameters to the structural characteristics of microemulsions and to the state of
its components. However, utilisation of this information requires further developments of
algorithms of processing of ultrasonic data and their relationship with microscopic and
molecular characteristics of dispersions. One of the major focuses of this paper is
interpretation of compressibility of microemulsions obtained from ultrasonic measurements.
As a second derivative of thermodynamic potentials, compressibility is extremely sensitive
to the state of components of complex mixtures. Compressibility represents the rigidity of
the media, which is determined by intermolecular forces. In this sense, measurements of
compressibility provide direct access to intermolecular interactions. As compression of
medium is associated with energy transformations, including release of heat, compressibility
is affected by the dynamics of this process, which in some cases results in its dependence of on
the frequency or the time scale of the compression. This provides an additional tool for
ultrasonic analysis of microstructural characteristics of mixtures and kinetics of molecular
transformations. However, it also requires the correct theoretical algorithms for molecular
interpretation of compressibility. The current paper combines the discussion of fundamental
relationships between compressibility and structural and physical characteristics of
microemulsions, and applications of these relationships for analysis of ultrasonic data on
microemulsions, their microstructure and state of their components. Special attention was
given to the assessment of the state of water in w/o microemulsion droplets, which plays a
key role in regulation of the activity of water soluble ingredients encapsulated in the droplets
(enzymes, drugs, etc.) and also to the algorithms for assessment of state of globular proteins
encapsulated in w/o microemulsions. The results demonstrate that the ultrasonic technique
allows efficient mapping of the areas of microemulsion phase diagrams with different states of
water, including water in nano-droplets. The composition of microemulsion systems at the
transition lines, surrounding the areas of presence of nano-droplets with well-defined water
pool was correlated with the droplet size, obtained ultrasonically, and by other techniques.
The ‘upgraded’” phase diagrams were used for successful (retaining of bioactivity)
encapsulation of hydrolytic enzymes (e.g. cellobiase) in aqueous nano-droplets and for
ultrasonic characterisation of enzyme activity in microemulsions.

2. Ultrasonic parameters and viscoelastic properties of liquids and gels
2.1 Ultrasonic wave and elasticity moduli

Ultrasonic wave is a wave of longitudinal deformations where compressions occur in
direction of wave propagation. In isotropic materials, which are homogeneous within the
scale of ultrasonic wave, the differential equation for a plain ultrasonic wave propagating
over the axis x is given by (Litovitz & Davis, 1964; Thurston, 1964; Morse & Ingard, 1986;
Powey, 1997):

*X X
R @)
P ox°
where M is the longitudinal modulus of the medium, which represents the ratio of stress to

strain in longitudinal deformation, X is the displacement of the medium at the point x, ¢is
time, p; is the effective inertial density of the medium, which represents the ratio between
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the force applied to a small part of the liquid and the acceleration caused by the force. For
homogeneous on microscopic level (length scale of the shear wave) liquids p; is equal to the
normal (gravimetric) density, for non- homogeneous liquids p; deviates from the
gravimetric density and depends on the frequency. The Equation (1) is valid for ultrasonic
waves of small amplitude, e.g. relative longitudinal deformation in the wave, strain, is << 1.
At this condition the speed of the wave is much higher than the speed of particles of the
medium (Thurston, 1964).

The strain (deformation) may occur with some time delay relative to the stress applied.
Incorporation of these effects for the case of harmonically oscillating stress is often done
through representation of strain, stress and other associated variables (e.g. change of
pressure, 0P , temperature, 6T , and volume, 6V ) as complex values given by 7' where
Z(E|Z| & =7'vi7", Z| is the absolute amplitude and ¢, the phase of Z; Z'is the real
and Z"is the imaginary parts of Z) is the complex amplitude of the corresponding
parameter, o (=2zf, fis frequency of ultrasonic wave) is the angular frequency of
oscillations, ¢ is time, and i (E\/jl ) is the imaginary unit. In this case the longitudinal
modulus can be represented by a complex constant, M (= M'+iM"). The solution of

. X
. . . —ax+io(t-=) .
Equation (1) in complex notations can be presented as X =X;e ¥ where X, is the

amplitude of the wave at x=0 and ¢=0, uis the ultrasonic velocity (phase speed of the
wave) and « is the ultrasonic attenuation. If the elastic response dominates, M'>>M" (often

expressed as a small value of attenuation per wavelength, ol <<1, 4=—), which is correct

for most of liquids and gels, the velocity and attenuation of ultrasonic wave are given as:

e M o= @)
Pr 2pu

In the case of a medium, which consist of a liquid within a gel network, with the size of the
networks comparable or exceeding the ultrasonic wavelength, the longitudinal module can
be presented as a sum of contribution of the liquid, My,q, and the gel, M, , parts:

gel 7
M = Mg + Mgq - The modulus of longitudinal deformation is a combination of the

modulus of volume deformation, Ky (=K, '+iK, "), and the modulus of shear deformation,
G(=G'+iG") (see for example Litovitz & Davis, 1964): M =K +§G . For most liquids the

shear storage modulus, G, , is much smaller than the volume storage modulus, K "4,

G'. .. <<K,' . )and its contribution to M'in Equation (2) can be neglected.
liquid V liquid q g

It is often convenient to substitute the volume modulus of the liquid, Ky g, by the

coefficient of adiabatic compressibility of the liquid = f'+if"= , which represents

Vliquid
: : . 1 Ky ligui
a relative change of the volume per unit of pressure applied: f = A . For M >>
) 4 KV liquid
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@ ﬂ” 4 n "
a = 2p1u3 (_F+§Gliquid + My ) ®)

For liquids M',,, and M",, shall be excluded from the above equations, which provides the

well-known relationships for ultrasonic velocity: 4 =

NN
2.2 Compressibility and effects of heat exchange

Compression of a volume V' caused by an applied pressure, 6P, results in production of heat,
which changes the temperature of the compressed volume by 6T . The volume change, oV,
caused by the applied pressure is a sum of two terms, compression of volume V at constant
temperature, 0V, =—K;0P, and the change of volume caused by its heat expansion at

constant pressure, oVp=EO0T : oV =0V, +6Vp, where K ( E_(5_Vj ) is the isothermal
T

compressibility of volume ¥ at constant temperature and £ (= [5_V] ) is its heat expansibility
P
at constant pressure. Therefore, the compressibility, K (=— o ) isgivenas K =K, - E or
P oP

The change of temperature 67 is determined by the balance of the heat production in the
compression of the volume 7 and the heat exchange between this volume and its
environment. Two (major) processes of the heat exchange exist in the ultrasonic waves
propagating through liquids. The first one is the heat flow between different parts of the
ultrasonic wave, which have at any given time different compression and thus different
temperature. The length scale of the volumes involved in heat exchange process is determined

Ak

by the characteristics of the thermal wave, its wavelength, 1, (= , kis the heat

. . . . . . pep
conductance of the medium, pis the gravimetric density) and is attenuation with distance
X

~ e_E , where Sp = ﬁ is the exponential decay length of the thermal wave. Therefore, the

extent of the heat efchange within the ultrasonic wave is defined by the ratio of the
wavelength of ultrasonic wave, 4, which controls the gradient of temperature within the
wave and 4, , which controls the length scale of the heat exchange during the time interval of
compression. The functional dependence of the real and imaginary parts of compressibility
(and ultrasonic velocity and attenuation) in ultrasonic waves in liquids on the ratio of 4, to
A was analyzed previously (Thurston, 1964). Its application for such liquids as water or oils at
room temperature shows that for ultrasonic frequencies, up to hundreds of MHz, the
deviations of ultrasonic velocity and the real part of compressibility coefficient, 4', from their
values at pure adiabatic conditions of compression do not exceed 107 of their absolute values.
This is negligible when compared with the existing limits of resolution in measurements of
ultrasonic velocity. Thus, the compressibility of the media measured within normal ultrasonic
frequency range, represents the adiabatic compressibility, K; and the value of #' shall be
taken as coefficient of adiabatic compressibility of the medium, B (= %; K= _(Z_Z] Y
s
is entropy). The imaginary part of compressibility at this limit provides the well-known
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equation for contribution to ultrasonic attenuation caused by the heat losses in

2
K E .
2Te_/z , where e (=—, m is the mass of

homogeneous liquids, o, (Pierce, 1991): oy =@ —
2ucp m

the volume 77) is the specific thermal expansibility of the medium.

The second process of the heat exchange in the ultrasonic wave is realised in dispersions. It
is associated with the heat flow between microscopic parts of dispersions, which
thermophysical properties are different. This process and its effect on compressibility of
liquids are discussed in the Section 3.

2.3 Inertial density of microemulsions

Deviation of the effective inertial density, p;, of a dispersion from its gravimetric density
(mass of unit of volume), p, is determined by the different accelerations of the dispersed

particles and of the continuous medium, in a gradient of pressure in ultrasonic wave. For an
oscillating gradient of pressure this difference is controlled by the ratio of the size if the

[4
particles to the wavelength of the shear wave, 4, (= fiﬂ , nis viscosity of the medium).
P

The parameter 2—” (exponential decay length of the shear wave) determines the effective
V3

thickness of the transition layer around the border between the particle and the continuous
medium, within which the speed of the medium changes from the speed at the border to the
speed of the bulk medium. Dependence of 4, on frequency (Figure 1 (a)) results in a change
of the value of p; from the value equal to the gravimetric density at low frequencies, to a
different value at high frequencies (Povey, 1997).

The effect of frequency on p; can be illustrated qualitatively by considering a rigid
container filled with a liquid dispersion, and a periodic force applied to the walls of the
container. The effective inertial mass of the container is the ratio of the applied force to the
acceleration of the container. At low frequencies, when the transition layer around the
borders between the particles and the continuous medium exceeds the size of the container,
the speed and acceleration of the particles are the same for all parts of the container. In this
case the effective inertial mass of the container is the sum of the masses of its parts
(gravimetric mass): the particles, the continuous medium and the walls. At high frequencies,
when the transition layer is smaller than the size of particles, the acceleration of the particles
and the continuous medium are different. This results in a deviation of the effective inertial
mass of the container from its gravimetric mass.

Microemulsions droplets normally are much smaller than the wavelength of the shear wave at
ultrasonic frequencies (Figure 1 (a)). Also, the “density contrast’ determined by the difference
between the density of the continuous medium and the droplets is relatively small. Therefore,
for microemulsions p; = p , which will be assumed below. If required, the outlined equations
can be upgraded by including an appropriate relationship between pand p; . In further

discussions we will use the specific volume, v (= 1 ) and specific adiabatic compressibility,
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kg (=vfs) instead of the density and the coefficient of adiabatic compressibility, fg, of
medium. In this case the equation for ultrasonic velocity in liquids is transformed to:

v

e )

3. Compressibility of solutes and solute particles in liquid mixtures
3.1 Apparent compressibility of solutes

Contribution of solute to the compressibility, Ky, and the volume, V', of a mixture
composed of the mass of solute m,,,,, and the mass of solvent m, can be characterised by
the specific apparent adiabatic compressibility, @K, and the specific apparent volume,

@V, of the solute:

Ks-K V-V,
PKg=—""0  gF =——¢ @)

Molute solute

Here and below the subscript indexes solute and 0 are referred to the properties of the solute
and pure solvent. The above equations provide the relationships linking the specific volume
and compressibility of the mixture and of the pure solvent with the apparent characteristics
of solute:

V=Y,
v=~1-w, + woV; oV = +v
v )
ks — ks,
kg =(1-w)kg, +wpKg; oKg = +kg,
where w (= — Msolure ) is the concentration (weight fraction) of the solute in the mixture.
My + Mo pe

The Equations (6) are often used for calculations of @Kgand ¢V from the measured

compressibility and volume (or density) of the mixture and of pure solvent.

The apparent properties represent the change of compressibility and volume of liquid caused
by addition of solute to solvent. They can be measured experimentally and do not depend on
the initial state of the solute (prior to its addition to solvent). However, in many cases they do
not represent the state of the solute in the mixture due to solvation effects, which affect the
state of the solvent. These effects include a transfer of components of solvent from the free
(bulk) to the solvation state, which contributes to the measured apparent characteristics. In
w/o microemulsions the solvation effects are represented by the transfer of surfactant (and
cosurfactant) from the oil phase to the surface of microemulsion droplet, when water is added
as a solute. Some amount of oil can also be incorporated into the solute particle (water pool
surrounded by surfactant), especially between the hydrophobic tails of surfactant. Below we
will apply the term ‘solute particle” for particulates of solute, which are dispersed in the bulk
solvent, and which may include some omponents of solvent. In case of solutions this term
shall be applied to solvated solute molecules. To characterise the compressibility and the
volume of the solute particle in its physical state in the mixture the specific apparent volume
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and adiabatic compressibility of solute particle, v,, and k, , can be introduced in the same way
as the apparent characteristics of solute:

=Ny 1 . Yoy
Vo = > V= ( Wy )V()sp + WepVsp» Vep = + Vosp
ms w
P sp (7)
K.—-K ko —k
__S Sosp . _ . _S So sp
kSSp = > kS =(- Wep )kSO sp + Wskasp’ kSsp - + kS0 sp
sp sp

where / and Kj are the volume and the adiabatic compressibility of the mixture containing
the solvent and solute particles, m, (=M, + Myppen s, ) is the mass of solute particles in the
mixture, which includes the mass of the solvent incorporated into the solute particle, 7., ,
Vogp and K, are the volume and the adiabatic compressibility of the bulk solvent in the
mixture. In some cases the specific apparent volume and adiabatic compressibility of solute
particles can be measured directly by adding all the components of solute particle to the
solvent (measuring of v, v,,, kg and kg ,,). They can also be calculated from the measured

specific apparent volume and adiabatic compressibility of the solute as:

1 1
¢V+WSVO +5V0(1+WS _7) @KS +WskS +5k5 (1+WS _7)
- W kg = i w ®)
v (1+w,) Y 1+w,
mY() vent s, . . . . .
where w, (= —ohentsp. Myopvenssp 18 the mass of solvent in the mixture incorporated into the

Molute

solute particle) is the solvation level of the solute, dvy(=vy,, —vy, vy, is the specific
volume of the bulk solvent in the mixture) is the difference between the specific volumes
of the pure solvent and of the bulk solvent in the mixture and kg (=ks o, —ks, , ks, 15
the specific adiabatic compressibility of the bulk solvent in the mixture) is the difference
in between the specific adiabatic compressibilities of the pure solvent and of the bulk
solvent in the mixture. Equation (8) is a consequence of Equations (6) and (7). The
concentration of solute, w, in this equation reflects the dependence of dv, and 5k50 on w
at constant solvation level, w, , when these values are not equal to 0. If solvation does not
affect the composition of solvent the values of v, and Jk;, are equal to zero. In this case
w vanishes from the above equation.

Similar to the above other apparent thermodynamic characteristics of solute and
thermodynamic characteristics of solute particles can be introduced. This includes thermal

expansibility, E (= [Z—;j ), heat capacity, Cp (= [g—[;j , H is the enthalpy of the mixture),
P P

_(Z_Z) ), thus producing the specific apparent
T

and isothermal compressibility, K (

thermal expansibility, pE , specific apparent heat capacity, ¢Cp, specific apparent isothermal
compressibility, @K, specific isothermal compressibility of solute particle, k;,, specific
thermal expansibility of solute particle, e, , and specific heat capacity of solute particle, cp, ,

of the solute particles defined as:
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E-E Cr—Cp K -K; E-E, Cr—Cp K;-K;
(DE: O; (oCP: 0; ¢KT: n; esp: YP; cPsp: 0517; kTsp: 2P
Mgotute Myote Meotute msp sp msp
where the abbreviations 0 and sp has the same meaning as above. Thus, the specific
thermal expansibility,e (=—), specific heat capacity, ¢, and specific isothermal
m

T K .
compressibility, k; (=—L), of a mixture are presented as:
m

e=(1-wley +wpk; cp=(1-w)cp +wpCp; kp =(-whkg +wpK; )

e= (1 Wy )eOSp + Wspevp; Cp= (1 - W.s*p)cf{) sp + vacPsp; kT = (1 Wy )kﬂ) sp + Ws'kasp

Parameters ¢Kg, ¢V, v, andk,, characterise the state of the whole solute or the whole
pool of solute particles in the mixture. If the state of the solute depends on its concentration
it is often useful to interpret the data in terms of specific partial characteristics of solutes, v
and 1;3 , defined as a change of volume, V', or compressibility, K, of the mixture caused by
addition of infinitely small mass of solute dm,

solute *
V= o :¢)V+w(1—w)(—a(¢V)) ;
6msolute m ow my
0 (10)
kg = _OKs :(/’KS*'W(I_W)(MJ
amsolute my ow my

where the symbol m,represents constant amount of other (than solute) components of the

mixture. The partial characteristics can be calculated from the measured apparent

characteristics, pK and @V, and the slope of their concentration dependence, (a(a(pV)j
w
My
and (%) . In the same way the specific partial volume and compressibility of solute
w m

0

particles, v, and kg, , can be introduced:

— oV ov,
Ve E[OTJ =V, +wsp(1—wsp)( 8;] ;
P mgy sp my sp

- aKS akSS}/J
kSsp = [WJ = kSsp +Wsp(1_wsp)[ ow
Mo Sp

R4 my sp

(11)

3.2 Thermal low and thermal high frequency limits for compressibility

Below we will consider mixtures of solute particles (molecules or molecular aggregates)
surrounded by solvent. If the physical properties of the solute particles and the solvent are
different, a change of pressure in the mixture results in a different change of the temperature
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within the solute particles and within the surrounding solvent. This causes a heat flow
between the particles and the solvent, which affects the volume change during compression.
Thus, the effects of solute particle - solvent heat exchange shall be included in
interpretations of measured compressibilities.

Two major structural characteristics control the change of the volume of the mixture when
an excessive pressure is applied. The first is the length scale of homogeneity of pressure
within the mixture, which is determined by the wavelength of the ultrasonic wave, 1. For
the practical frequency range of precision measurements of compressibility, 1 to 100 MHz,
Ais between 10enm and 10*nm (Figure 1 (a)). Therefore for the nano-scale particles of the
size below 1000 nm the effects of non-homogeneity of pressure around them can be
neglected. The second structural characteristic, is the wavelength of the thermal wave, 4, ,

(or the decay length, &, = 2ﬁ ), which determines the portions of the solute particle and the
Vs
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Fig. 1. (a): Wavelength as function of frequency for ultrasonic, 4 , thermal, 4, , and shear,
4, waves in pure water, IPM system (composition described in Section 6) and in isooctane
at 250C calculated using physical parameters given in Table 1. (High GHz frequency part of
the plot for illustrative purposes only as the physical properties of the media at high
frequencies are expected to deviate from those at low frequencies). (b): Main frame. Specific
adiabatic compressibility of protein particles and of droplets of water in IPM system and in
isooctane at 25°C calculated for thermal low frequency limit using Equation (14) and
physical properties given in Table 1. Insert. The ‘solvent’ part of adiabatic compressibility of
protein particles and droplets of water in IPM and in isooctane as % of k;,, shown in the
main frame; calculated using Equations (13) and (16). (c): Effect of droplet size on specific
adiabatic compressibility of droplets of water in IPM system at different frequencies and at
250C calculated as described in Section 3.4.

solvent involved in the heat exchange. In liquids A; varies between 100nm and 1000nm
for the practical frequency range of precision measurements of compressibility, 1 to 100
MHz (Figure 1 (a)). This is within the range of the sizes of particles of dispersions, thus
producing a profound effect of the frequency of ultrasound on the measured
compressibility of the micro particles in mixtures. With respect to this, two limiting cases
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can be distinguished. 1) At thermal low frequency limit the period of compression is
much longer than the time required for the heat exchange within the compressed volume.
Under this condition the complete thermal equilibrium within the compressed volume is
achieved and all its parts have the same temperature at each time. 2) At thermal high
frequency limit the period of compression is much shorter than the time required for the
heat exchange between the solute particles and the bulk solvent. Under this condition the
solute particles and the solvent are thermally insulated. In structural terms the thermal
low frequency limit is realised when the size of the solute particles, /, is much smaller
than the wavelength of the thermal wave, /<< A;. For the thermal high frequency limit
[ >> ;. In this case the volume (and the thermal mass) of the transition layer around the
border between the solute particle and the solvent, where the solute-solvent heat
exchange takes place, is negligibly small when compared with the volume of the solute
particles and the solvent. Therefore, compressibility of particles, polymers and molecular
aggregates with the size about and below 10 nm shall be attributed to the thermal low-
frequency limit, while compressibility of particles and aggregates with the size of microns
and higher shall be described in terms of thermal high-frequency limit especially at the
top of the frequency range. Below the uppercase symbol ° will be used for variables at
low frequency limit and * for high frequency limit. An absence of these symbols will
presume general cases applicable for both limits, or their irrelevance.

3.3 Apparent compressibility of solutes and compressibility of solute particles at
thermal low and thermal high frequency limits

At thermal low frequency limit all parts of the mixture are at the same temperature, and

therefore, have the same value of % = E. Thus, the specific adiabatic compressibility of
cp
. C e s 0 - . 0 Te 62 re
the mixture at this limit, kg, is given by: kg = k; ——— where e and cp are specific thermal
¢p
expansibility and heat capacity of the mixture given by Equation (9). This and Equations (6)
and (7) provide the relationship for specific apparent adiabatic compressibility of solute at
thermal low-frequency limit, K °, and specific adiabatic compressibility of solute particle
at this limit, kg, :

(@_(DCP)2
2
T E C € ¢
oK =pK; - 2= by 2 R
h @ n 1ew@Eo)
)
12
(@_ﬂf 2
2
e, e c e c
k.gsp :kTsp - e (2i_ = +WSP - CPOSp )
SR Csp R T w,, ( Py

ChRysp

The above equations demonstrate that at thermal low frequency limit the specific apparent
adiabatic compressibility of the solute and adiabatic compressibility of solute particles
depend on the concentration even in ideal mixtures. The third terms of Equations (12)
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represent a reduction of the solute-solvent heat exchange with concentrations, w and wy, ,

due to the lowering of the amount of solvent in the mixture. At infinite dilution (w,w,, - 0)
Equations (12) are reduced to:
2 2
el oE ¢@C el e Cp
(DKO :(/)KT _0_(2__ = ); k_(S’)sp :kap - . (Z_p_i) (13)
n % Cp CRsp s R

At thermal high frequency limit no heat exchange between solute particles and the
surrounding solvent is present. Therefore, the compressions of solute particles and the
solvent occur independently on each other, and the adiabatic compressibility of the mixture
at this limit, K¢, is an additive thermodynamic characteristic. Thus, the apparent specific
adiabatic compressibility at thermal high frequency limit, K¢ , in ideal mixture does not
ToE?

9Cp

depend on concentration. At w=1 the Equations (12) transform to (pK?),_, = oK, —

2
—>L _ Also at w=1the heat exchange between the solute and
cPsp

the solvent vanishes and, therefore, compressions occur at adiabatic condition for the solute
and atw, =1 for the solute particle at all frequencies. Therefore, (pK"),_, = (pK”),_, -
As for ideal mixture of solute and solvent the value of ¢K¢ does not depend on the

T(pE)’
9Cp
is important to note that this relationship is correct only for ideal mixture of solute and

solvent. At w,, =1, kSsp represents the adiabatic compressibility of pure solute particle:
kSsp =kgy, - W1th respect to kSsp Equations (12) can be rewritten in the following form:

and atw,, =1to kgsp =krgy —

concentration, the relationship ¢K¢ = @K, — shall be valid for any concentration. It

2
e, T
0 _ o . o _ sp
kSsp _kSsp +kHEsp’ kSsp _kT.rp -
Psp
N A e
, Osp ( Psp _ “sp )2 (14)
Cosp T ¢ o %p 2SRy SR SR Cowp
e = ey ey .
Fysp Fysp O0sp Psp 1+er( Psp _1)
\ J \ h s
Contribution of heat exchange Reduction of contribution of heat exchange
between the solute particle and caused by substitution of solvent with solute
infinite amount of solvent particles

where kg, is the specific adiabatic compressibility of the solute particle at thermal high
frequency limit and k; is the contribution of the heat exchange between the solute particle
and its environment to compressibility. The specific adiabatic compressibility of solute
particle at thermal high frequency limit, kg, , represents the ‘true’ adiabatic compressibility
of the particle. In contrast to this, the specific adiabatic compressibility of solute particle
measured at thermal low frequency limit has a contribution from the heat exchange between
the solute particle and its environment and, therefore, depends on the properties of solvent
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even in the absence of solvation effects. Figure 1 (b) represents the compressibility k.gsp of
globular protein and of droplets of water in two solvents, pure isooctane and in IPM system
(composition is given in Table 1), calculated according to Equation (14). The physical
properties of solute particles ('';,) and bulk solvent (') used in the calculations are
given in Table 1. As no solvation effects were included in calculations (w, =0), the
concentration w,, represents the concentration of solute, w,, =w . Figure 1 (b) shows that the
compressibility of solute particles at thermal low frequency limit depends significantly on
the properties of solvent. Aqueous mixtures, where water is the solvent, are different in
this respect, when compared with others, due to the ‘abnormal’ physical characteristics of
liquid water at room temperatures and below: very low value of thermal expansibility,
€y <<€y, , and high value of heat capacitance, cp, ,, >>cp,, . For aqueous mixtures

CPsp esp 2 esp 2
(-~ ()

and, according to Equation (14), at low concentrations the adiabatic
CPO sp eOsp eOsp

compressibility of solute particle at thermal low frequency limit, kgsp, is close to its

isothermal il i+ 2T

isothermal compressibility, k7, : Sep = 55p+c_:
Psp

Tsp *

Equations (12) or (14) can be applied for calculations of adiabatic compressibility of solute
particle, or apparent compressibility of solute in a Solvent 2, kgsp ,or pK¢, from the
compressibility measured in a different solvent, Solvent 1, kSOSp or pKQ, If the substitution
of solvents does not affect the following additive characteristics of solute particles or solute,
ks (OTkry,), ey, s cpg, of 9Kp, @E , ¢Cp, for infinite dilution, w— 0.

2
eyl €2Cp1

2251 R)- 252 1_RY); where R=
Cp1 ©o1 Cp1 €1¢p2

PK{, = oK, +

(15)
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3.4 Transition between thermal low and thermal high frequency limits

As frequency increases the compressibility of solute particle changes from its value for thermal
low frequency limit to the value at thermal high frequency limit in the frequency range for
which 4, is comparable with the size of solute. The analytical dependence of compressibility
on the frequency for a given size of the solute or on the size of the solute for a given frequency
can be obtained through analysis of dynamics of the heat exchange between the solute
particles and the solvent. The results depend on structural details of the mixture including
particle geometry. Algorithms of this analysis were described previously as a part of ultrasonic
scattering theories (Isakovich, 1948; Hemar et al., 1998; Allegra & Hawley, 1972; Povey, 1997)
although specific calculations normally were limited to the case of spherical particles. Certain
aspects of the results can be generalised. An increase of the frequency decreases the volumes of
the solute particle and the solvent participating in the heat exchange around the particle-
solvent border. These volumes involve the whole particle and the solvent at low frequencies
and become to be negligibly small at high frequencies. The dependence of compressibility on
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lg of frequency (or on Ig of size at constant frequency) exhibits an ‘S’ shape curve. The main
transition of compressibility between the thermal low and thermal high frequency limits
occurs around frequency at which the size of solute particle is about the wavelength of the
thermal wave. The major change of compressibility with frequency occupies within one
decade on the frequency range. Figure 1(c) demonstrates the dependence of compressibility of
aqueous droplets on their particle size in the IPM system at w,, =0.01calculated using the
PSize software module (v.2.28.01) provided with HR-US 102 spectrometers (Sonas
Technologies Ltd.). This software utilises theoretical approaches developed previously for
spherical particles in liquid continuous medium (Epstein & Carhart, 1953; Waterman & Truell,
1961; Allegra & Hawley, 1972; Povey, 1997; Austin et al., 1996). The physical properties used in
the calculations are given in Table 1. The calculated values of compressibility for zero and
infinite diameter agree well with values of adiabatic compressibility for thermal low and
thermal high frequency limits, calculated according to Equation (14). An exception to this is
a very small deviation at zero limit of diameter of particle. This could be expected as the
cited theories do not account well the concentration behaviour of the heat exchange between
the particles and the solvent.

3.5 Molecular interpretation of compressibility of solute particles

Molecular interpretation of compressibility requires distinguishing contributions of different
origin to compressibility. For an ideal mixture of solute particles and a solvent three major
contributions shall be considered: intrinsic compressibility of solute particle, kg,,, ideal

contribution to compressibility, kg,,, and relaxation contribution to compressibility, kg,,; -

At infinite dilution kg, =kg;, +Ksig + kg -

3.5.1 Ideal contribution to compressibility of solute particle

The ideal contribution to compressibility of solute particles represents compressibility of
particles with zero intrinsic volume and intrinsic compressibility. It is originated by the heat
motion of the solute particles, which produces an ‘additional’ (osmotic) pressure in the
mixture, thus leading to the expansion of solvent. The change of the volume of this expansion
with external pressure provides the ideal contribution to compressibility. Due to the origin
(heat motion) of ideal compressibility, its molar value does not depend on the molar mass of
solute particle, M . Therefore, its contribution to specific compressibility of solute particle is
inversely proportional to molar mass, kg;; ~M ™' , and shall vanish as the molar mass
increases. Estimations of this contribution in microemulsion systems with typical
thermodynamic parameters of oils, water and their mixtures with surfactants, show that for
micelles and microdroplets this contribution is small and normally can be neglected.

3.5.2 Relaxation contribution to compressibility of solute particle

The relaxation (also for some systems called ‘structural’) contribution to the apparent
compressibility and the compressibility of solute particles arises if the particles have different
states (conformational, protonated, etc.) in the mixture, and the distribution between the states
changes following changing pressure and temperature in ultrasonic wave. The relaxation
contribution to compressibility represents the change of the volume of the mixture caused by a
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shift in the distribution of solute particles between different states, per unit of pressure
applied. The basic relationships between the molecular characteristics of relaxation processes
and their contributions to ultrasonic parameters were described previously (see for example
Kaatze et al., 2000). The theories cover the thermal low frequency limit at which solute and
solvent have the same temperature at any time. They provide tools for estimation of relaxation
contribution from known volume and enthalpy effects of the relaxation process and the
equilibrium concentrations of its participants. The frequency dependence of the relaxation

compressibility is determined by factor (7 is the relaxation time of the process).

1+ 2z f7)*
This allows ultrasonic analysis of kinetics of chemical processes. The relaxation compressibility
vanishes at high frequencies.

At thermal high frequency limit each solute particle is thermally insulated, thus,
oscillations of temperature within the particles of different states and within the solvent
are different. Therefore, at this limit relationships between the ultrasonic parameters and
molecular characteristics of relaxation processes are complex and depend on the
structural details of mixtures.

3.5.3 Intrinsic compressibility of solute particles

Intrinsic adiabatic compressibility of solute particle is the part of compressibility of solute
particle associated with intrinsic properties of particles. At thermal high frequency limit it
represents the adiabatic compressibility of the material of particles (solutes). For low
molecular weight molecules it is determined by the change of Van der Waals radii of atoms
and the length of covalent bonds caused by applied pressure. The magnitude of this
compressibility can be estimated from compressibilities of relevant crystals. For organic
molecules it is much smaller than other contributions to compressibility and normally can
be neglected. (see for example Buckin, 1988). Intrinsic compressibility of molecular
aggregates and compact polymers at thermal high frequency limit can be qualitatively
distinguished by the type of volume changes caused by compression: (a) volume change
caused by compression of interatomic contacts (Van der Waals contacts, hydrogen bonding,
etc.) and (b) volume change caused by a structural/conformational transitions between the
states of different volume (structural contribution). As conformational (structural)
transitions normally involve coordinated movement of large number of atomic groups
(polymers) or molecules (molecular aggregates) their relaxation time is much longer than
the relaxation time for compression of interatomic contacts. This often allows another way to
distinguish the (a) and (b) types of contributions to compressibility of molecular aggregates
and compact polymers. At high frequencies when the period of oscillation of pressure is
much shorter than the relaxation time for a particular conformational transition, this
transition will be ‘frozen’ and its contribution to compressibility vanishes. By their nature
the (b) types of contributions to intrinsic compressibility of solutes are the relaxation
contributions. For pure liquids the structural contribution normally represents about 30% of
their total compressibility (Litovitz & Davis, 1964). Liquid water is an exception as the
structural contribution (at room temperature) is about 60% of its compressibility. This is
explained by its highly aggregated structure resulted from high level of hydrogen bonding
between molecules. The remaining 40% of compressibility is close to the compressibility of
ice crystals, which represent type (a) of intrinsic compressibility (Litovitz & Davis, 1964)).



Ultrasonic Characterisation of W/O Microemulsions — Structure,
Phase Diagrams, State of Water in Nano—Droplets, Encapsulated Proteins, Enzymes 47

Therefore, hydration processes are often accompanied by a significant decrease of
compressibility of water. At thermal low frequency limit the contribution of heat exchange is
added to the intrinsic compressibility which is provided by Equations (12) to (14).

3.5.4 Physical location of compressibility of solute particle

Compressibility of solute particle is defined as the difference between the compressibility of
the mixture (solute particles in the bulk solvent) and the bulk solvent. At thermal high
frequency limit the particle and the bulk solvent are thermally insulated, and, in an absence of
ideal and relaxation contributions, compressibility of solute particle represents the
compression of the physical volume of solute particle per unit of pressure applied. At thermal
low frequency limit, the solute - solvent heat exchange affects the temperature of the particle
and the solvent and, therefore, their compressions. Thus, at this frequency limit a part of the
measured compressibility of solute particle is physically located in the solvent. It represents
the difference between the compression of the solvent in the mixture and the compression of
the pure solvent (per unit of pressure applied). A question can be raised on the portions of
compressions of solute particle and the solvent contributing to compressibility of solute
particle. These portions can be obtained from the following considerations. The specific

adiabatic compressibility of the bulk solvent is given as: kg g, =k, ;, — €, [2—;) . In pure
s

s . . T Te .
bulk solvent (same composition as in the mixture) (a—j =—% 1In the mixture at thermal
s Crw
o T T 1-wy ey, + W€, .
low frequency limit (a—j = —e =T ( ‘SP) Osp P ¥ The difference between the
op s Cp a- Wsp)CPO sp T WepCrgp

compressibility of the bulk solvent in the mixture and the pure bulk solvent calculated per unit
of mass of solute particle provides the portion of compressibility of the solute particle located

Te TeOs'
: . _ sp : : .
in the bulk solvent, kg, ,nen * Ksspsotven = —€05p(—— ), which can be rewritten as:
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It is interesting to note that the ‘solvent’ part of compressibility of solute particle can be
positive or negative, depending on the ratios of thermal expansibility and heat capacity for
the particles and the solvent. The insert in the Figure 1(b) illustrates the portion of the
‘solvent’ part of kgsp for protein and for droplets of water in isooctane and in IPM system
calculated according to the Equations (14) and (16). The physical properties of solute
particles (''y,) and solvent ( '\,,,) used in the calculations are given in Table 1. As no
solvation effects were included in calculations (w, =0), the concentration wy, represented

the concentration of solute, w,, =w. Figure 1(b) demonstrates that the ‘solvent’ part of

D
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compressibility of protein particles and droplets of water in these solvents is significant and
at low concentrations exceeds 50%.

4. Ultrasonic measurements of apparent and partial compressibilities
4.1 Concentration increment of ultrasonic velocity

Equations (4) and (6) allow calculations of apparent adiabatic compressibility of solutes
from the measured values of ultrasonic velocity and density. However, for dilute mixtures,
where the contribution of solutes to the specific compressibility and the volume of the
mixture is much smaller than the contribution of solvent, this way of obtaining of @K (and
k, ) possesses a problem as it requires very precise measurements of ultrasonic velocity and
density in exactly the same mixture and at the same temperature. This is also complicated
by the high temperature dependence of ultrasonic velocity and density, which means that
during the measurements of velocity and density the temperature must be controlled with
high precision. In addition, precision of measurements of the absolute values of ultrasonic
velocity and density normally does not exceed 10~ of the absolute value. However, the
change in velocity, §u, and density, can be measured much better (down to 10~ of absolute
velocity (Buckin & Smith, 1999; Buckin & O’Driscoll, 2002) and 107 of density). Therefore,
calculations of apparent adiabatic compressibility from the contributions of solutes to
ultrasonic velocity and to specific volume of the mixture are more precise. These
contributions are obtained from the measured change of ultrasonic velocity, du (= u — u,,
where u and u are the velocity in the mixture and in the solvent), and of specific volume,
ov, caused by addition of the solute to the solvent.

The contribution of solute to ultrasonic velocity in the mixture can be represented by the
concentration increments of ultrasonic velocity of solute, such as a, or as, defined as:

L (£)2 -1
ug ou u ou(2uq + ou)
a, = = auz = = 2 (17)
W Wiy 2w 2w
The two concentration increments of ultrasonic velocity are linked with each other as:
a,=a,(l+ % (18)

At infinite dilution, w— 0, the increments become to be equal: a, =a . . If required, the
ultrasonic velocity of liquid can be calculated from the known concentration increment of
ultrasonic velocity as: u =uy(1+wa,) oru =uy |1+ 2wa . . When analysing the properties of

solute particles the concentration increments for solute particle can be introduced, «,,, and

ap s which are defined in the same way as a, and a, :
L (Lf -1
gy =22 Mo 0, =tow _OtyQlay tOuy) (19)

u- sp
W W:p”Osp zwsp 2"VspuOsp
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where u , is the ultrasonic velocity for the bulk solvent in the mixture and Sug, =u—u, .

If the value of ultrasonic velocity in the bulk solvent is the same as in the pure solvent,

w,
Uy, =t , the proportionality coefficient %=1+WS allows recalculations of specific

a, . au 2

N auzg = .
1+ w; P4+ w

concentration increments of ultrasonic velocity: a,, =

The concentration increments of ultrasonic velocity characterise the state of the whole solute
in the mixture. If the state of the solute depends on its concentration it is often useful to
obtain the partial concentration increments of ultrasonic velocity, a,and Euz , which
represent the effect of addition of a small portion of solute to a solutions at a particular
concentration:

Oa
7,=| 2% WHW(@%) R [ (20)
oW ug y ow ), voo2{ 0w uy . u ow )

0 0

Partial concentration increments of solute particles are introduced in the same way.

4.2 Calculations of apparent adiabatic compressibilities from concentration
increments of ultrasonic velocity

Combination of Equation (4), (6), and (19) provide the following relationship for calculations
of specific apparent adiabatic compressibility of solute and the specific compressibility of
solute particle in a liquid from the concentration increments of ultrasonic velocity and the
specific apparent volume:

v
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If the mixture contains gel structures, the contribution shall be subtracted from a,

or —*'— from a (Equations (3), (17) and (19)) before applying Equations (21) for

2wpu, SPZ w'sp
calculation of @K orkg,, .
At infinite dilution, w— 0, the Equations (21) are reduced to:

oV . vy
9K =kg, (2K -2a,-1); kg, =k, S"(Z_vop -2a,,,-1) (22)
sp
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Equations (21) and (22) allow calculations of the specific apparent adiabatic
compressibility of solutes and the specific adiabatic compressibility of solute particles
from the measured concentration increment of ultrasonic velocity and apparent specific
volume of solutes. When comparing the ultrasonic data with predictions of different
models is often more practical to perform the analysis of directly measured concentration
increment of ultrasonic velocity rather than of apparent adiabatic compressibility, thus
excluding the need of the measurements of apparent volume. For this case Equations (21)
can be rewritten in the following way, which allows calculations of concentration
increment of ultrasonic velocity (as well as the ultrasonic velocity) from the specific
apparent volume and compressibility of solute or the specific apparent volume and
compressibility of solute particles:

o _9Ksy
K v, k
a: :%(Zﬂ_(i{ S 1+w— KS” );
Voo ks, 1+ w228
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" (23)
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At infinite dilution, w—0:
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It is important to note that equations (21) to (24) are valid for the inertial low frequency limit
only at which the inertial and gravimetric densities of the mixture are the same.

Equations (15) and (24) can be applied for calculations of «, and a,at thermal low
frequency limit and at infinite dilution in a Solvent 2, a,,, from the value of a, measured in a
different solvent, Solvent 1, g, ,, provided that the substitution of solvents does not affect the
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5. Ultrasonic attenuation and particle sizing

Ultrasonic attenuation in emulsions, «z, is represented by contributions of two terms:
intrinsic absorption, a;, and scattering losses, ay: a=a; +ag (Povey, 1997)). For ideal
mixture of solute particles and a solvent the intrinsic absorption is a sum of attenuations in
the solvent, ¢, and in the solute particle, «;,, , weighted according to their volume
fractions: @ = a;(1-x)+a;,x+as (x is the volume fraction of solute particles). The
scattering contribution to ultrasonic attenuation, oy, is a function of frequency, particle size
and concentration, which is described by ultrasonic scattering theories. In the long
wavelength limit, i.e. when the wavelength of ultrasound is much longer than the particle
diameter, explicit expressions for the ultrasonic scattering in dispersions of spherical
particles have been derived (Epstein & Carhart; 1953, Waterman & Truell, 1961; Allegra &
Hawley, 1972; Povey, 1997). The mechanism of interaction of the ultrasonic wave with
particles in dispersions in this regime contains two major contributors, thermoelastic and
viscoinertial scattering. These contributions result from the 'scattering' of the incident
ultrasonic waves into the thermal and the viscous waves propagating from the border
between the particle and the continuous medium. The thermoelastic mechanism dominates
in emulsions as the difference in density between the continuous and the dispersed phases
of emulsions, which determines the magnitude of viscoelastic scattering, is not significant
(Powey, 1997). Applications of ultrasonic scattering theories allow calculations of sizes of
dispersed particles from the measured values of attenuation and the physical parameters of
the continuous medium and the particles. The obtained sizes in microemulsions are in good
agreement with the results of other techniques (Hickey et al., 2006, 2010).

6. Materials and methods

Materials. Ethyl oleate (Cat no. 27,074-1), sorbitan mono-laurate (Span 20, Cat no. 1338-39-2),
polyoxyethylene 20 sorbitan mono-oleate (Tween 80, Cat no. 9005-65-6), isopropyl myristate
(IPM) (cat. no. 110-27-0), n-propanol (cat. no. 71-23-8), doctyl sulfosuccinate sodium salt 98%
(AOT) (cat no.577-11-7, lot# STBC 0203V) and 2,2,4-trimethylpentane (isooctane) 99.0% (cat
n0.540-84-1, lot# 53196MMV) were purchased from Sigma-Aldrich Chemical Co. Ltd. (Dublin,
Ireland). Epikuron 200 (E200; soy lecithin, minimum 95 wt.% phosphatidylcholine; fatty acid
content: palmitic and stearic, 16-20%; oleic acid, 8-12%; linoleic acid, 62-66%; linolenic acid, 6-
8%, was supplied by Lucas Meyer (Germany). All reagents were of the highest purity available
and were used as received. The ultrapure water (Millipore Super-Q-System) with the
conductivity of 18.2 MQ + cm™ was used in sample preparation. Details of preparations of
emulsions were described previously (Hickey et al., 2006, Hickey et al., 2010).

Microemulsion systems for ultrasonic titrations. IPM: isopropyl myristate & [Epikuron 200 : n-
propanol (1:1, w/w)]; ratio of oil (isopropyl myristate) to surfactant+cosurfactant (Epikuron
200 + n-propanol (1:1, w/w)) was 60:40 (w/w). EO: ethyl oleate & [Tween 80:Span 20 (3:2,
w/w)]; ratio of oil (ethyl oleate) to surfactant (Tween 80:Span 20 (3:2, w/w)) was 80:20
(w/w). AOT: 0.1M of AOT in isooctane.

Samples for enzyme reactions. D-cellobiose (purity 298%, Sigma-Aldrich Corp., Lot. 077K0741)
was used for preparation of substrate samples for enzyme reaction. Aqueous solutions of D-
cellobiose were prepared as 2.5% (w/w) of D-cellobiose in 10 mM sodium acetate buffer, pH
4.90. Substrate sample of D-cellobiose in microemulsion was prepared by mixing of 2.5
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%(w/w) aqueous solution of D-cellobiose and IPM & [Epikuron 200 : n-propanol (1:1,
w/w)] giving the following composition of microemuslion: IPM -38% (w/w); [Epikuron 200
: n-propanol (1:1, w/w)] - 38% (w/w); -water - 24% (w/w). Enzyme concentrations were
determined by weight as a mass of liquid preparation (Novozyme 188 L (Novo Nordisk
A/S); B-glucosidase preparation was obtained from Aspergillus niger microorganisms, with a
declared minimum activity of 250 CbU per gram of liquid). Amount of protein in the
preparation and other details of its composition were described earlier (Resa & Buckin, 2011).
Enzyme was added to the substrate (cellobiose) solution (or emulsion) at room temperature
and thoroughly mixed for 30 s, then degassed and loaded into the measuring cell of HR-US
102 differential ultrasonic spectrometer (Sonas Technologies Lt.) equilibrated at 25.0°C. The
concentration of enzyme preparation in aqueous phase was 0.87 mg/mL. Ultrasonic
measurements started immediately after loading (3 min after addition of enzyme to the
substrate). Control experiments were performed by adding enzyme to same microemulsion
and to the aqueous solution, however, without substrate to verify the stability of ultrasonic
parameters within the time interval corresponding to the reaction time.

Titration profiles for ultrasonic velocity and attenuation in microemulsions were measured
within 2 to 12 MHz frequency range at 25.0°C using a HR-US 102 SS (IPM, EO, AOT
systems) and HR-US 102 (AOT system) differential ultrasonic spectrometers (Sonas
Technologies Ltd.). The measuring ultrasonic cell (1.5 mL) was closed with a stopper, which
incorporated a line for injection of titrant, drainage line for release of excess of sample and a
mechanical mini stirrer. Measuring cell was fully filled with a mixture of oil, surfactant (and
cosurfactant) using a calibrated Hamilton syringe. The exact amount of the mixture in the
cell was determined by weighing the syringe before and after filling. Hamilton PB600
dispenser with 100uL Hamilton syringe attached to the injection line was used for the
titrations. To exclude any possible evaporation the end of the drainage line was immersed in
the enclosed vial filled with the mixture. The reference cell was filled with the same amount of
the mixture and sealed. Measurements were continuously performed while the sample in the
measuring cell was titrated with aliquots of degassed water. The stirring was activated after
each addition of water and continued until no further change in the ultrasonic velocity and
attenuation occurred, indicating that equilibrium had been reached. Following this stirring
was stopped, stability of the measured values and attenuation was confirmed (5 to 10 minutes
without stirring approximately) and next portion of water was added. Density was measured
using Anton Paar 4500 density meter at 25.0°C connected with two flexible pipes to a 2 ml vial
with a stirring bar inside filled with the mixture of oil and surfactant (and cosurfactant). Water
was added stepwise to the vial in the same way as for ultrasonic measurements. After each
addition several cycles of stirring and pumping of the mixture through the measuring cell
were performed and stability of density readings were confirmed.

7. Ultrasonic phase diagrams

The ultrasonic phase diagrams can be obtained from titration profiles of ultrasonic velocity
and attenuation. Simultaneous measurements of ultrasonic characteristics at various
frequencies allow evaluation of their frequency dependence at each titration point. Overall, the
titration profiles provide a number of parameters reflecting different levels of microstructural
organisation of the system. In most cases transitions between different states of the system are
clearly identified by an abrupt change of concentration profile of ultrasonic velocity,
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attenuation and their frequency dependence. Figure 2 shows the ultrasonic titration profiles
measured in three w/o microemulsion systems, IPM, AOT and EO, (described in Section 6) by
stepwise additions of water into the mixture of oil & surfactant in the measuring cell of HR-US
102 spectrometer. The IPM and EO systems were studied by us previously (Hickey et al., 2006,
2010), however here we present new data on detailed titration profiles at low concentrations of
water. Also, our new titration setup provided higher resolution of measurements. The
concentrations of water corresponding to the same transitions for titrations at different
oil:surfactant ratios provide the transition lines at ultrasonic pseudo-ternary phase diagrams.
The positions of the transitions between the major phases such as microemulsion, coarse
emulsion, liquid crystals, biocontinous on the ultrasonic phase diagrams agree well with the
phase diagrams produced by other techniques for the above systems (Hickey et al., 2006, 2010).
In addition to this, a range of transitions within the microemulsion phase were observed,
which allowed upgrading the phase diagrams with additional ‘sub phases’ within the
microemulsion phase. The nature of these ‘sub phases’ can be related to the state of water and
surfactant, including hydration water in dispersed phase, hydration water in swollen reverse
micelles and water in aqueous droplets surrounded by surfactant. Although, the details of
these interpretations can be further discussed, it is important to recognize that ultrasonic
technique allows the identification of these different ‘sub-states’ on the phase diagram in
simple titration measurements. Consideration of these states and their position on the phase
diagram is important in design of w/o microemulsions designated for encapsulation of active
ingredients (e.g. proteins) functioning of which requires an appropriate level of their
hydration. An example of this is discussed in the following chapters.
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Fig. 2. Change of ultrasonic velocity and attenuation with concentration of water at 25°C in
IPM, AOT and EO systems (see Section 6 for composition). The insert (EO system)
represents the microemulsion part of ultrasonic phase diagram for EO system. The solid line
with the arrow bar represents the ultrasonic titration line shown in in the main frame (EO).
The points represent positions of the same transitions on ultrasonic titration lines for
different oil:surfactant ratios. Transition between phases II and III is accompanied by
appearance of UV /VIS light scattering. The dashed line ('- -*) represents the data of (Alany
et al., 2001) for transition between phases Il and IV. I - hydration of surfactant with addition
of water; II - formation of microemulsion droplets with a compact pool of water molecules;
I - liquid crystals; IV - pseudobicontinuous phase.
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In the IPM, AO and EO systems the end of microemulsion phase occurs at concentration of
water of about 19%, 10% and 7.5%. Above these concentrations the microemulsions become
to be opaque. This transition is marked by the appearance of a dispersion of ultrasonic
velocity and abrupt change in the concentration slopes of attenuation and velocity. In
addition to this, visible changes in the concentration profile (slope) of ultrasonic velocity and
attenuation are observed within the concentration range of the microemulsion phase. For
example, in IPM system the attenuation profile shows an initial increase up to the
concentration 2%, than attenuation levels off between 2% and 8% approximately (exact
concentration depends on the frequency), and begins to rise between 8% and 10% , with a
linear part of the rise between 16% and 19%. Same pattern for transitions were observed for
other titration lines, however at different concentrations of water. This could be interpreted
as an existence of ‘sub phases’ within the microemulsion phase on the ultrasonic phase
diagram, which are realised at concentrations of components between the transition lines. In
AQT system the attenuation initially decreases to the concentration about 1.25%, or five
molecules of water per one molecule of surfactant. This corresponds to the primary level of
surfactant hydration (Spehr, 2010), which shall affect the intrinsic (relaxation) attenuation in
the mixture of AOT and isopropanol. At concentrations above 2%, attenuation begins rising,
which agrees with formation of droplets with a compact pool of water molecules described
earlier (Hasegawa et al., 1994; Vasquez et al., 2011).

Several transition concentrations are also observed on velocity and attenuation profiles of
EO system (Figure 2 EO). Formation of microemulsion droplets with a compact pool of
water molecules in all systems can be attributed to the concentration points corresponding
to a significant rise of ultrasonic attenuation: above 10% in IPM systems, above 2% in
AOT system and 4 % for EO system. The amplitudes of this rise of attenuation and their
frequency dependence correspond to the nanoscale (up to 20 nm for different parts of
phase diagram) sizes of the water pool when ultrasonic scattering theories are applied
(Hickey et al., 2006, 2010). This is in agreement with the absence of dispersion
(dependence of frequency) of ultrasonic velocity (and compressibility) in the
microemulsion part of the phase diagram, thus supporting the thermal low frequency
conditions for microemulsion droplets. This is also in agreement with the results of light
scattering and other techniques (Hickey et al., 2006, 2010; Hasegawa et al., 1994; Vasquez
et al., 2011). The insert in Figure (2) shows the microemulsion part of the ultrasonic phase
diagram for the EO system where the phase II corresponds to the existence microemulsion
droplets with a compact pool of water molecules.

8. Compressibility of water in microemulsion droplets

The state of water in microemulsion droplets can be characterised by the apparent
characteristics of water in microemulsion. As discussed above, the apparent adiabatic
compressibility of water at a particular concentration represents the compressibility effect
of addition of water to a mixture of oil and surfactant (and cosurfactant) and, therefore, is
a sum of contributions of different states of water (water hydrating different atomic
groups of surfactant/cosurfactant, ‘free’ water, if exists), and also contributions of
compressibility effect of transferring of surfactant (cosurfactant) from oil to reversed
micelles or to the exterior of the droplets of water at higher concentration of water.
Therefore, it is also practical to consider the partial adiabatic compressibility of water,



Ultrasonic Characterisation of W/O Microemulsions — Structure,
Phase Diagrams, State of Water in Nano—Droplets, Encapsulated Proteins, Enzymes 55

which represents the effect of addition of a small amount of water to microemulsion at a
particular concentration, and therefore, at a particular microscopic state of microemulsion
system. If this addition is not accompanied by a restructuring of microemulsion, it shall
reflect the compressibility of water in the state, adopted by the added molecules of water
at the particular concentrations of components of microemulsion. If this state is ‘free’
water in microemulsion droplets, e.g. the properties of water are close to or the same as of
the pure water, the specific compressibility of water shall be close to the compressibility of
solute particles of ‘free’ water added to the microemulsion. The same shall be correct for
the other partial characteristics of water such as partial volume or partial concentration
increment of ultrasonic velocity (Hickey et al.,, 2006). However, obtaining the partial
compressibility of solute as a slope of compressibility vs. concentration is accompanied
with higher experimental errors, when compared with apparent compressibility. Thus, the
requirements of high precision of ultrasonic measurements are of special importance in
this case.

Figure 3 represents the experimental results for apparent and partial compressibilities of
water in three microemulsion systems, IPM, EO and AOT, plotted for microemulsion part
of the phase diagram. In this part no frequency dependence of compressibility was
noticed for IPM, AOT and EO systems in the covered frequency range, 2 to 12MHz. In
addition, the apparent and partial compressibility of aqueous solute particles in ideal
mixture with oil and surfactant calculated at thermal low frequency limit (Equations (11)
and (14)) are also plotted in the Figure 3. The required physical properties of water and
the oil/surfactant (and cosurfactant) mixtures are given in the Table 1. Specific apparent
volume and specific concentration increment of ultrasonic velocity, a,, are also given in
the Figure together with their partial characteristics and with characteristics of ideal
solute particles (Equations (14), (20) and (23)) of pure water in the emulsion are also
presented in the Figures. For the plotted range of concentrations the two increments of
ultrasonic velocity, a, and a, ,are practically coincide with each other. The data for gV
in AOT microemulsion were taken from previous publications (Amararene et al, 1997).
The slope of ¢Kg and a, vs. concentration, required for partial characteristics, was taken
as a 3 point average on the concentration dependence of ¢K and a, .

As can be seen from the Figure 3 at low concentrations of water in microemulsion the
apparent compressibilities and volumes and the partial compressibilities and volumes of
water in all three microemulsion systems deviate significantly from the values calculated for
ideal solute particles (‘free” water). This shall be expected as an addition of water at low
concentrations is accompanied by hydration of hydrophilic atomic groups of surfactant and
co-surfactant and also by restructuring of surfactant aggregates in the mixture. As discussed
above, the hydration effects for hydrophilic and charged atomic groups normally produce a
significant reduction of compressibility of water. The difference between the measured
characteristics of water in the microemulsions and the characteristics expected for ideal
droplets of ‘free” water decreases with concentration of water, especially in the part of the
phase diagram, where a compact pool of water molecules exists. However in all three
systems the measured partial compressibilities do not reach the level expected for the
droplets of pure water. This indicates that the state of water in the droplets may be different
to the state of free water. Some restructuring of surfactant at the water-oil interface, caused
by its expanding with concentration of water may also contribute to the difference.
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Fig. 3. Apparent (0), and partial (¢) characteristics of water at 25C in microemulsion part of
phase diagrams for three w/o microemulsion systems (described in Section 6): IPM, EO and
AQT (data for apparent and partial volume in AOT are taken from Amararene et al., 1997 ).
The continuous (*-') and the dashed (’- -') lines represent the specific and the partial properties
of droplets of pure water in microemulsion at thermal low frequency limit calculated
according to Equations (14), (11), (23) and (20). The physical properties for these calculations
are given in Table 1. The dotted lines (") represent the characteristics of pure water.

9. Effects of encapsulation of compressibility of globular proteins

Measurements of compressibility are often applied for characterisation of the state of solute
particles in various environments and conditions. This includes characterisation of the state
of solutes encapsulated in microemulsion droplets. The state of encapsulated proteins is of
particular importance due to the growing interest to applications of microemulsions in
various protein related technologies (bio-catalysis, protein extraction etc.). Compressibility
of globular proteins, encapsulated on in w/o microemulsions, was studied previously in
details (Valdez et al., 2001) for 0.1M AOT isopropanol microemulsion. The measurements
were performed at one frequency, 10MHz. Figure 4(a) represents the apparent
compressibilities encapsulated in AOT microemulsion for several globular proteins (Valdez
et al., 2001) plotted by us as function of weight fraction of water in micoemulsion. The
densities of microemulsions required for this plot were calculated using specific apparent
volumes of water in 0.IM AOT w/o microemulsions published previously (Yoshimura et
al., 2000; Amararene et al., 1997). Figure 4(a) shows that in microemulsion at low water
content the apparent adiabatic compressibility of proteins is much higher than the
compressibility of proteins in pure water. The increase of concentration of water decreases
the apparent compressibility, which approaches the value for pure water at concentration of
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water above 0.1 (w/w). The high value of the measured apparent adiabatic compressibility
of proteins at low water content and its decrease with concentration of water is predicted by
the Equations (12) or (14). The contribution of heat exchange to the compressibility of solute
particle, kg, . , for isooctane solvent is significantly higher than for water. Addition of water
to microemulsion reduces the portion of isooctane in the mixture, thus reducing the value of
kg - 1 the size of microdroplets of water corresponds to the thermal low frequency
conditions (all parts of the mixture are at the same temperature at any time of compression
period), this substitution shall result in the proportional to the concentration of water, w, .,

, effect on the specific thermal expansibility, ey, and specific heat capacity, ¢ ,, of the
environment of the protein globular:

€ sp €isooct (1 - Wwater) * €yvater Wwater cF[, sp CPO isooct (1 - Wwaler) * Cp water Wwater 7

where indexes “isooct” and * water’ mark the corresponding value for isooctane (with
0.IM AOT) and for water. Using these parameters for ¢, , and ¢, , in Equation (14) we
have calculated the compressibility of solute particle having physical properties of
globular protein (Table 1) as function of concentration of water in microemulsion, w,,,, -
The calculations were performed for infinite dilution of protein (wy, =0), which
corresponds to concentrations used in the measurements (Valdez et al., 2001) when
concentration dependence of kSSP is considered (Figure 1(b) or Equatlon (14)). The dotted
line in the Figure 4(a) represents the difference between the values of ksép for protein at a
particular concentration of water and the value in pure water (w,,,, =1). The values of
€yaerand cp .., Were taken as characteristics of pure water, which is not absolutely
correct as at least part of the water in the droplets is involved in hydration of polar groups
of AOT and its physical properties may deviate from the physical properties of the bulk
water. However, these parameters do not affect the limiting value of ky;, at w,,,, =0
and w,,. =1, as well as the general shape of its dependence on concentration of water.
According to Figure 4(a) the above calculations predict reasonably well the apparent
compressibility of the encapsulated globular proteins at zero concentration of water, as
well as the observed decrease of compressibility with concentration of water. However,
the exact functional dependence of the apparent compressibility on the concentration of
water is different to the experimental one.

One of the possible explanations of lower than expected compressibility of encapsulated
protein could be an effect of confine environment on the mechanical properties of protein
globule, which can restrict the mobility of protein segments, thus making it more rigid (F. N.
Kolisis & Stamatis, 2010). This will reduce the values of k. ,and kg, in Equations (12) and
(14) therefore the total compressibility of protein measured in microemulsion, g, .

Another possible explanation can be presented when the structure of microdroplet of water
containing a protein molecule is considered. Figure 4(a) shows that the drop of the
measured compressibility occurs at much lower than predicted concentrations of water. This
indicates that some amount of isooctane could be excluded from thermal exchange with the
protein globules. This could be expected when the structure of microemulsion and the
physical properties of isooctane are examined. The skin depth, oy, for isooctane is shorter
than for other common solvents and at 10MHz is about 45 nm. This is comparable with the
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Fig. 4. (a): Effect of concentration of water on specific apparent adiabatic compressibility of
proteins (cytochrome c (o), MBP(A), beta-lactoglobulin (o), lysozyme (4)) encapsulated in
AOT microemulsion. Compressibilities of proteins at 100% of water were subtracted. The
lines represent predictions described in Chapter 9. (b): Ultrasonic velocity time profile for
hydrolysis of cellobiose by beta-glucosidase in aqueous solution (main chart) and in IPM
microemulsion (50:50 w/w ratio of oil to surfactant + cosurfactant) at 25°C as described in
Chapter 10.

size of droplets of water formed in 0.1M AOT isooctane microemulsion without protein,
5nm at concentration 0.075 (30 molecules of water per one molecule of surfactant) and larger
at higher concentrations of water (van Dijk et al., 1989; Amararene et al., 2000). We could
expect that a presence of protein molecules increases the size of the droplets. Thus, the
conditions for thermal low frequency limit may not be held for this multilayer system
(protein surrounded by water, surrounded by AOT and isooctane). In this case only a part
of isopropanol in the mixture will be involved in the heat exchange with the protein
globular thus increasing the ‘effective’ concentration (w/w) of water within the heat
exchange volume. The accurate estimations of the effect of the heat exchange on the
compressibility of the protein in this multilayer system can be done only when considering
dynamics of heat exchange in a course of periodic compression within this system, which is
outside of the scope of this paper. However, simplified modelling can be made to relate the
effects of the heat exchange with the measured compressibility of proteins in AOT
microemulsion. We can suggest that the environment of the protein globule, involved in the
heat exchange, is a layer of water around protein with the thickness r —r, (r is the radius of
the droplet and r, is the radius of molecule of protein) and the layer of isooctane and
surfactant of ‘effective’ thicknessd . The value of ¢ can be introduced as a thickness of
solvent around the droplet which provides same as measured compressibility of protein
particle if: (1) the volume comprised of the protein + water + Jlayer of solvent is
adiabatically insulated from the rest of the mixture and (2) a complete heat exchange
between its parts occurs (same temperature for protein water and ¢ layer of solvent) during
the course of compression. For this case the concentration of water in Equation (14) shall be
taken as weight fraction of water within the heat exchange volume: protein + droplet + &
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3 3
(I” - I”p )pwater
33 3 3 :
((V + 5) -r )piso + (V - I"p )pwater
If we assume that the increase in concentration of water does not affect the number of

droplets but results in increase of their size only and that each of the droplets contains one
protein molecule, the radius of the droplet can be linked with concentration of water in the

. Wiater (1 = Wisater 0) .
mixture as: r=i/rp3+(r03—rp3)u , where 7, the size of the droplets at

Water0 (1 ~ Wyater )

concentration of water w,,,,,. For a given r,and 7 at w,,, o the value of wy,,,,, can be
calculated and used with Equation (14) to obtain the compressibility of protein as function
of concentration of water in the system for any given value of §. The value of & can be
varied to obtain the best fitting of calculated and experimental compressibilities. For 7, =
2nm (variation of this value by 100% has a minor effect on the results) and 7 = 7nm (5nm of
thickness of layer of water) at w;, =0.075 the value of ¢ is 20nm. This is a reasonable estimate
for the ‘effective’ thickness of the layer of solvent around the water droplets participating in
the heat exchange. The continuous line in the Figure 4(a) represents the predicted
dependence of apparent compressibility of proteins on concentration of water in
microemulsion for the above parameters. The predicted dependence describes well the
experimental data. An increase in the radius of droplet, 7, , will result in higher values for &
corresponding to the experiments data. Overall, the above estimations demonstrate an
importance of examination of the heat exchange between the solvent and the interior of
nano-particles when describing the effects of encapsulation on the measured compressibility
of the encapsulated material. Detailed analysis of intrinsic compressibility of encapsulated
material in AOT w/o microemulsions measured at one frequency requires knowledge of
size and, perhaps, other the structural attributes of the droplets. Measurements of
compressibility at different frequencies, combined with the measurements of ultrasonic
attenuation, have a potential of providing the required information.

layer of solvent, wyg .., - It can be estimated as: wyz 0 =

10. Ultrasonic monitoring of enzyme reactions in microemulsions

Previously it was shown that high-resolution ultrasonic spectroscopy can be applied for
real-time monitoring of enzyme reactions in a wide range of concentrations and substrates.
The technique does not require optical transparency, optical markers or secondary reactions
and allows real-time non-invasive measurements. The capability of this and other ultrasonic
techniques were demonstrated for a variety of reactions catalysed by enzymes, namely,
urease, o-amylase and catalase (Kudryashov et. al, 2003), chymosin (Dwyer et al., 2005)
proteinase K (Buckin & Craig, 2005), invertase (Resa et al, 2009), and cellobiase (Resa &
Buckin, 2011) as well as other types of bioprocesses (McClements, 1995; Povey, 1997). It
provided the detailed reaction extent and rate profiles in a broad range of concentrations,
allowed analysis of the reverse reaction, determination of equilibrium constant and of the
molar Gibbs free energy of reactions as well as analysis of reactions kinetic models (Resa &
Buckin, 2011). Figure 4(b) illustrates our results for the real-time ultrasonic monitoring of
activity enzyme, p-glucosidase, in aqueous solution (10 mM sodium acetate buffer, pH 4.90)
and encapsulated in IPM microemulsion (50:50 w/w ratio of oil to surfactant+cosurfactant)
at 24% water in the presence of substrate, cellobiose (disaccharide). The concentration of
water in microemulsion corresponds to the part of ultrasonic microemulsion phase diagram,
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where a presence of water droplets with significant size of the water pool was identified
previously (Hickey et al.,, 2006). This provides some hydration level for encapsulated
molecules of enzyme and the substrate. The reaction was started by adding of concentrated
solution of enzyme to microemulsion or to the aqueous solution with the substrate. The
concentrations of the enzyme and the substrate in aqueous phase of microemulsion were the
same as in the aqueous solution. The time profiles for ultrasonic velocity are presented in
the Figure 4(b) (main frame - aqueous solution, insert - microemulsion).

In aqueous solutions at our concentrations -glucosidase provides hydrolysis of cellobiose,
during which B-1,4-glycosidic bond is cleaved, one molecule of water is absorbed, and two
D-glucose molecules are released. This causes a change in the compressibility and density of
the solution, thus resulting in a change of ultrasonic velocity. The ultrasonic reaction time
wg —we(t)

0

We
we(t) are the concentrations of cellobiose at time zero and at time ¢. This requires the

0

profiles can be recalculated into the reaction extent profile, {(¢) = , where w;. and

concentration increment of ultrasonic velocity of the reaction, Aa,, which represents the

u’
relative change of ultrasonic velocity caused by conversion of the reactants into products,
calculated per unit of concentration of the reactant (cellobiose) converted (Resa & Buckin,
0
u(t)—u

0

where u(r) and u° are the
ugAa, we

2011). It is linked with the reaction extent as: {(¢) =
ultrasonic velocities at reaction time ¢ and time zero, and u, is the ultrasonic velocity in the

solvent (solution or microemulsion without the components of the reaction). For hydrolysis

2M M
of cellobiose Aa, :auGM—G—auC —auWM—W , where M represents the molar mass of a

c c
particular component and symbols G , W and C stand for glucose, water and cellbiose (Resa
& Buckin, 2011). The value of g, is the concentration increment of ultrasonic velocity of
water added to microemulsion in the amount consumed by the reaction. For our conditions
in microemulsion this addition corresponds to the change in concentration of water by
0.03% of total 24% and therefore aq,, represents the partial concentration increment of
water, @, . The same is true for the reaction in aqueous solution. We have measured the
values ofa,;, a,,, and a.in our aqueous solution for concentrations utilised in our
reaction. This provided Aa, =0.041, which is close to value previously obtained for 50°C
(Resa & Buckin, 2011). The reaction extent, {(f), for reaction in aqueous solution is
represented by the right Y scale of the Figure 4(b).

In contrary to the aqueous solution, the reaction in microemulsion is accompanied by a
decrease in ultrasonic velocity, however on a significantly smaller scale. Equation (25) can
be used to recalculate the value of Ag, for the aqueous solution to the value of Ag, in IPM
system if the values of ¢V, pE , Cp and the physical properties of the continuous medium
are known. We have used the data of (Banipal et al., 1997) on the apparent heat capacities at
250C and the temperature slopes of the apparent volumes of cellobiose and glucose in water
at infinite dilution and also the value of a,; in microemulsion obtained in our titration
measurements to estimate Aa, for hydrolysis of cellobiose in IPM microemulsion (the
physical properties if IPM system were taken from Hickey et.al.,, 2006). These estimations
provided positive values of Ag,. Our direct measurements of the difference in ultrasonic
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IPM system(©)
(b)
Physical EO system® 1, 40w /w oil to| 0.1M AOT
. (80:20 w/w oil . .
properties at | Water @ surfactant and in Isooctane | Protein
to surfactant
250C . cosurfactant Isooctane
ratio) .
ratio)

Specific
adiabatic
compressibilit | 4.491 6.385 7.655 16.65(d) 18.12(@) | 1.655()
y (<109,
m3 kg1 Pal
Specific
volume (x10%), | 1.003 1.109 1.158 1.437(d) 1.457@ | 0.6620
m3kg-1
Thermal
conductivity, 0.5952 0.12 0.19 0.095@ 0.0956) -
W m-1K-1
Specific
thermal
expansibility 0.257 0.827 0.982 1.97() 2.076 | 0.070)
(x100 ) m3kgt
K-
Specific heat
capacity, 4180 1686 1405 2037() 2037 | 1403()
J kg1 K1
Viscosity, 0.890 17.2 8.6 0516@ | 0479@ | -
Pa s(x10°%) ’ ' ' ' ’

(@ Handbook of Chemistry and Physics, 2004-2005; ®) Calculated from (Hickey et al., 2010) and (Pratas et
al., 2010); © Calculated from (Hickey et al., 2006); @ (Go mez-D1"az et al., 2006); © value for isooctane
Handbook of Chemistry and Physics 2004-2005; () Taken as intrinsic characteristics of globular proteins
(Chalikian, 2003); & Calculated from (Privalov & Dragan, 2007 ) as average value for three globular
proteins: cytochrome C, myoglobin and lysozyme.

Table 1. Physical properties of the media used in calculations.



62 Microemulsions — An Introduction to Properties and Applications

velocity between microemulsion containing cellobiose (at the its initial concentration in
our reaction) and glucose (at concentration corresponding 100% hydrolysis of cellobiose)
as well as our data for a,; in microemulsion provided Aa, =0.005. This corresponds to
0.04 m/s increase of ultrasonic velocity for 100% of hydrolysis of cellobiose in our
microemulsion. The positive sign of Aa, contradicts to the observed decrease of
ultrasonic velocity in the reaction. Two possible explanation of this result can be
suggested. 1) The physical state of cellobiose and glucose in microemulsions containing
both of these molecules and the enzyme is significantly different than in microemulsions
containing glucose and celobiose separately. It may results in the different sign for Aa, at
intermediate degrees of hydrolysis of cellobiose. This option can be verified or excluded
through the measurements of ultrasonic velocity in microemulsions containing both
components of the reaction. 2) The reaction observed in microemulsion is not the
hydrolysis of cellobiose. We can speculate that an alternative reaction is related to
transglycosylation activity of some of B-glucosidases resulting in production of tri- and
tetrasaccharides. The activity can be enhanced by immobilisation and limited hydration
(example: Chen & Ou-Yang, 2004; Marico et al., 2001), which are well known factors
affecting functioning of enzymes in microemulsions (Kolisis & Stamatis, 2010). This could
explain the observed decrease in ultrasonic velocity. Different energetics (free energy) of
reactions of synthesis and hydrolysis of oligosaccharides in microemulsion as compared
with aqueous solution can be another contributor. As can be seen from the Figure 4(b) the
reaction time in the microemulsion is significantly shorter than in the aqueous solution.
The reaction did not produce any substantial change in ultrasonic attenuation; neither a
dispersion of velocity in the measured frequency range, 2 to 12 MHz, thus demonstrating
that the structure of the microemulsion was not affected by the reaction.

11. Conclusions

High-resolution measurements of ultrasonic velocity and attenuation and their dependence
on frequency allow analysis of a range of characteristics of microemulsion systems. This
includes determination of phase diagrams, characterisation of size and state of
microemulsion droplets and compounds encapsulated in them as well as real time
monitoring of chemical reactions curried in microemulsions. Titration measurements with
this technique allow identification of different ‘sub-states’ of microemulsion components,
which can be utilised for upgrading the microemulsion phase diagram with additional ‘sub
phases’ corresponding to different states of water and surfactant in microemulsions.
Consideration of these ‘sub phases’ and their position on the phase diagram could be
employed in design of w/o microemulsions designated for encapsulation of active
ingredients (e.g. proteins), which require an appropriate level of hydration for their
functioning. Quantitative analysis of compressibility of microemulsions and its molecular
interpretation in most cases can be performed within the thermal low frequency limit
approach, which provides direct thermodynamic relationships for concentration
dependence of compressibility, and effects of continuous phase on compressibilities of
components of microemulsions.
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1. Introduction

Microemulsions are dynamic structures described as spherical droplets of a dispersed phase
(water) into a continuous phase (isooctane) and stabilized by a surfactant (AOT) (see
Scheme 1). The components organise themselves in time and space by means of different
interactions or collisions, giving rise to coalescence and redispersion processes.

f ~
* %%ﬁ gé W/O microemulsion

AOT film

L ORGANIC PHASE

AOT

Scheme 1.

In normal conditions, they exhibit a low conductivity (0.001-0.1 mScm-1) which is bigger
than the corresponding one to the pure isooctane (~10-¥ mScm-?) (Lang et al., 1988; Eastoe et
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al., 1991). This differential behaviour is justified by the fact that microemulsions are capable
of carrying electric charge, and in this sense, the transport capacity is associated with a
phenomenon known as electrical percolation, which is an increase in conductivity at a given
value of the volume fraction of the dispersed phase, or at a certain temperature, when
holding the composition of the microemulsion constant (Mathew et al., 1988; Maitra et al.,
1990). This increase is associated with an increase in the electric charge flow between the
discrete droplets forming the dispersed phase. Matter exchange rate between droplets
increases during percolation phenomena, both ionic and neutral microemulsions; however,
in all cases this rate is always lower than the diffusion control limit (Atik & Thomas, 1981;
Jada et al., 1989; Jada et al., 1990; Lang et al., 1990).

The mechanism proposed to explain the electric percolation phenomenon is based on the
formation of channels exchanging matter between the disperse water droplets in the
continuous phase. It is then necessary to have an effective collision between at least two water
droplets of the microemulsion, causing the droplets to fuse. Subsequently, an exchange of
matter between the water droplets would take place (allowing the charge conduction), which
would produce their separation by means of a process of fission (see scheme 2).

Scheme 2.

Moderate or low concentrations of additives have a significant effect on the percolation
threshold (Garcfa-Rio, L. 1994). In the literature there are a large amount of studies about the
influence of different additives in general (Garcia-Rio et al., 1997; Moulik et al., 1999; Hait et
al., 2001; Hait et al., 2002a; Dasilva-Carvalhal et al., 2003; Dasilva-Carvalhal et al., 2005;
Dasilva-Carvalhal et al., 2006, Arias-Barros et al., 2010) and, in particular, amphiphilic
additives upon the percolation phenomena and the internal dynamics of microemulsions
(Nazario et al., 1996, Nazario et al., 2000; Garcia-Rio et al., 2000; Garcia-Rio et al., 2005; Cid-
Samamed et al., 2008). The additives that increase the “rigidity” of the membranes increase
the value of the percolation threshold of a microemulsion, (Ray et al., 1993), while those that
make them more flexible favour the process (Mathew et al., 1988; Ray et al., 1993). In this
sense, the addition of cationic surfactants to AOT-based microemulsions causes an increase
in the percolation temperature while the addition of nonconjugated bile hydroxy salts has
the opposite effect (Ray et al., 1993).

Regarding the influence of amphiphilic additives upon the electrical percolation of AOT-
based microemulsions, previous studies in our laboratory have examined the influence of n-
alkyl amines (Garcia-Rio et al., 2000) which exhibit a linear dependence of the percolation
temperature with the amine chain length, and therefore with the hydrophobicity of the
amines. However, the influence of sodium alkyl sulfonates on the electrical percolation of
AQT-based microemulsions exhibit a bimodal behaviour according to which a group of
alkyl sulfonates increase the percolation temperature (Cs-Cs), only to subsequently decrease
it (Ce-Cis) (Garcia-Rio et al., 2005)

In the present chapter, the analysis of the influence of 1-n-alcohols and 2-n-alcohols upon
the electric percolation of AOT/isooctane/water microemulsions is reported.
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2. Experimental procedure
2.1 Materials and methods

AQOT was supplied by Aldrich (purity 98%), prior to use it was kept in a vacuum desiccator
for two days to minimize the water content due to its hygroscopic nature. It was used
without any further manipulation. Fluka and Sigma-Aldrich supplied additives, with
highest purity commercially available (between 97-99%) were employed.

Microemulsions were made "in situ": once microemulsion was prepared by mixing of its
three components (water, isooctane, AOT), an adequate amount of organic additive was
added (determined by weighing), to obtain the desired concentration of additive. The
solution was stirred and heated to achieve a homogenous and isotropic sample. Then the
conductivity of samples were measured as a function of temperature. In this study,
composition of microemulsions was kept constant, being the values of [AOT] equal to 0.5 M
(referred to total microemulsion volume), and W=[AOT]/[H,O]=22.2. Water used for
microemulsions was distilled-deionized, with a conductivity value around 0.10-0.15 puS cm-1.

Microemulsions were introduced in 50 mL containers and were properly sealed up for
thermostatization. A Teflon bar with magnetic core was used for stirring of the system to
maintain a homogenous medium; the system was properly sealed with a lid with two
openings, one of them to introduce an electrode and the other one to insert a thermometer to
determine the electric conductivity and the temperature of the sample in each moment. The
cell with the sample was immersed in a mixed ethanol-water bath, and temperature was
measured simultaneously with electrical conductivity. A scheme of the experimental system
is shown in the Figure 1.

Thermostatic Bath

[ — contoller

CRISON
GPL32
CONDUCTIVIMETER

Thermostatic

Magnelic Stirrer o bath
NMagnetic Field
generator

probe PT 100

Fig. 1. Experimental equipment
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The electrical conductivity was measured using a Crison GPL 32 conductiometer with a cell
constant of 0.0109 cm. The conductiometer was calibrated using standard solutions of KCI
supplied by the apparatus manufacturer with following concentration and specific
conductivity: [KCI]=0.0100 mol dm?3, x=1.143x10°Q1cm? (k=1143uScm?) at 25 °C and
[KCI]=0.100mol dm-3, k=1.288x102 Qlem?(xk=12.88 mScm?) at 25 °C. Conductivity
measurements were carried out using a thermostatic-cryostatic Teche TE-8D RB-5 to control
the medium temperature, achieving an accuracy of £0.1 °C.

Percolation temperature has been obtained experimentally, observing the variation of
conductivity with temperature (Figure 2) (Kim & Huang, 1986). Percolation threshold was
obtained by analyzing the trace conductivity/temperature using the Boltzmann Sigmoidal
Equation (BSE) proposed by Moulik (Hait et al., 2002b).

2
100 -
- 15
= 10 i z
Q 411 %
S 1 =
1 3
- 05
0,1 . . 0
15 30 45 60
T/°C

Fig. 2. (O) Determination of percolation temperature, T, by Moulik and Papelu procedure
(Hait et al., 2002b). Solid line fits the adjustment of experimental data to SBE equation. (@)
Determination of percolation temperature, T, by Kim and Huang procedure (Kim &
Huang, 1986). In both cases adjustments correspond to w/o de AOT/iCgs/H,O
microemulsions ([AOT]=0.5M, W=22).

Determinations of maximum water capacity of microemulsion have been carried out by
addition of appropriate volumes of water to sample with well-known AOT and isooctane
quantities under agitation, and until permanent turbidity was observed. The samples thus
prepared were stored at 25 °C.

3. Results
3.1 Geometry of additives

The geometry of different additives employed in our study were optimized by MM2
(molecular mechanics), using a commercial program, CS ChemBats3D Pro 4.0, supplied by
Cambridge Soft Corporation based on QCPE 395 (Burkert & Allinger, 1982; Allinger, 1977).
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Chemical structures, of 1-n-alcohols and 2-n-alcohols studied, are shown in Scheme 3. Table
1 shows the values of chain length and head group area for each additive obtained from
MM2 calculations.

\/ OH /\/OH \/\/ OH
1-n-ethanol 1-n-propanol 1-n-butanol

A MOH E\/\/O”

1-n-pentanol 1-n-hexanol L-n-heptanol

C/\/OH OH @/OH

1-n-octanol 1-n-nonanol 1-n-decanol

1AL L

2-n-pentanol

2-n-propanol 2-n-butanol
H
K\/OHK E\)OH\ |
2-n-hexanol 2-n-heptanol 2-n-octanol
C{H\ C%
2-n-nonanol 2-n-decanol

Scheme 3.
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Additive 1-n-Alcohol Number of C atoms | ag/ A2 I/ A
1-n-Ethanol 1CG 2.16
1-n-Propanol 1G5 3.48
1-n-Butanol 1C4 4.84
1-n-Pentanol 1Cs 6.14
1-n-Hexanol 1Cs 1.34 7.30
1-n-Heptanol 1C; 8.70
1-n-Octanol 1Cs 9.40
1-n-Nonanol 1Co 11.20
1-n-Alkanols 1-n-Decanol 1Cyo 12.35
2-n-Propanol 2G; 216
2-n-Butanol 2C, 3.48
2-n-Pentanol 2Cs 4.84
2-n-Hexanol 2Cs 6.14
1.86
2-n-Heptanol 2Cy 7.30
2-n-Octanol 2Cg 8.70
2-n-Nonanol 2C 9.40
2-n-Alkanols 2-n-Decanol 2Cqo 11.20

Table 1. Values of critical length of chain and head group area obtained from MM2
calculations for each of the amphiphiles used as additives.

3.2 Influence of 1-n-alcohols upon the electric percolation

The effect of several 1-n-alcohols upon percolation phenomenon has been reported. The
addition of these 1-n-alcohols (1-n-ethanol [1C;], 1-n-propanol [1Cs], 1-n-butanol [1C4], 1-n-
pentanol [1Cs], 1-n-hexanol [1Cs], 1-n-heptanol [1C7], 1-n-octanol [1Cg], 1-n-nonanol [1Co], 1-
n-decanol [1Cy]) to AOT/alkane/water microemulsions has been studied, analyzing the
effect of additives concentration on percolation temperature. Chemical structures of these
compounds are shown in Scheme 3.

Concentrations used were [Cy]= 0.05, 0.1, 0.25 and 0.5 M referred all of them to the water
volume of the microemulsion. In some cases the concentrations range were not completed
because of the addition of this additive concentration implies microemulsions
destabilization. The percolation temperature values of each specific case were obtained
keeping constant the composition of the microemulsion ([AOT]=0.5M and W= 22.2) and
varying the additive concentration, as detailed in the experimental procedure section.
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In the following figures 3 to 6 the effect of above-mentioned concentrations of 1-n-alcohols
can be observed. As we can see in Figures 3 and 4, the observed behaviour of 1-n-alcohols
upon the percolation temperature presents a decrease in percolation temperature when
increasing the additive concentration studied, it occurs for alcohols which the number of
carbon atoms of the alcohol studied is lower than 3. By contrast, the behaviour would be
reversed when the alcohol studied has a number of carbon atoms higher than 3, as we quote
in Figures 5 and 6. Numerical values of percolation temperature obtained for each alcohol
and each concentration are listed in Table 2.

60 -

Tp/°C
T

40

[1Cn]/M

Fig. 3. Influence of 1C; upon electric percolation temperature of AOT/iCs/H>O
microemulsions

60 -

Te/°C
T

40

20 I | I | I

[1Cn]/M

Fig. 4. Influence of 1Cs upon electric percolation temperature of AOT/iCs/H,O
microemulsions with [AOT]= 0.5 M and W= 22.2
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Fig. 5. Influence of 1C7 upon electric percolation temperature of AOT/iCs/H>O
microemulsions with [AOT]= 0.5 M and W= 22.2
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Fig. 6. Influence of 1Cyo upon electric percolation temperature of AOT/iCs/H>O
microemulsions with [AOT]= 0.5 M and W= 22.2

3.3 Influence of 2-n-alcohols upon the electric percolation

As in the previous section, the effect produced by different 2-n-alcohols (2-n-propanol [2C3], 2-
n-butanol [2C4], 2-n-pentanol [2Cs], 2-n-hexanol [2C¢], 2-n-heptanol [2C7], 2-n-octanol [2Cs], 2-
n-nonanol [2Co], 2-n-decanol [2Cyg]) to AOT/alkane/water microemulsions upon percolation
have been analyzed. Chemical structures of these additives are shown in Scheme 3.

In this case, additive concentrations used were [Cy]= 0.05, 0.1, 0.25 and 0.5 M referred all of
them to the water volume of the microemulsion. As quote above, in some cases the
concentration ranges were not completed. In this case, an increase in percolation
temperature as a function of chain length of the alcohol is observed for all alcohols and all
concentration ranges (Table 2).
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It must be underlined that this behaviour contrasts with the one that is observed in the case
of 1-n-alcohols (vide supra), where there is not a decrease of the percolation temperature
with increasing of additive concentration for chain length values lower than 3.

4. Discussion
4.1 Influence of concentration upon electric percolation

In Table 2 we present the values obtained for electric percolation temperature of
AOT/iCg/water microemulsions in the presence of each alcohol. In Figures 7 and 8 the
influence of the concentration of 1C,and 2C, on the percolation temperature AOT/iCg/water
microemulsions are depicted. A linear trend can be observed in percolation temperature with
the concentration of additives such as 1-n-alcohols and 2-n-alcohols. A comparison of these
two graphs allows us to report a different behaviour between 1-n and 2- n-alcohols,

60
e
F a0
20 ! | ! | !
0 0,2 0,4 0,6
[1Cn]/M

Fig. 7. Influence of the concentration of 1C, on the percolation temperature AOT/iCs/water
microemulsions. [AOT]=05M, W =222,

64
56
o 8
® 4
32

[2C] /M

Fig. 8. Influence of the concentration of 2C, on the percolation temperature AOT/iCs/water
microemulsions. [AOT]=0.5M, W =22.2.
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although in them, the slope of the growing dependence occurs by increasing the value of n.
In both cases, as it was reported, the percolation temperature increases linearly with
additives concentration. However, in the case of 1-n-alcohols, and for values of n<3 a
negative slope it is observed, i.e. increasing alcohol concentration is a decrease in
temperature of percolation (Figure 7). For values of n=3 the percolation temperature is
almost independent of the chain length (Figure 7), ultimately for values of n>3 the
behaviour is completely analogous between 1-n and 2-n-alcochols (Figure 7). In the case of
2-n-alcohols, an increase in percolation temperature as a function of chain length of the
alcohol is observed at a constant additive concentration (Figure 8). This behaviour contrasts
with the one that is observed in the case of 1-n-alcohols (Figure 8), where there is not a
decrease of the percolation temperature with increasing of additive concentration for chain
length values lower than 3. This behaviour would be associated with the polarity of the
molecules and hence to the different distributions among the three different domains of the
microheterogeneous system and their insertion at the interface as a co-surfactant.

1C, [1C.] / M T,/ °C
0.05 34.4
0.10 335
1G 0.25 32.7
0.50 275
0.05 34.6
0.10 345
1G5 0.25 34.0
0.50 30.3
0.05 35.1
0.10 37.2
1C, 0.25 37.0
0.50 37.3
0.05 36.3
0.10 38.0
1G5 0.25 39.3
0.50 39.9
0.05 37.3
0.10 39.3
1Cs 0.25 434
0.50 441
0.05 374
0.10 39.3
1G 0.25 44.4
0.50 46.9
0.05 38.0
0.10 40.5
1Cs 0.25 473
0.50 50.4
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1Cn [1C.] / M T, / °C
0.05 38.9
0.10 42.6
1G 0.25 475
0.50 50.6
0.05 39.5
0.10 429
1Cyo 0.25 49.6
0.50 54.6
2C, [2C.] /M T,/ °C
0.05 27.0
0.10 27.6
2Gs 0.25 29.7
0.50 31.7
0.05 30.3
0.10 31.1
2C, 0.25 33.5
0.50 38.1
0.05 33.4
0.10 34.7
2Gs 0.25 37.8
0.50 43.0
0.05 35.7
0.10 37.8
2Cs 025 411
0.50 487
0.05 38.9
0.10 40.9
2G 0.25 465
0.50 m/r
0.05 411
0.10 43.4
2Cs 0.25 m/r
0.50 m/r
0.05 428
0.10 453
2C 0.25 m/r
0.50 m/r
0.05 455
0.10 48 4
2C0 0.25 m/r
0.50 m/r

m/r: no stable microemulsion

Table 2. Continued
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4.2 Influence of chain length upon electric percolation

In Figure 9 one can see the effect exerted by the hydrocarbon chain length of the 1-n-alcohols
upon percolation temperature at a constant concentration of additive. Similar behaviour has
been found for 2-n-alcohol. Taking into account the obtained results we highlight two
aspects, the first is the fact that the slope of the experimental curve of t, vs n grows with
increasing additive concentration. This result is consistent with the one obtained when
studying the effect of additive concentration upon the percolation threshold for each one of
the alcohols studied.

50

45

40

tn/°C

35

30
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Fig. 9. Influence of n (number of carbon atoms) upon t, in the addition of [1C,] to
AOT/iCs/H0 microemulsions [AOT]= 0.5 M, W= 22. [1Cn]=0.05 M, [1Cn]=0.1 M,
[1Cn]=0.25 M & [1Cn]=0.50M

This behaviour observed would be due to the solubilisation of the alcohol between the
interface and the aqueous phase in the case of low concentrations and low chain lengths; the
majority solubilisation of the alcohol at the interface in the case of moderate concentrations
of additive and moderate and high chain lengths; and the partial solubilisation of the
alcohol at the organic phase in the case of high concentrations.

4.3 Comparison of results

As quote above, a different behaviour between both alcohol families was reported. In both
cases as it was reported the percolation temperature increases linearly with additives
concentration and the growing dependence of percolation temperature with alcohol
concentration occurs by increasing the value of n. However, in the case of 1-n-alcohols, there
are three different behaviours as a function of alcohol chain length (for n<3 implies a negative
slope, for values of n=3 the percolation temperature is almost independent of the chain length
and, for n>3 the slope is positive).

This behaviour would be associated with the polarity of the molecules and hence to the
different distributions among the three phases of the microemulsion and their insertion at the
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interface as a co-surfactant. In this sense to rationalize this behaviour, it is necessary to know
the polarity of these molecules. The values of the logarithm of the partition coefficient between
1-n-octanol and water of these molecules are shown in Table 5. This parameter is accepted as a
plausible way to quantify the polarity of a molecule. This parameter is often accepted as a
plausible way to quantify the polarity of a molecule. The observed differences in polarity
between 2-n-alcohol and 1-n-alcohols can be noticed for example for a chain length of n=2, 2-n-
propanol has a logP=016 while the 1-n-etanol its analogue has a logP=- 0.19.

Other point that must be underlined is the fact that there are two different head-groups with
different head-group area, because the 1-n-alcohols would present a head-group area of 5.64
A2 , versus 10.86 A2 head-group area of the 2-n-alcohols. Thus, the correlation between the
logP values and the effect exerted on percolation temperature of the system is shown in
Figure 10. Analogous correlation ship can be plotted for 2-n-alcohols.

2Cy Log P
2G; 0.160
2Cy 0.691
2GCs 1.223
2Cs 1.754
2C; 2.285
2Cs 2.817
2Cy 3.348
2Cy0 3.879

Table 3. logP values for several used 2-n-alcohols
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Fig. 10. Influence of hydrocarbon chain length of 2-n-alcohol upon the percolation
temperature of AOT/iCs/H,0 microemulsions. [AOT]= 0.5 M and W= 22.2, [2Cn]= 0.05
dtp:tpadditive-tp
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5. Conclusions

The investigation of the behaviour of 1-n-alcohols on the percolation temperature showed that
for the values of n<3 the percolation temperature decreases with increasing the concentration
of alcohol added, while, on the contrary, values of n>3 the behaviour would be reversed.

In the same way we have proceeded to study the behaviour of 2-n-alcohols on percolation
temperature, obtaining different effects: at low concentrations and short chain lengths we
observed an advancement of the percolation temperature, while alcohols with moderate and
long-chain lengths showed that there is a delay in the temperature of percolation. This
behaviour is clearly different to the results observed for 1-n-alcohols

It must be remarked that the behaviour observed for these two families of additives is quite
different to the corresponding one of other amphiphilic molecules studied previously in our
research team, as n-alkyl amines (Garcia-Rio et al., 2000), sodium alkyl-sulphates (Garcia-
Rio et al., 2005) or n-alkyl acids (Cid-Samamed et al., 2008)

The behaviour of these studied systems is justified differently depending on the polarity of
the molecules and the differences in solubility of the same in the various domains of
microemulsions: the solubilisation of the alcohol between the interface and the aqueous
phase at low concentrations and low chain lengths; solubilisation of the alcohol takes place
mainly at the interface for moderate concentrations of additive and moderate and high chain
lengths; and the partial solubilisation of the alcohol at the organic phase in the case of high
additive concentrations.

6. Acknowledgment

Antonio Cid Thanks FCT-MCTES (Portugal) to the Postdoctoral grant number
SFRH/BPD/78849/2011, and Oscar Moldes thanks the University of Vigo for a research
grant P.P. 00VI 131H 64103.

7. References

Allinger, N.L. (1977) Conformational analysis. 130. MM2. A hydrocarbon force field
utilizing V1 and V2 torsional terms. Journal of the American Chemical Society.
Vol.99, pp. 8127-8134.

Arias-Barros, S.I; Cid, A.; Garcia-Rio, L.; Mejuto, J.C. & Morales, ]. (2010) Influence of
polyethylene glycols on percolative phenomena in AOT microemulsions. Colloid and
Polymer Science, Vol. 288, pp. 217-221.

Atik,S.S.; Thomas, J.K. (1981) Transport of photoproduced ions water in oil microemulsion:
Movement of ions from one water pool to another. Journal of the American Chemical
Society, Vol.103, pp.3543-3550.

Burkert, U. & Allinger, N.L. (1982) Molecular Mechanics; American Chemical Society:
Washinton, DC.

Cid-Samamed, A; L. Garcia-Rio,L.; D. Ferndndez-Gandara, D.; Mejuto, J. C.; Morales, . &
M. Pérez-Lorenzo, M. (2008) Influence of n-alkyl acids on the percolative
phenomena in AOT-based microemulsions. Journal of Colloid and Interface Science,
Vol.318, pp. 525-529.

Dasilva-Carvalhal, J.; Carcia-Rio, L.; Gémez-Diaz, D.; Mejuto, ].C. & Rodriguez-Dafonte, P.
(2003) Influence of Crown ethers on the electrical percolation of
AOT/isooctane/water (w/0) microemulsions. Langmuir, Vol.19, pp. 5975-5983.



Influence of Linear Aliphatic Alcohols upon the
Electric Percolation of AOT-Based Microemulsions 81

Dasilva-Carvalhal, J.; Garcia-Rio, L.; Gémez-Diaz, D.; Mejuto, ].C. & Perez-Lorenzo, M. (2005)
Influence of glymes upon percolative phenomena in AOT-based microemulsions.
Journal of Colloid and Interface Science, Vol.292, pp. 591-594.

Dasilva-Carvalhal, J.; Ferndndez-Géndara, D.; Garcfa-Rio, L.; Mejuto, J.C. (2006) Influence of
aza crown ethers on the electrical percolation of AOT/isooctane/wéter (w/o)
microemulsions. Journal of Colloid and Inteface Science, Vol.301, pp. 637-643.

Eastoe,].; Robinson ,B.H., Steyler, D.C. & Thorn-Leeson, D. (1991) Structural studies of
microemulsions stabilised by aerosol-OT. Advances in Colloid and Interface Sience,
Vol.36, pp. 1-31.

Garcia-Rio, L.; Leis, ].R;; Mejuto, J.C. & Pefia, MLE. (1994) Effects of additives on the internal
dynamics and properties of wéter/AOT/isooctane microemulsions. Langmuir,
Vol.10, pp. 1676-1683.

Garcia-Rio, L.; Hervés, P; Leis, ].R. & Mejuto, J.C. (1997) Influence of Crown ethers and
macrocyclic kryptands upon the percolation phenomena in AOT/isooctane/H>O
microemulsions. Langmuir, Vol.13, pp- 6083-6087.

Garcia-Rio,L.;Hervés, P.; Mejuto,]. C.; Pérez-Juste, ]. & Rodriguez-Dafonte,P. (2000)Effects of
Alkylamines on the Percolation Phenomena in Water/AOT/Isooctane
Microemulsions. Journal of Colloid and Interface Science,Vol.225, pp. 259-26

Garcia-Rio, L.; Mejuto, J.C.; Perez-Lorenzo, M.; Rodriguez-Alvarez, A. & Rodriguez-Dafonte,
P.(2005) Influence of anionic surfactants on the electric percolation of
AOT/isooctane/water microemulsions. Langmuir, Vol.21, pp. 6259-6264.

Hait, S.K.; Moulik, S.P.; Rodgers, M.P.; Burke, S.E. & Palepu, R. (2001) Physicochemical studies
on microemulsions. 7. Dynamics of percolation and energetics of clustering in
water/ AOT/isooctane and water/ AOT/decane w/o microemulsions in presence of
hydrotopes (sodium salicylate, alfa-naphthol, beta-naphthol, resorcinol, catechol,
hydroquinone, pyrogallol and urea) and bile salt (sodium cholate). Journal Physical
Chemistry B, Vol.105, pp. 7145-7154.

Hait, SK,; Sanyal, A. & Moulik, S.P. (2002a) Physicochemical studies on microemulsions. 8.
The effect of aromatic methoxy hydrotropes clustering and understanding of the
dynamics of conductance percolation in water/oil microemulsion systems. Journal of
Physical Chemistry B, Vol.106, pp. 12642-12650.

Hait, S.K.; Moulik, S.P. & Palepu, R. (2002b) Refined method of assessment of parameters of
micellization of surfactants and percolation of W/O microemulsions. Langmuir.
Vol.18, pp 2471-2476.

Jada, A,; Lang, J. & Zana, R. (1989) Relation between electrical percolation and rate constants
for exchange of material between droplets in water in oil microemulsions. Journal of
Physical Chemistry, Vol.93, pp.10-12.

Jada, A; Lang, J.; Zana, R.; Makhloufi, R.; Hirsch, E. & Candau, S.J. (1990) Ternary water in oil
microemulsions made of cationic surfactants, water, and aromatic solvents. 2. Droplet
sizes and interactions and exchange of material between droplets. Journal of Physical
Chemistry, Vol.94, pp. 387-395.

Kim, M\W. & Huang, ]S. (1986) Percolation-like phenomena in oil-continuous
microemulsions. Physical Review A. Vol.34, pp. 719-722.

Lang, J; Jada, A. & Malliaris, A. (1988) Structure and dynamics of water-in-oil droplets
stabilized by sodium bis(2-ethylhexyl) sulfosuccinate. Journal of Physical Chemistry,
Vol.92, pp. 1946-1953.

Lang, J; Mascolo, G; Zana, R. & Luisi, P.L. (1990) Structure and dynamics of
cetyltrimethylammonium bromide water-in-oil microemulsions. Journal of Physical
Chemistry, Vol.94, pp. 3069-3074.



82 Microemulsions — An Introduction to Properties and Applications

Maitra, A.; Mathew, C. & Varshney, M. (1990) Closed and open structure aggregates in
microemulsions and mechanism of percolative conduction. Journal of Physical
Chemistry, Vol.94, pp. 5290-5292.

Mathew, C.; Patanjali, P.K.,, Nabi, A. & Maitra, A. (1988) On the concept of percolative
conduction in water-in-oil microemulsions. Colloids and Surfaces, Vol.30, pp. 253-263.

Moulik, S.P.; De, G.C,; Bohwmik, B.B. & Panda, AK. (1999) Physicochemical studies on
microemulsions.6. Phase behavior, dynamics of percolation, and energetics of droplet
clustering in water/ AOT/n-heptane system influenced by additives (Sodium cholate
and sodium salicylate) Journal of Physical Chemistry B, Vol.103, pp. 7122-7129.

Nazério, L.M.M., Hatton, T.A.& Crespo, J.P.S.G. (1996) Nonionic cosurfactants in AOT
reversed micelles: Effect on percolation, size, and solubilization site. Langmuir,
Vol.12, pp. 6326-6335.

Nazario, LM.M., Crespo, ].P.S.G., Holzwarth, ].F.& Hatton, T.A. (2000) Dynamics of AOT and
AOT/nonionic cosurfactant microemulsions. An iodine-laser temperature jump
study. Langmuir, Vol.16, pp. 5892-5899.

Ray, S., Bisal, S.R., Moulik, S.P. (1993) Structure and dynamics of microemulsions. Part 1. Effect
of additives on percolation of conductance and energetics of clustering in water-
AOT-heptane microemulsions. Journal of the Chemical Society, Faraday Transactions,
Vol.89, pp. 3277-3282.



4

Predictive Modeling of Microemulsion
Phase Behaviour and Microstructure
Characterisation in the 1-Phase Region

Deeleep K. Rout’, Richa Goyal, Ritesh Sinha,

Arun Nagarajan and Pintu Paul
Unilever R&D India, Whitefield, Bangalore, Karnataka
India

1. Introduction

Microemulsions are dispersions of water and oil stabilized by one or mixtures of surfactants.
The key differentiators from other dispersions are: (i) domain size of the dispersed phase is
of the order of 5-100 nm in size (Schulmann et al., 1959); (ii) thermodynamically stable
(Zana, 1994), and (iii) optically isotropic (Danielsson and Lindman, 1981). Commonly
observed structures are: oil in water (o/w), water in oil (w/0) and bicontinuous (Scriven,
1976). Microemulsion formation has proven to be an effective approach in enhancing oil
solubilisation and reducing oil-water interfacial tension (IFT) in many industrial
applications. Examples include enhanced-sub surface remediation (Harwell et al.,, 1992;
Brusseau, 1999) , drug delivery (Djordjevic et al., 2004; Kogan & Garti, 2006; Ghosh et al. ,
2006), detergency (Rosen, 2004; Srivastava et al., 2006; Solans & Kuneida, 1996, Tongcumpou
et al., 2006) and nano particle synthesis (Sjoblom et al., 1996). Forming an efficient
microemulsion system requires an equal balance between surfactant-oil and surfactant-
water interactions, which has proven to be a very challenging task for certain types of oils
(e.g., vegetable oils and triglycerides) (Miller, 1991; Minana-Perez, 1996). In addition,
different applications require specific degrees of solubilisation and IFT reduction. It is no
surprise, then, that formulating microemulsions for specific industrial use has been referred
as both an art and science (Salager, 2006). This is because microemulsion design requires not
only a great understanding of molecular interactions, but also a deep understanding of
thermodynamic principles (Bourel & Schechter, 1998).

Microemulsions are also known to be effective vehicles for solubilization of certain drugs
and as protecting medium for the entrapped drugs from degradation, hydrolysis and
oxidation. They can also provide prolonged and controlled release of the drug and prevent
irritation despite the toxicity of the drug. Besides, enhanced drug penetration through the
skin via microemulsion vehicles is also known (Kogan & Garti, 2006).

In order to investigate the potential of microemulsions as efficient solubilizer as well as
delivery vehicles, it is necessary to characterize their microstructures as well as the locus of the
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drug or targeted molecule in the loaded microemulsion. Due to the complexity of the
microemulsions and the variety of structures and components involved in the construction of
the microstructure, as well as the limitation associated with each technique, the
characterization of such structures is a rather difficult task. Some of the major methods
relevant to the characterization of the microemulsions include viscosity (Bennett et al., 1992;
Zu & Neuman, 1998; Angelico, 1998; Ray, 1994; Djordjevic, 2004; Paul, 2000; Feldman et al.,
1998) , electrical conductivity measurements (Bennett et al., 1992, Zu & Neuman, 1998;
Feldman et al., 1998; D’Angelo et al, 1996; Moulik et al, 2000; Feldman et al., 1996;
Mukhopadhyay et al., 1996,1993; Ray et al., 1996,1993; Moulik et al., 1999; Hait et al., 2001,
2002) as well as more advanced methods such as cryo-TEM (Talmon, 1986; Regev et al., 1996;
Magdassi et al., 2003), pulsed gradient spin echo (self-diffusion) NMR (Magdassi et al., 2003;
Fanun et al., 2001; Spernath et al., 2003), light scattering (Kang et al., 2004; Porras et al., 2004),
small angle X-Ray scattering (SAXS) (Bagger et al., 1997; Brunner-Popela et al., 1999; Yaghmur
et al., 2004) and small angle neutron scattering (SANS) (Silas & Kaler, 2003; Pedersen, 2004).

Modeling the microemulsion phase transition behavior and the effect of structural
parameters of compositions (surfactant structures, e.g., packing parameter, interaction
parameters of surfactant mixtures, alkane number of oil ); electrolytes (type,
lyotropic/hydrotropic number etc.) on phase behavior would considerably reduce
experimental effort and time to obtain microemulsion systems. Although a large body of
work is available in the area of predictive theoretical models of microemulsion phase
behavior, predictive modeling of phase behavior dealing with real (commercial)
systems/formulations is still a formidable challenge. Several theories have been proposed
based on thermodynamic models (Andelman et al., 1987; Safran et al., 1986; Widom, 1996) ;
Winsor-R ratio (Bourrel, M., & Schechter, 1988); packing parameter (Israelachvilli et al.,
1976); hydrophilic-lipophilic balance (HLB) (Griffin, 1949); phase inversion temperature
(PIT) (Shinoda & Saito, 1969); ultra-low interfacial tension (De Gennes & Taupin,1982);
spontaneous curvature and bending elasticity (Hyde et al., 1997; Helfrich, 1973) and
hydrophilic-lipophilic-deviation (HLD) model (Salager, 2006). Apart from thermodynamic
models, as referred above, all other models are either empirical or semi-empirical models.
Although, most molecular models provide an excellent qualitative predictive ability,
quantitative differences exist between theory and experiment, which is attributed to a lack
of exact consideration of chemical compositions in a surfactant mixture or oil mixture,
mostly used for formulation developments.

Once, the condition for microemulsion is known or predicted, experimentalists and applied
scientists determine its phase behavior to gain a deeper understanding of the effect of various
molecular parameters (surfactant, oil and co-surfactant types and their compositions) as well
as field variables (e.g., temperature, electrolyte concentration etc..) on phase changes. Different
experimental methods were devised to determine phase diagrams most effectively (Kahlweit
Fish diagrams) (Kahlweit, 1988) as well as Shinoda diagrams (Olsson et al., 1986). Kahlweit
fish diagram is most widely used in the literature due its simplicity and useful information it
provides (minimum concentration of surfactant needed to co-disperse equal amount of water
and oil; minimum amount of surfactant needed to form a microemulsion; phase space to be
considered for picking of a formulation). Tricritical point (i.e., an unique point in the phase
space, signifying the most efficient co-dispersion of oil and water), where three distinct phases
(phase separated 2-phases (¢), 1-¢ microemulsion and a 3-¢ body co-exists) can be obtained
from the fish diagram as well. As per the phase rule, there is an unique tricritical point for a
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three-component system, a line of tricritical points for a four-component system and similarly,
a 3-D space of tricritical points in a five component system etc..

2. Experimental techniques and materials

2.1 Electrical conductivity scans to determine the optimum salinity as well as 1-¢
microstructure

DC electrical conductivity measurements to detect the phase inversion (from oil in water to
water in oil) were carried out using a Orion (Model 150) conductivity probe immersed in a
well stirred-thermally jacketed vessel at 28 °C. Stirring was facilitated using a Spinot
magnetic stirrer and temperature was maintained using a water bath (Haake 3). Phase
inversion composition, i.e., the electrolyte concentration (e = salt/(salt + water)) was thus
determined at various R (= oil/(water+oil) values. Electrical conductivity values of 1-¢
microemulsions at different R values are also measured using the same set up.

AC electrical conductivity measurements were made using a Hewlett Packard 4285A
Precision LCR Meter at 75 KHz to 5 MHz frequency. Electrical conductivity data obtained at
75 KHz frequency is used for microstructure characterization. The choice of 75 KHz
frequency is based on the fact that this frequency is high enough to prevent space charge
contributions and low enough to allow ionic effects contributing to the final conductance
values. A home-made liquid cell with a cell constant of 0.73 was used. Temperatures were
maintained using the Julabo F25 water circulator.

2.2 Determination of microemulsion phase behavior

Iso-thermal microemulsion phase diagrams (or “fish diagrams”) at various R values were
determined by visual inspection of samples/mixtures after equilibration. The samples were
weighed into centrifuge tubes and sealed. An oil blend of Caprylic Acid and light liquid
paraffin oil (LLPO) in the ratio 0.5:9.5 (wt/wt) was used. Commercial linear Lauryl alcohol
ethoxylates Ci2.1sEO«s> and Ci245EO<7> were taken in the ratio 1:9 (wt/wt) as its cloud point
corresponded to near ambient temperature conditions of 30-33°C. The contents in the
centrifuge tubes were well mixed using a Spinix vortex mixture and centrifuged in a Remi (R
24) Research Centrifugation facility at 7000 rpm for 30 minutes at a pre-determined
temperature. The presence of phase types (2-¢, 3-¢ and 1-¢) was ascertained by visual
inspection. In addition, the transition between 2¢ and 2 ¢ was detected by e-conductivity
measurements as and when appropriate. Shinoda diagrams are also determined by visual
inspection of the liquid mixture after equilibrating the samples in a graduated Tarsons plastic
tube for a few hours in a water bath.

2.3 NMR self-diffusion measurements

NMR measurements was performed on Bruker AV 400 spectrometer with Gradient
Amplifier Board (GAB) and a 5 mm BBFO (Broad Band Fluorine Observe) probe equipped
with a z-gradient coil, providing a z-gradient strength (G (Gauss)) of up to 55 Geml. The
self-diffusion co-efficient of oil (1.3 ppm) and water (4.7 ppm) were determined at required
temperatures (28 + 0.5°C) by monitoring the 1H signal using bipolar pulsed field gradient
stimulated spin echo (BPFG-SSE) technique. Bipolar gradient pulse was used to reduce the
eddy current effects (Wu et al.,, 1995). The pulse sequence consists of two radio frequency
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pulses, a 90° and 180° pulse separated in time by tau (t). At the time 27, the set up produces
an echo. In order to measure the self-diffusion, magnetic field gradients are applied as two
short pulses with equal duration, one between 90° and 180° pulse and the another between
the 180° and the spin echo. If the molecules under study diffuse between the two field
gradient pluses, the spin-echo intensity will decrease compared to when the experiment is
performed without a field gradient. Experiments were carried out by varying the gradient
strength and keeping the other timing parameters constant (Borkovec et al., 1996). Typically,
the values used in the experiment are, A = 500 ms, & = 6.2 ms and G is varied from 1.8 -18
Gem ! in 32 steps. The self-diffusion co-efficient (D) is given by,

I'=1loexp(y?G?62(A—3)D) 1)

where, I is the measured signal intensity, I, is the signal intensity in the absence of field
gradient pulses (G = 0), y is the gyromagnetic ratio for the 1H nucleus, 6 is the gradient pulse
length, A is the time between the two gradients in the pulse sequence (Diffusion time) and D
is the self diffusion coefficient of the component.

2.4 Rheology and viscosity measurements

Viscosity measurements were carried out using a Carrimed CSL5% controlled stress
rheometer. An acrylic-make cone and plate geometry was used to measure viscosity as a
function of shear rate/stress. The viscosity values recorded at a shear rate of 20 S-1 are used
to compare across different R values.

2.5 Light scattering measurements

The aggregate size of the dispersed phase as well as the correlation length between water
and oil domains was measured using light scattering goniometer (Brookhaven Instrument
Corporation). The laser (\=488nm) was produced by an Argon ion laser emitter (Lexel Laser
Inc), and the scattered light was detected at 30, 60, 90, 105, 120 and 150° by a photo
multiplier (Brookhaven Instrument Corporation). The temperature was maintained at 28 +
0.1 °C using a temperature controlled water bath (Grant Ltd). The samples were filtered
using 0.45 micron filters into pre cleaned vials (washed with methanol) supplied by
Brookhaven Instrument Corporation. The viscosity for o/w microemulsions, i.e. from R =0
to R = 0.4, was taken as that correspond to 15 % by wt. brine (2.62 CP) solution. Similarly, for
bicontinuous samples i.e. from R = 0.43 to R = 0.52, a weighted average viscosity of oil and
brine was taken and for w/o microemulsion, i.e. from R = 0.6 to R = 0.9, viscosity of oil
system, i.e., 19 CP, was considered for estimating correlation length of oil/water domains
from light scattering experiments. The refractive index of the particles was chosen as 1.47
while the refractive index of the medium was kept as 1.33 (refractive index of water). The
data were analysed by using the CONTIN algorithm.

2.6 Materials

Most surfactants as well as all chemicals, used in the present work, were of LR grade and were
used without any further purification. Sodium linear alkyl benzene sulphonates (NaLAS) was
prepared in the lab by neutralizing the corresponding acid (97 % purity) with NaOH (99.9 %
pure, Sigma-Aldrich). The final concentration of the surfactant was determined by
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conventional hyamine titration. The surfactant amount in the final product was found to be 82
% of the NaLAS, and the rest has been 16 % by wt. water and 2 % sodium sulphate and other
organic impurities. Sodium salt of alkyl ether sulphate (C12EO2.5504Na, 70 % aq. paste), was
obtained from Galaxy surfactants, Mumbai, India and used as received. Imbentin OA /030 (2-
ethyl ethoxylated hexanol, 99 % pure) was obtained from Kolb, Singapore. Linear Lauryl
alcohol ethoxylates (Ci2.15 EO<3> and Cio.15 EO<7s, Galaxy Chemicals, India, commercial grade),
were used as received, without any further purification. Extended surfactant under the trade
name of Alfotera 145-4S (C12-Cy7, 4 moles propylene oxide (PO)), was purchased from Sasol,
Italy. Benzalkonium chloride was obtained from Sigma-Aldrich, India.

Various hydrocarbons such as d-limonene, octane, decane, dodecane were obtained from
Sigma Aldrich, India and tetradecane, hexadecane from Fluka, India. Methyl esters of fatty
acids were obtained from Proctor & Gamble Chemicals, USA. Light liquid paraffin oil
(LLPO, Beta Cosmetics, Silvassa, India, commercial grade) and Caprylic acid (Godrej
Industries, India, 80% commercial grade) were used as received. Inorganic salts used in the
study such as NaCl, KCl, fused CaCl,, MgCl,.6H>O, AlCl3, FeCl; were procured from Merck
India and were used without any further purification. In all the experiments, deionised
water (pH = 6.5) was used.

3. Hydrophilic lipophilic deviation (HLD) — Equivalent alkane carbon number
(EACN) model

A short overview of the history of HLD is given in a paper by Queste et al., 2007. As stated
there, the HLD is based on the determination of the so-called optimum formulation with
flexible interfacial films. At this optimum formulation composition, the surfactant affinity to
the polar and apolar pseudophases of a microemulsion is equal, meaning that the free
energy change of a surfactant molecule, when transferred from oil to water and vice versa, is
zero. As proposed by Salager et al, 2006, HLD is a dimensionless form of the
thermodynamically derived surfactant affinity difference (SAD) equation. For systems with
flexible interfacial films, this point is wusually found in a tri-phasic system
(oil/ microemulsion/water, or the Winsor III), when the oil-water interfacial tension is at the
lowest. Similarly a negative and positive value of HLD suggest the formation of Winsor
Type-I and Type II microemulsions respectively. Under the conditions of this optimum
formulation, the HLD value is set to zero. Any changes in the systems such as temperature;
type of surfactants; oil molecular weight; salt type and its amount; type and amount of co-
surfactants, will then lead to a departure from the reference state, i.e., either to a positive or
negative HLD value.

For nonionic surfactants and given aqueous and oil phases, the HLD value of the system is
defined from a practical approach as (Salager, 2006),

HLD,; = b(S) — k(EACN) — p(a) + a;AT + ¢ (2)

where, S = concentration of electrolyte (g/100 ml); k = characteristic parameter, depending
on type of surfactant head group; EACN = equivalent alkane carbon number; ¢ =
characteristic parameter, depending on type of co-surfactants; a = mass % of co-surfactant
(usually an alcohol); ar = temperature coefficient; AT = T - Tyt where T is temperature of
system and T is the reference temperature (25 °C) at which initially phase inversion is
obtained; o = Ccharacteristic curvature of the surfactant, which reflects the
hydrophilic/lipophilic nature of the surfactant or surfactant mixtures.
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For systems, containing anionic surfactants, the corresponding expression is (Salager, 2006)
HLD; = Ln (S) — k(EACN) — ¢(a) — a;AT + o (3)

The characteristic parameters ¢ and k can be determined experimentally for new and
unknown surfactants by varying, e.g., the salinity and searching for the equivalent
temperature shift that compensates the salinity shift. Similarly, the characteristic parameter,
b (for electrolyte) and ¢, for co-surfactants are determined experimentally.

Many a times, practical situations necessitate mixtures of anionic and nonionic surfactants to
achieve a desired result, e.g., reduction of the critical micellar concentration (CMC) of a
surfactant mixture (Rosen 2004; Shiloach & Blankschtein, 1998; Holland, 1983; Scamehorn,
1986), foam enhancement or reduction; Kraft temperature manipulation and skin irritancy
control (Rosen 2004; Shiloach & Blankschtein, 1998; Rodriguez , 1999; Theander et al. ,2003).
Attempt has been made to extend the HLD model to surfactant mixtures (Acosta & Bhakta,
2009) with the following expression,

HLD,, = X;. HLD; + Xy;. HLDy; + Gy /RT (4)

where the sub index ‘i’ represents the ionic surfactant and ‘ni” the nonionic surfactant. The
term G, /RT represents the excess free energy-non-ideality normalized by RT. Conceptually,
Gy reflects the excess free energy of transferring a mole of surfactant (in the mixture) from
the oil phase to the aqueous phase. Positive value of G,,/RT indicate that the real mixture is
more hydrophobic than the ideal mixture and vice versa.

At the optimum condition (HLD = 0), in the absence of any alcohols (for a microemulsion
system with anionic surfactants) or co-surfactants (for the case with nonionic surfactant),
and at the reference temperature (AT = 0), Equations 3 and 2 are reduced to respectively,

InS =k (EACN) — o ®)

and

bS + = k (EACN) — & ©6)

These two equations are incredibly simple and according to Equation (5), both ‘k” and ‘o’
can be experimentally determined from phase inversion experiments with a number of
oils with different EACNs (experimental plot between In S* and EACN). The slope and
intercept respectively provide the above ‘k’ and ‘o’ values. Similarly, a plot of S* and
EACN also yields respective surfactant characteristics parameters (for a nonionic
surfactant system). This approach has been successfully attempted by Witthayapanyanon
et al., 2008 for anionic surfactants.

We have determined S* values with a number of hydrocarbons (starting with n-octane to n-
hexadecane) and using an anionic surfactant, Alfoterra 145-4S (Ci4.15 -(PO)4 SOsNa), which
belongs to a class of extended surfactant because of the presence of propoxylate (PO)s group
near the sulfate head group.

The calculated value of 'k’ and ‘o’ for Alfoterra 145-4S (Ci4.15 -(PO)4 SO4Na) respectively are
0.099 and -0.663. It has been reported in the literature (Kiran & Acosta, 2010) that the values
of 'k’ and ‘¢’ for a similar propoxylated sulfate (Ci2.13 -(PO)s SO4Na) are 0.087 and -0.784
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respectively. These parameters have been used to describe surfactant hydrophilicity/
hydrophobicity in a more quantitative manner, e.g., a more negative value of ‘¢’ suggests
the surfactant to be relatively more hydrophilic, while a positive ‘c’ values imply a
relatively hydrophobic surfactant. In order to describe the surfactant characteristics, both the
surfactant parameters ‘k’ as well as ‘c’ needs to be considered. Thus, instead of ‘c” alone,
ratio of ‘o/k’ is essential to determine the relative hydrophilicity or hydrophobicity of
surfactant as both the terms are relative to each other.

3 -
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Fig. 1. Determination of k and ¢ using the HLD equation (4) for anionic surfactant Alfoterra
145-4S at optimal salinity at 25 oC.

Keeping the above in mind, we have obtained the ratio of o/k for studying the effect of
electrolytes on the partitioning of surfactants at the oil-water interface. Using the values of
Ln(S) from Fig. 2, (5/K) is estimated for the surfactant in presence of various electrolytes, used
in the present study. Keeping the above in mind, we have tried to obtain the ratio of (c/k) for
studying the effect of electrolytes on the partitioning of surfactants at the oil-water interfaces.

3
2 4= NaCl
a—)\ e CaCl2
T 1 4 | ——nic
/

0 T 1
$ 10/ 12 14 16
-1 Sm—

ACN

Fig. 2. Ln(S) of electrolytes with different oils (ACN) at 25 °C. The lines are drawn as a
guidance to the eye.
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Using the procedure outlined in the preceeding section, k, o, and (5/k) values are calculated
for the surfactant, when various electrolytes (with multi-valent cations) are used. All the
data from Fig. 2 is presented in Table 1 below.

Salt k o R? o/k
NaCl | 0.099 | -0.66 | 0.96 | -6.71
CaCl, | 0.26 1.78 [ 0.96 | 6.83
AlCl; | 0.22 2.77 | 0.88 | 12.30

Table 1. k, 0 and o/k values for Alfoterra 145-4S surfactant in the presence of various
electrolytes. Oils used for this study are hydrocarbons (octane to hexadecane).

As seen in the table, R2 values for AICl; is 0.88 indicating a very poor fit to the experimental
data. Surfactant hydrophobicity ‘0" is very low for mono-valent ions and it increases (from -
0.6 to 2.8) as the valency of the cation increases from mono- to tri-valent (Na*, Ca2*/Mg2*
and Al**) indicating an increase in the hydrophobicity of the surfactant and increasing
partitioning to the oil phase. A small but finite ‘c” (~0) would indicate that the surfactant is
partitioning equally well to the oil and water phases and the corresponding characteristic
curvature of the oil-water interface is also close to zero. It may also be pointed out that the
expression (5) is an analytic function of EACN and the intercept will always be a finite .
The other surfactant characteristics parameter ‘k’, which is indicative of the surfactant head
group characteristics, increases albeit slowly from a value of 0.1 (for NaCl) to 0.22 for AICls.
In a previous study by Anton et al., 2008, it was shown that ‘k’ remains almost constant
across electrolyte types, especially when anion type is changed. It has also been commented
by Salager, 1978 that ‘k’ values also depends on the type of electrolytes. But for most
surfactants, ‘k” value was found to range from 0.1 to 0.2 (Anton & Salager, 1990; Acosta&
Bhakta, 2009), which is also the case in the present study. The ‘k’ value is a positive
empirical constant determined experimentally, effectively remains the same for most head
groups with the identical counterion (sodium) as seen in the past (Anton et al., 2008).

The fact that the ‘k” value is changing with the valence of anions/cations, which can be
attributed to the change in the head group characteristics of the surfactant due to the
presence of multi-valent cations in the microemulsion. There can be two hypotheses
supporting this.

The value of 'k’ for sodium sulfonates is 0.1, but when a substitution of benzene or xylene
moiety near the sulfonate head group takes place, it increases to 0.16. At the same time, if a
(PO)s and (EO)2 group is added near the head group, it decreases to 0.09 and 0.06
respectively (Witthayapanyanon et al., 2008). Benzene and xylene, being aromatic groups,
will be more hydrophobic compared to propoxylene (PO) and ethoxylene (EO) groups. In
addition to the surfactant head group substitution, counter-ion substitution may also affect
‘K", e.g., if sodium near the surfactant head group is replaced by calcium or aluminium, the
head group characteristics may change, as reflected by a change in ‘k’ values.

Another argument may be made from the CMC (Critical micelle concentration) point of
view, where it has been reported that in an aqueous solution of anionic Lauryl sulfates, the
CMC decreases in the order, Li* > Na* > K* > Cs* > N(CHs)4* > N(CoHs)4* > Ca2t ~ Mg?+,
which is the same order as the increase in the degree of binding of the cation (i.e., Na*
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counterion in an aqueous medium will have the highest CMC but lower degree of binding
with the head group and Ca?* will have lower CMC but higher degree of binding with the
head group). So, an increase in the ‘k” value of the surfactant, while changing counterions in
solution (e.g., from Na* to Ca2* ), can be attributed to a higher degree of binding of the
cation to surfactant head group. Also, the CMC value would be lower for the latter case. It is
also known, for cationic surfactants, that as the degree of binding of the surfactant head
group to cation increases, its area decreases (Rosen, 2004).

In the present work as well as past work (Anton et al., 2008; Acosta & Bhakta, 2009) ,
analysis of /k suggests that the value lies between -50 to +20. The lower limit is probably
more or less certain as the value for sodium Lauryl ether sulfate (SLES) is -48, which has an
HLB value of 40.7 (one of the highest HLB surfactant). The maximum positive value for c/k
is yet to be known as more experiments are required.

Another use of the HLD-EACN model is a practical approach to estimate the EACN value of
oil mixtures, modified oils (e.g., partially polymerized oils on kitchen surfaces). We have
demonstrated this with an anionic surfactant mixture (a mixture of sodium dodecyl benzene
sulfonate (SDBS) and SLES). A characteristic plot of (Ln S - EACN) is determined for the
surfactant mixture, which is shown in Fig. 3.
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Fig. 3. Ln S- EACN plot for the surfactant mixture of sodium dodecyl benzene sulfonate and
sodium Lauryl ether sulfate 1:1 by wt. NaCl is used as the salt. T =25 °C.

The value of 'k’ and ‘o’ for the surfactant mixture (0.135 and -0.98 respectively) is in well
agreement with reported values in the literature for anionic surfactants (Sabatini et al., 2008).
Using these characteristic model parameters for the surfactant mixture, phase inversion for a
1:1 molar mixture of d-limonene (EACN = 6-7) and hexadecane (ACN = 16) is predicted to
be at a S* value of 0.12, which matches well with experimentally determined value (0.14). It
may be mentioned that a linear mixing rule was used to calculate the EACN value of the oil
mixture from individual oil EACN/ACN values. Thus, the predictability of this model
indicates that from phase inversion data (Ln S - EACN plot), one can estimate the EACN of
an unknown oil by performing a phase inversion experiment with a surfactant or surfactant
mixture with known characteristic ‘c/K’.
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4. Experimental determination of microemulsion phase diagram and tricritical
points

When applying microemulsions in industry or research in general, the temperature T of
application, the composition of the oil, amphiphile and that of the electrolyte are
specified. To describe a ternary mixture of water (A)-oil (B)-amphiphile (C), it is
convenient to introduce a field variable, X (e.g., temperature, co-surfactant concentration,
ACN or EACN of oil, electrolyte concentration), the weight percentage of oil in the
mixture of oil and water, R = (B/(A+B)), and the weight percentage of the amphiphile in
the system, y = C/(A+B+C) (Kahlweit, 1995). Each point in the three dimensional phase
space is then defined by a certain set of X, R and y. In order to discuss the phase
behavior, an upright phase prism is erected with X as ordinate and the Gibb’s ternary
triangle of A-B-C as the base. The phase behavior may be discussed along either the
horizontal (iso field variable) or vertical (e.g., at fixed R or y) sections through the phase
prism. For example, vertical sections of the phase prism at a fixed ‘R" with the field
variable X along the Y-axis and y along the X-axis is termed the “fish diagram”
(Kahlweit, 1995; Schwuger et al.,1995; Kunieda & Shinoda,1980; Kahlweit et al, 1987) (see
Fig. 4). In the Fish-diagram, there is an unique coordinate, at which the 3-® body touches
the 1-® region, co-existing with the 2@ (2® and 2®), called the tri-critical point (TCP).
The TCP has tremendous significance for practical applications requiring the highest
mutual dispersibility between oil and water as in the case of supercritical extraction
(Schwuger et al.,1995), enhanced oil recovery (Sottmann, 2002; Schwuger et al., 1995 ) and
supercritical pollution oxidation (Schwuger et al., 1995).

Field Variables (T «,0..)

Surfactant concentration (y)

Fig. 4. Schematic representation of a Fish-diagram at a fixed R, depicting various phases and
the tricritical point (TCP). The 2® and 2® respectively are identified as coexisting aqueous
and oil phases with most surfactants residing in the bottom water and top oil phases
respectively.

Tri-critical points vary as a function of ‘R’. Kahlweit et al., 1995 have performed studies on
the (n-decane-CsEOsz-water) microemulsion system, where variations in the TCP are
reported as a function of ‘R’, with temperature being the field variable. The trajectory of the
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TCP when viewed along the temperature (T)-Gamma (y) plane is parabolic in nature, with
each tri-critical point corresponding to a given R. This trajectory shows an interesting trend,
where the vertex of the parabola corresponds to the tri-critical point arising at R = 0.5. The
tri-critical points corresponding to lower ‘R’ appear at lower temperatures than TCPr-os,
and tri-critical points at higher ‘R’ appear at higher temperatures than TCPr=o5, although at
lower surfactant concentrations than TCPr -os.

Thus, the TCP trajectory for field-variables (X) other than temperature (T), can similarly
provide opportunities for applications in isothermal conditions. This provides avenues to
obtain multiple compositions having ultra-low oil-water interfacial tension (IFT) at
isothermal conditions, for a microemulsion that is otherwise strongly responsive to
temperature (T). Further, the parabolic trajectory would be significant in predicting the
variation of TCP for an unknown oil-water ratio (R). Thereby, an attempt has been made to
investigate the TCP variation phenomenon for a commercial grade non-ionic surfactant
based microemulsion system with electrolyte as the field variable.

4.1 Phase diagram (tricritical point variation) of the microemulsion system

Fig. 5. shows fish diagrams of the ternary Caprylic Acid/LLPO (0.5:9.5 wt/wt) (oil) - Cyo.
15EO<3>/ C1215EO<7> (1:9 wt/wt) (surfactant)- water system at various ‘R’ values. The
complete fish diagram was determined only for R = 0.5, where it was found that the TCP
coordinate at € = 0.12 and y = 0.13. At very high y however, lamellar liquid crystalline phases
are likely to appear which have not been depicted to maintain simplicity and clarity. The
TCP depicting the crossover region of 2®, 1®,2 ® and 3® corresponding to other ‘R’ are
shown along side. Fig. 6 shows the variation of TCP with electrolyte (NaCl) concentration (e
= salt/salt+water) as the field variable.
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Fig. 5. Fish diagram of the ternary Caprylic Acid/LLPO (0.5:9.5 wt/wt) (oil) -
C1215EO<35/ C12.15 EO<y> (1:9 wt/wt) (surfactant) - water system, with epsilon denoting
weight fraction of sodium chloride in water and gamma denoting the weight fraction of
surfactant blend in oil and water. The complete Fish diagram is determined for R = 0.5,
whereas only the TCP were determined for other R values. Temeprature = 28 °C.
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The trajectory of the tri-critical points when viewed along the Epsilon (g)-Gamma (y) plane is
again parabolic in nature, with each tri-critical point corresponding to a unique value of R.
The parabola however is inclined to the X-axis and the asymmetric nature may be attributed
to the commercial grade of non-ionic surfactants and oil mixtures used in the study. For Cya.
15 EO<s> and Ciz.15 EO«ys, there exists a linear carbon chain length distribution ranging from
12-15 units for both compounds and a broad degree of ethoxylation (EO;, j = 1-10), with a
peak at j = 3 for C12.15EO<s> and j = 7 for C1215EO<7> respectively. These also contribute to the
distortions observed in the 3 ® and 1-® regions [86], although the general phase behavior
remains the same.
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Fig. 6. Variation of TCP coordinates (gcritical) and (Yeritical) as a function of oil in (oil+water)
ratio R at a fixed T (= 28 °C). The line drawn though points is only for guidance.

In conclusion, tri-critical points in the present microemulsion system are seen to follow a
parabolic profile as a function of R, for a field variable (electrolyte concentration, ¢) similar
to that observed with temperature in another ternary (CsEs-Water-Oil) system (Kahlweit et
al., 1995). The similarity in the TCP variation between these two systems indicate the
universality of the microemulsion phase behaviour. TCP variation as a function of
electrolyte concentration also provides avenues to obtain multiple tri-critical point
compositions at isothermal conditions, for a microemulsion forming system, whose phase
behavior is otherwise responsive to temperature. Further, the parabolic trajectory offers a
guideline to predict the location of tri-critical point compositions of a microemulsion if the
oil weight fraction in the microemulsion formulation is altered. Hence, it facilitates a faster
process of locating TCP compositions, where mutual dispersibility between oil and water is
the maximum and oil-water interfacial tension is at the minimum.

4.2 Shinoda diagram of microemulsion phase behavior

Another method to study microemulsion phase behavior has been to vary the oil amount (R)
in a surfactant solution with a fixed surfactant concentration (fixed y) (also referred as
Shinoda-diagram) (Sottmann et al., 2002; Olsson et al,, 2002). The field variable in this case
could be one of the following: temperature; electrolyte concentration (g); co-surfactant
concentration (8 = co-surfactant/(cosurfactant + surfactant). This method is quite popular



Predictive Modeling of Microemulsion Phase Behaviour
and Microstructure Characterisation in the 1-Phase Region 95

with formulation developers as the phase diagram is determined at a low surfactant
concentration. The phase diagram is shown schematically in Fig. 7.

The Shinoda- diagram or the Shinoda-cut as referred by many [86], also depicts a rich array
of microstructures as seen in Fig. 7.

Field
Variables
(T, €,d)

Fig. 7. A schematic Shinoda diagram, representing a rich array of phase behavior (Lamellar
L.; 1-¢ microemulsion, L; biphasic microemulsion and excess o0il, L+O; and biphasic
microemulsion and excess water, L+W), is shown at a fixed surfactant concentration (iso-y).
R is the oil to (oil+water) ratio. The phase behavior is generic (i.e., irrespective of the field
variables, features of the phase diagram remain the same).

The advantage of the Shinoda diagram is that one can obtain information on the extent of oil
incorporation (depicting a 1-¢ microemulsion) at a given surfactant concentration. The
above schematic diagram is a representative behavior, seen for surfactant concentrations in
a range of 10-30 % by wt (y = 0.1 to 0.3) (Sottmann et al., 2002). At lower surfactant
concentrations (< y = 0.1), the L- region will have a co-existent 1-¢, 3-¢ and 2-¢ regions, with
a tri-critical point (similar to the Fish diagram) (Olsson et al,, 2002). The tricritical point in a
Shinoda-diagram also indicate the maximum amount of oil, which can be dispersed in a
microemulsion system (a measure of oil incorporation efficiency of a micoemulsion).

We have determined such Shinoda diagrams for a number of surfactant-oil-water systems,
e.g., with benzalkonium chloride-methyl esters of n-alkyl fatty acid-water. Shinoda
diagrams are determined with oils of increasing alkyl chain lengths (e.g., methyl ester of
octanoic acid, -decanoic acid and -dodecanoic acid). Calcium chloride is used as the
electrolyte. Fig. 8 shows the Shinoda diagram depicting various phases (1-¢; 3-¢ and 2-¢
regions). The 1-¢ region is a stable, transparent liquid with an oil-in-water microstructure.
The 3-¢ region is the region, where a microemulsion phase co-exists with the excess oil and
water phases. The 2-¢ region has a microemulsion co-existing with the excess oil phase. For
practical applications, the extent of 1-¢ region is indicative of the ability of the system to
provide a stable system, which can incorporate maximum oil possible. Thus, the efficiency is
judged from the co-ordinate of the tri-critical point (R and ¢), e.g., a higher R and lower ¢ is
indicative of more efficient microemulsion system.
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Fig. 8. Shinoda Diagram for a ternary (benzalkonium chloride-water-methyl n-alkanoate)
with CaCl; as the electrolyte (field variable in the present case). Benzalkonium chloride
concentration is 5 % by wt. (y = 0.05), Temperature = 25 °C.

From the Fig. 8, it is evident that a higher amount (~ 3 times) of salt is required to emulsify
the higher molecular weight (MW) oil (e.g., methyl dodecanoate) compared to low MW oil
(methyl octanoate). It is shown in the preceding section that there is a good correlation
between electrolyte and temperature requirement for microemulsion formation as well as
tri-critical point variation in the phase space. It is also well known (Kahlweit et al., 1987) that
the 3-¢ body shifts to a higher temperature, when the MW of the oil increases. In the present
case, the 3-¢ body shifts to a higher electrolyte concentration when the MW of the oil
increases. On the other hand, there seems to be no difference (i.e., no major change in the R
value of the tri-critical points, associated with these oils) between the two oils. In terms of
microemulsion efficiency, the ratio of oil to surfactant at the tri-critical point is ~1:1, which is
comparatively poor compared to some efficient microemulsion systems, known in the past
with an oil to surfactant ratio at 4:1 (Shinoda et al., 1984).

5. Micro-structural changes in the 1-phase microemulsion region
5.1 Iso-electrolyte concentration phase diagram

The phase diagrams shown in Fig. 5 have presented us with an opportunity to determine
the extent of single-phase domain in the e-y space at a fixed temperature. Thus, for a given
surfactant concentration (y= 0.2), and a given electrolyte concentration (e = 0.15), the extent
of 1-¢ region is determined in the T-R space. As seen in Fig. 9, a wide 1-¢ channel across R
(from 0.1 to 0.9) is seen at 28 °C with the exception for R = 0.7. Thus, it provides an
opportunity to study the microstructural changes in the 1-¢ channel using various
experimental techniques. It may be mentioned here that such a 1-¢ channel at a constant
surfactant concentration (y = 0.2) and constant electrolyte concentration (e = 0.15) has not
been reported before. Most of the past work was concerned with such channels with a
varying surfactant concentration (Georges & Chen, 1986). The other advantage of the
present work is also that the structural transitions can be monitored by the measurement of
electrical conductivity without any unwanted contributions from varying electrolyte
concentration across the 1-¢ channel.
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It may also be added here that since the current interest is to study the structural
transformations across the 1-¢ channel as a function of ‘R” at a given temperature, such
phase channels at other temperatures were not investigated. Subsequent measurements
were limited to the 1-¢ channel at 28 °C only.
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Fig. 9. 1-¢ channel at various temperatures at a fixed surfactant concentration (y= 0.2), and
electrolyte concentration (e = 0.15)

5.2 Pulsed gradient spin echo — Nuclear magnetic resonance (PGSE — NMR)

Guering and Lindman (Guering & Lindman, 1985) used the method to study molecular
self-diffusion in SDS/ butanol/ toluene/ water/ NaCl microemulsion system. Garti et al
(Yaghmur, 2003) and Reimer et al., 2003 used PGSE-NMR for understanding the
microstructure of multi component microemulsion systems. Fanun (Fanun, 2007) has used
the technique to study a non-ionic surfactant based-microemulsion system with various
oils. All these above studies were carried out in the single phase region of the
microemulsion. However, the concentration of all the three components was varied while
scanning across the 1-¢ channel.

The microemulsion system under study presents an opportunity to probe the microstructure
variation as a function of R (oil / (oil + brine)) in the single-phase microemulsion region, but
at an iso-thermal, iso-surfactant, and iso-electrolyte concentration conditions, unlike in the
past. The change from oil-in-water to water-in-oil microstructure via a bicontinuous
microstructure is probed by measuring the diffusion coefficient of oil and water individually
in the system using self-diffusion NMR measurement. Relative self-diffusion coefficient
depicted as solvent self-diffusion (D) in the microemulsion to that of the neat solvent (Do)
determines the domains formed by the solvent. The relative self-diffusion coefficient for
water (Dwater/Dgwater) is close to unity for an o/w microstructure while that of oil (Deil/Deil)
is very much less than unity. High values of D/Dy are observed for both oil and water in a
bicontinuous structure. The self-diffusion coefficient of oil is close to Dg°ll and that of water
is very small for w/o microstructures (Sjoblom et al., 1996).

Fig. 10 shows the relative self diffusion coefficients (D/Dy) of oil and water in the system
consisting of brine / Ci215 EO<s> - Ci215 EO<z» / LLPO - Caprylic acid at 28 °C as a
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function of oil content (R) in the microemulsion samples where the surfactant mixture
equals 20 wt % (y =0.2) and the salt concentration in water equals 15 wt % (¢ =0.15). The
experimental points are joined for visual clarification. Increasing the weight fraction of oil
in the 1-¢ microemulsion channel Deil/Dgeil increases from 0.14 at R=0.1 to 0.88 at R=0.8.
On the other hand, the values of Dwater/Dgywater decrease from a value of 0.83 at R=0.1 to
0.08 at R=0.9. The relative diffusion coefficients of the oil (Deil/Dgeil) are very low for R
values below 0.1 indicating droplet diffusion. These low oil diffusion values can be
mainly attributed to the confinement of oils to closed domains. The gradual increase in
Deil/Dgoil values until R=0.4 suggests that percolative oil channels are beginning to form
from a discrete droplet microstructure. These networked oil channels retard the water
diffusion in the continuous medium resulting in a reduction in self diffusion coefficient
value. At R=0.4, both values of Dcil/Dgeil and Dwater/Dgwater are equal, indicating a clear
bicontinuous structure with solvent molecules complementing each other’s mobility in
their domain. It implies that the diffusion of oil or water molecules in their respective
domains is not restricted by the presence of the other phase in the macroscopic distance
under consideration. The increase in the Deil/Dgeil values after R=0.4 until R=0.9 depicts a
situation, where the molecular diffusion in an oil continuous channel is the dominating
process. In a similar manner, the decrease in the Dwater/Dgwater yalue signifies the gradual
change in confinement of water domain from continuous channel to a droplet regime. The
data obtained through the NMR self-diffusion measurements is validated and
supplemented with the findings from viscosity and dynamic light scattering
measurements of the same system, which will be described in subsequent sections.
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Fig. 10. Relative self diffusion coefficients (D/Dy) of oil and water in the single phase region
of microemulsion system at iso-thermal (28 °C), iso-surfactant (20 wt. %) and iso-electrolyte
concentration (15 wt. %).

5.3 Viscosity changes across the 1-¢ channel at 28 °C

Viscosity measurements (viscosity profile as a function of shear rate as well as viscosity
measured at a given shear rate for different R) provides information on globular-
bicontinuous structural transitions (Georges & Chen 1986; Georges et al., 1987; Podlogar
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et al, 2004; Ajith et al., 1994; John et al., 1994). Globular (spherical oil droplets in water and
vice versa) non-interacting structures are expected to exhibit a Newtonian behaviour (
n= 70). A deviation from the Newtonian behaviour is seen when various micro-
structures (either in static or under shear flow) interact with each other. Such structures
are also manifested in a shear thinning behavior. Such behaviour has been reported in the
past for bicontinuous structures as well (John et al. 1994). Viscosity changes as a function
of shear rate have been measured at various ‘R’ at 28 °C. For comparison purpose,
viscosity, recorded at 20 51, are shown in Fig. 11.
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Fig. 11. Viscosity at 20 S as a function of ‘R’ at 28 °C

The viscosity changes in the 1-¢ channel is far from the bell-shaped curve as reported in the
past, indicating the existence of rather more complex micro-structures with increasing oil
wt. fraction. To begin with, the surfactant micellar phase (R = 0) exhibited a shear thinning
behaviour as shown in Fig. 12.

It may be seen from the Fig. 12 that zero shear rate viscosity is ~1 Pa.S, which decreases to
~0.05 Pa.S at an infinite shear rate (7, ). It is well known that nonionic surfactants form
spheroidal micelles at a high surfactant concentration (Lindman, 2001) and therefore, it may
be naturally expected to have such structures at y = 0.2. Under shear, such elongated
structures either align (Larson, 1999) with each other or break down (Larson, 1999; Acharya,
2006) to spherical micelles resulting in a reduced viscosity at higher shear rates.

With increasing R, the viscosity increases till R = 0.15 (Fig. 11), following which, it decreases
to 0.12 Pa.S at R = 0.18, a value slightly higher than that corresponding to R = 0 (0.08 Pa.S).
Such unusual changes in the viscosity in the lower R regions may be explained as follows:
With increasing oil wt. fraction, the initial elongated spheroidal micelles swell further to
accommodate oil in to its hydrophobic core. Increasing in the size of the structures enhance
the propensity to inter-swollen micellar interactions causing the viscosity to increase and
also exhibit a stronger shear thinning behaviour (7, / 7,, )= 50 in contrast to 20 for R = 0. This
observation is also supported by the measurement of correlation length, determined via
dynamic light scattering measurements (a mean diameter change from 4.8 nm to 26.2 nm)
(Section 5.5). With further addition of oil, there is a rearrangement of swollen micellar
structures, causing the elongated swollen, spheroidal micelles to breakdown in to smaller
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spherical structures with a mean diameter of 4.7 nm. Although, the mean diameter is similar
to that observed for R = 0, the structures formed at R = 0.18 are likely to be spherical, non-
interacting entities, as manifested in the viscosity profiles recorded at 28 °C.
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Fig. 12. Shear stress and viscosity variation as a function of shear rate at 28 °C. R = 0.

The viscosity profile for R = 0.18 indicates a Newtonian behaviour with 7,/7,=1and 7, =
0.1 Pa.S. Subsequently with increasing R, there is a steady increase in the viscosity as seen in
Fig. 11. A global maxima in viscosity (0.27 Pa.S) is seen at R = 0.3. It may be said that above
R = 0.18, oil droplets exhibit a percolation behaviour, i.e., joining of globular oil droplets
leading to the formation of oil channels with high 7, values and high 7, /7,, values as well.
For R = 0.2, these values respectively are, 10 Pa.S and 100 respectively. Thus, a transition
from a Newtonian behaviour at R= 0.18 to non-Newtonian behaviour at R= 0.2 signifies the
percolation threshold of oil droplets forming oil channels. The global viscosity maxima at
R= 0.3 coincides with the formation of a bicontinuous microstructure, characterized by
sample spanning, interpenetrating oil and water channels. In the past, both shear thinning
(Saidi et al., 1990) and Newtonian flow behavior (Blom & Mellema, 1988; Peyerlasse et al.,
1988; Saidi et al., 1990) was observed for bicontinuous structures at R = 0.3-0.5. However,
most reports point to a Newtonian behaviour indicating that there could be occurrence of
different microstructures other than bicontinuous for the R values indicated above. As
observed in the past, it is expected that the bicontinuous microstructure in the 1-¢ channel
exhibits a shear thinning behaviour as well. In the present case, for R= 0.3, 7, /7, is found
to be ~10, which is much smaller than that observed for R = 0.2, indicating that the
bicontinuous structures are much more flexible and rearrange rapidly. The mean correlation
length (between oil and water channels) is found to be 10 nm, a two-fold increase from that
seen at R=0.2. It is also well known (Yaghmur et al, 2003) that the correlation length
approaches the maximum near the bicontinuous microstructure, before decreasing further
with increasing oil wt. fr.

Following the global maxima in the viscosity at R= 0.3, it decreases subsequently with
increasing R, with a shoulder near R = 0.5 (Fig. 11). Interestingly, microemulsions higher
than R = 0.3 exhibit Newtonian behavior, which concurs with most past results. One
possible explanation for the Newtonian behaviour for the bicontinuous microstructure is the
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interfacial flexibility as well as the time scale of rearrangement of water, oil channels being
much faster than the material response to external shear stimuli. The viscosity changes
following the global maxima is very much similar to that seen in the past (Garti et al., 2001;
Georges et al., 1987; Langevin, 1992) for 1-¢ microemulsions with increasing oil wt. fraction.
The viscosity values for microemulsions with higher R is lower than its counterpart with
low R with a sharp decrease at ~ R = 0.6, which is likely to be the transition to the w/o
microemulsion from a bicontinuous structure.

5.4 DC and AC conductivity changes in the 1-¢ microemulsion region

The microstructural changes from a droplet morphology (e.g., w/o microemulsion) to a
bicontinuous morphology via coalescence of water droplets and their percolating
networks/channels have been characterized by electrical conductivity and dielectric
permittivity measurements (Fanun, 2007; Yaghmur et al., 2003; Capuzzi et al., 1999; Cametti
et al., 1995; Peyrelasse & Boned, 1990) . The percolation phenomena as a function of water
volume fraction as well as with temperature has been studied in detail and two percolation
models, i.e., static and dynamic percolation have been proposed (Cametti et al., 1995). In
either of these, there is an order of magnitude change in the DC (ohmic) or low frequency
electrical conductivity. The detailed nature of these curves depend on experimental design
and parameters, e.g., low frequency conductivity changes at constant surfactant content, at a
constant surfactant to oil ratio etc. In the present work, as mentioned earlier in the preceding
sections (5.1-3), there is an opportunity to measure e-conductivity changes as a function of
oil to water ratio (R) at a constant surfactant concentration (iso-y); constant electrolyte
concentration (iso-g) and iso-thermal conditions. A plot of DC e-conductivity at various R is
shown in Fig. 13.
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Fig. 13. DC e-conductivity changes at various R. E-conductivity could not be measured
below R = 0.15 because of instrumental limitations. The line drawn across points is only for
guidance to the eye.

As seen in the conductivity profile, there is a sharp drop in the conductivity values (4-5
orders of magnitude drop) after R =0.6, indicating the transition to a w/o microstructure.
The above plot also shows that the percolation threshold at the water-continuous side, i.e., a
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transition from o/w to bicontinuous structure occurring at R~ 0.2, manifested by a change
in the slope of e-conductivity. This is expected as the conduction path is obstructed by the
formation of oil channels, resulting in a decrease in the conductivity value, hence a change
in the slope. On the other hand, a transition to the oil continuous from bicontinuous
microstructure is signified by orders of magnitude change in the conductivity values.

AC e-conductivity scans provide a more accurate picture of electrical conductivity changes
across microstructural transitions, because, at high frequency (> 10 kHz frequency),
contributions from space charge polarizations can be eliminated. We measured AC
conductivity at 75 KHz and the data is shown in Fig. 14.
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Fig. 14. AC conductivity profile in the 1-¢ channel. The measurement is carried out at 75
KHz frequency.

The transition from the o/w microstructure to a bicontinuous one is characterized by a
change in the slope of conductivity values as is the case in DC conductivity (Fig. 13).
However, many a times, because of the high electrolyte concentration in the system,
physical measurements become difficult in the case of DC conductivity. Based on the DC- as
well as AC-conductivity measurements, the microstructural transitions in the 1-¢ channel of
the current microemulsion system, as a function (R), can be said as, o/w (0.2) bicontinuous
(0.75) w/o.

5.5 Diffusion coefficient and correlation length of oil and water micro-domains from
light scattering measurements

A plot of diffusion coefficient of various microstructural entities, causing light scattering as a
function of R is shown in the Fig. 15.

The diffusion coefficient measurement has reflected various transitions, described so far
in the preceding section. The diffusion coefficient peaks ~ R = 0.2, which is the percolation
threshold for the oil channels to form. The highest diffusion coefficient is also indicative
of lowest viscosity, encountered at R = 0.18. Similarly the transition to the oil-continuous
microstructure occurs at R = 0.6, followed by a lowest diffusion coefficient measured at R
= 0.5. Using these diffusion coefficient data and viscosity of the continuous phase,
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correlation length at various R is estimated. The Fig. 16 shows the variation of correlation
length as a function of R.
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Fig. 15. Diffusion coefficient of oil/water droplets/domains in the 1-¢ channel as
determined from light scattering measurements. The line drawn though all experimental
points is only a guidance to the eye.
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Fig. 16. Correlation length as a function of R in the 1-¢ channel at y = 0.2 and T = 28 °C

The correlation length changes across oil wt. fraction. Initial changes in the oil droplet size
follow the changes seen in the viscosity profile (Fig. 11), i.e., an increase in the size of oil
domains with increasing oil addition as well as a drop in its size at R = 0.18 (see the
discussions in the preceding sections). The global maxima in the correlation length (for the
bicontinuous structure) however appears at R = 0.42, which in the viscosity profile
corresponds to the appearance of a shoulder. Interestingly, this is the point at which the
diffusion coefficient is also the lowest and no structural breakdown of the product under
shear takes place. It is common for microemulsion systems, where the correlation length
passes through a maximum as per the following relation (de Gennes & Taupin, 1982;
Talmon & Prager, 1978)
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64,9,
Cx @)

Where, &, ¢, #w, Cs and X are respectively, the mean correlation length of oil and water
micro-domains, oil volume fraction, water volume fraction, number of surfactant molecules
per unit volume and cross-sectional head group area of the surfactant at the oil-water
interface. The above relation is derived with the assumption that the oil and water micro-
domains form a cubic lattice (Talmon & Prager, 1978). Assuming X to be 50 A2, calculated &
was found to go through a maxima (13 nm) between R = 0.3 to R = 0.45. The maximum
calculated correlation length is roughly half of that estimated from experiments. The source
of error could be from the accurate estimation of X values as well as the assumption of a
close packed cubic lattice structure. Although T was taken to be 50 A2 (Klose et al., 1995), the
actual value could be less, especially with a very high electrolyte concentration (e= 0.15).

&=

A comment on the variation of diffusion coefficient for various structures may be
appropriate here. It is seen that diffusion coefficient varies with scattering angle as,

q¢

where K is Kawasaki function,
3.5 3 1
K(x)= Z[x +1+(x” ——)tan™ x]
x

Hence, a stronger variation of D(q) with q indicate the contribution of correlation length &

variations through the 2nd order correction term [ Dy ] to the D, value obtained at 6 = 90°.
q’¢’
Variation in the diffusion coefficient values as a function of scattering vector (
q= 4mSin(0/2) ) is the least (independent of q) and strongest for R = 0. A strong variation of
A
correlation length with q is also indicative of asymmetric non-spherical structures in the
medium, supporting conclusions of spheroidal structures at R = 0 as well as correlation
length maxima at R = 0.3.

6. Conclusion

We have shown that the HLD-ACN model can be successfully used to predict
microemulsion phase behaviour in systems containing commercial/technical
ingredients/mixtures. We also have pointed out various limitations in using the model from
a microemulsion formulator point of view. New insights have been obtained by estimating
the characteristic surfactant parameters 'k’ and ‘0’. It has also been shown that di- and tri-
valent cations cause an increase in o/k values, indicating an increase in the surfactant
hydrophobicity, possibily due to an increase in the hydrophobic volume.

Following a brief description on determination of microemulsion phase diagrams (Fish-
diagram and Shinoda diagrams), we have shown the generic nature of these phase
diagrams, i.e., variation of tricritical points in the phase space and also presented a rare
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opportunity of 1-¢ microemulsion channel in the phase space at constant surfactant
concentration (iso-y); constant electrolyte concentration (iso-¢) and iso-thermal conditions.
Microstructural transitions, i.e., from an o/w to w/o via a bicontinuous microstructure, as
manifested by various experimental parameters (self-diffusion co-efficient ; viscosity;
electrical-conductivity and characteristic domain sizes) are demonstrated.
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1. Introduction

This chapter reviews and presents the latest developments on the work on using nonionic
microemulsions stabilized by surfactants of ethylene oxide alkyl ether type, CnE,, where m
is the number of carbons in the alkyl chain and # is the number of ethylene oxide groups as
models to determine the effect of an added component. We will here investigate if active
components can be added to this model drug delivery system without them affecting the
system. This is important as there is now several “ready to use” drug delivery systems
where one just need to add an active component. We will here see if it is as simple as this or
if more work will be required with these formulations.

These model systems stems from research based at Lund University (Olsson &
Schurtenberger, 1993) that has been thoroughly investigated and characterized (Balogh,
Olsson & Pedersen, 2006, Balogh et al. 2007, Le et al., 1999 Leaver et al., 1994, Leaver et al.,
1995, Olsson & Schurtenberger 1993). The effect of changing the alkane (decane changed to
hexadecane) has also been studied (Balogh et al., 2006, Balogh, Olsson & Pedersen, 2006,
Balogh et al. 2007, Balogh & Olsson 2007). The surfactants and similar systems have been
thoroughly investigated trough the massive work by Shinoda and Kuneida (Shinoda &
Kunieda, 1973) in Yokohama, Japan and Kahlweit and Strey (Kahlweit et al, 1985)
Gottingen, Germany, later Strey and Sottmann (Sottmann & Strey, 1996) with coworkers in
Cologne, Germany. More about the early days of these surfactants and systems can be found
in these references (Balogh et al., 2010, Lindman 2008). As with most systems the
investigations of the phase boundaries are essential. As these systems are temperature
sensitive through their surfactant they can change phases by just having the temperature
changed. There is also no need for co-surfactants or co-solvents to be able to have a wide
variety of phases. It is possible with a small number of samples to study changes into
several phases. As the structures are thermodynamically stable one can go up and down in
temperature to determine the boundaries more accurately. For the studied system the phase
changes are fast and go from turbid to clear, making them easier to investigate. Amongst its
many uses (Fanun 2009, Kunieda & Solans 1997) microemulsions have been used as drug
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delivery systems since long time and have been investigated as such (Garti et al., 2004,
Gupta & Moulik, 2008, Heuschkel et al., 2008, Kreilgaard et al., 2001, Lawrence & Rees, 2000,
Spernath & Aserin, 2006) especially topical formulations (Grampurohit et al., 2011,
Kreilgaard 2002). Nonionic microemulsions of the CiE, type has been studied regarding the
effect of adding lidocaine (Balogh & Pedersen 2007, Balogh et al 2010). It has also been used
as a membrane to study the effect of other analgesics on membranes (Baciu et al., 2007).
Microemulsions are usually used to get hydrophobic active components into solution.
Microemulsions are also reported to improve drug delivery and as such they are more than
just a passive vehicle for the active component. It is an active vehicle that improves the
performance of the formulation (Bagwe et al.,, 2001, Kogan & Garti 2006) especially on
topical formulations (Lopes et al., 2010, Santos et al.,, 2008, Sintov & Levy, 2007). It is
therefore important to study the interaction between the active component and the drug
delivery system to better know the boundaries of the system. This gives better knowledge
on the shelf-life of the formulations. Lidocaine is amongst other used as local anesthetic in
dermal creams and is as such, a good candidate as a model drug for a drug delivery system
aimed for topical delivery. It is well known that having a hydrophobic compound, which is
sensitive to oxidation, in a microemulsion or an emulsion help protect this compound
(Gaonkar & Bagwe, 2002). It is also possible to have extra protection by having antioxidant
in the system and if formulated well one can have antioxidants in both the oil- and water
phase. Antioxidants have now also become a component that is added to many
formulations to act as active component and not only to protect other components. This is
extra common in skin products where vitamin E is a component that helps sell the products,
often labeled as tocopherol acetate, tocopheryl linoleate or tocopheryl nicotinate (Nabi et al.,
1998). Some studies have shown that applying vitamin E before UV exposure significantly
reduces acute responses such as edema and erythema (Bissett et al., 1992). Topical
application is related to decrease of the incidence of ultraviolet UV-induced skin cancer
(Krol et al., 2000, McVean & Liebler, 1999). The form of vitamin E that is preferentially
absorbed and accumulated in humans is a-tocopherol (Rigotti, 2007). These formulations
show many similarities to the model system used here. There is also a trend with “natural”
antioxidants in many kinds of products from juices to shampoos and skin products. One fairly
available antioxidant is chlorogenic acid, a polyphenol with a dry matter content in coffee
beans on 4-14% depending on coffee species (Clifford et al., 1985, De Maria et al., 1994, Ky et
al., 2001, Trugo & Macrae, 1984). From the chlorogenic acids family (caffeoylquinic acids), the
most reported isomers are, 3-CQA, 4-CQA and 5-CQA. 5-CQA is the most abundant
compound found in coffee beans, responsible for about 56-62 % of total chlorogenic acids
(Ramirez-Colonel et al., 2004, Ramirez-Martinez 1988). It is also the most abundant antioxidant
in coffee foliage (Marques, 2011). It has been getting a lot of attention and the reported health
benefits both in wvivo and in wvitro, from chlorogenic acids are hepatoprotective,
immunoprotective, hypoglycemic and antiviral activities (Basnet et al.,, 1996, Natella et al.,
1998, Scalbert & Williamson, 2000). We are using 5-CQA as our type chlorogenic acid.

Phase studies give a lot of essential information about the system and it has even been done to
make sure that the batch of surfactant used is good by constructing a known phase diagram.
With three ingoing components and temperature the full spectra of the systems could be
illustrated with a phase prism. To optimize the ratio between work and information some cuts
(fixing ratios of components) have been used. Three classic ones are the Shinoda cut (Kunieda &
Shinoda, 1982) with fixed surfactant ratio varying the water to oil ratio, to investigate the
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reversal of the system amongst others, the Kahlweit cut (Kahlweit & Strey, 1985) with fixed
water to oil ratio often 1:1 on volume base, to investigate the efficiency of the surfactant
amongst others, and the Lund cut (Olsson & Schurtenberger, 1993) with fixed ratio of surfactant
to oil, often 0.815:1, to study the microemulsion aggregates concentration dependence. The
Kahlweit cut is also known as the fish or the fishtail cut due to shape of the 3-phase body and
the microemulsion phase. Even though the Lund cut is from the nineties it is only named
recently (Balogh, 2010, Balogh et al., 2010). The phase cuts are illustrated in Figure 1.

Fig. 1. Phase cuts. Here three different phase cuts are illustrated from the Shinoda cut on the
left with the Kahlweit in the middle and the Lund cut to the right. T stands for temperature,
W for water, O for Oil and S for Surfactant.

With these systems there are some trends that can be used to help in determining a new
system and there is also some scaling. For the Lund system using alkanes and Cy;Es the
trend is that the lowest temperature where one can have microemulsions, Tgrs, increases
with the length of oil from octane to octadecane. The microemulsion temperature range, the
temperature increase one can do from Tgrp and still have 1-phase microemulsion, decreases
with increased oil length (Balogh, 2010, Balogh et al., 2010). This is a general finding for all
these systems. There have also been reports on the lamellar phase and that it is not only
becoming smaller but actually withdrawing gradually to high concentrations only, with
aggregates volume fractions above 0.5 (Balogh, Olsson & Pedersen, 2006, Balogh, 2011). We
have not seen reports if this is a general finding for these types of systems or not.

2. Result

We will here present the standard system comprised of Ci2Es, decane and water (surfactant,
oil and water) with phase studies and then diffusion studies both at the emulsification
boundary and at elevated temperatures. We will then present the systems with an extra
added component both phase studies, studies of the zeta potential and diffusion and
compare with the standard system. This will be followed by the studies of the antioxidant
activity both individually in the microemulsion compared to in a pure solvent and together
in the microemulsion.

2.1 Studies of the system C2E5s decane and water

The samples were performed prior to using by diluting a stock-solution of surfactant and oil
(Cr2Es:decane 0.815:1 on volume base) with water in the water rich region. The stock-
solution volume fraction, @, stretched the 0.005-0.2 region but was mostly investigated in
the 0.05-0.2 region. The samples where then mixed above the upper phase boundary (turbid
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two-phase region) for five minutes and then cooled while stirred into the microemulsion
region (clear one-phase solution). They were stored at this temperature until used.

2.1.1 Phase studies of the system C42Es decane and water

We will here present mostly work using the original type system for the Lund cut, Ci12Es,
decane and water. A phase diagram for the microemulsion phase that we are working in is
shown in Figure 2.
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Fig. 2. Partial phase diagram for the standard system (Ci2Es, decane and water) showing the
upper (spheres) and lower phase boundaries (squares) temperatures for the microemulsion
phase in the water rich region with the surfactant and oil concentrations from @ = 0.005 to 0.2.

A comprehensive phase diagram has been determined earlier (Le et al., 1999). This shows
that above the microemulsion phase is a lamellar phase and even further up in
temperature is a bicontinuous bilayer phase. At higher concentrations just above volume
fractions of 0.4 starts liquid crystalline phases like cubic and hexagonal. We have been
working in a more limited area of the range mostly in the microemulsion phase with
aggregate ratios, @, mostly from 0.05 to 0.2. This is done to have as little impact from
crystalline structures at higher concentrations and from the edge of the dilution limit as
possible. It can be hard to follow the system visually at the highest dilutions with @, from
0.005 to 0.02 as they tend to look “clear” even when there is two phases. Initially at the
lower phase boundary it starts as discrete aggregates that, at the lower concentrations, are
spherical and towards the upper boundary the system becomes bicontinuous. The higher
the concentration the lower is the increase in temperature needed to change into
bicontinuous system (Balogh & Olsson, 2007, Balogh et al. 2007, Leaver et al., 1994, Leaver
et al., 1995). The change happens without macroscopic phase change.

2.1.2 Diffusion studies of the system C12Es, decane and water

With increased temperature the curvature of the surfactant film decreases. As long as one is
below the lower emulsification boundary and thus has access to more oil, the aggregates
essentially just grow as spheres and become bigger spheres. So at the emulsification
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boundary the aggregates are spherical at least at lower concentrations. At higher
concentrations and especially for longer oils the aggregates become slightly elongated
already at the emulsification temperature (Balogh, Olsson & Pedersen, 2006). The growth of
these aggregates has been shown to best fit with the one-dimensional ellipsoidal growth
(rugby ball) (Leaver et al., 1995). The growth before changing into bicontinuous does not
extend axis ratios of 4-6 big axis to small axis (Balogh & Olsson, 2007, Balogh et al. 2007,
Leaver et al., 1994, Leaver et al., 1995). Earlier reports of elongated micelles did not
investigate if the aggregates had changed into the bicontinuous phase as defined by the self
diffusion of the surfactant being different from that of oil (for an oil-in-water system). The
behavior in scattering terms of the bicontinuous system is initially such that it easily could
be confused with elongated micelles. As there is no macroscopic phase change it is not seen
any change when performing phase studies of the microemulsion phase. When performing
light scattering experiments one need to remember that for dynamic light scattering one is
studying collective diffusion. Collective diffusion has a concentration dependence that
makes it important to have in mind when comparing different concentrations. It also means
that the size coming from the light scattering machine has not taken this into account as it
just using the Stokes Einstein equation to get size from diffusion.

p, =L (1)
6xnr
Here Dy is the diffusion at infinite dilution, kg boltzmann constant, 1) viscosity and r radius
of the aggregate. From this it is easy to see how the size depends on the diffusion in this case
at infinite dilution and with spherical aggregates.
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Fig. 3. Diffusion versus temperature for five droplet concentrations from ® = 0.05 to 0.2.

When looking at Figure 3 for one temperature it seems as if the higher the concentration the
higher the diffusion. Just applying Stokes Einstein equation would give smaller size with
higher concentration. This is however not the case as we will show. If one want to compare



120 Microemulsions — An Introduction to Properties and Applications

different concentrations it is important that one have the concentration dependence of the
collective diffusion in mind. The hard sphere behavior (if there is no growth in the system or
repulsion/attraction between the aggregates) is Dc/Do= 1+®ps*1.45. Where Dc is the
collective diffusion, Dy is the diffusion at infinite dilution and ®us the hard sphere volume
fraction, for these systems 1.14 times that of the aggregate volume fraction (Olsson &
Schurtenberger, 1993). If the result is presented as the diffusion normalized with the
diffusion at infinite volume fraction at each temperature (to just have the effect of
concentration at each temperature), as in Figure 4, one can see that the difference from the
hard sphere behavior is bigger at higher temperatures and concentrations. It has earlier been
shown that there is no attraction in these systems that would explain this so the only
explanation left is that the aggregates grow. This has been shown to be the case (Balogh &
Olsson, 2007, Balogh et al. 2007, Leaver et al., 1994, Leaver et al, 1995). At higher
temperatures the aggregates are more elongated and also becomes bicontinuous so that the
diffusion do not give a good representation of the aggregate size just some form of repeated
unit in the structure and the perceived diffusion may even go up.
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Fig. 4. Diffusion versus droplet concentration from ® = 0.05 to 0.2 for several temperatures
with the collective diffusion behavior for aggregates acting like hard spheres as reference.

Just to once again mention the effect of changing the alkane one would see the same thing as
in Figure 4 that the higher temperature the faster they grow with concentration but with
increasing chain length. This is seen as the slope of the fitted line would be lower and
further away from the hard sphere behavior with increasing chain length or temperature
(Balogh, Olsson & Pedersen 2006, Balogh, 2011).

2.2 Studies of the system C42Es, decane and water with an added component

As the model system is well characterized it is easier to study the effect of adding a fourth
component to the system especially if one will work with limited number of techniques.
Generally the systems used for drug delivery are more complex and often not studied as
thoroughly as our model. The findings from an applied system need to be complemented
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with more techniques to explain what happen on aggregate level. The addition of three
different components has been studied. The components are different as one is a local
anesthetic, oil soluble and slightly water soluble (20:1 solubility in decane:water) and the
other two are natural compounds that act as antioxidants. The antioxidants are different as
chlorogenic acid, CQA, is water soluble and a-tocopherol is oil soluble. The molecular
structures are shown in Figure 5.
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Fig. 5. Molecular structure for the added components. From left to right chlorogenic acid, a-
tocopherol and lidocaine.

To try to keep the lipophilic component constant part of the oil was substituted with
lidocaine and a-tocopherol respective. The system was close to the limit of how much that
could be solved with 10% volume fraction of lidocaine in decane. When adding the
surfactant it was no problem to keep it in solution, even in the fridge. The solubility of
lidocaine in water was low but there was some solubility estimated to 0.5% giving a ratio of
solubility between decane and water to 20:1. There was no problem in solving 10 volumes
percent of a-tocopherol in decane. We dissolved a maximum of 2% CQA in water.
Tocopherol had very low solubility in water and is often reported as insoluble in water. The
solubility of CQA in decane was low. We used the oil with the added substance as “0il”
when preparing our stock solution and used water containing CQA to dilute the stock
solution when preparing our measurements. From this it is seen that the concentration of
CQA was almost constant regardless of the aggregate concentration (giving different ratio).
We added 1, 5 and 10 volume percent of lidocaine giving the active compound content of
the total system of 1% with a 10% addition and with an aggregate fraction of 0.2. The local
analgesic EMLA® from AstraZeneca contains 2.5% lidocaine so the concentrations used are
similar to the formulations used today. Concentrations of 2% CQA are much higher than
that of coffee and with a maximum of 1% of a-tocopherol on total formulation it seems to be
above what is used in formulations today.

2.2.1 Phase studies of the system C4;Es, decane and water with an added component

The first thing that needs to be done was to perform phase studies and determine the phase
diagram with the additions. In Figure 6 we show the temperature of the lower phase
boundaries for different droplet concentrations and different addition of CQA. There is a
small but increasing difference in temperature with droplet concentration much more than
in the standard and for the other additions.

As the concentrations of the antioxidant components are relatively high compared to many
formulations, it was necessary to also study the effect at lower concentrations and for
concentrations CQA 0.005-0.02% the change from standard was small. From here it is seen that
not only the temperature where the microemulsion form changes, but also the upper boundary.
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However the upper boundary does not increase as much as the lower giving a smaller
microemulsionrange. The range becomes smaller with higher CQA concentration (and by that
the temperature of the emulsification boundary). A similar thing has been seen in system where
the oil length has been varied, the lower the temperature the bigger the range. This gives that
shorter alkanes has bigger microemulsion temperature range than the longer ones.
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Fig. 6. Partial phase diagram in the water rich region showing the upper (spheres) and
lower phase boundaries (squares) for the microemulsion phase with the surfactant and oil
concentrations from @ = 0.005 to 0.2 and with 0.05-2% of water substituted with
chlorogenic acid.

Phase investigations were also performed for the system with added lidocaine. As can be
seen in Figure 7 there is a significant change when increasing the substitution.
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Fig. 7. Partial phase diagram in the water rich region showing the upper (spheres) and lower
phase boundaries (squares) for the microemulsion phase with the surfactant and oil
concentrations from ® = 0.005 to 0.2 and with 1, 5 and 10% of the oil substituted with
lidocaine.
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The phase boundaries of the standard system are very close to that of a 1% substitution with
lidocaine. One can also see that with increasing aggregate concentration the phase
boundaries are lowered slightly.

Finally phase investigations were performed on the systems with added o-tocopherol and
below are shown the resulting phase diagram in Figure 8.
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Fig. 8. Partial phase diagram in the water rich region with the surfactant and oil
concentrations @ = 0.05 and 0.15 with 5 and 10% of the oil substituted with a-tocopherol.
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Fig. 9. Partial phase diagram in the water rich region with the surfactant and oil
concentrations fixed at @ = 0.15 with varied amount of the oil substituted with a-tocopherol
and lidocaine, and water substituted with CQA.

Here there is a slight increase of phase boundaries with temperature. The substitution with
a-tocopherol makes a bigger impact than the same substitution with lidocaine. The
temperatures of the phase boundaries are lowered far from the standard system with 298 as
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lower boundary and for 5% substitution this is above its upper phase boundary. This
dramatic phase change needs to be addressed when formulating with this high
concentrations. Below Figure 9 is showing that the lower phase boundary of CQA is
increasing the temperature and that lidocaine and especially o-tocopherol is lowering the
temperature. Here, all of the data is for a droplet ratio of 0.15.

The increase caused by the substitution with CQA is big compared to the others looking at
their part of the solvent. As there is more water than decane the change with number of
molecules are similar between CQA and a-tocopherol but higher than that of lidocaine.

2.2.2 Zeta potential studies for the system C1;Es, decane and water with an added
component

The effect of the substitution with CQA was very strong and in order to try to find out
why, more investigations were performed. As CQA can be charged in water the
possibility of the aggregates also being charged was investigated. Zeta potential
measurements were performed and a small Zeta potential was noted. The standard
system did not show any zeta potential. To study if it was a “real effect” and not just a
coincidence repeated experiments were performed varying the concentrations of the
ingoing components. Figure 10 shows the fixed concentration of CQA and the variation of
the aggregate concentration.
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Fig. 10. Zeta potential for different aggregate concentrations with fixed 1 % CQA
concentration (triplicate measurements, and standard deviation in the error bars).

As can be clearly seen there is a concentration dependence and the aggregates with most
charges are also the ones that has most CQA per aggregate (lower droplet concentrations).
To be certain of the effect we also varied the CQA concentration and had fixed aggregate
concentration. This is shown in Figure 11.

Here one can also see the relation with charge of the aggregate and the CQA concentration.
From here it is evident that the aggregates behave as if they are charged. Up to a bulk
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concentration of 2% the concentration in the bulk influence the apparent charge of the
aggregate. If the charge is connected to the aggregate or if it is several charges that shift and
by its close presence to the aggregate make it appear charged is not determined yet. It was
not enough to have a charged bulk water to get aggregates that appeared to be charged, as
was seen when using sodium chloride with the same charge (Balogh et al., 2012). This had
no or minimum effect on the phase boundaries, the zeta potential (had none) and the
diffusion compared to the standard system. Lidocaine did not show any effect on the zeta
potential even if it had some solubility in water. Tocopherol was not studied as it has so low
solubility in water that we did not expect to see any effect.
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Fig. 11. Zeta potential for different CQA concentrations with fixed aggregate concentrations
®=0.05 (triplicate measurements, and standard deviation in the error bars).

2.2.3 Diffusion studies for the system C12Es, decane and water with an added
component

The diffusion of the system with added compounds did change a bit from standard part of
it, which was due to the different temperature range of the microemulsion phase and by that
the measuring temperature. To eliminate this temperature effect the curves where
normalized with their respective diffusion at the temperature of lower phase boundary.
Then one can see that the curves also are slightly different as can be seen from Figure 12.
Here one can look at the shape of the curve and compare to see that they have a very similar
behavior. For small additions it was hard to see any significant difference but at higher
concentrations the profile is slightly different showing that the growth of the aggregates and
the temperatures where the systems change into bicontinuous aggregates differs from that
of the standard system.

The small differences in how these systems behave with temperature, and hence when they
change from discrete aggregates to a bicontinuous system, may influence a lot of properties
for a formulation, such as the availability of drug and stability of the formulation, and thus
important parameters to be aware of.
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Fig. 12. Relative diffusion the collective diffusion normalized with the diffusion at the
respective phase boundary temperature for several systems with added components.

2.3 Studies of the antioxidant properties in the microemulsion

Even though antioxidants can be used to manipulate the phase boundaries, their primary
function would be to act as antioxidants either to protect an active component or
themselves as main components. It was hence important to confirm that the antioxidants
still had the capability to interact with oxidants if these would appear in the
microemulsion. We determined the antioxidant activity by using a dye that is a radical

2,2-diphenyl-1-picrylhydrazyl (DPPH) hence after called DPPH. The structure of DPPH is
shown in Figure 13
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Fig. 13. The molecular structure of 2,2-diphenyl-1-picrylhydrazyl (DPPH) and then when it
has reacted with another radical.

The problem is to have a system where a dye can be used to test both hydrophobic and
hydrophilic compounds. DPPH is soluble in methanol and in decane and it fits our purpose.
An added dye may influence the phase boundaries but at the concentrations used here, up
to 60 umol/L, there were no significant changes. First a calibration curve of DPPH was
prepared. Then the values after the addition of antioxidant were compared to this to get the
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concentration. As DPPH is a strong dye, the concentrations that could be used and still be in
the region where there is a good linear correlation between absorption and concentration,
was quite low as stated earlier (up to 60 pmol/l). This also influenced the maximum
concentrations of the antioxidants. It was also possible to use DPPH in decane used to
prepare the stock solution for the microemulsion experiments.

2.3.1 Studies of the antioxidant properties of CQA in the microemulsion

We could determine the effect of CQA with DPPH in a methanol solution and then compare
that with the effect in the microemulsion. In the microemulsion we dissolved the DPPH in
the decane used in our microemulsion and CQA was in the water used to dilute the
microemulsion stock solution. This way we did not need to add anything that would
influence the microemulsion more than the dye itself. The dye was in such low
concentrations that it did not influence the microemulsion phase boundaries. We were
somewhat limited in the amount of DPPH we could have in the decane for the
microemulsion but not significantly and we were able to have a good concentration interval.
Even though DPPH was in decane and CQA in water, CQA had the same effect as if both
were in methanol as seen in Figure 14.
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Fig. 14. The decay in DPPH as a function of the CQA concentration both in methanol and in
microemulsion.

This shows the exchange between the inside of the microemulsion aggregate and the
surrounding water. It also shows that the antioxidant is as effective (if any difference even
slightly better) in the microemulsion as in the pure solvent methanol.

2.3.2 Studies of the antioxidant properties of a-tocopherol in the microemulsion

For a-tocopherol we could have it dissolved in the decane used for the microemulsion
and had one other microemulsion with DPPH and just mixing these two microemulsions
gave us a system with both components. This gave the same effect as if having them
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mixed in two pure decane solutions as seen in Figure 15. We could not have twice as high
concentration of DPPH in one of the microemulsions to get the same initial concentration
when mixed so that is why the concentration is lower. The concentration absorbance
behavior is the same. The effect in the microemulsion is as good as in the solvent, if
anything even slightly better. So this once again shows that there is an interchange
between the inside and outside of the aggregates.
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Fig. 15. The decay in DPPH as a function of the a-tocopherol concentration both in decane
and in microemulsion.

Once again we showed how there is an exchange between the microemulsion aggregate and
the bulk. This is even a good visual way of showing how a purple solution mixed with a
clear can become almost clear solution with a brownish color.

2.3.3 Studies of the antioxidant properties of CQA and a-tocopherol in the
microemulsion

Having showed that the two antioxidants worked well in the microemulsion when used
individually the natural next step is to use them together. Like that there is a bonus in
that they have opposite effect on the curvature and hence have smaller effect on the
microemulsion boundaries. This was not an issue in the concentration range we used to
be able to study the antioxidant effect as the concentrations were so low that they did not
have any significant effect. If one would use much higher concentrations in formulations
this would however be an advantage. It has earlier been reported that there is an
additive effect by having these two antioxidants but that was for a reverse system (Sim et
al., 2009). Our microemulsion is as previously stated oil-in-water in this temperature
range. To study the antioxidant-effect an o-tocopherol and CQA 1:1 containing
microemulsion was mixed with a microemulsion containing DPPH. The effect of total
antioxidant versus absorption is shown in Figure 16 and from this it is shown that the
antioxidants work well together.
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Fig. 16. The decay in DPPH as a function of the antioxidant concentration for CQA, a-
tocopherol and the two combined.

By just comparing the decay it is seen how the two antioxidants can work together and by
that have the same and even stronger effect with 1/4 extra compared to their individual
contribution. This is seen by their decay of -0.027 compared to the average of -0.0160 for
CQA and -0.0198 for a-tocopherol. As the two antioxidants has reverse effect on the phase
boundaries more can be added and still have the temperature range of the model
microemulsion.

3. Conclusion

We have here illustrated how convenient it is to use a model system to determine the effect
of some added components to a microemulsion. We have shown both macroscopic and
microscopic changes in the systems when adding these compounds. These properties of
influencing the microemulsion would severely influence the use of the drug delivery
system. Even if the macroscopic temperature effect is taken into consideration, the effect on
the microscopic properties are important for properties like drug load and shelf-life. This
shows the importance of always performing phase studies of the involved systems when
adding components. It also shows the importance to investigate what happens with the
system when it is loaded with an active component to see how it differs from a system
without the drug. This may be masked to some degree by the more complex systems used
today. These systems have much less temperature dependence so therefore the need to
sometimes use model systems to better see the changes. We have seen how a hydrophobic
compound, a-tocopherol, a hydrophilic compound, CQA, and a compound that is mostly
hydrophobic but has a solubility in water as well (20:1 solubility in decane compared to
water), lidocaine influence the phase boundaries on the microemulsion. If one uses the ratio
of surfactant tail to head as the reason for the curvature of the aggregate one can see the
effect of adding these compounds as the effect they have on tails or the heads and in the case
of lidocaine tails and to a small extent even the heads. This is illustrated in Figure 17.
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Fig. 17. Effect on the curvature of the surfactant film of the different components. The
ingoing components are not set to scale. Here the micelle is shown and the close up of the
surfactant and their interaction with water and oil standard system (A), the system with
added CQA (B) and system with added tocopherol (C).

It is not determined yet if this is due to the penetration or general proximity to the heads
and tails, but we know that it is not caused by the bulk charge in the case of CQA as sodium
chloride at the same concentration did not have any significant effect.

Apart from the changes in phase boundary temperatures, the addition of these compounds
also influence the temperature increase needed to change into a bicontinuous
microemulsion and the growth with temperature and concentration. This influence may be
important to be aware of when formulating so that it can be taken into consideration when
planning. One can also use antioxidants in the microemulsions and they have the same
effect as if they would be used in a pure solvent both for a hydrophobic compound as a-
tocopherol and a hydrophilic compound as CQA. We have with these experiments also
illustrated that there is an interchange between the inside of the aggregate and the outside.
Having a microemulsion or even an emulsion makes it possible to use both hydrophobic
and hydrophilic antioxidants and by this have a more complex protection. This also
minimizes the effect on the phase boundaries as they have reverse effect. The combination of
the two antioxidants showed a synergetic effect of V4. To further improve the knowledge one
would like to study the specific interactions which the components have with the surfactant
film. One would also use more substances in order to have a predictive quantitative model
and not only a qualitative model. It would also be interesting to do long term tests with
antioxidants and components that are sensitive to oxidation. This would eliminate any
problem with an added dye.
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1. Introduction

There have been many attempts to improve absorption and bioavailability of poorly water-
soluble drugs [1-3]. One of attractive systems is microemulsions which are composed of fine
oil-in-water droplets in aqueous medium [4-8]. When such a formulation is released into the
lumen of the gut, it disperses to form a fine emulsion, so that the drug remains in liquid
state in the gut avoiding dissolution step that frequently limits the rate of absorption of
liphophilic drugs [9]. The smaller sizes of droplets will have a larger interfacial surface areas
per unit volume and correspondingly large free energy contribution from the liquid-liquid
interfacial tension [10].

Self emulsify drug delivery system (SEDDS) is a potency microemulsions for enhancing
bioavailability of poorly water soluble drugs after oral administration. Microemulsion is a
system of thermodynamically stable and isotropically clear dispersions of two immiscible
liquids such as oil and water, stabilized by an interfacial film of surfactant molecules [8,9].
Microemulsion formulations are a good candidate for oral delivery of poorly water-soluble
drugs, because of their ability to improve drug solubilization and potential for enhancing
absorption in the gastrointestinal tract (GI), caused by surfactant-induced permeability
changes [11]. After oral administration, it rapidly disperses in stomach forming small
droplets (<5 pm), which promotes wide distribution of the drug throughout the GI tract. In
the past decade, we have developed lipophilic drugs microemulsion [6], hydrophobic drug
emulsion [12], and thermal sensitive microemulsion[13] for enhancing water insoluble drugs
bioavailability. In this chapter, we discuss on the enhancing bioavailability of the poorly
water soluble drugs after oral administration by using microemulsion system. Poorly water
soluble drug has been designed as a thermal reversible microemulsion system, which can
disperse rapidly in the aqueous contents of the stomach and form fine oil in water droplets,
and thus leads to improve absorption of the poorly water soluble drugs.

2. Microemulsion system for oral delivery of lipophilic drugs
2.1 Preparation of pseudo-ternary phase diagram

Cyclosporin A as a lipophilic drug model, Caprylic/capric triglyceride (Captex 355) as a oil,
and Polyoxyethylated castor oil (Cremorphor EL®) and Transcutol® as a surfactant and
cosurfactant, respectively, were used for preparation of a series of microemulsions. Surfactant
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(Cremophor EL®) was mixed with cosurfactant (Transcutol®) in fixed weight ratios (0.5:1, 1:1,
2:1 and 4:1). Aliquots of each surfactant-cosurfactant mixture (Smix) were then mixed with oil
(Captex 355%) and finally with aqueous phase (saline or 0.1 N HCI). Mixtures were gently
shaken or mixed by vortexing and kept at ambient temperature (25°C) to equilibrate. The
equilibrated samples were then assessed visually and determined as being clear and
transparent microemulsions, or crude emulsions or gels as shown in Figure 1.

W

S (4) 0]

Fig. 1. Pseudo-ternary phase diagrams composed of oil (Captex 355®), Cremophor EL®-
Transcutol® mixture (Smix) (Cremophor EL®: Transcutol®= 4:1) and water. Keys: G, gel; L,
isotropic region ; ME, single phase o/w microemulsion; E1, crude emulsion; E2, w/o
emulsion region.

Phase studies were done to investigate the effect of surfactant/cosurfactant ratio on the
extent of stable o/w microemulsion region. The microemulsions in the present study were
formed spontaneously at ambient temperature when their components were brought into
contact. It is advantageous for developing oral dosage forms of lipophilic drugs, because
easy formation at ambient temperature is particularly advantageous for thermo labile
drugs such as peptides [14]. Phase study revealed that the addition of Cremophor EL®-
Transcutol® mixture in a ratio 4:1 can produce clear and transparent microemulsions in
the subsequent study.

2.2 Solubility of drug in the surfactants and oil

The solubility of Cyclosporin A in each component was 98.72 + 7.75 mg/g in Captex
355%(oil), 56.51 + 4.90 mg/g in Cremophor EL® (surfactant) and very soluble in
Transcutol®(cosurfactant). The solubility of Cyclosporin A in the oil-surfactant mixture was
slightly decreased with increasing the content of Cremophor EL® (Fig. 2A). In contrast, the
solubility of Cyclosporin A in the oil-cosurfactant mixture was increased linearly with
increasing the content of Transcutol® (Fig. 2B). Fig. 2C shows that the solubility of
Cyclosporin A in the 0il-Spix mixture with varying surfactant-cosurfactant ratio was
decreased with increasing the surfactant content. It indicates that the solubilization of
Cyclosporin A was greatly affected by the cosurfactant content. After adding the aqueous
phase, the solubility of Cyclosporin A in oil-surfactant-water system increased linearly with
increasing the content of Cremophor EL® (Fig. 3A). The solubility of Cyclosporin A in oil-
cosurfactant-water system also increased dramatically with more than 0.5% of Transcutol®
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Fig. 2. (A) Effect of the content of Cremophor EL® on the solubility of Cyclosporin A in a
mixture of Cremophor EL® and Captex 355®. (B) Effect of the content of Transcutol® on the
solubility of Cyclosporin A in a mixture of Transcutol ®and Captex 355®. (C) Effect of the
weight ratio of Cremophor EL® to Transcutol® on the solubility of Cyclosporin A in a
mixture of Cremophor EL®-Transcutol® (Smix) and Captex 355 (Smix:Captex 355®=15:4).
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Fig. 3. (A) Effect of the content of Cremophor EL® on the solubility of Cyclosporin A in a
mixture of Cremophor EL®, Captex 355® and saline (Cremophor EL®—Captex 355®:
saline=19:81). (B) Effect of the content of Transcutol® on the solubility of Cyclosporin A in a
mixture of Transcutol®, Captex 355® and saline (Transcutol®—-Captex 355®:saline=19:81).
(C) Effect of the weight ratio of Cremophor EL® to Transcutol® on the solubility of
Cyclosporin A in microemulsion systems obtained by adding saline to a mixture of
Cremophor EL®-Transcutol® (Smix) and Captex 355®(Smix:Captex 355®@=15:4).
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(Fig. 3B). The solubility of Cyclosporin A in a system containing all of the components for
producing microemulsions (Fig. 3C) was increased markedly compared to those of
systems without surfactant (Fig. 3B) or cosurfactant (Fig. 3A) and it reached the maximum
(21.95 + 1.48 mg/ml) when the ratio of surfactant to cosurfactant of Smix was 2:1 (Fig. 3C).
The maximized solubilization is thought to be achieved by the formation of transparent
microemulsion with small droplets. At the ratios greater than 2:1, although these mixtures
formed microemulsions, the less Transcutol® content in the microemulsion systems was
caused the solubilizing capacity of microemulsion to be decreased. In contrast, at the ratio
less than 2:1, the clear microemulsion cannot be produced due to the insufficient amount
of surfactant. The slight increase of solubility of Cyclosporin A at the ratio of 0.5:1 is
thought to be observed due to the fact that, although the clear microemulsion cannot be
formed, the excess amount of cosurfactant existed in the water phase and increased the
solubility of Cyclosporin A in the aqueous phase. It was also confirmed by determining
the partitioning of Cyclosporin A between lipophilic and aqueous phases in the
subsequent study (Fig. 4).

2.3 Partitioning of Cyclosporin A between lipophilic and aqueous phases (Co/Cw)

Partitioning studies using the aqueous and oil phases of corresponding microemulsion are
known to be correlated to the observed oral bioavailability and/or in vitro permeability [11].
The concentration ratio of Cyclosporin A in lipophilic phase to that in aqueous phase
(Co/ Cw) was greatly affected by the ratio of surfactant to cosurfactant of Smix (Fig. 4). Co/Cw
was maximized when the microemulsion system was prepared with Smix at 1:1 ratio of
surfactant to cosurfactant. When the ratio was at above or below 1:1, the C,/C,, was reduced
because the excess amount of surfactant or cosurfactant existed in the aqueous phase and
contributed to increasing the concentration of Cyclosporin A in aqueous phase. However, if
considering the absolute solubility of Cyclosporin A in the lipophilic phase, the maximized
concentration of Cyclosporin A could be obtained with microemulsions containing 2:1
mixture of surfactant to cosurfactant.
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Fig. 4. Effect of the weight ratio of Cremophor EL® to Transcutol® on the concentration ratio
of Cyclosporin A in lipophilic phase and that in aqueous phase of microemulsion systems
(Co/Cw).
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Fig. 5. Disperison rate of mixture of Cremophor/Transcutol(Smix) (Cremophor
EL®/Transcutol® as 0.5:1, 1:1, 2:1, 3:1, 4:1 and Captex 355 (Smix:Captex355=15:4) into
aqueous media assuming the pH condition of gastric fluid.

2.4 Dispersability and particle size determination

To use the 0il-Spix mixture as a pre-microemulsion concentrate, it must be readily dispersed
in the stomach to form a microemulsion [10]. Thus, the dispersability of 0il-Syix mixture
prepared with different weight ratios of surfactant to cosurfactant was compared in aqueous
media assuming the pH condition of gastric fluid. The dispersion occurred more slowly
with increasing the surfactant/cosurfactant ratio (Fig. 5). Too slow dispersion of pre-
microemulsion concentrate prepared with Smix which is greater than 3:1 ratio of surfactant to
cosurfactant might retard the absorption of drugs in gastrointestinal tract and it was insisted
that the ratio of surfactant to cosurfactant must not exceed 2:1 to allow use of the 0il-Snix
mixture as a pre-microemulsion concentrate in this study.

It is known that the droplet size distribution is one of the most important characteristics of
emulsion for the evaluation of its stability [15] and also in vivo fate of emulsion [16]. At first,
the effect of each component of microemulsion systems on the resultant droplet size was
investigated. The surfactant content at below 20% of mixture did not affect the droplet size
significantly (Fig. 6A). However, with increasing the cosurfactant content in oil-
cosurfactant-water system, the droplet size decreased linearly (Fig. 6B). The droplet size of
microemulsions prepared with Spix was markedly reduced compared with those prepared
with surfactant or cosurfactant alone. It was demonstrated that the small and stable
microemulsion was formed by the addition of both of them. The droplet size of
microemulsion decreased with increasing of the surfactant to cosurfactant ratio and became
constant at above 2:1 ratio of surfactant to cosurfactant (Fig. 6C). This result is in accordance
with the report that the addition of surfactant on the microemulsion systems causes the
interfacial film to condense and to be stable, while the addition of cosurfactant causes the
film to expand [14]. The smallest droplet size of microemulsion (22 nm) was obtained from
Smix at more than 2:1 ratio of surfactant to cosurfactant, where it can produce clear and
transparent microemulsions. However, as mentioned in the proceeding sections, Smix at 3:1
or 4:1 ratio of surfactant to cosurfactant produced microemulsions with reduced drug-



140 Microemulsions — An Introduction to Properties and Applications

solubility capacity and slow dispersion rate, which can be disadvantageous for use as an
oral delivery system of Cyclosporin A.
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Fig. 6. (A) Effect of the content of Cremophor EL® in a mixture of Cremophor EL®, Captex
355®, and saline (Cremophor EL®—-Captex 355®:saline=19:81) on the resultant mean droplet
size. (B) Effect of the content of Transcutol® in a mixture of Captex 355®, Transcutol® and
saline (Transcutol®—-Captex 355®:saline=19:81) on the resultant mean droplet size. (C) Effect
of the weight ratio of Cremophor EL® and Transcutol® in empty microemulsion obtained
from a mixture of Cremophor®-Transcutol® (Smix), Captex 355® and saline (Smix:Captex
355®:saline=15:4:81) on the resultant mean droplet size.

2.5 Animal studies

The non-compartmental pharmacokinetic parameters in Table 1 were calculated based on
the observed blood data. The maximal drug concentration in blood( Cmax), time at the
maximal drug concentration in blood(Tmax) and Area Under Curve of drug concentration in
blood (AUC) of Sandimmun®, Sandimmun Neoral® and microemulsion in this study were
1.285, 2.859, 3.275 (ug- mll) and 2.333, 3.000, 3.667 (h) and 12.531, 33.171, 41.332 (ug-h/ml),
respectively. The Cnax of Cyclosporin A loaded in the microemulsion system in the present
study was markedly higher compared with Sandimmun® and was not significantly different
compared with Sandimmun Neoral®. The AUC of Cyclosporin A via oral administration of
microemulsion in this study was significantly increased (p<0.05, 3.30 fold), when compared
with Sandimmun®. However, no significant difference was found between the AUC of
microemulsion and Sandimmun Neoral® (p>0.05, 1.25 fold). There was no significant
change in Tmax (p>0.05) among the three products. The absolute bioavailability (F) of
microemulsion optimized in this study increased about 3.30 and 1.25 fold compared with
Sandimmun® and Sandimmun Neoral®. The bioavailability of Cyclosporin A incorporated
in microemulsion optimized did not show significant difference compared with Sandimmun
Neoral® (0.416 versus 0.518) and 3.30 fold increased compared with Sandimmun® (0.157
versus 0.518). It is thought that this result support the report that for lipophilic drugs and
peptides, where absorption is dissolution rate limited, a strong correlation exists between
the particle size of emulsion and bioavailability because the particle size of Sandimmun®,
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Sandimmun Neoral® and microemulsion (with Smix 2:1) in this study was 864, 104 nm and
22 nm, respectively, measured with Zetasizer Nano ZS90 (Malvern Instruments Ltd., UK)
after diluting with water 50 times.

Oral
Parameters Intravenous Sandimmun
Sandimmun® ® Microemulsion
Neoral

Cnax (ng- ml-1) - 285+ 0.088 2.859+0.322 3.275+0.367 2
Tmax (h) - 333+ 0.441 3.000+ 0.354 3.667+ 0.333
AUC (ng-h/ml) 390+ 0.193 12.531+ 0.088 33.17145.534a | 41.332+4.5322
Absolute 0.157 0.416 0.518
bioavailability (F) b

ap<0.05 by the student T-test when compared to Sandimmun®.

Table 1. Analysis of noncompartmental pharmacokinetic parameters after oral
administration of cyclosporin A products to rats.

2.6 Conclusion

The surfactant to cosurfactant ratio greatly affected on the physicochemical characteristics of
resultant microemulsion systems obtained by using polyoxyethylated castor oil (Cremophor
EL®) as a surfactant, Transcutol® as a cosurfactant and caprylic/capric triglyceride (Captex
355%) as an oil. The stable microemulsion with high solubility of Cyclosporin A, small
droplet size and fast dispersion rate was obtained from mixture composed of 10/5/4
mixture of Cremophor EL®/ Transcutol®/ Captex 355°. The enhancement of bioavailability
of Cyclosporin A by using o/w microemulsion optimized in this study is thought to be due
to the combination of factors including the drug solubilization effect and the increase of
drug permeability to membrane. In other words, the bioavailability of drugs loaded in
microemulsions was dependent on the physicochemical properties of drug and o/w
microemulsions. This system might be applicable to formulate the liquid and solid dosage
forms of Cyclosporin A for enhancing its bioavailability after oral administration. This
formulation approach can also help to improve the oral bioavailability of other poorly
soluble peptide drugs as is the case for Cyclosporin A.

3. Emulsion for hydrophobic drug oral delivery

Biphenyl dimethyl dicarboxylate (BDD) is an agent against virally induced hepatic injury
and has been found to be effective in improving liver function and symptoms of patients
with chronic viral hepatitis [17, 18, 19]. BDD is practically water-insoluble (3.6 pg/ml in
water at 25°C) and its dissolution rate is extremely slow, resulting in very low
bioavailability (20-30%) [20]. For enhancement of the solubility and bioavailability of BDD
after oral administration, an Emulsion system composed of oil (Neobee M-5®), surfactant
(Tween 80), and cosurfactant (Triacetin), was prepared, and its physicochemical properties
and pharmacokinetic parameters were evaluated in comparison to commercial product G-
cell and 0.5% calcium-carboxymethylcellulose (Ca-CMC) suspension of BDD.
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3.1 Solubility of BDD in various ratios of surfactant to oil

The solubility of BDD sharply increased from 0.7 to 5.02 mg/g as the ratio of Tween 80 to
Neobee M-5¢ increased from 1:4 to 2:1 and leveled off above the ratio of 2:1 (Fig. 7). At the
ratio of 2:1, the solubility of BDD increased 7-fold compared with that at the ratio of 1:4.
Hence, the ratio of 2:1 (Tween 80 to Neobee M-5%) was used for further studies.

g _

Solubility (mg/g) of DDB
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Tween80 : NeoNeobee M-3"

Fig. 7. Solubility of BDD in various ratios of Tween 80 to Neobee M-5®. Each point
represents the mean £ SD of three experiments.

3.2 Solubility of BDD in an Emulsion system containing Triacetin

Triacetin has been used as oil to solubilize water-insoluble taxol [21] and as a food additive
because of its good solubility in water and potential role as a parenteral nutrient [22]. In this
study, the solubility of BDD in the absence of Tween 80 and Neobee M-5® increased
proportionately with the added amount of Triacetin ranging from 0 to 50% (Fig. 8) Thus, to

107

Solubility (mg/e) of DDB

| | | | | |
0 10 20 30 40 50 60
Tracetin (w/'w %)

Fig. 8. Effect of Triacetin on the solubility of BDD. Each point represents the mean of four
experiments.
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further enhance the solubility of BDD, Triacetin was employed in a emulsion system
composed of Tween 80 and Neobee M-5® at the ratio of 2:1. When the Triacetin was added
to a emulsion system composed of Tween 80 and Neobee M-5® at the ratio of 2:1, the
solubility of BDD gradually increased. With 55% of Triacetin, the solubility of BDD
increased 40% compared to that without Triacetin, indicating the role of Triacetin as a
cosurfactant in a emulsion system. Moreover, the presence of Triacetin in the emulsion
system composed of Tween 80 and Neobee M-5® at the ratio of 2:1 led to the decrease in
droplet size with higher physical stability and the increase in dissolution rate of BDD in
aqueous media (data not shown). For further studies, 35% of Triacetin that led to 20%
increase in solubility of BDD was chosen since the amount of Triacetin allowed for oral
administration is less than 35%.

3.3 Droplet size of a microemulsion system

Droplet size of BDD emulsion composed of Tween 80 and Neobee M-5® at the ratio of 2:1,
and 35% of Triacetin was kept constant both in distilled water and artificial gastric fluid
without pepsin (pH 1.2) throughout 120 min incubation period The droplet sizes at 1 h after
incubation in distilled water and artificial gastric fluid were 329.97 + 24.31 and 284.07 + 44.39
nm, respectively, without further changes at 2 h. This result suggests that the microemulsion
system may be stable and well-dispersed in the GI tract.

3.4 Comparison of dissolution profiles among different formulations of BDD

The dissolution profiles of BDD powder, 0.5% Ca-CMC suspension of BDD, Commercial
formulation G-cell and the emulsion formulation (SEDDS) of BDD composed of Tween 80
and Neobee M-5® at the ratio of 2:1, and 35% of Triacetin in distilled water were compared
(Fig. 9). BDD in the emulsion formulation rapidly dissolved to a great extent whereas BDD
in other formulations did hardly dissolve during 120 min incubation. About 50% of BDD in
the emulsion formulation dissolved within 10 min.
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Fig. 9. Dissolution profiles of BDD from 0.5% Ca-CMC suspension of BDD, BDD powder,
and the emulsion formulation of BDD (Tween 80 and Neobee M-5? at the ratio of 2:1, and
35% Triacetin; SEDDS).
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Fig. 10. Plasma concentration of BDD after oral administration to rats of 0.5% Ca-CMC
suspension of BDD, BDD solution formulation and the emulsion formulation of BDD
(Tween 80 and Neobee M-5® at the ratio of 2:1, and 35% Triacetin) at a dose equivalent to 12
mg of BDD/kg of body weight. Each point represents the mean + SD of seven rats.

3.5 Pharmacokinetic analysis

An in vivo absorption study was undertaken to determine whether or not the enhanced
solubilization and in vitro dissolution of BDD in a emulsion system could increase the GI
absorption of drug after oral administration. Plasma concentration of BDD after oral
administration of BDD in the emulsion formulation to rats increased rapidly and
remarkably compared with 0.5% Ca-CMC suspension of BDD and BDD solution
formulation (Fig. 10). AUCo_24n of BDD in the emulsion formulation increased 5.0-fold and
1-fold compared with that of BDD in 0.5% Ca-CMC suspension and BDD solution
formulation (9.829 vs. 1.955 pg h/ml and 1.718 vs. 1.955 ugh/ml) (Table 2). The emulsion
formulation of BDD also enhanced Cmax of BDD by 9.8-fold and 1.1-fold compared with

. . BDD in 0.5% Ca- BDD solution
Parameters Emulsion formulation . .
CMC suspension formulation
Crax (ng/ml) 1.550 +£0.706** 0.158 +0.165 0.1412 +0.602
Tmax (h) 1.833 £1.125 1.254 £1.025 1.788 +2.777
AUC (ug-h/ml) 9.829 +2.255%* 1.955 +0.712 1.718 +0.536

** p <0.01 when compared with 0.5% Ca-CMC suspension and BDD solution formulation by the

ANOVA test.

Table 2. Noncompartmental pharmacokinetic parameters after oral administration of BDD

products to rats.
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0.5% Ca-CMC suspension of BDD and BDD solution formulation (1.550 vs. 0.158 pg/ml
and 0.1412 vs. 0.158 pg/ml) (Table 2). However, Tmax was not significantly different
between two formulations (Table 2). These results indicate that the emulsion system of
BDD considerably increases the bioavailability of BDD compared with 0.5% Ca-CMC
suspension of BDD and BDD solution formulation. The enhanced bioavailability is
probably due to the increase in solubility and dispersion of the drug in the GI tract.
Nerurkar reported that surfactants, which are commonly added to pharmaceutical
formulations, might enhance the intestinal absorption of some drugs by inhibiting this
apically polarized efflux system [23]. In this study, the presence of a surfactant, Tween 80,
in the emulsion system might have caused changes in membrane permeability, which
could lead to an increase in bioavailability of the drug. It is thus expected that the
increased bioavailability of BDD from a emulsion system may result in improved efficacy,
allowing patients to be able to take less BDD.

3.6 Conclusions

Taken together, these results demonstrate that the microemulsion formulation of BDD
composed of Tween 80 and Neobee M-5® at the ratio of 2:1, and 35% of Triacetin
considerably improves the bioavailability of a poorly water-soluble BDD after oral
administration, possibly due to the increase in solubility and dispersion of the drug in the
GI tract. Therefore, the emulsion system may provide a useful dosage form for oral intake of
water-insoluble drugs such as BDD.

4. Thermal revisable microemulsion for oral delivery of poorly water-soluble
drugs

To avoid the precipitation of poorly water soluble drug in the pre-microemulsion, we
prepared a solid or semi-solid dosage form and it would change into liquid state at body
temperature. Poorly water soluble drug YH439 was loaded in a thermal reversible
microemulsion system which can disperse rapidly in the aqueous contents of the stomach
and form fine oil in water droplets, and thus leads to improve absorption of the poorly
water soluble drugs as indication in Figure 11.

37OC Stomach
Poorly oil - I::> |:>

Semi-solid Liquid

Fig. 11. Thermo sensitive SEDDS (Self-Emulsified Drug delivery System)

4.1 Effect of the composition ratio on melting point and particle size

The melting point of mixture of Pa-PEG (Palmitic-PEG400) and Ca-PEG( Capric-PEG400)
was increased with increasing the composition ratio of Ca-PEG to Pa-PEG as shown in
Figure 12. At the ratio of Ca-PEG to Pa-PEG was 1:3, the melting point was close to the body
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temperature as 36°C. Thus, firstly, the ratio of Ca-PEG to Pa-PEG was fixed at 1:3, then the
effect of Cremorphor RH40® as a surfactant and Neobee M-5® as an oil on melting point of
thermal reversible microemulsions was examined and the optimal composition ratio was
determined for the thermal reversible microemulsion system. The melting point of thermal
reversible microemulsions was raised up with increasing the amount of oil in the
formulation as shown in Figure 13(a). Whereas, the melting point of microemulsions
decreased with increasing the amount of surfactant. When the microemulsion was
composed of lipid matrix, surfactant and oil with a ratio of 5:4:1, its melting point was close
to the body temperature as 37°C. Thus this would be considered as the pre-concentration of
microemulsion since the solid state could change to liquid state around 37°C and rapidly
form fine droplets microemulsion in gastrointestinal tract.

Effect of each component of microemulsion systems on the resultant droplet size was
investigated as shown in Figure 13(b). In the range of surfactant with more than 0.2 g and
oil with less than 0.2 g, small droplet size (< 100nm) of microemulsion was obtained in
this system. The droplet size of microemulsion was significantly reduced with increasing
the amount of surfactant. At the composition ratio of lipid matrices:Cremorphor
RH40®:Neobee M-5® with 5:4:1, the smallest droplet with 28 nm of mean size was
obtained. The smaller sizes of droplets will have a larger interfacial surface areas per unit
volume and correspondingly large free energy contribution from the liquid-liquid
interfacial tension. As reducing the size of droplets, a larger interfacial surface areas per
unit volume could be produced.

Thus from the results, the optimal physical properties including melting point and particle
size of microemulsion were produced by the composition ratio of lipid
matrices:Cremorphor RH40®:Neobee M-5® with 5:4:1. This formulation would be used as a
formulation of the thermal reversible microemulsion system for further study in the work.
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Fig. 12. The change of melting point was function of altering the composition ratio of Capric-
PEG400 to Palmitic-PEG400.
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Fig. 13. Effect of oil and surfactant on changing melting point (a) and particle size (b) of
microemulsion system. The ratio of Capric-PEG400 to Palmitic-PEG400 was fixed at 1:3 and
the lipid mixture of Capric-PEG400 and Palmitic-PEG400 was equivalent to 1 g.

4.2 Release profile of YH439 from thermal reversible microemulsion

The YH439 was released from various formulations including powder form, 5% of Ca-CMC
suspension, Gelucire® and the thermal reversible microemulsion prepared in this work. The
powder form of YH439 was released less than 5% of initial amount and after suspending in the
5% of Ca-CMC, the YH439 was released upto 20%. However, by additions of the Gelucire®
formulation and the microemulsion to YHP439, 90% of YHP439 was released until 180 min as
shown in Figure 14. The systems of Gelucire® and microemulsion remarkably improved the
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Fig. 14. Release profiles of YH439 from the thermal reversible microemulsion, Glucire®
formulation, 5% Ca-CMC suspension and powder state of YH439. The thermal reversible
microemulsion was composed of lipid matrices, Cremorphor RH40® and Neobee M-5® with
a ratio of 5:4:1.
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release property compared with powder form and 5% of Ca-CMC suspension. On the other
hand, the fast release pattern was observed in the microsemulsion system compared with the
Gelucire® formulation. This is desirable property since a slow dissolution rate of formulation
might retard the absorption of drugs in the gastrointestinal tract.

4.3 The transport of YH439 across the caco-2 cell monolayer

The apparent permeability (Papp) of YH439 from the apical to the basolateral and
basolateral to apical were calculated according the equation mentioned above. Papp of
YH439 from the apical to the basolateral and basolateral to apparent direction were 2.08x10-5
cm/s, 4.71x10-5 cm/s for 0.63 uM, YH439. It was suggested YH439 was transported in the
basolateral to apical direction is larger than from apical to basolateral direction in the
present of a transport system as shown in Figure 4. It has been reported that the efflux of
YH439 which is found in Caco-2 cells does not appear to influence the bioavailability of
YH439 (Evidenced by the sufficiently high permeability in the absorption direction).
YH439 was transported from microemulsion formulation larger than Gelucire® formulation
and 5% Ca-CMC suspension as shown in Figure 15. The results were expected to response
to in vivo animal experiments.
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Fig. 15. Effect of YH439 transport from apical to basolateral and basolateral to apical in the
microemulsion formulation, Glucire® formulation, and 5% Ca-CMC suspension (n=4).

4.4 Pharmacokinetic analysis

In vivo study was undertaken to examine the effect of a thermal reversible microemulsion
system of YH439 on G.I. absorption after oral administration equivalent to 15 mg/kg of
YH439 to rats. The plasma concentration of YH439 after oral administration of YH439 in the
thermal reversible microemulsion formulation to rats increased compared with in the
Gelucire® formulation and 5% Ca-CMC suspension as shown in Figure 5. AUCq.»4 of YH439
in the thermal reversible microemulsion formulation increased 1.17-fold and 6.91-fold
compared with that of Gelucire® formulation and 5% Ca-CMC suspension (28.14 vs 24.01
pgh/ml and 2814 vs 4.07 pgh/ml) as listed in Table 2. The thermal reversible
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microemulsion formulation of YH439 also enhanced Cpax of YH439 by 1.59-fold and 7.29-
fold compared with Gelucire® formulation and 5% Ca-CMC suspension (2.26 vs 1.42 pug/ml
and 2.26 vs 0.31) (Table 2). However, the significant difference was not observed in Tmax
value (Table 3). These results indicated that the thermal reversible microemulsion
formulation of YH439 considerably increased the bioavailability of YH439 compared with
Gelucire formulation and 5% Ca-CMC suspension. The enhanced bioavailability was very
probably due to the increasing drug dispersion in the GI tract. Therefore, the increased
solubility and enhanced bioavailability of YH439 from a thermal reversible microemulsion
could result in improved drug efficacy.

Oral
Parameters Intravenous
Microemulsion | Gelucire® Suspension
Cmax (mg/ml) - 2.26+0.47ab 1.42+0.102 0.31+0.85
Tmax (min) - 30 30 30
AUC (mgh/ml) 6.11+0.28 28.14+2.89a 24.01+2.78a 4.07+032
Absolute
- ab a
Bioavailability (F%)c 76.75 65.49 11.10

aP<0.001 by the AVOVA when compared to suspension
bP<0.05 by the AVOVA when compared to suspension
F=[AUCora/ Doseoral] / [AUCiv/Dosei.]

Table 3. Plasma concentration of YH439 after oral administration of thermal reversible
microemulsion, Glucire® formulation and 5% Ca-CMC suspension to rats at the dose of 15
mg/kg and after intravenous administration of thermal reversible microemulsion
equivalent to 2.5 mg/kg as YH439 to rats (each group n=6).

4.5 Conclusion

The thermal reversible microemulsion system of YH439 was prepared from a lipid mixture
of Ca-PEG and Pa-PEG, Cremophor RH40® and Neobee M-5® at the ratio of 5:4:1. The
thermal reversible microemulsion promoted to increase the solubility of a poorly water-
soluble YH439 and to enhance its bioavailability after orally administration to rat. The
increased stability of poorly water-soluble YH439 by thermal reversible microemulsion
system could lead to rapidly disperse as fine droplets inclusion drug in the gastrointestinal
tract. Therefore, the thermal reversible microemulsion system could provide a useful dosage
form for oral intake of water-insoluble YH439.
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1. Introduction

Microemulsion techniques are capable of delivering organic and inorganic nano-sized particles
with minimal agglomeration because the reaction occurs in nano-sized domains. However,
microemulsion techniques present several disadvantages, including the use of a large amount
of oil and surfactant and low yield. Nevertheless, microemulsion techniques are an alternative
method for synthesising several types of inorganic and organic nano-sized particles!. 2 3.

The use of microemulsions as vehicles for pharmaceutical preparations and drug release
systems has aroused significant interest due to their potential advantages*, which can be
attributed to their ability to improve the solubility of hydrophilic and lipophilic substances
and their capacity to increase the stability and absorption of drugs, allowing greater
bioavailability®.

Furthermore, microemulsions can provide sustained drug release by compartmentalising
active substances within structures organised by surfactants, water and oil, allowing the
slow and continuous release of drugs over a long period of time¢.

Microemulsion is a suitable technique for obtaining nanometre-sized inorganic particles
with minimal agglomeration’”. Microemulsion is the thermodynamically stable,
transparent, isotropic dispersion of two immiscible liquids such as water and oil, which
are stabilised by surfactant molecules at the water/oil interface. In water-in-oil
microemulsions, nano-sized water droplets are dispersed in the continuous hydrocarbon
phase and are surrounded by a monolayer of surfactant molecules’. The diameter of
aqueous droplets is usually 5-20 nm'8. The aqueous droplets act as a microreactor or
nanoreactor, and reactions occur when droplets containing suitable reactants collide with
each other. First, precursor particles of hydroxide or oxalate are formed in a
microemulsion system. After drying and calcination of the precursor powder at an
appropriate temperature, the desired oxide system is obtained.

A number of biological barriers are present between the application site and the place where
substances exert their pharmacological effect; thus, many pharmacologically active substances
fail to achieve the appropriate concentration in the target tissue, and normal tissues of the
body are exposed to the effects of potentially toxic substances. The mucosal immune system is
a biological barrier that allows the passage of substances under certain conditions.
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Microemulsions may interact with the stratum corneum and disorganise the lipid bilayer due
to the presence of surfactants. Thus, these lipids pass as a fluid in a disorderly fashion,
increasing the permeability of skin. As a result, the penetration of substances is facile. The
control of drug release by microemulsions is an important advantage when the active
compound seeks specific targets and therapeutic action must be extended.

The mucosal barrier control is important for immunomodulatory effects. The
gastrointestinal and respiratory tract are the most important sites of infection and can act as
open windows that microorganisms can use for the entrance, invasion and colonisation of
tissue®. Mucosal surfaces represent an important physical-biological barrier between internal
and external millieu!0. During feeding and respiration, the body comes into contact with
allergens, harmful substances, and opportunistic and pathogenic microorganisms.
Notwithstanding, the body-environment equilibrium is almost perfect, and the state of
illness is exceptional.

Intestinal mucosa is colonised by numerous bacteria derived from more than 500 different
species!l. Despite high bacterial colonisation and frequent allergen contact, acute
inflammatory and allergic reactions are rarely observed in the mucosa!2.

Gastrointestinal associated lymphoid tissue (GALT), which is composed of discrete
inductive and effector sites, is able to discriminate between harmful and harmless antigens
while maintaining homeostasis.

Intestinal epithelial cells are the major producers of multiple peptides and proteins with
antimicrobial activity in the intestine, which are key effector molecules of innate immunity?3.
The differential expression of diverse antimicrobial proteins in the gastrointestinal tract
suggests that these proteins have distinct functional niches in mucosal innate defence,
allowing the pharmacological exploitation of their antimicrobial properties!4.

2. Microemulsion

In 1943,15 Hoar and Schulman described water-in-oil microemulsions, which they referred to
as transparent water-in-oil dispersions. Subsequently, these systems have been investigated
by others authors,6 who calculated the size of droplets found in microemulsions.

Microemulsion is a suitable technique for obtaining nanometre-sized inorganic particles with
minimal agglomeration?. Oxide and carbonate nanoparticles have been successfully
synthesised by microemulsion techniques!”. 18 19 20, A microemulsion is a thermodynamically
stable, transparent, isotropic dispersion of two immiscible liquids (such as water and oil) that
are stabilised by surfactant molecules at the water/oil interface. In water-in-oil
microemulsions, nano-sized water droplets are dispersed in the continuous hydrocarbon
phase and are surrounded by a monolayer of surfactant molecules?!.

Microemulsions improve therapeutic efficacy, reduce the volume of the drug delivery
vehicle, mimimise toxic side effects!622 and improve immunological response52.24 In
addition to these advantages, microemulsions are easy to administer and offer several
benefits for oral administration. Namely, microemulsions are ideal for the oral and nasal
delivery of drugs and vaccines?.2627. Microemulsion techniques are capable of delivering
inorganic and organic nano-sized particles with minimal agglomeration because the reaction
occurs in nano-sized domains.
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However, the major disadvantage of using microemulsion formulations as vehicles for drug
delivery systems is the high concentration of surfactant and cosurfactants required to create
these formulations. In microemulsion formulations used for technological applications in oil
recovery, nanoparticles are composed of incompatible surfactants, cosurfactants, and oils
that are compatible with human physiology and are non-irritating. Phospholipids,
particularly lecithin, are nontoxic alternative emulsifiers that can be biocompatible?2.
Biocompatible surfactants and cosurfactants used in pharmaceutical microemulsions are
important technological challenges for the development of adequate delivery systems that
can be used in pharceutical formulations and vaccines for treating diseases and improving
the immune system.

3. The mucosal immune system

In general, mucosal tissues are a specialised immune network composed of inductive and
effector sites. The latter include lamina propria mucosae, the stroma of exocrine glands and
surface epithelia, whereas inductive sites comprise mucosa-associated lymphoid tissue
(MALT) and local and regional draining lymph nodes. The histological architecture of
MALT is similar to the structure of the lymph nodes; however, MALT lacks afferent
lymphatics. Antigens are captured and processed directly from the mucosal luminal side
through specialised follicle-associated epithelium (FAE) containing microfold or membrane
(M) cells. These cells deliver antigens to MALT antigen presenting cells (APCs), which are
able to stimulate naive B and T cells!1.

Intestinal mucosa is one of the primary tissues that comprise the mucosal immune system
and possess the highly elaborate architecture of the intestinal system. Intestinal mucosa is
constantly challenged with the considerable task of allowing the exchange of nutrients, ions
and liquids across the intestinal epithelium in the presence of an enormous density of
potentially harmful luminal antigens and microbes?”.

Intestinal mucosa constitutes a barrier equipped with local defence mechanisms against
invading pathogens; however, the mucosa must be selectively permeable to allow the
uptake of nutrients. This dual function becomes even more challenging when we consider
that the intestinal lamina propria contains a large number of immune cells with potent
effector functions?. The unique architecture of the gastrointestinal tract facilitates both of
these functions. In particular, the gastrointestinal tract possesses multiple levels and an
immense overall surface area, allowing maximal nutrient absorption while housing the
largest number of immune cells in the body?’.

The recognition of invading microorganisms is paramount to the survival of the host, and
the innate immune system has evolved as the first line of defence in the immune response.
At the mucosal surface, the host physically interacts with a nonsterile environment, and the
ability to detect and contain invading pathogens is regularly tested?”-28.

Gastro-intestinal associated lymphoid tissue (GALT), which is composed of discrete
inductive and effector sites, is able to discriminate between harmful and harmless antigens
while maintaining homeostasis. Inductive sites are organised into specialised aggregations
of lymphoid follicles called Peyer's Patches (PP), while effector sites are more diffusely
dispersed?8.29.



154 Microemulsions — An Introduction to Properties and Applications

The separation of these sites limits and controls immune responses. The human
gastrointestinal tract is colonised by an abundance of bacteria, which are in constant
interaction with the epithelial lining, leading to an intricate balance between tolerance and
immunological response. Ample evidence suggests that the abundant presence of bacteria
plays a role in the maintenance of human health and the induction of chronic inflammatory
diseases of the gastrointestinal tract°.

4. Defence of innate and adaptive immunity against infections

The mucosal barrier is formed by highly adapted epithelial cells, which are interconnected
with tight junctions and are covered with mucus and bactericidal peptides. As a result, only
a small number of bacteria are allowed to penetrate the intestinal epithelium. Primary
defects in the barrier function can trigger intestinal inflammation!3 31. Mucosal surfaces have
an efficient anti-infective protection system, which consists of many nonspecific mechanisms
such as peristaltic movements and the transportion of mucus-fimbri, mucosal enzymes and
antimicrobicidal proteins.

The mucosa surface presents intestinal epithelial cells, especially paneth cells. Paneth cells
are the major producers of multiple peptides and proteins with antimicrobial activity in
the intestine, which are key effector molecules of innate immunity. The most abundant
and diverse antimicrobial proteins are the defensins, which are highly microbicidal in
vitro and are likely important in vivo. However, the physiological functions of defensins
remain incompletely understood. Paneth cells also produce cathelicidin, which
contributes to the mucosal defence against epithelial-adherent bacterial pathogens, helps
to set a threshold for productive infection, and is expressed constitutively by neutrophils,
mast cells and differentiated epithelial cells in the colon and stomach but not the small
intestine32,

In contrast, adaptive mechanisms are represented mainly by the mucosal immune system
(MALT, mucosal associated lymphoid tissue). This system consists of immuno-competent
cells that infiltrate the mucosae, nodules that form lymphoid structures such as Peyer’s
plates and its equivalent in bronchial mucosae, and regional lymph nodes such as the
mesenterics32,

Under normal conditions, human gut mucosa is infiltrated by a large number of
mononuclear cells due to the continuous stimulation of luminal antigens3. Approximately
70% of all lymphocytes in the human body are concentrated in the intestinal intra-epithelial
and subepithelial layers, and the largest pool of tissue macrophages is located in the
intestinal wall30.

Mucosal tissue possesses the largest activated B-cell system of the body and contains 80-
90% of all immunoglobulin (Ig)-producing cells. The major product of these lymphocytes
is secretory (S) IgA (mainly dimers) with associated ] chain!8. Polimeric IgA contains a
binding site for polymeric Ig receptor (pIgR) or secretory component (SC), which is
required for their active external transport through secretory epithelia. When produced by
local lymphocytes, the pIgR/SC binding site depends on the covalent incorporation of the
J chain into the quaternary structure of the polymer. This important differentiation
appears to be sufficient functional justification for the expression of the J chain by most B-
cells terminating at IgD- or IgG-producing secretory effector sites. These cells likely
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represent a spin-off from sequential downstream CH switching for subsequent pIgA
expression, apparently reflecting an effector B-cell clone maturational stage that is
compatible with homing to these sites?l.

The differential expression of diverse antimicrobial proteins in the gastrointestinal tract
suggests that they occupy distinct functional niches in mucosal innate defence, allowing the
pharmacological exploitation of antimicrobial properties associated with active substances
in microemulsions, which can modulate the mucosal immunological system.

5. Mucosal immune system and microemulsion

Over the past several decades, microemulsions have been used in various pharmaceutical
technologies. For instance, the storage, stability, dosage, viability, side effects, controlled
release, biological response and homogenous distribution of drugs in microemulsions have
been explored for their potential use as drug or vaccine delivery systems 2324,

Immunisation strategies have largely focused on the use of microemulsions. However, the
efficiency and/or cost of vaccines must also be improved. In the literature, the theoretical
basis of current research is to rationally design immunization methodologies for
nanoparticle-based delivery systems. These methodologies may reduce the required dose
and enhance the breadth and depth of protective immune responses.

In previous studies, experimental methods for the design and characterisation of
nanoparticles directly from oil-in-water microemulsion precursors have been developed,
and the breadth and depth of immune responses after immunisation with nanoparticles
were enhanced? 3536, The intradermal administration of novel cationic nanoparticle-based
DNA vaccine delivery systems using a jet injection device led to significantly enhanced
Th1/Th2-balanced immune responses.

To elicit effective mucosal and systemic immune responses, a novel cationic DNA-coated
nanoparticle engineered from a microemulsion precursor was modified, optimised and
applied intranasally as a vaccine delivery system. DNA-coated nanoparticles significantly
enhanced specific serum IgG and IgA. An enhanced splenocyte proliferative response was
also observed after immunisation with pDNA-coated nanoparticles; thus, these particles
may be used for immunisation via the nasal route? and inhalable nanoparticles may
enhance immune responses2>28,

6. Conclusion

The exact mechanism of the modification of mucosal immune response by microemulsions
remains to be elucidated. However, the effect of microemulsions may be attributed to an
enhancement in nanoparticle uptake by cells present in the mucosal immune system. The
incorporation of antigens into nanoparticles may be a promising approach because colloidal
formulations protect antigens from degrading milieu in the mucosa and facilitate their
transport across barriers.

The use of nanoparticles for vaccine delivery provides beneficial effects, and good immune
responses can be achieved. Although the mechanism of induction of mucosal immunity
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after vaccination has not been fully elucidated, antigens associated with microemulsion
nanoparticles may enhance mucosal immune responses and improve vaccination methods.
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1. Introduction

Microemulsions are thermodynamically stable, isotropic, and macroscopically
homogeneous dispersions of two immiscible fluids, generally oil and water, stabilized with
surfactant molecules, either alone or mixed with a cosurfactant, as shown in Figure 1 (Robb,
1981). Cosurfactant is a nonionic molecule (e.g. a short-chain of alcohols or amine) that has
the function of stabilizing a microemulsified system by decreasing the repulsion forces
between the hydrophilic parts of the surfactant.

water

surfactant

| —
oil —‘

cosurfactant

interface

Fig. 1. Microemulsion droplet (Reversed micelle)

The potential of microemulsions in technological applications, however, has not yet fully
been explored. Presently, there are many established industrial activities that rely on the use
of emulsions as a mean to achieve effectiveness. It is important to consider the core
differences between emulsions and microemulsions to improve the design of their
applications, as shown in Table 1.

Microemulsion equilibriums, according to Winsor’s classification (Friberg & Bothorel, 1987),
vary according to the nature of the phases involved (Figure 2). This classification establishes
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four types of systems: WINSOR I (WI), where the microemulsion phase is in equilibrium
with an organic phase in excess; WINSOR 1II (WII), where the microemulsion phase is in
equilibrium with an aqueous phase in excess; WINSOR III (WIII), where the microemulsion
phase is in equilibrium with both aqueous and organic phases (three-phase system); and
WINSOR IV (WIV), which is a one-phase system, in a macroscopic scale.

Emulsions Microemulsions
Unstable, with eventual phase separation Thermodynamically stable
Relatively large-sized droplets (1-10 pm) i{;la;ﬁigiz)gates (around a few tens of
Relatively static systems Highly dynamic systems
Moderately large interfacial area Very high interfacial area
Small amount of surfactant required for Large amount of surfactant required for
stabilization stabilization
Low curvature of the water-oil interface Interfacial film may be highly curved

Table 1. Main differences between emulsions and microemulsions (Dantas Neto et al., 2009)

IM - Microemulsion O - Oil W - Water|

T
|

“.'

“7
Winsor I Winsor IT Winsor IIT Winsor IV

Fig. 2. Schematic showing Winsor’s classification

The microemulsions, composed of four constituents (water, oil, surfactant,
and/cosurfactant), can be represented by pseudoternary diagrams, built and displayed in a
user-friendly manner. In order to simplify the microemulsion’s representation, two
constituents are kept in a fixed proportion, the “pseudoconstituent”. The constant molar
ratio (cosurfactant/surfactant) is usually applied during this phase as demonstrated in
Figure 3. To determine the Winsor’s regions in a pseudoternary diagram, the oil phase was
mixed with the surfactant/cosurfactant phase, and the mixture was titrated with water to
observe the changes in the Winsor’s regions. The volume of water used was determined for
each region change. The pseudoternary phase diagram was constructed by plotting the
amounts of water, oil, and surfactant/cosurfactant phases.

Microemulsified media are of great interest due to its wide potentialities for industrial
applications, such as in the oil industry. Therefore, this paper aims to show the applications
of microemulsions in various areas of the oil industry, such as in wells” hydraulic fracturing
(stimulation operation), as corrosion inhibitors in pipelines, in the breakdown of water/oil
emulsions, in enhanced oil recovery, and as an alternative fuel.
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Fig. 3. Pseudoternary diagram with constant cosurfactant/surfactant ratio

2. Microemulsions in oil industry
2.1. Hydraulic fracturing

Hydraulic fracturing is a technique that aims to increase well productivity. The fracturing
fluid is applied against the reservoir rock under high differential pressure to create
fractures. A proppant (sand, bauxite, or ceramic) is pumped into the well with the fracturing
fluid to keep the fracture open; creating a high conductivity way that eases the flow of fluids
between the formation point and the well. In recent years, the insoluble residues of
fracturing fluids left in the fracture have been the object of more specific studies. These
fluids can cause damage (permeability reduction) in the proppant pack or on the surfaces of
the fracture itself. Hence, fracturing fluid, microemulsion-based category, has been reported
to reduce the formation of damage. Surfactant-based fracturing gels (microemulsions) are
considered clean gels due to the absence of insoluble residues in its composition.

Samuel et al. (1999) developed a surfactant-based polymer-free fluid (ClearFRAC). The
surfactant used was a quaternary ammonium salt, derived from a long-chain fatty acid.
Aspects such as structure, rheology, fluid loss, and conductivity of this surfactant fluid were
studied. The results showed that, in brine, the fluid’s viscosity and viscoelasticity occurs due to
the formation of highly entangled worm-like micelles. The micelles have a gross structure
similar to a polymer chain. Since the viscosity of the fluid depends on the nature of micelles,
the fluid can be broken by changing its micellar structure. The breaking occurs when the fluid
is exposed to hydrocarbons or diluted with formation water. Therefore, conventional breakers
are not required, and the produced oil or gas can act as breakers for this fluid system.

Castro Dantas et al. (2003a) developed a surfactant-based fracturing gel (SBG). The
formulation of a viscous microemulsion system (gel) was obtained from the pseudoternary
phase diagram as illustrated in Figure 4. The gel’s composition was 18 wt. % soap, 9 wt. %
isoamyl alcohol, 14 wt. % pine oil, and 59 wt. % water. Comparisons between the SBG and
conventional gel (Hydroxypropylguar - HPG) were performed. The API (American
Petroleum Institute) fluid loss test was performed and the fluid loss values for the SBG were
21 times larger than the ones for the conventional gel. This was because surfactant-based
gels are free of solids and do not form a filter cake and the interactions between the
microemulsion microdroplets are very weak, allowing the gel to flow through the filtration
medium with little resistance, if compared to HPG. Two fluid-loss additives were used:
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silica-flour (6kg/m3) and a urea solution (1-8%). The authors observed a 14% reduction of
filtrate for SBG and a 20% reduction for HPG, when silica-flour was used in the experiment.
The urea is a bi-functional and cationic salt that links an anionic micelle to another,
increasing the viscosity of the gel and reducing the filtrate. With the addition of a urea
solution, the leak-off coefficient had a reduction of up to 50% for the SBG. The capacity of
gels to sustain the ceramic 16/20 mesh in function of time also was observed, and the SBG
presented a great sustaining capacity for the proppant (Table 2). The authors concluded that
the SBG presented compatible characteristics when compared with the HPG gel.

Gel type Vs (cm/s)
HPG 1.63
SBG 1.17 x 103

Table 2. Results of setting rate assays of surfactant-based fracturing gel (SBG) and
Hydroxypropylguar gel (HPG) (Castro Dantas et al., 2003a)
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viscous WIV
(geD)

Sion S
Emulsion

T LI B S ) ' | B Y X0 I I LI B S ¥ l LU B . 1
0 25 50 7% 100
water pine oil

Fig. 4. Pseudoternary system comprising distilled water, commercial surfactant (S), pine oil,
isoamyl alcohol (C), with C/S ratio = 0.5, constructed at 26 °C (Dantas et al., 2003a)

Depending on the surfactant concentration and temperature, micelles of different geometry
are formed, such as spheres or rods. The determination of the inner structure of surfactant
solutions through optical measurements is possible only when the surfactant concentration
is very low and the solution is at rest. Rheological measurements offer an indirect way to
determine the inner structure of surfactant solutions over a wide concentration range, and
often can provide evidence of structural changes. On this subject, Castro Dantas et al.
(2003b) performed rheological studies to evaluate the inner structure of anionic surfactant-
based gels. Steady and oscillatory shear experiments were carried out. To prepare the
surfactant-based gels, the gel region (viscous microemulsion) in the pseudoternary phase
diagram was determined (Figure 5). In steady shear experiments, the temperature ranged
from 26 to 86 'C. In oscillatory shear experiments the shear stress was maintained constant (1
Pa) and all of the experiments were done at 66 "C. In order to check the pseudoplastic (shear
thinning) behavior of the gel, rheological tests were performed by varying the shear rate
from 0.01 to 120 s-1. Four compositions of gels were chosen as shown in Table 3.
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Fig. 5. Pseudoternary phase diagram showing the gel region with the four compositions
chosen (26°C) (Castro Dantas et al., 2003b)

Gel Surfactant Cosurfactant Oil- Water
Cosurfactant/Surfactant Soap isoamyl alcohol | pine oil (wt %)
(wt %) (wt %) (wt %) (wt %)
27 18 9 14 59
30 20 10 14 56
32 21.3 10.7 14 54
34 22.7 11.3 14 52

Table 3. Compositions of gels for rheological studies

Based on oscillatory shear experiments, the authors concluded that the micellar structure
exhibits a viscoelastic response typical of gel-like materials, characterized by loss and
storage modulus slightly dependent on frequency. In steady shear experiments, they
verified that the viscosity of the gels depends on C/S concentration and temperature as
illustrated in Figure 6. The increase in viscosity with C/S concentration is attributable to the
dispersed fraction in the solutions (micelles), to the nature of the micelle aggregates, and to
the structure-forming interactions between the aggregates. From the gel-activation energies,
the authors verified, that the activation energy is positive when there is a small variation of
the volume of the micelles and negative when the volume variation of the micelles prevails
in the system.

Castro Dantas et al. (2006) developed a laboratory break methodology for surfactant-based
fracturing gel (SBG). According to the authors, fracturing gel should provide sufficient
viscosity to suspend and transport the proppant into the fracture, and should break into a
low-viscosity fluid after the fracturing is completed. This break facilitates the fracture
cleaning by allowing a rapid counter flow of fluids to the surface. Surfactant-based
fracturing gels can be broken when exposed to hydrocarbons or formation water. Therefore,
conventional breakers, commonly used in polymer-based gels, are not required and the oil
or produced gas can act as breakers for surfactant-based gels. The gel break test consisted
basically of the injection of fluids into sandstone core samples as seen in Figure 7. To
simulate reservoir conditions, brine and oil were injected into the core sample (Figure 8).
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The surfactant-based gel (18 wt. % soap, 9 wt. % isoamyl alcohol, 14 wt. % pine oil, and 59
wt. % water) was then injected at a constant flow rate, in the opposite direction to oil
production and samples were collected. Initially, the samples had some oil content, then,
limpid samples were observed. These samples were collected at periods of time determined
previously. The gel break was verified by assessing its viscosity in a Brookfield rheometer at
26 °C. The authors observed that the gel broke within the first hours of the tests due to the
initial presence of oil and brine in the core. When oil and/or water were introduced into
surfactant-based gels, the micelles moved apart and the viscosity decreased. They observed
that the studied gel presented optimum break results, due to a viscosity decrease to 10 mPas
in the first 6h of the test as seen in Figure 9.
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Fig. 6. Results of assays showing rheological behavior of surfactant-based gel (Castro Dantas

et al., 2003b)
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Fig. 7. System developed for the break tests with surfactant-based gels (Castro Dantas et
al., 2006)
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Fig. 8. Schematic diagram showing the flow directions used in the gel break tests (Castro
Dantas et al., 2006)
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Fig. 9. Surfactant-based gel break results (Castro Dantas et al., 2006)

Recently, Liu et al (2010) observed the benefits of applying the microemulsion together
with a polymer in hydraulic fracturing. The authors constructed a fracturing fluid which
they named SPME-Gel with a combination of a single phase microemulsion (SPME) and a
gelable polymer system. The formulation of a single phase microemulsion system was
obtained from the pseudoternary phase diagram. The SPME composition was 22-27%
w/w Tween-80 and Span-80 (2:1 ratio), 24-26% w/w kerosene, 21-23% w/w isopropanol
and 27-29% w/w tap water. The SPME-Gel formulations were prepared by adding SPME
into a gelable polymer system (Hydroxypropyl guar gum- HPGG) at various
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concentrations (1000-5000 mg/L). A series of comparative experiments were performed
with the SPME-Gel and conventional gel (without SPME). API fluid loss was performed
and the fluid-loss values of SPME-Gels were half of the conventional gel ones. This
difference can be attributed to the assembly of micelles in a group forming microscopic
spheres, rods, and plates that can create a deformable barrier, reducing leak off protection
on the surface of the fractured rock. The effectiveness of breakage was studied. The results
showed that in the broken SPME-Gel systems, the HPGG residues were stably suspended,
while for the broken conventional gel, the HPGG residues were deposited. This indicates
that the broken SPME-Gel system has remarkable suspension capability for HPGG
residues. This property shows that in the SPME-Gel system less HPGG residues remained
in formation after gel breakage. Core permeability regaining tests indicated that 83 to 91%
of the original matrix permeability was regained after exposure to SPME-Gel, while only
51 to 62% was regained by the conventional gel. Proppant conductivity tests were
performed and the results indicated that 90 to 96% of the proppant’s conductivity was
regained for SPME-Gels, against 68 to 77% for the conventional gels. From the
measurements obtained, it was observed that properties of SPME-Gels were more
predominant than those of conventional gels. Thus, SPME-Gel is a promising formula that
offers advantages for reducing formation damage, lowering the initial cleanup pressure,
and maintaining the original core regain for fracturing treatment.

2.2 Break down emulsions

Fluids injected during the drilling and completion process, with the aim of cleaning up the
well, can cause formation damages due to rock pore clogging. Acid solutions, added later to
restore the permeability of the rock, can promote the formation of highly viscous emulsions
and dregs. This will cause a significant reduction in production and even compromise
viable economic exploitation. The formation of emulsions and dregs is a serious problem
during the well stimulation process and can result in large losses of oil (Castro Dantas et al.,
2001). Many studies have proposed alternatives to break down emulsions, such as
application of microemulsions.

Castro Dantas et al. (2001a) studied the performance of microemulsion systems as an
alternative in the breakdown of petroleum emulsions. The crude oils used were
characterized by the different Balance Sheet of Sediment and Water (BSW) values of 48%,
36%, and 32%. The microemulsion systems studied were composed of HCI 5.2% solution;
toluene; and isopropyl alcohol (C)/surfactants (S), with a ratio C/S of 9.0. The commercial
surfactants used were Dissolvan, NE-8, Dentrol, OC595, Fenoil, Polimus-43, NE-9, Polimus-
22, Dehydet, and Ultrapan. The microemulsion efficiency to break down oil emulsions was
evaluated by using the direct contact method between the microemulsions and crude (W/O)
emulsions in graduated centrifuge tubes for 30 min, under stirring at 70°C. The results
showed the achievement of a good percentage of emulsions breakdown for all systems. The
results indicated that the breakdown efficiency is directly dependent on the microemulsion
composition and the physicochemical properties of the oil. Dissolvan can efficiently be used
in microemulsion systems, which their compositions are in the oil-rich phase and with C/S
percentages from 60% to 82%, to break down 100% of the oil emulsion. The NE-8 showed to
be efficient in aqueous phase rich microemulsion regions for all C/S percentages, being able
to completely break down the oil emulsion. With the Polimus-43 in oil-rich and/or aqueous-
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rich phase microemulsion regions, 100% of emulsion breakdown was obtained. The authors
concluded that some commercial surfactants used for the formation of microemulsion
systems were able to completely break down oil emulsions formed during production
operations of Brazilian petroleum fluids.

2.3 Corrosion inhibitor

In the petroleum industry, saline media is the main agent that leads to corrosion. It acts in
the inner walls of oil pipelines, leading to a particular type of corrosion, which is commonly
referred to as localized pitting corrosion. Surfactant molecules have been employed as
corrosion inhibitors in order to minimize and control such phenomenon. Surfactant
molecules form films on metallic surfaces that protect them from corrosion by impairing the
action of electrolytes. The adsorption of surfactants on metal surfaces depends on the
structure and concentration of surfactant molecules in the contacting medium determining
the final adsorption layout with the formation of monolayers (Figure 10) or multilayers of
surfactant molecules (Reyes et al., 2005).

Surfactant molecules

Metallic surface
Fig. 10. Monolayers formed by adsorbed surfactant molecules onto a metallic surface

The microemulsions also have the characteristic of adsorbing onto interfaces. When
microemulsions are used, an oil film is adsorbed onto the surface with the surfactants tails
oriented towards it, in view of the usually positive character of the surface.

The anticorrosion capacity can be tested by electrochemical cells. Three electrodes normally
are used in such assays, a reference electrode, a counter electrode, and a work electrode.
These electrodes are immersed in the corrosive medium, which can be a saline or acidic
solution, with or without an inhibitor. The reference electrode is involved directly in the
corrosion potential measurements, from which anodic and cathodic polarizations are
affected. The counter electrode is used as an auxiliary to complete the cell and balance
charges. The efficiency of the system in inhibiting corrosion (E %) is estimated by means of
Equation 1:

E%= [100 X (Icorr - I’corr)]/Icorr (1)

where, lcorr and I'corr denote the corrosion current densities in the absence and presence of
inhibitor, respectively.

Using potentiometry measurements, Moura et al. (2009) studied the anticorrosion ability of
three novel surfactant molecules in solution and microemulsion media. The surfactants were
synthesized from ricinoleic acid, a castor oil derivative (sodium 12-N, N-diethylamino-9-
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octadecenoate- ARI1S, sodium 12-N, N-diethylamino-9, 10-dihydroxy-octadecanoate- AE2S
and sodium 12-N, N-diethylamino-9-octadecanoate- AE1S) as shown in Figure 11. The
ability to inhibit corrosion was investigated by preparing specific micellar solutions and
microemulsion systems. The microemulsions components used were: the synthesized
surfactants (AR1S, AE2S and AE1S); a saline aqueous solution (NaCl 0.1M); n-hexane and
butan-1-ol, with a constant C/S concentration ratio equal to 2. Adsorption phenomenon was
studied electrochemically and the Frumkin isotherm model indicated that the surfactant
solutions tested can inhibit corrosion with levels as high as 95%. The authors verified that
the chemical groups attached to the hydrocarbon chains of the AE2S and AE1S molecules
enable adsorption phenomena with different levels of intensity at the surface. When in
solution, surfactants behave as better inhibitors, if compared to microemulsion systems. This
comparision provides clear evidence that the adsorption promoted by micellar solutions is
stronger than microemulsion systems. Microemulsion systems also interact with the metallic
surface, although via a less intense physical mechanism. On the other hand, the
microemulsion systems, although featuring relatively lower performance, are advantageous
considering that they are able to dissolve more active matter.

CH3—(CH2)5—C]:H— CH,— CH=CH—(CH;);—COO Na*

N(C,H;5),
OH OH
CH3——(CH2)5—C|:H—CH2—(|3H—(|3H—(CH2)7—COO_Na"'
N(C,H;),

CH3_(CH2 )5— ?H_(CH2)10_ COO—Na+
N(C,H;5),

Fig. 11. Molecular structures of the synthesized surfactants AR1S, AE2S and AEL1S,
respectively (Moura et al., 2009)

2.4 Enhanced oil recovery

The application of enhanced oil recovery methods (tertiary oil displacement process) has
been investigated with the purpose of responding to the demands of energy supply.
(Santanna et al., 2009).

Petroleum recovery methods basically consist of the injection of fluids onto the rock with the
objective of displacing oil out of the rock pores, where it is impregnated. The injected fluid
may be known as displacing fluid and it pushes the oil out of the rock. At the same time, the
injected fluid occupies the empty space left by the displaced fluid that was expelled.
Enhanced oil recovery methods are classified in three distinct categories: thermal methods,
miscible methods, and chemical methods. Microemulsion flooding is included into chemical
methods classification.



The Use of Microemusion Systems in Oil Industry 171

In enhanced oil recovery, the microemulsion flooding has been suggested as an alternative
method. It displays the unique properties of microemulsion systems, such as high viscosity
and the ability to induce low interfacial tension, increasing oil extraction efficiency
(Santanna et al, 2009). According to Austad and Strand (1996), very low interfacial tensions
may be reached with microemulsion systems. According to Gurgel et al. (2008)
microemulsions are potential candidates in enhanced oil recovery, especially because of its
ultra-low interfacial tension values, attained between the contacting oil and water
microphases that form them. Under such circumstances, microemulsions flow more easily
through the porous medium, which enhance oil extraction performance rates.

Babadagli (2005) has written a review about development of mature oil fields. According
to his review, the most common chemical injection technique, as a tertiary oil recovery
method, is the surfactant solution injection due to its relatively lower cost when compared
to micellar or microemulsion injection. The way by which the fluid is injected, when the
chemical method is employed, is an important parameter for optimization of the
technique. Continuous injection of a chemical solution may increase operation costs
and/or reduce the amount of treated material. In view of this, injection of chemical
solution considering the porous volume number (PV) is required in any efficient process.
Thomas and coworkers (in: Babadagli, 2005) injected porous volumes of microemulsion in
sandstone plugs containing 35% of residual oil, observing a linear relationship between
the values of injected PV and the oil recovery. Results typically showed a 45% residual
oil recovery when injecting 10 PV of microemulsion.

Santanna et al. (2009) studied the application of different types of microemulsion for
enhanced oil recovery, one was prepared with a commercial surfactant (MCS), and
another contained a surfactant synthesized in laboratory (MLS), (Table 4). The
experiments consisted of the injection of fluids into cylindrical plug samples. During the
microemulsion flooding, samples were collected as a function of time and the mass of oil
recovered by the microemulsion was determined. The chemicals used to prepare the
microemulsion systems were: commercial anionic surfactant (soap-sodium salt) derived
from fatty acids; anionic surfactant (soap-sodium salt) synthesized in laboratory, derived
from fatty acids (100wt.% of vegetable oil containing 12 carbon atoms); isoamyl alcohol;
pine oil; and distilled water. From the results obtained, one could conclude that the use of
microemulsion prepared with the commercial MCS allowed for recovery indexes as high
as 87.5%, whilst the use of the MLS microemulsion permitted recovery indexes as high as
78.7% (Figures 12 and 13). This was due to the difference in microemulsion viscosities,
corroborated by the fact that the MCS microemulsion (32 cP viscosity) could recover more
oil than the MLS microemulsion (27 cP viscosity).

Microemulsion Surfactant . Cosurfactant .Oil . Water
type Soap (wt. %) 1soa1(13t1. ?)/I(SOhOI Iz;lte 0(/)01)1 (wt. %)
MCS 13.3 6.7 50 30
MLS 16.7 8.3 45 30

Table 4. Compositions of microemulsions for enhanced oil recovery assays.
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Fig. 12. Recovery factor for MCS microemulsion (Santanna et al., 2009)
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Fig. 13. Recovery factor for MLS microemulsion (Santanna et al., 2009)

2.5 Microemulsion as alternative fuel

The necessity of reducing gas emissions and improving the performance of engines has
increased the interest in microemulsified systems as alternative fuels (Castro Dantas et al.,
2001b; Ochoterena et al., 2010; Lif et al., 2010; Dantas Neto et al., 2011).

Castro Dantas et al. (2001b) verified the possibility of using microemulsified systems as
alternative fuels. The authors studied new microemulsion systems containing diesel and
different percentages of vegetable oils (soy, palm and castor). The main parameters that
affect the formation of microemulsions are the nature of the surfactant and cosurfactant, the
cosurfactant/surfactant mass ratio and composition of the oil phase. The results showed
that it was possible to obtain new microemulsion systems with different oil phase
composition using mixtures of diesel and vegetable oils. Among all studied systems,
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microemulsions containing diesel and soy oil could be formed over the widest composition
range, indicating the possibility to apply them as alternative fuels.

Dantas Neto et al. (2011) used microemulsion systems as alternative fuels. After preparation
and characterization of the systems, engine performance and emissions with the use of this
new fuel were assessed. They verified that the density and viscosity of all studied systems
were higher than those obtained for neat diesel. The authors also observed that these
properties increased with increasing water content. According to their results for specific fuel
consumption, the presence of water in microemulsions improves diesel fuel combustion.
Carbon dioxide emissions were higher for the diesel/surfactant blend as well as all
microemulsion fuels. Nevertheless, this difference decreased with increasing engine power
when compared with neat diesel. The values of NOx emissions increased with increasing
engine power, and decreased with increasing water content in the microemulsion fuels. They
also observed a reduction in black smoke emissions for all microemulsion fuels tested, as
compared with neat diesel. This was attributed to a better combustion reaction effected in the
presence of water and surfactant, thereby reducing the formation of black smoke.

3. Conclusion

In this chapter, we have focused on how several microemulsion systems may be used in
different areas of the oil industry, for example, in wells hydraulic fracturing, as corrosion
inhibitors in pipelines, in the breakdown of water/oil emulsions, in enhanced oil recovery,
and as an alternative fuel. When the microemulsion is used as a fracturing fluid, it has
properties that are compatible with those of polymeric fluids, with the advantage of
reducing the formation of damage. As corrosion inhibitor in pipelines, the microemulsion
interacts with the metallic surface, although less intensively than if compared to surfactants
in solution. Microemulsions showed good anticorrosive potential. In the breakdown of
water/oil emulsions, the microemulsions presented great de-emulsifying characteristics. In
enhanced oil recovery, microemulsion systems proved to be efficient in the oil extraction
process. The microemulsified systems containing neat diesel or a mixture of diesel with
different percentages of vegetable oils can be used as alternative fuels showing improved
combustion properties in diesel engines. Overall, this chapter has attempted to demonstrate
that optimization of different microemulsion systems provides important contribution to the
petroleum industry, with direct implications on material processability and recovery yields.
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1. Introduction

A Dbicontinuous microemulsion (BME, Winsor III), also called a middle-phase
microemulsion, is a low-viscosity, isotropic, thermodynamically stable, spontaneously
formed solution phase composed of water, organic solvent, and surfactants. The dynamic
morphology of a microemulsion (ME) is generally determined by the hydrophilicity-
lipophilicity balance (HLB) of the surfactants in the emulsion system, as shown in Figure 1.
When the hydrophilicity and lipophilicity of a surfactant are well balanced in an ME system,
the ME frequently possesses a bicontinuous structure, in which the water phase and the oil
phase coexist on a microscopic scale. In this chapter, polymer materials prepared from
BME:s are introduced. Unique polymer morphologies such as continuous porous monolithic,
bicontinuous hybrid, and nanosheet structures were prepared by polymerization or gelation
in BMEs.

Polymer emulsion or ME systems have a wide range of industrial applications, e.g., in
adhesives, paints, paper coating and textile coatings. Emulsions are widely used in the
production of polymer materials, especially polymer particles. Most polymer particles are
formed by suspension or emulsionl? polymerization. Recently, surfactant-free
polymerization, so-called soap-free polymerization, using an ionic radical initiator in
aqueous solvents, homogeneous polymerization, dispersion polymerization,3® and
precipitation polymerizationl01! have become popular because the polymer products are
surfactant-free.

Methods of forming monolithic bulk polymer products with continuous pores, based on
spinodal decomposition processes, have been researched intensively; a major advantage of
monolithic supports is that mass transfer can take place through their pores. Porous
polymer monoliths first emerged as a new class of stationary phases for high-performance
liquid chromatography in the early 1990s after the development of inorganic monoliths
prepared from silica using a sol-gel reaction.12 The spinodal decomposition method has also
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been used for control of pore structures in commercial filters; this is a very important
industrial application. These monoliths are typically prepared from a mixture comprising
monomers, an initiator, and a porogenic solvent, using a simple molding process carried out
in a mold such as a tube or a capillary. 13 Methods using spinodal decomposition have been
used to prepare polymer membranes for separation. Polyether sulfone porous membranes
have an asymmetric structure, leading to good permeation performance. Membranes
prepared by these methods are commercially available. * Kumar and coworkers produced
monolithic columns consisting of porous polyacrylamide, and they reported that the
polymer columns were effective as affinity-chromatography supports for cell separation. 15

BME WIO type ME

(Winsor Il)

Hydraphile 2> Lipophile Hydrophile = Lipophile Hydrophile < Lipophile

HLB (Hydrophile-Lipe

Fig. 1. Schematic representation and corresponding photographs of a series of MEs
controlled by HLB (a, three types of ME model; b, functional ME (toluene/SDS + 1-
butanol/saline). The phase structures of MEs were controlled by saline concentration.

Continuous porous polymer materials (molded monolithic porous polymers) can also be
produced by decomposition of one component from a bicontinuous “gyroid” block-copolymer
structure. Hashimoto and coworkers succeeded in obtaining continuous porous polystyrene
(PS) with pores of diameter several tens of nanometers by dismantling polyisoprene by
selective decomposition with ozone after having formed bicontinuous structures using
PS/polyisoprene or polyisoprene/poly(2-vinylpyridine) block copolymers. 1617 As described
below, spinodal decomposition should be considered for BME polymerizations. It is worth
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noting that BMEs and spinodal-decomposition structures possess essentially the same
“sponge-like” structure and that the only difference between them is size. Hashimoto and
coworkers have summarized the associated theories on a physicochemical basis.

2. Construction of continuous porous polymer materials by BME
polymerization

Thermal polymerization of BMEs consisting of a monomer liquid (oil) and water with an
initiator is the simplest way to immobilize a BME structure. Simple BME polymerization
leads to formation of continuous porous structures based on a bicontinuous-solution
structure. In 1988, Haque and Qutubuddin reported the first preparation of porous PS based
on a BME (styrene + 2-pentanol/SDS/water).18

a b IS

Fig. 2. Typical photographs (a, outer surface; b, torn surface) and SEM images (c and d) of
the PS product prepared by BME thermal polymerization (styrene/SDS + 1-butanol/saline
solution) in a glass tube.

We conducted a similar thermal polymerization of styrene/SDS + 1-butanol/saline solution;
the HLB was controlled by the cosurfactant and salt concentrations. A hard white cylinder
(Figure 2a) with a porous structure was formed. A porous structure was clearly observed in
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scanning electron microscopy (SEM) images, as shown in Figure 2c¢ and d. The observed
network structure consisted of connected particles, indicating percolation. When the BME
polymerization was conducted using a BME solution in which two electrodes were
separately placed, the electroconductivity of the polymer product was similar to that before
polymerization, indicating the presence of a continuous micro saline-phase. However, the
obtained pore size was 10 times larger than that expected, based on the solution structure.
BME solution thicknesses have been determined using small-angle neutron scattering,
transmission electron microscopy with a freeze-fracture replica technique22! and
simulations.?2 The reported thicknesses were from several tens of nanometers to 100 nm,
and depended on the emulsion system and the measurement method. Transmission electron
microscopy observation of a freeze-fracture replica sample has been used as a direct visual
method. Abe and coworkers observed typical textures with thicknesses less than 100 nm for
polymeric silicone BME systems.20

Continuous increases in pore sizes and polymer-wall thicknesses are generally observed as
BME polymerization progresses. This phenomenon is the result of phase separation induced
by a shift in the HLB equilibrium during polymerization. This phase separation is essentially
the same as spinodal decomposition from the liquid phase. The driving force of this phase
separation is a decreasing affinity of the surfactant for the oil phase consisting of monomer
and newly formed polymer. This was proved by the appearance of an oil/ water phase when
PS was added to a styrene BME solution. The nano/meso-structures of chemically
immobilized BME polymers are therefore predominantly determined by competitive
reactions between immobilization and meso-phase separation during polymerization. In
other words, the pore size should be controlled by the polymerization speed.

The production of porous structures with submicron continuous pores has been a goal since
research in the field of BME polymerization began. Such products are expected to be
transparent polymers with continuous pores. In order to construct such polymer products,
polymerization-induced phase-separation should be avoided and/or suppressed. Generally,
the meso-structures of polymer products prepared by BME polymerization are regulated
kinetically by the competitive relation between immobilization by polymer growth and
meso-phase separation. In order to achieve this, acceleration of immobilization
(polymerization) and inhibition of phase separation are crucial. The immobilization speed
should be increased. Increasing the initiator concentration and introduction of cross-linking
agents are advantageous in terms of immobilization speed. It is worth noting that the
polymerization temperature involves a trade-off because the speeds of both immobilization
and phase separation increase with increasing temperature. Photo-induced polymerization
at relatively low temperatures is therefore frequently used to suppress phase separation.

The most efficient approach will involve the use of polymerizable surfactants. The
immobilization of polymerizable surfactants located at saline/oil interfaces is highly effective
in suppressing the phase separation induced by polymerization. Transparent polymer
products with continuous pores of diameter with several hundred nanometers or less are
produced by polymerization of polymerizable surfactants and/or monomer (oil) phases.

Gan and coworkers? reported photopolymerization of the BME system (methyl methacrylate
(MMA) and (2-hydroxyethyl) methacrylic acid (HEMA) mixed monomer solvent (1:1)
/polymerizable cationic surfactant/water). They confirmed BME conditions of their system
from the solution transparency and electroconductivity. Since the late 20th century,
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nanostructured proton-exchange membranes prepared by photopolymerizing BMEs have
been a focus of attention because of their potential use in fuel cells. The continuous pores in
membranes possess ionic passages. The inherent BME structure is essentially transferred to the
matrix of the polymer membrane, without obvious phase separation, by polymerization. Gan?*
also  reported  photopolymerization of the BME  solutions MMA/3-[(11-
acryloyloxyundecyl)imidazoyl]propyl sulfonate (AIPS)/water, conducted between glass
plates, to prepare transparent porous polymer membranes (Figure 3). The transparent
membranes possessed proton-exchange properties as a result of introduction of a
polymerizable zwitterionic surfactant. They reported continuous pores (channels) on the 20-
50-nm scale. Liu et al.25 reported the synthesis proton-exchange membranes with nanopores
(diameter 1.5-2 nm) by thin-layer photopolymerization in a BME solution system
(acrylonitrile/ AIPS + cosurfactant/water). The pore scale is smaller than expected based on
the size of the water channels in the BME solution before polymerization. Yang and
coworkers? developed transparent, nanostructured, NIPA Am-based thermosensitive polymer
membranes prepared from a BME system.

100n m_

—

- el e

Fig. 3. SEM images of porous membranes prepared by polymerization with a polymerizable
zwitterionic surfactant, AIPS (35 wt%), MMA (35 wt%), and water (30 wt%).2
3. Construction of hybrid soft materials by BME gelation

BMEs are used to produce not only porous condensed polymer products but also a new
class of unique soft gels. Soft materials (soft matter), which are easily deformed, are
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important in a wide range of technological applications. Stimuli-responsive (intelligent)
gels, 8 double-network (DN) gels,? nanocomposite gels,? and topological gels3! have been
extensively researched in the past decade. Such gels are expected to have potential as
polymer materials for actuators®? and drug-release systems;® these are key polymer
technologies of the future.

Soft “wet” gels are categorized as organogels or hydrogels, according to the solvent used,
which is a major component of the gels in terms of weight fraction. Generally, organogels
and hydrogels are prepared by gelation to form three-dimensional networks based on
physical aggregation (physical gelation) or chemical polymerization with cross-linking
(chemical gelation). Gelation in emulsions or MEs has been investigated for composite gel
formation since the 1980s.3# Hydrogel particles prepared by hydrogelation in water/oil
(W/O) emulsions have been investigated.3> Bulk organogels bearing water microdroplets,
prepared by organogelation in W/O emulsions, have also been investigated because of their
medical applications such as dermal drug-delivery.3¢ As expected, the converse
combinations are possible but have rarely been reported.3”

We have conducted gelation in BMEs (toluene/SDS and cosurfactants/saline) to produce
hydro-organogels. Organogelation and hydrogelation were respectively achieved by
physical gelation with an organogelator, namely 11-hydroxystearic acid, and polymerization
(chemical gelation) of acrylamide with a cross-linker. Then, three composite gel systems,
namely a BME organogel, a BME hydrogel, and an organo/hydro hybrid BME gel, were
produced by hydrogelation and/or organogelation of each solution phase.

Figure 4 shows typical products obtained by gelation of macroscopic three-phase solutions
including a BME phase. The BME phase (a middle-phase ME) is the middle phase of the
macroscopic three-phase solutions. The upper and lower phases are a toluene phase and an
aqueous phase, respectively. These gels, ie, a BME organogel, BME hydrogel, and an
organo/hydro hybrid BME gel, were self-supporting and very soft and elastic. Even in “one-
side only” gelation products such as the BME organogel and the BME hydrogel, the solvent
phases without a gelator were also macroscopically immobilized. No macroscopic pores
were observed for any of the three BME gels. Moreover, all the BME gels had ionic
conductivity, proving that the aqueous phase was continuous and that the bicontinuous
structure was retained in the composite gels.

SEM images of freeze-dried one-side-gelated BME samples, i.e., the BME organogel and
BME hydrogel, had uniform sponge-like porous structures, as shown in Figures 4h-k. The
walls of the porous structures consisted of fiber networks, which were essentially similar to
those in bulk organogels or hydrogels. In contrast, the morphology of the both-sides-gelated
BME organo/hydro hybrid gel was entirely different, with a pore-free and smooth surface
(Figure 4Kk).

In the case of soft swelling gels, a dried sample is necessary for SEM observations, and it is
very difficult to eliminate the influence of the drying process on the structural analysis, even
if the SEM sample is prepared by freeze-drying to minimize such influences.

In-situ imaging of “wet” BME gels was conducted using confocal laser scanning
microscopy (CLSM). CLSM is a powerful nondestructive monitoring tool that provides
three-dimensional mapping at the submicron scale by discrimination between the saline
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phase and oil phase under wet conditions.®® By using hydrophilic and lipophilic
fluorescent dyes, the aqueous region, oil region, and well-mixed region can be
distinguished as different colors on the submicron scale. In Figures 4d-g, the red and
green areas indicate phase-separated regions for the saline and toluene micro-phases,
respectively. The yellowish color indicates that both oil and saline phases were uniformly
mixed on a submicron scale. Because of the resolution limit, phase separation in BME gels
cannot be estimated below 100 nm by CLSM.

BME organogel BME organa/hydro

BME hydrogel hybridgel

Rapid gelation Slow gelation

Photo image

CLSM image

SEM image

Fig. 4. Photographs (a-c), CLSM images (d-g), and SEM images (h - k) of a BME organogel
(a, d, e, h, and i), BME hydrogel (b, f, and j), and BME organo/hydro hybrid gel (c, g, and k).
The BME organogels were produced by “rapid” (d and h) and “slow” (e and i) cooling.??

The structures of BME gels are influenced by the kinetics of the gelation process, rather than
by thermodynamic control of the original BME solution structure; this is similar to the case
of condensed gels prepared by BME polymerization. Kinetic control of the physical gelation
process to produce BME organogels was achieved relatively simply by control of the rate of
cooling from the “sol state” to the “gel state”. The BME organogel prepared by “rapid
gelation” cooling (Figure 4d) gave a well-mixed submicron-scale BME gel (a texture-less
yellowish color). This clearly proved that “rapid gelation” achieved immobilization of the
solution structure in BME at less than several hundred nanometers, although even the
microstructure of a gel prepared by “rapid” cooling might be influenced by mesoscopic
phase-separation. In contrast, “slow” gelation cooling, typically at ca. 0.3 °C min~! from 60
to 5 °C, provided a mosaic pattern consisting of two large domains, distinguished as green
and red, indicating mesoscopic phase-separation (Figure 4e). The aqueous regions and oil
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regions were separated bicontinuously on a scale of several tens of microns, and no
yellowish region was observed.

Generally, mesostructures are regulated by a competitive relationship between gelation
speed and meso-phase separation speed. The driving force of mesoscopic phase-separation
is the lowering of the surfactant activity by gelation. The propagation of gel fibers in oil or
aqueous micro-phases kinetically induces lowering of the surfactant activity following
mesoscopic phase-separation, in which the aqueous and oil phases progressively separate.?
The mesoscopic phase-separation mechanism is similar to that of spinodal decomposition
from the viewpoint of kinetic control.

Similar to the situation for BME organogels prepared by physical gelation, chemical
hydrogelation in BME, namely polymerization of acrylamide with N,N’-methylene
bisacrylamide, allowed us to produce bicontinuous composite gels. Jinnai and coworkers
have reported porous NIPAAm polymer gels prepared by spinodal decomposition.3840 In
the case of chemical gelation, the mesostructures are also kinetically regulated by gelation
speed. It is well known that the use of a chemical accelerator, tetramethylethylenediamine
(TEMED), increases gelation speed significantly.

However, the use of an accelerator represents a trade-off in terms of pore size because
immobilization of the BME solution starts immediately on addition of TEMED to the BME
solution, before the emulsion system can reach thermodynamic equilibrium. The ME
system needs a standing time to reach a true thermodynamic equilibrium. Even when the
solution seems to be macroscopically homogeneous, the thickness of the liquid layer of
the bicontinuous phase changes continuously toward an equilibrium state after mixing.
For instance, when the BME hydrogel was prepared by “rapid” gelation with TEMED
without considering the stabilization time, the reaction started instantly and gelation was
complete in less than 15 min. The CLSM image (Figure 4g) reveals the formation of a
homogeneous bicontinuous structure consisting of isolated micron-scale green and red
regions. There was almost no yellowish region, and the green and red regions did not
overlap on the CLSM scale. In addition, it was possible to control the pore and wall sizes
of the bicontinuous texture, which was on a scale between submicron and several tens of
microns, by the reaction temperature.

By means of double gelation in oil and saline micro-phases, bicontinuous organo/hydro
hybrid gels, in which the both the organic and aqueous micro-phases were immobilized,
were produced as novel hybrid soft gels. Gong and coworkers reported DN hydrogel
systems that were very tough and showed low friction, and discussed the similarities of
these DN gels to biosystems.?® The structure of the BME hybrid gel consisted of a
homogeneous BME gel phase (yellowish) and separated islands (green), as shown in Figure
4f. The texture in the CLSM image was very similar to that of the BME hydrogel. As hydro
chemical gelation was conducted prior to organo physical gelation, the mesostructure of the
hybrid gels was predominantly determined by the hydrogelation step.

The hierarchical structures of polymer products (including soft gels) produced from BMEs
were regulated by competition between three synergetic rate factors, namely immobilization
of the BME structure by gelation, mesoscopic phase-separation by gelation, and time-
dependent transformation of the solution/solution structure toward a thermodynamic
structure in the equilibrium state.
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4. Determination of BME solution structures at solid/liquid interfaces by
electrochemical analysis

BME nanostructures are also attractive as media for electrochemical studies.424 Rusling et
al. conducted pioneering work on the electrochemistry of BME solutions using a glassy
carbon (GC) electrode.44 The electrochemical approach to BMEs shows the dynamic solution
structure of BMEs at solid/liquid interfaces. The electrochemistry of redox molecules,
namely KsFe(CN)s and ferrocene, in a BME (saline/SDS + butanol/toluene) was
investigated in detail using various electrodes such as indium tin oxide (ITO), Au disk, GC
disk, highly oriented pyrolytic graphite (HOPG), and alkanethiol-modified Au electrodes
(Figure 5). The electrochemical contact with the micro aqueous and organic solution phases
in a BME is alternately or simultaneously achieved by controlling the hydrophilicity and
lipophilicity of the electrode surfaces.4546
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Fig. 5. Schematic representation of BME solution structures at solid/ oil/saline interfaces (a)
and typical cyclic voltammograms measured using ITO (b), polished Au disk (c), polished
GC (d), and cleaved HOPG (e) electrodes in BME in the presence of KsFe(CN)s and
ferrocene.#!

The amphiphilic electrode (Au) revealed redox peak couples for both KsFe(CN)s and
ferrocene in BME solutions simultaneously.#> In contrast, strong hydrophilic or lipophilic
electrodes (ITO and HOPG) produced only one of the peak couples of KsFe(CN)s or
ferrocene, depending on the affinities for the detecting electrodes. For instance, an ITO
electrode possesses a strongly hydrophilic, negatively charged surface. No redox peaks
resulting from ferrocene in a micro oil-phase were observed, although the redox peaks of
KsFe(CN)g in a micro saline-phase were clearly observed. Conversely, strongly lipophilic
(hydrophobic) electrodes such as HOPG, with a neutral surface, showed the opposite
electrochemical response in the BME.
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The solution structure of a BME around the electrode changes thermodynamically in
response to the HLB of the electrode surfaces. A well-balanced BME solution structure is
easily converted to a biased or one-sided structure on an electrode surface to minimize
surface energy. As mentioned already, the unique characteristics and structures of BMEs are
based on the very delicate balance between the hydrophilicity and lipophilicity of the
surfactant system; this balance is moderated by the concentrations of the cosurfactant and
salt, or by the temperature.

It is worth emphasizing that an electrochemical response of the redox species in the micro
toluene phase in a BME was observed even if there was no electrolyte in toluene phase . This
indicates that the ionic conductivity is maintained via a continuous saline phase in the BME;
this phase acts as an ion-conducting passage. This suggests that electrochemistry in
nonpolar solvents without an electrolyte, becomes possible in BMEs.

These alternative electrochemical responses in BMEs indicate that the bulk bicontinuous
structure is thermodynamically discontinuous near the surface, as a result of the influence of
the hydrophilicity or lipophilicity of the electrode surface. Hydrophilic and lipophilic
(hydrophobic) surfaces predominantly face the micro saline-phase and the micro organic-
solvent phase, respectively, in BMEs.

The dynamic solution structures of three-phase interfaces (oil/water/solid) of BMEs have
been discussed in terms of the apparent diffusion coefficients (Dapp) of each redox species
and electrode. Despite the complex solution structures, the scan-rate dependence of the
peak currents for KsFe(CN)s and ferrocene in the BME indicated that the system is
generally regulated by relatively simple diffusion control. The D,p, for each redox species
is calculated from the scan-rate dependence of the peak currents according to the
Randles-Sevéik equation.

Lindman and coworkers reported that the self-diffusion coefficients of both solution species,
water and toluene molecules, in the BME solutions, which were obtained by Fourier-
transform pulsed-gradient spin-echo NMR measurements, were slightly smaller than those
in homogeneous solutions.#” In principle, the diffusion coefficients in a homogeneous
solution should be independent of the type of electrode. However, the Dy, values obtained
using the hydrophilic ITO and lipophilic pyrolytic graphite (PG-b) electrodes were less than
half of those obtained with the amphiphilic Au electrode. The ratios of the D,pp values of
ferrocene for Au against those for PG-b in the BME decreased with increasing temperature.
Such deviations of Dapp values from the ideal values provide information on the solution
structure near the electrode surface, and the electrode area in contact with both phases.

These behaviors could not be explained by a simple sloped-structure model because the
hydrophilic ITO and lipophilic PG-b electrodes consistently face either the micro saline-
phase or the oil-phase, respectively. The results can be explained by an alternating W/O
layered structure, as shown in the model (Figure 6).49-51 The solution layers consist of micro
aqueous and micro oil phases that form alternately, starting from the electrode surface. The
first solution layer is adopted based on the affinity with the electrode surface. The second,
counter-solution layer, either an oil layer or an aqueous layer, forms on the first aqueous or
oil layer. The contribution of the layered structure will gradually decrease with increasing
distance from the electrode surface. An alternating layered structure causes the lower Dqpp
values of the hydrophilic and lipophilic electrodes rather than those of amphiphilic
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electrodes. Zhou et al. used small-angle neutron scattering to investigate the alternately
layered solution structures of BMEs around solid surfaces. 49-51

(A) BME structure around Au or in the bulk

Water / Water + Qil

Water / Water + Oil

Distance from the electrode interface

Fig. 6. Schematic illustrations with depth profiles of saline volume ratios for BME structures
with bulk and amphiphilic Au electrodes (A), the slope structure (B), and the alternating
layered structure around the hydrophilic ITO electrode (C) expected from the apparent
diffusion coefficients of redox species and the SEM image (D) of a PS tube with a continuous
porous structure and a pore-less surface prepared by thermal polymerization of a styrene BME
in a capillary. The magenta and light cyan regions are the oil and saline phases, respectively.4

To visually evaluate the influence of the surface on the solution structure of the BME,
thermal polymerization of a styrene-based BME was conducted in a capillary glass with an
intact hydrophilic surface. The polymer formed in the capillary possessed a typical
continuous porous structure based on a granular network, in accordance with that observed
for bulk polymerization, and the porous structure was surrounded by a pore-less polymer
sheet, as shown in Figure 6D. In addition, a gap between the polymer sheet and the inner
wall of the capillary was frequently observed. The pore-less polymer sheets might prove the
existence of an alternately layered structure in the BME solution before polymerization.

5. Construction of hierarchical structure based on BMEs and nanospaces

The formation of a polymer tube with continuous pores and seamless walls by simple
polymerization in a capillary directed our attention to polymerization of BMEs in other
microspaces, such as opal membranes, to construct hierarchical structures. At present,



186 Microemulsions — An Introduction to Properties and Applications

“structural transcription”52 from inorganic materials to polymer materials, such as from a
“silica opal membrane” to an “inverse opal polymer membrane”, is very popular as a
method for constructing unique polymer materials with regular, controlled, complex porous
structures.355 When thermal polymerization of styrene- or MMA-based BMEs was
conducted in the submicron gaps of a silica opal membrane, surprisingly various fractal
surface structures consisting of vertical polymer nanosheets were obtained instead of the
expected continuous porous PS-filled silica opal membrane. Simple styrene polymerization
in the silica opal membrane gave a PS-filled silica opal membrane.

Figure 7 shows typical SEM images of the “turf-like” fractal surface of the opal membrane
after polymerization of the styrene BME. Unique morphologies such as fractal surfaces
consisting of closely spaced nanosheets and vertically extended nanosheets were grown
from the gaps of a silica opal membrane. The surface densities and lengths of the nanosheets
were roughly controllable by the polymerization conditions, specifically the thickness of the
opal membrane and the amount of BME applied to the membrane. The closely spaced
nanosheets were typically ca. 200 nm thick, 0.5-2 yum wide, and 1-4 um in length. Very long
nanosheet ribbons were formed by polymerization in a relatively thick opal membrane
(typical thickness > 2 mm). The lengths of the longest nanosheets were several ten of
microns; however, the thicknesses and widths were 100 nm and 0.5-4 um, respectively,
almost the same as for nanosheets prepared under different conditions.

Although the concentrations of surfactant, cosurfactant, and salt required to form BMEs were
quite different for styrene BMEs and MMA BMEs, the shapes and sizes of the “turf-like”
nanosheets of polymethyl methacryrate (PMMA) were very similar to those of the PS
nanosheets. These results indicate that the nanosheet structures originate from the
solution/solution structure of the BME, regardless of the chemical structures of the monomers.

The nanosheet columns grow from the bottom of the column, not from the apex, analogous
to the growth of fingernails. The emulsion species are drawn from the gaps in the opal to the
roots of the polymer columns. No polymer species were observed in the silica gaps after
polymerization. During the polymerization process, the emulsion, which is a mixture of
monomers and polymers (oligomers), escapes through the submicron-scale silica gaps to the
surface. The major driving force for escape of ME from the microspace, and the propagation
of PS columns, is the lack of stability of the ME solution in the highly hydrophilic
microspaces of the silica gaps. Furthermore, the nanosheet structure indicates the existence
of a liquid-crystal (LC) phase as a template. Two factors are expected to influence formation
of an LC phase from a BME during polymerization. A hydrophilic silica surface tends to
trap water near the surface,454¢ and the decrease in the water content of the ME causes
enrichment of surfactants in the ME. The shift of the HLB of the surfactants resulting from
the changes in the oil phase of the ME during polymerization, and hence changes in the
monomer/polymer ratio and the degree of polymerization, might induce a phase change
from a BME phase to an LC phase.

Finally, various fractal surfaces consisting of polymer nanosheets were prepared by simple
thermal polymerization of BME in an opal membrane. The thicknesses of the nanosheets
were roughly constant, but their sizes (lengths and widths) and surface densities were
highly variable and were related to the thickness (depth) of the silica opal membrane and
the amount of BME solution applied.
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Fig. 7. Typical SEM images of PS (a-d) and PMMA (e and f) nanosheets prepared by
polymerization of BME in silica gaps, and schematic representations (g) of the formation
mechanism of nanosheets grown in the gaps of a silica opal membrane.56

These results prove that a combination of a regularly ordered “solid” microspace such as an
opal membrane and the dynamic solution/solution structure of the ME, which can change
in response to a variety of circumstances, has the potential for construction of hierarchical
polymer structures by self-organization.

6. Conclusions

This chapter has introduced various unique polymer materials with controlled
nanostructures based on polymerization or gelation of BMEs. Using bicontinuous solution
structures in BMEs as a template, continuous porous materials and bicontinuous hybrid
materials are prepared by polymerization or gelation in one side (water or oil phase) and in
both sides, respectively. Similar structures can also be prepared by micro-phase separation
of block copolymers and spinodal decomposition. Figure 8 summarizes the correlations
among these three methods. The spinodal decomposition process is controlled kinetically,
whereas micro-phase separation is completely thermodynamically controlled, with respect
to the nature, shape, and length of each component. In the case of nanostructured polymer
materials prepared from BMEs, the nanostructures are regulated both thermodynamically
and kinetically. The solution structure of an ME is essentially ruled thermodynamically by
the HLB. During the polymerization process, the structures of the polymers formed are
controlled kinetically, as in spinodal decomposition, because the HLB is continuously
changing as a result of polymer formation. The intentional regulation of competitive
reactions between immobilization and phase separation allows us to control pore size or
phase-separation size from several tens of nanometers to several microns.
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Fig. 8. Production of continuous porous materials and bicontinuous hybrid materials. The
blue and red arrows (and areas) represent kinetically and thermodynamically controlled
phenomena (or processes), respectively.

The structures of polymer products near a contacting surface change considerably. In
particular, a BME is a precise well-balanced system, which can be easily deformed by changes
in conditions. In other words, BMEs can produce a great diversity of hierarchical
nanostructures by self-organization. Moreover, a lyotropic LC phase is used as a template
instead of the BME. A lyotropic LC phase can be intentionally prepared from a BME with a
relatively high surfactant-concentration. Frequently, changes in the HLB during
polymerization induces a phase transition to a lyotropic LC phase, giving ribbon, tape, and
plate structures. It will be possible to use these methods to produce highly advanced, polymer
materials with hierarchical nanostructures, in a way similar to that found in living systems.
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1. Introduction

Among many of known nanomaterials, the special position belongs to magnetic nanoparticles,
which are fundamentally differing from the classic magnetic materials with their domain
structure. The magnetic properties of nanoparticles are determined by many factors, such as
chemical composition, type and degree of defectiveness of the crystal lattice, particle size and
shape, morphology (for structurally inhomogeneous particles), interaction of the particle with
the surrounding matrix and the neighboring particles (Gubin, 2009). For this reason, it is
important to develop techniques by which the size, shape and chemical homogeneity of the
particles can be well controlled (Hessien et. al., 2008). Numerous nonconventional techniques,
such as precipitation in aqueous solutions (Pankov et. al., 1993), glass crystallization method
(Sato & Umeda, 1993), self-propagating high-temperature synthesis method (Elvin et. al.,
1997), hydrothermal method (Ataie et. al., 1995), mechanical alloying (Ding et. al., 1998) and
the sol-gel method (Surig et. al., 1994), were used to prepare magnetic nanoparticles.

Among them, a precipitation in microemulsion has been shown as a perspective method
for the preparation of magnetic nanopartqgicles of controlled size and morphology (Kosak
et. al., 2004).

A microemulsion can be defined as a thermodynamically stable isotropic dispersion of two
immiscible liquids consisting of nanosized domains of one liquid in the other, stabilized by
an interfacial film of surface-active molecules. The surfactant molecules provide a
confinement effect that limits particle nucleation, growth and agglomeration. In this
method, co-precipitation occurs in tiny droplets of water (“water pools”) embedded with
surfactant molecules and homogenously distributed in an oil phase. The size of these “water
pools”, so called reverse micelles, which act as micro reactors for the synthesis of the
nanoparticles, is thermodynamically defined by the water-to-surfactant molar ratio (R)
(Makovec & Kosak, 2005).

Although there are many kinds of interesting magnetic nanoparticles, we have been focused
our study on iron oxide nanoparticles.

First of all, we synthesized silica (SiO») coated maghemite (y-FeOs) nanoparticles.
Monodisperse magnetic nanoparticles with unique properties, which are dominated by
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superparamagnetism, have a great potential to use in biomedical applications such as cell
labeling and magnetic cell separation, drug delivery, hyperthermia and MRI contrast
enhancement due to of their non-toxic nature and lower susceptibility to physical and
chemical changes. In this field the main challenge is to create the suitable surface of
magnetic nanoparticles in order to functionalize and allow strong interactions with specific
biological components. Therefore, chemical modification of the nanoparticle surface with
biocompatible molecules, such as silica (SiO), dextran, polyvinyl alcohol (PVA) and
phospholipids, is an important issue that provides bio functionality and resistance to
physiological conditions such as pH and enzymes, binding sites between the particles and
the target sites on the cell, cytotoxic drug attaching to a biocompatible magnetic
nanoparticle carrier, etc. Superparamagnetic nature and a high degree of specific
magnetization of these magnetic nanoparticles are demanded for their applications in drug
delivery or magnetic separation to defeat hydrodynamic forces acting on the nanoparticles
in the flowing solution. Small sizes are required to allow the transport through the vascular
system or tisular diffusion of particles (Mornet et. al., 2002; Vidal-Vidal et. al., 2006).

On the other hand, we have been focusing our study on M-type strontium hexaferrite
(SrFe12019) nanoparticles because of their magnetoplumbite structure, which present a high
magnetization and strong magnetic anisotropy along c axis. Such properties of material,
which are directly related to crystallographic structure, are very important because of their
use in the manufacture of microwave-absorbing materials. The development of novel
electromagnetic (EM) wave absorption materials has great interest. Although, electric
equipments make our life more convenient, the electromagnetic (EM) radiation restricted
the continual development of our society because of their pollution to environment and
harm to human beings.

The absorption of EM waves occurs in magnetic materials due to their magnetic losses (Lax &
Button, 1962). Ferrites with a submicron grain size are some of the most promising materials in
magnetic nanocomposites for the absorption of microwave radiation (Bregar, 2004). In
nanocomposite form a ferrite can be used for the absorption of microwave radiation where the
ferromagnetic nanopowders exhibit a higher absorption at low field strengths and a broader
absorption range in the microwave region than multi-domain powders.

Ferrites exhibit substantial magnetic losses in the vicinity of their natural resonance (FMR).
Because of this phenomenon they are one of the best materials for MW absorbers. Ferrites
with a spinel crystal structure can be applied in the frequency range of several hundred
MHz to several GHz (Pardavi Horvath, 2000). AM;O; spinel ferrites are binary
ferromagnetic oxides with compositions in the system Fe;O3-MO, where M is usually a
transition element. Almost any divalent transition-metal ion can be replaced to form spinel
ferrite. However, magnetite is an exceptional case, where the M is Fe2* The spinel ferrite’s
cubic unit cell comprises eight formula units with 16 M3+ cations on 16 octahedral sites and
8M2* jons on the tetrahedral A sites. In the reversed spinel eight of 16 M3+ ions occupy all
the tetrahedral sites. The magnetic properties of ferrites can be considered in terms of the
Neel model of ferrimagnetism. One of the good properties of ferrites is the possibility to
prepare different compositions and thereby modify the magnetic properties.

On the other hand, ferrites with a hexagonal structure are an extensive family of compounds
with a complex magnetoplumbite structure within the ternary system AO-Fe;O;-MeO,
where A = Ba, Sr, Ca(La) and Me is a bivalent transition metal. Due to their high natural
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frequency, these ferrites can be used across the whole GHz region (Pardavi Horvath, 2000).
Furthermore, these ferrites do not require external bias fields in RF operation and are “self-
biased” due to their very high intrinsic anisotropy and can be applied for the
miniaturization of microwave devices (Ovtar et. al., 2011). Their operating range is around
the remanence of the rectangular hysteresis loop. Due to the solely Fe3* state in the
hexaferrite lattice, they are good insulators with very low dielectric losses. The best-known
members are the uniaxial permanent magnets of the M-type, i.e.,, Ba and Sr-hexaferrites,
which can be used across the whole GHz region (Rodrigue, 1963).

By varying the chemical compositions, it is possible to control the electromagnetic
properties such as the saturation magnetization, magnetocrystalline anisotropy,
permeability and the permittivity of a ferrite composite. In addition, the microstructure of
ferrites has an additional impact on their properties, and consequently on the EM
absorption. Compared to the ferrites with a spinel structure, the hexagonal ferrites exhibit a
larger intrinsic magnetocrystalline anisotropy field and it can be applied at higher
frequencies. In general, MW absorbers can be prepared in the form of ceramics or as
composites, where the ceramic phases are embedded in a polymeric matrix. Here, the EM
properties of the composites can be very effectively tuned, simply by varying the volume
fractions of the filler constituent phases.

In addition, a synergetic effect of the constituent phase properties may also be observed in
some composites. For this reason magnetic composites are interesting for microwave
applications (Kim et. al., 1994; Nakamura & Hankui, 2003; Pereira et. al., 2009; Verma et. al.,
2002; Ghasemi et. al., 2008; Groningen, 2003). Furthermore, during the development of
suitable absorbers, their composition and processing are equally important.

2. Experimental procedure

In the present investigation, silica (SiO;) coated maghemite (y-Fe;Os) nanoparticles were
performed in-situ via the precipitation in two different microemulsion systems. First
microemulsion system consisted from water phase (aqueous solution of Fe2*/Fe3* ions or
aqueous solution of NH4OH), sodium n-dodecyl sulfate (SDS) served as anionic surfactant,
1-butanol served as co-surfactant and cyclohexane used as an oil phase. The second
microemulsion system consisted from water phase (aqueous solution of Fe2*/Fe3* ions or
aqueous solution of NH4OH), n-Hexadecyltrimethylammonium bromide (CTAB) served as
cationic surfactant, 1-butanol served as co-surfactant and 1-heksanol used as an oil phase.
Whatever of the chosen system, the synthesis of nanoparticles was performed at the same
water-to-surfactant + co-surfactant molar ratio (R).

The influence of the concentration of reactants in aqueous phase, the temperature of
reaction, the pH value after the precipitation of hydroxides and the type of surfactant and
co-surfactant, on the maghemite (y-Fe;Os3) nanoparticles were investigated. The thickness of
silica shell was carefully controlled by the amount of tetraethoxysilane (TEOS) added to the
microemulsion after the precipitation step.

The precursors of strontium hexaferrite (SrFe;2019) were prepared with the classical co-
precipitation method and with the microemulsion method in microemulsion system
water/SDS, 1-butanol/cyclohexane. The precursors were calcined at different
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temperatures ranging from 400 °C to 1000 °C in air. The influence of the Sr2*/ Fe3* molar
ratio and the calcination temperature on the product formation and magnetic properties
were studied.

Furthermore, the composites based on the magnetic filler, composed of phases within the
SrO - Fe)O; system, embedded in the polyphenylene sulfide (PPS) matrix with a
concentration range of 80:20 by weight destined for microwave absorption were
investigated. The electromagnetic parameters of composites were measured with a vector
network analyzer at 400 MHz - 32 GHz.

2.1 Synthesis of silica (SiO2) coated maghemite (y -Fe203) nanoparticles

The chemical reagents used in this synthesis process were iron (II) sulfate heptahydrate
(FeSO4 7H2O, ACS, 99+%), iron (IIl) sulfate hydrate (Fex(SOs)3 xH2O, Reagent Grade),
ammonium hydroxide solution (25%, puriss p.a.), sodium n-dodecyl sulfate (SDS)
(CH3(CH2)110S03Na, Fluka, 99%), n-Hexadecyltrimethylammonium bromide (CTAB)
(CHs(CH2)15N(Br)(CHs)s, Alfa Aesar, 99+%), 1-Butanol (CH3(CH2)sOH, Alfa Aesar, 99%),
cyclohexane (C¢Hyz, ACS, Alfa Aesar, 99+%), 1-hexanol (CH3(CH2)sOH, Alfa Aesar, 99% ),
tetraethoxysilane (TEOS) (Si(C2Hs0)s, Alfa Aesar, 98%) and ethanol (CH3CH>OH, Riedel-
de Haén, 96%).

Maghemite (y-Fe;Os) nanoparticles were prepared according to Schikorr’s reaction, eq 1
(Kosak et. al., 2004):

Fe2t + Fe3* + 20H- + O, — Y—FGQO3 + H,O (1)

In this synthesis, the Fe (II) and Fe (III) hydroxides were precipitated during the reaction
between two different microemulsions containing an aqueous solution of corresponding
ions (MEI) or precipitating reagent (MEII). In the second step of the synthesis, the Fe (II)
hydroxide is oxidized, resulted to the formation of the spinel maghemite (y-FeOs) phase.
The surface of y-Fe;Os; nanoparticles prepared in microemulsion systems was functionalized
with tetraethoxysilane (TEOS).

Synthesized SiO; coated y-FexOs nanoparticles were characterized using transmission
electron microscopy (TEM), X-ray diffractometry (XRD) and specific surface area
measurements (BET). The specific magnetization (DSM-10, magneto-susceptometer) of the
prepared samples was also measured.

2.1.1 Experimental procedure

Two aqueous solutions were prepared (aqueous solution of Fe?*/Fe3* ions (0.4 or 0.15 M)
and 5 % aqueous solution of NH4OH). Aqueous solution of Fe2*/Fe3* ions with a molar ratio
1.85:1 was prepared by dissolving an appropriate amounts of iron (II) sulphate
heptahydrate, FeSOy - 7H>O, and iron (III) sulphate hydrate, Fex(SO4)s xH2O.

To chose a suitable composition that formed stable water-in-oil (w/o0) microemulsion in the
systems:

- water/SDS, 1-butanol/cyclohexane (System A) and
- water/CTAB, 1-butanol/1-hexanol (System B).
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The region of microemulsion stability, within which the microemulsion is optically
transparent was determined by the titration method in connection with conductivity
measurements. In Fig. 1 the microemulsion stability region for both systems is represented
by solid line for 0.4 M aqueous solution of Fe?*/Fe3* ions and by dashed line for 5 %
aqueous solution of NH4OH, within which the compositions of microemulsion are optically
transparent. These are pseudo-ternary phase diagrams, in which every point represents a
quaternary system whose overall composition is entirely defined by any pair among the
three weight fractions: f,, (aqueous phase), f; (surfactant + co-surfactant) and f, (oil phase).

cyclohexane (f,) 1-hexanol (fy)

0.4 M Fe'/Fe'

0.4 M Fe' /Fe’ 90

80 — — — 5%NH.OH 80 — — — 5%NH.OH

water phase 10 20 30 40 50 60 70 80 90 SDS/1-butanol  water phase 10 20 30 40 50 60 70 80 90 CTAB/I-butanol
(fy) (f) (fw) (fy)
Fig. 1. Phase diagram of the water / SDS / 1-butanol / cyclohexane system (left) and
water/CTAB, 1-butanol/1-hexanol (right) at 20 °C.

Prior to the synthesis, two microemulsions of the same composition were prepared. The
microemulsion I (MEI) contained 0.4 M or 0.15 M aqueous solution of Fe2*/Fe3* ions,
whereas the microemulsion II (MEII) contained 5 % aqueous solution of the ammonium
hydroxide (NH4OH) served as precipitation agent. The SDS to 1-butanol (System A) and
CTAB to 1-butanol (System B) weight ratios were kept constant at 1:1.3 and 1.5:1,
respectively. In the second step, MEI and MEII were mixed at different temperatures and
different pH values for 1 h. A black precipitate was formed immediately. In the last step, the
surface of y-Fe;Os; nanoparticles prepared in microemulsion systems with the same molar
ratio (R=7) and the following composition for system A: 39 wt. % of water phase, 31 wt. % of
SDS/1-butanol, 31 wt. % of cyclohexane and for the system B: 45 wt. % of water phase, 10
wt. % of CTAB/1-butanol, 45 wt. % of 1-hexanol was functionalized using TEOS. The
thickness of silica shell was carefully controlled by the amount of TEOS added to the
microemulsion after the precipitation step. Finally, the product was centrifuged and washed
several times with mixture of ethanol and water and dried at 100 °C.

2.1.2 Results and discussion

Fig. 2 shows the X-ray diffraction patterns of the prepared samples. Except in the case of
sample S2 (pH = 6), the diffractograms confirmed the formation of the spinel structure,
characteristic of magnetite (Fe;O4) and maghemite (y-Fe>Os) with different Fe2* content. The
chemical analysis of the synthesized nanoparticles showed that they contain only around 0.5
wt. % of Fe2*. From this we confirmed the formation of y-Fe;O3; nanoparticles.

To estimate the average particle size (Dxrp) a Debye-Scherrer formula was used. The values
are shown in Table 1.
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The difference in the XRD patterns is in the broadness of the peaks. Broader peak indicates
smaller crystallite size. From the graph, it is observed that the crystallite size for sample S1 is
the smallest one and it is followed by samples S6, 5S4, C7, C8, C9 and S3, respectively. With
increasing the concentration of aqueous solution of Fe2*/Fe3* ions from 0.15 M to 0.4 M the
average size of the nanoparticles increased from 5.6 nm to 7.5 nm (samples S6 and S4), and
with increasing the reaction temperature from 20 °C to 50 °C, the average size of the
nanoparticles increased from 3.3 nm to 7.3 nm (samples S1 and S4). The pH value had a
strong influence to average particle size and phase composition. At pH 6 a non-magnetic
phase was formed (what about the magnetic properties of the products obtained in other pH
conditions?). With increasing of the pH value from 8.6 to 10.2, the average size of the
nanoparticles decreased from 12.8 nm to 7.3 nm (samples S3 and S4).

System | Sample MEL | Teyn) PHsyn) BET Deer | Dxwo M
™M | 9 ' (m?/g) | (nm) | (nm) | (Am?/kg)

S1 20 10.2 226 5.4 3.3 19

S2 6.0 132 9.3 - 14

A S3 0.4 8.6 100 12.2 12.8 49
S4 50 10.2 189 6.5 7.3 48

S5 10.4 213 5.8 - 31

S6 0.15 10.2 274 4.5 5.6 14

Cc7 20 9.5 102 12.0 7.6 51

B C8 04 50 9.5 92 13.3 8.8 60
9 0.15 9.5 101 12.2 8.8 52

Table 1. Influence of preparation conditions on the properties of prepared samples.
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Fig. 2. XRD patterns of synthesized samples.

Fig. 3 left shows TEM image of uncoated y-Fe,Os; nanoparticles, which were spherical in
shape and highly agglomerated, in compare to the y-Fe;O3 nanoparticles obtained after the
surface coating (Fig. 3 right) with a thin layer of SiO,.
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The results show that the concentration of Fe2*/Fe3* ions in aqueous solution , the reaction
temperature and the pH value had a strong influence on the average particle size
distribution and as a consequence on the specific magnetization.

The results in Table 1 show that with decreasing of concentration of Fe2*/Fe3* ions in
aqueous solution from 0.4 M to 0.15 M, the average particle size determined from BET
measurements decreases from 6.5 nm to 4.5 nm in system A (samples 54 and S6) and from
13.3 nm to 12.2 nm in system B (samples C8 and C9). The smallest average particle size was
obtained at 20 °C. With increasing of the reaction temperature from 20 °C to 50 °C, the
average particle size increased from 5.4 nm to 6.5 nm in system A (samples S1 and S4) and
from 12 nm to 13.3 nm in system B (samples C7 and C8). At pH 6 a nonmagnetic phase was
formed with the average particle size of 9.3 nm and a specific magnetization of 1.4 Am2/kg
(system A, sample 2). With increasing the pH value from 8.6 to 10.3 in system A, the average
particle size decreased from 12.2 nm to 5.8 nm (samples S3, 54 and S5).

50 nm

Fig. 3. TEM micrograph of (left) uncoated y-Fe;O3; nanoparticles and (right) y-Fe>O3
nanoparticles obtained with a thin layer of SiO».

Fig. 4 shows that specific magnetization (M) of the prepared y-Fe:Os; nanoparticles
increased from 19 Am?/kg for the sample with average particle size of 5.4 nm (system A,
sample S1) to 49 Am2/kg for the sample with average particle size 12.2 nm (system A,
sample S3) and from 51 Am?2/kg for the sample with average particle size 12 nm (system
B, sample C7) to 60 Am2/kg for the sample with average particle size 13.3 nm (system B,
sample C8).

The thickness of silica shell was carefully controlled by the amount of TEOS added to the
microemulsion mixture during the precipitation step. Specific magnetization of the
uncoated y-FexOs nanoparticles prepared in microemulsion system A, was 48 Am?2/kg
(sample S4) and decreased to 25 Am?2/kg for the nanoparticles with 3 nm thickness of silica
shell (Fig. 5). Furthermore, the specific magnetization of the uncoated y-Fe;O3 nanoparticles
prepared in microemulsion system B was 60 Am2/kg (sample C8) and decreased to 21
Am2/kg, when the thickness of silica shell was 4 nm (Fig. 5).
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Fig. 4. Specific magnetization of uncoated y-Fe;O3; nanoparticles prepared in microemulsion
systems water / SDS / 1-butanol / cyclohexane (samples S1 and S2) and water/CTAB, 1-
butanol/1-hexanol (samples C7 and C8).
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Fig. 5. Specific magnetization of uncoated and coated y-Fe,O3 nanoparticles prepared in
microemulsion systems water / SDS / 1-butanol / cyclohexane (samples S4 and S4 + 3 nm
Si0») and water/ CTAB, 1-butanol/1-hexanol (samples C8 and C8 + 4 nm SiO»).

2.2 Synthesis of strontium hexaferrite SrFe12019 nanoparticles

The chemicals used for the syntheses of the different samples were strontium nitrate
anhydrous (Sr(NO3),), 98%, Alfa Aesar, iron (III) nitrate nonahydrate (Fe(NOs)3 9H,0O), ACS,
98,0-101,0%, Alfa Aesar; tetramethylammonium hydroxid solution 25% (TMAH) (C4H13NO),
Applichem; cyclohexane (C¢Hiz), ACS, 99+%, Alfa Aesar; sodium n-dodecyl sulfate (SDS)
(CH3(CH2)110S03Na), 99%, Sigma Aldrich; 1-butanol (CH3(CH2)sOH), 99%, Alfa Aesar and
ethanol (CH3CH>OH), 96%, Riedel-de Haén.

The precursors of strontium hexaferrite (SrFe;2O19) were prepared according to the
reaction, eq 2:

Sr(NOs), + 12Fe(NOs)s + 38(CHz)sNOH — Sr(OH), + 12 Fe(OH)s + 38((CH3)sN)NOs  (2)
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In this synthesis, the Sr (II) and Fe (III) hydroxides were precipitated during the reaction
between two different aqueous solutions or microemulsions containing an aqueous
solution of corresponding ions (MEI) and precipitating reagent (MEII). In the second step
of the synthesis, the hydroxides are oxidized during the calcinations process, resulting in
the formation of the nano-crystalline hexagonal (SrFe;;O19) phase according to the
reaction, eq 3:

Sr(OH), + 12Fe(OH); — 6Fe;0s + SrO + 19H,0 ®)

The dried precursors were characterized using thermogravimetric analyses (TGA) and
differential thermal analyses (DTA) in air with a heating/cooling rate of 5 °C/min. The
morphology of the powders after the calcination was investigated with transmission
electron microscopy (TEM). The size of the nanoparticles was measured with dynamic light-
scattering particle size analyses (DLS) and from the powders specific surface area A, using
the BET method and estimated using the relation Dger = 6p/As where p = 5.1 g/cm3 for
spherical particles. The magnetic measurements of the calcined samples were carried out
using a magneto-susceptometer (DSM-10).

2.2.1 Experimental procedure

The co-precipitation and the microemulsion methods were applied for the preparation of
the SrFe;;019 precursors. Prior to the synthesis, aqueous solutions of strontium and iron
nitrate with various Sr?*/Fe3* molar ratios (1:6.4, 1:8, 1:10 and 1:12) were prepared.
Although a molar ratio of 1:12 should be sufficient, according to the stoichiometry, an excess
of strontium nitrate was necessary, because the strontium hydroxide is partially soluble in
water (Ataie, 1995).

In the co-precipitation method the Sr(II) and Fe(Ill) hydroxide precursors were precipitated
during the reaction between the aqueous solution of metal nitrates and the 0.5 M aqueous
solution of tetramethylammonium hydroxide (TMAH), which served as a precipitating
agent (Table 2). The precipitation was performed at room temperature and a pH value of
12.7. The brownish precipitates were washed several times with a mixture of distilled water
and ethanol (volume ratio 1:1) and dried at 100 °C.

Aqueous solution wt. %
Metal nitrates 0.01 M Sr(NO3), + 0.08 M Fe(NOs)s 50
Precipitating agent 0.5 M TMAH 50

Table 2. The composition of a typical co-precipitation system used for the synthesis of the
precursor with a Sr2*/Fe3* molar ratio of 1:8.

The microemulsion system used in this study consisted of sodium n-dodecyl sulfate (SDS)
as the surfactant, 1-butanol as the cosurfactant, cyclohexane as the continuous oil phase and
an aqueous solution of reactants as the dispersed phase. Two microemulsions (I and II) with
identical compositions and different reagents in the aqueous phase were prepared (Table 3).
The aqueous phase in microemulsion I comprised of a mixture of strontium and iron nitrate
aqueous solutions. The aqueous phase in microemulsion II comprised of a 0.5 M solution of
tetramethylammonium hydroxide (TMAH), which served as a precipitation agent. The
brownish precipitates of metal hydroxides appeared within the nanosized aqueous droplets
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after the two microemulsions were mixed at room temperature and pH 13.5. The
precipitates were washed several times with a mixture of distilled water and ethanol
(volume ratio 1:1) and dried at 100 °C.

Finally, these dried precursor powders prepared with different Sr2*/Fe3* molar ratios
were calcined at different temperatures (400 to 1000 °C) for 1h with a heating/cooling rate
of 5 °C/min. The calcinations were performed in a sample holder in the TG apparatus in a
static atmosphere with a precise control of the weight change and the calcination
temperature.

Microemulsion I Microemulsion II | wt. %
Aqueous phase | 0.01 M Sr(NOs)2 + 0.08 M Fe(NOs); 0.5 M TMAH 35
Surfactant SDS SDS 13
Cosurfactant 1-butanol 1-butanol 17
Oil phase cyclohexane cyclohexane 35

Table 3. The composition of the microemulsion system used for the synthesis of the
precursor with a Sr2*/Fe3* molar ratio of 1:8.

2.2.2 Results and discussion

Typical TGA and DTA curves of the dried precursors prepared with the co-precipitation
method and the microemulsion method at a Sr2*/Fe3* molar ratio of 1:8 are shown in Fig. 6.

The DTA thermograms of the samples prepared by the co-precipitation method show an
endothermic peak at 116 °C and two exothermic peaks at 262 °C and 719 °C. The
endothermic peak was attributed to the vaporization of the water from the precursor. On
the other hand, the first exothermic peak was ascribed to the disintegration-oxidation of the
residual organic precipitation agent in air at elevated temperatures. The second exothermic
pick was attributed to the formation enthalpy and/or subsequent crystallization of the
hexaferrite (SrFe1,019).

In the case that the precursor was prepared by co-precipitation in a microemulsion, the DTA
thermograms indicated an endothermic peak at 116 °C and three exothermic peaks at 255
°C, 288 °C and 735 °C. Here, the endothermic peak is a consequence of the vaporization of
the residual solvent and the water from the precursor. While the appearance of two close
but separate exothermic peaks between 255 °C and 288 °C is consistent with the chosen
method of synthesis, where we used two different organic agents, i.e., in addition to an
organic precipitation agent (TMAH), an organic surfactant (SDS) was also employed.
However, both of them exhibited different disintegration temperatures. The third
exothermic peak at around 735 °C could, like in the former case, be attributed to the
formation of crystalline SrFe;2O1o.

The TGA showed a continuous weight loss from room temperature to about 730 °C.
Theoretically, the transformation of the dried precursor hydroxides Sr(OH), and Fe(OH);
into their oxides SrO and Fe;Os and further into the hexagonal ferrite structure, at a
Sr2+/Fe3* molar ratio of 1:8, during the calcination in air led to a weight loss of around 24 %,
which is in good agreement with the experimental results (Fig. 6).
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In order to investigate the effect of the calcination temperature on the formation of SrFe;,09
powders, co-precipitated samples and those prepared in microemulsions was calcined at
various temperatures, ranging from 600 to 1000 °C, for a precursor Sr2*/Fe3* molar ratio of
1:6.4. Figs. 7 and 8 show the XRD patterns of these samples.
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Fig. 6. DTA and TGA thermograms of precursor with the Sr2*/Fe3* molar ratio 1:8 prepared
by the co-precipitation and microemulsion methods.

The XRD patterns of the produced powders showed the presence of strontium hexaferrite
SrFe1,019, strontium peroxide SrO,, hematite Fe;O3, and magnetite Fe3O4 phases depending
on the calcination temperature and the method of synthesis.

At a low temperature of 600 °C, powder prepared by co-precipitation contained a
nonmagnetic phase hematite Fe,Os, while the powder prepared with the microemulsion
method contained the magnetic phase magnetite. Here, the temperature to form the Sr-
hexaferrite is too low, while on the other hand, the second constitutive phase SrO is, in spite
of its large excess at low calcinations temperatures, not observed due to its low crystallinity.

The formation of two different forms of iron oxides during the calcinations at 600 °C, i.e.,
hematite after the co-precipitation was used and magnetite when the microemulsion method
was applied can be explained by the difference in the preparation method. The precipitation
reaction should be slower in a reverse micelle medium, when considering the necessary
coupling of the rate constant of the chemical reaction and the rate constant of the fusion of the
reverse micelles, which must happen prior to the particular reaction (Natarajan et. al., 1996).

The slower rate of the precipitation, when the synthesis is performed within the reverse
micelles, which leads to a compartmentalization of the bulk compared to that in the bulk
conditions, could lead to the formation of Fe;Os; H>O, which on further heating might
yield a magnetic phase maghemite/magnetite. However, the main condition that is
crucial for the formation of magnetite is the presence of organic aids, which during
heating at elevated temperatures prior to the complete oxidation and the formation of
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carbon oxide, ensures the reduction conditions that yield the magnetite phase instead of
the hematite. Furthermore, the reaction occurs in a closed system of the TGA apparatus,
where any draught of air was excluded. On the other hand, in co-precipitated and
calcined samples the Fe(OH); yields hematite.

At a temperature of 800 °C it is mainly the formation of SrFe;»O19 that can be observed for
both types of samples, prepared by co-precipitation and/or by microemulsion-assisted
synthesis. This is consistent with the DTA, where the maximum assigned to ferrite
formation is observed at 735 °C. Besides, some XRD peaks of hematite Fe;Os in the samples
prepared via microemulsion the hematite phase can be detected.

The XRD analysis of the samples calcined at 900 °C showed the formation of the SrFe;2019
phase, with no other phase being detected, Figs. 7 and 8. This sample still has a large excess
of SrO and the temperature is sufficiently high that all of the hematite and/or magnetite in
the precursor reacts to form the hexaferrite phase, with the exception of the strontium oxide,
which was designed to be in excess due to the partial solubility of the strontium hydroxide
in the water/alcohol during the processing of the precursor. The SrO, which is otherwise
prone to react with atmospheric moisture and carbon dioxide, forming hydrocarbonates
with a low crystallinity, can be easily extracted with dilute hydrochloric acid and chemically
analyzed, while the Sr-hexaferrite is poorly soluble in acids. From these results one can
conclude that the Sr2*/Fe3* molar ratio of 1:6.4 is a little bit too high, since the excess of free
SrO and/or SrO; can be chemically analyzed in the calcined samples.

On the other hand, the XRD patterns for the samples calcined at 1000 °C show identical
diffraction patterns to those of the samples calcined at 900 °C. Therefore, one can conclude
that the calcination temperature at 900 °C is sufficient for a complete reaction between
stoichiometric ratios of the precursor components forming the target phase, i.e., SrFe;2O19,
while the excess of SrO can be easily removed from the product.

In order to complete the range of trial-and-error experiments the samples with Sr:Fe molar
ratios of 1:8, 1:10 and 1:12 were calcined at 900 °C. Here, the influence of a relatively large
excess of SrO in the precursor was gradually reduced and the phase formation depending
on the calcinations temperature was followed by XRD (Fig. 9) and by measuring the
magnetization of the products (Figs. 12 and 13).

Fig. 9 shows the XRD patterns for the samples prepared with the co-precipitation method
and Sr2*/Fe3 molar ratios of 1:6.4, 1:8, 1:10 and 1:12. The pure crystalline single-phase
SrFe1,019 was formed at a Sr:Fe molar ratio of 1:6.4. On the other hand, the XRD patterns of
the produced samples at Sr2*/Fe3* molar ratios of 1:8, 1:10 and 1:12 showed, besides
strontium peroxide SrO,, the presence of the magnetite Fe3O4 phase.

With a decrease of the relatively large excess of Sr2* the magnetite phase starts to appear, as
observed from the XRD spectra and the magnetization measurements, Fig. 12. It is
surprising that in spite of an overall large excess of SrO in the precursor the iron oxide
phases can be detected in calcined samples with a molar ratio > 1:6.4. The magnetite FesO,
phase in the samples to a great extent determines the magnetic properties, as is clear from
the hysteresis curves, Fig. 13. The phase compositions for the samples prepared with the
microemulsion method were almost the same. The proposed reason for such a diverse phase
formation, depending on the Sr2+/Fe3* molar ratio, is discussed latter.
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Fig. 7. XRD patterns of co-precipitated samples with a Sr2*/Fe3* molar ratio of 1:6.4 calcined
at temperatures: a) 600 °C, b) 800 °C, c) 900 °C and d) 1000 °C for 1h.
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Fig. 8. XRD patterns of samples prepared by the microemulsion method with a Sr2+/Fe3* molar

ratio of 1:6.4 calcined at temperatures: a) 600 °C, b) 800 °C, c) 900 °C and d) 1000 °C for 1h.
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Fig. 9. XRD patterns for samples with various Sr2*/Fe3* molar ratios: a) 1:6.4, b) 1:8, c) 1:10
and d) 1:12) prepared with the co-precipitation method calcined at 900 °C.
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Figs. 10 and 11 show the TEM images of SrFe;2O19 particles prepared by the co-precipitation
and microemulsion methods, respectively, with a Sr2*/Fe3* molar ratio of 1:8, calcined at
900 °C for 1h. There were no dramatic differences in both of the particle size and morphology
when the samples were prepared using different synthesis methods.

The average size of the SrFe;2Oy9 particles in the samples with a limited degree of
agglomeration is in the range of 40-80 nm, from an inspection of the TEM images. However,
when we compare this value with that of the average particle size obtained from the BET
measurements, i.e., the dger = 61 nm (19 m2/g) with the same Sr2*/Fe3* molar ratio, one can
conclude that the agglomeration of particles during the processing is not remarkable.
Namely, the agglomeration of the particles might strongly decrease the measured total
surface area and consequently the average particle size estimated from it is apparently
larger. The average size of the nanoparticles stabilized in a suspension, i.e., in butylene
glycol using a sonificator, was also measured using a dynamic light-scattering particle size
analysis (DLS). The results of the DLS analysis showed that the size of the nanoparticles was
around 40 nm. Here we must stress that the high energy of the ultrasound radiation breaks
the agglomerates and decreases their number. Taking into account the data from the TEM
images, the DLS analyses and the BET measurements one can describe the morphology of
the synthesized powders as being composed of mostly not agglomerated particles of a size
around 40 to 80 nm. The critical diameter of a spherical strontium hexaferrite with a single
domain is calculated using the eqs 4 and 5 (Rezlescu et. al., 1999):

Dm(crit) = 90—w/2”M52/ 4)

where

o, = (ZKBZCIIQI) ©)
is the wall density energy, |K;|the magnetocrystalline anisotropy constant, T. the Curie
temperature, M; the saturation magnetization, kg the Boltzmann constant and a the lattice
constant. For D < Dy the particles are multi domains. For Sr-hexaferrite, using T. =
749K, a = 5.8810% cm, |K;| = 3.610°¢ erg/cm3 and M = 450 Gauss, the value of Dy
estimated was around 250 nm. Thus, all the strontium ferrite particles in this investigation
are of single domain.

Fig. 10. TEM micrographs of SrFe;;019 prepared by the co-precipitation method and
calcinated at 900 °C for 1 h.
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Fig. 11. TEM micrographs of SrFe1,019 prepared by the microemulsion method and
calcinated at 900 °C for 1 h.

Therefore, we correlate the results of the magnetization measurements with the phase
composition of the studied samples for a constant precursor Sr2*/Fe3* molar ratio heated
at temperatures from 600 °C to 1000 °C. The saturation magnetization vs. calcination
temperature for samples prepared by the co-precipitation and microemulsion methods,
with a Sr2+/Fe3* molar ratio of 1:6.4 calcined at different temperatures for 1h is shown in
Fig. 12. Following the magnetization of the product versus the temperature of the
calcinations, we see a gradual increase of the magnetization, which is to be expected,
according to the phase composition recorded with XRD spectra, Figs. 7 and 8. At 400 °C
the low magnetization mostly reflects the composition of the precursor, where the
ferrimagnetic phases were just starting to form, but could not be detected in the XRD
spectra. They are, however, reflected in a slight magnetization. With an increase of the
calcination temperature to about 600 °C the saturation magnetization increased from 4
Am?2/kg at 400 °C to 6 Am2/kg in the case of the co-precipitation method, and from 10
Am2/kg to 29 Am2/kg at 600 °C for the samples prepared from microemulsions. With a
further increase in the calcination temperature the magnetization steadily increases to 45
Am?/kg for the co-precipitated samples and 55 Am?2/kg for the samples from the
microemulsion. When the temperature increased to 900 °C and 1000 °C the magnetization
of the magnetic particles stays in the range between 50 and 60 Am?2/kg.

The relatively large difference in the saturation magnetization for the co-precipitated and/or
the microemulsion synthesized samples calcined at 600 °C are related to the phase
composition of the powders examined by XRD analysis. The samples prepared with the co-
precipitation method contained hematite, whereas those prepared with the microemulsion
method contained the magnetic phase magnetite that increases the magnetization of the
otherwise non-magnetic constitutive part (SrO) in the powder calcined at 600 °C. With a
further temperature increase the target hexaferrite is being formed Figs. 7 and 8, which
increases the magnetization of the calcined products.

Fig. 13 shows the plots of the saturation magnetization (M) as a function of the applied field
(He) for samples prepared by the co-precipitation method and the microemulsion method
with different Sr2*/Fe3* molar ratios and calcined at 900 °C for 1h. Here, the shape of the
hysteresis loops indicates a drastic change in the phase composition depending on the
precursor composition and the temperature.
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The samples prepared with Sr2*/Fe3* molar ratios of 1:6.4 and 1:8 exhibited a relatively high
saturation magnetization of 64 and 62 Am?2/kg, respectively, and wide hysteresis loops with
coercivities of 54 and 5.0 kOe and remanent magnetizations of 39 and 36 Am2/kg,
respectively. With decreasing the Sr2*/Fe3* molar ratio from 1:8 to 1:10 and/or 1:12 the shape
of the hysteresis loop changes drastically, indicating a crucial change in the phase composition,
i.e., the magnetic properties of the samples change from high coercivity phases, indicating a
hard magnetic character, to a soft magnetic phase. The XRD analysis indicates that the hard
magnetic phase is Sr-hexaferrite and the soft magnetic phase is magnetite.

The formation of a submicron-sized strontium hexaferrite, responsible for a nearly square-
shaped hysteresis loop in samples with a molar ratio Sr2*/Fe3* of 1:6.4 and 1:8, and a
submicron-sized magnetite, exhibiting a hysteresis loop with a very small coercivity,
indicating a soft magnetic character in samples with lower Sr2*/Fe3* molar ratios, 1:10 and
1:12, is consistent with the coarsening ability of fine, reactive, iron oxide particles. The
essential element of this phenomenon is the fact that the coarsening of the iron particles
occurs prior to the onset of the key solid-state reaction, which leads to the target compound.
This process is associated with the passivity of the iron oxide particles due to a drastic
decrease in the specific surface area needed for an effective solid-state reaction.

At molar ratios of 1:6.4 and 1:8 the solid-state reactions forming Sr-hexaferrites are
straightforward, as is usually observed during the preparation of Sr-hexaferrites via a solid-
state reaction. The large excess of SrO leads to a direct formation of the hexaferrite phase
and can be easily extracted with dilute hydrochloric acid after the termination of the solid-
state reaction.

However, at low molar ratios the course of the phase formation is widely different and is
grounded on the well-known self-sintering phenomenon (Natarajan et. al., 1996). The soft
magnetic particles of magnetite powder formed in that case represent the major part of the
reaction product, exhibiting a hysteresis loop with a very low coercivity, Fig. 13. In addition,
in these samples, with a low Sr2*/Fe3* molar ratio, the formation of SrFe2O19 at 750 °C, Fig.
6, is strongly hindered. The XRD diffraction spectra and the magnetic measurements show
that magnetite is the major phase.

The observed phenomenon, i.e., with a large excess of Sr2* the Sr-hexaferrite forms, while
with a lower excess of Sr2* mostly the iron oxides can be detected, can be linked to the high
reactivity of the chemically synthesized iron oxide particles in the starting mixture. Such an
otherwise homogeneous precursor mixture might favor, particularly at a low Sr2*/Fe3*
molar ratio, the auto sintering of iron oxide powder (Urek & Drofenik, 1996), i.e., the
coarsening of the reactive nanoparticles of iron oxide at a temperature lower than that
needed to form Sr-hexaferrite at 750 °C, Fig. 6. This process is much more pronounced when
the Sr2*/Fe3* molar ratio is low, where the coordination of the iron oxide particles with the
same kind of particles is increased. The coarsening of the iron oxide particles leads to a
drastic decrease in the iron oxide reactivity, inducing its passivity and strongly delaying the
onset of the target solid-state reaction, the formation of Sr-hexaferrite.

Here, we recognize that in spite of the chemical method used in our studies the procedure
by itself exhibits some peculiarities, which lead to the formation of unexpected phases.

During the preparation of fine-grained Sr-hexaferrite via chemical methods a large excess of
SrO is required for the suppression of the auto sintering of iron oxide and represents a
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general demand during the synthesis of iron-oxide-based compounds. Thus, in order to
avoid the need for a large excess of SrO during the syntheses of fine-grained particles of Sr-
hexaferrite the “in-situ” methods (Drofenik et. al., 2010) have an advantage over other
chemical methods.
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Fig. 12. The saturation magnetization (Ms) of samples prepared by the co-precipitation and
microemulsion methods with Sr2*/Fe3* molar ratio 1:6.4 and calcined at different
temperatures for 1h.
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Fig. 13. The hysteresis loops of strontium hexaferrite prepared by the co-precipitation
method (left) and the microemulsion method (right) with different Sr2*/Fe3* molar ratios
and calcined at 900 °C for 1h.

The composite specimens for the measurement of the microwave-absorbing characteristics
in the frequency range from 400 MHz to 32 GHz were prepared by mixing the magnetic
powder and the PPS (Polyphenylene Sulfide) and pressing the mixture in an appropriate
forming tool. The weight ratio of the magnetic powder and the PPS was 80:20, which gave a
relatively high volume fraction of magnetic powder in the composite. The samples had a
toroidal form with an inner dimension of 1.3 mm, an outer dimension 2.9 mm and a height
of 1.3 mm, in order to fit well into the SMA! female or male adapter.

Both the relative complex permeability (e, = €'-j¢”") and permittivity (g = p'-jp’’) of the
samples were measured using an Anritsu 37269D vector network analyzer in the frequency
range from 400MHz to 32 GHz. The permeability and permittivity were calculated from the
measured scattering parameters (Bregar et. al., 2007).

1 SubMiniature version A.
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The magnetic particles obtained via calcination, which serve as the magnetic/filler phase in
the composites for the MW absorption, were magnetically characterized, as listed in Table 4.

The magnetization of sample S1 is 6 Am?/kg, which is much higher than expected for
hematite (a-FexOs), which at room temperature shows a weak magnetism of about 0.15
emu/g (Schieber, 1967). The observed magnetization of the sample is the result of the
magnetic ingredients present in the product, which must consist of small amounts of
maghemite and/or magnetite. These tend to form in small amounts as byproducts. Both of
them contribute to the final magnetization of the sample, but they cannot be detected in the
XRD pattern. However, when the powders are calcined at 800 °C and 900 °C, the particles
changed from weakly magnetic to ferrimagnetic.

The saturation magnetization, remanent magnetization and coercivity increased with the
calcination temperature from 38 Am2/kg at 800 °C to 60 Am?2/kg at 900 °C. In sample S2 the
magnetization increases due to the formation of Sr-hexaferrite phase. On the other hand, in
sample S3, which consists of Sr-hexaferrite nanoparticles, the magnetization measured was
60 Am?2/kg, i.e., less than the bulk value (74.3 Am2/kg). In part, the decrease in the
magnetization of ultra-small nanoparticles can be attributed to their large surface-to-volume
ratio and therefore the increased proportion of surface atoms that have an incomplete
coordination leading to a non-collinear spin configuration (Kadama et. al., 1996).

The sample S4 consists of Sr-hexaferrite and magnetite. When considering the intensity of
the diffraction peaks with the highest intensity it is possible to roughly estimate a mass ratio
of 1:2 for the magnetite particles. The larger amount of magnetite in the composite
contributes to a smaller coercivity and a lower remanent magnetization of the S4 sample.
The results of the magnetic measurements are in agreement with the general principle that
both phases with different magnetizations contribute to the final magnetization of the mixed
product roughly in their mass proportions. Here, we have a mixture of a cubic magnetite
phase, with soft magnetic properties, and a hexagonal ferrite, with hard magnetic
properties, which in proportion to their mass ratios contribute to the average magnetization
of the magnetic part of the composite in a magnetic field of 1T.

Sample Phase Crystal M M; H.
code structure (Am2/kg) (Am2/kg) (kA/m)
S1 a-Fe;O3 Cubic 6 / /
a-Fe,O3, Cubic,
S2 SrFe1,019 Hexagonal 38 2 399.4
S3 SrFe2019 Hexagonal 60 36 464.2
Fes0y, Cubic,
S4 SrFe,019 Hexagonal 63 7 154

Table 4. Magnetic assessment of the products investigated.

The complex permittivity (g; —je) and complex permeability (u; —juy') are known to
determine the absorption characteristics of the material. The real and the imaginary parts of
the permeability of the composite specimens prepared for measurements of the microwave-
absorbing characteristics in the frequency range from 400 MHz to 32 GHz with a weight
ratio of magnetic powder to PPS = 80:20 are presented in Fig. 14. The real and the imaginary
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parts of the permeability for samples S1, S2 and S3 are almost constant over the whole
frequency range. Just the opposite is the case for sample S4, where the real part of the
permeability rapidly decreased from 400 MHz to around 6 GHz, and after that it is lower
than for the samples S2 and S3. The imaginary part of the permeability for sample S4
increases from 400 MHz to around 4.5 GHz, and after that it slightly decreases from 5 GHz
to 25 GHz. These results are in an agreement with the theory (Giannakopoulou et. al., 2002;
Feng et. al, 2007) that materials with a spinel structure (sample S4) have a higher
permeability at lower frequencies than anisotropic materials with a hexagonal structure.
Based on the fact that microwave absorbers must have a large imaginary part of the complex
permeability, we can conclude that the specimens with a hexagonal structure, exhibiting just
a notable imaginary part of permeability up to 32 GHz (samples S2 and S3), might be used
as microwave-absorbing materials in the frequency range higher than 32 GHz.
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Fig. 14. The real (left) and imaginary (right) part of permeability of composites specimens
with weight ratio magnetic powder:PPS = 80:20.

According to the transmission line theory, the reflection loss (RL) of electromagnetic
radiation under normal wave incidence at the surface of a single/layer material backed by a
perfect conductor can be given by (Ni et. al., 2010; Bregar & Znidarsic, 2006):

Zin—Zy
ZintZy

R.L.= 20l0g10

unit: decibel (dB) (6)

where Z is the characteristic impedance of free space,

and Zj, is the input impedance at free space and material surface:

Zin = B tanh i (%) i e ] ®)

where p; and &, are the relative complex permeability and permittivity of the composite
medium, respectively, which can be calculated from the complex scatter parameter, where c
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is the velocity of light, f is the frequency of the incidence EW wave and t is the thickness of
the composites. The impedance-matching condition is given by Zi, = Zg, representing the
ideal absorbing conditions.

Fig. 15 shows the dependence of the thickness of the absorber layer (d) on the reflection loss of
the composite specimens with a weight ratio of the magnetic filler, i.e., PPS = 80:20. The
absorber layer (d) was 2 mm (Fig. 4 left) and 4 mm (Fig. 4 right). It is clear that the reflection-
loss peak in the case of samples with the spinel structure (samples S1 and S4) shifts to a lower
frequency along with the increased thickness and the peak value becomes bigger and
narrower. This shows that by changing the thickness of the material with the spinel structure
the position and the attenuation-peak frequency can be easily manipulated in terms of the
frequency range. In contrast, the reflection loss for samples with the hexagonal structure
(samples S2 and S3) is found to depend sensitively on the absorber thickness in the frequency
range from 400 MHz to 32 GHz. These results are in a good agreement with the phenomenon
that a decrease in the coercivity may be responsible for the magnetic resonance reduction and
as a consequence the thinning of the peaks of the reflection loss (Ghasemi et. al., 2008). We can
conclude that composite materials with a larger fraction of the spinel phase/structure can be
used as electromagnetic wave absorbers in the lower GHz range, while composite materials
with a larger fraction of hexagonal phase might be used in the GHz range above 32 GHz, due
to their dielectric and magnetic losses. However, there is a range of compositions that can
cover a broad range of frequency absorption, which was the aim of this contribution.

Fig. 15 shows the variation of the reflection loss versus the frequency determined from the
composite samples with filler phases (samples S;-Ss) and two sample thicknesses. The
electromagnetic wave absorption data based on Fig. 15 are summarized in Table 5. Here, the
bandwidth is defined as the frequency width in which the reflection loss is less than -10 dB,
which indicates that 90 % of the EM waves are absorbed by the material (Huo et. al., 2009).
RL values of less than -10 dB were obtained with an absorber layer d = 4 in the case of the
sample S1 and d = 2 and 4 for the sample S4. It is clear that a wider absorption width of 2.1
GHz and a minimum reflection loss peak of -16.5 dB were observed at 24.8 GHz with an
absorber layer of 2 mm for sample S4.

Reflection loss [dE]
Reflection loss [dE]

L L L 1 L 1 18 L L L 1 L 1
0.5 1 15 2 25 3 o 0.5 1 15 2 25 3

Frequency [Hz] «10™ Frequency [Hz] « 10"

Fig. 15. The dependence of the thickness of absorber layer d (2 mm and 4 mm) on the
reflection loss of the composites specimens with weight ratio magnetic-powder: PPS = 80:20.
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Samples code Thickness Minimum RL Minimum RL
(mm) frequency (GHz) value (dB)

2 14.3 -5.2

S1 4 7.0 -5.8
21.3 -16.5

2 15.7 -1.8

S2 4 7.7 -2.0
23.5 -4.0

2 14.0 -2.0

S3 4 7.0 -5.7
20.5 -2.0

” 7.7 -11.2

24.8 -16.7

3.0 -16.0

54 4 13.0 -5.8
215 -79

28.5 -6.3

Table 3. Electromagnetic wave absorption properties of composite samples.

3. Conclusions

The microemulsion method is a very adaptable technique which allows the preparation of a
different kind of nanomaterials just alone or in combination with other techniques.

In the present investigation y-Fe;O3-5iO; core-shell nanoparticles with a narrow particle size
distribution were prepared via the precipitation in two different microemulsion systems:
water/SDS, 1-butanol/cyclohexane and water/CTAB, 1-butanol/1-hexanol. Results
obtained in this research, show that the type of surfactant, concentration of aqueous solution
of Fe2*/Fe3* ions, the reaction temperature and the pH value, had a strong influence on
average particle size distribution and as a consequence on specific magnetization. Specific
magnetization of the y-Fe;O; nanoparticles is ranging from 14 Am?/kg for a particle size of
56 nm to 60 Am?2/kg for a particle size of 8.8 nm. The specific magnetization of
functionalized silica (5i0;) coated maghemite (y-Fe>Os) nanoparticles sharply decreased due
to the non-magnetic nature of SiO; layer.

Furthermore, the precursors of the nano-crystalline strontium hexaferrite (SrFe2019)
powder were successfully synthesized using the co-precipitation and microemulsion
methods. The DTA thermograms indicated an exothermic peak at 719.3 °C for the sample
prepared by the co-precipitation method and at 735.1 °C for the sample prepared by the
microemulsion method, which could be attributed to an exothermic reaction and the
crystallization of the SrFeipO19 hexaferrite particles. When using both synthesis methods
single-phase SrFe120O19 was obtained when the hydroxide precursor prepared at a Sr2*/Fe3*
molar ratio of 1:8 was calcined at 900 °C.

The SrFe12019 prepared with Sr2*/Fe3* molar ratios of 1:8 and 1:6.4 had a high saturation
magnetization of around 62-64 Am2/kg and wide hysteresis loops with a coercivity of 5.0-
5.4 kOe and remanent magnetization of 36-39 Am?2/kg. Decreasing the Sr2*/Fe3* molar ratio
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below 1:8 caused a drastic change in the phase composition and consequently in the shape
of the hysteresis loop. Here, the magnetite represents the major phase in the product as a
consequence of the self-sintering phenomenon in the reaction mixture, where the iron oxide
represents a large part of the constitutive phases.

In the last step we investigated composites designed for microwave absorption based on
magnetic filler, composed of phases within the SrO-Fe;O; system, embedded in a
polyphenylene sulfide matrix with a concentration ratio of 80:20 by weight. With a
manipulation of the molar ratio of Sr2*/Fe3* and a calcination of the co-precipitated
precursor at an elevated temperature, one can realize filler within the composite with a
multipart crystal structures and multifarious magnetic properties. From this reason it is
possible to prepare materials with natural resonance in different frequency ranges. The
ferrites with a spinel structure are useful for absorbing materials at lower GHz range while
the hexagonal ferrites are special kind of absorbing materials in the range above 32 GHz due
to their magnetic anisotropy.
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1. Introduction

The current hike on fuel prices, the discovery of more natural gas fields and dwindling of oil
reserves have renewed interests in the production of synthetic crude via the gas-to-liquid
(GTL) conversion process. The chemical conversion of natural gas into fuels is also an
attractive option for monetizing stranded natural gas. The GTL process consists of the
following steps (Bao et al., 2010):

i.  Production of synthesis gas (a mixture of carbon monoxide and hydrogen) from natural
gas

ii. Synthesis of hydrocarbon via the Fischer-Tropsch synthesis (FT) reaction

iii. Product upgrading of the synthesized hydrocarbons to yield various products such as
gasoline and diesel.

Fischer-Tropsch (FT) reaction involves conversion of syn-gas (a mixture of CO and Hy) into
hydrocarbons such as olefins, alcohols, acids, oxygenates and paraffins. The Fischer-Tropsch
(FT) reaction, shown in Equation (1), produces clean gasoline and diesel fuels. The fuels
derived from GTL technology are environmental-friendly because they contain low
particulates, sulfur and aromatics.

nCO + (2n+1)H, > CoHonsz + nH,O @)

Catalysts used for the Fischer-Tropsch reaction are generally based on iron and cobalt
(Khodakov et al.,, 2007). Ruthenium is an active catalyst for FT but is not economically
feasible due to its high cost and insufficient reserves worldwide. Iron has been the
traditional catalyst of choice for FT reaction. It is reactive and the most economical catalyst
for synthesis of clean fuel from the synthesis gas mixture. Compared to cobalt, iron tends to
produce more olefins and also catalyzes the water-gas shift reaction (Equation 2). Iron
catalyst is usually employed in the high-temperature (573-623 K) FT operating mode
(Steynberg, et al., 1999).

CO+H,0 > CO, + Hy )

Cobalt has higher activity for Fischer-Tropsch reaction but more expensive compared to
iron. The low-temperature (473-513 K) FT process usually employs cobalt-based catalysts
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due to their stability and high hydrocarbon productivity. Catalyst supports that have been
utilized include silica, alumina, titania, zirconia, magnesium, carbon and molecular sieves.
The cost of catalyst support, metal and catalyst preparation contributes to the cost of FT
catalyst, which represents a significant part of the cost for the FT technology.

Various types of reactors have been installed in the FT industry such as fixed-bed reactor,
multi-tubular reactor, adiabatic fixed-bed reactor, slurry reactor, fluidized bed reactor and
circulating fluid-bed reactor systems (Bao et al., 2004; Steynberg et al.1999). Since FT
reaction is highly exothermic, temperature control and heat removal constitute the two most
important design factors for the FT reactors.

FT research ranged from preparation of catalysts to design of reactors. Fundamental
understanding on the relationship between the catalyst performance and its physical
properties, such as particle size, surface area and porosity is vital. The deactivation behavior of
cobalt has been linked to its crystallite size, therefore, control of crystallite size is of importance
(Saib et al.,2006). A very stable and active catalyst is required to ensure the catalytic system is
economically attractive. A model catalyst consists of well-defined catalytically active metal
deposited on non-porous support (Moodley, 2008). Spherical model catalysts can be used to
bridge the gap between the poorly-defined porous industrial catalysts and the well-defined
single crystal surfaces. Knowledge on the relation between the rate of the reaction to the
composition and morphology of the catalyst is still lacking (Sarkar et al, 2007). Thus,
characterization of model catalysts can relate the physical properties, such as size and shape of
particles, to the catalytic behavior of the catalytic materials.

The term nanoparticle is used for particles having diameters ranging from 2 to 50 nm with
variable crystallinity, whereas well-defined crystalline nanoparticles are classified as
nanocrystals (Hyeon, 2003). The commercially applied iron catalyst is in the fused form
comprising large iron particles and therefore difficult to investigate using microscopy. The loss
of catalyst activity is associated with changes of iron into a mixture of iron oxide and iron
carbide during the Fischer-Tropsch synthesis reaction. The relation between deactivation and
changes in composition and morphology are not fully understood for iron and cobalt catalysts
(Sarkar et al.,, 2007). The application of electron microscopy techniques on the supported
nanoparticles are well suited to investigate the morphology of supported catalysts and
morphological changes that occur during Fischer -Tropsch synthesis. The knowledge on the
effect of particle size on the product selectivity and yields for Fischer-Tropsch reaction is still
lacking. It has been reported (Trepanier et al., 2010) that particle size of the catalyst material
has an effect on the pressure drop in the reactor, and can influence the product distribution.
Iron and cobalt nanoparticles of sizes less than 10 nm are expected to improve the kinetics of
the Fischer-Tropsch reaction, selectivity for gasoline and stability of the catalyst.

This chapter provides an overview on the synthesis of FT catalysts using the microemulsion
techniques as well as other common preparation techniques such as impregnation,
precipitation and strong electrostatic adsorption method. It will focus on the results of catalyst
characterization in terms of morphology, particle size distribution, and reducibility. FT
reaction is considered as a surface-sensitive reaction in which the size of the active metal
particles can influence the catalytic activity and product selectivity. The physicochemical
properties of the FT catalyst prepared via microemulsion techniques shall be compared with
those synthesized via other routes such as impregnation, precipitation and strong electrostatic
adsorption methods. The performance of the cobalt-based and iron-based catalysts prepared
via various formulations in the Fischer-Tropsch synthesis reaction will be discussed.
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2. Methods of catalyst preparation

An extensive review on the development of cobalt Fischer-Tropsch catalysts was presented
by Khodakov and co-workers (Khodakov et al., 2007). The performance of the cobalt catalyst
in Fisher-Tropsch reaction is greatly influenced by the catalyst preparation method. The
variables include suitable support, deposition method of the metal precursor, catalyst
promoter, and the subsequent thermal treatments (Moodley, 2008). Cobalt has shown better
resistant to deactivation and attrition, but it is also much more expensive compared to iron.
Therefore, well-dispersed cobalt on the catalyst support is highly desired to gain economic
attractiveness. The reactivity in FTS is correlated to the number of cobalt metallic particles
exposed to the syn-gas molecules (Ling et al., 2011). This factor in turns depends on the
cobalt loading, dispersion of cobalt species and its reducibility. Hence, an ideal supported
catalyst would have uniformly distributed cobalt species that undergoes complete
reduction, forming cobalt metallic nanoparticles at optimum size of 6~8nm, where high
dispersion guarantees optimum use of cobalt without jeopardizing the FT performance. FT
catalysts have been prepared by various methods such as impregnation, precipitation,
colloidal method, strong electrostatic adsorption, and microemulsion method.

2.1 Impregnation

The incipient wetness impregnation method is a commonly used method for preparing
cobalt and iron catalysts. Typically required amount of the precursor salt i.e. Co(NO3)2.6HO
is dissolved in deionized water and added dropwise to the support under constant stirring,
followed by drying in an oven at 120 °C overnight and calcining at temperature of 500 °C
(Saib et al., 2006). Variables which can affect the resultant catalyst are the rate of addition of
precursor solution, rate of drying, temperature and duration of heating. Cobalt catalyst has
also been prepared using the slurry (wet) impregnation method where the amount of
impregnation liquid was in excess of the total pore volume of the support material
(Khodakov et al., 2007). Impregnation method can produce small particles but difficult to
obtain narrow particle size distribution, as depicted in Figure 1.

-

Co nanoparticles

Fig. 1. TEM of 5 wt% Co impregnated on CNTs support. (Adapted from Ali et al., 2011)
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2.2 Precipitation

The precipitation method is more common for iron catalyst than cobalt-based FT catalyst. The
required amount of the precursor salt i.e. Co(NO3),.6H2O is dissolved in deionized water and
added to the support with constant stirring followed by the addition of precipitating agent i.e.
ammonia (Tasfy, 2011) and the resultant slurry is stirred at slightly elevated temperature i.e.
90°C for about 8 hours. The precipitate is dried and then calcined at 500°C.

2.3 Colloidal method

Colloids are synthesized in the presence of surfactants which disperse and stabilize the
nanoparticles in an organic solvent. Some of the approaches include polyol method,
ethylene glycol method, modified coordination capture method and pseudo-colloidal
method. The polyol process involves heating a mixture of catalyst precursor in surfactants,
such as oleic acid and oleyl amine in a high-boiling solvent, such as diphenyl ether. The high
temperature alcohol reduction of iron(lll) acetylacetonate metal precursor resulted in
monodispersed iron nanoparticles (Sun & Zeng, 2002). This synthesis process is also called
“heating-up” process. The size of the nanoparticles is controlled by changing the
concentration of the precursor, the amount and type of surfactant, the aging time and
temperature of the reaction. Another synthetic method that produces uniform nanocrystals
that is comparable to the “heating up” process is called the “hot injection” method. The “hot
injection” method induces high supersaturation and leads to fast homogeneous nucleation
reaction followed by diffusion-controlled growth process, which control the particle size
distribution. The colloidal method has been shown to generate well-dispersed iron
nanoparticles with average size of 5 nm, as depicted in Figure 2.

Fig. 2. TEM image of 6 wt% Fe on SiO, spheres prepared by the colloidal method (Adapted
from Mohd Zabidi, 2010).

2.4 Strong electrostatic adsorption method

Synthesis of uniformly distributed Co nanoparticles remains a great challenge. Strong
electrostatic adsorption (SEA) is a catalyst preparation method which is based on basic
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concept of electrostatic attraction of oppositely charged particles (Jiao & Regalbuto, 2008).
Silica and other metal oxides contain hydroxyl groups on its surface. Point of zero charge
(PZC) is the pH value of a medium where the hydroxyl groups on the surface of the support
remain neutral. In a pH<PZC medium, the hydroxyl groups will be protonated and become
positively charged and thus attracting anions. When pH>PZC, the hydroxyl groups will
deprotonate and became negatively charged and attracting cations. In other words, pH
value plays an important role in the deposition of metal precursor. The SEA method was
able to produce nanocatalyst of spherical-shaped Co nanoparticles on SiO, support, shown
in Figure 3, with Co average size of 3 nm (Ling, 2011).

Fig. 3. STEM image of 10 wt% Co on SiO, spheres prepared via SEA method (Adapted from
Ling, 2011).

3. Basic concepts: Microemulsion

A microemulsion is a liquid mixture of water, a hydrocarbon and a surfactant (Eriksson et
al., 2004; Malik et al., 2010). A surfactant is a molecule that possesses both the polar
(hydrophilic head) and the non-polar (hydrophobic tail) groups. When the concentration of
the surfactant exceeds the critical micelle concentration, molecules aggregate to form
micelles. When micelles are formed in an organic medium, the aggregate or tiny droplets is
referred as a reversed micelle, in which the polar heads are in the core and the non-polar
tails remain outside to maintain interaction with hydrocarbon. It is also referred as water-in-
oil microemulsion (Figure 4). The core of the reverse (w/o0) microemulsion is of interest as it
can be viewed as an elegant nanoreactor which can accommodate chemical reaction. The
core interior is hydrophilic thus certain water-soluble can be dissolved inside it.
Microemulsion technique offers several advantageous for synthesizing nanoparticles as it
enables controls of size, geometry and morphology (Malik et al., 2010).

3.1 Synthesis of nanoparticles via microemulsion technique

The properties of nanoparticles synthesized using the w/o microemulsion are influenced by
several factors such as size of water droplets, surfactant concentration and nature of
precipitation agent. There are two approaches of synthesizing the nanoparticles via the
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microemulsion route. The first method involves mixing two sets of microemulsions containing
the metal precursor and the precipitating agent or reducing agent. In the second approach, the
precipitating agent is added directly to the microemulsion containing the metal precursor.

o
:

]
[l

Fig. 4. Reversed micelle (Adapted from Eriksson et al., 2004).

3.1.1 Mixing of two microemulsion systems

The w/o microemulsion synthesis method consists of preparing two sets of microemulsions
containing the metal salt and the reducing agent as shown in Figure 5 (Eriksson et al., 2004).
The precursor metal salt and reducing agent are dissolved in the aqueous phase whereas the
surfactant is prepared in an organic medium. For preparation of supported iron
nanocatalyst, the reverse microemulsion method involved preparing two reverse
microemulsions. The first reverse microemulsion consisted of Fe(NO3)3.9H,O (aq) and
sodium bis(2-ethylhexyl) sulfosuccinate (AOT, ionic surfactant) in hexanol and the second
reverse microemulsion was prepared by mixing an aqueous hydrazine solution (reducing

Microemulsion approach

rmmr Microemulsion Il

Roducing
Metal salt Agent (ag)
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Isurfactant '
\ = =

Coalescence ~
_of droplets )
e
precipitation %:} —* Deposition of nanoparticl
on treated Si0, spheres

Fig. 5. Reverse microemulsion approach for synthesis of nanoparticles on catalyst support.
(Adapted from Eriksson, et al., 2004).
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agent) with the AOT solution (Mohd Zabidi, 2010). SiO, was chosen as the catalyst support
and SiO; spheres were then added to the mixture followed by stirring for 3 hours under
nitrogen environment. Figure 6 shows the TEM micrograph of a spherical model catalyst
prepared using the reverse microemulsion method comprising 6 wt% Fe on SiO, support
(Mohd Zabidi, 2010). The reverse microemulsion method produced spherical-shaped iron
oxide nanoparticles with average diameters of 6.3 + 1.7 nm, however, the coverage of the
Si0O; surfaces was found to be non-uniform.

Fe nanoparticles

)

Fig. 6. TEM of 6 wt% Fe on SiO, support (Adapted from Mohd Zabidi, 2010)

3.1.2 Direct addition of precipitating reagent to the microemulsion

Another approach of synthesizing nanoparticles from microemulsion is via direct addition
of the reducing agent or precipitating agent to the microemulsion containing the metal
precursor, as depicted in Figure 7 (Eriksson et al, 2004). It was reported that 5 wt% Fe/SiO,

Microemulgion A
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- o -
-..1_{. ./.\ '--.__!.},I_{‘-.
_z..:"i ", s ) _.-'-:.-;%... l‘:.“..__,.

Reduction reaction cccurs

Fig. 7. Direct addition approach for preparation of nanoparticles using the reverse
microemulsion method (Adapted from Eriksson et al., 2004).
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prepared using the water-in-oil microemulsion resulted in Fe particles with average size of
5.2 nm (Hayashi et al, 2002). At the same Fe loading, the impregnation method produced
much larger Fe particles (14.2 nm) which resulted in approximately 30% lower CO
conversion in the Fischer-Tropsch reaction.

3.2 Influence of synthesis parameters on the size of nanoparticles

The polydispersity of the system and the size of nanoparticles are influenced by the nature
of solvent, surfactant or co-surfactant, presence of electrolyte, concentration of reducing / or
precipitating reagents and molar ratio of water to surfactant (Eastoe et al., 2006). The size of
water droplets in the microemulsion, the concentration of surfactant and the nature of the
reducing/precipitating agent will influence the particle size of metal prepared via
microemulsion technique (Eriksson et al., 2004). Increase in water-to-surfactant ratio will
increase the size of the water droplets in the microemulsion and hence the size of the
resultant metal nanoparticles. Varying the water-to-surfactant ratio (R) from 5 to 50
increased the particle size of cobalt from 5.1 nm to 9.4 nm which resulted in a decrease in
turnover frequency (TOF) from 8.6x10-3 s to 1.2 x10-3 s-1 for FT reaction conducted at 493 K,
2.0 MPa over 10%Co/ITQ catalyst (Prieto et al., 2009).

The number of droplets will increase with increasing presence of surfactant in the system
(Eriksson et al., 2004). The surfactant molecules could result in steric hindrance which retard
the fast rate of growth of the nuclei. Subsequently, the particles grow at the same rate and
led to formation of nanoparticles with narrow particle size distribution.

3.3 Mechanism of formation of nanoparticles

The mechanisms by which nanoparticles are formed have been described by Malik and co-
workers using two models (Malik et al., 2010). The first model is based on the Lamer
diagram where nucleation occurs when the concentration of the precursor reactant reaches a
critical supersaturation value, resulting in a constant number of nuclei thus size of particles
increase with concentration (Malik et al, 2010). In the second model, variation in the
concentration of precursor does not change the size of particles as the particles are
thermodynamically stabilized by the surfactant.

4. Comparison of physicochemical properties between catalysts prepared via
different routes

The preparation methods influenced the morphologies of the nanocatalyst particles as
depicted by the TEM micrographs in Figure 8. The reverse microemulsion method
resulted in relatively larger Co nanoparticles and more agglomeration compared to those
synthesized via impregnation and strong electrostatic adsorption (SEA) methods. The size
of Co nanoparticles synthesized using reverse microemulsion method ranged from about
5 nm to 15 nm. The coverage of SiO; surface was less than that obtained using the other
two methods.

Figure 9 shows the H>-TPR profile of SiO»-supported cobalt nanocatalyst prepared via the
impregnation and reverse microemulsion methods. The first reduction stage (around 350 °C)
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corresponds to reduction of Co304 to CoO while the peak around 400 °C was for the
reduction of CoO to Co® (Fishcer et al., 2011). The Co/SiO, sample prepared via the reverse
microemulsion method exhibited a second reduction stage at 700 °C, which was much
higher compared to that obtained for the sample prepared via the impregnation method
indicating poorer reducibility, possibly due to strong metal-support interactions.

B

Fig. 8. TEM images of 5 wt% Co on SiO, support prepared via (a) impregnation (Adapted
from Ali et al., 2011) (b) SEA method (Adapted from Ling et al., 2011) (c) reverse
microemulsion (Adapted from AbdulRahman, 2010).
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Fig. 9. H>-TPR profile of 5 wt% Co on SiO; spheres prepared via impregnation and reverse
microemulsion methods. (Adapted from Abdul Rahman, 2010).

4.1 Catalytic activity

The performance of the nanocatalyst in Fischer-Tropsch synthesis reaction is influenced by
the catalyst’s preparation route. Table 1 and 2 show the performance of supported cobalt-
based and iron-based nanocatalysts, respectively, in the FT reaction. The cobalt

10%Co/CNTs ||/ eion 78 |62 6 | %2 flz“fegaiffmpeat al,, 2010)

10%Co/CNTs |Impregnation 79 | 54 | 10 | 86 f%fegaﬁfi L, 2010)
Strong

e (|5 |2 || v o
(SEA)

10%Co/SiO, |Impregnation - 10 70 10 %E?;;goili/)ﬂ’a

5%Co/Si0;  |Impregnation 5 |47 |177] 13 ?Z(l)lgt 2111\2/[(531 |

5%Co/CNTs |Impregnation 3 | 157 | 164 | 14 ?Z?lgt oo )

Table 1. Comparison of performance of Co-based nanocatalysts in FT reaction

nanoparticles synthesized using the reversed microemulsion technique was found to be
more uniform and exhibited narrow size range compared to those synthesized via the
impregnation method (Trepanier et al., 2010). The more uniform cobalt clusters also resulted
in a decrease in the CHj selectivity and increase in Cs: selectivity due to effective
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participation of olefins in the propagation of carbon chain. The CNTs support also served as
a better support for Co nanoparticles compared to those of SiO; as indicated by the higher
value of Cs- selectivity likely due to confinement of the Co nanoparticles inside the channels
of the CNTs (Trepanier et al, 2010).

. Particle | Xco | Schs | Scs+ . -
Catalyst | Preparation route size (nm) | (%) | (%) | (%) Reaction conditions
o . Reverse 250°C,1.01MPa
5%Fe/Si02 | icroemulsion ) 15 1275|101 (Heranz et al., 2006)
o . Reverse 260°C,4.0 MPa,
5Fe/Si0; microemulsion 52 L1182 - (Hayashi et al., 2002)
0 . . 260°C,4.0 MPa,
5%Fe/SiO, |(Impregnation 14.2 35 | 355 - (Hayashi et al., 2002)
6% Fe/SiO, (Impregnation 8.6 54.0 | 57.0 | 20.7 |250°C,0.1MPa (Tasfy, 2011)
6% Fe/SiO, |Precipitation 17 457 | 634 | 9.6 |250°C,0.1MPa (Tasty, 2011)

Table 2. Comparison of performance of Fe-based nanocatalysts in FT reaction

These results also show that the optimum size of Co nanoparticles is around 7.8 - 7.9 nm.
Smaller Co nanoparticles which were obtained via other preparation routes were found to
result in lower Cs. selectivity. SiO»-supported Co nanocatalysts prepared via the strong
electrostatic adsorption method resulted in higher Cs: selectivity than those obtained
using the impregnation method when FT reaction was conducted at atmospheric pressure
(Ling, 2011, Ali et al., 2011).

It has been reported that the iron nanocatalyst prepared via microemuslion exhibited high
selectivity towards Co+ oxygenates (Hayashi et al, 2002). At the same Fe loading, the size of
Fe nanoparticles prepared via impregnation was about three times larger than that of
microemulsion which could have led to higher CHj4 production even when the reaction was
carried out at 4 MPa pressure. As expected, the selectivity to CHy increased by decreasing
the reaction pressure. The impregnated iron nanocatalyst exhibited better performance
towards Cs:+ than that obtained from the microemulsion nanocatalyst. However, the
microemulsion catalyst resulted in much lower CH, selectivity compared to that of the
impregnated and precipitated Fe mnanocatalysts. At atmospheric pressure, the Fe
nanocatalyst prepared via impregnation resulted in lower CHy selectivity and higher Cs.
selectivity compared to those obtained over the precipitated Fe nanocatalyst.

5. Conclusion and outlook

The average size and size distribution of the active metal nanoparticles namely, iron and
cobalt, are influenced by the catalysts preparation route. Each preparation method has its own
advantageous and disadvantageous. The impregnation method seems to be the simplest
preparation route, unfortunately, it does not always produce small nanoparticles at narrow
particle size distribution. The reverse microemulsion method has several advantageous



226 Microemulsions — An Introduction to Properties and Applications

compared to the conventional impregnation method, as theoretically the size of the metal
nanoparticles could be easily controlled through manipulation of the size of the
microemulsion droplets by varying the water-to-surfactant ratio. These elegant nanoreactors,
however do not always generate nanoparticles at the desired size range with good dispersion
due to interaction with the catalysts support.

For the Co-based nanocatalyst, the reverse microemulsion technique was able to produce
cobalt nanoparticles at 7.8 nm which showed good performance in terms of achieving high
selectivity to Cs+ and low CHy+ selectivity. More improvements are still required before the
reverse microemulsion method can substitute the simpler, less elegant impregnation method.
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1. Introduction

A wide range of techniques have been developed for the preparation of nanomaterials.
These techniques include physical methods such as mechanical milling (Arbain et al., 2011)
and inert gas condensation (Pérez-Tijerina et al., 2008), along with chemical methods such as
chemical reduction (Song et al., 2009), photochemical reduction (Ghosh et al., 2002),
electrodeposition (Mohanty, 2011), hydrothermal (Hayashi & Hakuta, 2010), and sol-gel
synthesis (Sonawane & Dongare, 2006). Among all chemical methods the microemulsion has
been demonstrated as a very versatile and reproducible method that allows to control over
the nanoparticle size and yields nanoparticles with a narrow size distribution (Lopez-
Quintela, 2003).

Microemulsions are homogeneous in macroscale and microheterogeneous in nanoscale
dispersion of two immiscible liquids consisting of nanosized domains of one or both liquids
in the other, stabilized by an interfacial film of surface active molecules. The essential
distinction between normal emulsion and microemulsion is their particle size and stability.
Normal emulsions age by coalescence of droplets and Ostwald ripening. Microemulsions
are thermodynamically stable, single optically isotropic and usually form spontaneously.
Microemulsions have ultralow interfacial tension, large interfacial area and capacity to
solubilize both aqueous and oil-soluble compounds. Depending on the proportion of
various components and hydrophilic-lypophilic balance (HLB) value of the used surfactant
microemulsions can be classified as water-in-oil (W/O), oil-in-water (O/W) and
intermediate bicontinuous structural types that can turn reversibly from one type to the
other. The dispersed phase consists of monodispersed droplets in the size range of 5 -
100 nm. The nanodroplet size can be modified by varying concerned parameters, e.g. the
type of stabilizer, continuous phase, the precursor content dissolved within the
nanodroplets, and the water content, referred to as molar ratio of water to surfactant (W). In
addition the stability of the microemulsion can be influenced by addition of salt,
concentration of reagents, temperature or pressure.

This chapter focuses on nanoparticles preparation using a microemulsion method, which
has been employed for the preparation of particles from a diverse variety of materials,
including metals (Pt, Pd, Ir, Rh, Rh, Au, Ag, Cu) (Capek, 2004), silica and other oxides (Lee
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et al., 2005; Fu & Qutubuddin, 2001), polymers (Krauel et al., 2005), semiconductors (Pinna
et al., 2001), superconductors (Kumar et al., 1993) and bimetallic nanoparticles (Pt/Pd,
Pt/Ru, Pt/Ir, Pt/Rh, Ag/Au, Ag/Cu) with a core-shell or alloy structure (Pal et al., 2007;
Castillo et al., 2008). Such dynamic colloidal templates are known to produce particles of
smaller size than those obtained using normal precipitation in aqueous systems.

2. Preparation of nanoparticles in microemulsion system

The preparation procedure of metallic nanoparticles in W/O microemulsion commonly
consists of mixing of two microemulsions containing metal salt and a reducing agent,
respectively as shown in Fig. 1a.
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Fig. 1. Schematic illustration of nanoparticles preparation using microemulsion techniques:
Particle formation steps. ka is the rate constant for chemical reaction, k. is the rate constant
for intermicellar exchange dynamics, k, is the rate constant for nucleation, and k; is the rate
constant for particle growth

After mixing two microemulsions, the exchange of reactants between micelles takes place
during the collisions of water droplets result of Brownian motion, the attractive van der Waals
forces and repulsive osmotic and elastic forces between reverse micelles. Successful collisions
lead to coalescence, fusion, and efficient mixing of the reactants. The reaction between
solubilizates results in the formation of metal nuclei. Bonnemann et al. reported that at the
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initial stage of the nucleation, metal salt is reduced to give zerovalent metal atoms, which can
collide with further metal ions, metal atoms, or clusters to form an irreversible seed of stable
metal nuclei (Bonnemann & Richards, 2001). Growth then occurs around this nucleation point
where successful collision occurs between a reverse micelle carrying a nucleus and another
one carrying the product monomers with the arrival of more reactants due to intermicellar
exchange. The nucleation reaction and particle growth take place within the micelles and the
size and morphology of as-prepared nanoparticles depend on the size and shape of the
nanodroplets and the type of the surfactant, whose molecules are attached on the surface of
the particles to stabilize and protect them against further growth.

Wongwailikhit et al. prepared iron (III) oxide, Fe;O3 using W/O microemulsion by mixing
the required amount of H>O in a stock solution of AOT in n-heptane. The solution was left
overnight, then the concentrated NH>OH and FeCl; were dropped into the W/O
microemulsion. Suspension of Fe;O3 was filtered and washed with 95% ethanol and dried at
300°C for 3 h. They obtained spherical, monodisperse nanoparticles with diameter of about
50 nm. The particles size was depended on the water content in microemulsion system. The
increase of particles size was obtained with increasing the water fraction in W/O
microemulsion (Wongwailikhit & Horwongsakul, 2011).

Sarkar et al. prepared pure monodispersed zinc oxide nanoparticles of different shapes.
Microemulsion was composed of cyclohexane, Triton X-100 as surfactant, hexanol as co-
surfactant and aqueous solution of zinc nitrate or ammonium hydroxide/sodium hydroxide
complex. The molar ratio of TX-100 to hexanol was maintained at 1:4. The microemulsion
containing ammonium hydroxide/sodium hydroxide was added to microemulsion
containing zinc nitrate and stirred. The nanoparticles were then separated by centrifuging at
15,000 rpm for 1 h. The particles were washed with distilled water and alcohol and dried at
50°C for 12 h (Sarkar et al., 2011).

Li et al. prepared nanometer-sized titania particles by chemical reactions between TiCly
solution and ammonia in microemulsion systems. In order to prepare W/O microemulsions,
a cyclohexane was used as the oil phase and a mixture of poly (oxyethylene)s nonyle phenol
ether (NP5, chemical purity) and poly (oxyethylene)s nonyle phenol ether with weight ratio
1:1 as the nonionic surfactant (NP5-NP9). Two microemulsion systems were prepared,
containing a 0.5 M titanium tetrachloride (TiCls) aqueous solution and a 2.0 M ammonia as
the aqueous phase, respectively. The oil phase, surfactant, and aqueous phase were mixed in
an appropriate proportion in a beaker at 13°C in a water bath to form the microemulsion.
Appropriate amounts of microemulsion I containing 0.5M TiCly aqueous solution and
microemulsion II containing 2.0 M ammonia were mixed together, leading to the formation
of insoluble titania particles. The precipitates were centrifuged, washed by the use of
acetone, followed by vacuum drying for two hours. TiO; particles prepared in these systems
had average size of about 5nm and a narrow size distribution. TEM, DTA—-TGA, and
Raman spectroscopy studies indicate that their phase transition behavior is close to that of
the dry gel prepared by the sol-gel method (Li & Wang, 1999).

Another method to prepare nanoparticles is from a single microemulsion as shown in Fig.
1B and 1C. One of the reactants usually a precursor of metal nanoparticles is solubilised
inside reverse micelles and the second reactant (often a reducing agent) added directly to
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the microemulsion system. For the nanoparticles formed in single microemulsions the
mechanism is based on intramicellar nucleation and growth and particle aggregation.

This method was applied for the first time by Boutonnet et al. in 1982 for preparation of Pt,
Rh, Pd and Ir nanoparticles in W/O microemulsion. Metallic nanoparticles were formed in
single microemulsions using hexadecyltrimethylammonium bromide (CTAB) or
pentaethyleneglycole dodecyl ether (PEGDE) as a stabilizer. The precursors composed of
water-soluble metal salts and hydrogen gas, bubbled through the microemulsion, or
hydrazine, were added directly to the microemulsion, as the reducing agent (Boutonnet et
al., 1982).

Husein et al. described that intramicellar nucleation and growth dominate when high
reactant occupancy numbers are coupled with rigid surfactant layer, while intermicellar
nucleation and growth dominate at low occupancy numbers and less rigid surfactant layers.
At intermediate values of occupancy the number and surfactant layer rigidity, both
intramicellar and intermicellar nucleation and growth contribute to the final particle size
and polydispersity (Husein & Nassar, 2008).

Sanchez-Dominguez et al. prepared Pt, Pd and Rh nanoparticles by an oil-in-water
microemulsion reaction method. The microemulsion containing metal precursor (Pt-COD,
Pd-AAc, Rh-COCl) was prepared by mixing appropriate amounts of surfactant,
cosurfactant(s), oil phase and deionized water. The used systems: water/ Tween 80/Span
20/1,2-hexanodiol/ethyl oleate (System A); water/Brij 96V /butyl-S-lactate (System B) and
water/Synperonic 10/5/isooctane (System C). Then to the solutions, under vigorous
stirring at 25°C, a small amount of an aqueous solution of sodium borohydride was added
(Sanchez-Dominguez et al., 2009).

3. Effects of the parameters on the formation of nanoparticles in
microemulsion

The formation of nanoparticles in the microemulsion system is a strong function of the
intermicellar exchange, which is denoted by the intermicellar exchange rate coefficient
(kex) and affected by many factors such as: the type of continuous phase, the precursor
content dissolved within the nanodroplets, and the water content, referred to as molar
ratio of water to surfactant (W). The high exchange rate between the micelles yields large
numbers of nanoparticles with a relatively small diameter. On the contrary, slow
exchange of materials between the micelles leads to formation of a few numbers of nuclei
and results in larger final particle size.

Bagwe & Khilar studied the influence of smaller particle size. The micellar exchange rates
increase as the chain length of the oil increases from 100 M-1s-1 for cyclohexane and 107 for
n-heptane to 108 M-1s-1 for decane. Silver nanoparticles decrease as the chain length of the
oil increases from 5.4 nm for cyclohexane and 6 nm for decane to 22 nm for n-heptane. Less
bulky solvent molecules with lower molecular volumes, such as n-heptane or cyclohexane,
can penetrate more easily in the surfactant layer, resulting in additional interfacial area and
interfacial rigidity. In addition the plasmon absorption peak shifts toward longer
wavelengths (red shift) as the particle size increases and the chain length of the oil decreases
from decane to n-heptane to cyclohexane (Bagwe & Khilar, 2000).
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Mori et al. reported that the particle size produced in the cyclohexane is slightly smaller
than that in the octane system, although the difference in microemulsion sizes is large at the
same molar ratio water to surfactant (W). The change in the growth depends on the chain
length of the solvent molecules. With increasing of the chain length, the alkane molecules
become increasingly coiled and their penetration in the surfactant layer becomes difficult.
Thus, the interaction between the surfactant and solvent molecules decreases with an
increase in the chain length of the alkane molecules. As a result, the micellar exchange rate
increases with the chain length. On the other hand, short chain alkane and cyclohexane
molecules can easily penetrate the surfactant layer to generate additional interfacial rigidity.
Thus, the micellar exchange rate would decrease, which further affects the formation of
silver atoms (Mori et al., 2001).

Petit et al. also reported that larger silver particles were formed in isooctane, bulkier with a
larger molecular volume solvent than in cyclohexane (Petit et al., 1993).

The second studied parameter which can influence the nanoparticle size and shape is the
type of the surfactants and the addition of the co-surfactants. The surfactants consist of two
main entities, a hydrophilic head group and a hydrophobic (or lypophilic) tail group, which
form soft aggregates in solvents and are held together by van der Waals and ionic forces.
The surfactant acts as a stabilizing agent, effectively dispersing the obtained nanoparticles in
the solution, providing sites for the particle nucleation and preventing aggregation of the
nanoparticles. In W/O microemulsions surfactants form reverse micelles, nano-sized water
pools dispersed within the bulk organic solvent which act as nanoreactors for the chemical
reduction of the metallic precursors and metallic nanoparticle preparation.

For the most surfactant-mediated synthesis, the connection between morphology of the
surfactant aggregates and the resulting particle structure is more complex (than simply
relating the average size and shape of the micelles to the size and shape of the precipitated
particles). These molecular-level variables are subject to change with macroscopically
manipulated experimental conditions, as shown in Table 1.

Macroscopic parameters Nano-sized parameters
Identity of included chemical species Static, size and shape of micelles
Microemulsion composition Aggregation number

Dynamic interaction, rates and types of

Water-to-surfactant molar ratio . L .
merging and dissociation of micelles

pH Distribution of charged entities around
Ionic strength dispersed particles

. . . f fil head-
Dissolved species concentrations g;;c?f;’ant ilm curvature and head-group

Method and rate of introduction of species | Effective Coulumb repulsion potential
Temperature and pressure
Aging time Van der Waals, hydrogen and
Method and rate of stirring hydrophobic interactions
Homogenous or heterogeneous nucleation | Screening length

Table 1. Macroscopic and nanoscopic variables in the microemulsion-assisted and particularly
reverse-micellar preparation method of nanoparticles (Uskokovic & Drofenik, 2007)
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Usually, many surfactants can be used to form microemulsion, including cationic surfactants
such as cetyltrimethylammonium bromide (CTAB), anionic surfactants such as bis(2-
ethylhexyl)sulfosuccinate (AOT), sodium dodecyl benzene sulfonate (SDBS) and lauryl
sodium sulfate (SDS), and nonionic surfactants such as Triton X-100 and sorbitan monooleate
Span 80, nonylphenyl ether (NP-5) or polyoxyethylene (9) nonylphenyl ether (NP-9).

The most commonly used surfactant for the formation of reverse micelles is the sodium bis(2-
ethylhexyl) sulfosuccinate, also known as Aerosol-OT or AOT, seen in Fig. 2. AOT is a twin
tailed, anionic surfactant with a sulfosuccinate head group stabilized as a salt by a sodium
cation. The AOT molecule has an inverted conical shaped structure and has proven to be an
effective emulsifier, thus finding a wide range of applications as well as numerous intensive
studies. The surfactant layer acts as steric stabilizer to inhibit the aggregation of nanoparticles
formed. The microemulsion formed by AOT is made up of three kinds of components AOT,
water, alkane (without addition of co-surfactants). In this system, micelles consist of a
hydrophilic core compartmentalised by the hydrophilic head group of the AOT, forming a
“water-pool” characterized by the molar ratio of water to surfactant (W= [H,O]/[AOT]) and
with the hydrophobic alkyl tails extending into the nonpolar continuous phase solvent.

Fig. 2. Model of surfactant molecule bis(2-ethylhexyl)sulfosuccinate (AOT)

AOT microemulsion has extensively been applied for preparation of metallic nanoparticles (Pt,
Pd, Cu, Ag, Au, Ni, Zn), metal sulfides (CdS, ZnS) and metal oxides (TiO,, SiOz). The resultant
particles have high stability, small particle size, and good monodispersity. Due to its higher
solubility in organic phase AOT helps to extract metal cations from the aqueous to reverse
micellar phase. In addition the particles formed in AOT microemulsion have relatively strong
electrostatic interactions with the negatively charged head polar group of AOT molecules,
which comes into being a protective effect against aggregation (Zhang et al., 2007).

In the first papers by Lisiecki & Pileni on the preparation of metallic nanoparticles, it was
demonstrated that both the bulk solvent and W value have an effect on the preparation of
copper and silver nanoparticles in the AOT microemulsion system (Lisiecki & Pileni, 1995).

Table 2 gives a brief summary of various parameters which influence on the size and shape
of nanoparticles prepared using the microemulsion method. By going through Table 2, one
can observe that AOT has been reported to be the most suitable surfactant for silver
nanoparticles preparation, and water-to-surfactant ratio is a crucial parameter in setting up
the final size of the obtained nanoparticles.
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Zhang et al. (Zhang et al, 2007, Zhang et al., 2006) reported that silver nanoparticles
prepared in AOT microemulsion have a smaller average size and narrower size distribution
compared to the particles prepared using cationic or nonionic surfactant in the microemulsion
system (Zhang et al., 2007). In addition, due to the adsorption of AOT molecules onto the
particles, the resultant sol can be preserved for a long time without precipitation and it easily
transfers the obtained nanoparticles into nonpolar solvents (Zhang et al., 2006).

TX-100 (Triton X-100) another commonly used surfactant for preparation of nanoparticles in
W/O microemulsion has extensively been applied for preparation of monodisperse gold,
nickel, copper, and semiconductors nanoparticles such as titanium dioxide and silica but as
performed reseraches have shown this surfactant is not sufficient for stabilization of silver
nanoparticles in the microemulsion system. This nonionic surfactant reveals strong solvent
dependence for the formation of reverse micelles. Because of the presence of long
polyoxyethylene group the polar interior of the reverse micellar aggregate would be of
different nature; it is also expected that the TX-100 system would show a different phase
behavior compared to AOT molecules.

Spirin et al. compared stability of the gold colloids prepared in W/O microemulsion system.
They found that gold nanoparticles formed in water/Triton X-100/hexane microemulsions
were much smaller than those obtained in AOT-based microemulsion system. It was
suggested, that for nonionic surfactant TX-100 gold nanoparticles were formed in the micelle
shell rather than in the water pool. In the shell, the gold clusters were stabilized by
oxyethylene groups of TX-100 molecules. In addition 0.1 M 1-hexanol used as a co-surfactant
in water/TX-100/cyclohexane system, could decrease the particle size (Spirin et al., 2005).
For gold nanoparticles obtained in reverse micelles of the water/ AOT/cyclohexane system,
particles could grow through intermicellar exchange followed by agglomeration. The
exchange rate for AOT-based microemulsion is higher than for nonionic TX-100-based
microemulsion. Therefore, the collision probability between particles in AOT-stabilized
microemulsion can be higher, and as a consequence, gold particles can agglomerate easier
than in nonionic TX-100 microemulsion.

Hong et al. investigated the effect of concentration of surfactants and the hydrophilic group
chain length of surfactant on the physical properties of nanosized TiO, particles. Non-ionic
surfactants - Brij 52 (polyoxyethylene glycol hexadecyl ether polyethylene 2-cetyl ether), Brij 56
(polyoxyethylene glycol hexadecyl ether polyethylene 10-cetyl ether), Brij 58 (polyoxyethylene
glycol hexadecyl ether polyethylene 20 cetyl ether) were employed in this work. For the Brij
series, head group size increases from Brij 52 to Brij 58 (average number of oxyethylene groups
increases from 2 to 20), but with a constant tail length (average number of hydrophobic
carbons is 16). They have found that the photocatalytic activity and also the size of the particles
increased with an increase of hydrophilic group chain length (Hong et al., 2003).

Solanki et al. studied the effects of reaction parameters, including water-to-surfactant ratio
(W), type of continuous oil phase in water/ AOT/cyclohexane microemulsion system. They
found that silver nanoparticles were smaller and narrower in the size distribution at lower
water content than that obtained at higher W value. When W values increased from 5 to 8
the particle size increased from 4-9 nm to 50-58 nm (Solanki et al., 2010).

Chen et al. prepared platinum ultrafine particles by the reduction of H,PtCls with hydrazine
in AOT/isooctane microemulsion system. They have found that the hydrodynamic
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diameters of reverse micelles measured by DLS increased with the increase of W values.
When the aqueous phase was the solution of 0.1 M HyPtCls or 1.0 M hydrazine, it was
observed that the reverse micellar sizes were smaller than those obtained using water as the
aqueous. It could be attributed to the fact that the dissociation of H>PtClg or hydrazine in
solution caused the increase of ionic strength, which reduced the repulsion between the
head groups of ionic surfactant and led to the formation of smaller reverse micelles (Chen et
al., 1999). The formation rate was faster at larger W values. This could be attributed to the
fact that the number of nuclei formed in aqueous phase increased as the W value increased
at constant AOT and H,PtCls concentrations, leading to the increase in the formation rate.

Inaba et al. prepared titanium dioxide nanoparticles in microemulsion system composed of
water, Triton X-100 and isooctane. The TiO, nanoparticles showed monodispersity, a large
surface area and high degrees of crystallinity and thermostability. The particle size of TiO, was
controlled by changing the water content of the reverse micellar solution (Inaba et al., 2006).

We have earlier investigated the effect of various surfactants on silver and gold nanoparticle
size deposited on TiO; surface using the microemulsion system. We have found that the
primary gold particles size was dependent on the type of the surfactant (anionic AOT,
nonionic TX100 or nonionic Span 80) and reducing agent (N2H4, NaBHy), which was used
for stabilization and reduction of gold ions in the microemulsion system. For nonionic
surfactant Triton X-100 or Span 80 smaller gold nanoparticles with the diameter of about
20 nm were obtained. Our results proved that the size of gold is the key-factor for high level
activity under visible-light irradiation. When anionic AOT (sodium bis-2-ethylhexyl-
sulfosuccinate) was used, the size of gold nanoparticles averaged 70 nm and it was
beneficial related to higher photocatalytic activity observed for larger gold nanoparticles
deposited on titania surface. We have also found that the decrease of water to surfactant
molar ratio (W) from 6 to 3 during preparation in water/ AOT/cyclohexane system resulted
in the decrease in gold particle size from 68 to 38 nm. The decrease in W value favored the
formation of smaller water droplets and led to the decrease in the average gold particles
size. Titania size added during precipitation of noble metal nanoparticles can also slightly
influence the size of gold in the microemulsion method. Due to the presence of hydroxyl
groups on the TiO, surface, TiO. possesses highly hydrophilic properties which influence
micelles water pools properties. The smaller titania particles were used, the smaller metal
particles were obtained in W/O microemulsion system. It is expected that smaller particles
with higher specific surface area exert more influence on the surface tension of micelle shell
than larger TiO, nanoparticles. We have also found that gold particles obtained in the air
atmosphere were large and polydisperse due to oxidized for [Au(OH)4]- formation.
Therefore, the obtained Au-TiO, photocatalysts prepared in the air atmosphere revealed
lower photocatalytic activity in visible region compared to the samples obtained in argon or
nitrogen atmosphere (Zieliniska-Jurek et al., 2011).

Ganguli et al. discussed the effect of various surfactants on the morphology of
nanomaterials. They reported that cationic surfactants lead to anisotropy and preparation of
nanorods of several divalent metal carboxylates. They explained that an isotropic growth
occurs when using the non-ionic surfactant TX-100 leading to spherical nanoparticles of
(~5 nm). On changing the non-ionic surfactant from TX-100 to Tergitol, larger cubes of size
of about 50 nm were formed. They explained that the positively charged surfactants
assemble on the surface of the negatively charged nickel oxalate and thus favor the
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anisotropic growth (rods). In the absence of such positively charged surfactants, an isotropic
growth leads to spheres and nanocubes. Thus the choice of the surfactant becomes critical to
the size, shape and stability of the nanoparticles obtained in microemulsion (Ganguli et al.,
2010). In a mixed cationic-anionic surfactant solution, such as the synergism, the formation
of a worm-like micelle is favored, which directs the growth of the one-dimensional
nanostructure (Petit et al., 1993).

Another important factor which determines size and shape of nanoparticles is the addition
of electrolytes. Generally addition of salt influences the degree of dissociation of emulsifier,
the solubility of emulsifier in the aqueous phase and the micelle aggregation number. In the
interesting review on preparation of silver nanoparticles Zhang et al. summarized that the
presence of electrolyte is favorable for the formation of silver nanowires (Zhang et al., 2007).

Chiang et al. reported that addition of 2.5 M of NaCl in the water pool of reverse micelles in
water-AOT-isooctane microemulsion induces a marked change in the particle shape with
appearance of cylinders, trigons and cubics (Chiang et al., 2004). They have also found that
the control of the final Au nanoparticle size and shape was related to the molar ratio of the
reduction agent to the precursor and the sequence of the addition of metal salt into the
mixed reverse micelles. A decrease in the molar ratio of the reduction agent to the precursor
and direct injection of precursor to mixed reverse micelles containing the reduction agent
resulted in the formation of anisotropic gold nanoparticles, such as cylinders and trigons
(Chiang et al., 2004).

Jang et al. reported that the diameter of polypyrrole nanotubes were affected by different
microemulsion parameters such as, the weight ratio of aqueous FeCl; solution/ AOT, type of
nonpolar solvent, and reaction temperature. Polypyrrole nanotubes were formed through
chemical oxidation polymerization in microemulsion consist of 74.0 wt % of hexane, 22.4 wt
% of AOT and 3.6 wt % of aqueous FeCls solution at 15°C, as shown in Fig. 3. It was found
that an aqueous FeCls solution determines the formation of rod-shaped AOT micelles by
decreasing the second critical micelle concentration responsible for structural transitions of
spherical micelles and increasing the ionic strength of the solvent. The average diameter of
polypyrrole nanotubes was approximately 94 nm and their length was more than 2 pm
(Jang & Yoon, 2005).
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Fig. 3. TEM image and schematic route for the preparation of polypyrrole nanotubes in
W /O microemulsion (Jang & Yoon, 2003)
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Table 2. Survey of recent publications on metal/metal oxide particles prepared using
microemulsion method.

4. Bimetallic, core-shell nanoparticles and alloys

Bimetallic composite nanoparticles, composed of two different metal elements, are of greater
interest than monometallic nanoparticles from both scientific and technological point of
view. The structure of bimetallic nanoparticles is defined by the distribution modes of the
two elements and can be oriented in random alloy, alloy with an intermetallic compound,
cluster-in-cluster and core-shell structures. The bimetallic nanoparticles have unique
catalytic, electronic, and optical properties distinct from those of the corresponding metallic
particles. The structure of bimetallic combinations depends on the preparation conditions,
miscibility, and kinetics of the reduction of metal ions.
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Silver and gold have almost identical lattice constants (0.408 for Au and 0.409 for Ag) and
are completely miscible over the entire composition range, which leads to a strong
tendency toward alloy formation. Hence single-phase alloys can be achieved with any
desired composition and the absorption spectra of alloy nanoparticles exhibit only one
surface plasmon band, whose absorption maximum depends on the alloy composition.
The optical properties of metal nanoparticles depend on surface plasmon resonance. The
origin of surface plasmon resonance in noble metal nanoparticles is the free conduction
electrons in the metal surface (d electrons in silver and gold). The mean free path of the
electrons in the gold and silver is 50 nm. Therefore, for the particles smaller than 50 nm,
no scattering is expected from the bulk. Hence all the spectral properties are the function
of the surface and not of bulk. According to Mie theory the total extinction coefficient of
small metallic particles is the summation of all electronic and magnetic multipole
oscillations, contributing to the absorption and scattering of the interacting
electromagnetic field. Now for the particles much smaller than the wavelength of the
absorbing light only the dipole term is assumed to contribute to the absorption. The
electric field of the incoming electromagnetic radiation induces the formation of a dipole
in the nanoparticles. A restoring force in the nanoparticles tries to compensate for this,
resulting in a unique resonance wavelength. Alloy nanoparticles have received a special
attention due to the possibility of tuning their optical and electronic properties over a
broad range by simply varying the alloy composition. The characteristics of the bimetallic
nanoparticles are listed in Table 3.

Xia et al. obtained well-dispersed Ag/Ni core-shell nanoparticles using reduction of silver
nitrate and nickel nitrate with sodium borohydride in water-in-oil (W/O) microemulsions of
water/ polyoxyethylene (4) nonylphenol (OP-4) and polyoxyethylene (7) nonylphenol (OP-
7)/n-heptane. To prepare Ag/Ni nanoparticles the required amount of sodium hydroxide
aqueous solution was added to the mixture of nickel nitrate and silver nitrate (in a molar
ratio of 2:1) aqueous solutions to form fine precipitates of Ag,O and Ni(OH)2. Ammonia
solution was added drop by drop to this mixture until the precipitates completely dissolved
to form [Ag(NHs)2]* and [Ni(NHs)e]?*, then pure water was added. Next, under continuous
mechanical stirring, OP-4, n-heptane, OP-7 was added, into the above [Ag(NHs).]* and
[Ni(NHs)s]2*solution, and remained for 30 min in water-bath at 25°C. The second
microemulsion was prepared in a similar way, except that metal precursor was replaced by
sodium borohydride aqueous solution. The first microemulsion was added dropwise into
the second one, and left for 1 h in water-bath at 25°C under continuous mechanical stirring.
The products were washed several times with water and anhydrous ethanol, and then dried
under vacuum at room temperature for 4 h (Xia et al., 2010).

Ahmed et al. obtained bimetallic Cu/Ni nanoparticles using CTAB (cetyltrimethyl
ammoniumbromide) as the surfactant, 1-butanol as the co-surfactant and isooctane as the oil
phase and hydrazine/NaOH as the precipitating agents followed by the reduction in
hydrogen atmosphere. They prepared four microemulsions with different aqueous phases
containing Cu(NO3)z* 3H20, Ni(NO3)2- 6H2O, NoHs - H)O and NaOH. Microemulsions A
and B were created by mixing two solutions, A- containing metal precursors, B - reducing
agents. The obtained green precipitate was washed with 1:1 chloroform/methanol mixture
and dried in the air, then heated to 500°C for 5 h. (CuNi). They had also prepared CuNi; and
CusNi nanoparticles using the same method (Ahmed et al., 2008).
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Based on the use of W/O microemulsions we have proposed a novel method for
preparation of the photocatalysts obtained by gold nanoparticles deposition or gold and
silver (bimetallic nanocomposites) deposition on the TiO, surface.

Ag/Au-modified titanium dioxide nanoparticles were prepared by adding silver precursor
into water/ AOT/cyclohexane microemulsion containing gold precursor in water cores. The
water content was controlled by fixing the molar ratio of water to the surfactant (W) at 4.
Stirring was carried out for 1 h under argon and then gold and silver ions were reduced by
dropwise addition of microemulsion containing a reducing agent. The addition of NaBH, or
N>H; to HAuCly solution, changed the color from yellow to pinkish red for smaller
nanoparticles with the diameter of about 10 nm and grey for larger nanoparticles with the
diameter of about 100 nm, respectively. Finally, Ag/Au-TiO, nanoparticles were prepared by
adding TiO, precursor titanium tetraisopropoxide (TIP) or powdered into the microemulsion
containing gold nanoparticles in water cores. Precipitated Ag/Au/TiO, nanoparticles were
centrifuged (2000 rpm for 5 min), washed with ethanol, acetone and water to remove the
remaining surfactant, dried at 80°C for 48 h and calcinated at 450°C for 2 h.

We have found that bimetallic nanoparticles deposited on titania surface enhanced their
photocatalytic activity in visible region. The photodegradation rate of model organic pollutant
(0.21 mM phenol aqueous solution) under visible light equaled to 0.46 and 1.30 umol dm
min~! for TiO, nanoparticles modified by 1.5 mol% of Au or 4.5 mol% of Ag introduced into
microemulsion system, respectively. The introduction of the same amount of both silver and
gold precursor resulted in the increase of phenol degradation rate up to 3.57 umol dm=3 min-1.
Higher silver amount was more beneficial to the photocatalytic activity of the obtained
Ag/ Au-TiO; nanoparticles than higher gold amount (Zieliriska-Jurek, 2011).

In order to obtain Ag/Cu-TiO2 nanoparticles two microemulsions were prepared by mixing
the aqueous solution of metal ions (Ag*, Cu?*) and NH;HO into the 02M
AOT/cyclohexane solution (Zielifiska-Jurek, 2010). Cu or Ag/Cu bimetallic nanoparticles
were prepared by dropwise addition microemulsion containing the reducing agent
(hydrazine) into the microemulsion containing metal precursor in water cores as was shown
in Fig. 4. The molar ratio of hydrazine and silver nitrate or copper nitrate was held constant
at the value of 3. Water content was controlled by fixing the molar ratio of water to
surfactant (W) at 2. Then TiO, precursor titanium tetraisopropoxide (0.2 M TIP) was added
into the microemulsion containing metal nanoparticles. The concentration of metal
precursors, which varied from 0.1 to 6.5 mol%, was related to the concentration of TIP in the
microemulsion system. During the precipitation nitrogen was bubbled continuously
through the solution.

The Ag/Cu-TiO, precipitated particles were separated, washed with ethanol and deionized
water several times to remove the organic contaminants and the surfactant. The particles
were dried at 80°C for 48 h and were then calcinated at 450°C for 2 h. It was found that the
obtained nanocomposites contained highly and uniformly dispersed Ag/Cu nanoparticles
on the TiO; surface. The maximum in the photocatalytic activity under visible light was
observed for the sample containing 0.5 mol % of Cu and 1.5 mol% of Ag.

The rate of phenol decomposition average was 2.41 umol dm=3 min-! and was higher than
for Ag/Cu-TiO, containing 1.5mol% of Cu and 0.5mol% of Ag. It indicates that the
presence of silver was more beneficial for visible light activation of TiO. doped
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photocatalysts than a higher copper amount. The Au/Cu-TiO; nanoparticles revealed lower
photocatalytic activity compared to Ag/Cu-TiO; photocatalysts containing the same metal
amount loading on TiO, surface The photocatalysts modified with silver revealed higher
antimicrobial activity than pure TiO, obtained in the microemulsion system or the samples
containing only copper nanoparticles deposited on TiO, surface. It indicated that silver
possesses higher antimicrobial activity than copper nanoparticles prepared in the
microemulsion system. The best antimicrobial activity revealed Ag/Cu- TiO, with the
highest silver amount average 6.5 mol% and the sample Ag/Cu-TiO, containing 1.5 mol% of
Ag and 0.5 mol% of Cu, which exhibited also the highest efficiency of phenol degradation
under visible light.

. Cuzr.' '.renlucing.'
i Ag’ i * agent [
TIP 4 -

s ® e O=S=0

N A °§Jv(o
P CTI ,? %\
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molecule
CUD\{;‘;.
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Fig. 4. Mechanism of the preparation method of Ag/Cu modified titanium dioxide
nanoparticles in W/O microemulsion (Zielifiska-Jurek, 2010)

5. Challenges in nanoparticles preparation using microemulsion as a
template

It has been shown that microemulsion as a liquid structure having a high surface area can be
used as chemical nanoreactors to obtain a wide range of nanoparticles of different chemical
nature, size and shape. However, recovery of the nanoparticles and their separation from
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the microemulsion system, as well as the recovery and recycling of the organic solvents
remains a challenge. Conventional separation techniques such as ultracentrifugation,
solvent evaporation, addition of a suitable solvent to cause phase separation or precipitation
(ethanol, acetone, water) have been applied to recover nanoparticles from the W/O
microemulsion system.

An interesting approach is the addition of CO, as an antisolvent, since it provides an
inexpensive, benign, nontoxic means to efficiently control the nanoparticles stability.
Supercritical carbon dioxide exhibits a dielectric constant even lower than most organic
solvents and can be used as non-toxic continuous phase in W/O microemulsions (Hutton,
1998). Jonhston et al. have found that an ammonium carboxylate perfluoropolyether (PFPE)
surfactant can be used for stabilization of microemulsions in supercritical CO; (Jonhston et
al.,, 1996). The PFPE-based microemulsion using supercritical CO; as continous phase were
subsequently used as nanoreactors for preparation of nanoparticles. Holmes et al. prepared
CdS nanoparticles in PFPE-scCO, microemulsion at 45°C and 345 bar. The particle size was
about 1.8 nm depending on the water to surfactant molar ratio (W) (Holmes et al., 1999).

Dong et al. prepared CuS nanoparticles by mixing two separate water in carbon dioxide
microemulsions stabilized using sodium salt of bis(2,2,3,3,4,4,5,5-octafluoro-1-pentyl)-2-
sulfosuccinate (AOT). The size of copper sulfide nanoparticles ranged from 4 to 6 nm
(Dong et al., 2002). Wu et al. obtained TiO, nanoparticles from its precursor titanium (IV)
isopropoxide (TTIP) by a combination of supercritical fluid microemulsion and
supercritical-drying techniques, in which TTIP hydrolized in reverse micelles (H,O being
surrounded by CO) formed by surfactant Zonyl FS] using a medium of supercritical
carbon dioxide. TiO; particles prepared in these systems have average size of about 2-
7 nm (Wu et al., 2008). Ohde et al. reported that nanometer-sized silver and copper metal
particles can be prepared by chemical reduction of Ag* and Cu?* ions dissolved in the
water core of water in supercritical fluid carbon dioxide microemulsion. Sodium
cyanoborohydride and N,N,N’,N’-tetramethyl-p-phenylenediamine were used as reducing
agents for preparation of metal nanoparticles in the microemulsion. They found that
diffusion and distribution of the oxidized form of the reducing agent between the micellar
core and supercritical CO; appeared to be the rate-determining step for the formation of
silver nanoparticles in this system.

Meziani et al. prepared silver nanoparticles in the Rapid Expansion of a Supercritical
Solution into a Liquid SOLVent (RESOLV). Perfluorinated surfactant-stabilized water-in-
CO; microemulsion was used to dissolve silver salt for the rapid expansion. An aqueous
AgNO; solution was added to the syringe pump followed by the addition of PFPE-NH, to
result in a W value of 10. After loading of CO; to the pressure of 2500 psia, the mixture in
the syringe pump was equilibrated with stirring for 2 h. The rapid expansion was carried
out at 4000 psia and 35°C through a 50-micron fused silica capillary nozzle into a room-
temperature aqueous solution of NaBHy. The room-temperature receiving solution also
contained PVP polymer (5mg/mL) as a protection agent for the formed nanoparticles.
Sodium hydroxide (NaOH) was used to adjust the basicity of the room-temperature
receiving solution. TEM images yielded average sizes of 3.1 nm (size distribution standard
deviation 0.8 nm) for the Ag nanoparticles in the supernatant and 10 nm (size distribution
standard deviation 2 nm) for the Ag nanoparticles in the precipitate (Meziani et al., 2005).
Drawbacks of this technique are: the cost of using compressed CO,, a significant limitation
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of using scCO; as continuous phase in microemulsion, low solubility of most solutes in neat
supercritical CO,. Therefore, different co-surfactants (1-pentanol, 2-propanol) are often used
to improve the solubility for hydrophilic components.

Another interesting approach is the use of photo-destructible surfactants as an attractive
alternative to commonly used surfactants (AOT, TX-100, CTAB, SDS, NP-9, etc.) for
stabilization of nanoparticles in W/O microemulsion. A recent development in this field is
the work of Eastoe, which demonstrated that photodestructible surfactants can be used to
induce destabilization and phase separation in microemulsions. They studied the surface
properties and UV-driven destruction of surfactant sodium 4-hexylphenylazosulfonate
(Eastoe, 2006).

Vesperinal et al. obtained gold nanoparticles in water-in-oil -microemulsion with the
addition of a photodestructible surfactant hexylphenylazosulfonate (C6PAS). They used UV
light to induce destabilization of the microemulsion and flocculation of nanoparticles. The
changes in dispersion stability occur owing to UV-induced breakdown of the hydrophilic
hexylphenylazosulfonate into insoluble hydrophobic photoproducts (hexylbenzene and 4-
hexylphenol). They observed that in the photo-induced flocculate gold particle shapes were
irregular and the particle sizes were in the range 15-120 nm (Vesperinal et al., 2007). By
formulation of an appropriate mixture containing the photolyzable surfactant (sodium
hexylphenylazosulfonate, =~ C6PAS) and  inert surfactants  Salabat et al
photoflocculated /separated silica nanoparticles obtained in the organic solvent. During
photodestruction of C6PAS non-surface-active oil-soluble hexylbenzene, and weakly
surface-active hexylphenol (as well as sodium sulfur salts) were obtained. In this regard, it is
an important goal for advanced projects to prepare size-controlled chemically clean
nanoparticles with narrow size distribution (Salabat et al., 2007).

6. Conclusions

A large number of different nanomaterials have been prepared in water-in-oil
microemulsions. The generated particle sizes can be controlled by the nanodroplet size of
the inner phase of the microemulsion. The size of the particles can be controlled by:

e surfactant/co-surfactant type,
e solvent type,

e  concentration of the reagents,
e ionic additives,

e  water/surfactant molar ratio.

Among various preparation of nanoparticles methods, the use of microemulsion is an
effective route for yielding a wide range of monodisperse nanoparticles of different size and
shape. We have shown that the microemulsion method is preferable since it allows studying
noble metal nanoparticles of different sizes deposited on the same titania material. Our
results proved that the size of gold is the key-factor for high level activity under visible-light
irradiation. However, titania material also plays a crucial role in obtaining material with
high activity and the degree of influence of gold size on photoactivity (Zieliniska-Jurek et al.,
2010). The recovery of nanoparticles and their separation from the reaction medium is still a
key step when using microemulsion system for preparation of nanocomposites.
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The rapidly increasing number of applications for microemulsions has kept this relatively
old topic still at the top point of research themes. This book provides an assessment of
some issues influencing the characteristics and performance of the microemulsions,
as well as their main types of applications. In chapter 1 a short introduction about the
background, various aspects and applications of microemulsions is given. In Part 2 some
experimental and modeling investigations on microstructure and phase behavior of
these systems have been discussed. The last two parts of book is devoted to discussion on
different types of microemulsion’s applications, namely, use in drug delivery, vaccines,
oil industry, preparation of nanostructured polymeric, metallic and metal oxides
materials for different applications.
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