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ABSTRAKT

Diplomova prace se zabyva piipravou nanoemulzi S vyuzitim metody fazoveé inverze PIT a
sledovanim vlivu jednotlivych faktorti na jejich stabilitu. V praci byla konduktometricky
stanovena charakteristicka teplota fazove inverse (PIT). Zjisténé hodnoty PIT byly vyuzity
pro piipravu nanoemulzi typu O/V. Emulze byly ptipraveny se surfaktanty o HLB v
rozsahu 9.7 — 11.5 s pouzitim kombinace Brij 30 + Brij 56 a Brij 30 + Brij 98. V
pripravenych nanoemulzich byla méfena velikost Castic pomoci fotonové korela¢ni
spektroskopie a sledovana jejich stabilita pii teplotach 4 °C, 25 °C a 35 °C. Pribézné byla
provadéna vizualni kontrola rozpadu nanoemulzi a méfeni velikosti ¢astic. Prace prokazala
pfimou souvislost mezi velikosti ¢astic a slozenim emulze, tedy obsahem a typem
surfaktantu. Rovnéz byl prokazan vliv mnozstvi surfaktantu, poméru olej/voda a teploty

skladovani na stabilitu emulze.

Klicova slova: Nanoemulze, Surfaktant, Nizko-energetickd metoda, Emulgace, Teplota

fazové inverze, fazové chovani

ABSTRACT

The thesis deals with the preparation of nanoemulsions using the phase inversion method
(PIT) and with the observation of the effect of individual factors on their stability. In the
thesis, the characteristic phase inversion temperatures (PIT) were determined using con-
ductivity measurements. The obtained PIT values were applied for the preparation of O/W
nanoemulsions. The nanoemulsions were prepared within 9.7 — 11.5 HLB range, by using
the combination of Brij 30 + Brij 56 and Brij 30 + Brij 98 surfactants. The particle size of
prepared nanoemulsions was measured by photon correlation spectroscopy and their stabil-
ity was determined at storage temperatures of 4 °C, 25 °C and 35 °C. The on-going visual
inspection and particle size measurements were carried during the process. The results
proved the direct correlations between particle size and emulsion composition in terms of
amount and type of surfactants. The effect of surfactant concentration, oil-to-water ratio

and storage temperature on the stability of the nanoemulsion was proven.

Keywords: Nanoemulsion, Surfactant, Low-energy method, Emulsification, Phase

Inversion Temperature, Phase Behavior.
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INTRODUCTION

Emulsions have experienced rapidly increasing practical applications in last decades. They
became an integral part of chemical, cosmetic, agricultural, pharmaceutical, food, and oth-
er industries. With increasing use of emulsions in various sectors, there is no wonder that
they are gaining growing interests among common people as well as among scientists. The
research is mainly focused on the possibility of the future use of emulsions, on their meth-
ods of preparation, as well on their characteristic properties.

Nanoemulsions became one of the very important representatives of the emulsions. Due to
their specific properties, the nanoemulsions are noting an increasing usage in many areas.
They are transparent or translucent to the naked eye even at high droplet volume fraction
and possess stability against sedimentation and creaming. Despite their metastability,
nanoemulsions can persist over many months or years due to the presence of a stabilizing

surfactant that inhibits the coalescence of the droplets.

The theoretical part of the thesis is aimed at emulsions. It describes their classification,
possibilities of their preparation as well as their breakdown and destabilization. Later on,
the thesis is aimed at nanoemulsions, and it investigates their characteristics, possibilities
of their preparation, and their stabilization. The major part of the thesis will outline the
preparation of nanoemulsions by using phase inversion method. Finally, practical applica-

tions of nanoemulsions are mentioned.

The experimental part of the thesis deals with the determination of phase inverse tempera-
ture (PIT) that is suitable for the preparation of nanoemulsions. The PIT was determined
by conductometric measurements and the results were processed statistically. The gathered
PIT values were used in preparation of the nanoemulsions using phase inversion method,
while using different types of non-ionic surfactant. The influence of various factors on sta-
bility of emulsions was observed. The stability of the nanoemulsions, as well as the change
in their particle size was followed visually and monitored using photon correlation spec-

troscopy.

Conclusions regarding the impact of surfactant type and concentration, O/W ratio, time and

storage temperature on the stability of the nanoemulsions are drawn and provided.
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1 EMULSIONS

The term emulsion refers to a system where one fluid is dispersed in another and the fluids
are not miscible in each other. Emulsions are thermodynamically or kinetically stable.
Sometimes they are also defined as heterogeneous dispersions of liquid in the liquid
environment. In other words, they are part of a more general class of two-phase systems,

where one liquid (the dispersed phase) is dispersed in the other (the continuous phase).

The formation of emulsions requires similar conditions as for the formation of other lyo-
phobic sols. The fluids, which together form the emulsion, must be mutually immiscible,
or only partly miscible. To separate the phases, the dispersed liquid is stabilized by the
inter-facial film of surfactant molecules capable of preventing the droplet coalescence. The
droplet size (0.1 - 10 mm) in emulsions often exceeds colloidal dimensions. Conversely,

films between drops can be of colloidal dimensions [1].

The physiochemical properties of an emulsion are defined by its structure, type, concentra-
tion as well as by the interactions between its components. [1] The droplet interactions are
responsible for the rheology, stability, appearance, and other characteristics of the emul-
sion. If the temperature, the pH or the surfactant concentration change, the properties of the
emulsion can change immensely. [2] Therefore, the important characteristics of an emul-
sion are governed by: the present surfactant, the type of emulsion and its stability and the

equipment used for its production.

Nowadays, the emulsions belong to one of the most intensively studied systems and are
widely used in many industrial sectors such as pharmaceutical, food, cosmetics industry, in
manufacturing and processing of rubber, macromolecular compounds, or in the manufac-
ture of lubricants and paints. In some industries, emulsion may be unwelcome phenome-
non, for example during oil refining, as they make the separation of liquid phases more

difficult and easily increase the viscosity of the system.


http://en.wikipedia.org/wiki/Phase_%28matter%29
http://en.wikipedia.org/wiki/Dispersion_%28chemistry%29
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1.1 Classification of Emulsions

Structure of emulsion is influenced by the volume ratio of the dispersed phase, the type of

surfactant, and its concentration.

The most important characteristic of the surfactant is its solubility (in both phases) or in the
case of the solid stabilizers, the wetting behavior. Emulsions can be classified according to
different criteria provided below.

1.1.1 Classification according to the polarity of dispersed and continuous phase
1.1.1.1 Direct Emulsion

It is known as the O/W (oil in water) emulsion, in which a polar liquid, usually water or an
aqueous solution, is the dispersion medium. Oil phase (dispersed phase) is of nonpolar

character, regardless of whether or not it has an oily consistency.

1.1.1.2 Inverted Emulsion

Conversely, where water or aqueous solutions are dispersed in a less polar oil phase, the

system is assigned as water-in-oil (W/O) emulsion.

The type of emulsion can be determined using different procedures listed below:

according to the electrical conductivity (conductivity is governed by the dispersion

medium and O/W emulsion are much more conductive than the W/O emulsion);

— according to their ability to dissolve polar or non-polar dyes;

— according to the ability to mix with polar or nonpolar solvent (emulsion may be di-
luted with a liquid which is mixed with the dispersion medium);

— by observing under UV light (fluoresce of oil phase);

— according to the wettability (emulsion O/W wets the hydrophilic surface, emulsion

WI/O not and vice versa).
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Basically, it is possible to prepare emulsions of O/O (oil in oil), however, this possibility is
limited by the miscibility of organic liquids and also by the fact that there are only a few
substances, which are the surfactants at the interface of two organic liquids, and can thus

act as stabilizers of emulsions.

1.1.2 Classification of Emulsions according to the concentration of dispersed phase
1.1.2.1 Diluted Emulsions

In diluted emulsions, dispersed phase occupies up to 2 % of the total emulsion volume.

The diameter of droplets is typically 100 nm, thus close to the size of colloidal particles.

Figure 1: Diluted Emulsion. [3]

1.1.2.2 Concentrated Emulsions

In concentrated emulsions, the dispersed phase is formed by undeformed spherical drop-
lets. In mono-disperse systems their concentration can be up to 74 % of total emulsion vol-

ume. This corresponds to the tightest geometric arrangement of the spherical particles.



TBU in Zlin, Faculty of Technology 14

Figure 2: Concentrated Emulsion. [4]

1.1.2.3 Polydisperse Emulsions

Typically, emulsions are polydisperse systems, which means that the diameter of the drop-
lets varies from droplet to droplet. Polydisperse emulsions can be characterized by small
droplets that fill in spaces between the large droplets. These emulsions can be prepared

even more concentrated.

Figure 3: Polydispersed Emulsion. [4]

1.1.2.4 Gel Emulsions

Gel emulsions refer to highly concentrated emulsions, where the particles of the dispersed
phase are located so close that they are mutually deformed. They shape in polyhedrons,

which are separated by the thin surfactant films of colloidal dimensions.
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Figure 4: Gel Emulsion. [5]

1.1.2.5 Multiple emulsions

Multiple emulsions are a special type of water-in-oil-in-water emulsions (W/O/W). They
consist of dispersed oily globules containing smaller aqueous droplets. Generally, multiple
emulsions are prepared with two surfactants of opposite solubility. To produce a W/O/W
emulsion, a low hydrophilic-lipophilic balance (HLB) (<10) surfactant is first dissolved in
oil. Consequently, water is added and a W/O emulsion is formed. The system is then emul-
sified again in an aqueous solution with surfactant of a high HLB number (>10) to produce
a W/O/W double emulsion. Both surfactants mix at the water/oil interfaces, and the stabil-

ity of the films is governed by the composition of the binary surfactant mixture [6].

Figure 5: Multiple W/O/W Emulsion. [7]
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1.2 Properties of Emulsions

The color and appearance of emulsions depend on the concentration, particle size of the
dispersed phase, and the refractive index of the two liquid phases involved. The emulsions
are generally turbid, concentrated emulsions are opaque. Only in case of identical or very

similar refractive indexes of the two phases, the emulsions are translucent.

Properties of dilute emulsions are similar to those of dilute sols. Particles of O/W type
emulsions carry the negative electric charge, appear electrophoretic mobility, and can co-
agulate those electrolytes whose coagulation ability increases with cations valence.

Sedimentation of the dispersed phase depends on the density ratio of the two fluids. De-
pendent on the density, the downward or upward sedimentations may occur, characterized
by the presence of the concentrated disperse phase on the bottom and the surface of the
emulsion, respectively. Highly concentrated gel or emulsion is not a result of the tight de-
posit of particles capable of sedimentation, and exhibit some of the same mechanical prop-
erties as a gel (e.g. can be cut with a knife).

The viscosity of diluted emulsions is often governed by Einstein's equation and diluted
emulsions behave as newtonian liquid. The viscosity of concentrated emulsions depends
much more on the ratio of the volumes of the two liquid phases than on the viscosity of the
dispersion medium, and also the viscosity of emulsifier is applied here. These systems usu-

ally exhibit "non-newtonian" behavior.

1.3 Emulsion break-down processes

There are four basic ways of emulsions instability. Each of these ways leads to the loss of

homogeneity in oil droplets distribution.
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1.3.1 De-emulsification

De-emulsification is a process in which an emulsion is permanently broken down into its

constituents. It can be induced by different techniques provided below:

Chemical de-emulsification, i.e. change the HLB;
— Add an emulsifier of opposite type;

— Add agent of opposite charge;

— Freeze-thaw cycles;

— Add electrolyte. Change the pH;

— Raise temperature;

— Apply electric field;

— Filter through fritted glass or fibers;

— Centrifugation.

The various break-down processes are known and are described n te following part of the
thesis.

1.3.2 Flocculation

The hydrophilic-hydrophobic interactions result in attractive forces between dispersed drop-
lets. Flocculation refers to a process by which individual droplets cluster together into
flocks without rupture of the stabilizing layer at the interface. The flocks act as larger drops.
Therefore the oil drops are no longer evenly distributed through the water. The flocks may
then easily float to the top or settle to the bottom of the liquid phase.

1.3.3 Coalescence

Flocculation could lead to coalescence. Instability in a disperse system occurs when attrac-
tive forces between molecules in the individual phases exceed attractive forces between
molecules in the opposite phases [8], the droplets merge and form a larger droplet, so the

average droplet size increases over time.
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1.3.4 Creaming

Most oils possess lower density than water and oil droplets will therefore float to the top.
However, the drops will not necessarily coalesce. [9] Creaming is the principal process by
which the disperse phase separates from an emulsion and is typically the precursor to coa-

lescence

1.3.5 Sedimentation

The phenomenon opposite to creaming is called sedimentation. During sedimentation, oil
droplets concentrate, due to higher density, in the bottom of the vessel. The settling (or

creaming) rate for disperse phases can be estimated from the Stokes’ equation:

d’Apg
V,=—"—
187,
d Droplet diameter
g Acceleration due to gravity
Ap Density difference between dispersed and continuous phase
nc Continuous phase viscosity
Vg Stokes velocity
Breaking

Due to combination of creaming and coalescence, the oil phase can completely separate

from the water phase and settle out at the top of the emulsion in a single, continuous layer.
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Figure 6: The destabilization of emulsions. [10]

Figure 6 shows that flocculation and creaming leave the fine oil droplets intact while mak-
ing them less distributed throughout the continuous water phase. These two processes can
be reversed by putting in a small amount of energy (for example shaking or moderate stir-
ring). Brownian motion, within the water phase, can provide enough energy to keep excep-
tionally small droplets agitated and hence creaming is less likely to happen with fine emul-
sions. [10]

1.3.6 Ostwald ripening

Ostwald ripening is the process causing large droplets growing at the expense of small ones.
As larger droplets have a lower surface to volume ratio than the smaller ones, Ostwald ripening
occurs with a reduction in interfacial energy and therefore is energetically favourable. This is
the main breaking-down process for nanoemulsions. In order to avoid this process, the emul-

sion droplets should be as monodisperse as possible.
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1.4 Stability of Emulsions

The stability of emulsions is one of the most important indicators of their use. It is mainly
influenced by the type and amount of surfactant, ratio of disperse phase and disperse medi-
um, the emulsion type, viscosity of the external phase and the method of emulsion prepara-

tion.

Similarly to all lyophobic colloids and disperse systems, emulsions are also unstable. To
ensure sufficient shelf life, the emulsions have to be stabilized. One of the possibilities is
their stabilization through the electric double layer, which comes into consideration only
for diluted emulsions where collisions are relatively rare. Solubility of cations and anions
differs in the aqueous and oil phase. Anions are generally more soluble in the oil, cations in
the aqueous phase. That is why the droplets in O/W emulsions tend to have a negative

charge.

Generally, the greater the thickness of the bi-layer and the higher charge of the droplets,
the more effectively the repulsive forces between the droplets prevent the coalescence. The
effect of the electrolyte concentration on these two variables is, however, counter-going,
the charge of a droplet increases with increasing electrolyte concentration, whereas the bi-
layer thickness decreases with increasing electrolyte concentration.

1.4.1 Surfactant

Another possibility how to stabilize emulsions is use of surfactants. The term surfactant is
in fact abbreviation for “surface active agents” and describes molecules affecting the sur-
face energy of the oil/water interface. The surfactant molecule possesses amphiphilic char-
acter, which means that it contains both hydrophobic (non-polar) and hydrophilic (polar)

groups. This is shown in Figure 7.
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Figure 7: The action of surfactants on the oil/water interface. [11]

Surfactants increase the stability of emulsions as well as make them substantially easier to
prepare, as they can act as a ‘bridge’ between the oil droplets and the water, forming thus
protective layer on the surface of the droplet, which reduces the surface energy of the inter-

face and the amount of energy needed to form new oil/water surfaces.[10]

In other words, surfactant forms two mono-molecule layers that surround a slab of water. It
is dispersed in water and adsorbed at the interface between air and water, or at the interface
between oil and water, where water is mixed with oil. The water phase also contains free
surfactant molecules that flow along with the water. Insoluble hydrophobic groups may
extend from the water phase into the air or into the oil phase, while the water-soluble head
group remains in the water phase. This layer prevents the coalescence of two droplets in

case of thermal or sedimentation collision.
The surfactant must meet the following requirements:

— Accumulate at the interface of the two phases;
— Create a cohesive, elastic film on the interface not adhering to films formed around

other droplets.

The surfactant prevents re-aggregation of the oil droplets, by binding to the oil-water in-
terface. It prevents contact of oil droplets and the emulsion is thus more stable than in its

absence.
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The right choice of surfactant is an important factor for the preparation of emulsions. To
the most frequently used surfactants belong:

— Micellar colloids (soaps, detergents);
— Molecular colloids (polysaccharides, proteins, polyvinyl alcohol);

— Solid, insoluble particles.

The stability of emulsion formed using a suitable surfactant is characterized by size of
emulsion droplets (particles). The size and size distribution of particles are important char-
acteristics providing the information needed for production, quality inspection and deter-

mination of emulsion stability over time.

Bancroft’s Rule (1912)

The type of emulsion, i.e. oil in water or water in oil, is governed by the type of surfactant
used. For emulsion formation, Banckroft rule applies saying that “The phase, in which the
surfactant is most soluble, constitutes the continuous phase of the emulsion. This is shown

in Figure 8 and 9.

Figure 8: O/W emulsion. [12]
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The long tail on the surfactant is to represent the long-range interaction of a hydrophilic
molecule through water, which is presented in Figure 9.

Figure 9: W/O emulsion. [12]
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2 NANOEMULSIONS

It is very important to distinguish between emulsions, nanoemulsions and microemulsions
since it influences the methods used to prepare them, the strategies used to stabilize them,
and the approaches used to design their application. Nanoemulsions, in literature also
called mini-emulsions, ultrafine emulsion, and sub-microne emulsion, have several

physical properties that differentiate them from the other emulsion types. [13]

Microemulsions and nanoemulsions are distinctly different types of colloidal dispersions.
Emulsions with droplet size in range of 50 — 200 nm are often referred to as nano-
emulsions. [14] They are transparent or translucent to the naked eye even at high droplet
volume fraction and possess stability against sedimentation and creaming. Emulsions of a

size up to 500 nm are milky rather than transparent.
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Figure 10: Microemulsion and Nanoemulsion Comparism. [15]

Compared to the microemulsions with a size ranging from 5-50 nm that are
thermodynamically stable, nanoemulsions are only kinetically stable. Despite their
metastability, nanoemulsions can persist over many months or years due to the presence of

a stabilizing surfactant that inhibits the coalescence of the droplets. [15]
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Depending on the composition and correspondinly to classical emulsions, three types of
nanoemulsion are most likely to be formed. Oil-in-water type nanoemulsions, wherein oil
droplets are dispersed in the continous water phase, have been subject of research for a
long period of time and have been assessed in details contrary to water-in-oil
nanoemulsions, the research of which is rather young. In third type, bi-continuos
nanoemulsion, microdomains of oil and water are dispersed within the system. However,
all three types of nanomulsions are of big scientific interest, which is reflected by the
numerous publication, fundamental studies, patents and practical applications in chemical,

pharmaceutical, cosmetic, and food industry.

Table 1: Comparison of emulsion types.

Size Thermodynamic | Appearance | Energy under Kinetic stability
[nm] stability preparation
. 500 or | Unstable -results ) ) Large energy -
Emulsions ) ) Milky white i Great stability
more | in phase separation input
Nano Stable-without | Transparent/ )
) 50-200 ) Energy input Unstable
emulsions phase separation opaque
Micro No energy
) 5-50 Stable Clear ) Stable
emulsions input
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2.1 Nanoemulsion formation

As nanoemulsions cannot be formed spontaneously, energy input, usually from the
chemical components or some mechanical apparatus, is required. For preparation of

nanoemulsions with the droplet size between 50 — 200 nm, three methods may be applied:

— Use of high pressure homogenizers (supported by using an appropriate surfactant);

— Use of low energy emulsification method at constant temperature (EIP method —

Emulsion Inversion Point);

— Application of the phase inversion temperature concept (PIT).

2.1.1 Use of high energy emulsification methods

The formation of nanoemulsions by the so-called dispersion or high energy emulsification
methods is generally accomplished by stirring, high pressure homogenizers and ultrasonic
generators. It has been shown that the smallest size is achieved by using the device
supplying the available energy in the shortest time and having the most homogeneous flow.
[16] High pressure homogenizers are the most widely used emulsifying machines to
prepare nanoemulsions. The conventional high pressure homogenizers work in the pressure
range between 50 and 100 MPa. Pressure as high as 350 MPa has been achieved in a
recently developed device, which was used for preparation of nanoemulsion. [17] However
pressure during nanoemulsion production has to be adapted to the system under
preparation. For example oil-in water nanoemulsion with methylcellulose as emulsifier
could only be stabilized by selecting a homogenization pressure lower than 150 MPa
because of a very strong elongation flow produced at higher pressures that promoted the

irreversible degradation of low chain molecules.

The method of ultrasonic emulsification is efficient in reducing droplets size but it is only
suitable for small batches [16]. A recent study on the preparation of polymerizable nano-
emulsions [18] has shown that the efficiency of the dispersion process is highly dependent

on the sonication time at different amplitudes. In general, the more hydrophobic the
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monomer is, the longer the sonication time is required. The process of ultrasonic
emulsification is generally inefficient in nanoemulsion preparing, as the production of
small droplets of submicrone size requires application of high energy. However, there are
other methods which doesn’t require such a high energy input. The calculations below
show that the mechanical energy required for emulsification exceeds the interfacial energy

by several orders of magnitude.
Example:

To produce an emulsion with dispersed phase volume fraction of ¢=0,1 with particle size
of d = 0.6 um using a surfactant that gives interfacial tension of y=10 m.Nm™, the net
increase in surface free energy is A, = 6¢y/d = 10*J.m™, i.e. an efficiency of the process is

0.1%. The rest of the energy (99,9%) is transferred to heat. [19].

The intensity of the process or the effectiveness in formation of small droplets is often

controlled by the net power density (&(¢)) defined as

p=¢). dt
where
t is the time during which the emulsification occurs
)% is homogenizer pressure.

Droplet breaking will occur only at high ¢ values, which means that the energy dispersed at
low ¢ levels is ineffectively wasted. Batch processes are generally less efficient than
continuous processes. Using a stirrer in a large vessel, most of the energy applied at low

intensity is dispersed as heat. [19, 20]
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Several procedures may be applied to improve the efficacy of emulsification when

producing nanoemulsions:

— Optimization of the stirring efficiency by increasing ¢ and decreasing time of
emulsification. The emulsion is preferably prepared at high volume fraction of the
disperse phase (¢) and diluted afterwards.

— Addition of more surfactant, which leads to formation a lower interfacial tension vy.

— Using of such surfactant mixture that results in more reduction in y of the
individual components. If possible, it is more efficient to disperse the surfactant in
the dispersed phase rather that in the continuous phase, this often leads to smaller
droplet size.

— It may be useful to emulsify in steps of increasing intensity, particularly with

emulsions having highly viscose disperse phase.

2.1.2 Use of Low Energy Emulsification Methods

Low-energy methods use the internal chemical energy of the system to perform emulsification.
When changes in the surfactant spontaneous curvature are produced during the emulsification
process, they are usually called phase inversion methods. Phase inversion in emulsions can be
of two types: catastrophic phase inversion (CPI) and transitional phase inversion (TPI). TPI
enables the preparation of nanoemulsions and can be divided into two groups: 1) Phase
Inversion Temperature method (PIT) and 2) Emulsion Inversion Point method (EIP). In these

cases, emulsification is triggered by a change in temperature and composition, respectively.

2.1.3 Phase Inversion Temperature (PIT) Principle

The PIT method, belongs to the procedures frequently used in industry. For application of
the PIT principle, the transitional inversion method is used, which has been demonstrated
by Shinoda and coworkers [21,22] when using non-ionic surfactans of the ethoxylate type.
These surfactants are highly dependent on temperature, becoming lipophilic with
increasing temperature due to the dehydration of the polyethyleneoxide chain. [23] When

an oil-in-water emulsion prepared using a non-ionic surfactant of the ethoxylate type is
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heated, then at a critical temperature (the phase interversion temperature - PIT), the
emulsion inverts to a water-in-oil emulsion. At the PIT, the droplet size reaches a minimum
and the interfacial tension reaches a minimum as well. However, the small droplets are
unstable and they coalesce very rapidly. By rapid cooling of the emulsion that is prepared
at a temperature near the PIT, very stable and small emulsion droplets could be produced.
Parameter that has to be taken into account for the successful preparation of small
nanoemulsions droplets is the rate of cooling. If the cooling is not fast enough, coalescence

predominates and polydisperse coarse emulsions are formed instead of nanoemulsions.

A clear demonstration of the phase inversion that occurs on heating an emulsion is
presented in a study dealing with the phase behavior of emulsions as a function of
temperature. This is illustrated in Figure 11, which shows schematically what happens
when the temperature is increased [24, 25]. Arrow in the picture presents increasing

temperature.

At low temperature over the Winsor I region oil-water macroemulsions can be formed and
are quite stable (Figure 11 a, b). When increasing the temperature, the oil-water emulsion
stability decreases and macroemulsion finally resolves when the system reaches the Winsor
IIT phase region (both oil-in-water and water-in-oil emulsions are unstable, Figure 11 c). At
higher temperature, over the Winsor II region, water-oil emulsions became stable

(Figure 11 d, e).
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Figure 11: The PIT concept. [26]

2.1.4 Emulsion Inversion Point method (EIP)

Transitional Inversion can also be induced by changing the HLB number of the surfactant
at constant temperature using surfactant mixtures with different HLB values. This is
illustrated in Figure 12 which shows the average droplet diameter and rate constant for

attaining steady size as a function of the HLB number.

By adding for example water into oil-surfactant mixtures, water droplets are first formed in
a continuous oil phase. When increasing the water volume, the spontaneous curvature of
the surfactant changes from stabilizing a W/O emulsion to an O/W emulsion. At the EIP,
the affinity of the surfactant toward oil and water phase is balanced and a nanoemulsion
forms. The interfacial tension is minimal and the system goes through a point of zero

spontaneous curvature [27].
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Figure 12: Emulsion droplet diameters (circles) and rate constant for attaining steady size

(squares) as function of HLB-Cyclohexane/Nonylphenol Ethoxylate. [28]

A study of the phase behaviour of water-oil-surfactant systems showed that EIP can be

carried out using three different procedures [29], as schematically shown in Fig 13.

— Stepwise addition of oil to a water surfactant mixture;
— Stepwise addition of water to a solution of the surfactant and oil;
— Mixing all the components in the final composition and pre-equilibrating the

samples prior to emulsification.

In these studies, the system water/Brij 30 (polyoxyethlene lauryl ether with an average of
4 mol of ethylene oxide)/ decane was chosen as a model to obtain oil-in-water emulsions.
The results showed that nano-emulsions with droplet sizes of 50 nm were formed only

when water was added to mixtures of surfactant and oil (method b). [29]
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Figure 13: Schematic representation of the experimental path in two emulsification meth-
ods: Method A, addition of decane to water surfactant mixture, method B, addition of wa-

ter to decane/Brij 30 solutions. [30]

2.2 Correlations of emulsion composition/properties with PIT

As the diploma thesis is dealing with nanoemulsion properties and preparation, this proce-

dure is discussed in more details.

2.2.1 Determination of Phase Inversion temperature.

There are several ways how to determine PIT. One of the possibilities is usage of tempera-
ture-scanning conductivity, which is one of the most common ways of PIT determination.
This procedure requires addition of small amount of electrolyte, usually NaCl into water
phase. Another possibility is to determine PIT by microscopy measurements or through the

monitoring of turbidity, including observation with the naked eye.

2.2.2 HLB Temperature

Figure 16 shows the graph of conductivity changes with temperature for emulsion with
20 % hexadecane and different concentrations of surfactant (C1,E4). Regardless the con-

centration of surfactants, the conductivity of the emulsion slightly increases with the in-
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crease of temperature at the beginning of the process. Once it reaches the maximum, it
decreases suddenly. With tested surfactant concentrations of 3, 3.5, 4, and 5 wt %, the fur-
ther temperature increase leads to a rapid reduction in conductivity. The HLB tempera-
ture/phase inversion temperature represented the average value between the maximum and

the minimum values of conductivity.

Regarding 6, 7, and 8 wt % surfactant concentrations, the decrease of conductivity after
reaching the maximum was not continuous and another apparent maximum was seen. The
PIT value was gathered as the average between the highest and the lowest conductivity

values (i.e. omitting the intermediate evident maximum).

The deficiency of continuity in conductivity curves for the highest surfactant concentration
leaded to the formation of liquid crystalline phases. As it is apparent for a similar system,
at such high surfactant concentration (above 5 wt %) the transition from O/W to W/O sys-

tems passes through the formation of two types of lamellar phases. [31]

—vV—S=30wt%
—A—S=35wt%
—8— 5 =4.0wt¥h
—o— 8 =50wth
—+—S=6.0wt%
—Y—S5=7.0wt%
—X— 8 =8.0wit%

Temperature (°C)

Figure 14: Dependence of conductivity of emulsion on temperature. [31]

2.2.3 Correlation between HLB and PIT

The phase inversion temperature of an emulsion is the temperature at which the hydro-
philic and lipophilic character of the nonionic surfactant balances, and the HLB of the sur-
factant changes with temperature. Hence, a correlation between the PIT (HLB temperature)
and the HLB value is expected. [32] The relation is shown in Fig. 15.
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Figure 15: The correlation between the HLB values of nonionic surfactants and the phase
inversion temperatures in c-C6H12-H20 emulsions stabilized with the surfactants.
(3 wt %):

1. Tween 40; 9, i1-RgCeH4O(CH,CH,0)g 5H;

2, i-RgCsH4O(CH,CH,0)177H; 10, i-R12CsH4O(CH2CH,0)q 7H;

3. Tween 60, 11, R120(CH,CH,0)6 3H;

4. i-RgCeH4O(CH,CH,0)140H; 12, i- R12C¢H4O(CH,CH,0)g 4H;

5. 1-R1,CsH4O(CH,CH,0)15H; 13, i1-RgCH4,O(CH,CH,0)7 4H;

6, R120(CH,CH;0)10sH; 14, i-R120(CH,CH,0),4 5H;

7, i-RgCsH4O(CH,CH,0)10H; 15, i-RgCsH4O(CH,CH,0)sH;

8. i-RgCsH4O(CH,CH,0)q 7H; 16, i-RgCsH4O(CH,CH,0)s 2H. [32]

In Figure 16 it is shown, that the PIT also changes with the types of oil used in emulsion.
This figure shows example of correlation between HLB and PIT in different types of O/W

emulsions containing different oils.
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Figure 16: The correlation between the HLB values and the PITs in various oil-water

(1 :1 emulsions stabilized with nonionic surfactants. (1.5 % per system).

1, i-RgC6H4O(CHQCH20)17 7H; 4, i-RgC6H4O(CH2CH20)7 4H;
2, i-RgC6H4O(CH2CH20)14 QH; 5, i-RgC6H4O(CH2CH20)6 2H;
3, i-RoCsHsO(CH,CH,0)g 6H; 6, i-RyCsH4O(CH,CH,0)s 5H. [32]

2.2.4 Correlation between PIT and oil type

The Figure 17 shows the result of research conducted by Jiajia Rao and David Mc Clem-
ents.[33] They measured and compared the PIT temperature of emulsions with a different

oil chain length by conductivity measurement.

The PIT of the mixed systems increased as the alkyl chain length of the hydrocarbon oils
increased: 25.0, 29.5, 38.5, and 45.5 °C for decane, dodecane, tetradecane, and hexade-
cane, respectively. This result is in agreement with earlier studies of the effects of hydro-
carbon type on the PIT performed with various nonionic surfactants. This effect can be
attributed to the ability of oil molecules to penetrate between surfactant tails, thereby alter-
ing the optimum molecular geometry of the surfactant layer at the oil/water interface. Short
chain hydrocarbon oils are able to penetrate more easily between the surfactant tails and
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thereby favor a curvature that is closer to planar than long-chain hydrocarbon oils. Emul-
sions containing short-chain hydrocarbons would therefore have to be heated to a lower

temperature before the surfactant curvature tended toward unity and, hence, would have a

lower PIT. [33]
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Figure 17: Temperature dependence of the conductivity of hydrocarbon (20 wt %),

nonionic surfactant (6 wt % Brij 30), and water phase (10 mM NaCl) systems. [33]

2.3 Nanoemulsion application

Nanoemulsions have become the centerpiece of the interests of many researchers. Com-
pared to the conventional emulsions, nanoemulsions with their high kinetic stability, small
droplet size, and optical (semi)transparency have a considerable advantage, so they are
often used in many technological applications. Provided that nanoemulsions are undergo-
ing breakdown with time, only few studies on specific application of nanoemulsions were
reported during the last decade. Although several studies show that nanoemulsions are able
to be stable for several months and even years, it is obvious that the Ostwald ripening re-

sults in the growth of droplets of the internal phase, which limits the number of practical
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applications of nanoemulsions. This deficiency may be limited by using the nanoemulsions
only as a basis for the production of other nanomaterials such as nanometer size latexes,
polymeric nanoballs, solid lipid nanoparticles, etc. Another practical application of
nanoemulsions is believed to be in pharmaceutical industry, for example for the encapsula-
tion of drugs and their targeted delivery to the human body. There are also publications on
the possible use in the agrochemical and oil industry, the manufacture of printer ink, etc.

The majority of publications on nanoemulsion applications deal with the preparation of
polymeric nanoparticles using a monomer as the disperse phase (the so-called miniemul-
sion polymerization method). Contrary to emulsion and microemulsion polymerization, in
nanoemulsion polymerization, droplet nucleation is reported to be the dominant mecha-
nism, making possible the preservation of size and composition of each droplet during the
formation of latex particles. Many studies showed that nanoemulsion systems have a great
potential in practical use in the future.
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Figure 18: Schematic representation of heterophase polymerization process a) Emulsion

polymerization, b) Nanoemulsion polymerization, c)Microemulsion polymerization. [13]
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Consequently, nanoemulsion droplets can be considered as small nanoreactors. Surfmers
(surfactants containing a polymerizable group) are used in nanoemulsion polymerization to
stabilize, protect and functionalize the polymer particles. In that context, Guyot et al. [34]
reported nanoemulsion polymerization of methylmethacrylate or styrene in the presence of
acrylic surfmers which gave the latexes with good stability. However, a non-polymerizable
surfactant was required to achieve stable nanoemulsions. Recently, Pich et al. [35] have
obtained fluoro-containing nanoparticles by nanoemulsion polymerization of different
monomers in the presence of a fluorinated monomer-surfmer. In addition to stabilizing the
monomer nanodroplets and polymer nanoparticles, this surfmer also provided surface

functionalization with fluoro-groups.

The production of low-viscosity high solid content latexes is another important application
of nanoemulsion polymerization. Do Amaral and Asua [36] prepared them using acrylic
monomers and showed that particle size is controlled by droplet size of the nanoemulsion,

which is dependent on the type and concentration of surfactant.

2.3.1 The use of nanoemulsions for controlled delivery of medicines in human body

Nanoemulsions are successfully used for controlled drug delivery in human body and are,
therefore, attracting increasing attention of many researchers. O/W nanoemulsions have
found applications in cancer therapy, vaccines, HIV treatment, antiviral drugs and disin-
fectants, including those against Ebola virus. It was repeatedly emphasized that penetration
of drugs entrapped in nanoemulsions is much higher compared with macroemulsions, mi-
cellar solutions, gels, suspensions and others. Nanoemulsions alone, as well as various
nanoemulsion-based structures, as for example nanospheres and nanocapsules, can be used

for controlled delivery of medicines in human body.

2.3.2 The use of nanoemulsions in cosmetic industry

Recently, the cosmetic products using the O/W nanoemulsions with the organic phase ex-
perienced enormous interest. Formulations containing mixture of oils with different mo-

lecular masses, which provides an optimal effect on human skin, are mainly in focus.
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An increase in the fraction of high-molecular-mass oils results in increasing stability of
O/W nanoemulsions against the Ostwald ripening. On the other side, the high-molecular-
mass oils are worse absorbed and leave oily films on the skin surface. Emulsions contain-
ing low-molecular-mass oils penetrate faster into the surface layers of skin, however, its
stability against the Ostwald ripening decreases. Acceptably stable nanoemulsions can be
obtained by mixing the oils with a certain ratio of the low- and high-molecular-mass com-

ponents.

Resulting from the above mentioned facts, the kinetic stabilization of nanoemulsions
against the Ostwald ripening is due to different solubility of such oils in the aqueous phase.
It was proposed to utilize nanoemulsions in various creams, lotions, gels, remedies for hair
care, etc. Some of the compositions and methods of preparation of nanoemulsions, e.g.
containing vitamins A, D, C, E, phospholipids, as well as nanoemulsions applied for the
epidermis restoration are patented.

2.3.3 The use of nanoemulsions in food industry

Food nanotechnology and nanoemulsions is one of the fastest evolving field with many
advantages over conventional food emulsions. Sub-micron droplets prolong emulsion
physical stability, provide faster flavor release, enhance mouth feel, and the droplets are
small enough they scatter light weakly and appear transparent, which allows delivery of oil
soluble micronutrients and bioactives in an imperceptible way. [31] Nanoemulsions are
increasingly used for encapsulation of bioactive compounds and act as transport vehicles in

probiotic foods and other functional foods.

2.3.4 The use of nanoemulsions in agricultural industry

In terms of agricultural applications, nanoemulsions can be used for hydrophilic and hy-
drophobic pesticides, but are largely being developed for those that are poorly water solu-
ble. For example, pyrethroids have been successfully formulated as lipid nanoemulsion,
hindering the need for the organic solvents such as benzene and toluene normally required

for its formulation. In one case, the negative effects of such pesticides on aquatic life were



TBU in Zlin, Faculty of Technology 40

studied and found to be reduced compared with conventional formulations, while not af-

fecting efficacy.

The main advantages of using nanoemulsions are therefore: 1) solubilization of hydropho-
bic pesticides, 2) no precipitation or creaming, 3) increased stability, and 4) improved up-
take. [37]
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3 AIM OF THE THESIS

In the experimental part of the thesis, the temperature of the phase inversion (PIT) of selected
non-ionic surfactants and their mixtures will be determined using conductometric method. The
obtained data will be used for O/W nanoemulsions preparation. Nanoemulsions consisting of
n-undecan, water and Brij surfactants, with different HLB values will be prepared. The PIT
process will be practically verified by measurements of the particle size of prepared emulsions
using photon-correlation spectroscopy. Stability of prepared nanoemulsions stored at 4 °C,
25 °C and 35 °C will be determined and discussed.
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1. ANALYSIS
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4 MATERIALS AND INSTRUMENTS

4.1 Materials

Distilled H,0O, filtered H,O

Sodium chloride NaCl, Sigma-Aldrich

Brij 30, C212H25 (OCH,CH,),,0OH, n~4, HLB 9,7; Sigma-Aldrich

Brij 56, C16H33(OCH,CH>),OH, n~10, HLB 12,9; Sigma-Aldrich

Brij 98, C1gH35(OCH,CH>),OH, n~20, HLB 15,3; Sigma-Aldrich

Igepal 520, (C,H40), - C15H240, n~5, HLB 10; Sigma-Aldrich

Igepal 720, (C,H40), - C14H220, n~12.5, HLB 14; Sigma-Aldrich

n-Undecane CH3(CH,)yCHj3, Sigma-Aldrich

4.2 Instruments

Common laboratory glass

Analytical balances

Magnetic stirrer

Double-wall glass reactor

Circulating water bath thermostats, IsoTemp- H5P and Thermo Haake- C10
Homogenizers, Heidolph- RZR 2052 Control and Heidolph- RZR 2020

Conductometer, Ino Lab-cond 730
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Laboratory oven

Photon correlation spectrophotometer, ZetaNano ZS, Malvern

4.3 Apparatus

The apparatus for measuring of conductivity consisted of conductometer, magnetic stirrer,
circulating tempered water bath and double-wall glass reactor (Figure 19). For nanoemul-
sion preparation, two homogenizers, two circulating tempered water baths and ice bath

were employed.

Figure 19: Apparatus for the PIT measurement.
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5 METHODS

5.1 PIT determination by conductivity measurement

After preliminary tests which are mentioned in the discussion, following method for PIT
determination was chosen. Emulsions with an oil-to—water weight ratio of 20/80 were pre-
pared by simple mixing of all components and the conductivity of the resulting emulsions

was measured as a function of a temperature.

The required amounts of surfactants and n-undecane were weight out. The surfactants were
dissolved in water phase containing 0.1 M NaCl. If necessary, they were heated under
stirring. Then, the oil phase was added. The system was homogenized at laboratory tem-
perature (23+2 °C). Homogenization took place for 5 minutes at 750 rpm. After five
minutes the rate was increased and the mixture was homogenized at 1050 rpm for 15
minutes. Finally, the prepared emulsion was cooled down to 20 °C and conductivity was

measured.

The conductivity measurements were performed in a double-wall reactor connected to
thermostated circulating water bath. During the continuous temperature increasing, the
conductivity values were recorded in the temperature intervals of one degree of Celsius.
The emulsion was stirred continuously with a magnetic stirrer during measurement. When
the conductivity reached 0 uS the system was cooled down and conductivity measurement
was repeated. As the correlation between HLB a PIT exists, the temperature interval used

for PIT determination was dependent on the surfactant type used in respective emulsion.

5.1.1 Principle of the PIT conductivity measurement

Determination of the PIT by this method is based on the ability of the continuous phase of
O/W emulsion, added NaCl in low concentration, to conduct electricity. On the other hand,
the invert emulsion W/O does not conduct the electricity, as continuous phase is oil, show-
ing conductivity approaching 0 uS. As the O/W emulsion is heated, it inverts to emulsion

W/Q resulting in the rapid change of conductivity. PIT temperature is in the middle of the
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maximum and zero conductivity values. In the diploma thesis, the PIT was determined
from the second derivative of dependence between conductivity and temperature as a point

of intersection with x axis.

5.2 Preparation of the nanoemulsions

There were prepared several types of emulsions differing in HLB of surfactant used. The
HLB values of 9.7, 10.1, 10.5, 11 and 11.5 and surfactant concentration of 3% or 5%
were applied. Oil-to-water ratio (O/W) of 5/95, 10/90, 20/80 and 30/70 were chosen.

For each emulsion containing 5 % of surfactant, two modifications were prepared. In order

to obtain desired HLB value, two different combinations of surfactant were employed:

— Brij 30 with Brij 56;
— Brij 30 with Brij 98.

The nanoemulsions were prepared by phase inversion emulsification method. The required
amount of water, surfactant and n-undecane were weight out. Firstly the surfactants with
desired HLB were mixed together and homogenized. If necessary, they were heated under
stirring. Water added surfactant mixture was heated above the PIT in the beaker. Separate-
ly, n-undecane was also heated above the PIT and oil phase was gradually mixed with wa-
ter under stirring. At first, homogenization was performed for 5 minutes at 750 rpm, then
the speed increased and the mixture was homogenized at 1050 rpm for 15 minutes. The
prepared emulsion was rapidly cooled by immersion in an ice bath under continuous ho-

mogenization at 1050 rpm for another 10 minutes.

After preparation, each emulsion was divided into three parts in order to test its stability.
One part was stored at laboratory conditions at 23+2 °C, one was placed at fridge with
temperature of 4 °C and one was stored at laboratory oven at elevated temperature of
35 °C.



TBU in Zlin, Faculty of Technology 47

5.2.1 Examples of calculations
Calculation for preparing 0.1M NaCl:
Viac = 1dm®

Mpaci= 28 g.mol™

m=c.V.M

m=0,01.1.58=0,58 g NaCl

Calculation for preparing 50 ml of emulsion W/O 80/20 with 5 % of surfactant:
5 % from 100 g of emulsion is 5 g of surfactant

5 % from 50 g of emulsion is 2.5 g of surfactant

058 wovoeeeen. 100% 958 vvvern, 100 %
X toeiianannnn, 80% ). & 20 %
X= m H,O X= 9,5 a CH3(CH2)9CH3

Calculation of amount of Brij 30 and Brij 98 required for emulsion O/W 80/20 with 5 %
surfactant of HLB = 10.5:

HLB, = 9,7 (Brij 30)

HLB, = 15,3 (Brij 98)

HLB = ZHLBl X1+ HLB, X

105=9,7.x +153. (1 - x1)
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10,5=9,7x; +15,3-15,3 X1
X1 = 0,857

X>=0,143

M grij30=0,857.2,5=2,1425¢9

M Brijos = 0,143 . 2,5 = 0,3676 d

The amounts of surfactant needed for preparation of nanoemulsions with studied HLB val-

ues are summarized in Table 2.

Table 2: Concentrations of surfactant needed for nanoemulsion preparation

System | (5 % surfactant) System 11 (5 % surfactant)
HLB of surfac- Brij 30 Brij 56 Brij 30 Brij 98
tant mixture (HLB 9.7) (HLB 12.9) (HLB 9.7) (HLB 15.3)
m [g] m [g] m [g] m [g]
9.7 2.5 0 2.5 0
10.1 2.19 0.31 2.32 0.18
10.5 1.85 0.62 2.14 0. 36
11.0 1.48 1.02 1.92 0.58
11.5 11 14 1.69 0.81

5.3 Measuring of particle size and stability of nanoemulsions

After preparation, the z-average diameter of emulsion droplets and their polydispersity
index (PDI) were measured by photon correlation spectrophotometry (PCS). For the spec-
troscopy measurements, standard polystyrene cells were used. Spectrometer wasn't able to
detect data in concentrated nanoemulsions, therefore, before each measurement the emul-
sion was diluted. For dilution, 1 ml of filtered water and 3ul of nanoemulsion were mixed.

The measurement was performed not only on freshly prepared nanoemulsions but also on
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the samples stored at different temperatures. These nanoemulsions were also regularly ob-
served by visual inspection. Later on, the data were inspected and compared, in order to

established correlations between the stability of the nanoemulsions and their composition.

5.3.1 Principle of photon correlation spectroscopy

PCS measures Brownian motion and relates it to the size of the particles. Brownian motion
is the random movement of particles due to the bombardment by the solvent molecules that
surround them. When the monochromatic and coherent light with known frequency from
the light source hits the particle, the light scatters in many directions. Due to the Brownian
motion, there are time dependent changes in light intensity of scattering particles. These
fluctuations of light intensity contain the information about the size of particles. With re-
spect to Brownian motion and under same conditions, the small particles have a higher
average velocity than larger ones. Also the shift in frequency of light is different. The
smaller particles are causing greater shift in frequency than the larger ones. The velocity of
the Brownian motion is defined by a quantity known as the translational diffusion coeffi-
cient (D). The size of a particle d is calculated from the translational diffusion coefficient

using the Stokes- Einstein equation

d(H) =kT/3mnD,
where

d(H) hydrodynamic diameter

D translational diffusion coefficient
k Boltzmann’s constant

T absolute temperature
n

viscosity
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The z-average diameter calculated from PCS measurements is the best value to report and
is defined as the “intensity averaged particle diameter”. Another parameter derived from
PCS measurements is polydispersity index (PDI). It is dimensionless and scaled such that
values smaller than 0.05 are rare. PDI values higher than 0.7 indicate that the sample has a

broad distribution and is not suitable for the PCS technique.

The PCS is used for measuring particle size, stability and of emulsions, polymers, micelles,

proteins or nanoparticles.
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Figure 20: Illustration of the dynamic light scattering principle. [38]

5.3.2 PIT determination by PCS measurement

The PCS instrument has the capability of automated measurement of particle size and scat-
tering intensity as a function of temperature. Built-in temperature control enables analyses
over the range of 2 to 90 °C. This useful option enables following of different processes in
samples. PIT determination using PCS is based the monitoring of changes, which occur
during transition of O/W to W/O emulsions, prepared with non-ionic ethoxylated surfac-
tants. When passing the PIT temperature, O/W emulsion converts to W/O emulsion. It re-
sults in sudden change in intensity of scattered light, and z-average particle diameter, re-

spectively, which can be measured by PCS.
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For PIT measurements, 3 — 10 ul emulsion were diluted in 1ml filtered water and mixed in
cuvette. The cuvette was placed in instrument and temperature trend measurement was set
up to cover defined temperature limits with expected PIT temperature. Examples of tem-
perature intervals used for emulsions with 5 % surfactant are given in Table 3. Increment
of 1 °C was used and equilibration time at each temperature of 120 s was employed. Val-
ues of scattering intensity and z-average diameter were recorded as a function temperature.
The determination of PIT was based on the localization of the position of a breaking point
in the temperature dependence of z-average particle diameter. Concretely, PIT was calcu-
lated as the point of intersection of two linear functions with mutually different slopes, one
recorded prior and the second after PIT transition. This procedure for PIT determination is

shown in the Figure 21.
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Figure 21: Determination of PIT from PCS by intersection of two linear functions.

Table 3: Example of temperature interval used for determination of PIT from PCS meas-
urements (Brij 30 + Brij 56, 5 % surfactant).

HLB Temperature interval [°C]
9.7 17 -40

10.5 35-55

11.0 45 - 65

11.5 55-70
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6 RESULTS AND DISCUSSION

6.1 Determination of PIT by conductivity measurement

At the beginning, it was necessary to test the validity of PIT temperature determination
process. Several different procedures were used until the suitable method for emulsion
preparation for PIT measurements was established.

Experiment No. 1:

The emulsion with HLB 9.7 was prepared at temperature of 70 °C using Brij 30 surfactant.
The emulsion was homogenized by mixing the water and oil in ratio of O/W 80:20, in the
presence of 5 % of surfactant. Prior homogenization, surfactant was dissolved in water
phase. Homogenization was performed with 750 rpm for 5 minutes. Later, the emulsion
was homogenized with increased rate of 1500 rpm for 15 minutes. This procedure resulted
in preparation of a mixed emulsion. As the conductivity of the freshly prepared emulsion

was approaching zero, it was impossible to detect the PIT.
Experiment No.2:

The process was the same as described in Experiment No.1; however, the emulsion was
prepared at laboratory, not increased temperature. This resulted in invert emulsion.

Experiment No.3:

The emulsion was prepared at laboratory temperature; however, the mixing process was
changed. Once the surfactant was dissolved in water phase, oil phase was gradually added
under mixing. Though the emulsion was successfully prepared, it was not stable enough

during the conductivity measurements.
Experiment No. 4:

The W/O ratio was changed to 95:5. Otherwise, the procedure as described for O/W 20:80

was employed. This emulsion broke down soon after preparation.
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Experiment No. 5:

In this experiment, the surfactant Brij 30 was replaced by Brij 56. O/W ratio of 20/80 and
5 % surfactant content was again used. The PIT temperature was not detected during the
experiment, as by continuous heating of emulsion up to 90 °C, no rapid change in conduc-

tivity was observed.
Experiment No. 6:

Finally, the procedure for measurement of PIT temperature was established, which is out-
lined in part 6.1 of the thesis. The process was exactly the same as in Experiment 3, how-
ever, the conductivity measurements were conducted after cooling the emulsion to 17 °C in
order to lower temperature sufficiently below phase transition of the used surfactant, Brij
30. Using this procedure, all emulsions with O/W ratio of 20/80, 3 % or 5 % surfactant

content were analyzed and their PIT temperatures were determined.
The PIT temperatures of all studied emulsions can be found in Table 4.

Table 4: PIT values in [°C] determined using conductivity measurements for two different

surfartant mixtures (Brij 30 + Brij 56, Brij 30 + Brij 98) and concentrations 3 % and 5 %.

Brij 30 + Brij 56 Brij 30 + Brij 98 Brij 30 + Brij 56

HLB

5% 5% 3%
9.7 245 245 447
10.1 36.4 32.9 487
10.5 44.6 437 61.8
11.0 57.5 60.9 67.4
115 68.4 76.6 78.3

Figures 22-24 shows the variation of conductivity with temperature, as well as dependence
of PIT on HLB of surfactant used. The three Figures depict results for emulsions prepared
with mixture of Brij 30 + Brij 56, 3 % and 5 % surfactant content and for the Brij 30 +
Brij 98 with 5 % surfactant. At each graph, the O/W 20/80 emulsions with different HLB
(9,7; 10,1; 10,5; 11; 11,5) are presented. At all HLB values and concentrations of surfac-
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tants, each of the curves illustrates the same dependence between conductivity and temper-
ature. With increasing temperature, the conductivity of the emulsions slowly decreased (or

remained unchanged) and then suddenly fell down to zero conductivity value.

With an increase of surfactant HLB, the conductivity curves moved towards higher tem-

peratures, so it is seen that the PIT value is affected by the HLB of the surfactant in emul-

sion.

0 10 20 30 40 50 60 70 80
temperature (°C)

=9=09,7 10,1 ==#=10,5 ==¢=11 ==i&=11,5

Figure 22: Dependence of conductivity of emulsions with different HLB on temperature.
Emulsions contains 5 % of Brij 30 + Brij 56.
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Figure 23: Dependence of conductivity of emulsions with different HLB on temperature.

Emulsions contains 3 % of Brij 30 + Brij 56.
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Figure 24: Dependence of conductivity of emulsions with different HLB on temperature.
Emulsions contain 5 % of Brij 30 + Brij 98.

After preparation of emulsions using the Brijs, the different types of surfactant were also
tested for emulsion preparation with the aim to determine PIT temperature. The emulsions
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with HLB 10.5 and 11 were prepared by using the mixture of surfactants Igepal 520 and
Igepal 720. For those emulsions, the same procedure was used as for the preparation of
emulsions with Brij surfactants. The PIT was also measured by conductivity with increas-
ing temperature. However, PIT value of those emulsions, within the temperature range
from 20 to 95 °C, was not determined, as there wasn’t any visible drop on the conductivity
curve. Due to technical and physical reasons (water in circulating bath) it was impossible

to increase the temperature, so the experiment was terminated.

6.1.1 Influence of HLB on PIT

The summary results of PIT dependence on HLB are presented in Figures 25 and 26. Here,
already discussed fact can be seen, namely that the PIT is influenced by HLB value used
for emulsion preparation. It is clearly evident that with the increasing HLB, the PIT in-
creases as well. From the measured results it is obvious that the correlation between PIT
and HLB is almost linear. The minor deviations from linearity are caused only by inaccu-
racy during the measurement process. The graphical expression of linear dependency

comes out from the measurement of the two replicate, reproducible results.
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Figure 25: Dependence of PIT on HLB for emulsions O/W 20/80 containing 5 % and 3 %
of surfactants Brij 30 + Brij 56.
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Figure 26: Dependence of PIT on HLB for emulsions O/W 20/80 prepared with 5 % of
surfactant Brij 30 + Brij 98, and emulsion prepared with 5% of surfactant Brij 30 + Brij
56.
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6.1.2 Influence of Surfactant Concentration on PIT

The PIT is also influenced by the concentration of surfactant in emulsion. From the Fig-
ure 25, this influence is clearly visible. By using the 5 % surfactant, the lower values of

PIT are recorder when compared to use of 3 % surfactant, irrespective of HLB.

6.1.3 Influence of the Brij Type on PIT

From the measured results, the unambiguous influence of Brij type on the PIT value was
not proved. Although the values of PIT in emulsions obtained by using Brij 30 + Brij 98
were slightly higher when compared with PIT obtained by using Brij 30 + Brij 56, the dif-
ferences were, in most cases, minimal. However, from the careful inspection of the data it
seems that the difference in PIT values, measured in both surfactant systems, increases
with growing HLB. This might be correlated with increasing content of Brij 98 with higher
HLB of 15,3 in the surfactant mixture. For more precise values it would be necessary to

repeat the measurements and evaluate data from larger series of repeated analyses.

6.2 PIT Determination by PCS Temperature Trend

Using PCS, PIT temperature was determined not only for emulsions with O/W ratio of
20/80, as it was performed in case of conductivity, but also for other studied O/W ratios of
5/95, 10/90 and 30/70. However, due to limited time available for the thesis, this study was
performed only for emulsions with HLB 9,7 and 10,5 containing 5 % surfactant. Results
are presented in Figure 27 and show that PIT temperature is lower in emulsions with high-

er oil content. From the Figure it is obvious that this is valid for both studied HLB values.
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Figure 27: Dependence of PIT on oil content [%] in emulsion. Comparison of emulsion of
HLB 10,5 and emulsion of HLB 9,7.

In the next step, the comparison between PIT temperature determined using conductivity
and PCS for emulsions with O/W 20/80 was performed. This is illustrated in Figure 28
which demonstrates that reasonable correlation between both procedures exists. However,
as it was mentioned above, the procedure for PIT determination using PCS requires addi-

tional experimental work.
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Figure 28: Comparison between PIT temperature determined using conductivity
and PCS for emulsions with O/W 20/80.

6.3 Size of Particles

From the literature it is known that particle sizes in nanoemulsions are influenced by dif-
ferent variables. This is discussed in the following part of the thesis. All emulsions were

prepared using PIT procedure, with 3 % and 5 % surfactant mixture of Brij 30 + Brij 56.

6.3.1 Dependence of Particle Size on Oil Content and HLB

The size of particles in nanoemulsions is influenced by oil content. In Figures 29 and 30,
the z-average particle diameter can be seen for the tested HLB as a function of O/W ratio.
These dependencies show that the certain trend across the particle sizes recorded at differ-
ent HLB exists. Among emulsions with 5 % surfactant, the largest particle sizes can be
found for the emulsions with O/W ratio of 5/95 and 30/70. Conversely, smaller particles
were observed in emulsions with O/W 10/90 and 20/80. At HLB 9,7 and 10,1, the emul-
sions with the largest particles were prepared with O/W ration of 5/95. Emulsions with
HLB of 10,5; 11 and 11,5 showed the biggest size of particles when O/W ration was of
30/70.
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Similar trend can be observed for emulsions with 3 % of surfactant. The emulsions with
the largest size of particles were 30/70 emulsions. Here, the sizes of particles were marked-

ly bigger in contrast to the emulsions with the lower oil concentrations.

Generally, it can be seen that particle sizes of all prepared emulsions were laying in the
size range below 1um and emulsions with 5 % surfactant were all below 200 nm in size.
The smallest particle sizes were observed for emulsions with O/W 10/90, irrespective of
HLB, which were in the range from 32 to 43 nm. Of these samples, HLB 11 and O/W

20/80 provided emulsion with the smallest particle size of 32 nm.
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Figure 29: Dependence of particle size on O/W ratio recorded for emulsions with 5 % of
surfactant Brij 30 + Brij 56.
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Figure 30: Dependence of particle size on O/W ration for emulsion with 3 % of surfactant
Brij 30 + Brij 56.

6.3.2 Dependence of PDI on Oil Content and HLB

As can be seen in Figures 31 and 32, the oil content in emulsions influences also the poly-
dispersity index (PDI value). The broadest particle size distribution was observed in emul-
sions with O/W 5/95. These emulsions show much higher PDI values when compared to

other studied emulsion types.

For emulsions with 5 % surfactant, only minor influence of HLB on PDI can be seen, if the
O/W ratio of 5/95 is not taken into consideration. For HLB ranging from 9.7 to 11.5, the
PDI tends to decrease with increasing oil content. In most cases, PDI is of about 0.2, which

means reasonably narrow particle size distribution.

As can be seen in Figure 32, the high values of PDI occur also in emulsions with O/W 5/95
and 3 % of surfactant. In addition, high PDI is also observed for O/W 30/70 and HLB 10.1.
However, when these results are compared with the results on the emulsions with 5 % of

surfactant, the data did not prove any clear correlation between HLB and the PDI.
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Figure 31: PDI dependence on O/W ratio and HLB, emulsions with of 5 % of surfactant.
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Figure 32: PDI dependence on O/W ratio and HLB, emulsions with 3 % of surfactant

6.3.3 Comparison of nanoemulsions prepared with PIT and EIP Techniques

In the following part of the thesis, particle sizes of nanoemulsions produced by PIT method

are compared with nanoemulsions prepared using EIP method. These nanoemulsions were
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prepared with mixture of Brij 30 + Brij 98, using 3 % or 5 % surfactants andO/W ratio
from 5/95 to 30/70. Data taken for comparison have not been published, yet and are used

with kind permission of Petra Sevéikova.

Briefly described, EIP emulsifications were carried out using RZR 2020 stirrer, a glass
vessel and a burette. Depending on the required HLB, low— and high— HLB surfactants
were pre-dissolved in the calculated ratios in the oil and water phase, respectively. The
surfactant containing water phase was added drop-wise at the rate of 1ml/min to the surfac-
tant containing oil phase under continuous stirring. During emulsifications, the stirring rate

was controlled at 1050 rpm and all experiments were run at the room temperature (25 °C).

The measured results of the particle size of emulsions prepared with the different percent-
age of oil phase and with various HLB can be seen in Figures 33 and 34. Figure 33 shows
the emulsions with 5 % of surfactant and Figure 34 the emulsions with 3 % of surfactant.

For emulsions prepared by EIP, it was seen that emulsions prepared with HLB 10 (5 %
surfactant) contained notably bigger particles compared to emulsions prepared with HLB
10,5 and 11. Another increase of particle size can be again observed for HLB 11,5 espe-
cially for oil content above 20 %. Regarding PIT emulsion, correlation between particle

sizes and HLB was also observed, however it was not so notable, as for EIP emulsions.

Similarly to emulsions prepared by PIT, the influence of O/W ratio on particle size can be
observed in EIP emulsions. However, the dependencies show different trend. Regarding
the emulsions prepared by EIP, the smallest particles sizes are observed with O/W 5/95,
what is exactly the opposite to the emulsions prepared by PIT procedure. Later then, with
the increasing amount of oil in EIP emulsions, the particle size increases, as it can be seen
in Figures 33 and 34. The PIT technique provided the smallest particle sizes in emulsions

with O/W 10/90 with bigger particles for both higher and lower oil content.

Due to their instability, the EIP emulsions prepared with HLB 10 (5 % of surfactant) be-
have differently compared with those prepared with surfactants of higher HLB. Moreover
not all studied O/W ratio were measured, as emulsions prepared with oil content below
15 % at this HLB were extremely unstable. Such a high instability at low HLB was not

observed for PIT emulsions with 5 % surfactant.
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Regarding particle sizes, PIT process (5 % surfactant) provided particles, which all were
smaller than 200 nm. Contrary to this observation, EIP emulsions across the O/W ratios
used gave particles smaller than 200 nm only at HLB 10.5 and 11.
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Figure 33: Dependence of particle diameter recorded for emulsion prepared by EIP
method with Brij 30 + Brij 56, 5 % surfactant (unpublished data of Petra Sevcikova)
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Figure 34: Dependence of particle diameter recorded for emulsion prepared by EIP meth-
od with Brij 30 + Brij 56, 5 % surfactant (unpublished data of Petra Sevcikova)

Comparison of PIT and EIP methods illustrates that even though both procedures employ
the phase transition mechanism to produce small emulsion particles, due to different nature
of transition (EIP — composition, PIT — temperature), the impact of different variables

(HLB, O/W ratio) on resulting nanoemulsions is different.
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7 STABILITY OF EMUSIONS

7.1 Effect of Storage Temperature on Emulsion Stability

After production, the emulsions were stored in different conditions, namely at 35 °C, 25 °C
and 4 °C.

Definitely, the shortest shelf-life of the emulsions was seen after storage at 35 °C and the
stability of emulsions improved with decreasing storage temperature. Regarding HLB, the
shortest shelf-life of emulsions was observed for emulsions with HLB 9.7, which broke
down almost immediately, when stored at increased and laboratory temperature. This in-
stability is obvious from the fact that the ambient temperature (23+2 °C) is in close vicinity
of the PIT temperature of the emulsions. The higher temperature causes the increase in
movement of particles, which consequently leads to a higher probability of their collisions
inside the emulsion. This phenomenon of thermal motion of the particles affects the disin-
tegration of emulsion. Another factor that affects the stability is the storage temperature
approaching to the PIT. The closer the temperature is to PIT, the less stable is the emul-

sion. The stability of emulsions (in days) can be seen in Table 5.
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Table 5: Stability of undecane-in-water nanoemulsions stored at different temperatures.

Temperature Stability in days
HLB [°C] O/W /95 | O/W 10/90 | O/W 20/80 | O/W 30170
4 6 13 10 12
25 2 6 6 9
9.7 35 0 0 0 0
4 1 3 3 8
25 1 1 2 6
10.1 35 1 1 1 5
4 2 2 8 16
25 2 8 6 12
10.5 35 2 2 2 8
4 1 10 10 10
25 1 9 2 10
. 35 2 2 2 1
4 1 8 16 8
25 1 2 9 2
11.5 35 1 2 7 6

7.2 Effect of Oil Content on the Stability of Emulsions

The emulsions with O/W 5/95 were the first the subject of destabilization. Some of them

failed to be prepared on first trial, so they had to be prepared repeatedly. The preparation of

5/95 emulsion with 3 % of surfactant failed even after repeated trials. The most stable were

the emulsions of 30/70 composition. This conclusion is based on visual observation of

emulsion. Unstable emulsions were those, at which creaming occurred.
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7.3 Effect of Surfactant Concentration on the Stability of Emulsion

When comparing the emulsion with 3 % and 5 % of surfactant, the emulsion with 3 % of
surfactant shows the unambiguously shorter shelf-life irrespective of composition and stor-
age temperature. It can, therefore, be postulated the conclusion that the concentration of

surfactant notably influences the stability of the emulsions.

7.4 Effect of HLB on the Stability of Emulsion

The emulsions with different values of HLB and with the same composition (O/W ratio),
have the different stability. However, the direct correlation between length of stability and
the HLB values was not determined. The emulsions with HLB 10.1 were the less stable.

Conversely, emulsions with HLB of 10.5 were the most stable.

From the observation of all prepared emulsion, it can be concluded that the most stable
emulsion was the one prepared by using 5 % of surfactants Brij 30 + Brij 56 with HLB of
10,5 and O/W 30/70. This emulsion was stable for 16 days when stored at temperature of
4 °C. At temperature of 25 °C, it remained stable for 12 days and stability of 8 days was

detected even in more extreme conditions, which means temperature of 35 °C.

7.5 Effect of Storage Conditions on the Emulsion Particle Size

For all storage temperatures and also for all types of emulsions, the changes in particle size
were detected within time. The longer the time from the emulsion preparation, the bigger
the particle sizes were observed. This dependence is shown in the Figure 35 and illustrates

that the particle sizes increase with storage time almost linearly.
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Figure 35: Dependence of particle size on time for emulsion: HLB 11, O/W 30/70 with 5%
of surfactant stored at 4 °C.

In the Figure 36, changes of particle size distributions measured in different days after
emulsion preparation are provided. The composition of the emulsion is as follows:
O/W 20/80, HLB of 11 and 5 % of Brij 30 + Brij 56 surfactants. The distribution curves
demonstrate that polydispersity of the samples was nearly the same, but the size of the par-
ticles changed. With increasing storage time, the mean particle size increased, as can be
seen from the shift of distribution curves.



TBU in Zlin, Faculty of Technology 71

Size Distribution by Intensity

ra
o

T T T Y 1 T T T T T

—
w
— t
-
-

................................................................................

—
o
t

Intensity (Percent)

o
T T
ul

(=]
L

Size (d.nm)

Figure 36: Dependence of the particle size distribution on storage time: Red line: day of
preparation, green line: 1 day , blue line: day 5, black line: day 7(storage temperature
4 °C).

The changes in particle size are strongly influenced by storage temperature. Higher tem-
peratures cause a significant increase in particle size within time. When observing the same
type of emulsion stored under different temperature conditions, it is evident that emulsion
stored under temperature of 4 °C are subjected to a slower growth in particle size, oppo-
sitely to those that are stored in the laboratory conditions, or under temperature of 35 °C.
This fact is clearly seen in the Figure 37, where the increase in particle size of emulsion
(O/W 20/80, 5 % surfactant, HLB 9.7) within time is illustrated for samples stored at two
different temperatures of 4 °C and 25 °C.
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Figure 37: Comparison of strorage temperature dependence on particle size change within
time. Emulsion with HLB 9,7, O/W 20/80 with 5 % of surfactant.

In the Figure 38, the comparison of emulsion with O/W 20/80, HLB of 11 and 5 % of
Brij 30 + Brij 56 stored at different temperatures is given. From the Figure it is evident,
that rise of storage temperature increases the particle size, which influenced the stability of
the emulsions. It can be also seen that temperature of 35 °C caused not only particle size
increase but also broadening of the particle size distribution, which another factor is con-

tributing to emulsion break-down.
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Figure 38: Comparison of particle size distributions of emulsions stored at different tem-

peratures. Red line: emulsion stored at 4 °C, blue line: emulsion stored at 25 °C, green

line: emulsion stored at 35 °C.
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CONCLUSION

Nanoemulsions are dispersion systems with the potential to be transparent and very stable.
In order to show these properties, the nanoemulsion particles must not only be in the nano-
size range but also have a size distribution as narrow as possible. The master thesis is fo-
cused on the production of such nanoemulsions, using low-energy emulsification method,
PIT.

Prior to emulsifications, phase inversion temperatures (PIT) of studied nanoemulsions with
surfactants of different HLB were determined, using conductivity measurements. During
conductivity measurements, all curves showed a characteristic course with a rapid decrease
of conductivity, when temperature approached PIT. The measurements resulted in conclu-

sion that there is a linear dependence between PIT and HLB.

PIT was also influenced by surfactant concentration. At emulsions with lower surfactant
concentration, the higher values of PIT can be expected. Therefore, it is evident that during
the preparation of emulsions using PIT, the samples with the lower surfactant concentra-
tions need larger energy input to be heated near the PIT and subsequently to be rapidly

cooled down to produce small particles.

Based on the results and discussion provided in the thesis it can be concluded that proper-
ties of nanoemulsions are dependent on composition in terms of surfactant HLB, its con-
centration and O/W ratio. All prepared samples can be classified as the nanoemulsions, as
their particle sizes were lower than 200 nm. Exception here was emulsion prepared with
O/W 30/70 and 3 % of surfactant, showing particles ranging from 200 to 900 nm.

The stability of emulsions was directly connected to the particle size and distribution and
to the concentration of the surfactant. Emulsions with lower concentrations of surfactant

were less stable than those with its higher concentrations.

The stability of emulsion was also notably influenced by storage temperature. It was
proved that under lower temperatures (4 °C), the samples had a better stability within time.
This corresponds with the observed fact showing that the growth in the particle size is in-

fluenced by the storage temperature.
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The presented experiments were essential to understand the conditions for successful
emulsification of the chosen system with the selected low-energy technique. The thesis can
be, hence, considered as the fundamental study leading to further applications of the PIT
technique in the preparation of more functional formulations, applicable for example in

cosmetics and food industry.
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