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ABSTRACT

This study was concerned with the analysis of two cream formulations and their
corresponding ternary systems using low frequency dielectric spectroscopy
(L.F.D.S.). These systems were Aqueous cream BP (both preserved and unpreserved)
and Cetomacrogol cream BP containing a surfactant (sodium lauryl sulphate and
cetomacrogol 1000 respectively) and cetostearyl alcohol. The ternary systems
contained a fixed quantity of surfactant (sodium lauryl sulphate 0.5% and 1% or
cetomacrogol 1% and 2%) and cetostearyl alcohol ( range 0.25 - 8%)

Aqueous creams (hand and mechanicaly mixed) were characterised using flow
rheometry, differential interference contrast (D.I.C.) and scanning electron
microscopy (S.E.M.). The rheology revealed the preservative (phenoxyethanol) and
processing method influences viscoelastic properties. Microscopy revealed hand
mixing produces systems of poor quality with a wide oil droplet size range, while
high shear mixing ensures a well dispersed oil phase. L.F.D.S. however showed little
difference between the samples.

The emulsions based on cetomacrogol 1000 were examined using oscillatory
rheometry, D.I.C and S.E.M. and the results were compared with L.F.D.S. The non
ionic creams employed the same formula but were processed at differing shear and
mixing speeds. The flow dynamics of the mixing vessel were altered by the use of a
removable baffle system. When examined by oscillatory rheometry and microscopy
it was found the systems exhibiting a well developed microstructure showed reduced
conductive behaviour. The electrical behaviour of the ternary systems was related to
the concentration of cetostearyl alcohol. As this increased there was a corresponding
change in both rheological and microscopic behaviour which reflected an increase in
the formation of a complex microstructure.

The study shows the usefulness of L.F.D.S. in analysing semi-solid systems, and the
processing methods and the concentration and ratio of the emulsifying agents affects
the electrical, rheological and microscopic behaviour of such systems.
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1.1 Introduction

Emulsions are amongst the oldest pharmaceutical products (Eccleston, 1986) and
have been widely studied. The development of semi-solid emulsions as vehicles for
the delivery of compounds to the skin dates back to Greek and Roman times, being
used both for cosmetic and medicinal purposes. Harry (1959) attributes their
discovery to Hippocrates and Galen who both described a similar simple emulsion
preparation comprising mixtures of beeswax and olive oil. These components were
heated to the fluid state and water added and stirred until the system was cool. It was
noted that the properties of the final product could be altered by varying the amount
of water added to the system. The base emulsion ingredients were found to be able
to take up a considerable amount of water and could be formulated as stiff creams or
cooling lotions, depending on the quantity of aqueous phase added. Many of the
present day's semi-solid emulsions are based on the principles established by such
early studies. Over the last 30 years many physical methods of assessment have been
applied to the study of such semi-solids (Tadros and Vincent, 1983a) revealing that
they are highly complex systems.

According to Rieger (1986), the definition of an emulsion is dependent on the
observer. The physical chemist's definition states that an emulsion is a
thermodynamically unstable mixture of two essentially immiscible liquids. However
for the formulator, the emulsion is the intimate combination of two immiscible
liquids that exhibit an acceptable shelf life at room temperature. Israelachvili (1994)
quotes the 4972 International Union of Pure and Applied Chemists (lUPAC)
definition which states, "An emulsion is a dispersion of droplets of one liquid in
another one with which it is incompletely miscible”. There are many other definitions
to describe emulsion formation but those that are given above will suffice for the
present study. Immiscibility between the major components essentially means the
final product will be an unstable system, although this instability can be manipulated
by careful formulation and processing. The steps in this manipulation process will be
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covered later in this chapter.

Emulsions are generally classified according to the nature of the dispersed or internal
and the continuous or external phases. If the internal phase is oil based and the
continuous phase aqueous, the emulsion is termed oil in water or o/w. If the reverse
is true it is consequently referred to as water in oil or w/o. The majority of
dermatological semi-solid emulsions are of the o/w type and tend to be
organoleptically less greasy than w/o products. As a general rule the internal phase
is usually in a smaller proportion to the external phase although in some products this
can be over 75% of the total formulation. For the purposes of this discussion the case
of a semi-solid oil-in-water emulsion will primarily be used to illustrate emulsion
formation theory. It is possible to have multiple emulsions where an aqueous
component may be dispersed in an oil phase and in turn within a continuous aqueous
medium forming a multiple water in oil in water emulsion, and conversely oil in
water in oil emulsions are sometimes produced. These systems will not be covered
here.

The term emulsion can be applied to a wide variety of systems, from those that are
fluid through to those examined in this present study which are referred to as semi
solid. Although in their simplest form dilute emulsion systems exist as one phase
dispersed in another stabilised by a surfactant system, semi-solid emulsions, such as
dermatological creams, are far more complex in both their physical and stability
behaviour. This introductory chapter covers the theory behind simple emulsion
systems and deals with the behaviour of semi-solid emulsion systems and the
deviations of these from classical theory.

The essential formulation problem is to produce an emulsion with an acceptably long
shelf life which will be fit for its intended purpose. If liquid paraffin and water are
mixed together, they will divide into two distinct phases with the oil rising to the top.
This is the most thermodynamically stable position for both components and offers
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minimum contact between the phases. If the oil and water are fiercely agitated, both
phases will form distinct droplets and will immediately separate when the agitation
stops. During agitation the system will have a high interfacial free energy component
and thus will always try to minimise this by separating. The division of the
components is overcome by the addition of a surface active agent or agents and it is
these that are important in maintaining product stability, once the components have
undergone sufficient processing.

1.2 Emulsifying agents

Emulsifying agents can be grouped into several types, of these the most important
being surface active agents and these will be considered in more detail later in this
chapter. A brief summary is given below for all types of emulsifying agents
commonly employed. These are;

1. Anionic surfactants: these dissociate in aqueous solution to form negatively
charged ions or anions. The alkyl sulphates, which include sodium lauryl sulphate,
are prepared by treating primary fatty alcohols (such as those obtained from coconut
oil) with sulphuric acid, followed by neutralisation with strong alkalis e.g. sodium
hydroxide to form the sodium salt. The alkali metal and ammonium soaps also
include the potassium and ammonium salts of the higher fatty acids which are often
employed as disinfectants. Other compounds used in this area include the metallic
soaps which are the calcium, zinc magnesium and aluminium salts of the higher fatty
acids. They should generally be used in alkaline conditions to promote maximum
stability. They are normally only employed in products for external use as the ionic
surfactants have one major drawback which is their systemic and topical toxicity.
This limits their use internally and they can cause skin irritation when used externally
(Bergstresser and Eaglestein, 1973).

2. Cationic surfactants: these form positively charged ions or cations in solution.
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Again, toxicity limits their use to external products which are generally antiseptic.
The commonest example of these is cetrimide, a quaternary ammonium compound
(cetyl trimethyl ammonium bromide). Compounds such as cetrimide are most
effective when used in neutral or slightly alkaline conditions which favour complete
dissociation. Quaternary ammonium compounds dissociate in water to form large
complex cations which contribute to their surface activity. Other examples include
benzalkonium chloride which is used in several proprietary dermatological products.

3. Non-ionic surfactants: the properties of these compounds depend on the ratio of
the hydrophilic to hydrophobic portions of the molecule. The hydrophilic groups
include the oxyethylene (-O.CH .CH -) and the terminal hydroxyl group (OH) and
2

2

these groups in combination with differing ratios of fatty acids can be produced either
to suit hydrophobic systems, such as those employing glyceryl monostearate to those
with more water soluble applications such as the macrogols. These compounds have
the advantage of low toxicity and are thus used both in topical and systemic drug
delivery. They are less sensitive to changes in pH than the ionic compounds. Most
systems are synthesised from fatty acids or alcohols with a carbon chain length of
between 12 and 18, in combination with ethylene oxide to form a polymer of
repeating units to promote hydrophilic properties. Common examples include
cetomacrogol 1000 (polyoxyethylene monohexadecyl ether), glyceryl monostearate
and the sorbitan esters.

The glycol and glycerol esters are extremely hydrophobic, but in combination with
soaps or sulphated fatty alcohols they become "self emulsifying” systems and are
extremely useful for solubilising poorly water soluble drugs in oil in water emulsions.
Glyceryl monostearate is a good example of this type of product. The macrogol esters
are the polyoxyethylene esters of fatty acids, mainly stearates. They are commonly
employed in oil-in-water systems and are also used as wetting and solubilising agents.
The macrogol ethers are produced by condensation of the fatty alcohols or
alkylphenols with ethylene oxide and again are used in the same way as the esters.
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Finally the sorbitan derivatives include those obtained from the cyclic, mono and di
anhydrides of sorbitol. The sorbitan esters are prepared by estérification of the
anhydrides with fatty acids, (including stearic, palmitic and lauric acid). They are
mainly used for stabilising water-in-oil systems. The polysorbates are polyoxethylene
derivatives of the sorbitan esters and these are extensively employed in oil-in-water
systems.

4. Amphoteric compounds: these compounds possess at least one anionic group and
at least one cationic group and can thus have anionic, non-ionic or cationic properties
depending on the pH of the system they are employed in. When the strength of the
anionic portion is equivalent to that of the cationic the molecule is said to be in
balance. Surfactants in this group include lecithin and N substituted amino acids such
as iV-dodecyl alanine and derivatives of imidazoline. Lecithin is used in the
stabilisation of intravenous fat emulsions and exhibits cationic behaviour at low pH
and anionic at high. Other compounds have been used as disinfectants and the low
irritancy of some allows use in products such as baby shampoo.

5. Natural emulsifying agents: there are several examples of these (see below) and as
a rule they have two main drawbacks. The emulsifying ability can vary from batch to
batch and country of origin and they are susceptible to contamination by micro
organisms. Examples include the polysaccharides such as acacia and sterols including
beeswax. These agents essentially are employed to increase the viscosity of the water
used in a product and thus will affect the rheological behaviour of such systems. They
also aid in the production of stable emulsion systems through their action as a
mechanical barrier between the phases of the emulsion system. Semi-synthetic
polysaccharides (e.g. methylcellulose) have the advantage of being free from microbial
contamination and can be chemically manipulated to change their physical properties.
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6. Finely divided solids: clays such as bentonite or alum inium m agnesium silicate and
colloidal silicon dioxide are used in external preparations as em ulsion stabilisers.
Some preparations contain m agnesium or alum inium hydroxide and are used to
emulsify liquid paraffin. They act by increasing the viscosity o f the w ater phase o f the
preparation by form ing either gels or sols depending on the concentration em ployed.

1.2.1 Surface active agents

Surfactants or surface active agents are essentially m olecules having both a
hydrophilic and hydrophobic portion and are often term ed am phiphilic. These
molecules will tend to concentrate betw een or are adsorbed at distinct interfaces, be
they air-w ater, air-oil or water-oil interfaces. Tlie m olecules are represented
schem atically as in Figure 1.1 (a) the round head being the polar part o f the molecule
and the tail representing the hydrophobic portion. Figure 1.1 (b) gives a sim ple
exam ple o f how these groups orientate them selves at the given interface.

Fig 1.1 (a)

F ig 1.2 (b)
H y d ro p h o b ic P h a se

H y d ro p h o b ic
T ail

P o la r H e a d g ro u p
A q u e o u s P h a se
Figures 1.1a: Surface active m olecule 1.1b: O ibw ater interface orientation

The fundam ental action o f the surface active agent is to reduce the surface or
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interfacial tension between the constituent phases. This tension is dependent on the
relative immiscibility of the two substances. The interfacial tension of liquid paraffin
against water is in the region of 50 Nm'^ whereas olive oil, which is more polar in
nature, exhibits a tension against water of approximately 23 Nm‘^. The interfacial
tension at a liquid interface is defined as the work required to create a unit area of
new interface. This gives an indication of the work that is required in order to allow
emulsion formation to occur. It is also important to note that an emulsion is not
formed by simply adding the surfactant to the oil and water. An emulsion is a
thermodynamic anomaly (Osipow, 1963) and the phases will still separate unless the
necessary amount of energy is put into the system to break up one of the phases and
disperse it into the other. The internal phase will exist as discreet droplets within the
continuous phase and the surfactant has an important role in maintaining this. The
surfactant molecules at the interface can be described as being in a higher energy state
than if they were present in the bulk (Adamson, 1960) as energy is expended to
reduce the surface tension between the phases.

The formation of oil droplets within a continuous water phase requires work to
overcome the interfacial tension due to the change in internal phase surface area
which results fi*om any form of agitation. It is therefore important to disperse the
emulsifying system uniformly around each oil droplet, in order to decrease surface
fi*ee energy. The above illustrates the mechanisms involved in simple systems and
this phenomena only plays a minor part in semi-solid systems and the factors
involved in their stabilisation will be discussed in more detail later in this chapter.

The behaviour of surfactants in aqueous solution has been well documented and is
governed by the concentration of the compound within the aqueous phase. Figure 1.2
is adapted fi*om a review by Israelachvili (1994) and illustrates the surfactant
association behaviour. At low concentration an isotropic solution forms but as the
concentration increases the complexity of the resultant structure increases. The first
stage is the micellar where the molecules form discreet circular structures that have
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a hydrophobic core and hydrophilic outer. The concentration this occurs at is know n
as the critical m icelle concentration. If this surfactant concentration is passed the
organisation o f the m olecules becom es m ore com plex and hexagonal structures are
form ed w ithin the aqueous phase. Surfactant packing becom es increasing com plex
and once the concentration passes that required to form hexagonal phases the
structure converts to a tightly packed cubic form ation.

After this concentration is exceeded phase inversion will occur and the hydrophobic
portion o f the m olecule becom es dom inant w ithin the aqueous m edium . The cubic
phase inverts w ith the hydrophilic part o f the surfactant entrapping the w ater phase
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• ••
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■‘ v S '
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As* •
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H ii
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Cubic

C ii
Uv

,

r' t ' 1^

i'

r'

Inverse
Isotropic
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M icellar
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Cubic

Figure 1.2 The structural behaviour o f a typical surfactant in w ater (adapted from
Israelachvili, 1994)
and the hydrophobic tails projecting outw ards into the bulk. A n inverted hexagonal
form ation can then occur and with the addition o f further surfactant m olecules reverse
m icelles form. W ith the water phase completely entrapped, the final inversion is into
that o f a inverse isotropic system, where w ater is entrapped betw een organised
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continuous bilayers of surfactant molecules.

1.2.1.1 Mechanisms of stabilisation

The action of an emulsifying agent can be summarised by one or all of the following:

a) The reduction of interfacial tension and increase in thermodynamic stabilization.

This is the least important role as played by emulsifying agents in stabilising simple
emulsions and has little impact on the behaviour of semi-solid systems. The action
of agents, particularly surfactants, is to reduce inteiTacial tension between the phases
in the system and allow intimate mixing. However agents such as sodium lauryl
sulphate, when used on their own, do not promote stable emulsion formation and this
is believed to be due to the incomplete formation of a rigid barrier to coalescence.
Sodium lauryl sulphate forms a gaseous film around the oil droplet and the molecules
at the interface are separate and free to move which results in the formation of a poor
barrier to coalescence. If this is compared to acacia, which is an effective emulsion
stabiliser the following should be noted. This does not significantly reduce surface
tension but acts by forming a mechanical barrier around the oil droplets and thus it
is clear that reduction of interfacial tension is not essential in stable emulsion
formation.

b) The formation of an electrical double layer or steric obstacle.

The anionic and cationic surfactants function in essentially the same way in that
electrically charged species of the same sign repel each other. The surfactant
molecule sits at the o/w interface and in the case of anionic surfactants, e.g. sodium
lauryl sulphate, the charge on the surface will attract positively charged species
(counter ions) which will be tightly bound to the surfactant layer. This in tum attracts
free negative ions in the system, although these will not be held as rigidly. Finally
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these will associate loosely with any positive ions in the bulk, form ing an electrical
double layer. This then acts as a barrier to any other oil droplets that are sim ilarly
surrounded by this double layer. The same m echanism is seen w ith cationic agents
except negative ions in the emulsion are attracted to the surfactant layer. If any other
oil droplets w ithin the same emulsion are to approach then this will require a degree
o f work. The w ork required to do this is m easured in terms o f electrical potential and
is a reflection o f the am ount o f w ork required to bring one droplet tow ards another.
The repulsion w ill thus increase as one oil droplet approaches another w ithin the
same em ulsion and the oil droplets will be forced apart. It is therefore clear that by
m anipulating the ionic balance o f the surfactants, the stability and quality o f the
resultant emulsion can be significantly affected. If cations or a cationic surfactant are
added to an anionic emulsion these neutralise the negative charge on the oil droplets
lowering the zeta potential and droplet coalescence m ay not be prevented. M any ionic
agents are also affected by changes in pH and thus careful consideration o f this is
im portant in achieving effective form ulation o f em ulsion systems.

c) By form ing a rigid m echanical film around each droplet w hich acts as a steric
barrier to coalescence.
H y d ra te d E th y le n e

Oxidq^CWin^

O il D ro p le t

O il D ro p le t

Figure 1.3: Representation o f oil droplet stabilisation by a non-ionic surfactant
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Non-ionic surfactant systems also work by preventing the approach of other oil
droplets within a system, but their action is not solely dependant on an electrical
double layer. Florence and Rogers (1971) reviewed these agents and came to the
following conclusions. They found the agents, which include polyoxyethylene glycol
monoethers of n-alkanols such as cetomacrogol, sorbitan esters andpolysorbate, were
less toxic and were less affected by pH variation and changes in electrolyte
concentration in the system than ionics. The dual solubility of these agents is key at
the o/w interface and they form a rigid film around the oil droplets, (i.e. when used
in combination with agents such as cetostearyl alcohol). The polar head groups then
unfold into the aqueous medium and hydrogen bond with the water phase. In the case
of cetomacrogol 1000, the hydrated ethylene oxide chains form a rigid steric barrier
against other droplets within the emulsion system and it is the hydration of the
polyoxyethylene groups which influences the stability of such systems (Laughlin,
1981). Figure 1.3 illustrates this mechanism.

d) When used in excess of the concentration required to form a monomolecular film,
surfactant compounds (e.g. sodium lauryl sulphate) form complex lamellar structures
within the continuous phase of the emulsion system by interaction with co
emulsifiers (e.g. cetostearyl alcohol). These act by reducing the mobility of the
internal phase forming a barrier to coalescence. This extremely important
phenomenon will be dealt with later on in this chapter.

1.2.1.2 The DLVO theory

The behaviour of oil droplets in an emulsion system has been well characterized. The
classic work illustrating this was carried out in the 1940's by two separate groups.
Derjaguin and Landau (1941) and Verwey and Overbeek (1948) worked on the
interaction of hydrophobic colloids and have been credited with the DLVO theory of
colloid stability.
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These workers assumed electrical repulsion Vr and van der Waals forces of attraction
were the only forces responsible for stability in colloidal materials. Therefore the
total energy of interaction ,Vj, in such a system could be explained mathematically
as follows.

Vt = V ^ + V r

Eq. 1.1

The primary repulsive forces between particles and thus droplets in an emulsion
occur at the diffuse or Gouy-Chapman portion of the electrical double layer where
this overlaps with particles with similar areas of charge density. The simplest way
to mathematically express the repulsive forces involved is to assume two particles
are spherical and have a small but equal surface potential. The equation to explain
this is as follows:

Vp -

eaijfo^ Inr 1 + exp ''")
2

Eq. 1.2

where e is the relative permittivity of the polar liquid, a is the radius of the spherical
particle with a surface potential of ijJo,

k

is the Debye-Huckel reciprocal length

parameter and H the distance between the particles. The repulsive energy between
particles is taken as exponential function of the inter-droplet distance and is related
to the thickness of the electrical double layer.

The attractive forces between particles are those known as the van der Waals forces
and the major contributor to these are the attractions which result from the
electromagnetic energy within a system which were studied in the 1930's by London
and are also known as London forces. In 1936 de Boer and Hamaker further
explained these attractive forces, using spheres of the same radius as models to
demonstrate the phenomena and they expressed their findings as follows:
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V ^= Aa
12H

w here

Eq. 1.3

is the energy o f attraction, a is the radius o f the spheres and A is the

H am aker constant for a given m aterial. The energy o f attraction is proportional to
the inverse o f the distance betw een the particles. W hen considered as a w hole, the
total energy o f interaction o f a system depends on the m ovem ent o f charged
particles w ithin the dispersion m edium .

R ep u lsio n
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p a r t ic le s
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Figure 1.4: Schematic representation o f total potential energy o f interaction Vy against
the distance H o f tw o particles o f the same radius
Figure 1.4 illustrates the effect o f m oving one charged particle tow ards another and
is the basis o f the DLV O theory. A ccording to the D LV O theory if a particle o f the
same charge (in a simple em ulsion system) m oves tow ards another, there is initially
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an attraction between the two as the fall off of repulsive forces decreases with
distance to a greater degree than that of the attractive forces. This gives rise to the a
point on the potential energy curve known as the secondary minimum where loosely
bound floccules form. Flocculation is an intermediate state where the particles are
still separate and remain a small distance apart from each other bound by the
predominant attractive forces. As one particle moves closer towards another the
energy of repulsion rapidly increases and gives rise to the primary maximum where
the repulsive forces dominate. A high system thermal energy may allow the particles
in the system to be redispersed but if this is not the case, the droplets finally touch
and the forces of attraction predominate and coalescence or coagulation occurs. The
total potential energy falls into the area referred to as the primary minimum and the
particles become bound together and are consequently difficult to redisperse. The
practical consequences of this in an emulsion system leads to phase separation and
cracking occurs.

1.2.1.3 Mixed condensed films and emulsion stability

The role of surfactants as barriers to coalescence is another factor that governs
stability. Harkins (1954) described the formation of a monomolecular film on the
surface of the internal phase droplets as fundamental to the understanding of
emulsion formation. It was the classic work of Schulman and Cockbain (1940) that
first showed this phenomena of a rigid mechanical barrier. Figure 1.5 illustrates their
findings and shows the importance of this. As previously indicated, the surfactant
will sit at the interface with the hydrophobic tail in the internal phase and the polar
head group will orientate itself to the aqueous portion of the system.

In semi-solid systems, however, surfactant behaviour is far more complex than in
simple emulsions. These systems require a combination of surfactant and co
emulsifier, usually a fatty alcohol to promote droplet stabilisation. In addition many
systems contain co-surfactants and thickeners which also complicate the behaviour
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of such systems at the molecular level. In its simplest form when the concentration
of the surfactant in combination with a co-emulsifier is at the right ratio a rigid film
will form around each oil droplet which then acts to prevent flocculation and
coalescence of the internal phase. This is referred to as a mixed condensed molecular
film. Essentially the gaseous film formation of the surface active agent is modified
by the co-emulsifier and the film is condensed and hence less mobile. The formation
of this rigid film then promotes oil droplet stability and the life of the resultant
emulsion is increased.

Schulman and Cockbain (1940) used sodium cetyl sulphate (anionic surfactant) and
cholesterol to stabilise their oil in water emulsions. This study confirmed that these
agents did indeed produce rigid films around oil droplets and cholesterol with sodium
cetyl sulphate were found to produce good emulsions. They altered their emulsion by
substituting cholesterol with oleyl alcohol. This molecule contains a double bond and
introduces a kink in the carbon chain. This (through steric hinderance) prevents the
formation of a tightly packed film around the oil droplets and results in poor
emulsion formation. The system had a very limited life and phase separation occurred
rapidly. Similarly, when a combination of cetyl alcohol and sodium oleate was used,
this formed a poor quality emulsion and tight surfactant film formation was prevented
again by the double bond in the sodium oleate molecule.

This work showed that stable emulsion formation was dependent on a mixture of
surfactants or emulsifiers, which formed emulsions of quality and long term stability.
Alexander and Schulman (1940) extended this work and optimised the ratio of the
emulsion surfactants and found when the components were at certain concentrations
emulsion formation and stability were greatly enhanced.

In order to produce stable emulsion condensed mixed film it is important to consider
the steric behaviour of the molecules that will produce the barriers to coalescence.
Any molecule that partitions at the oil water interface will have an effect on the film
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form ation and thus other com pounds such as co-surfactants, co-em ulsifiers and
preservatives m ay affect the extent and integrity o f the rigid barrier.
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Figure 1.5: D iagram o f m ixed condensed film form ation from Schulm an and
Cockbain (1940)

Today m ost sem i-solid em ulsions em ploy a com bination o f surfactants and co
em ulsifiers, such as long chain alcohols, w hich are com m only incorporated into
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emulsifying waxes or ointments. These combinations promote strong mechanical
barrier formation around each oil droplet and thus act to enhance the stability of the
final emulsion produced. However, as discussed later in this chapter, this is not the
only effect co-emulsifiers exert on the properties and stability of semi-solid emulsion
products.

Pickthall (1951), following on from the work of Schulman and Cockbain (1940),
concluded that the interfacial film strength relied on surfactant close packing and the
presence of electrical charged species. Hadgraft (1954) however was to show that a
condensed monolayer based on charged surfactants was not essential for emulsion
stabilisation and that non-ionic surfactants could form equally stable emulsions.
Davies and Meyers (1960) demonstrated that the Schulman and Cockbain model
could be extended to other emulsion systems. They showed that with combination of
sodium lauryl sulphate and cetyl alcohol the interfacial viscosity of a benzene/water
interface was greatly enhanced when compared to the components used on their own.
They concluded this change in interfacial viscosity was related to complex formation
at the interface. Kung and Goddard (1963) suggested that a 2:1 ratio of lauryl alcohol
to lauryl sulphate was the optimum concentration to promote stable film formation.
However later work on association structures in emulsions by Friberg and Mandell
(1971) and that of Void and Mittal (1972) was to show emulsion stability did not rely
entirely on a stable condensed molecular film but on the formation of complex inter
droplet structures which play an important part in this. Tadros (1980) in a series of
experiments demonstrated the addition of fatty alcohols to a xylene/water system
stabilised by cetrimide greatly increased the adsorption of the cationic surfactant at
the interface. He concluded that the combination allowed the development of a tightly
packed molecular film and this in tum increases the interfacial viscosity reducing
coalescence potential and thus acting in the maintenance of the emulsion. The exact
mechanism is still not fully understood and is still under investigation, however
combinations of surfactants and co-emulsifiers are now commonly employed in
commercial products (Tadros and Vincent, 1980a ).
18
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Sodium lauryl sulphate, cetomacrogol 1000 and cetrimide are commonly used in
combination with cetostearyl alcohol to form waxes (see Table 1.1) and produce
consistently stable products. By combining these compounds there is an improved
emulsifying efficiency. Barry (1968) has extensively evaluated the role of mixed
emulsifier systems in the stability of emulsion systems. Surfactants such as sodium
lauryl sulphate and cetrimide (ionic) and cetomacrogol (non-ionic) are highly water
soluble and tend to partition into the aqueous phase. Cetostearyl alcohol is an oil
soluble compound, which in combination with the other surfactants acts at the oil
droplet level as a stabiliser of the condensed molecular film.

It appears that emulsifier efficiency is dependent on combining different compounds
in order to optimise the phase partition behaviour of the emulsifying system as a
whole. Cetostearyl alcohol according to the BP (1988) should contain the following
long chain alcohols stearyl alcohol (50 - 70%) cetyl alcohol (20 - 35%) and small
amounts of myristyl alcohol. The ratio of these fatty alcohols has been shown to
greatly influence emulsion quality (Eccleston et al, 1973) and is an important point
to consider.

The emulsifying systems for semi-solid emulsions are usually complex blends of
surface active agents and long chain alcohols. The simplest forms of these are found
in the BP 1993. Each is based on a surfactant and cetostearyl alcohol and they are
shown in Table 1.1. Each is formed as an emulsifying wax using a specific ratio of
surfactant to long chain alcohol, 1 : 9 for the ionic and 1 : 4 for the non-ionic
systems. They are then added to the oil phase and formed into an ointment prior to
émulsification. The source and quality of the surface active agent and long chain
alcohol may have a profound effect on the quality of the semi-solid emulsion
produced. This is common with cetostearyl alcohol, which as mentioned can contain
varying ratios of long chain alcohols. If different sources are used there may be
alterations in the ratios of fatty alcohols within the co-emulsifier and this can
seriously affect the quality and stability of the final emulsion.
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System

Oil-Soluble
Component

Water-Soluble
Component

Emulsifying wax
(anionic)

Cetostearyl alcohol

Sodium lauryl sulphate

Cetrimide emulsifying
wax (cationic)

Cetostearyl alcohol

Cetrimide

Cetomacrogol
emulsifying wax
(non-ionic)

Cetostearyl alcohol

Cetomacrogol

Table 1.1. The standard emulsifying waxes used in semi-solid formulation.

1.3 Liquid gel structuring and semi-solid emulsion stability

Pharmaceutical and cosmetic preparations like creams and lotions are not simple two
phase systems. The added surfactants and emulsifiers are often in greater
concentration than that required to form a condensed molecular film of the type
proposed by Schulman and Cockbain (1940). Due to the predominance of water in
most o/w preparations the excess emulgents present interact with the water phase and
it is this process that leads to the formation of the complex viscoelastic networks
within semi-solids. It is the formation of this third phase which provides stability and
also means that these systems do not behave in the same way as simple systems.

Liquid gel network formation (Figure 1.6) is perhaps the most important factor in
ensuring cream or semi-solid emulsion stability. This phenomena has been shown to
be temperature dependent (Eccleston, 1990) and occurs below a specific transition
temperature. The behaviour of the components within the emulsifying system, appear
to act as liquid crystals above the specific transition temperature but become more
ordered and gel like below it. It is this behaviour which is considered to contribute
both to the elastic and the "self-bodying” often seen in emulsions containing a
surfactant and cetostearyl alcohol. Eccleston and Florence (1985) attribute semi-solid
emulsion stability to phase behaviour of the components and not the forces that
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govern stability in dilute eolloids. For m any years o/w emulsions were assum ed to be
sim ple two phase systems o f an oil dispersed in an aqueous m edium with a surfaetant
system added to ensure the phases did not separate. This was probably true for very
dilute system s, but if one takes a cream it can be noted the system has w hat is
com m only term ed "body”, and exhibits both solid and liquid type behaviour. This
w ould suggest the rheological behaviour o f the oil and the w ater has in som e way
been m odified by the surfaetant system .

A bove

B e lo

W ater

W a ter ___

n n n n r n n n o

T ransition
tem perature

L iquid crystal form

G el form

Figure 1.6 Surfaetant bilayer orientation and tem perature effects

T he term "self-bodying” action is often used to describe the behaviour o f som e
em ulsifying system s w hich affect the flow properties o f sem i-solids. The essential
feature o f the "self bodying” action is the introduction o f a significant viscoelastic
com ponent into the rheological behaviour o f the system under investigation (Barry,
1970). Thus em ulsion systems that contain "self-bodying” ingredients are also term ed
viscoelastic to describe their solid and liquid type behaviour. It therefore becam e
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common practice to view semi-solid emulsions not as two but as three and
subsequently four phase systems. Surfactants and emulsifying agents in semi-solid
emulsions are always in excess of that needed to form condensed films and it is the
interaction of these surplus agents with the components of the system that gives rise
to the complex microstructure.

In the early 1970's several groups studied the nature of the third phase of oil in water
emulsions. Friberg (1971) used cross polarising microscopy techniques to examine
an emulsion system made up of lecithin, water and the emulsifying agent tricotanoin.
The cross polarising technique revealed certain association structures within the
emulsion. This was emphasised by the fact only materials with a three dimensional
structure, such as crystals, will rotate plane polarised light and thus effectively "stand
out" when viewed. Materials that are capable of doing this are referred to as
anisotropic; this shows order within a system. In practice these structures scatter the
incident light and show up as "maltese crosses", whereas the rest of the emulsion
which is isotropic does not rotate plane polarised light and is not easy to view.
Friberg and Rydhag (1971) were then able to give visual evidence of this with their
simple emulsions. Friberg and Walton (1970) also extensively examined the above
phenomena in commercial cosmetic emulsions and emphasised its relevance to final
emulsion production. This work and its relevance in the field of emulsion science was
reviewed by Friberg and Larsson (1976).

Friberg (1979) has argued that the formation of a third phase in an emulsion is
essential for improved stability and has conclusively demonstrated this fact. Friberg
and Rhydag (1971) were able to comprehensively demonstrate how significant the
contribution of well defined surfactant systems is to emulsion stability when
examining systems that exhibit this behaviour against those that do not. Mandani and
Friberg (1978) were able to show the interfacial tension around each oil droplet was
greatly influenced by liquid crystal formation and Friberg and El-Nokaly (1985)
concluded that the increase in viscosity due to the formation of the third phase
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contributed significantly to the overall emulsion stability.

Other important examinations of semi-solid behaviour includes the investigations
carried out by Barry and Saunders (1970), who looked at the effect of altering the
ratio of surfactants on the viscoelastic properties of simple emulsion systems. They
used a combination of cetrimide (cationic surfactant) and cetostearyl alcohol. It was
thought at one time the optimum ratio of cetostearyl alcohol to surfactant was 9:1 in
the standard anionic emulsifying waxes and 4:1 in non-ionic systems although Barry
and Saunders (1972) showed this is not a critical factor. Talman et al (1967, 1968)
had previously postulated mixed surfactant systems could form viscous gels in water
and Barry and Shotton (1967) reported gel formation was responsible for the viscous
properties of semi-solid systems. Barry (1968) had studied the effect of altering the
cetostearyl alcohol ratio and had elucidated the self bodying nature of the material
and its importance in producing emulsions of good quality. Barry and Saunders
(1970) also examined temperature changes and their effect on the rheological
properties of emulsions. Through a series of experiments they drew the following
conclusions. The rheological properties of the emulsion were not directly related to
the oil droplet size but to the formation of gel networks within an emulsion. This was
also shown to be the case when ternary systems containing water and the emulsifying
system were used. The nature of the gel structure changes on storage and increases
the consistency of the emulsion. Cetostearyl alcohol was found to be superior to
stearyl or cetyl alcohol in forming stable emulsions (Fukushima et al, 1976).

Following on from this approach Barry and Eccleston (1973) examined mixed
emulsifier systems and their influence of gel networks in controlling o/w emulsion
viscoelastic properties. They found that by altering the composition of the surfactants
used the rheological properties and physical appearance were altered as a result of
changes in viscoelastic properties. Eccleston (1984) extensively reviewed the
literature pertaining to this and has outlined the critical relationship between mixed
emulsifier systems and semi-solid emulsion microstructure. The viscoelastic response
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and the theory behind this is covered in Chapter 3 of this present study.

These early studies showed the importance of liquid gel phases in emulsion systems.
This is a highly complex phenomena and one which still requires further
investigation. Eccleston (1977, 1985) has examined the use of differential scanning
calorimetry (DSC) in assessing liquid gel behaviour. The conclusions drawn from
this work have shown that the viscoelastic gel network associated with creams
containing cetostearyl alcohol is stable at room temperature and thus good emulsion
formation is dependent on this.

Junginger et al (1984) have examined an anionic cream using small angle X-ray
diffraction and thermogravimetric analysis (TGA). This group showed with X-ray
analysis the ability of agents, such as cetostearyl alcohol, to swell within their semi
solid emulsion system, in the presence of increasing quantities of water. Junginger
(1984) also showed that the water in a cream is distributed in dynamic equilibrium
between that which is bound in the liquid gel lamella regions and that which exists
in bulk pockets. By using dynamic thermogravimetry, Junginger (1984) showed
water found as large "pockets" was readily removed from the emulsion and further
heating revealed a second water peak relating to the water bound within the
hydrophilic lamella phase. Using both large and small angle X-ray diffraction
techniques, TGA and DSC, Junginger (1984) found as the water content was
increased the spacing between the lamellae greatly expanded and water could be
evaporated either in one stage with low water creams or in two or three stages as the
water concentration was increased. Rowe and Bray (1987) went on to suggest that
water is not just found in bulk and bound regions within the emulsion but also
associated with the surfactants surrounding the oil droplets

The use of freeze fracture electron microscopy has been instrumental in giving
valuable visual evidence of the inner emulsion structure. Among the early studies
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was that of Gstimer et al (1969) who verified the presence of liquid gel networks in
a system containing cetostearyl alcohol and cetostearyl sulphate. Again Junginger
(1984) and Rowe and Patel (1985) exploited this technique to good effect to show the
complex nature of these systems. The images produced by this technique allow
visualisation of the four phases within simple model emulsion systems, including the
bulk water and complex hydrophilic lamella phases, which form bilayers made up of
the surfactant, long chain alcohol and water phase. They were also able to identify
the dispersed phase and a separate lipophilic gel phase formed fi-om excess long chain
alcohol, that is not incorporated in the hydrophilic lamella and consequently
crystallises out.

In addition differential interference contrast (DIG) microscopy has been employed
to expose evidence for complex structures within emulsions. Patel et al (1985) carried
out an extensive study using DIG together with freeze etch microscopy. These
techniques have been widely employed and give good evidence for the gel network
theory. Rowe and McMahon (1987, 1989) have compared and reviewed the use of
electron microscopy techniques in the analysis of semi-solid ionic emulsion
microstructure. The use of optical methods of analysis are covered in depth in
Ghapter 4 of the present study.

Further structural determinations were carried out on a system containing cetrimide,
cetostearyl alcohol and liquid paraffin by Louden et al (1985) using laser Raman
spectroscopy. The conclusions drawn from this work focused on the lipophilic gel
phases present and suggested these were mainly made up of the cetostearyl alcohol
which could also be found in the liquid paraffin present in the emulsion studied.

The extent of liquid gel viscoelastic network formation is believed to have an effect
on the distribution of active molecules within the semi-solid emulsion. Although this
was not the principle concern of the present study, its affects are briefly considered
here. Niemi and Laine (1990) examined the effect of altering water content on the
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microstructure of an o/w cream containing sodium lauryl sulphate and cetostearyl
alcohol. The release of drugs from the emulsion lamellae is believed to depend on the
ratio of fixed to bound water. Junginger et al (1984) and Muller-Goyman and Frank
(1986) have developed models to establish this very important phenomena in relation
to the distribution of drug compounds in semi-solids and suggest a knowledge of
water distribution could be important in the design of semi-solid skin drug delivery
systems. Niemi et al (1989) showed the release of the steroid hydrocortisone (highly
lipophilic) was retarded as the water content in the cream approached 60%, but on
passing this water concentration release was enhanced. Niemi and Laine (1990)
assumed that water content changes had a profound effect on cream microstructure
and this indicates the ratio and distribution of the oil and water phases within a
system influences the behaviour and release of drug molecules.

Interest has also focused on non-ionic creams and the development of structure within
these systems. De-Vringer (1987) has examined a preparation containing
polyoxyethylene and glyceryl monostearate with long chain alcohols, paraffins and
water. In this study the non-ionic system was examined by DSC, X-ray diffraction and
electron and optical microscopy. Again the importance and extent of the gel networks
within these systems was exposed and it further stressed the importance of these to
emulsion stability. Eccleston and Beattie (1988) also examined the relationship
between non-ionic emulsifier composition and microstructure of oil in water
semisolids and found that the polyoxyethylene chain length had a profound effect on
the formation of the gel networks, which continued to develop several weeks after
initial production.

1.3.1 Molecular aspects of the crystalline and gel phases

Lamella phases consist of surfactant molecules arranged in bilayers separated by
water and the conditions creating these depend on specific factors. The bilayers are
made of hydrocarbon chains and the physical forms found in emulsion systems range
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from highly ordered gel forms to the liquid crystalline or disordered phases. The gel
state m olecular packing is in the form o f a hexagonal subcell, w hereas the less
ordered liquid crystal phase is m ore liquid like in its behaviour. For each surfactant
system there is a specific transition tem perature where one form is converted to
another w ithout loss o f the bilayer structure. This transition

tem perature is

influenced by the chain length o f the hydrophobic portion o f the surfactant m olecule
i.e. the longer the chain length, the higher the transition tem perature. The liquid
crystal phase is known as the neat, G or

phase and the gel phase the a-crystalline

gel or Lp phase.

To avoid confusion the present study uses the system based on the review by
E ccleston (1990) which refers to the phases as the gel and the liquid crystalline.
These phase changes and the resultant structures are show n in Figure 1.7.
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Pure long chain alcohols, e.g. octadecanol, can exist in three or m ore polym orphic
form s.
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The a form will separate from the melt and is only stable over a narrow temperature
range. Once below its phase transition temperature it will convert to the more stable
P which will coexist with the y, but will usually be in excess.

If we take a mixed fatty alcohol such as cetostearyl alcohol the phase transition
temperature is significantly lower than the pure forms of its constituents, cetyl and
stearyl alcohol where the a form is often most stable (Fukushima et al, 1977). If an
ionic surfactant is added these crystals can then swell in water and form ordered
crystalline gel phases. These phases contain a large volume of interlamellar fixed
water relative to the long chain alcohol on their own in water. The effect of the
surfactant overcomes the hydrophobic nature of fatty alcohols and promotes gel
swelling. In addition fixed ionic head groups repel each other and further expansion
of the network occurs (Niemi and Laine, 1990). This phenomena has been shown to
occur in non-ionic emulsions, but the gel phase enhancement is not nearly as great
and relies on the hydration of polyoxyethylene chains (Eccleston, 1982).

The behaviour of mixed emulsifiers and their interaction with water has been shown
to provide an excellent model for the behaviour of these molecules in complete
emulsion systems. The formation of structures within water as a result of such
interaction has allowed the in depth study of surfactants and fatty amphiphiles.
Systems that consist only of the emulsifying agents and water are termed ternary
systems. In mixed emulsifier systems the effect of interaction with water is greatly
enhanced by heating the system. The critical point for this to occur is when the
temperature is raised above the hydrocarbon chain melting temperature and a
transformation of gel phase to swollen lamellar phase occurs. For most emulsifying
wax systems this is between 40 - 50°C and the changes in the components can be
observed until they melt into the bulk of the emulsion. As the system is cooled down
there is interaction between the fatty alcohol and the surfactant solution and smectic
(soap-like) liquid crystals form. Once the hydrocarbon chain melting point is passed
liquid crystals precipitate and the system becomes semi-solid. The system then
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further changes and an equilibrium is set up between the liquid gel and crystal phases
and the water and any remaining unreacted alcohol precipitates forming the lipophilic
gel phase. The combination of surfactant and long chain alcohol radically alters the
behaviour of the components when compared to their behaviour as single entities

The viscoelastic gel phase has been shown (Eccleston, 1976) to consist of swollen
surfactant and fatty alcohol in the a form and this is in equilibrium with a more mobile
bulk phase consisting of a crystalline hydrated forms. These are stable over a defined
range of temperatures and are affected by the composition of the emulsion as a whole.
Ideally the formulation should promote the most stable form at room temperature (i.e.
a form) to give the emulsion the right physical and organoleptic properties. Eccleston
(1985) maintains that the formation of a desirable semi-solid product will only occur
when viscoelastic gel networks form at room temperature. This in turn provides a
system that will meet the requirements of the end user. De Vringer et al (1987) using
DSC showed that this was also the case with polyoxyethylene surfactants and that
ideal gel network formation was established at ambient temperature.

It is therefore clear that the role of surfactant alone in promoting emulsion stability
is only secondary to that of the gel networks, which exist between the disperse phase
of an emulsion. The evidence suggests these phases not only give body to an
emulsion but also reduce the ability of oil droplets to move towards one another, and
this is crucial in preventing emulsion breakdown. Junginger (1984) concluded, in a
comprehensive review, that o/w emulsions should be considered four phase systems,
with a crystalline lamellar gel structure made up of a hydrophilic and lipophilic gel
phase, regions of bulk water and the dispersed oil phase. Swelling of the gel phase
is dependent on the surfactants used, ionic agents showing greater expansion than
non-ionic systems. The chain length of non-ionic polyoxyethylene surface active
agents used in such products will affect the ratio of bulk to interlamellar fixed water,
and thus the properties of the final emulsion.
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T here is a dynam ic equilibrium betw een the fixed and bulk w ater regions o f an
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emulsion and as these systems age this ratio shifts in favour of the bulk water. These
conclusions sum up the complex and dynamic nature of semi-solid oil in water
emulsions. A large number of techniques have been employed to elucidate the
complex structural arrangement of both ionic and non-ionic semi-solid products.
Many of these are invasive and may alter or change the delicate microstructure of the
cream under observation. It is clear that research techniques used to investigate these
systems needs to focus on the interactions between the phases. The gel networks are
fundamental to the stability of semi-solid emulsions and Figures 1.8(a) and 1.8(b)
(adapted from Junginger, 1984) give an idealised illustration of the an ionic and non
ionic emulsion microstructure.

In conclusion Eccleston (1984) in a comprehensive review sums up the factors that
govern both semi-solid emulsion stability and microstructural formation. Ternary
emulsifying systems in water are responsible for emulsion stability and consistency.
The use of commercial fatty alcohols promotes stable polymorphic viscoelastic
networks at room temperature although batch to batch variation of these ingredients
may have a profound effect on the final semi-solid produced.

1.3.1.1 Instability of emulsions and semi-solid systems

Although inevitable, phase separation can be controlled by altering the formulation
and processing variables and by appreciating the thermodynamic aspects of surface
phenomena (Weiner, 1986). Stability assessment is one of the most difficult problems
facing the formulator (Zografi, 1982). One of the first signs of instability is creaming.
This is the separation of an emulsion into two distinct regions, one being richer in
disperse phase than the other. The most common example of this is in milk. The
cream layer consists of a non-coalesced portion, which is richer in the dispersed
phase than that found in the bulk. The system can however be shaken and this portion
of the emulsion is easily redispersed. The rate of creaming can be explained
mathematically using Stokes Law;
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I

v=

2a^g ( Ô - p.l _

!

Eq. 1.4

9ti

i

where v is the velocity of creaming, a is the droplet radius, Ô - p are the densities
of the disperse and continuous phases, r| is the viscosity of the continuous phase,
g is the force of gravity. The incidence of creaming can be reduced by decreasing
the internal phase droplet size, by ensuring the difference in density between the
phases is minimised and by increasing the viscosity of the external phase.

A more serious sign of emulsion instability is seen when oil droplets become
attracted to each other and form floccules. These as stated earlier are groups of
particles that are distinct but loosely bound and the potential energy between them
lies in the region of the secondary minimum as shown in Figure 1.4. This occurs
with ionic systems when the electrical double layer is overcome and the forces
electrostatic attraction

are far in excess of the forces of repulsion Vr. The latter

decreases with distance away jfrom the particle surface. Although shaking will
redisperse the emulsion, the floccules will again readily reform and the final step
of coalescence is likely to occur.

Coalescence can be defined as the irreversible process of phase separation due to
the combination of two or more oil droplets. If oil droplets then begin to coalesce
the emulsion will eventually crack or break and phase separation occurs. This
process can be accelerated by elevating the storage temperature of an emulsion,
this may be done deliberately or occur in warmer climates. This puts energy into
the system, increasing phase movement allowing barriers to coalescence to be
breached. This problem is seen both in simple emulsions which conform to
classical theory and to semi-solid systems given the right conditions.

Zografi (1982) critically reviewed the factors involved in semi-solid emulsion
stability testing and concluded any tests carried out should be performed on the
“final product, as undisturbed as possible”, a key goal of the present study.
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He suggested low shear rheological techniques were the best indicators of the
presence of complex structural components and accelerated testing was of limited
value and caused changes to the fundamental structures. Reddy and Fogiten (1981)
reviewed the mechanisms of flocculation and coalescence in creams and questioned
the value of accelerated stability assessments. Klein (1984) considered the basic
pathways of improving semi-solid stability in a review and identified the principle
causes of instability. These included storage temperature, preservation, formulation
and packaging.

Klein (1984) fiirther suggested problems could be minimised by careful raw material
selection, the use of thickeners, such as xanthan gum, to inhibit droplet flocculation
and assessment of processing variables. Cream or semi-solid emulsion formulation
and processing will be considered in detail later on in this chapter.

It is clear that every part of the semi-solid emulsion production process, from the
design of the product to its eventual packaging and post marketed use and storage,
can have a profound influence on the lifetime of the product concerned. Any number
of factors can influence stability and it is only by considering all of these that product
and process design can minimise their potential emulsion damaging effects.

1.4 Formulation of creams

Semi-solid emulsions consist of a hydrophobic, "water hating” phase and a
hydrophilic or "water loving” phase. The hydrophobic phase is also termed lipophilic
or "oil loving”, and is often of mineral or natural origin. Mineral oils such as the
paraffins have the advantage over natural oils of not becoming rancid on prolonged
storage and can be produced with a variety of properties depending on the chain
length of the hydrocarbons used. They are widely used in many products and are
readily available. Natural products often need to be preserved and the quality of the
product can be affected by the growing conditions prior to harvesting. Examples of
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natural oils include olive oil, cade oil and arachis oil.

Product design or formulation is a vital step in the production process. The
formulator needs to be aware of the entire process and through careful consideration
of the important factors a satisfactory product can be designed. Obviously the first
consideration is what is the product going to be used for. A very viscous product is
not ideal for wide skin surface application and conversely a fluid lotion will not be
a good choice for site specific delivery. The fluidity of the product will be dependent
on the ratio of oil to water and the extent of the viscoelastic gel network.

Surfactant choice is very important in maintaining the product stability (Eccleston,
1977). In general it is experience in formulation that has led to the choice of
components within a particular product. Bancroft's rule of thumb that a surfactant
which is preferentially soluble in the water phase will form an o/w emulsions has
been known for 80 years (Davis, 1994). However, Griffin (1949) developed the
Hydrophile-Lipophile Balance or HLB system in order to determine which
surfactants should be used in the manufacture of semi-solids. Griffin defined the HLB
value of a surfactant as the mol % of the hydrophilic group divided by 5, i.e. the
molecular weight of the hydrophilic part of the molecule expressed as a percentage
of the total molecular weight of the molecule. A completely hydrophilic compound
will have an HLB value of 20. This system is only truly applicable to polyoxyethylene
compounds (Griffin, 1952) and involves arduous experimentation in order to assign
values to other types of surfactant.

Davies (1957) proposed the following method for finding unknown HLB values. The
compound in question is assigned an HLB value for any known parts of its molecular
make up and these are added to give a final value. Table 1.2 below gives a few
common examples. Fox (1974) extensively reviewed this phenomena and has
produced a comprehensive list of HLB values.
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Table 1.2 Common surfactant HLB values
Surfactant

H L B Value

Sorbitan mono-oleate (Span 80)

4.3

Sorbitan monolaurate (Span 20)

8.6

Polysorbate 60

14.9

Polysorbate 20

16.7

Sodium lauryl sulphate

40

Several workers have attempted to link real values with theoretical ones in order to
improve surfactant selection. The method of calculation depends on the total oil
content of the preparation and its polar nature. The following example shows how
this is calculated. If a system comprised 35% liquid paraffin (surfactant required HLB
value 12), 1% wool fat (surfactant required HLB 10), 1% cetyl alcohol (surfactant
required HLB 15) in the formula, the total oil phase is 37% of the emulsion. Of this
37%, 94.6% is liquid paraffin and there is 2.7% of each of the remaining hydrophobic
components. If each of these percentages are multiplied by the respective HLB
number of the surfactant required to allow émulsification of each component, (94.6%
by 12 etc) the oil phase HLB will be 12.1 and this theoretically means the system
requires an emulsifier blend of 12.1 to achieve an ideal emulsion. However the
components of the system will themselves affect the partitioning behaviour of each
emulgent. Thus a range of systems will have to be prepared with the desired HLB
using different emulsifying agents in order to find the ideal system after assessment
for stability. Rieger (1986) has reviewed this subject in detail.

The environment the product is going to be used in will also be important as extremes
of temperature can have a profound effect on emulsion stability, especially in terms
of phase separation, hence appropriate storage instructions must be included for
products that are susceptible to such variations. Product and component robustness
must also be a formulation factor; modem processing techniques involve high energy
input and the product or component properties must not be altered during
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manufacture. Similarly if the product, as most creams are, is squeezed from a tube,
the stress involved in this may have a bearing on the emulsion performance. Creams
on application often convert from a solid like state at ambient conditions and show
liquid behaviour on spreading (Junginger, 1992).

In addition all the base components must exhibit long term compatibility. Careful
choice must be made with respect to the surfactants, thickeners and preservatives
used. Microbial contamination can also lead to instability within a cream and will
reduce surfactant efficiency. It can affect the pH and water content of a cream and
thus alter the dissociation behaviour and concentration of the preservative and
emulsifying systems, thus adequate preservation must be employed. Finally, chemical
contamination may cause problems, such as emulgents of the electrically opposite
type which can neutralize each other and thus inhibit émulsification. Components
should ideally be inert and have no toxic effects, a problem with some of the ionic
surfactants. Internal emulsion component breakdown with time must not yield any
by-products that could cause the end user harm.

The consumer of the product is also a vital link in the formulation chain and
ultimately product performance and feel will determine success or failure. According
to Barry and Meyer (1975), emulsion consistency is considered to be the major factor
influencing patient or consumer acceptance. The organoleptic properties of the cream
influence the choice made by consumers. Greasy products may improve skin
hydration but are not cosmetically acceptable. The choice of oil phase can
dramatically alter tactile properties and is an important consideration in semi-solid
emulsion manufacture.

The oil phase plays an important part in dermatologicals as many drugs partition into
this and it acts as a reservoir once applied to the outer dermal layer. Its lipid
properties must suit the type of drug compound in order to allow even distribution
throughout the product but it must also allow the drug to escape the oil phase in order
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to penetrate the skin. Rieger (1986) summarises this in stating, “the key point is that
the drug must not be so soluble preferentially in the base that it prevents penetration
or transfer to the skin”.

Klein (1984) outlined the importance of adequate preservation to avoid bacterial
contamination. Microorganisms can alter emulsifier efficiency by liberating free fatty
acids and thus altering product pH. They can also alter the electrical properties of
emulsifying agents at the oil droplet interface and thus promote coalescence. In
addition some will attack natural products such as thickeners and alter hydration of
these barrier components. One should ensure that bacteria or fungi are not introduced
from the raw materials. Natural products, such as tragacanth, are particularly
susceptible to contamination and in addition quality is affected by the environment
these mainly plant derived materials are obtained from. Many are now chemically
modified or completely synthesised and natural products are less commonly used.
However synthetic products are not without their problems; products such as
cetostearyl alcohol can vary from batch to batch due to changes in the ratio of the
long chain alcohols used in their production. This can have a profound effect on the
structural quality of the viscoelastic networks which can affect stability.

Finally the formulator must have an awareness of packaging materials. Some plastic
packaging has the ability to leech preservative out of the product or altematively may
lose plasticiser to the cream. The first case will promote bacterial contamination
whereas the latter could affect product viscosity and performance. The packaging
must be inert, protect the product from heat and light, it must prevent loss of the
water phase through evaporation and must be robust enough to stand handling and
transportation. The formulator thus has a crucial role in ensuring the product reaches
the end user in a state fit for its intended purpose. It must be able to withstand
environmental, mechanical, transportation and storage extremes and remain viable
for the longest possible time.
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1.5 Emulsion processing

The success or failure of many pharmaceutical or cosmetic emulsion preparations is
ultimately determined by the scaling up process from the laboratory bench to full
scale manufacturing. Bulk emulsion mixing is now a highly technical operation and
requires a fundamental knowledge of chemical engineering and an understanding of
how the base components behave under a range of processing conditions. Ideally the
finished product should closely resemble the laboratory derived emulsion, having
similar physical and organoleptic properties with an equivalent or even better shelf
life. Products are currently either manufactured using continuous or batch processing
methods. Continuous preparation is often economically favourable if the volume of
production is substantial, whereas if demand for products is seasonally affected or a
wide range of products are made at one manufacturing plant then batch processing
is the more usual option.

Due to the sophisticated nature of semi-solid emulsions and the reliance of their
stability on internal structuring, bulk production methods must be carefully controlled
to ensure product reproducibility and uniformity. All processing variables must be
carefully considered, such as rates and order of component addition, heating and
cooling rates, shear and stresses of mixing and pumping. In order to monitor the
production process and behaviour of emulsions both during and after manufacture,
regular testing of the products is necessary as part of quality control. Common tests
include evaluating the rheological properties, accelerated storage studies and
organoleptic testing (Billany, 1988). The production process ultimately influences the
end product and its performance.

Product mixing is used in the preparation of all types of emulsions, be they readily
pourable (e.g. lotions) or paste like in consistency. The mixing process is a complex
operation and is still relatively poorly understood, with the vast majority of
production design based on experience and not fundamental theory. Many workers
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have reviewed the semi-solid emulsion mixing process, (Sterbacek and Tausk 1965,
Holland and Chapman 1966, Nagata 1975 and Lin 1978) but it is a subject still open
to conjecture. In essence Parker (1964) summarises the process as the intermingling
of two or more dissimilar portions of material resulting in the attainment of a desired
level of uniformity in the final product. Any mixer used to produce an emulsion must
meet two basic requirements. Firstly, there must be sufficient turbulence or agitation
in order to ensure components are well mixed at the impeller head. Secondly the
impeller must be able to produce a suitable rate of movement within the bulk of the
material in order to ensure that all of the components pass through the area of highest
agitation. This ensures everything within the formula achieves the same processing
history and that the final product will be of uniform consistency.

Flow can be broken up into essentially two principle components. Firstly the
hydrodynamic process of laminar or streamline flow, in which liquid particles move
parallel to the direction of flow. Secondly turbulent flow in which particles move
both in streamline and erratic directions. The movement of the bulk through
turbulence significantly aids and assists the mixing process. The degree of turbulence
within a system is directly proportional to the speed of the mixing head used and is
radiated through the mass, which again has a major part to play in the mixing
process.

The figures below illustrate the various ways in which turbulence is generated within
the mixing vessel. The majority of turbulent movement is created where components
moving at a relatively low mean velocity meet components in the high velocity
regions. The principle example of this phenomena occurs at the impeller head of the
mixer. This is an area of extremely erratic movement whereas the bulk of the liquid
outside this region moves at relatively low velocity (see Figure 1.9).
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A rea o f H igh
Im p e lle r B lad e
V e lo c ity M ix in g

Figure 1.9 Generation o f turbulence at an im peller head.

W hen these tw o regions m eet turbulence is created and m ixing occurs. Sim ilarly
where areas o f the liquid components are static or at low velocity such as at the walls
o f the m ixing vessel and there is contact with the m oving bulk o f the product
turbulence is created and m ixing occurs (Figure 1.10). Finally if there are solid
particles w ithin the system e.g. unm elted waxes or crystals (Figure 1.11) these can
create eddies and turbulence by interfering with laminar flow created within the bulk
during m ixing, although this is a fairly m inor part o f turbulence generation.

In high turbulence areas eddy currents are produced and it is these that allow intimate
m ixing o f adjacent pockets o f fluid. Their effect and lifetim e w ithin the m ixture are
dependent on the fluid viscosity and the resulting flow velocity o f the com ponents.
It is im portant to design mixing equipm ent that allows adequate flow and m ovem ent
o f the bulk com ponents, w hilst avoiding stratification and separation o f the base
com ponents. The equipm ent should also be o f sufficient pow er to produce eddy
currents w ithin all areas o f the m ixing apparatus.
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S olid Surface
Figure 1.10: Illustrating flow against a solid surface.

S olid

Figure 1.11: Illustrating the interference o f flow by solid particles.

A further consideration w ithin the realm s o f production design is to ensure that all
com ponents flow equally and that the internal phase is adequately dispersed w ithin
the continuous phase; this is largely dependent on the m ixer used.

The im peller m ust also break up the internal phase in order to achieve the ideal
particle size. Heat transfer during cooling and heating also relies upon the bulk fluid
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m ovem ent and m ust be efficiently controlled, as m ust the incorporation o f air w ithin
the final product.

Flow
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Figure 1.12: Graph showing ratio o f im peller head to speed and its effect on
flow.
Achieving a usable and desirable product requires good control o f the internal phase
particle size as this has a great influence not only on stability but also on organoleptic
properties. This can be achieved by em ploying high shear m ixers or hom ogenizers.
The internal phase due to its nature will tend to achieve a m inim um level o f contact
w ith the external phase, a high energy region w hich will break up the internal phase
and prevent agglom eration is thus required w ithin the m ixing vessel. This w ill help
to overcom e the cohesive forces o f agglom eration and ensure the internal phase is
evenly dispersed within the continuous phase. Product quality is dependent on m ixing
conditions, and each product w ill require specific m ixing conditions to achieve the
desired result. The ratio o f flow to turbulence is an im portant consideration in this
respect. R ushton (1954) found by altering the speed and diam eter o f the im peller
head, this ratio could be controlled. Rushton and Oldshue (1959) showed a large head
and low speed produced a large degree o f flow, w hereas the other extrem e o f
increasing m ixer speed and using a small head increased the turbulence m any fold
w ithin the m ixing vessel (Figure 1.12). By altering these conditions the type o f
product and its properties, as will be discussed later, can be greatly influenced.
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1.6 Flow behaviour

Flow velocity within the mixing vessel is dependent on three m ain com ponents which
have been reviewed by Fox (1980). Firstly, a radial com ponent, acting in a direction
perpendicular to the im peller shaft. Secondly, a longitudinal com ponent acting
parallel to the im peller shaft, and thirdly, a tangential com ponent acting in a
tangential direction to the circle o f rotation around the im peller shaft. It is the
balancing o f these three com ponents that will determ ine the flow patterns achieved
w ithin the m ixing vessel.

If the radial com ponent dom inates the m ixing process, m aterials are driven tow ards
the vessel w alls, and in the case o f solids will accum ulate on the base o f the bulk
container. The effect o f this is often segregation o f the com ponents and poor m ixing
results.

Bottom V ie w

Side View

Figure 1.13: Illustrating vortex form ation in a liquid.

V ortex form ation occurs when the tangential force predom inates (see Figure 1.13)
and will draw air into the product. Incorporation o f air into the final product should
be avoided as it can cause rancidity through the oxidation o f unsaturated oils and
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fragrances. In addition it com pletely change the organoleptic properties o f the
em ulsion, alters the rheological properties and long term storage behaviour o f the
final product.

Bottom V i e w

Side View

Figure 1.14: Axial flow as produced by a m arine type im peller

Finally if the longitudinal component is absent or insufficient, liquid com ponents o f
varying specific gravities may rem ain in parallel streamline flow and thus inadequate
or non-existent m ixing will result. The design o f the production set up also influences
the efficiency o f the m ixing process. Im peller speed and size have already been
discussed. O ldshue and Rushton (1953) and R ushton (1954) also looked at the size
o f the m ixing vessel and the position and shape o f the m ixing head w ithin the tank.
In addition, the physical properties o f the base com ponents also has a great bearing
on the final product properties. Ideally the m ixing m ethod used, taking all the above
conditions into account, should ensure the three com ponents o f flow are in balance
relative to the system in question and that every ingredient w ithin the form ula has,
at the end o f a run, experienced the same processing history

M ixing heads influence the degree o f com ponent agitation, dispersion and internal
phase particle size. Essentially there are three m ain types, those generating axial
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flow, those encouraging radial flow patterns and mixing heads or agitators providing
a mix of these types of flow. The most common example of an axial type agitator is
the simple marine type propeller, whereas the flat-bladed turbine head will create
radial flow. This is illustrated in Figure 1.14. It is also possible to alter the type of
mixing produced with the flat-blade by altering the pitch and thus producing axial
movement within the vessel.

Radial flow is desirable for two main reasons;

(a) it allows a good degree of mixing, by causing both lateral and vertical flow
currents within the tank.

(b) it also allows higher head speeds to be used and thus can be useftil in the
formation of emulsion with a well dispersed internal phase.

Figure 1.15 schematically illustrates the radial flow patterns obtained with a flat
bladed mixing head. Flow within this realm was studied by Porcelli and Marr (1962),
who found the propeller caused the components to flow axially away from impeller
shaft and move vertically upwards before being drawn once again down towards the
mixing head. The flat bladed turbine will generally allow radial flow to occur, unless
as stated previously the pitch of the blades is altered. If vortex formation occurs
(Figure 1.13) air is dragged into the product and emulsion quality is generally poor.
This is common in cylindrical tanks and can be overcome by either putting baffles
into the mixing vessel (as in Figure 1.15) or by placing the mixer head in an off
centre position. Such measures are always taken unless the liquids concerned have
a viscosity in excess of 20000 PaS. Using baffles is the most common means of
avoiding vortex formation they perform this function by breaking up flow such that
the tangential force does not predominate. A tank may have any number from 2 to
8 in place, depending on vessel size, the nature of the components and the impeller
speed. Whichever system is used the process must not allow the creation of dead
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areas or interfere with the m ixing process.

B o tto m V iew

Side V iew

Figure 1.15: The effect o f baffling on liquid flow in a m ixing vessel.

1.7 Ideal mixing

From the processing w ork that has been carried out in this present research project
and a review o f processing literature, the follow ing goals m ust be set to achieve an
ideal m ixing process.

The exclusion o f air is param ount as it can cause product rancidity, it produces grainy
em ulsions w ith undesirable organoleptic properties, it interferes w ith packing as it
expands the volum e o f the product and above all impairs uniform lam ellar form ation
throughout the product. M any manufacturers employ complete air extraction system s
during the m ixing process in addition to carefully controlling flow and vortex
fonuation. This m ay add additional running and overhead costs, but will reduce the
n um ber o f batches (which can be in excess o f 6 m etric tonnes) that are spoiled or
need reprocessing.
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M ixing m ust be com plete in that the oil phase should be uniform ly distributed
throughout the product and the particle size as close to m onodisperse as possible.
Figure 1.16 gives three exam ples o f m ixing variation. I f case A is achieved one can
assum e that the emulsifying system will be spread evenly throughout the product. Gel
netw ork form ation will then be encouraged to form equally betw een the dispersed
phase, giving the product ideal organoleptic properties and im proving stability due
to w ell form ed viscoelastic lam ella barriers betw een the oil droplets.
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Figure 1.16: V iscoelastic structural variation in relation to the extent o f m ixing.

If, as in case B, the mixing process has not been sufficient to create turbulence or has
not been prolonged, there is a good chance the phase will not mix and on cooling the
product will separate due this phenom ena The resulting product will show none o f
the ideal properties and will have to be discarded as a result.

F inally w hen the m ixing process does not disperse the com ponents in a uniform
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manner, for example where dead areas exist in the mixing vessel, case C is likely to
occur. Some areas of the emulsion will be ideal, but if the oil phase is made of
droplets of differing sizes, the surfactant system will be unevenly distributed
throughout. The result will mean a non-uniform gel phase will be formed, the product
will behave poorly when used and is likely to be unstable. The oil droplets of varying
sizes will have more mobility and thus will be able to flocculate and coalesce due to
the lack of good inter-droplet viscoelastic barriers.

1.8 Creams and their uses

The skin is the largest organ of the body and has a surface area of approximately 1.7
m^ to a depth of 3 - 5 mm and makes up 10% of total body weight. Its vital functions
include protection of the internal organs, prevention of dehydration and it allows
efficient thermoregulation. This complex outer layer is subject to constant physical,
chemical and microbiological attack and although efficient in coping with these, can
be subject to a wide range of problems. These may be minor, such as mild sunburn
or serious such as psoriasis which can engulf the entire body surface.

Treatment for skin problems ranges from the application of substances directly to the
dermal layer to the use of oral or even photo-radiation therapies. The latter therapies
can cause systemic or topical damage and it is more common to treat the skin directly
by applying drugs and other agents to problematic areas. This reduces the dose of
therapeutic agent required for treatment and consequently reduces the side effects the
patient experiences. Patients also require creams and ointments that are cosmetically
acceptable and it is the responsibility of the formulator to provide such products.

In addition the skin is now commonly used as a site for systemic delivery, with many
products such as non-steroidal gels and their application for joint inflammation or
sprains. Transdermal therapeutic systems are ideally used to deliver anti-emetic, anti
smoking and hormone replacement compounds across the dermal barrier and are now
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as common as tablets for these conditions. Again reduced side effects and ease of use
improve patient use of these products.

Condition

Cream system used

Dry Skin,
Ichthyosis

Emollients:
Aqueous Creams
Urea creams

Barrier creams
Bed sores, nappy rash

Dimethicone based creams

Irritation,
Pruritus

Calamine products
Crotamiton cream
Mild Steroids, Hydrocortisone

Eczema

Emollients products
Steroidal based products
MildiHydrocortisone
Moderate: Betamethasone Valerate
Potent:Clobetasol propionate
Coal Tar preps

Psoriasis

Dithranol
Coal Tar Solutions
Salicylic acid
Calcipitriol
Retinoids

Acne

Benzoyl peroxide cream
Anti-bacterials
Retinoids

Antibacterial

Topical Antibiotic, Neomycin, Silver
sulphadiazine

Antifungal

Imidazoles, Miconazole, clotrimazole

Antiviral

Cold Sores Acyclovir, Zovirax
Warts Salicylic Acid

Minor Abrasions

Cetrimide, Heparinoids

Table 1.3 Skin complaints and cream formulations used in their treatment
There are a wide range of formulations available, from viscous emollients such as
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those in the treatment of psoriasis, to cooling lotions produced for cosmetic purposes.
Among the most popular skin formulations available is the cream, which falls into
the category of semi-solid emulsion. They are widely used for several reasons; they
are easy to apply, tend to be non greasy, are compatible with a wide range of drugs
and additionally are relatively cheap to produce. The production of large batches in
high capacity manufacturing units coupled with their high water content (in the
region of 70% w/w) reduce both the processing and ingredient costs involved. Table
1.3 lists some of the pharmaceutical agents that are employed in creams for the
treatment of the conditions shown.

1.9 Aims of the present study

Semi-solid emulsion systems or creams are of fundamental importance both to the
pharmaceutical and cosmetic industries. Drug or compound delivery to the skin is
widely used and products of this nature merit a scientific research effort in order to
optimise and improve these systems. The complex nature of these products is
relatively poorly understood and strategies to improve this are needed. Many
techniques employed in the research and development of semi-solid emulsions are
destructive and may alter the behaviour of the products in relation to their
performance at ambient conditions. Techniques such as thermogravimetry involve the
application of heat which tends to disrupt structure and alter product rheology.
Rheometric techniques often apply forces in excess of that experienced in everyday
use. Particle size analysis and microscopy are techniques which may require sample
dilution in order to be effective.

Cream microstructure is extremely delicate and is influenced by many environmental
factors (temperature, bacteria etc). Ideally testing should be as non-invasive as
possible, and should be applied to samples when they are in their normal usage state.
This present study has employed low frequency dielectric spectroscopy, which is noninvasive, needs no additional sample preparation and is carried out at room
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temperature in order to elucidate some of the factors that affect the development of
microstructure within the creams under investigation. The overall goal was to explore
the potential usefulness of low frequency dielectric spectroscopy as a means of
characterising semi-solid emulsions and ternary systems in order to examine the
extent of complex structuring in these test materials. In addition the rheological and
optical microscopy work has also been carried out on unaltered samples in order to
compare the results with the dielectric spectroscopy. The results should therefore
reflect real system behaviour and illustrate the applicability of low frequency
dielectric spectroscopy in cream microstructural evaluation.
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2.1 Introduction

The ingredient choice and production methods employed has a profound influence
on the resultant emulsion produced. In view of this, criteria were laid down as to the
systems that should initially be analysed by low frequency dielectric spectroscopy.
Many of the modem preparations available contain a large number of ingredients in
addition to the water and surfactants. These may include thickeners, co-emulsifiers,
pH stabilisers, preservatives and antioxidants; these are required to promote long
term stability. In developing a new technique for the evaluation of these systems, it
was important to choose test emulsions with a minimum number of components that
would produce stmctured final products. This would then enable the results of
analysis to be interpreted in terms of stmcturing rather than the contribution of
numerous components within that system.

The emulsion production method was designed to be flexible and capable of creating
a range of mixing conditions. The system which will be looked at in depth later in
this chapter allowed a variety of mixers to be employed, while conditions of heating,
cooling and phase addition and mixing times were constant for any particular range
of systems. This was employed so that a range of semi-solid emulsions would be
produced of different quality and with varying degrees of microstructural formation.

2.2 Materials

The materials used were chosen on the basis of their ability to produce structured
emulsions. The present study initially concentrated on ionic emulsions based on
sodium lauryl sulphate and cetostearyl alcohol. Non-ionic emulsions were then
produced containing cetomacrogol 1000 and cetostearyl alcohol. Finally ternary
systems or “skeleton” emulsions based on the above semi-solids were examined. All
materials used were British Pharmacopoeia grade. The reader is referred to the BP
(1988) for further information on the specifications of the individual components.
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2.2.1 Material specifications

Deionised water
This was obtained on an as needed basis from the Whatman deioniser unit situated
within the laboratory in The Department of Pharmaceutics, The School of Pharmacy.
Essentially the mains water passed through the deioniser unit to remove a large
quantity of the trace mineral content.
Sodium lauryl sulphate;
Sodium lauryl sulphate (SLS) is a mixture of sodium alkyl sulphates consisting
chiefly of sodium dodecyl sulphate, CH .(CH ), i - OSOg-Na^. It contains not less than
3

2

85.0 % of sodium alkyl sulphates, calculated as CizHz^.NaO^S. The sodium lauryl
sulphate used in the present study was supplied by British Drug Houses Ltd., Poole,
Dorset.

SLS is an anionic surfactant; it is used as a wetting agent and detergent and is the
principle surfactant in aqueous cream BP. Its appearance is white or pale yellow and
is produced as a powder or crystals with a slight characteristic odour. In terms of
solubility it is freely soluble in water and forms an opalescent solution. It is partially
soluble in ethanol.

Cetomacrogol 1000;
This was supplied by Unilever Research, Port Sunlight, Wirral. Cetomacrogol 1000
is prepared by condensing cetyl or cetostearyl alcohol with ethylene oxide under
controlled

conditions.

It

is

represented

by

the

following

formula;

CH .(CH )m.(O.CH .CH )n.OH, where m is 15 or 17 and n is 20 to 24.
3

2

2

2

Cetomacrogol 1000 is a non-ionic emulsifying agent used in the production of creams
which are stable over a wide pH range. It is also used to disperse volatile oils in water
to produce sols. It is an almost odourless cream- coloured waxy unctuous mass and
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melts at approximately 38°C to form a clear brownish yellow liquid. It is soluble in
water, alcohol and acetone and insoluble in light petroleum.

Cetostearyl alcohol;
This was supplied by Unilever Research Port Sunlight, Wirral. Cetostearyl alcohol
is a mixture of solid aliphatic alcohols and consists chiefly of stearyl alcohol
CH3.(CH2),6.CH20H (50-70%) and cetyl alcohol CH3.(CH2)i4.CH20H (20-35%) with
small amounts of other alcohols, mainly myristyl alcohol CH3.(CH2)i2.CH20H. It is
employed in conjunction with ionic and non-ionic surfactants to produce creams and
is stable over a wide pH range. Cetostearyl alcohol is white or cream coloured
unctuous mass, or is available as almost white flakes or granules and has a faint
characteristic odour. Its melting range is 45 - 53°C and it forms a clear colourless or
pale yellow liquid. It is insoluble in water, soluble in ether and slightly soluble in
alcohol and light petroleum.

White soft paraffin:
This was supplied by Unilever Research Port Sunlight, Wirral. White soft paraffin
is a semi-solid mixture of hydrocarbons obtained fi*om petroleum and bleached. It is
used as a basis of ointments, easily removed dressings, as a barrier to moisture and
in many creams. It is a white, translucent and soft unctuous mass which melts
between 38 - 56°C. It retains its character on storage and is odourless. It is practically
insoluble in water and ethanol, but is soluble in chloroform, ether and petroleum.

Liquid paraffin;
This was supplied by Unilever Research Port Sunlight, Wirral. Liquid paraffin is
obtained fi-om petroleum by distillation and is a mixture of saturated liquid
hydrocarbons. It may contain 10 parts per million of tocopherol or butylated
hydroxytoluene. It is purified by acid washing and filtered through activated charcoal.
It is widely employed in many skin products and is also used in some laxative
products. Liquid paraffin is a transparent, colourless, oily and odourless liquid. It is
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practically insoluble in water, sparingly soluble in ethanol, soluble in ether,
chloroform and hydrocarbons.

Chlorocresol;
The chlorocresol used in the present study was supplied by British Drug Houses Ltd.,
Poole, Dorset. Chlorocresol is 4-chloro-3-methylphenol and is soluble at 20°C in 260
parts of water and in less than 1 part of alcohol. It is soluble in ether, terpenes, in
fixed oils and solutions of alkali hydroxides.

Chlorocresol is a powerful bactericide and fungicide, with low toxicity and is active
in both acidic and alkaline conditions. It is used as a preservative in creams and other
external preparations.

Phenoxyethanol;
Phenoxyethanol is 2 phenoxyethanol and was supplied by British Drug Houses Ltd.,
Poole, Dorset for the present study. It is soluble in 43 parts water at 20°C, in 50 parts
arachis or olive oil. It is miscible with alcohol, with acetone and glycerol.

Phenoxyethanol has an antibacterial spectrum of activity particularly against gram
negative organisms. It is often used in external preparations and is more commonly
used in combination with other biocides for this purpose.

2.2.2 Emulsifying waxes and ointments

Many creams are made in a series of steps, the first of which is the preparation of the
emulsifying system which is often produced as a wax. This was discussed in Chapter
1 of the present study and this approach was employed throughout. The emulsifying
systems chosen were taken fiom the BP (1988) and were prepared using the same
formula and in the same manner. The emulsifying systems used were emulsifying
wax BP and cetomacrogol emulsifying wax BP. The former contains the anionic
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surfactant sodium lauryl sulphate and the latter the non-ionic surfactant cetomacrogol
1000. The production of the two waxes and their related ointments will be considered
in turn. In all cases purified water was added and a calibrated Radio Spares digital
thermometer was used to monitor the temperature.

Emulsifying wax BP;
Formula:
Cetostearyl alcohol

90g

Sodium lauryl sulphate

lOg

Purified water

4ml

The preparation conditions for emulsifying wax were as follows. The cetostearyl
alcohol was melted and heated to 95 °C. The sodium lauryl sulphate was then mixed
into this with the aid of a mechanical stirrer and finally the purified water was added.
The molten mixture was then heated to 115°C and was vigorously stirred again /
mechanically (Heidolph RXR 50, set at 300 rpm) and mixing continued until the
product was translucent.

The resultant molten liquid was then plunged into ice and a wax subsequently formed
on cooling. The resultant wax is an almost white or pale yellow waxy solid which is
relatively easily broken up into flakes. It is insoluble in water and partly soluble in
ethanol (96%).

Once the wax has been prepared, the oil phase is added to produce an ointment. In
both cases white soft paraffin and liquid paraffin are added to produce in effect an
emulsion concentrate.
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Emulsifying ointment BP;
Formula:
Emulsifying wax

300g

White soft paraffin

500g

Liquid paraffin

200g

The preparation conditions employed to produce emulsifying ointment were as
follows. Once the emulsifying wax had cooled and solidified it was ready for use. For
the sake of standardisation any waxes produced were prepared 24 hours before use
and stored in a dark place at room temperature in an airtight container. A fresh batch
was made for each batch of emulsifying ointment. The wax and the paraffin were
then melted together (heated to 70° C) to form a clear liquid which was stirred until
cold. A simple mechanical stirrer (Heidolph RXR 50) set at 300 revolutions per
minute (rpm) was used to achieve this.

Cetomacrogol Emulsifying Wax BP;
Formula:
Cetostearyl alcohol

800g

Cetomacrogol

200g

Preparation of cetomacrogol emulsifying was carried out using the following method.
The components were placed in a suitable vessel and heated to 70 °C to ensure
complete melting and then finally stirred until cool. Again a simple mechanical stirrer
(Heidolph RXR 50) was employed at 300 rpm to achieve this. A white or almost
white waxy solid is produced, which melts to a clear colourless liquid. It has a faint
odour characteristic of cetostearyl alcohol. Once the wax has cooled it is ready for
use. Again in this present study it was stored in a dark place at room temperature in
an airtight container, for 24 hours prior to use.
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Cetomacrogol emulsifying ointment BP;
Formula:
White soft paraffin

500g

Cetomacrogol emulsifying wax

300g

Liquid paraffin

200g

Cetomacrogol emulsifying ointment is made from cetomacrogol emulsifying wax as
follows. The wax and the paraffins were then melted together to form a clear liquid
and were stirred to room temperature to form the ointment using a simple mechanical
stirrer (Heidolph RXR 50) at 300 rpm. Again the ointment was stored in an airtight
container at room temperature out of light.

2.2.3 The emulsion systems

The preparation of these systems will be dealt with in detail later in this chapter. This
section outlines the formulae of the finished ionic and non-ionic emulsions produced.
The ionic system Aqueous Cream BP is essentially emulsifying ointment to which
water is added and the non-ionic Cetomacrogol Cream BP is made up of
cetomacrogol emulsifying ointment with water added. Both systems are preserved
in order to prevent microbiological spoilage except where indicated.

Aqueous cream BP;
Formula:
Emulsifying ointment

300g

Phenoxyethanol (preservative)

lOg

Purified water

690g

The phenoxyethanol is added to the purified water and dissolved with the aid of
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gentle heating. A second formulation without preservative was also produced in the
preliminary stages of the present study.

Cetomacrogol cream BP (Formula A);
Formula:
Cetomacrogol emulsifying ointment

300g

Chlorocresol (preservative)

Ig

Purified water to

1OOOg

The chlorocresol is added to the aqueous phase and is dissolved with the aid of gentle
heating. The processing and production of the finished creams will be dealt with in
a later section.

2.2.4 The ternary systems

Ternary systems are model emulsions which lack one of the two principle phases. In
the case of this present study the oil phase was removed, the rational for this being
to observe the swelling and structuring behaviour of the emulsifying agents
within water. Again the preparation of these will be discussed in the production
section of this chapter.

Initially the ternary systems examined were based on the non-ionic surfactant
cetomacrogol 1000 and cetostearyl alcohol. The latter agent, as discussed in the
previous chapter, exhibits profound swelling behaviour in conjunction with
surfactants and water. Thus a range of ternary systems with increasing amounts of
cetostearyl alcohol were produced. The surface active agent concentration for both
systems was chosen on the basis of previous dielectric analysis of cationic emulsion
systems (Rowe et al, 1988) and to produce a range of systems from solution to gel
like by varying the long chain alcohol concentration in order to assess the effect of
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this on the response measured. The formulae for these ternary systems are shown in
Table 2.1 and 2.2 below. Additionally ionic ternary systems based on sodium lauryl
sulphate and cetostearyl alcohol were produced to follow up the studies on the
finished emulsions which also contained these emulsifying agents. The ingredients
and concentrations used are shown in Tables 2.3 and 2.4.

Table 2.1 Non-ionic ternary systems based on cetomacrogol 1%
Ternary
System

A1

A2

A3

A4

A5

A6

A7

Cetostearyl
Alcohol Cone.

0.25%

0.5%

1%

2%

4%

6%

8%

Cetomacrogol
Cone.

1%

1%

1%

1%

1%

1%

1%

Water to

100%

100%

100%

100%

100%

100%

100%

Table 2.2 Non-ionic ternary systems based on cetomacrogol 2%
Ternary
System

B1

B2

B3

B4

B5

B6

B7

Cetostearyl
Alcohol Cone.

0.25%

0.5%

1%

2%

4%

6%

8%

Cetomacrogol
Cone.

2%

2%

2%

2%

2%

2%

2%

Water to

100%

100%

100%

100%

100%

100%

100%

Table 2.3 Ionic ternary systems with Sodium Lauryl Sulphate 0.5%
Ternary
System

Cl

C2

C3

C4

C5

C6

C7

Cetosteaiyl
Alcohol Cone.

0.25%

0.5%

1%

2%

4%

6%

8%

Sodium Lauryl
Sulphate Cone.

0.5%

0.5%

0.5%

0.5%

0.5%

0.5%

0.5%

Water to

100%

100%

100%

100%

100%

100%

100%
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Table 2.4 Ionic ternary systems with Sodium Lauryl Sulphate 1%

Ternary System

D1

D2

D3

D4

D5

D6

D7

Cetostearyl
Alcohol Cone.

0.25%

0.5%

1%

2%

4%

6%

8%

Sodium Lauryl
Sulphate Cone.

1%

1%

1%

1%

1%

1%

1%

Water to

100%

100%

100%

100%

100%

100%

100%

2.2.5 Rationale for ingredient choice

The ingredients used in the study formulations were chosen on the basis of previous
work which looked at the rheological, microscopic or electrical behaviour of such
materials. The choice of materials for the finished emulsions was based on the current
official formula for anionic and non-ionic emulsion systems. As several investigators
have looked at these formulas or variations of them as simple models of semi-solid
behaviour the results were interpreted in light of the previous research, particularly
in terms of their viscoelastic properties.

The ternary systems were produced to cover a wide range of concentrations of
cetostearyl alcohol in order to gauge the effect of altering the ratio of this to a fixed
concentration of surfactant (1% and 2% cetomacrogol systems A and B, and 0.5%
and 1% sodium lauryl sulphate systems C and D). Within this concentration range
it was deemed necessary to include a ratio of emulsifying agents that was comparable
to that used in the finished emulsion systems. These ratios are given in Table 2.5
which shows the range is covered by the ternary systems. In addition the ternary
systems were produced in order to compare with the findings of cationic systems
based on cetrimide and cetostearyl alcohol (Rowe et al, 1988) which were analysed
by electron microscopy and low frequency dielectric spectroscopy.
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Table 2.5 Relative concentration of emulsifying agents in test systems

Formulation

Concentration of
Surfactant (% w/w)

Concentration of
Cetostearyl alcohol
(% w/w)

Aqueous Cream

0.9

8.1

Ionic ternary systems

0.5-1

0.25 - 8

Cetomacrogol Cream

1.8

7.2

Non-ionic ternary
systems

1 -2

0.25 - 8

2.3 Processing and production of systems

The production techniques used to make the emulsion systems in the first stages of
the present study were as follows. The first complete emulsion to be made was
produced by the BP (1988) method and was entirely mixed by hand. This was
obviously a non-ideal method and the amount of energy put into the system was
related to the operator and the energy input would vary throughout the mixing
process. A batch of emulsion weighing 1kg takes approximately six hours to cool to
room temperature and mixing by hand for this length of time is both laborious and
tiring. The product was thus stirred intermittently until it reached ambient
temperature. The quality of the emulsion will also be affected by hand stirring as
"dead” areas are often present in the bulk and thus inadequate energy input leads to
component separation on cooling. The result is an emulsion with variable
organoleptic properties which is likely to crack in a relatively short space of time.

In addition to a variable speed in mixing, the early systems were produced in large
stainless steel mixing pans which were heated on an electrical mantle. This was also
a poor technique as the components of the emulsion were likely to be overheated
when in contact with the bottom of the mixing pan, while at the top of the mixture
the temperature was considerably lower, particularly as it was in open contact with
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the air. Uniform heating through thermal diffusion was unlikely and the inadequate
mixing process did not guarantee heat transfer throughout an entire batch.

It was thus part of the brief of this present study to develop a production system that
could give uniform conditions to every system produced. The parameters for making
a consistent product were as follows. The system had to be capable of producing
emulsions in which all the components presented went through the same processing
history. This included the same mechanical agitation for any given batch of emulsion
and an even heating and cooling history.

Initially the stirring problem was removed by introducing a simple variable speed
mechanical mixer. The machine used was a Heidolph RXR 50 stirrer with a twin flat
bladed stirring rod. The speed of this machine could range from 0 - 2000 rpm and
was calibrated for this purpose by stroboscope. This removed the problem of hand
stirring products to room temperature and ensured bulk mixing was a uniform
operation. Simple mechanical stirring is a poor method of breaking up the internal
phase and this is necessary to ensure uniform dispersion of the emulsion components.
It was therefore necessary to introduce a mixing method that would allow this. A high
shear Silverson mixer was obtained and was used to produce well dispersed
emulsions. Although this had a variable speed capability calibration proved difficult
and thus the mixer was set on its minimum setting.

The creams were still prepared in an open stainless steel pan heated on a mantle and
thus thermal problems still existed. In addition both simple stirrers and high shear
mixers can cause vortex formation and in the mixing vessel employed this created the
problem of air being pulled into the product. This could be minimised by using a low
shear mechanical stirrer set at 300 rpm or by immersing the Silverson mixing head
under the surface of the emulsion, but an open pan mixing method was not ideal.

Phase addition was also a problem with one phase being heated in the pan and
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another on a separate m antle to the required tem perature and added directly to the
first phase and stirred. The rate o f addition w as not controlled and again could vary
from batch to batch and thus needed to be standardised.

In light o f the above a controllable em ulsion production system w as deem ed a
necessary next step. The design criteria for this were an insulated enclosed m ixing
vessel, variable speed m ixers which were calibrated and a high shear and bulk m ixer
which could be interchanged. A dditionally there was a need for m easures to reduce
air intake, a tem perature probe to analyse the therm al processes occurring w ithin the
em ulsion and a m eans o f delivering one phase to the other in a controlled m anner.
The em ulsion production unit is schem atically shown in Figure 2.1.

Emulsion Production Unit
Variable
Speed
Mixer

Insulating
Lid

flow

Water
Jacket
Magnetic Stirrer
& Heating Plate

Peristaltic Pump

Bulk Mixing V e s s e l

Figure 2.1. Illustrating equipm ent used in em ulsion production

The m ixing vessel chosen was custom made and consisted o f glass w ater jacket. This
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was achieved by placing a 2 litre thermal glass beaker in a 3 litre glass beaker and
annealing these closed at the top. A glass inlet and outlet were fitted to allow water
to be circulated through the system. The dimensions of the mixing vessel used were
20 cm (internal vessel height) by 11.5 cm (internal vessel diameter) and 22.5 cm
(external vessel height) by 16.5cm (external diameter). The dimensions are shown
in Figure 2.2 and the insulating lid for this vessel is illustrated in Figure 2.3.

A Gallenkamp water circulator with a controllable temperature range of 20 - 90° C
was used to heat the contents enclosed within the water jacket. This system improved
thermal diffusion which was dissipated all around the system being processed. The
system also had a insulating clear perspex 3cm thick lid with access holes for a
mixing head, a second phase addition pipe and a digital thermometer. This reduced
heat loss and improved heat transfer. The mixing vessel could contain an emulsion
batch of 1kg, and this was the standard batch size used throughout the entire project.

In terms of mixing equipment, the simple mechanical stirrer, the Heidolph RXR 50,
remained as the variable speed bulk mixer. The problem of a high shear agitator was
overcome when a Heidolph Diax 600 homogeniser /disperser was obtained. This
mixer had a calibrated variable speed and could be set to mix at a range of speeds
(8500 - 24000 rpm). The mixing head fitted to this was suitable for batch sizes of
0.75 - 1.5 kg. The insulating lid on the mixing vessel was capable of taking both
types of mixer which allowed interchangeability. Thus the energy input into the
system could now be standardised.

The mixing vessel could be fitted with a three bladed baffling device and the purpose
of this was to promote turbulent mixing and to prevent the potential problem of
vortex formation during high speed bulk mixing (and air intake into the systems).
The baffle insert was designed and made to sit tightly into the mixing vessel. The
three blades were set pointing into the vessel and were attached to two circular collars
so the assembly could stand upright.
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W a te r
/ O u tle t

22.5 cm
11.5 cm
W a ter
In le t

Figure 2.2. The m ixing vessel and its dim ensions

L id L o c k in g

S lo t for b u lk s tirre r
Sm m d ia m e te r
h o le for tem p e ra tu re

30 m m h o le for
h o m o g e n is e r

Figure 2.3 The perspex insulating lid

Finally phase addition control was achieved by em ploying a peristaltic pum p (W atson
M arlow Ltd.) This could be used for both aqueous to oil phase or oil to aqueous
phase addition. Special heat resistant tubing was obtained (W atson M arlow Ltd), one
specifically for water and the other for oils. The m achine was calibrated by tim ing the
delivery o f a kilogram o f either w ater or oil phase. This was repeated 5 tim es at the
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desired rate to ensure a standard rate of delivery. The phase in question could then be
heated to the required temperature; the pump was adjusted for that temperature so
that it would then deliver at a calibrated rate (weight of material per minute) to the
other phase which was preheated in the mixing vessel.

Thus thermal conditions, mixing rates, air avoidance and ingredient addition were all
controllable. The idea of this present study was not to produce perfect emulsions but
to be able to produce systems of varying quality in a standardised way. Figure 2.1
shows the basic set up of the emulsion production unit vessel and mixers.

2.3.1 Production methods

In the present study the number of variables were kept down to a minimum. For any
given set of emulsions the same BP formula was used in all cases and only the
method of manufacture was varied. The processing conditions employed were then
varied in the way the products were mixed. Thus a system may have been processed
by a low shear or high shear mixer or by a combination of each. The processing time,
the temperature cycling and rates of phase addition were all kept constant. Variations
in mixing speeds and mixing type were exploited to produce emulsion systems with
the same formula but with different end properties. Emulsions were subjected to
initial variable shear mixing and then simply stirred to ambient temperature to
prevent high temperature phase separation. With ternary systems the only variable
was the formula and the processing conditions used remained constant for all the test
batches made.

2.3.2 Anionic emulsions

The first systems to be produced for evaluation were based on the formula for
aqueous cream BP as given above. The mixing conditions for these systems were as
follows.
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Table 2.6: Finished anionic em ulsions and their processing conditions.

Product No.

Product

Process

AQ 101

A queous Cream BP

BP m ethod

AQ 102

A queous Cream BP (not preserved)

BP m ethod

My"?

A Q 103

A queous Cream BP

Standard
m ethod

A Q 104

A queous Cream BP
(not preserved)

Standard
m ethod

A Q 105

30% W ater / 70% oil phase

Standard
m ethod

AQ 106

50% W ater / 50% oil phase

Standard
m ethod

)

AQ 107

60% W ater / 40% oil phase

Standard
m ethod

A Q 108

90% W ater /1 0 % oil phase

Standard
m ethod

1. BP method
The first systems to be exam ined were produced as by the m ethod laid out in the BP
(1988). This states that the phenoxyethanol (preservative) should be dissolved by the
aid o f gentle heating in the aqueous phase. The em ulsifying ointm ent should be
sim ultaneously m elted and the warm phenoxyethanol solution added and stirred into
the oil phase until cold.

2. Standard method
The oil phase (em ulsifying ointm ent) was m elted and heated to 7 0 °C. The w ater
phase w as also heated to 70°C and added to the m olten ointm ent. The tw o phases
w ere then m ixed with a high shear Silverson m ixer for 15 m inutes and then stirred
at 300 rpm until the form ed em ulsion reaches room tem perature. B oth a preserved
and unpreserved finished emulsion were made by the standard m ethod and a jacketed
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water vessel as shown in Figure 2.2 was used for heating the components.

2.3.3 Non-ionic emulsions

The full controllable production system was set up for the processing of the non-ionic
emulsion systems (Figures 2.1,2.2 and 2.3) and a standard method of production was
designed, evaluated and then used for this purpose.

The standard method for the production of these systems was as follows. One of the
phases was placed into the jacketed water vessel and was heated to 70®C. The
temperature was monitored with a digital thermometer and the probe was used to
measure the surface and bulk of the liquid and ensure these are isothermal before
processing continues. The second phase was heated to 70° C on a heating mantle and
again the temperature was closely monitored. In order to help uniform heat transfer,
the phase in question was pumped through the peristaltic tubing and recirculated into
it original vessel, ensuring the tubing was also heated and preventing temperature
changes on transfer of the phase to the bulk mixing vessel. The rate set for phase
transfer was 200g per minute. The preservative (chlorocresol) was dissolved in the
aqueous phase prior to processing. It was stirred to aid the dissolution process and
gently heated to 70°C. The aqueous phase is then either pumped from one vessel into
the bulk mixing vessel or is placed in the bulk mixing vessel and the oil phase added.

Once the remote phase was at the required temperature the tubing was then placed in
the slot in the insulted lid for transfer to the bulk mixing vessel and is added to the
material inside this. The relevant mixer was then switched on and the pumping of the
remote phase could begin. The temperature was then maintained at 70° C for 1 hour
while mixing took place. In terms of high shear émulsification this was carried out
for 15 minutes to break up the bulk and the product was then stirred using the simple
bulk mixer for the remaining 45 minutes at the hold temperature.
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Table 2.7 Non-ionic emulsions and their processing methods.
Batch
No.

Product

Mixer & mixing speed at
70°C for 1 hour

Phase
Addition
order

Addition
rate (g
per min)

Cet 101

Cetomacrogol
BP

RXR 50 at 300 rpm
Non-baffled

Oil to
Water

200

Cet 102

Cetomacrogol
BP

RXR 50 at 500 rpm Non
baffled

Oil to
water

200

Cet 103

Cetomacrogol
BP

RXR 50 at 800 rpm Non
baffled

Oil to
water

200

Cet 104

Cetomacrogol
BP

Diax 600 at 8500 rpm.
Non-baffled

Oil to
water

200

Cet 105

Cetomacrogol
BP

Diax 600 at 1000 rpm.
Non-baffled

Oil to
water

200

Cet 106

Cetomacrogol
BP

Diax 600 at 13500 rpm.
Non-baffled

Oil to
water

200

Cet 107

Cetomacrogol
BP

RXR 50 at 300 rpm
Baffled

Oil to
water

200

Cet 108

Cetomacrogol
BP

RXR 50 at 500 rpm
Baffled

Oil to
water

200

Cet 109

Cetomacrogol
BP

RXR 50 at 800 rpm
Baffled

Oil to
water

200

Cet 110

Cetomacrogol
BP

Diax 600 at 8500 rpm.
Baffled

Oil to
water

200

Cet 111

Cetomacrogol
BP

Diax 600 at 10000 rpm.
Baffled

Oil to
water

200

Cet 112

Cetomacrogol
BP

Diax 600 at 13500 rpm.
Baffled

Oil to
water

200

A time period of 1 hour for mixing at the hold temperature was used to ensure
adequate mixing and a uniform processing history for all the components in any given
batch. The heat was then switched off and the emulsion was mechanically stirred at
500 rpm by the Heidolph RXR 50, except where the initial mixing speed was 300
rpm. The emulsions were continually mixed until they reached 25 °C and
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were packed in airtight containers and stored out of light prior to testing. The cooling
rate for an emulsion of 1kg, which was checked for each batch was approximately
V2 °C per minute.

Table 2.7 outlines the processing methods used in the production of the non-ionic
systems. Repeat batches of both the ionic and non-ionic emulsions were produced in
order to show reproducibility when testing was carried out. All complete emulsion
systems were stored in air tight containers for 14 days at 25 °C to allow the complex
microstructure to fully develop.

2.3.4 The ternary systems

The formulae for all the ternary systems produced for the present study are given in
Tables 2.1 - 2.4. The processing history for each was exactly the same in each case.
The ternary phases used consisted of water and surfactant and were produced to
examined the swelling behaviour of the emulsifying system at different
concentrations.

The water phase was heated within the jacketed mixing vessel 70 °C. Once this was
achieved the cetomacrogol 1000 or sodium lauryl sulphate were dissolved and the
cetostearyl alcohol was added and allowed to melt in the heated surfactant solution.
The mixture was then mixed at 10000 rpm using the Heidolph Diax 600 homogeniser
disperser mixer for 15 minutes, the water circulator heater turned off and the system
was mixed to ambient temperature at 500rpm. In all cases the mixing vessel was
baffled to reduce and prevent the incorporation of air through vortex formation.
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3.1 Introduction

Rheology is the study of deformation and flow (Wallwork and Grant, 1977). This
subject is of considerable importance in the study of semi-solid emulsions from both
fundamental and applied points of view (Tadros,1994) playing an important part in
determining both their aesthetic properties and technical development (Barnes, 1994).
Classical mechanics shows a clear distinction between solid and liquid behaviour and
laws were developed to account for the behaviour of each. Solids were shown on
deformation to behave elastically and Hooke's law is used to describe this. Hooke
stated that the extension in length of a wire is proportional to the load or tension on
that wire provided the proportional limit is not exceeded. In essence this simply
expresses how far an elastic material moves or strains in response to a given force.
Hooke's law for elastic deformation can be defined mathematically as

where

t

T« Y

Eq. 3.1

T = Gy

Eq. 3.2

is the applied stress, y the strain in the material and G the elastic modulus

which is measured in Nm'^ or Pascals (Pa). Therefore a certain stress applied to a
material will result in the material responding at a given strain and this gives a
measure of how rigid a material is. Elastic deformation is often graphically
represented by a spring symbol as shown in Figure 3.1(a).

The stress applied can be considered as the weight hanging on the spring and the
degree of extension is the strain experienced by the material. If the weight is
removed and the spring returns to its original position this is considered to be
ideal elastic behaviour. Similarly if the stress is removed from a material and this
reforms to its original position instantaneously, this is ideal solid behaviour.
Elastic or solid behaviour are synonymous and is often termed elastic
deformation.
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Liquid behaviour can be characterized according to how a m aterial m oves under
stress. Newton described this relationship as the law o f viscous flow stating the rate
o f flow o f a m aterial (D) is proportional to the shear rate and the constant o f
proportionally is the coefficient o f viscosity (q ) which is sometim es refened to as the
dynam ic viscosity. This relationship can be written as

Eq. 3.3

T= q D

w here x is the applied stress N m ’^, D is the rate o f flow or shear (s ') and q is the
viscosity m easured in Nm'^s. or Pa.s. V iscosity is often represented as a dashpot,
w hich is a piston m oving through a viscous fluid as shown in Figure 3.1(b).

b: D a s h p o t

a: Spring

Stress

Stress

Figure 3.1 (a) Sym bol for solid behaviour (b) Sym bol for viscous behaviour

A w eight which represents the applied stress is placed on the piston and this m oves
tlii'ough the fluid at a given rate. Tlie heavier the weight, the faster the piston m oves,
thus as the applied stress increases the rate o f flow will also increase. On rem oval o f
the w eight the liquid will not return to its original state and perm anent deform ation
o f the sam ple is said to have occurred.
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3.1.1 Variations in flow behaviour

Newtonian fluids are those that show no change in viscosity with increasing shear
stress; this parameter increases proportionally to the shear strain within the material.
This is illustrated in Figure 3.2(a). Many pharmaceutical liquids do not behave in this
manner and the viscosity will change as the rate of shear changes. These changes may
be as a result of bond breakage and reformation in response to stress application or
may result from resistance of the components in the product contained within a free
flowing medium. Examples of this may be seen with emulsions, gels and
suspensions. Any liquid material which deviates from Newton’s law are known as
non-Newtonian. The nature of the deviation from ideal behaviour occurs in several
ways according to the nature of the material.

If the material under investigation requires a certain degree of stress to cause it to
flow this is known as a plastic or Bingham material. The point at which flow occurs
is known as the yield point, and shows the system initially acts as a solid until the
stress is great enough to cause flow. It is common to see this in concentrated
suspensions, where the continuous phase has a relatively high viscosity or the
particles are flocculated. Plastic or Bingham flow can be expressed mathematically
as

u

=

T - f e _

Eq. 3.4

D
where U is the plastic viscosity and fg is the Bingham yield value. Figure 3.2 (b)
illustrates plastic flow behaviour.

If the material viscosity decreases relative to the applied stress and there is no
yield force required to move the material as in Figure 3.2 (c), this is referred to as
pseudoplastic flow. Thus determination of viscosity must always be taken at a
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stress as no single value exists for this type o f m aterial and the viscosity o f such
products is term ed the apparent viscosity (Papp)-

The relationship betw een rate o f shear to shear stress is often given as

t

"

- n'D

Eq. 3.5

w here n' is a viscosity coefficient and the exponent n an index o f pseudoplasticity.
Products containing hydrocolloids, e.g. tragacanth, alginates and m ethylcellulose
often behave in this manner. M ost o f these materials in solution exist as tangled long
chain high m olecular compounds which when stressed tend to disentangle and align
them selves in the direction o f the applied stress. This reduces the apparent viscosity
o f the sam ples and resistance to flow falls until an equilibrium is reached.

GO

B S h e a r s tre s s

GO

GO

S h e a r s tre ss

S h e a r s tre ss

Figure 3.2. Rlieogram s show ing variations in flow behaviour;
(a) N ew tonian (b) Plastic (c) Pseudoplastic (d) D ilatant.
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The opposite of pseudoplastic flow is termed dilatancy and materials exhibiting this
type of behaviour show an increase in viscosity when a shearing force is applied to
them. This dilatant behaviour is also termed shear thickening. This is a rare
phenomena and is seen in high concentration dispersions where the particles are
deflocculated. The particles are relatively closely packed and are surrounded by a
small amount of continuous phase. As the shear rate is increased the particles are
forced together as the continuous medium is displaced and the apparent viscosity
greatly increases. Materials which undergo shear thickening flow freely at low shear
but may become paste-like and immobile. Dilatant materials should be mixed at low
rates as high shearing will increase the work a mixer has to perform and may even
strain or damage equipment. Figure 3.2(d) shows a typical rheogram for a dilatant
material.

3.1.2 Viscoelastic behaviour

In reality not all materials show purely elastic or viscous behaviour and therefore
many behave in the region between these two extremes and are thus described as
“viscoelastic” materials. The importance of viscoelasticity in pharmaceuticals has
been examined by Macvean and Mattocks (1961). Materials of a semi-solid nature
such as emulsions or suspensions may exhibit behaviour which shows both solid and
liquid type charcteristics. This phenomena can be described using the Voigt model,
which combines both a spring and dashpot in parallel in order to account for the
elastic and viscous behaviour in the material. Figure 3.3 shows this relationship.

As strain is applied to the dashpot the effect is retarded by the spring, which in real
terms suggests that the strain will eventually reach a maximum and the spring will
be at equilibrium. Once the strain is removed the material will recover as the spring
returns to its original position. The recovery may be instantaneous or may occur over
a longer time period, depending on the viscosity of the sample, which is governed by
the damping effect of the piston within the viscous medium on recovery.
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Stress

Figure 3.3. The Voigt m odel o f viscoelastic behaviour

The strain in this system is the same in both the spring and the dashpot, so the applied
stresses can be added in order to give the total stress w ithin the system. This can be
expressed as
T = Gy + p Y

w here

t

Eq. 3.6

is the strain and G is the elastic m odulus o f the system. This equation can

then be used to describe the influence o f both the elastic and viscous response o f
the m aterial and allows classification according to these param eters. The tim e
taken for a viscoelastic m aterial to deform and recover m ay be expressed as the
relationship o f strain w ith tim e and can be w ritten

1- e

-t/RT

Eq. 3.7

w here R T is the relaxation tim e and is the tim e taken for m aterial deform ation to
occur and can describe both the degree and rate o f deform ation at any tim e. The
relationship o f viscosity to the relaxation tim e is sim ply the greater the viscosity o f
the system, the greater the relaxation tim e and thus the system takes longer to reach
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a steady state and relax. I f a viscoelastic system is put under strain bonds w ithin the
system w ill break and reform until com plete relaxation occurs and this w ill be
entirely dependent on the nature o f the sam ple under exam ination.

The length o f tim e a m aterial is stressed for also has a bearing on the flow
characteristics o f a sam ple under investigation. V iscoelastic m aterials are often
d eform ed by the application o f stress and on rem oving that stress m ay take tim e to
reco v er their structure. This m ay occur relatively quickly w ith largely elastic
m aterials or m ay take days m onths or years w ith m ore viscous system s. T hus if a
sam ple is stressed and then re-stressed im m ediately a different rheological response
m ay be obtained, showing that the first run has caused som e degree o f deform ation.
If a viscoelastic m aterial is tested in a continuous shear viscom eter and the stress is
increased stepw ise and then decreased stepw ise, the up curve and dow n curve are
unlikely to be superim posable as the return to ground state is not instantaneous. The
experim ental tim e is an im portant factor in evaluation o f viscoelastic behaviour and
in particular how long the sample is placed under stress. Sam ples are thus classified
according to the relationship o f the relaxation tim e to the experim ental tim e. Tlie unit
o f m easurem ent for this is the Deborah num ber D, after the prophetess D eborah who
sang o f "the m ountains flowing before the L ord”, suggesting in tim e everything flow s
if o b served for long enough. A sim ilar exam ple is that o f glass in a w indow w hich
w ith tim e flow s and becom es thicker at its base. The equation for the D eborah
relationship is as follow s

D eborah num ber

=

relaxation tim e
experim ental tim e

Eq. 3.8

A D eborah value in excess o f 1 suggests a tendency to elastic deform ation or solid
behaviour, less than 1 viscous fluid behaviour and a value close to 1 suggests a
viscoelastic product but is dependent on the total experim ental tim e.

Tim e dependent behaviour is term ed thixotropic, m eaning to change by touch and is
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//
(a)

S h e a r stre s s

(b )

S h e a r s tre s s

Figure 3.4. Rheogram s o f thixotropic behaviour, (a) pseudoplastic (b) dilatant

applied to m aterials w hich exhibit a tim e dependent decrease in apparent viscosity.
Figures 3.4(a) and 3.4(b) show typical rheogram s for a pseudoplastic and dilatant
m aterial w here both show thixotropy. This type o f response is characterised by a
hysteresis loop show ing the down curve is displaced relative to the up curve and is
indicative o f tim e dependent structural breakdow n w ithin the m aterial. Thixotropic
m aterials are those w hich form a com plex m icrostructure w ithin the m edium ,
exam ples o f this include pharm aceutical em ulsions w hose liquid gel m icrostructure
is responsible for the viscoelastic response (Barry, 1974).

Som e system s w hen evaluated by rheom etric m ethods never recover their inherent
structure if the rate o f shear is too great. Sem i-solid em ulsions contain delicate but
com plex structures w hich are susceptible to m echanical stress. Often creep or
oscillatory techniques which involve the application o f stress for shorter tim e periods
are better for evaluating these types o f product and if tailored to the product allow
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retesting of the same sample. These methods will be examined in the next section.

Evaluation of thixotropic products through flow rheology is difficult to quantify as
the rheograms show considerable variation in apparent viscosities due to the
structural breakdown and reform processes of products under evaluation. It is perhaps
more useful to determine flow behaviour in the range of shear that will be
experienced during product use to gauge the effect of this on product performance
and stability. In addition one should be aware of the processing history and
formulation used and results should be interpreted in light of these factors.

3.2 Rheological measurements

Simple viscosity measurements can be performed using standard equipment such as
a U tube, a suspended level or falling sphere viscometer. These types of instrument
are used for simple viscosity measurements with Newtonian fluids but because most
materials show non-ideal behaviour it is necessary to measure a sample over a range
of stresses in order to assess the flow properties of the sample. A material may
behave adequately at low shear rates but flow properties may alter considerably at
higher shear rates. This may be important during high shear processing which could
break the material down or in the case of dilatant materials an increase in the apparent
viscosity can damage the processing equipment. Rheological analysis of creams and
other semi-solids requires programmable instruments that allow a range of shear
conditions to be simulated and there are several examples of these (Sherman, 1983).

The most common example of this type of rheometer is the rotational viscometer.
These rely on viscous drag exerted on the measurement surface of the equipment
against the sample in question. Modem systems are computerised and can be
programmed to suit the product in question and a range of shear rates and
temperatures can be employed in order to stress the material. They also have a
number of measuring attachments, the most common being the concentric cylinder
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or couette and the cone and plate.

With the couette type measuring system, there are two coaxial cylinders of different
diameters. The outer cylinder forms a cup and the iimer cylinder or bob is placed
centrally with the fluid filling the gap between them. The outer cylinder is then
rotatedrhis moves the fluid which exerts a viscous drag against the bob. The bob is
connected to the measuring system, in some machines a torsion bar or wire, and the
strain on this is measured as the angular deflection. From this the torque can be
calculated and hence the viscosity via

C0 = T

Eq. 3.9

where C is the torsional constant of the wire, 0 is the angular deflection and T is
the torque. The torque is related to the viscosity via

J_ - J_
T) =

Eq. 3.10
4 71 h 0)

where r, and Xj are the radii of the inner and outer cylinders respectively, h is the
height of the inner cylinder and o) is the angular velocity of the outer cylinder.

The cone and plate measuring system consists of a flat circular plate with a wide
angle cone placed centrally above. The tip of the cone just touches the plate and
the sample is loaded into the gap between the two. The plate can then be rotated
against the material under examination and, in the same way as for the couette
method the force required to do this is measured by a torsion wire. The viscosity
can then be calculated using the following equation:
tl

3 (j T
2%^ a
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where w is the angular velocity on the plate, T is the torque, r is the radius of the cone
and a is the angle between cone and plate. Cone and plate rheometers tend to be
better suited for semi-solid measurements and have been used exclusively during this
present study.

The majority of modem cone and plate rheometers allow a range of measurements
of rheological behaviour to be taken on any given sample. These measurements will
include continuous shear in order to evaluate flow properties and changes in product
viscosity, creep testing which is useful in evaluating viscoelasticity and oscillatory
measurement which is particularly useful for probing the delicate microstmcture of
viscoelastic products.

Flow relies on applying a continuous shearing force to a product and measuring the
change in viscosity as this occurs. The cone and plate is rotated with increasing force
or speed over the sample and the viscosity is a measured via the resultant viscous
drag in the sample; when the maximum programmed force is reached the torque is
gradually reduced and measurements are taken of the sample as it begins to relax
until the force is removed or reaches its pre-set minimum. This is been a widely used
technique and has found application in semi-solid analysis (Barry and Shotton, 1967;
Boylan, 1966; Talman et al, 1967). Viscoelastic products produce a complex
rheogram which can be evaluated in terms of the shape and area of the resultant
hysteresis loop (Marriott, 1988) and will indicate the degree of thixotropy and the
flow properties of the sample. With many colloidal systems it is common to obtain
a characteristic spur point on the ascending curve. This phenomena has been
attributed to the presence of a three dimensional gel structure (Barry, 1974), which
eventually breaks down under stress and allows the product to flow. It is often a
useful predictor of liquid gel formation; the greater the stress required to break it the
greater the stability of the emulsion. Thus flow rheology is a useful technique for
characterising viscoelastic materials and may yield useful information about such
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system s. H ow ever the com plex nature o f m any viscoelastic sem i-solids m akes
interpretation difficult and it is often m ore valuable to exam ine them in their
rheological ground state (Davis, 1969). In the initial experimental w ork o f the present
study flow rheology was em ployed in sem i-solid em ulsion evaluations.

Creep testing involves the application o f a know n constant stress to the m aterial and
the m easurem ent o f the resulting strain.

W hen the strain (y ) is divided by the

constant stress ( t ) a m easure know n as com pliance (J) is obtained.

Eq. 3.12

I
This is the inverse o f the elastic m odulus and is m easured in m^ N '. W hen this is
m easured within the linear viscoelastic region the resulting creep com pliance curve
will have the same shape irrespective o f the applied stress (Ferry 1961).
Creep

— Recovery

I

cS

B

A
Stress applied

Stress rem oved
Time

Figure 3.5. A typical creep com pliance curve
Figure 3.5 show s a typical creep com pliance curve. A represents the point at w hich
the stress is applied and in region A - B the m aterial behaves elastically, w hile the
system attem pts to flow in region B - C, but is retarded by its solid nature. The
straight portion C - D shows the viscous com ponent as dom inant. The applied stress
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is removed at point D and on removal of the stress (D - E) the stored energy of the
elastic phase of the sample is released and recovery (E - F) occurs. The stress applied
often damages delicate structures and full recovery may not occur and energy lost
during viscous flow will lead to displacement from the baseline.

The mechanical representation of creep compliance utilises the Berger model (Figure
3.6) which employs dashpots and springs as a means of describing behaviour. The
complex nature of viscoelastic products means a simple one spring and dashpot
model cannot explain the entire flow and elastic behaviour of samples. Creep testing
was not used in this present study and the reader is referred to Barry (1974) and
Marriott (1988) for further information on this subject. Davis (1969) has also
extensively evaluated the use of creep testing in the evaluation of omtment bases and
creams. Sherman (1983) gives an excellent review of the mathematics pertaining to
viscoelastic behaviour and the role of creep testing in this area.

Stress

Figure 3.6. The Berger model of viscoelastic behaviour

Oscillatory rheometry was employed for the majority of the rheological examination
of semi-solids in the present study. Davis (1971) gives a full treatment of the theory
and mathematics of oscillatory testing. The author has suggested that oscillatory
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rheometry provides in depth information pertaining to semi-solids and is more useful
than creep measurements for resolving structural complexity. The application of a
sinusoidal force to a viscoelastic material allows dynamic measurements to taken on
samples and yields useful information relating to the complex microstmcture of a
sample. The measurement of viscoelastic rheological properties can be divided into
linear and non-linear behaviour (Barnes et al, 1989). The linear measurements must
be taken where the properties measured are not a function of the applied stress or
strain (Barnes, 1994). Therefore oscillatory measurements in the present study were
made in the linear viscoelastic region where the measurements taken were
independent of the applied stress and strain levels. This region can be determined by
performing torque sweep oscillation measurements which involves gradually
increasing the stress and strain in the system and this was established for all systems
under investigation. The point at which the complex modulus G* decreases from a
constant plateau value is defined as the departure point from linear viscoelastic
behaviour (Davis, 1971). Oscillatory rheometry is particularly useful in assessing
what happens to materials over a short time scales and is a rapid method of testing
materials. It is extremely useful for assessing changes in samples, during
manufacture, on storage or for examining material curing processes.

A small amplitude sinusoidally oscillating stress is applied to the material and the
resulting strain is measured and compared to the initial stress. In ideally elastic or
Hookean materials the strain will be directly proportional to the stress. The strain
response is thus said to be in phase with the stress wave-form as in Figure 3.7(a). If
a cycle is considered to be a sine wave covering 360°, then any differences in phase
responses can be measured in terms of differences in the angles (ô) between the stress
and strain wave-forms. With a purely viscous or Newtonian sample the strain rate is
proportional to the stress and thus the strain and stress waveforms will be exactly 90°
out of phase as in Figure 3.7(b). When the strain rate is at its maximum or apex the
strain waveform passes through zero and vice-versa when the strain waveform is
maximum. The majority of materials will behave somewhere between these two
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extremes and the angular displacement between the two will be somewhere between
0 and 90

The relationship between phase angle and rheological response is simply

the greater the phase angle the more fluid- like is the response.

Stress Am plitude

Shear
stress
Q°Phnse! Difference (ô)
Shear
strain

I

Strain Amplitude

max T
90°PhaseD jfference(ô)

Shear
stress

Shear
strain

mm Y

Figure 3.7. Oscillatory responses of (a) a perfectly elastic material
(b) a purely viscous material
The elastic and viscous components contributing to the overall response can be found
by taking the ratio of the stress amplitude to the strain amplitude and this gives a
complex rheological modulus G*. This is made up of the elastic component or storage
modulus O' and the viscous component or loss modulus G". The elastic component
can be viewed as the ability of a material to recover on the removal of stress while
the loss modulus will give an indication of permanent product deformation. The
relationship between the two can be written as follows

G* = iG + G"

Eq. 3.13

G = G* cosô

Eq. 3.14

G" = G* sinô

Eq. 3.15
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where i is the square root of -1. The dynamic viscosity can then be written
T|' = _G:

Eq. 3.16

0)

where w is the frequency in radians (rad

where 2%rad = 1 cycle).

This allows both elastic and viscous responses to be measured simultaneously
over the time scale relative to the frequency of oscillation. Consequently if G* and
Ô are measured over a wide range of frequencies a range of Deborah numbers is
also covered because the time scale is the inverse of frequency. High frequency
measurements relate to short time scales and vice-versa. The low frequency of a
measurement cycle will favour the viscous response of a viscoelastic material
whereas elastic behaviour will predominate at the higher frequencies employed.
The ratio of these parameters can then be used to assess the presence of structuring
within samples. Thus samples showing a marked in-phase elastic response suggest
the presence of well ordered structures which may relate to, in terms of creams,
stability and product robustness. If the viscous component dominates the process
it suggests the product is deformed under stress and this may not be desirable in
terms of usage and processing.

The relationship between the loss and storage modulus can also be written

G" = tan Ô
G

Eq. 3.17

where tan ô is known as the loss tangent. This ratio is important in assessing the
viscoelastic nature of the material under observation.

3.3 Rheology and semi-solid behaviour

A wide range of pharmaceutical and cosmetic products are formulated as semi-solids
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and the emulsion or cream is a popular vehicle for delivery of such products. These
products are difficult to characterise rheologically as they often show viscoelastic
behaviour and lie between the extremes of ideal solid or liquid. Rheological
measurement is useful for analysing these systems as it can be used as a predictor of
product robustness, organoleptic properties and flow properties which are important
factors in terms of product usage and manufacture. The use of rheological
measurements as a quality control tool has been examined by several workers
(Woodman and Marsden, 1966; Warburton and Barry, 1968).

Barry (1974) stressed the importance of the viscoelastic nature of pharmaceutical and
cosmetic semi-solids and its measurement by rheological methods. Prior to this many
workers had ignored this phenomena and treated these systems as non-Newtonian
liquids and thus did not take into account the elastic behaviour of such systems.
Using models based on the soft paraffins and ternary systems containing mixed
emulsifiers of surfactant and long chain alcohols he examined the relationship of
these components to the rheological behaviour. Barry and Grace (1970) had
established, through electron microscopy, that paraffins were made up of three
dimensional network structures. These substances consist of a mixture of liquid and
solid hydrocarbon crystal forms, which form fibre like bundle structures. With mixed
emulsifier systems such as those used in the present study, structure and rheological
behaviour can be varied depending on the relative concentration ratio of the long
chain alcohols to the oil and water phases. Barry (1969,1971) and Barry and
Eccleston (1973) examined this phenomena by altering the ratio of surfactant to long
chain alcohols and built an entire rheological spectrum from very mobile systems
based on low concentration to almost paste like products with high emulsifier
content. Barry (1974) states that the flow properties of these products mainly depends
on the presence of the gel-like viscoelastic network within the continuous phase of
the semi-solid.

Davis (1971) examined the role of non-destructive oscillatory testing of semi-solid
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products. This study examined seven ointments and four creams within the linear
viscoelastic region. The preparations used were standard BP products and included
wool fat, white soft paraffin, emulsifying ointment and aqueous cream. As the water
content of the products was increased G" fell and O' increased, thus as systems
changed from viscous oily products the addition of water and surfactant combinations
greatly increases the elastic component and indicates the development of structure
formation within the systems. Davis (1971) concluded a satisfactory cream is one
where O' » 0". In addition, Barry (1974) has extensively reviewed the mathematical
concepts behind non-destructive testing. Oscillatory rheometry is now an established
tool for the study of viscoelasticity.

Barry and Eccleston (1973) evaluated the use of oscillatory testing of mixed
emulsifier o/w emulsions based on cetrimide and cetostearyl alcohol. They looked
at ternary systems and finished emulsions and concluded that emulsion and ternary
system rheological response was related to the concentration of mixed emulsifier
which affected the consistency of the system as it increased. Similar results were
found for as series of non-ionic dispersed systems. Barry and Eccleston (1973) also
examined the effect of altering the chain length of the cationic surfactants in order to
assess the effect of this on the oscillatory response. They related the rheological
properties of emulsions and ternary systems to the formation of continous gel
networks and found that cationic surfactants of chain length C14 and C16 produced
the most complex viscoelastic networks.

Lin et al (1993) examined the rheological behaviour of anionic polymers containing
carboxymethylcellulose and sodium alginate and found the oscillatory parameters
increased with increasing polymer concentration and the elastic modulus increased
with frequency. Samples that were examined containing polyacrylic acid residues
were greatly influenced by the presence of water which increased the viscoelastic
behaviour of the samples. Gasperlin et al (1994) investigated the structure of a
semisolid w/o system based on a silicone surfactant compound. They analysed the
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effect of changing the water content of their emulsions and found the systems
viscoelastic properties altered with an increase in water concentration and become
more elastic in behaviour.

The microstmcture of emulsion systems and its importance in semi-solid emulsion
stability has been widely examined using rheology. The flow properties of an
emulsion system are obviously among some of its more important physical attributes
(Barnes, 1994). Barry and Saunders (1970) examined the self-bodying action of
mixtures of cetrimide and cetostearyl alcohol. The rheological flow studies carried
out showed the relationship between cetostearyl alcohol concentration and bodying
action. As this component's concentration was increased the sample viscosity
increased and the rheograms produced showed increasing evidence of complex
microstmctural formations. This evidence was further supported by additional creep
compliance analysis which showed the presence of gel stmcture within the
continuous phase. Barry and Saunders (1971, 1972) worked extensively in this area
and further produced evidence to confirm this work. Eccleston (1976) also examined
the effect of altering the long chain alcohol type on the stmcture and rheology of
cetrimide creams. Products were tested rheologically using creep, oscillatory and
continuous shear methods. The products made with pure stearyl and cetyl alcohol
were conclusively shown to be less stmctured than those products made with
cetostearyl alcohol. The rheological techniques employed showed clear differences
between the final products and the gel networks formed with each. Eccleston (1976)
produced similar data when the cetrimide was replaced with cetomacrogol 1000, a
non-ionic surfactant. The rheological data again showed that products containing
cetostearyl alcohol were the most resistant to stmctural breakdown when subject to
continuous shear. Similarly the creep and oscillatory experiments showed the highly
viscoelastic nature of the products produced made with this long chain alcohol.

Lashmar and Beesley (1993) examined the changes in rheological parameters
associated with manufacturing procedures. They examined the oscillatory response
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of non-ionic creams containing cetostearyl alcohol and found that alterations in
manufacturing method significantly altered the rheological properties. Further
evidence of processing effects on the rheological behaviour of semi-solids was
provided by Virtanen et al (1993). This group examined the effect of cooling rates
on the flow properties of emulsions containing non-ionic surfactants and cetostearyl
alcohol and found a slower cooling rate significantly increased end product viscosity.
Eccleston (1977) had previously suggested that non-ionic systems continued to
increase in viscosity as the hydrogen bonded gel networks are not fully formed
immediately after processing and hydration continues after the product is packaged.
The gelling of emulsions on storage has also been previously covered by Strianase
(1972) and Martin (1974).

The systems produced in this present study all contain cetostearyl alcohol in
combination with an ionic or a non-ionic surfactant. Systems containing these
products have been well characterised in terms of their rheological behaviour. The
structural behaviour is an inherent part of the products and plays a vital role in their
stability.
3.4 Rheological methods

In the initial evaluation of the ionic semi-solid emulsions, flow rheology was
extensively employed. All rheological determinations were carried out using a
Carrimed CSL 500 controlled stress rheometer. This is a cone and plate rheometer,
the cone geometry being set at 2°. It is initially set up and the run conditions
programmed into the computer system which controls the measuring system. Once the
equipment is set up the sample is placed onto the plate and the cone is lowered into
the sample with the cone tip just touching the plate. Any excess sample is squeezed
out by the cone and is removed.

In the continuous shear or flow mode the following run conditions were employed
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for all the test samples. The total run time was 21 minutes. The stress was increased
for 10 minutes, the sample was held at the maximum stress for 1 minute and the
stress was reduced to zero over 10 minutes. All samples were stressed to a maximum
of 150Nm^ and the experimental temperature was 25°C. The process is fully
automated and results are outputted to a personal computer and plotted.

Oscillatory rheometry was used for the non-ionic complete emulsions and the ternary
systems. This was used as it has been shown to be a useful technique for the study of
emulsion and temaiy gel system viscoelastic behaviour. The computer is programmed
to apply the desired stress and strain to the sample and the process is fully automated.
The following run conditions were employed to analyse these systems. An oscillating
stress of 0.1 -10 Hz was applied to each sample. The torque use was 200 pN which
was established by torque sweep to be within the linear viscoelastic range. This
technique and the theory behind it is comprehensively covered by Barnes et al (1989).
The run time was 30 minutes and was chosen to minimise loss of aqueous phase by
evaporation from the sample. The run temperature was 25° C. All samples were run
undiluted after the being stored under the specified experimental conditions. Samples
were run at least 3 times to ensure reproducibility for both the flow and the oscillatory
studies. The values used were within 5% of each other and the mean was taken and
plotted in the Figures below and Tables (Appendix 1). The plate and cone are
thoroughly cleaned between runs to ensure only the sample under examination
contributes to the result.

3.5 Results and discussion

All the samples prepared as outlined in the materials and methods section were either
examined using continuous shear rheometry or oscillatory rheometry. The systems
based on aqueous cream were tested by the former method and the remainder of the
systems were examined using oscillatory rheometry. The rationale for this change
was two fold; the oscillatory rheological method is less destructive to the sample
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under evaluation (Zografi 1982) and this method of analysis gives direct information
relating to the viscoelastic nature of the samples under investigation.

3.5.1 Rheological flow studies

The finished semi-solid emulsion products based on aqueous cream show a range of
rheological flow properties, some being consistent with viscoelastic properties. The
results are measured as changes in the apparent viscosity but it is the shape and area
of the rheological flow curve that is important in assessing the interaction of the
semi-solid components and the thixotropy of a given system (Marriott, 1988). The
method of manufacture for these creams is given in Chapter 2 (material and
methods).

SYSTEM

AQlOl

AQ102

AQ103

AQ104

Shear rate
S'* at 150
Nm^

138

62.2

1229

109

A.U.C.
(Nm's-‘)

15307

4749

119641

8649

Table 3.1 Rheological flow area under curve data for ionic emulsion systems
Aq 101 Handmixed preserved; Aq 102 Handmixed Unpreserved;
Aq 103 Mechanically mixed preserved; Aq 104 Mechanically mixed unpreserved.
Table 3.1 shows the shear rate (S’^) measurment for each sample at a stress of 150
Nm^ and the respective area under the curve values for the four ionic semi-solid
emulsion systems and these correspond to Figures 3.8 and 3.9. The following general
points can be made about each of the systems shown. All the systems produced show
rheological behaviour consistent with pseudoplastic behaviour. The rheograms show
the up and down curves and the displacement of the down curve to the right of the up
curve in all cases, which indicates the products are all thixotropic, although the
degree of thixoptropy varies greatly between the four products. Flow curves suggest
that the larger the area within the hysteresis loop the greater the degree of product
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breakdown and thus it can be used as a indicator of the structural complexity within
a given system. Therefore systems that attempt to recover structure while under stress
will produce rheograms of a greater area than those who show little ability to resist
the applied stress. Systems that do not possess elastic recoil will be less resistant to
flow and this will be reflected by the rheogram produced. It is possible to link
resistance to flow to complex structuring within the emulsion system and thus use the
technique to probe the elastic properties of the emulsion system. However this
method does cause a degree of viscoelastic network breakdown to achieve its results
(Zografi, 1982).

When the flow curves (Figures 3.8 and 3.9) for the hand mixed products (Aq 101 and
102) are examined and compared both indicate the systems are non-Newtonian and
thixotropic, and these findings are shown by the hysteresis loops produced. The area
under the hysteresis curve for the preserved systems is greatly increased where the
product has been produced by mechanical means (cf Aq 103 and Aq 101) and this is
a more dramatic change than in the case of the unpreserved systems, although the
area under the hysteresis curve of the mechanically mixed product (Aq 102) is much
greater than that of the hand mixed unpreserved cream (Aq 102)

The evidence tends to suggest a greater degree of structural breakdown within the
mechanically mixed preserved product which is illustrated by the large area of the
hysteresis loop produced as shown in Figure 3.9. It is clear that the emulsions
produced by mechanical means in the present study form products with greater area
hysteresis loops when compared to products produced by hand mixing. This may a
reflection of a uniform dispersion of the components through mechanical means
coupled with the break up of the oil phase to produce an emulsion of small oil droplet
dispersed phase and thus may promote the formation of continuous lamella networks
between the oil droplets within the system. This idea was explored in Chapter 1 and
Figure 1.13 illustrates the types of final emulsion that can be produced according to
the mixing conditions employed.
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Fig. 3.8 Rheological flow profile of
hand mixed emulsion systems
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When preserved and unpreserved emulsions are compared the rheology of the
systems is profoundly different as emphasised in Table 3.1 (cf. AQ 101 preserved
with AQ 102 unpreserved and AQ 103 preserved and Aq 104 unpreserved). The
preserved systems both show a larger area hysteresis loop relative to the unpreseved
products mixed under identical conditions and suggests the preservative has a
noticeable effect on the structural complexity of the semi-solid produced. The
possible explanation of this maybe due to the distribution of the phenoxyethanol
molecule. This has a strongly polar ethanol headgroup and a hydrophobic phenol ring
structure. It is possible that this sits at the oil and water interface. The result of this
maybe to displace existing surfactants which would be likely to interact with the
water and increase the gel phase or may itself form a gel phase in combination with
the other components of the system. This was not further investigated and is still open
to conjecture although it is clear this preservative profoundly affects the rheology of
the final emulsion. The physical properties of this preservative are discussed in
Chapter 2 (materials and methods).

From the above results the use of flow rheology is a useful technique and may give
some indication of the structural behaviour of semi-solid emulsion systems. Barry
(1974) comprehensively reviewed flow rheology and showed the types of system that
can be characterised using it. It clearly shows both mixing conditions and formulation
changes affect the final product produced. It is important to compare the products
with ones using the same formula although it is clear from the present study the
addition of a preservative such as phenoxyethanol significantly alters the rheological
properties of the emulsion and illustrates the importance of this during the
formulation of products. It is a destructive technique and this may subject the product
to stresses far in excess of that experienced in domestic usage and thus may not be
a good indicator of the organoleptic properties.

The continuous shear methods employed in this present study were used as a
preliminary investigation tool into the rheological behaviour of emulsions. The
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technique was replaced by oscillatory rheometry, which has been shown to be less
damaging to the emulsion microstmcture (Davis, 1971). The rest of the systems
examined in the present study were evaluated using a standard method of oscillatory
rheological testing.

3.5.2 Oscillatory studies on ternary systems

The ternary systems produced in this study were examined within the linear
viscoelastic range under the test conditions specified earlier in the methods section
of this chapter. This was checked using a range of frequency sweeps at differing
torques and was carried out at a torque of 200 pN. This torque used was chosen to
cover the wide apparent viscosity range of the samples under examination. In
summary products were stressed under the same conditions using a frequency sweep
between 0 and 10 Hz with a Carrimed CSL 500 rheometer as described under the
methods section of this chapter.

The study concentrated on the effect of altering the concentration of cetostearyl
alcohol on the rheological behaviour of two non-ionic and two ionic ternary systems.
The concentration of the surfactant was fixed for each series of ternary systems while
the concentration of the co-emulsifier cetostearyl alcohol was increased as outlined
in Tables 2.1, 2.2, 2.3 and 2.4 (Chapter 2).

As a general observation both the storage and loss moduli increase with increasing
cetostearyl alcohol concentration in the non-ionic and ionic ternary gel systems. As
has often been shown (Barry, 1974, Eccleston, 1990) this fatty alcohol has the ability
to swell in the presence water in combination with non-ionic and ionic surfactants.
The swelling behaviour is governed by the concentration of cetostearyl alcohol and
the greater the concentration, the greater is the possibility of complex microstmctural
formation. This was examined in depth in Chapter 1. Barry and Shotton (1969)
produced a range of ternary systems by combining sodium lauryl sulphate with
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cetostearyl alcohol and by altering the ratios of these the systems ranged from the
very fluid to those with gel like properties.

3.5.2.1 Non-ionic oscillatory rheometry studies

The first series of ternary gel systems was based on a constant concentration of 1%
cetomacrogol 1000 with a corresponding increase in the concentration of cetostearyl
alcohol within the range 0.25% (Al) - 8% (A7). The storage and loss parameters
show marked increases as the concentration of the long chain alcohol increases
(Figure 3.10 (a) & (b) and 3.11(a) & (b)). The changes in these parameters are shown
in Tables Al - A7 (Appendix 1).

The storage and loss moduli for the A series ternary systems increase with increasing
frequency and concentration of cetostearyl alcohol. The systems A l - A4 show both
a comparatively low storage and loss responses and thus are unlikely to have a
developed complex internal structure and would not be considered to be semi-solid
in character. Once the concentration of the long chain alcohol reaches 4% (system
A5) there is a rise in the elastic modulus. For example, G’ at lOHz changes from
9.08 Nm^ for system A4 (long chain alcohol concentration 2%) to 39.89Nm^ system
A5 (cetostearyl alcohol concentration 4%). This dramatically increases reaching
467Nm^ at 10 Hz for a cetostearyl alcohol concentration of 8% (system A l). There
is also a similar magnitude increase in the viscous properties of the systems and this
reflects the gelling behaviour of the system under question.

It is clear that once the concentration of cetostearyl alcohol ranges between 4% (A5)
-8% (A7) there is a relatively large increase in the solid type behaviour indicating the
development of a complex elastic matrix within the system. When the loss moduli
are examined the same general trend for the A series ternary systems is clearly seen.
The viscous behaviour also follows the same general trends.
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Fig 3.10(a) Rheological storage modulus vs
frequency for ternary system s Al - A4
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1 0

Fig. 3.11(a) Rheological lo ss modulus vs
frequency for ternary sy stem s A l - A4
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frequency for ternary systems AS - A7

750 -I

600 -

A6

E
z

o
to
3
3
~a

AS

450 -

♦ A7

o
E

150 -

0

2

6

4

Frequency (Hz)

102

8

10

Chapter 3 Rheological Studies

These rheogram s on further exam ination confirm the lack o f viscoelastic structural '
n

form ation when lower concentrations o f cetostearyl alcohol are incorporated into the

)

ternary system form ula. Again the response o f sam ple A7 indicates both a high
elastic response and viscous com ponent w ithin the gel.

There appears to be a clear increase in elastic behaviour o f the non-ionic ternary
system s once the ratio o f long chain alcohol to surfactant reaches a ratio o f 4:1. As
the concentration o f cetostearyl alcohol rises, the elastic response o f the m aterial
greatly increases particularly at the higher frequency end o f the sweep. The viscosity
is also seen to increase and this probably results from the process o f w ater uptake by
the interaction o f the surfactant system present and the concentration o f the long
chain alcohol. This m ay give som e indication o f the behaviour o f such com pounds
in finished em ulsions although there is no oil phase to take account of. Eccleston
(1984) review ed the role o f the liquid gel phase to the stability o f the finished
em ulsion and the sw elling behaviour o f the em ulsifying system .

W hen the concentration o f the non-ionic surfactant is increased to 2% again there is
a clear increase in both rheological param eters as the long chain alcohol
concentration is increased (Figures 3.12(a) & (b) 3.13(a) & (b)). H ow ever initially
with the lower concentration cetostearyl alcohol ternary system s the storage m odulus

'A '
is sm aller than the loss m odulus and this indicates a m ore liquid type behaviour and
suggests little evidence for structure. As the concentration o f cetostearyl alcohol
increases, the ratio o f loss to storage falls and ternary system B7 show s a response
m ore characteristic o f structural form ation where G' »

G" although this is not the

case with system B6 where the tan ô reflects a dom inance o f the viscous com ponent
w ithin the system. The concentration ratio o f cetostearyl alcohol to cetom acrogol is
4 to 1 w hich is considered by some studies to be optim um and is the ratio used in the
B ritish Pharm acopoeia for cetom acrogol cream . This general trend is also clearly
reflected in the results Tables B 1 - B 7 (A ppendix 1).
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These show the complex rheological responses of the B series and the affect of the
change in cetostearyl alcohol concentration on ternary system structure. Interestingly
the change in ratio of non-ionic surfactant to long chain alcohol appears to influence
the development of a system with elastic properties which is reflected by the increase
in the elastic modulus of the systems employing the highest levels of cetostearyl
alcohol and the development of structured products is highly influenced by this fact.

This phenomena was examined by Eccleston (1990) where she showed there is a
small but definite concentration range where the ratio of cetostearyl alcohol to non
ionic or ionic surfactants is critical to optimum gel phase formation.

On examining the results of the B series ternary systems there is a clear trend in the
changes of the elastic but not the viscous properties. Ternary systems B1 - B4 show
responses that appear to reflect the mobility of the phases produced and indicate little
structure or ‘body’. There is a sharp rise in the elastic properties at the higher end of
the frequency sweep. At 10 Hz the rise the G' from system B4 to B5 changes from
6.98 Nm^ to 61.06 Nm^ and then continues to rise as the concentration of the
cetostearyl alcohol reaches 8%.

At this concentration the storage modulus reaches 303.20 Nm^ and would indicate
there is a large increase in the elastic properties of the ternary system that results. It
again appears to suggest there is an optimum concentration where the interaction of
the surfactant with the co-emulsifier is maximised and significant elastic properties
result in the gel that is formed. This may be an important consideration in the
formulation of finished semi-solid emulsions and fits in with the work of Eccleston
(1990). The overall result indicates once again that an increase in the concentration
of the long chain alcohol has a marked effect on the resultant elastic response of the
system under question.
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Fig. 3.12(a) Rheological storage modulus vs
frequency for ternary system s B1 - B4
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Fig. 3.13(b) Rheological loss modulus vs
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There is little comparative work on which to base the oscillatory studies and their
interpretation, most workers have looked at the response of finished emulsion
systems (Davis 1971) and not ternary systems component in order to evaluate the
usefulness of the technique. The ideal response of an emulsion is deemed to be one
where the tan ô is less than 1 indicating the dominance of the elastic response but the
difference with these systems is the presence of the oil phase and the effect that this
has on the overall rheological response is likely to be significant.

In the non-ionic systems there is a gradual change in the properties of the individual
systems from a liquid or solution like behaviour to gel like less mobile phase
movements. The study underlines the effect of long chain alcohol on system rheology
and shows the importance of this in emulsion formation. The rheological results also
point to a minimum ideal concentration ratio between cetostearyl alcohol and
cetomacrogol and the information derived could be used when formulating final
semi-solid emulsion products.

There is a clear demonstration that in order to promote a stable emulsion system,
mixed emulsifying systems must fall into a narrow concentration ratio in order to
promote the formation of a complex lamella phase, which will then act as a barrier
to coalescence and gives structure and body to the semi-solid. This is an essential
consideration and is crucial in the formulation of organoleptically acceptable and
stable products. This phenomena was examined by Eccleston (1990) and Eccleston
and Beattie (1988) who showed the rheological behaviour of non-ionic systems
change with time and in effect thicken up. When ternary systems A and B are
compared the same general trends apply to both systems. The rheological loss or
elastic properties of all the systems appear to increase with an increasing
concentration of cetostearyl alcohol and this compares with the earlier studies that
have been carried out using this technique; this is also the case with the viscous
properties of these systems. The elastic properties as reflected by the higher
frequency measurements significantly change as the concentration of long chain
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alcohol approaches 8%. This would indicate a point at which the interaction of the
mixed emulsifiers is such that the swelling behaviour is radically altered when
compared to the concentration of the surfactant and the cetostearyl alcohol. This
concentration which was not established in the present study appears to play an
important part in the relationship of the viscoelastic properties of the systems
produced. It appears to be predominantly influenced by the concentration of the long
chain alcohol and not the concentration of the cetomacrogol for the non-ionic ternary
systems. This may be important both in terms of formulation and the desired
properties of the end product particularly the flow and organoleptic behaviour.

The influence of the concentration of the emulsifying system on the elastic modulus
G' of the A and B ternary systems is shown in Figure 3.14 and Table 3.16. From
Figure 3.14 and Table 3.16 it can be seen there is a clear relationship between the
concentration of cetostearyl alcohol and the elastic properties of the systems at a
frequency of 10 Hz. The ratio of cetomacrogol to long chain alcohol also appears to
affect the elastic properties of the resulting system. With 1% cetomacrogol 1000 the
elastic response of system A7 (Cetostearyl alcohol concentration 8%) was
significantly higher at 467.5 Nm^ compared with 303.20 Nm^ for system B7 where
the non-ionic surfactant concentration is 2% and the cetostearyl alcohol 8%. If the
viscous modulus G" is also examined for these systems the results in Tables A7 and
B7 (Appendix 1) for system A7 and B7 at 10 Hz show a response of 605.50 Nm^ and
131.7 Nm^ respectively. The rheological response of these systems appears to relate
to the gelling behaviour of the long chain alcohol and is thus likely to be affected by
the ability of the emulsifying system to take up water. A possible explanation for the
difference in rheological properties of the A and B systems may be due to
competition for water uptake. Cetomacrogol acts through the hydration of the
polyoxyethylene side chains (Virtanen et al, 1993) and the greater the concentration
of non-ionic surfactant the greater amount of water bound up in this hydration
process. This will result in less water being available to the long chain alcohol in the
emulsifying system and thus both rheological storage and loss parameters fall as a
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result of this increase in cetomacrogol concentration. It is not clear why this occurs
but it would appear that the ratio of the surfactants may play an important part in
determining the rheological properties of the system produced. Again the study by
Eccleston and Beattie (1988) examined the behaviour of the components and were
able to show the effect of increasing the chain length of the non-ionic surfactant on
the rheological behaviour of such systems.

Table 3.2 Rheological loss response of A and B ternary systems at 10 Hz
System

Cetostearyl Alcohol
Concentration (% w/w)

Storage Modulus G' (Nm^)
at 10 Hz

A1

0.25%

4.70

A2

0.5%

5.86

A3

1%

7.49

A4

2%

9.08

A5

4%

39.98

A6

6%

95.26

A7

8%

467.5

B1

0.25%

3.60

B2

0.5%

4.96

B3

1%

6.53

B4

2%

6.98

B5

4%

61.06

B6

6%

94.25

B7

8%

303.20
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Fig 3 .1 4 C e to s te a r y l alcohol c o n c e n tra tio n and its e f f e c t on th e
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3.S.3.2 Ionic gel system analysis by Oscillatory Rheometry

The ionic ternary systems were also examined using this technique under identical
conditions to the non-ionic ternary systems in order to assess the swelling behaviour
and the interaction of the cetostearyl alcohol with the anionic surfactant sodium
lauryl sulphate. The C series ternary systems are shown in Tables C1-C7 (Appendix
1) and in Figures 3.15 (a) & (b) and 3.16 (a) & (b). The D series storage and loss
moduli and tan ô are listed in Tables D1 - D7 (Appendix 1) and in Figures 3.17 (a)
& (b) and 3.18 (a) & (b).

The behaviour of the ionic systems in terms of their rheological responses under
oscillation is markedly different from that of the non-ionic ternary systems. The gel
phase is formed by an interaction of the polar surfactant molecules with cetostearyl
alcohol through head group repulsion, thus the molecules that make up the bilayers
of any continuous phase, when the concentration of both emulsifiers is sufficient to
cause this, are effectively expanded by the ionic repulsion of the anionic surfactant
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within the ternary system or the emulsion. Junginger (1984) examined emulsion
systems based on sodium lauryl sulphate and showed that the ionic surfactant sits
between the long chain alcohol molecules and thus produced the profound gel phase
swelling. The results for the ionic ternary systems also suggest that increasing the
concentration of cetostearyl alcohol profoundly influences the microstructural
properties of the ternary system produced. Again the trend of increase in rheological
storage parameters is shown in all cases and the systems appear to change their
behaviour from liquid to gel like with the increase in long chain alcohol
concentration. Again Eccleston (1990) suggested there is a definite range of ratio
between ionic surfactant systems and the long chain alcohol, in order to promote gel
phase formation.
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Fig 3.15(b) Rheological sto ra g e modulus vs
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Fig 3.16(b) R h e o lo g ica l lo ss m odulus vs
f re q u e n c y f o r te r n a r y s y s te m s C 4 - C 7
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These systems conform to the theory of a dominant viscous response at low
frequencies and a dominant elastic response at higher oscillation levels. In the case
of these samples the surfactant concentrations employed were 0.5% sodium lauryl
sulphate for the C series and 1% sodium lauryl sulphate for the D series of ternary
systems. A ratio of 8% long chain alcohol to 1% surfactant produces a gel system
which shows a far greater elastic storage modulus indicating the presence of a
complex viscoelastic microstructure, and this approaches the 9:1 standard ratio of
ionic surfactant to long chain alcohol currently employed in standard BP ionic
creams. The C series of ternary systems, although showing the same general trends
in elastic to viscous behaviour, show a relatively poor structural complexity and
again for the gel Cl - 4 the liquid properties dominate the rheological profile. The
high values of the tan ô for the low concentration long chain alcohol ionic systems
calls into question the use of oscillatory techniques for systems with little or no semisolid characteristics. For the sake of completeness the samples were all tested under
identical conditions, but it was the higher concentration cetostearyl alcohol ternary
systems that show the strongest similarities to the finished semi-solid emulsion
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systems. This was reflected by the fall in the tan ô as the ratio of cetostearyl alcohol
to surfactant increases.

The concentration of sodium lauryl sulphate in the C series ternary systems is fixed
at 0.5% and the concentration of cetostearyl alcohol is varied from 0.25 - 8%. The
systems Cl - C3 (cetostearyl alcohol concentration range 0.25 - 1%) show a
relatively low storage and loss modulus and this is reflected by their visual
consistency which is very much akin to a liquid. However the storage modulus
increases from 5.09 Nm^ for system C3 to 32.62 Nm^ (cetostearyl alcohol
concentration 2%) This then dramatically rises to 445.0 Nm^ when the concentration
reaches 8% for system Cl. There appears to be some influence of the ionic surfactant
on the swelling behaviour of the cetostearyl alcohol but the elastic properties and the
loss modulus, which reflect the viscous behaviour of the emulsion, are predominantly
affected by the increase in the concentration of the cetostearyl alcohol. This
behaviour was examined by Junginger (1984) and Rowe et al (1988) who showed the
profound influence the concentration of surfactant to cetostearyl alcohol has on gel
formation in both semi-solid emulsions and ternary systems.

This study shows the importance of compounds such as cetostearyl alcohol in the
production of systems with desired rheological properties. It also underlines the
importance of formulation in producing systems that attain these qualities. Clear
differences can be seen in the underlying mechanisms of ionic and non-ionic
surfactant systems. The difference of mode of action is reflected by the marked
increases in the elastic properties of the ionic systems particularly when the
concentration of cetostearyl alcohol favours the formation of complex gels. Once the
ratio of surfactants to fatty alcohols has been optimised, providing mixing conditions
employed are sufficient, the final product produced should reach the ideal of G' »
G" and in a finished emulsion the desired product produced. This phenomena was
examined by Davis (1971) who examined a range of creams and ointment using
oscillatory rheometry. The study also shows how useful the information gained by
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dynamic oscillatory rheometry can be in examining and understanding the behaviour
of emulsion and ternary systems. It is clear that the development of dynamic
oscillatory testing has a role to play in producing systems with complex viscoelastic
gel networks. An understanding of the underlying rheological properties of the
microstructure in a product will allow the formulation and development of semi-solid
systems which are both stable during use and storage and have the right
characteristics for delivery to the skin. Virtanen et al (1993) suggested the
concentration of non-ionic can significantly affect the properties of the final
emulsion.
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On examining the results of the D series ternary systems which are based on a fixed
sodium lauryl sulphate concentration of 1% and a variable concentration of
cetostearyl alcohol between 0.25% and 8% (D1 - D7) the following general trends are
shown. There is a significant rise in the storage modulus with increasing cetostearyl
alcohol concentration but this is not reflected by the loss moduli results. Again the
first rise is seen when the concentration changes fi'om 1% cetostearyl alcohol for
system D3 to 2% cetostearyl alcohol to D4. The result increases from 26.04 Nm^
(D3) to 66.92 Nm^ (D4). There is then a dramatic increase in the storage modulus
which for system D7 (cetostearyl alcohol concentration 8%) reached 2032.36 Nm^
Again this seems to reflect the importance of the concentration of the cetostearyl
alcohol on the rheological properties of the ternary systems.

When comparing the ionic ternary systems in general the influence of the
concentration of the cetostearyl alcohol on the elastic and viscous properties of the
ternary systems is significant and as this increases these properties are greatly altered.
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Another interesting observation is the difference in rheological response in relation
to the concentration of the sodium lauryl sulphate. This appears to affect the elastic
properties of the finished emulsion particularly on higher oscillating frequency. When
comparing the lOHz results for systems C7 and D7 (cetostearyl alcohol concentration
8%, sodium lauryl sulphate concentration 0.5 and 1% respectively) the storage
modulus is 445.03 Nm^ for C7 and 2032.36 Nm^ for D7.

It would appear that the degree of swelling of ionic bilayers is greatly influenced by
the concentration of the surfactant within the product. When combined with the
cetostearyl alcohol at a concentration of 8% which has been shown to influence
elastic behaviour in both non-ionic and ionic ternary systems, the elastic properties
of the final ternary system are greatly enhanced.

It would appear that increasing the concentration of sodium lauryl sulphate increases
the head group repulsion between the anions and allows the bilayers to swell and the
cetosteaiyl alcohol to take up a greater level of water. This again would fit in v^th the
work of Junginger (1984) who characterised viscoelastic gel behaviour and formation
in anionic creams containing cetostearyl alcohol and sodium lauryl sulphate. The fall
in the viscous properties of the system and the tan delta at the higher long chain
alcohol concentration at higher oscillating frequencies would appear to suggest these
are highly structured ternary systems, which show dominant elastic behaviour. This
relationship between the elastic and storage modulus was fully examined by Davis
(1971).

Table 3.31 and Figure 3.19 show the relationship of cetostearyl alcohol concentration
to the elastic modulus at 10 Hz and illustrate the effect of increasing the
concentration of the sodium lauryl sulphate from 0.5 - 1%, this is particularly
noticeable when the concentration of cetostearyl alcohol is at 8%.
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System

Cetostearyl Alcohol
Concentration (% w/w)

Cl

0.25%

Storage Modulus G' (Nm^)
at 10 Hz
4.57

C2

0.5%

6.85

C3

1%

9.76

C4

2%

32.62

C5

4%

102.83

C6

6%

132.42

Cl

8%

445.03

D1

0.25%

20.45

D2

0.5%

24.01

D3

1%

26.01

D4

2%

66.92

D5

4%

88.3

D6

6%

1257.40

D7

8%

2032.36
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3.5.3 Semi-solid emulsion system analysis by oscillatory rheometry

Table 2.6 Non-ionic emulsions and their processing methods.
Batch
No.

Product

Mixer & mixing speed
at 70 C for 1 hour

Phase
Addition
order

Addition
rate (g
per min)

Cet
101

Cetomacrogol
BP

RXR 50 at 300 rpm
Non-Baffled

Oil to
Water

200

Cet
102

Cetomacrogol
BP

RXR 50 at 500 rpm
Non-Baffled

Oil to
water

200

Cet
103

Cetomacrogol
BP

RXR 50 at 800 rpm
Non-Baffled

Oil to
water

200

Cet
104

Cetomacrogol
BP

Diax 600 at 8500 rpm.
Non-Baffled

Oil to
water

200

Cet
105

Cetomacrogol
BP

Diax 600 at 1000 rpm.
Non-Baffled

Oil to
water

200

Cet
106

Cetomacrogol
BP

Diax 600 at 13500 rpm.
Non-Baffled

Oil to
water

200

Cet
107

Cetomacrogol
BP

RXR 50 at 300 rpm
Baffled

Oil to
water

200

Cet
108

Cetomacrogol
BP

RXR 50 at 500 rpm
Baffled

Oil to
water

200

Cet
109

Cetomacrogol
BP

RXR 50 at 800 rpm
Baffled

Oil to
water

200

Cet
110

Cetomacrogol
BP

Diax 600 at 8500 rpm.
Baffled

Oil to
water

200

Cet
111

Cetomacrogol
BP

Diax 600 at 10000 rpm.
Baffled

Oil to
water

200

Cet
112

Cetomacrogol
BP

Diax 600 at 13500 rpm.
Baffled

Oil to
water

200
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In the third part of this present study, finished emulsion products were examined
using oscillatory rheometry. A standard formula for cetomacrogol cream was chosen
in order to evaluate structural behaviour of complete semi-solid emulsion systems.
In this study the standard formula was processed in several different ways to produce
finished emulsion systems with a range of structural properties. Twelve emulsion
systems were produced in total. Test products Cet 101-106 were produced in a non
baffled mixing vessel as outlined in Table 2.6 using the standardised emulsion
production equipment. Products Cet 107 - 112 were produced using the same
processing equipment and conditions, but the mixing vessel had a baffle insert. This
acts as described in Chapter 1 as a means of reducing product air intake by preventing
vortex formation and in addition alters the mixing flow patterns depending on the
mixer type and processing speed.
Figures 3.20 (a) & (b) and 3.21 (a) & (b) show the rheological profiles of the non
baffled systems. The oscillatory rheometry results are also shown in Tables Cet 101 Cet 112 (Appendix 1) where the storage and loss modulus and the tan ô values are
given for each finished emulsion product under the conditions specified. (Table 2.6).
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The non-baffled systems produced a wide range of results but the rheological
behaviour does not correspond directly to the mixing speed employed. Samples Cet
103 (800 rpm) and Get 104 (8500 rpm) show products with a relatively low storage
and loss moduli suggesting the products are poorly formed and have little structural
development. Although the results are very similar the types of the emulsion
produced vary and this phenomena is examined in the conclusions. The tan ô values
for these systems remains relatively high when compared to the other finished semi
solids and in both cases would suggest a lack of ideal viscoelastic gel network
formation. The products Cet 101 (300 rpm) and Cet 102 (500 rpm), however, show
both an increased rheological storage and loss profile. With these products the
rheological storage data increases and the ratio of the loss to the storage suggests an
increase in elastic behaviour when compared to emulsion systems Cet 103 and 104.

At the highest speeds the products Cet 105 (10000 rpm) and Cet 106 (13500 rpm),
show relatively large elastic rheological properties which fit the G' » G" ideal for
a satisfactory semi-solid emulsion system. These systems would appear to fit the
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ideal model where the mixing process has adequately distributed the components and
has allowed a uniform dispersion of the emulsion components which allows the
development of a continuous microstructure or gel network throughout the semi-solid
system. Eccleston (1990) stressed the importance of the manufacturing conditions on
the final semi-solid emulsion produced. She suggested the mixing speed, rate of
cooling and order of addition influenced the rheological properties and the extent of
gel formation in the final product.

The reasons that the samples examined show such a range of rheological behavioural
responses is related directly to the mixing conditions employed. Processing as
examined in Chapter 1, has a profound effect on the emulsion product that is finally
produced and it is possible to explain the differences in light of this. The products
produced at low speed (Cet 101,102) are unlikely to be well mixed. This essentially
means the oil phase will be poorly broken up and the resulting oil droplets will
consist of many large bodies. The result of this may be explained by the presence of
large areas of unbroken oil phase. When these system are put under stress the
contribution of the oil phase will contribute to an apparent increase in the elastic
response and as the rheological response of white soft paraffin (part of the oil phase)
has been shown to be viscoelastic (Davis 1971) it is this that probably contributes to
the rheological behaviour of these samples.

If samples Cet 103 and 104 are now examined their responses can also be explained
in light of the processes employed. The system produced using a simple mixer set to
800 rpm (Cet 103) in a non-baffled mixing vessel, is either subjected to vortex
formation or undergoes poor mixing. This occurs as the tangential forces dominate
the mixing process and either air is drawn into the product if the bulk mixer speed is
high enough or the lack of a radial component in the mixing dynamics is in sufficient
to allow efficient processing. The result is that although some oil phase break up is
achieved either the air drawn into the product or the substandard processing will
affect the distribution of components throughout the emulsion and the final product
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will be of poor quality. This is clearly reflected by the oscillatory rheological
behaviour of this product. System Cet 104 also shows a similar type of rheological
response. The reason for this probably related to an insufficient energy input into the
product in combination with the production of a dominant tangential force and thus
a poor oil phase break up. A mixer such as the Heidolph Diax 600 draws product into
its mixing head and expels it. The degree to which this occurs is related to the power
output and the viscosity of the medium it works in. In this case it is clear from the
rheological profile that the product underwent disproportionate mixing and the lack
of product circulation resulting in a non-baffied mixing vessel may account for the
response. Essentially the results may suggest that there is a non-uniform distribution
of components and the resulting emulsion will therefore not develop a continuous
viscoelastic network or structure. This was examined in Chapter 1 and is the subject
of a thorough review by Fox (1980).

When the rheological profiles of products Cet 105 and 106 are examined the
emulsions produced are a direct result from the input of sufficient mixing power and
the effect on the final product is immediately reflected in their viscoelastic behaviour.
In both cases the rheological profile suggests high elastic properties in the emulsion
systems produced. These products appear to have undergone complete oil phase and
surfactant breakup, the end effect being a uniform distribution of the components
with the result of complete microstructural formation within the system. In both these
cases the tangential and radical flow dynamics approach optimal and a good quality
semi-solid emulsion results.

The results for the systems produced using a baffled mixing vessel are shown in
Figures 3.22 and 3.23. These results show an increase in the rheological profiles of
the systems produced by the simple stirring method. The products produced using
high shear again show a large elastic storage moduli which indicate the presence of
a complete viscoelastic network, and Cet 110 produced at 8500 rpm shows a product
which is of poor quality and shows no evidence for structural complexity.
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Fig. 3.22 Rheological storage modulus vs frequency

for baffled emulsion systems
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The non-bafifled and baffled systems are compared in Figures 3.24 - 3.29 on the basis
of the mixing speeds employed and in Tables 3.36 - 3.41 (Appendix 1). There is little
difference in the profiles of the products produced at 300 and 500 rpm and the
argument of little oil phase breakup would appear to bold true in these cases.
However where baffling appears to have bad an effect is on the 800 rpm and 8500
rpm products. The result of these show the changes baffling has on the flow patterns
and dynamics of these mixing cycles. The final complex emulsions that are produced
suggest either air intake is greatly reduced or flow dynamics are optimised and
therefore oil phase break is enhanced. The result is products of increased structural
complexity showing an increase in elastic behaviour. This is not to say they have
reached the ideal as the rheological results are far lower than the products produced
at high shear. The storage moduli is still relatively low showing the inadequacy of the
mixers in breaking up the oil phase and distributing the components uniformly.

Fig. 3.24 Rheological comparison of batches produced at 300 rpm
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Fig 3.25 Rheological com parison of b atch es produced a t 5 0 0 rpm
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Fig 3.26 Rheological comparison of batches produced at 800 rpm
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Fig. 3J27 Rheological comparison of batches produced a t 8500 rpm
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Fig. 3.28 Rheological comparison of batches produced at 10000 rpm
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Fig 3.29 Rheological comparison of batches produced at 13500 rpm
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The products produced at high shear in a baffled mixing vessel also show a slight
increases in their viscoelastic behaviour, the reason for this may also be related to a
reduction in air intake during process or more likely a change in flow dynamics due
to the presence of baffles and thus a more efficient mixing process. The speeds at
which these products have been mixed probably produces dominant radial forces
within the emulsion and this is enhanced when the mixing vessel is baffled and
tangential vortex forces are greatly reduced. Again the rheological research methods
employed show the range of structures that may or may not be present within finished
emulsion systems.

The storage and loss moduli and tan ô data at a frequency of 10 Hz are shown in
Table 3.44 to illustrate the effect of mixing speeds and vessel modification i.e.
baffling on the resultant emulsion system. The mixing conditions are summarised in
Table 2.6 at the beginning of this section.
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Table 3.4 Rheological responses of emulsion system Cet 101-112 at lOHz
System

Storage Modulus
Nm" (G')

Loss Modulus
Nm" (G")

tan ô

Cet 101

665.84

296.07

0.45

Cet 102

761.10

304.20

0.39

Cet 103

13.22

14.37

1.09

Cet 104

12.01

12.03

1.00

Cet 105

1313.12

571.31

0.434

Cet 106

1463.21

375.12

0.256

Cet 107

137.42

131.80

0.961

Cet 108

701.32

172.03

0.245

Cet 109

225.37

248.70

1.11

Cet 110

364.62

307.21

0.84

Cet 111

1697.08

587.11

0.346

Cet 112

1481.04

399.05

0.269

3.6 Comparison of ternary systems and finished emulsions

In comparing the baffled systems with finished semi-solid emulsions there appears
to be a minimum concentration of long chain fatty alcohol that is essential in order
to produce the ideal properties required in a final system. If the concentration of the
alcohol is too low the water in the system is not taken up and continuous network
phase is not formed and the system has no body which is highlighted by the
rheological results. There is a point between 6 - 8% where water uptake by the excess
emulsifiers is favourable and liquid gel phases form in ternary systems and this level
is also present in the finished emulsion systems (see Table 2.6).

The lack of an oil phase in the ternary systems does not reflect the true picture of
component interaction seen in finished emulsion systems and thus it is difficult to
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gauge the effect of the internal phase on the partitioning of the emulsifying system.
Compounds such as cetostearyl alcohol are highly oil soluble and their ability to take
up water appears to be directly related to the interaction with the surfactant employed
in the emulsion or ternary systems. Consequently there is likely to be a tendency for
some of the fatty alcohol to partition into the internal phase of the emulsion, an effect
which does not occur with the ternary systems. It is however clear that the interaction
of the emulsifying system with the water phase is the dominant factor which
influences the rheological properties of the final emulsion system. Again this has
been suggested by Eccleston (1984) and Junginger (1984) who stress the importance
of this to final emulsion stability.

There appears to be a clear difference between the rheological effects of ionic and
non-ionic surfactant systems. The elastic modulus for the ionic ternary systems is
greater than both the non-ionic emulsion and non-ionic ternary models. The bodying
action of sodium lauryl sulphate 1% in combination with cetostearyl alcohol at 8%
produces a relatively large elastic modulus which is further exposed by the resultant
tan Ô and may be an indicator of significant viscoelastic gel network formation. The
ionic head group repulsion that occurs effectively stretches the bilayers of anionic
surfactant and cetostearyl alcohol and this radically influences the uptake of water
into the bilayers which results in the formation of a highly elastic ternary system.

In comparing the rheological properties of non-ionic ternary systems to complete
emulsions the well formed emulsions, Cet 105, 106 and 111, 112 the G' value is far
in excess of the G" value and this is reflected by the relatively small tan ô . This
however is not mirrored by the A series ternary systems (A6 and A7) which although
contain what approaches the ideal surfactant/alcohol ratio show a higher viscous \
component than elastic. This is probably as a result of the cetostearyl alcohol
swelling in the presence of the water and not being distributed by the oil phase found
in finished products. However they are still reasonable models for long chain alcohol
behaviour and this is supported by the behaviour of the ionic ternary systems. This
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phenomena while of academic interest was not investigated further and was used to
confirm earlier studies that had been carried out by other research groups e.g. Rowe
et al (1987) on cationic ternary systems.

3.7 Conclusion

The rheological findings of this present study clearly show the link between
processing, formulation and complex microstructural formation. It is clear that gel
networks are influenced by the ratio and concentration of the emulsifying systems
used and by the production conditions employed. Once these parameters have been
established consistently good emulsion systems can be produced.

Ideally, as stated by Davis (1971), the tan ô should be as small as possible and
providing the product history is known should be a good indicator of viscoelastic
structural complexity and development. This rheological parameter is likely to be
affected by any changes in the formulation, the production process and any
alterations in the quality of the raw material (e.g. cetostearyl alcohol from different
sources has been shown to greatly influence product rheology and thus the quality of
the final semi-solid emulsion). Eccleston (1975) examined this phenomena and this
is also covered in a comprehensive review of the materials used in emulsion
production (Eccleston, 1984). Rheological evaluations using small oscillating
sinusoidal forces are useful in that they do not over stress the product and may give
some indication of the performance of the product in everyday domestic use. Their
use should be limited to systems where the processing history and formulation are
likely to give rise to the development of a continuous viscoelastic gel network where
the dual response can be analysed and quantified.

In terms of this present study the oscillatory technique has been used to establish the
nature and extent of the liquid gel networks within the systems under study. It was
important to characterise these systems using established techniques as a background

133

Chapter 3. Rheological Studies

to the interpretation of the dielectric analysis. The results in their own right expose
the complex processes in the formation of semi-solid emulsions and indicate their
usefulness in determining a wide range of factors from stability and processing
behaviour to product end usage. It is clear that much of the rheological behaviour of
good semi-solid emulsions is related to the formation of swollen gel phases and the
study of these is both necessary and pertinent.
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4.1 Introduction

The use of magnifying glasses dates back to Roman times but the use of combination
magnifying equipment for enlarging small objects did not become common until the
1590's (Slayter and Slayter, 1992). Progress in microscopy was initially slow until the
early 19tb century when the nature of light and its interactions with materials were
studied. Lens development and the design of microscopes greatly improved and today
optical microscopes are powerful tools in much scientific research. The 1920's saw
the development of modem physics and much interest focused on electromagnetic
radiation and its wavelike properties. This led to the development of electron
microscopy and in 1932 the first electron microscope was constructed. Since then
equipment has become more sophisticated and microscopes are now capable of
resolving images as small as 0.1 nm. The changing nature and development of the
microscope has led to problems in defining the instrument; Slayter and Slayter (1992)
broadly define the microscope as an instrument that directly provides a map of a
specimen and shows detail at resolutions superior to those obtainable through direct
observation.

For the purposes of this present study both optical and electron microscopy will be
considered in detail and their use in semi-solid emulsion characterisation will also be
covered in this chapter.

4.1.1 The Light Microscope

The light or compound microscope as shown in Figure 4.1 consists of an objective
lens, which forms a real image of a specimen under examination and an eyepiece or
ocular lens which re-magnifies the image. Both the objective and eyepiece are fixed
to a central column. The final image produced is either a virtual image which is
formed within or below the microscope column or a real image which is focused
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above the column. The third important part of the optics is the condenser lens which
is used to govern the amount of light passing through the image and thus affects
image quality.

liii

Final
Real Image
O cular Lens
(eyepiece)

Interm ediate image
(inverted)
Rear focal plane o f
objective lens
Objective lens
Specim en
C ondenser lens
(g) Light source

Figure 4.1. Diagram illustrating the compound microscope

The sample under examination is placed on the microscope stage. This protrudes at
a right angle to the column and is generally fitted with a sample holder. The stage can
be moved towards and away from the objective and the image is brought into focus
by this means. All compound microscopes require a source of light; this may be
sunlight or an external lamp focused by means of a mirror but the majority of
research instruments have a high quality light source built in. The sources of light
commonly used are tungsten-halogen bulbs, mercury arc lamps or xenon arc lamps.
Tungsten halogen bulbs are cheap and are commonly used in research. They produce
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a smooth continuous spectrum within the visible region. The lamps based on mercuiy
produce high intensity light in the near ultraviolet region of the spectrum. The
luminance produced may be up to 70 times that of a tungsten-halogen source. Xenon
arc lamps are the most expensive but tend to have a very long working life (6000
hours). These produce a continuous spectrum within the near UV region and visible
region.

Condenser lenses are also an integral part of the light microscope and are principally
employed to provide intense and evenly distributed illumination of the specimen.
They also reduce light scattering within the column of the microscope and thus
improve image resolution. In general the light source is below the sample and passes
through the condenser; this is referred to as transmitted-light illumination. Control
of light by the condenser is essential in producing good quality images. Most research
microscopes employ Koehler illumination to give high resolution. This system can
give good quality images in spite of the quality of the source used. In this system a
Koehler lens focuses the light from the source, which is close to the condenser system
at its front focal plane. The condenser in turn makes the light beam parallel, this
illuminates the sample and the objective collects all the incident light producing the
image.

In addition many Koehler elements include a diffusing screen which sits above the
light source and acts to assist even illumination. They also have a field stop which
allows the illuminated area to be varied in size reducing stray light effects and an
aperture stop which concentrate light towards the imaging optics.

The objective lens is the primary determinant of image quality and clarity, as any
defects produced by this are re-magnified by the eye piece. The objectives are
designed to correct any image distortion and their type and quality play an important
role in this. Often the lenes are specially coated to prevent light scattering. Objectives
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for the light microscope range in their magnifying ability from 4 to 100 times (in the
case of oil immersion lenses) and with a 10 times eyepiece can magnify the sample
by up to 1000 times the original.

The modem light microscope contains several purely mechanical features. These
include the tube, the stand and the specimen stage. The length of the tube influences
the magnification produced by the microscope and the mechanical tube length is
taken as the distance form the top of the objective housing to the top of the tube in
which the eyepiece sits. Specimen stages come in many forms; conventionally they
are fitted with a slide holder which can be mechanically moved both horizontally and
vertically across the field and the stage itself can be moved up and down. In addition,
other types of stage can be fitted such as thermostatically controlled equipment for
temperature work or stages where it is possible to change the stage angle.

The eye piece or ocular lens allows the intermediate image that is formed by the
objective to be viewed by the observer. Generally the Huy genian eyepiece is most
widely used. The rays that converge from the intermediate image are intercepted by
the field lens (see Figure 4.2) and further convergence forms the real image. There
are generally two eyepieces on a research microscope incorporated into an adjustable
binocular mount for comfortable viewing. Microscopes can be connected into video
camera systems and the images transmitted to a video monitor. The quality of the
camera plays an important role in final image quality. Often video picture printers are
connected to allow instant images to be taken of the sample under observation.
Alternatively, a single lens reflex camera can be mounted and photographs of the
sample can then be taken.

4.1.2 Imaging methods

The basic compound microscope forms a positive contrast or brightfield image and
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in this the specimen appears dark against a bright background. However many
modem microscopes have additional built in features which improve imaging of
specimens and that can be used to suit the sample under investigation. This section
looks briefly at the types of image enhancement available and techniques used in the
present study will be considered in greater depth.

An early technique used in microscopic imaging was darkfield. This is essentially
opposite to brightfield and the image produced is bright against a dark background.
The advantage of this is to allow small objects to be seen that would otherwise be
difficult to view against a bright background. The image is formed by eliminating
background intensity and collecting the rays scattered by the sample itself. The
microscope is fitted with an annular aperture which reduces the intensity of the
viewing background and a darkfield condenser which acts to allow only light
scattered by the sample to enter the objective. Darkfield is useful for detecting
structures that are smaller than the resolution of the microscope. It has been used
successfully in studying the flagella of living bacteria (Slayter, 1970).

Another useful application is fluorescence microscopy which is widely used in
biological applications. Many samples either exhibit auto-fluorescence or contain
stmctures that by the addition of fluorescent dyes (fluorochromes) are easy to image.
Essentially a specific wavelength of light will excite a fluorescent molecule which
will emit a photon of light. This can then be imaged using a specifically adapted
microscope and good quality images are produced. Related to this is ultraviolet
microscopy which uses a UV radiation source to excite structures within samples.
Again this has been used in the study of intracellular nucleic acids.

Another technique which was considered during the present studied was cross
polarising microscopy. This technique was originally developed in the late 19th
century for the examination of crystals and fibres. The systems studied were of
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mineral origin and were generally anisotropic. The technique is useful when looking
for anisotropic elements which reveal the presence of regular orientations of chemical
bonds (e.g. crystalline materials or ordered systems) and in addition samples are
relatively simple to observe using this method.

In its simplest form the polarising microscope is a device in which rotatable
polarisers are placed above and below the specimen. The stage can be rotated
through 360°. The basic design for this type of instrument is shown in Figure 4.2

, Interm ediate image
\ |/
plane

A nalyser
Com pensator
O bjective lens

Specimen
Rotating
Stage

C ondenser lens
Rotating
Polariser
(g ' Light source

Figure 4.2. Diagram of polarising microscope
4.1.3 Differential interference contrast microscopy (D.I.C.)
The examples listed above have been used in the assessment of biological samples
and use of microscopy in the life sciences has improved the understanding behind
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microscopy and led to the many developments within the field. However, images
produced by brightfield and darkfield microscopy often lack the detail required for
visual analysis of samples. Often samples have to be stained in order to show up in
transmitted light of the microscope and this is time consuming and may alter the
sample. This problem was overcome initially by Fritz Zemike who in the 1930's
developed the phase contrast microscope. This system was designed to ensure any
changes in incident light intensity were picked up by the optics of the instrument. The
system separates and reunites all the elements of the transmitted beam and these
correspond to the different parts of the sample under investigation.

More recently further improvements have been made by the development of
differential interference contrast microscopy. This system works by passing the light
beams that are deviated and undeviated by the sample through a polariser and into a
beam splitting device known as a Wollaston prism. The beams interact with the
sample and are recombined by a second prism to produce the image. This technique
was widely used in the present study and will be examined in detail in this section.

A Wollaston prism consists of calcite wedges which are cemented together. Calcite
is a biréfringent material, meaning the refractive index of the material will vary
according to the direction in the incident light. The wedges are set so that the first is
parallel to the plane of the page and the other is perpendicular. Light enters the first
wedge and at the interface between the wedges rays diverge by refraction and are
separated. Rays re-emerging from the prism centre are in phase with each other but
are maximally out of phase at each end of the second prism.

The Wollaston prism separates two mutually distinct polarized beams and these cross
adjacent regions of the specimen. Any interference of these beams by the sample
which alters the light intensity is picked up when these are recombined by the second
Wollaston prism and an image is produced. The images produced are of high
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resolution and incom plete beam separation is avoided. The final result is an im age
that is both clear and that has depth giving the image contour like features and w ith
the advantage that out o f focus detail is elim inated. Figure 4.3 outlines the principle
com ponents o f this type o f instrum ent.

Image plane
Anal^ ser
W ollaston prism beam com biner

O bjective lens
Specimen
C ondenser lens

W ollaston pris n beam splitter

Polariser

Figure 4.3 Diagram o f principle com ponents o f a DIG
m icroscope

4.2 Scanning electron microscopy (S.E.M.)

In this technique radiation produced by the source is em ployed to form a probe w ith
w hich the specim en is analysed. Figure 4.4 illustrates the fundam ental com ponents
o f a scanning electron m icroscope.
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Figure 4.4: Diagram illustrating the principle elements of an
electron microscope

The source employed is a standard tungsten filament for conventional analysis
although in some specialist machines a lanthanum hexaboride tip may be used. The
probe is moved across the sample and the radiation from the source is absorbed and
subsequently emitted by the sample. The extent to which energy is absorbed and
emitted is dependent on the nature of the sample and differences in the sample
components can be detected due to this phenomena. The technique will precisely
pinpoint the absorption and emission pattern across the sample and this information
is collected via an input transducer. A crystal scintillator is often employed for this
purpose and the input signals collated are transmitted to an amplifying system. The
results are commonly displayed on a monitor which produces a picture. The picture
is made up of pixels where the intensity of each is related to the degree of interaction
144

Chapter 4 M icroscopy Studies

between the probe and the sample under investigation. Modem machines are often
linked to sophisticated monitors and computer systems which act to enhance the
image and produce a high quality picture. It is also possible to store scanning runs as
photomicrographs or on video tape, the latter being useful for dynamic studies. The
technique has wide application both in the biological and physical sciences.

The probe itself is focused by the lens assembly within the machine. The electron
beam from the probe is moved across the sample in successive horizontal lines. The
distance between these lines and the scanning speed can be manipulated in order to
achieve the maximum coverage of the sample. Scanning microscopy is useful
because the contrast images produced allow specific elements within a sample to be
identified. Thus samples containing a mixture of elements (e.g. an emulsion system)
can be examined and the distribution of the components can be readily mapped.

In this present study the technique of scanning electron microscopy was employed in
order to examine the specimen emulsions and ternary systems. The technique itself
can be problematical and careful sample preparation is an important first step in its
use. Samples have to be examined under high vacuum and may be liable to collapse
under negative pressure. Specimens containing water must be dehydrated prior to
examination in vacuo. The sample must be thin enough to avoid the problem of
scattering the incident and emitted radiation. Electron beams can damage susceptible
samples and this phenomena should be minimised without altering the image contrast
and quality. Emulsion systems contain several delicate structures and are not suitable
specimens for conventional S.E.M. and low temperature or cryo-microscopy
techniques must be employed in evaluating these.

4.2.1 Cryo scanning electron microscopy (Cryo S.E.M.)

Low temperature techniques are employed to protect the specimen under examination
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from damage due to the processes of dehydration and evacuation. In the past
specimens once prepared in the j&ozen state were subsequently bought back to
ambient and examined. This is not ideal for systems with a high water content and
thawing samples often leads to ice crystal formation and complete damage of the
specimen. Cryo S.E.M. operates on the principal of the sample maintained at low
temperature in the vitreous or glass like state and fi-ozen samples are examined under
the electron beam (Hutchinson et al, 1978).

Sample preparation varies and techniques include freeze drying, freeze substitution
and freeze fracture with freeze etching. The latter technique was employed for all the
samples examined using cryo S.E.M. in the present study and will be considered here.
In general freezing of samples is achieved by either quenching or dipping the sample
into liquid nitrogen or by spraying the material onto a cold surface. The usual
temperature of preparation is -196°C or 77 K, the boiling point of liquid nitrogen or
more rarely using liquid helium at -269°C or 4 K. Once the operating temperature is
reached the sample is placed inside the vacuum chamber of the instrument and the
surface layer of the sample is cleaved off This is usually done with a scalpel blade
attached to a rod (a microtome) which is incorporated in the vacuum chamber and
maintained in a liquid nitrogen at -196°C.

Once the surface is exposed the vacuum is drawn and the sample is freeze etched.
Etching involves the limited sublimation of any surface water present, and on
completion the sample is coated either with a platinum carbon mixture or with gold
as in the present study. The newly fractured surfaced is then protected from damage.
The coated surface can be examined directly as in the present study or the replica
surface can be removed for investigation and studied. Figure 4.5 illustrates the
principal steps in sample preparation for cryo S.E.M..
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Figure 4.5. Sample preparation for cryo S.E.M.. (1) freezing (2) fracture (3) etching
(4) coating (5) viewing

The major advantage of effective cryogenic techniques is they allow frozen hydrated
specimens to be examined under a layer of vitreous ice and delicate structures within
the system are maintained and can be clearly visualised. The low temperature
conditions additionally protect the sample from imploding while under the influence
of the vacuum. The technique favours the slow sublimation of ice within the system
and thus ice crystals do not grow and damage any delicate parts of the specimen and
ruin the image. The technique has again found wide applications with biological and
physical materials and improvements are being made all the time in this respect.

4.3 Microscopy and semi-solids

The use of optical microscopy techniques as a tool for emulsion science research was
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established by Friberg in the late 1960's and early 1970's. In a series of experiments,
(Friberg and Mandell 1970, Friberg, 1971) an established link was made between
stability, viscosity and liquid crystalline phases around and between the oil phases
of a simple emulsion system. The model system consisted of egg lecithin, trioctanoin
and water. When examined using polarised light, the emulsions with a higher
surfactant concentration showed the presence of anisotropic structures around and
between oil droplets. This established the use of optical microscopy in the evaluation
of all emulsion systems including semi-solid products. Friberg et al (1976) carried
out further studies involving the use of freeze etch electron microscopy. In this the
same systems were evaluated and the electron photomicrographs show a distinct
layering between the dispersed phase of their simple emulsion system. This they went
on to show plays an important role in maintaining emulsion stability.

Barry and Saunders (1970) also employed optical microscopy in the evaluation of
cetrimide and cetostearyl alcohol emulsion systems. Again, structuring with
increasing surfactant concentration was shown to occur. Cross polarising microscopy
(XP) showed evidence of anisotropic structuring around and between the dispersed
phases. Kacher et al (1984) studied association colloids with differential interference
contrast microscopy (DIG). This technique has superseded brightfield microscopy
and gives good evidence for structuring in emulsions. Patel et al (1985) examined
gels and emulsions containing cetrimide and cetostearyl alcohol using DIG in
comparison with freeze etch electron microscopy. They found in their ternary
systems an increase in cetostearyl alcohol leads to a change from vesicular structures
at low concentrations to liquid crystalline or gel-like structures at higher
concentrations. DIG, with its ability to produce contour like images of exceptional
quality, was found to reveal this change in emulsion behaviour. This work showed
the profound influence of emulsion formulation on the final structures observed
within such systems and established DIG as an important research tool in this area.
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Gstimer et al (1969) were among the earliest investigators to exploit electron
microscopy and revealed the complex structure contained within hydrous emulsifying
ointment (based on cetostearyl alcohol and sodium lauryl sulphate). Using the freeze
fracture technique they were able to recognise the three dimensional nature of the gel
structure which they believed gave their system its pseudoplastic properties. Gstimer
and Kottenburg (1971) examined a range of oil in water emulsions based on anionic
surfactants and long chain alcohols and were able to definitively show the
development of gel like stmctures within the systems using electron microscopy and
the effect of increasing the concentration of cetostearyl alcohol on the complexity of
the internal microstmcture.

Junginger (1984) examined the use of transmission electron microscopy in the
evaluation of ionic emulsion system. This technique clearly reveals the underlying
stmctures present in an emulsion system containing cetostearyl alcohol. Rowe and
McMahon (1989) compared the use of freeze etch and scanning freeze fracture
electron microscopy techniques in evaluating the microstmcture of gels and
emulsions containing cetostearyl alcohol and cetrimide. They found that both
techniques produced good images but that freeze fracture was quicker and simpler to
use in this respect. This is now a commonly used technique within this field.

In the present study both differential interference contrast microscopy and scanning
electron microscopy have been used to evaluate the ternary gel and emulsion systems.

4.4 Microscopy methods

The optical microscopy studies were carried out using an Olympus BX50
microscope. This instrument is a differential interference contrast microscope and can
also be used for polarising studies. The objectives used in this present study were
xlO, x20, x40 achromats which are corrected for light scattering. These objectives
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produce high quality images and are ideal for DIC studies. A Nikon fully automatic
single lens reflex camera was employed for the photographic work and was attached
to the microscope for this purpose. The microscope could also be attached to a video
camera (Sony) and live images relayed to a high resolution monochrome monitor
(Sony). Images produced on the monitor could be printed using a video picture
printer (Sony). These were used for initial reference work. The image size produced
by photography was 400 times and the video picture prints are 1000 times original.

Due to the high quality resolution images produced by DIC, the samples examined
were undiluted in all cases. A small sample was taken from a container of emulsion
or ternary gel system. This was then placed on a microscope slide and a cover slip
placed over the sample. Gentle pressure was applied to the cover slip to spread the
sample. The sample was then examined at room temperature using the three
objectives available. Each sample was analysed at least three times using optical
microscopy. Photograph and video prints were taken of each system for analysis.

The scanning electron microscopy studies were carried out using a Cambridge
Scientific S360 instrument fitted with an Oxford Instruments cold stage. This work
was carried out with the assistance of the Optics and Imaging department at Unilever
Research. Undiluted samples were placed on the sample holder and this is immersed
in liquid nitrogen (-196°C). The sample is then loaded into the microscope fracture
chamber also at -196°C and is fractured with a built in scalpel blade. The sample is
then transferred to the vacuum chamber (-196°C) the vacuum applied and the surface
water is etched by sublimation. The vacuum is switched off and the sample is then
withdrawn from the vacuum chamber into the coating chamber. The sample is
exposed to an argon gas environment and coated by electroplating it with gold. Once
this is applied the sample is placed into the examination chamber and images are
transmitted to a high resolution video monitor. Photographic or video picture prints
can then be made of the sample under investigation for the purposes of analysis.The
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use of scanning electron microscopy was limited to selected finished semi-solid
emulsions and ternary systems. This was due to the availability and the logistics of
access to the equipment suitable for the analysis of aqueous systems.

4.5 Results and discussion

Samples of both complete semi-solid emulsions i.e. aqueous and cetomacrogol
creams and the ternary gel systems were examined using differential interference
contrast (DIC) cross polarising (XP) and scanning electron microscopy (SEM). The
results are presented in photographic form in the following sections. The constraints
of time and access to the scanning electron microscopy apparatus meant some of the
systems were not able to be examined using this method. The same areas of the
emulsion under examination were viewed by both differential interference contrast
microscopy and by the cross polarising technique.

4.5.1 Microscopy of aqueous cream

Photomicrographs 4.1(a) (DIC) & (b) (XP) and 4.2(a) (DIC) & (b) (XP) shows
preparations AQ 101 (preserved) and AQ 102 (unpreserved) which were hand mixed
according to the BP method as outlined in materials and methods (Magnification X
400). It is clear from the photomicrographs 4.1(a) (DIC) and 4.2 (a) (DIC) there is a
wide oil droplet size range in both samples. This results from an essentially low
energy input and thus little breakup of the oil phase of the emulsion system. The
preserved system photomicrograph 4.1(a) also shows some evidence of pronounced
interdroplet structural formation which appears not to be a dominant feature of the
unpreserved system. The cross polarising photomicrographs 4.1 (b) and 4.2 (b) show
the existence of some association structure which result from the aniostropic effects
produced by the interaction of light with ordered gel phases within the semi-solids
which generally form around the oil droplets of these systems.
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These structures have been identified in previous studies using this technique (Friberg
1971). In light of the preparation methods used it is difficult to quantify the energy
input into such systems and the photographic evidence does not indicate the effect of
this on the system. The preservative phenoxyethanol may have an effect and may
contribute to the visual differences exposed by the DIC studies. Due to its structure
and composition it is possible it may act at the water oil interface and this could

^

possibly affect lamellar structural formation. The preservative may act by displacing

44,

existing surfactants at the interface which then could interact with the bulk water to
increase the gel phase or may itself form gel type structures in combination with the
aqueous phase. This change in behaviour was supported by the rheological flow
profile of the preserved systems when compared to the unpreserved semi-solid
emulsions (Figures 3.8 and 3.9). The role of phenoxyethanol in this respect was not
investigated and is thus open to conjecture and its effects on semi-solid systems
cannot be quantified by optical microscopy.

Photomicrographs 4.3(a) & (b) (AQ 103 preserved) and 4.4(a) & (b) (AQ 104
unpreserved) show the anionic creams which have undergone mechanical processing
as outlined in the standard method (magnification X400). The polydispersity in oil
droplets size is greatly reduced when compared to the hand mixed samples and the
size and shape of the droplets appears to be within a relatively narrower size range.
As the oil droplets are tightly packed it is difficult to visually detect any inter-droplet
structuring at the magnification employed by differential interference contrast
methods (Photomicrographs 4.3(a) and 4.4(a)). The cross polarising technique as
illustrated in photomicrographs 4.3(b) and 4.4(b) does however appear to show the
formation of association structures between the oil droplets of the system under
investigation. The photomicrographs illustrate the effect of employing a high shear
mixer on emulsion processing. The increase in energy input significantly increases
component breakup and results in emulsions that from the visual assessment appear
to approach the ideal of a mono-disperse internal phase.
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Where the ratio of oil to water is altered the photomicrographs 4.5(a) - 4.8(b) (AQ
105 to 108) reveal the following. The high oil concentration within the anionic semi
solid AQ 105 (photomicrograph 4.5(a) DIG phase ratio 70:30 oil / water) is reflected
by the sheet like appearance of the system and the water phase cannot be identified
from the differential interference contrast photomicrograph within this sample. The
water within this system appears to be masked by the larger oil phase. When
examined under cross polarised light (photomicrograph 4.5 (b)) there is some
evidence of aniostropic component behaviour and this would suggest some
interaction between the water phase and the emulsifying agents.

On examining the 50:50 oil/water system (photomicrograph 4.6(a) DIG) it appears
to show distinct oil droplets which appear almost all to be of a similar size are clearly
visible. These are tightly packed together within the emulsion and the water phase is
thus likely to exist between each droplet. This may be further reflected by the cross
polarising photomicrograph 4.6(b) which appears to show a well dispersed inter
droplet association phase which would then correspond to the phase between the well
dispersed oil droplets of this semi-solid system.

The 40:60 oil/water system (photomicrograph 4.7(a) DIG) as produced by the
standard method again shows a tightly packed oil phase although there are a range of
distinct oil droplet sizes. The cross polarising photomicrograph 4.7(b) indicates the
presence of structures which rotate the light and these are evenly distributed between
the oil phase of the system. Finally when the 10:90 oil/water (photomicrograph 4.8(a)
DIG) is examined the oil phase is widely spread and the droplets are of a wide range
of sizes within the dominant continuous phase. The effect of dilution on the
emulsifying system by a large volume of water probably increases the oil phase
mobility, reduces emulsifier efficiency and thus the oil phase forms as relatively large
droplets. The cross polarising image (photomicrograph 4.8 (b)) further indicates that
association structural formation is poor and is not a continuous network across the
system.
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The photom icrographs clearly illustrate the effect o f processing and form ulation on
the form ation o f sem i-solid em ulsion system s. The results o f processing and
form ulation alterations have profound effects on oil droplet size and distribution and
the form ation o f gel like structures throughout the continuous phase o f the final sem i
solid em ulsion system . The effects o f these changes alter the stability and the
organoleptic properties o f the cream and should be tightly controlled to produce ideal
systems. These initial microscopy studies indicated the need to develop a controlled
approach to production o f system s and to em ploy standard form ulations and
production m ethods. The technique offers a m eans o f visually assessing cream
structure and quality and is a rapid means o f assessing the products in their undiluted
state. D ifferential interference contrast and cross polarising m icroscopy provide a
qualitative m ethod for evaluating sem i-solids and are a useful aid in the research,
form ulation and production o f such system s.

%

Photomicrograph 4.1(a) D.I.C. image o f sample AQ 101
(preserved, hand mixed). Magnification x 1000, |------- 1= 10pm
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Photom icrograph 4.1 (b) X.P image o f sam ple AQ 101
(preserved, hand m ixed). M agnification x 1000, |.......... | = 10pm

Photomicrograph 4.2(a) D.I.C. image o f sample AQ 102
(unpreserved, hand mixed). Magnification x 1000, |..........| = 10pm
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Photom icrograph 4.2(b) X.P im age o f sam ple AQ 102
(unpreserved, hand m ixed). M agnification x 1000, |--------1= 10pm

Photomicrograph 4.3(a) D.I.C. image o f sample AQ 103
(preserved, mechanically mixed). Magnification x 1000, |..........| = 10pm
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Photom icrograph 4.3(b) X.P im age o f sam ple AQ 103
(preserved, m echanically m ixed). M agnification x 1000, |.......... | = 10pm

Photomicrograph 4.4(a) D.I.C. image o f sample AQ 104
(unpreserved, mechanically mixed). Magnification x 1000, |..........| = 10pm
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Photom icrograph 4.4(b) X.P. image o f sam ple AQ 104
(unpreserv^ed, m echanically m ixed). M agnification x 1000, |........ . = 10pm

Photomicrograph 4.5(a) D.I.C. image o f sample AQ 105
(30% water). Magnification x 1000, |..........| = 10pm
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Photom icrograph 4.5(b) X.P. im age o f sam ple AQ 105
(30% water). M agnification x 1000, |--------1= 10pm

Photomicrograph 4.6(a) D.I.C. image o f sample AQ 106
(50% water). Magnification x 1000, |------- 1= 10pm
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Photom icrograph 4.6(b) X.P. im age o f sam ple AQ 106
(50% water). M agnification x 1000, |-.........| = 10pm

¥
\ w
Photomicrograph 4.7(a) D.I.C. image o f sample AQ 107
(60% water). Magnification x 1000, |..........| = 10pm
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Photom icrograph 4.7(b) X.P. image o f sam ple AQ 107
(60% water). M agnification x 1000, |--------1= 10pm

JhA

Photomicrograph 4.8(a) D.I.C. image o f sample AQ 108
(90% water). Magnification x 1000, |........ -| = 10pm
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/

Photom icrograph 4.8(b) X.P. image o f sam ple AQ 108
(90% water). M agnification x 1000, |--------1= 10pm

C ryo-m icroscopy was carried out for some o f the system s exam ined in the present
study. T his was done to introduce the technique and to exam ine the inform ation it
revealed. Scanning electron photom icrographs 4.9 and 4.10, show system s AQ 103
and A Q 104 respectively. Elem ents relating to the DIC photom icrographs can
be recognised on examination. The preserved cream AQ. 103 (photom icrograph 4.9)
prepared by the standard m ethod outlined in C hapter 2, shows som e characteristics
relating to poorly formed convoluted networks as well as a fracture o f an oil droplet
w hich can be recognised as the spherical mass within the centre o f photom icrograph.
The polyhedral m asses which are dispersed through the system show n are
characteristic o f long chain alcohol sem i-hydrates o f cetostearyl alcohol that w hen
present in excess o f that required to produce a condensed m olecular film often form
in sem i-solid system s. These have been identified in previous studies (Row e and
M cM ahon, 1987). The emulsion AQ 104 (photom icrograph 4.10) again prepared by
the standard m ethod also shows several polyhedral cetostearyl alcohol sem i-hydrate
162

Chapter 4 M icroscopy Studies

ciystals and some evidence o f poorly developed bilayer stm ctures is evident from the
photom icrograph.

T he fracture plane o f the 50:50 oil and w ater system (A q 106) is show n in
photom icrographs 4.11 (a) and (b). There is again evidence o f polyhedral cetostearyl
alcohol crystals and evidence o f significant viscous gel bilayer form ation w ithin the
em ulsion (photom icrograph 4.11 (a)). It appears that the change to the form ulation
prom otes the form ation o f the gel netw ork and m ay actually reveal that a fixed ratio
o f surfactant such as those given for the standard sim ple BP cream s is not essential
to produce a convoluted gel m icrostructure in the final product. Eccleston (1990)
alluded to this but concluded that there is a small but definite range in w hich gel
netw ork form ation is favoured. There is however evidence o f areas w ithin the sem i
solid w here no m icrostructure has developed (photom icrograph 4 .1 1(b)) and again
this was to show the need to introduce a more controlled means o f production w hich
w as developed for the non-ionic sem i-solid system s.

Photomicrograph 4.9(a) S.E.M. image o f sample AQ 103
(preserved, mechanically mixed). Magnification as shown
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Photom icrograph 4.9(b) S.E.M . image o f sam ple A Q 104
(unpresei-ved, m echanically m ixed). M agnification as show n

Photomicrograph 4.10 (a) S.E.M. image o f sample AQ 106
(50% water). Magnification as shown
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Photom icrograph 4.10 (b) S.E.M . image o f sam ple AQ 106
(50% water). M agnification as shown

These initial system s show the useful inform ation that can be derived using freeze
fracture S.E.M . A degree o f expertise in the interpretation o f photom icrographic
images o f such semi-solid systems is required in order to identify specific structural
fonnations, however a review o f the literature in this area provides useful inform ation
regarding these. Structures formed as a result o f long chain alcohol interactions w ith
both ionic and non-ionic surfactant in semi-solid em ulsions have in the past been well
characterised and this is o f benefit when exam ining both optical and scanning
electron m icroscope images.

4.5.2 Microscopy of ternary systems

Ternary system analysis by microscopy was also carried out. As the concentration o f
cetostearyl alcohol is increased the degree o f structuring w ithin the system s can also
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be seen to increase. This is seen with both the non-ionic (A and B series) and ionic
(C and D series) ternary systems studied. The following general points can be applied
to the results obtained

from the study o f the ternary system s using differential

interference contrast microscopy.

At low concentration the photom icrographs show no evidence o f any structure and
only crystals o f cetostearyl alcohol in a surfactant solution can be m ade out in the
system s under investigation. The results are shown in concentration order for selected
system s. As the concentration increases, small thread like nuclei form , until
discernable structures can be m ade out. These are form ed by the interaction o f
cetostearyl alcohol (CSA) and the surfactant with the aqueous m edium w hich gel
with w ater to form these definitive structures.
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Photomicrograph 4 .1 1(a) D.I.C. image o f ternary system A1
(CSA 0.25% w/w). Magnification x 400 |.......... | = 25pm
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Photom icrograph 4 .1 1(b) D.I.C. image o f ternary system A3
(CSA 1% w/w). M agnification x 400 |--------1= 25pm
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Photomicrograph 4 .1 1(c) D.I.C. image o f ternary system A5
(CSA 4 % w/w). Magnification x 400 |------- 1 = 25pm
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Photom icrograph 4 .1 1(d) D.I.C. image o f ternary system A7
(CSA 8% w/w). M agnification x 400 |--------1= 25pm

Photomicrograph 4.12(a) D.I.C. image o f ternary system B1
(CSA 0.25% w/w). Magnification x 400 |..........| = 25pm
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Photom icrograph 4.12(b) D.I.C. image o f ternary system B3
(CSA 1%). M agnification x 400 |--------1= 25pm
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Photomicrograph 4.12(c) D.I.C. image o f ternary system B5
(CSA 4% w/w). Magnification x 400 |-........ | = 25pm
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Photom icrograph 4 . 12(d) D.I.C. image o f ternary system B7
(CSA 8% w/w). M agnification x 400 |--------1= 25pm

The key difference betw een the system s is that the non-ionic surfactant such as
cetom acrogol swell as a result o f hydration o f the ethylene oxide groups attracting
water by hydrogen bonding w hich the interacts with the trapped cetostearyl alcohol
in the bilayers formed by this process and then swell to fomi the liquid gel networks.
The ionic system s how ever act by sitting betw een the m olecules o f cetostearyl
alcohol and through headgroup repulsion cause the bilayers to expand and this further
encourages w ater uptake by the long chain alcohol and as a result creates the
characteristic sw ollen gel phase form ation. These have been identified in studies
involving cationic surfactant and cetostearyl alcohol (Rowe et al, 1988) and are well
characterised. These structures give rise to stable em ulsions w ith good organoleptic
properties and are essential to em ulsion form ation and stability (Eccleston 1984).

Photom icrographs 4.11 (a), (b), (c) and (d) show ternary system s A l, A3, A5 and
A7. There appears to be an increase in the structural form ation occurring in relation
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to the concentration o f cetostearyl alcohol. The photom icrographs show a change in
system behaviour from needle like form ations w hich are present in a surfactant
solution into a system where there is the form ation o f com plex structural elem ents.
This latter type o f behaviour appears to occur where the higher concentrations o f
cetostearyl alcohol are em ployed and this appears to fit with the theological findings.

Photom icrographs 4.12 (a), (b), (c) and (d) show ternary system s B l, B3, B5 and
B7. Tlie pattern that emerges from the A series ternary systems is again repeated w ith
the B series. The trend is very sim ilar w ith evidence for com plex lam ellar type
structures being shown where the higher concentration o f long chain alcohols is
employed. Photomicrographs 4.13 (a), (b), (c) and (d) show ternary system s C l, C3,
C5 and C7. The ionic ternary system s again follow the same general trends as the
non-ionic system s, with the degree o f structural form ation relating directly to the
concentration o f the long chain alcohol and its interaction w ith the surfactant
system s. A gain for both the C and D system s the structural com plexity appears to
increase as gel form ation occurs with higher concentrations o f cetostearyl alcohol.

'
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Photom icrograph 4.13(a) D.I.C. im age o f ternary system C l

(CSA 0.25% w/w). Magnification x 400
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n

Photom icrograph 4 .13(b) D.I.C. image o f ternary system C3
(CSA 1% w/w). M agnification x 400 |—....... | = 25pm
1 VJ

é

m

M
Photomicrograph 4.13(c) D.I.C. image o f ternary system C5
(CSA 4% w/w). Magnification x 400 |------- 1= 25pm
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w m m m m
Photom icrograph 4.13(d) D.I.C. im age o f ternary system 0 7
(CSA 8% w/w). M agnification x 400 |--------1= 25pm

RM . ,

Photomicrograph 4.14(a) D.I.C. image o f ternary system DI
(CSA 0.25% w/w). Magnification x 400 |-........ | = 25pm
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Photom icrograph 4.14(b) D.I.C. im age o f ternary system D3
= 25 pm
(CSA 1% w/w). M agnification x 400 |
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Photomicrograph 4.14(c) D.I.C. image o f ternary system D5
(CSA 4% w/w). Magnification x 400 |------- 1= 25pm
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Iif
Photom icrograph 4.14(d) D.I.C. image o f ternary system D7
(CSA 8% w/w). M agnification x 400 |------- 1= 25pm

Photom icrographs 4.14 (a), (b), (c) and (d) show ternary system s D l, D3, D5, D7.
The presence o f well defined stuctured bilayer netw orks cannot be entirely proved
using scanning electron microscopy. Confirm ation o f such structural behaviour could
have been obtained tlirough evaluation using transm ission electron m icroscopy, small
angle x-ray m ethods or nuclear m agnetic resonance.

W hen exam ined by SEM, the increase in the com plexity o f structural behaviour can
also be seen where there is an increase in the concentration o f the cetostearyl alcohol
in relation to the fixed concentration surfactant. A gain due to the constraints on the
use o f and access to the scanning electron m icroscope only the B series ternary
system s were examined and in addition it was only possible to evaluate system s with
significant gel phase form ation; system s that are solution-like pose problem s in the
sam ple preparation involved as sam ples are m ounted on a brass holder and m ust
adhere to this prior to plunge freezing. The cetostearyl alcohol concentration appears
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to influence the com plexity o f bilayer netw ork form ation throughout the system s.
This is illustrated by com paring

system

B4 (photom icrograph 4.15), B6

(photom icrograph 4.16) and B7 (photom icrograph 4.17). These images clearly show
the increase in m icrostructure com plexity w ithin the sam ple and at the highest
concentration o f cetostearyl alcohol sam ple (B7) the convoluted gel netw ork runs
across the entire sam ple as show n in photom icrographs 4.17.

T his appears to be related to the gelling behaviour o f this long chain alcohol in
com bination with the surfactant system s and gives further evidence for the
com ponents that are responsible for the "self bodying" behaviour o f ternary system s
and sem i-solid emulsions w hich contain this com m on component. This behaviour has
been characterised by other w orkers including Row e and M cM ahon (1987),
Eccleston (1984) and Junginger (1984).

Photomicrograph 4.15 S.E.M. image of ternary system
B4 (CSA2% w/w). Magnification as shown.
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Photom icrograph 4.16 S.E.M . im age o f ternary system
B6 (6% w/w). M agnification as shown

Photomicrograph 4.17 S.E.M. image of ternary system
B7 (CSA 8% w/w). Magnification as shown.
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4.5.3 Microscopy of non-ionic creams

The production of non-ionic creams as outlined in chapter 2 was standardised in order
to reduce the variables associated in processing. The photomicrographs which were
taken using DIG microscopy show the effects of altering processing conditions. The
overall goal was to produce a series of emulsions having a range of properties and in
particular discernable differences in structural characteristics.

Photomicrographs 4.18 (a) & (b) show the non-baffled system Get 101 (300 rpm), a
semi-solid emulsion in which a range of oil droplet sizes exists. There is little
evidence for inter-droplet structuring and this also appears to be the case with Get
102 (500 rpm) (Photomicrographs 4.19 (a) & (b)). At low speeds oil phase break up
is not favoured and uniform mixing of the entire product is not achieved. Further
processing using a simple stirrer at 800 rpm allows greater breakup of the oil phase
and the photomicrographs (4.20 (a) & (b)) reflects this although a wide range of oil
droplet sizes exists. The problem with non-baffled systems at this speed appears to
be related either to poor or inadequate mixing or to the possibility of air incorporation
due to vortex formation. The affect these factors have on flow dynamics was
described earlier in Ghapter 1 and both can inhibit emulsion formation. From the
microscopic investigation there appears to be no evidence of air incorporation and
thus poor mixing dynamics is the probable cause of the resultant poor emulsion
which is formed.

Once high shear mixing is introduced there is a dramatic change in the type of final
emulsion produced. The oil droplet size range changes as shown in Photomicrograph
4.21 and the droplets are of comparable size. The increase in energy breaks up the
internal phase and allows intimate mixing of the components. At the lowest high
shear speed Get 104 (photomicrographs 4.21 (a) & (b)) there are however areas where
the semi-solid system appears to be poorly mixed but which is not the case with Get
105 (photomicrographs 4.22 (a) & (b)) or 106 (photomicrograph 4.23 (a) & (b)).
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Photom icrograph 4.18 (a) D.I.C. image o f sam ple Cet 101
(300 rpm). M agnification x 1000 |—
| = 10pm

Photomicrograph 4,18 (b) D.I.C. image o f sample Cet 101
(300 rpm). Magnification x 1000 | - ....... | = 10pm
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Photom icrograph 4.19 (a) D.I.C. im age o f sam ple Get 102
(500 rpm )M agnification x 1000 |.......... | = 10pm

%

Photomicrograph 4.19 (b) D.I.C. image o f sample Cet 102
(500 rpm). Magnification x 1000 | - ....... | = 10pm
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Photom icrograph 4.20 (a) D.I.C. im age o f sam ple Get 103
(800 rpm). M agnification x 1000 || = 10pm

Photomicrograph 4.20 (b) D.I.C. image o f sample Cet 103
(800 rpm). Magnification x 1000 |..........| = 10pm
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Photom icrograph 4.21 (a) D.I.C. image o f sam ple Get 104
(8500 rpm). M agnification x 1000 |--------1= 10pm

'T

Photomicrograph 4.21 (b) D.I.C. image o f sample Cet 104
(8500 rpm). Magnification x 1000 | - ....... | = 10pm
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Photom icrograph 4.22 (a) D.I.C. image o f sam ple Get 105
(10000 rpm). M agnification x 1000 |.......... | = 10pm

Photomicrograph 4.22 (b) D.I.C. image of sample Cet 105
(10000 rpm)Magnification x 1000 |..........| = 10pm
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Photom icrograph 4.23 (a) D.I.C. image o f sam ple Get 106
(13500 rpm). M agnification x 1000 |--------1= 10pm

Photomicrograph 4.23 (b) D.I.C. image o f sample Cet 106
(13500 rpm)Magnification x 1000 |------- 1= 10pm
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It is possible a speed of 8500 rpm (Cet 104) is not sufficient to ensure all the
components within the mixing vessel undergo a complete and similar processing
history and the result is an cream that has undergone non-uniform product processing.
This however appears to be resolved when the products are produced at higher
speeds. In these cases the semi-solid emulsions show a more uniform oil droplet
distribution.

Scanning electron microscopy was carried out on Cet 101 (photomicrographs 4.24
(a) & (b)), Cet 103 (photomicrographs 4.25 (a) & (b)), Cet 104 (photomicrographs
4.26 (a) & (b)) and Cet 106 (photomicrographs 4.27 (a) & (b)). At low speed there
is limited evidence of characteristic convoluted bilayer structures and in addition that
of large oil droplets and large etched areas where water was present. The higher
resolution of scanning electron microscopy can be successfully employed to pinpoint
areas within an emulsion of interest and thus even poor bilayer formation can be
imaged. This non-uniform emulsion appearance is also in evidence at 800 rpm where
some areas of the emulsion show bilayer formation and others dominated by excess
long chain alcohol semi-hydrate and oil phases.

The high shear product photomicrographs 4.26 (a) & (b) and 4.27 (a) & (b) show the
effect of altering mixing speed. In the case of the system produced at 8500 rpm (Cet
104) large and small oil droplets exist as well as excess cetostearyl alcohol crystals.
The bilayers in this product appear to be poorly formed and would indicate
inadequate semi-solid emulsion formation. However at the highest speed for system
Cet 106 there appears to be a continuous lamella network throughout the emulsion
and a large number of small spherical oil droplets throughout the product. This would
indicate a more uniform distribution of components to form a good cream. Again this
suggests the mixing speed 8500 rpm was not sufficient to circulate and mix all the
components and a poor quality emulsion results. It also reinforces the fact that mixing
is dependent on the configuration of mixing speed to the flow dynamics of the bulk
mixing vessel.
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Photom icrograph 4.24 (a) S.E.M . im age o f sam ple
Cet 101 (300 rpm). M agnification as shown

Photomicrograph 4.24 (b) S.E.M. image o f sample
Get 101 (300 rpm). Magnification as shown
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Photom icrograph 4.25 (a) S.E.M . im age o f sam ple
Cet 103 (800 rpm). M agnification as shown

m
Photomicrograph 4.25 (b) S.E.M. image of sample
Cet 103 (800 rpm). Magnification as shown
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Photom icrograph 4.26 (a) S.E.M . im age o f sam ple
Cet 104 (8500 rpm). M agnification as shown

Photomicrograph 4.26 (b) S.E.M. image o f sample
Cet 104 (8500 rpm). Magnification as shown
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Photom icrograph 4.27 (a) S.E.M . im age o f sam ple
Cet 106 (13500 rpm). M agnification as shown
2/29KX
1 5 K V WD = 7MM
2 0 U M ---------------------------------------

S : 00835

P : 00044

Photomicrograph 4.27 (b) S.E.M. image of sample
Cet 106 (13500 rpm). Magnification as shown
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The second set o f photom icrographs is based on a baffled em ulsion system and
em ploys the same m ixing conditions as for the above system . A gain at low speeds
Cet 107, 108 and 109 (photom icrographs 4.28 (a) & (b), 4.29 (a) & (b) and 4.30 (a)
& (b)) indicate a wide range o f oil droplet sizes. This again is due to the relatively
low energy input into the system and the lack o f internal phase breakup. The presence
o f baffles profoundly influences bulk m ixing and the m ovem ent o f the com ponents
and appears to allow the creation o f dead areas at low speed w hich results in poor
m ixing. Photom icrographs 4.31 (a) & (b), 4.32 (a) & (b) and 4.33 (a) & (b) show the
high shear m ixer with a baffled mixing vessel. A gain as the m ixing speeds increase,
the oil drop size range appears to narrow. The effect o f baffling will alter the forces
tliat act as a result o f the m ixing process. Figures 1.15 and 1.16 shows the changes
from a predom inantly tangential to radial force when baffles are placed into a m ixing
vessel. The result at higher shear rates particularly 8500 rpm is to facilitate the
m ixing o f the com ponents at the m ixing head w ith the form ation o f a visually
superior product.

\

^

Photomicrograph 4.28 (a) D.I.C. image o f sample Cet 107
(300 rpm). Magnification x 1000, |.......... | = 10pm
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Photom icrograph 4.28(b) D .I.C.im age o f sam pleCet 107
(300 rpm). M agnification x 1000, |--------1= 10pm
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Photomicrograph 4.29(a) D.I.C. image of sample Cet 108
(500 rpm). Magnification x 1000 |.......... | = 10pm
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f
Photom icrograph 4.29(b) D.I.C. image o f sam ple Get 108
(500 rpm). M agnification x 1000 |
= 10 pm

Photomicrograph 4.30(a) D.I.C. image o f sample Cet 109
(800 rpm). M agnification x 1000, |------- 1= 10pm
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Photom icrograph 4.30(b) D.I.C. image o f sam ple Get 109
(800 rpm). M agnification x 1000, |
1= 10pm
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Photomicrograph 4.31(a) D.I.C. image o f sample Cet 110
(8500 rpm). Magnification x 1000 |------- 1= 10pm
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Photom icrograph 4.31(b) D.I.C. im age o f sam ple Get 110
(8500 rpm). M agnification x 1000 |
j = 10pm

Photomicrograph 4.32(a) D.I.C. image o f sample Cet 111
(10000 rpm). Magnification x 1000, |------- 1= 10pm
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S.
Photom icrograph 4.32(b) D.I.C. im age o f sam ple Get 111
(10000 rpm). M agnification x 1000 |-.........| = 10pm

Photomicrograph 4.33(a) D.I.C. image o f sample Cet 112
(13500 rpm)Magnification x 1000 |.......... | = 10pm
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8

Photom icrograph 4.33(b) D.I.C. image o f sam ple Get 112
(13500 rpm). M agnification x 1000 |--------1 = 10pm

4.6 C o n clu sio n s

D ifferential interference contrast m icroscopy and scanning electron m icroscopy
are both useful teclm iques for the visual assessm ent o f sem i-solid em ulsion
and ternary systems. Both techniques allow the observer to assess to some degree the
presence o f structuring w ithin any one given system . In order to achieve reasonable
results w ith both techniques, it is essential to be aware o f the processing

and

form ulation history o f the product and interpret the results in the light o f this. It is
clear that the m ixing m ethod will ultim ately detenuine the properties o f a given
form ulation and m icroscopic investigations allow a visual assessm ent o f this.

In the present study there is a clear distinction between the low and high shear m ixing
and this is clearly revealed by DIG m icroscopy. SEM is a useful probe for the
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examination of the convoluted bilayer structures within an emulsion. It however
requires a degree of expertise especially for interpretation of the image it produces.
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5.1 Introduction

Many systems have now been successfully evaluated using dielectric spectroscopy.
The technique in essence involves the application of an alternating electric field of
varying frequency to a test material and the analysis of the dipolar response. A
number of systems of pharmaceutical interest have been studied, including polymers
(Block, 1979), semi-conductors (Green, 1988), glasses (Shablakh et al, 1982), gels
(Dissado et al, 1987; Craig et al, 1994), pharmaceutical powders (Buckton et al,
1987), solid dispersions (Chatham, 1985; Craig, 1989), alginate gels (Biims et al,
1992), cyclodextrins (Craig and McDonald, 1995), liposomes (Barker et al, 1989),
polymeric films (Jones, 1990) and emulsions (Rowe et al, 1988; Hill et al, 1987,
Hawes, 1994, Goggin et al, 1994). In addition the technique has found application in
the analysis of biological systems including nervous tissue (Dissado, 1987) and
leaves (Hill et al, 1987). The diversity of the systems studied shows the flexibility of
the technique. Low frequency dielectric analysis is relatively simple to perform, and
is achieved by attaching two conducting electrodes to the material in question and
applying an a.c. voltage across them. The analysis of the response of the material to
the applied voltage can yield information relating to the structure and electrical
behaviour of the sample.

Becher (1965) expressed surprise at the scarcity of research devoted to the dielectric
properties of emulsions and he believed much useful information could be gained on
the use of the technique in the study of such system. Clausse (1983) has covered the
related mathematics of dielectric theory of emulsion systems in his comprehensive
review which shows the variety of studies that have been undertaken by a number of
workers. These dielectric investigations have not centred however on the low
frequency region of the dielectric frequency range with which the present study is
principally concerned.

The overall goal of the present work is to assess the usefulness of this technique in
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probing the structure of the emulsion systems and relating the information gathered
to factors governing ideal emulsion formation.

5.2 Low frequency dielectric spectroscopy and emulsion science

Dielectric spectroscopy is a flexible technique and allows systems to be studied in
their normal state, i.e. at room temperature and pressure. It does not require the
sample to be diluted in any way, such as in many particle size applications or
microscopic methodologies. The non-invasive nature of the technique does not put
the test emulsion under undue stress or pressure as with some thermal and rheological
analytical procedures. This is important as it looks at semi-solid systems under real
conditions in real time, and thus can be related to their behaviour during normal use.
The low frequency technique has been developed and has been based on the theories
provided by Dissado and Hill (1979), Hill and Pickup (1985) and Hill and Cooper
(1992). The Hill and Cooper (1992) paper covered heterogenous systems and the
impedance resulting from internal barrier layers. Pharmaceutically many systems
have been characterised with this technique. Chatham (1985) assessed molten filled
hard gelatin capsules, Buckton (1987) applied the technique to the wettability of
powders and Craig (1989) used dielectric spectroscopy in studying solid drug
dispersions. Craig et al (1994) have also looked at gel systems and their behaviour
in the low frequency domain and in addition Craig (1995) has reviewed the
application of low frequency dielectric spectroscopy to pharmaceutical systems
(including work on semi-solids) in a comprehensive book on the subject. These
previous studies have been the basis of the development of dielectric analysis and
will be examined in detail later in this chapter.

In the emulsion science field the potential of dielectric measurements as a tool to
assess the behaviour of emulsions has been recognised. Ross (1955) and Fradkina
and Khmunin (1956) advocated the use of the dielectric constant in assessing the
stability of emulsions systems. Kaye and Seagar (1965) used the technique to assess
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the rate of creaming and the effect of globule sizes to examine emulsion instability.
Hanai (1968) extensively reviewed the dielectric response of emulsions of which a
brief summary will be given here. Hanai (1968) examined dilute systems and in
addition produced models in an attempt to describe more concentrated systems.

The Wagner (1914) and Hanai (1968) models (the latter based on the theory of a
surfactant interfacial layer surrounding a liquid core) predict the interfacial
polarisation effect will only be seen in oil in water systems when the oil phase
has a relatively high dielectric constant. However, high conductivity of the aqueous
continuous phase, particularly with ionic systems, means measuring such dilute
systems can be problematical. Another problem with dilute systems is that they do
not form any viscoelastic gel networks and charge movements are unimpeded which
can further contribute to a high conductivity.
Hanai (1963), had earlier examined the effect of shear on the dielectric response.
Using a nujol / carbon tetrachloride / water w/o emulsion system, in a modified bob
and cup viscometer he demonstrated a fall in the dielectric constant with increasing
shear rate. He surmised the fall in the permittivity was due to droplet aggregation
effects, this work was important as the combination technique is used in much
commercial analysis (food, explosives etc). Hammerius et al (1978) studied lamellar
phases in aerosol mixtures of sodium diethylhexyl sulphosuccinate in water which bear
some relationship to the association structures found in semi-solid products. They
used a frequency of 2.9 GHz and found as concentration of the hydrophobic phase
increased the dielectric constant of the system fell. This indicated a relationship with
lamellar phase formation and the electrical properties of the system.

Rami-Reddy and Dorle (1984) examined the stability of emulsions containing the
non-ionic surfactant polysorbate in combination with a number of hydrophobic
compounds (mineral and castor oil, benzene and xylene). They measured stability
using the dielectric constant as a function of time and found the dielectric constant
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increased. They concluded this was due to free fatty acid release as the emulsions
degraded. Previous studies (Rhambhau et al, 1977; Rami-Reddy et al, 1981) had used
zeta potential measurements in ionic systems and assessed its decay against
temperature. This single dielectric measurement approach was limited by the fact that
the work carried out only looks at the system under test at one frequency and not
across a spectrum, and hence the information obtained is limited. Schreier and
Smedley (1986) examined w/o emulsions based on mixtures of potassium chloride,
carbon tetrachloride and heptane in petroleum jelly. These were examined over a
frequency range 5Hz to 13MHz and the conductivities of the aqueous phases were
calculated

The application of dielectric techniques has also been used in assessing processing
and formulation. Kaneko and Hirota (1985) examined particle aggregation effects and
changes in the emulsifying system. The dielectric constant was shown to reach a
maximum when particle aggregation peaked and they were also able to employ the
technique for finding the most effective emulgent combinations. This latter parameter
was indicated by a decrease in the low frequency permittivity as thickness of the
interfacial layers increased.

The work of Dissado and Hill (1979) and its extensions have clearly demonstrated
the response of the sample is greatly altered by the nature of the material and the
frequency used to probe that sample. Materials of a similar type that have been
processed in differing ways can show similar barrier, i.e. low frequency, responses
but have considerably varied bulk, higher frequency, behaviour. Thus the type and
level of information produced by this technique is more extensive than a single
frequency response and will yield much greater information about the complexity of
the system under study.

Interest in this area has been stimulated by the studies on ternary emulsion gel
systems by Dissado et al (1987) and Rowe et al (1988). These workers looked at the
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low frequency responses of cationic systems based on cetrimide and cetostearyl
alcohol and how they are affected by temperature changes. In addition they looked
at the effect of altering the composition of each system and examined the effect
changes in structure affected the dielectric response of these cationic systems. Hill
et al (1990) have also used this approach to characterise complete cationic emulsions
and have drawn similar conclusions to the work on ternary systems. The present
study has adapted this approach in studying anionic and non-ionic systems. This has
been carried out to link their structural properties with the dielectric response in order
to broaden the applicability of the technique. The results will strengthen the case for
using this technique as a tool in emulsion science particularly as it is useful in
systems exhibiting limited conductance (Eicke, 1980).

5.3 The Theory of Low Frequency Dielectric Spectroscopy

The application of an electric field to a sample will result in the polarisation of that
material. When an alternating field is applied the charges within the system will
attempt to compensate for the changes in field direction by a number of mechanisms,
including reorientation and charge hopping. The overall effect will be the movement
of charge within the sample generating a polarisation (P). Thus at any frequency, the
relationship between the polarisation and the applied field will be given by

= %(W X^ (w )

Eq. 5.1

where w represents the applied frequency, % is the susceptibility of the material
and gives a measure of the responsiveness of that material to an electric field.
Under alternating field conditions this term is complex and the resultant response
is a vector out of phase with the applied field. The response must be viewed in
terms of both its magnitude and its phase behaviour. This may be expressed as

%*(%) = % '(w )- i% " (w)
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Where i is the square root of -1 and %' and %" represent the real and imaginary
components of the complex susceptibility. In essence these terms can be considered
to represent the energy stored and lost by the system. Susceptibility, being an
intrinsic property of a material, cannot be directly measured. The sample when placed
in a parallel plate cell will be sit between two electrodes each of an area A, separated
by a distance d and the results will be measured in terms of the capacitance C and the
dielectric loss G/w, where G is the conductance. The measure of capacitance can be
expressed

C = €oA . [%'(w) + e(«>)]
d

Eq. 5.3

G/o) = eoA . %"(w)
d

Eq. 5.4

and

where Eg is the permittivity of 6ee space 8.852 x 10 ’^ farad /m and e(w)o° denotes
the relative permittivity at infinite frequency.

The conductance (G) is a reflection of charge movement due to dipolar reorientation
and is know as the a.c. conductivity. In many systems (particularly ionic) free charges
are able to move between the electrodes in the cell and a direct current is generated
(Gj c) This can be accounted for in the following equation where the dielectric loss
is inversely proportional to the frequency in systems dominated by a d.c. process

G/w = eoA . y'ïw l + Gj^/o)
d

Eq. 5.5

As the dielectric response of a material has been shown to change with frequency, the
range over which measurements can be taken is extremely wide. Charges are held in
many different types of environment and charge movement is affected by the
environment they pass through. It is common to express the permittivity of a given
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material in relation to the permittivity of free space and thus we derive the relative
permittivity ( e j

Eq. 5.6

where e is the permittivity of the material between the plates of a capacitor and Gq
is the relative permittivity of the same capacitor with the plates in vacuo. Table 5.1
gives a list of common materials and their respective relative permittivities or
dielectric constants at room temperature.

Substance

Relative
Permittivity

Glass

5 -1 0

Mica

6

Air (S.T.P)

1.0005

Ice

82

Paraffin wax

2

Paraffin oil

4.7

Methanol

32

Water

81

Table 5.1 : Dielectric constants of some common materials at room temperature.
(Adapted from Nelkon and Parker, 1977)

This study is principally concerned with the low frequency spectrum and
measurements were taken between 10^ and 10'^ Hz. In this part of the dielectric
spectrum, the response of aqueous disperse systems, such as gels (Dissado et al 1987;
Rowe et al, 1988) and emulsions (Hill et al, 1990, Goggin et al, 1994) have been
shown to be that of two phase systems and effectively behave as two capacitors in
parallel.
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Hill and Pickup (1985) proposed that the low frequency response of two phase
systems is dominated by an adsorbed layer on the electrode surface and only the
higher frequency region relates to the bulk of the material under investigation. They
used these elements to represent the physical behaviour of the components of such
systems and it is on this basis the components within emulsion systems in the present
study are analysed. This is discussed in detail in Hill and Pickup (1985) and the
essential features of the technique are as follows.

The dielectric loss and capacitance are usually plotted against the applied frequency
on logarithmic scales. The direct current conductance is constant and thus when
represented in this manner the gradient of the high frequency region will be -1
(cf.Eqn. 5.5). Any deviation from this and the charge conduction processes are not
d.c., charge does not move freely from one electrode to another and processes such
as charge hopping, in which charges travel between specific localised sites within the
material, dominate the dielectric response.

The gradient of the slope in the low frequency higher capacitance region (i.e.typically
below 1 Hz) is an indication of the effectiveness of the adsorbed layer at the
electrodes to block charge movement. If the gradient of the capacitance slope is zero
(i.e. horizontal) and thus independent of frequency, the electrode layer barrier is
completely resistive to the flow of charge. However as the slope becomes
increasingly negative this is an indication that the system is acting as a 'leaky'
capacitor. It is thus possible to assess the permeability of the surface layer of this to
charge movement and it has been proposed (Hill and Pickup, 1985) that information
on a materials structure can be obtained from this.

Hill and Pickup (1985) theoretically showed that the sum of the low and high
frequency capacitance slopes is -2, and thus it is possible to calculate the low
frequency response from the high frequency result in this part of the dielectric
spectrum, should the low frequency data not be available. This can then be used to
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assess the structure of the electrode layer and this has been demonstrated
experimentally by Binns et al (1992).

The heterogenous nature of semi-solid emulsions and the presence of a defined
microstructure in correctly processed creams allow the test systems produced for this
project to be carefully evaluated using low frequency dielectric spectroscopy in light
of the Hill and Pickup (1985) modification to the theory of low frequency dielectric
spectroscopy. It is thus possible to view the systems under investigation as having
both bulk and electrode layers and interpret their responses in light of this as has
been carried out in the present study. It is thus possible to measure the thickness of
the absorbed layer
The response of the systems can be depicted schematically as in Fig 5.1 below (C
relating to capacitance and R to resistance) and this has been used to interpret the
dielectric results of all the system under investigation in the present study.

barrier

C bulk

R barrier =

barrier

R bu lk =

bu lk

Figure 5.1 : Circuit Diagram of modified Maxwell-Wagner response.

5.3.1 Dielectric behaviour

The behaviour of materials in response to an applied electrical field is dependent on
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the structure and nature o f the m edium in question. In some m aterials, such as m etals
copper or ionic salt solutions, charge flow s freely and these system s are term ed
conductors. In others e.g. rubber or long chain hydrocarbons, the transfer o f electrical
energy is either small or non-existent and these are grouped together as insulators or
perfect dielectrics.

In those m aterials classified as dielectrics, the systems have the ability to store charge
depending on their characteristics and will achieve this to varying degrees. A t the
atom ic or m olecular level all m atter is made up o f a balance o f positive and negative
charges, and stability is reached w hen this ideal state is achieved. Charge storage is
achieved thiough electrical dipoles (one end positive and the other negative) w hich
consist o f point charges o f equal strength. These dipoles can be induced by
introducing the m aterial into an electric field or m ay exist as perm anent features o f
the m aterial. The effect o f the field will cause the dipoles to m ove from the ground
state and align them selves w ithin the field and a state o f polarization w ill exist
(Figure 5.2).

Figure 5.2 The polarisation behaviour o f dipoles

This is a reversible process and the dipoles will relax on removal o f the applied field

208

Chapter 5 Dielectric Studies

and return to the original state. This is known as dielectric relaxation and the energy
required to polarise the dipole is released as a result o f the dipole returning to the
ground state. The current generated by relaxation is referred to as the polarisation
cuiTcnt. The energy derived through these processes is essentially w hat is m easured
by dielectric spectroscopy and this will be covered in detail in this chapter.

T he polarisation and relaxation behaviour o f dipoles is system dependent and it is
these differences that yield inform ation about specific parts o f a system . I f an ideal
responsive system is analysed in an alternating electric field the dipoles w ill follow
im m ediately and m im ic the field as it sw itches back and forth. The result is that the
energy is lost by the system and the polarisation current is exactly 90° out o f phase
from the applied voltage

a: An ideal response; the induced polarisation current is 90°out
o f phase with the applied voltage.

b: A real response out o f phase by less than 90
with the applied voltage.

Polarisation Current

Applied Voltage

Figure 5.3 The relationship betw een the applied voltage and polarisation current
in (a) an ideal system; (b) a real system

The vast m ajority o f system s will not behave in the ideal m anner and the rate o f
dipole realignm ent is governed by the nature o f the sample. The m ovem ent o f dipoles
is a finite process, rearrangem ent will take tim e and requires the expenditure o f
m echanical energy. Thus with this energy loss the phase difference betw een the field
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and the material will be somewhere between 0 and less than 90° as shown in Figure
5.3. (a) and (b). This difference between the proposed real and ideal responses has
been examined by several workers including Debye (1912). Materials exhibiting a
dipolar nature can be described mathematically by the following equation

p = q.l

Eq. 5.7

where p is the dipole moment, dependent on the character of the sample, q is the
charge and 1 the distance between the poles (+ve and -ve) or separation distance.
The symmetry of the molecule influences the dipole moment and thus p and 1 are
vectorial. If the dipole moment is inherent in the material it is considered to be
permanent or else it can be induced by an electric field. The material will attempt
to attain a situation of minimum free energy and thus molecular alignment of the
dipoles occurs.

5.3.2 Classification of polarisation

Polarisation (?) is defined as the total dipole moment per unit volume of the
sample. While under the influence of the electric field the sample will polarise and
on removal of that field it will then relax until the polarisation current has decayed
to zero. The change in the equilibrium of a system will be related to the material's
inherent electro-chemical characteristics and this essentially dynamic process
changes over time.

Polarisation can be broadly summarised into three main categories;
a) Orientational polarisation
This mechanism is the process where the dipoles move by physically realigning
within the electric field and expend mechanical energy to do so.

b) Molecular polarisation
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This phenomena is almost always likely to occur whenever an electric Geld is applied
to the material and results when the electron cloud within an atom or molecule is
disrupted. This produces a charge imbalance and dipoles are induced by the resultant
change in internal energy created by such a disturbance.

c) Charge carrier polarisation
If the material under examination is freely conductive (e.g. metals or aqueous ionic
solutions) the flow of electrons between the electrodes will be unhindered and a
resultant net direct current conduction will be established. This is not the case in
insulating or semi-conducting substrates; charge transfer will be governed by areas
of electrical similarity or clusters within the system, and these are dependent on the
nature of the material. These localised sites within the material facilitate the flow of
electrons by a process known as "charge hopping”. The likelihood of the charge jump
will be governed by the potential energy barrier between these groups. Jonscher
(1983) examined this phenomena and surmised that the underlying mechanism of
"hopping” was governed by dipolar reorientation with some direct current
conduction, as the carrier shows elements of both these processes.

The dipolar response of a dielectric material is usually frequency dependent hence
one or all of the above mechanisms of polarisation may occur depending on the
frequency. Molecular polarisation will occur throughout a frequency sweep and is
generally accepted to be effectively instantaneous. With the other types of
polarisation, there is a phase lag between application of the field and reorientation
response of the dipoles. This can be due to the intervening medium between dipoles
and will thus be dependent on the mechanical energy spent in dipolar motions. At
high frequencies, the maximal movement of any one dipole or the complete transfer
of charge by hopping will not occur because rapid change in plate polarity prevents
this. As the frequency falls dipolar and charge hopping transformation can occur;
when analysed over a range of frequencies these polarisation processes can usually
be distinguished.
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5.3.3 The Debye theory

A theory of the dielectric response was proposed by Debye (1912) and was based on
a simple system comprising non-interacting dipoles which were embedded within a
viscous continuous phase. This has been used as the fundamental model of general
dielectric behaviour and is thus important in understanding the processes involved
in dipolar polarisation and relaxation. As outlined dipoles consist of a system having
a positive and negative charged region of equal magnitude which are commonly
written as q+ and q-. The distance between the dipoles is 1 and the relationship
between the dipole moment p as shown earlier is given by Equation 5.7. Debye
derived the following expression to describe fixed dipoles.

X(0)

= JinL
3eo kX

Eq. 5.8

where N is the number dipoles, %(0) is the susceptibility at zero frequency, kT is the
thermal energy and p is the dipole moment. We note that the magnitude of the
suspectibility is directly related to the density of dipoles and the square of this
moment.

5.3.4 The Dissado-Hill model of dipolar relaxation

Dissado and Hill (1979) looked specifically at inter-dipolar reactions and reactions
between the dipoles and their immediate environment as the basis of their theory and
concentrated on condensed materials. By altering the approach from that of one based
on the overall relaxation time within a material, they found deviations from Debye
law were themselves good indicators of the structural properties of materials. Many
substances deviate from classical theory; Jonscher (1975) proposed these anomalies
to be normal dielectric behaviour and suggested overall responses were due to a
combination of inter-material interactions, leading to charge screening between
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dipoles.

D issado and Hill (1983) extended the Debye m odel (1912) o f orientational
polarisation and argued local structural distortion occurs, allow ing the realignm ent
o f the dipoles within a given material. They proposed the follow ing m echanism s for
dipolar behaviour. Firstly dipoles are not separate entities and react in clusters or as
a w hole in the material. Secondly the im m ediate environm ent has a profound effect
on the relaxation processes involved. They describe dipolar behaviour in term s o f a
final relaxed and polarised state under the influence o f an electric field w hich m oves
through tw o interm ediate m etastable positions.

Gradient = (-1+n)
Gradient = m
CO

bû

Gradient = (-1+n)
O) P

L og F re q u e n c y (LogHz)
Figure 5.4 The response o f a dielectric m aterial after D issado-H ill (1979)

Figure 5.4 illustrates the D issado-H ill (1979) m odifications to the Debye curve o f
susceptibility. The param eters n and m are factors w hich contain inform ation
concerning the structure o f the m aterials under study. Factor n relates to relaxing
dipole and their im m ediate (short range) environm ent and the range o f dipolar
realignm ents m ade possible through quantum m echanical tunnelling. Factor m
describes the equilibrium between the expansion and contraction o f the space created
by groups o f dipolar distortions. The parameters n and m yield inform ation pertaining
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to the degree o f co-operative relaxation behaviour within and betw een clusters o f
dipoles. There is no energy absorbed locally when n=0 and long range dipolar
interaction decreases as m approaches zero. The classic Debye response is recovered
w hen n is also at zero. This theory is applicable to any system and there are m any
exam ples o f system s that have been m odelled using it, such as the w ork referred to
in the introduction to this chapter. The dielectric studies that have been conducted in
the present study are all m odelled on the D issado-H ill theory.

5.3.5 The Maxwell-Wagner theory

M any pharm aceutical products do not show the classical Debye (1912) behaviour or
the Dissado-Hill (1979) response as shown in Figure 5.4. Liquids behave in an alm ost
tw o phase m anner when placed betw een parallel plates, the layer on the electrode
suiTace giving a different response to the bulk o f the m aterial. The m odification that
has been used to describe the m ulti-layer approach is based on the w ork o f M axw ell
( 1892) and W agner (1914).

+

►
c

-------------- ►
D ire ctio n o f F ield

/
E le c tr o d e S urface

Figure 5.5 Dipole polarisation in the barrier layer
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The two electrode or barrier layers are assumed to be identical and these and the bulk
layer of a liquid are considered to exist in a series configuration, Bulk layer behaviour
dominates at the higher frequencies (1 Hz and above) whereas electrode polarisation
dominates the lower frequencies (sub-Hz region) and is influenced by the relatively
high impedance of the high capacitance barrier layer. The behaviour of the dipoles
at the electrode layer are depicted schematically in Figure 5.5. The illustration shows
one electrode of the dielectric cell when it is negatively charged.

The Maxwell-Wagner response can be considered to be purely capacitive at the
electrode and purely resistive within the bulk. This behaviour is very rarely seen in
real systems, and modifications to the responses, such as those expressed in the
Dissado-Hill theory must be made. Hill and Pickup (1985) extended the theory to
include low frequency responses of liquid systems and suggest responses of materials
are directly related to structure. The dielectric response of any material or product
will be directly related to the base ingredients and the interaction between those
ingredients and any processing conditions involved.

5.4 Low frequency dielectric measurement

The essential set up and design of the low frequency dielectric spectrometer
(Dielectric Instrumentation Ltd., Worcs.) are shown in Figures 5.6 and 5.7. The
system comprises a Solartron frequency response analyser (FRA) and dielectric
interface or measuring box (Chelsea Dielectric Group). These are in turn connected
to a computer system (IBM compatible) which runs the BBC dielectric analysis
programme and outputs the results to disc, printer (Epson Dot Matrix) and XY plotter
(Roland). The FRA contains two main components comprising a generator which
produces a sinusoidal voltage and a sample response correlator which analyses the
return signal. Between these two parts of the FRA lies the dielectric interface. This
consists of a set of parallel RC circuits and the sample is connected in series with one
of them.
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On receiving the alternating current signal from the FRA the interface will modify
this and allow only a known voltage to fall across the sample. The set up of resistors
within the measuring box controls the applied voltage precisely. Having a carefully
controlled voltage allows accurate calculation of the complex impedance of the
sample. Additionally because of electrical "noise" associated with such equipment,
the dielectric interface is designed to screen these effects. The modified return signal
passes from the sample into the FRA correlator and the capacitance and dielectric
loss are then calculated and recorded. The cell used depends on the nature of the
sample and is connected into the apparatus as shown in Figure 5.8.

Frequency Response Analyser

Dielectric
Interface &
Measuring
Box___

Signal
Generator

Sample
Response
Correlator

Sample
Ground
Data
Capture &
Recording

Figure 5.6 Diagrammatic representation of a low frequency dielectric
spectrometer
The equipment will automatically take three measurements on the sample at one
frequency and an average of these is given which in terms of reproducibility is within
a 2% coefficient of variation. The capacitance and loss are calculated via the
relationships
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Vy = A + iB

Eq. 5.9

V = a + ib

Eq. 5.10

where A, a, B and b represent the real and imaginary components of the measured
voltages

and Vy.

Figure 5.7 Circuit diagram of Chelsea dielectric interface and sample
These are represented diagrammatically in Figure 5.7 and from this the complex
impedance value for the sample

and dielectric interface Zy can be written
Eq. 5.11

1
IWCy + 1 /Ry

z, =

Eq. 5.12

1
I G )C s( g) )

The ratio of the measured voltages

and Vy can then be written in terms of these
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impedances since
7, + Zb

Vy_
V.

Eq. 5.13

Zb
Z. + 1

Eq. 5.14

Zb
iwCb + 1/Rb +1
io)C(o))

Eq. 5.15

The real and imaginary parts of this expression are then separated by the frequency
response analyser and plots of log capacitance (log C) and log dielectric loss (log
G/g)) are then plotted.

5.5 Methods

A standard method of dielectric measurement was used for the analysis of all samples
in the present study. The samples after their specified storage time were loaded into
a stainless steel cell as illustrated in Figure 5.8. The cell consists of two electrodes
and the bottom electrode is surrounded by a polytetrafiuoroethane (P.T.F.E.) collar.

The top electrode or plate fits exactly into the collar and a gap (1mm) exists between
the two to allow room for the sample. Each plate is connected via a stainless steel
screw to an insulated wire which connects into the dielectric spectrometer. Excess
sample is loaded onto the bottom plate and the top electrode is placed on the top. This
cell was specifically designed for the study of the dielectric behaviour of semi-solids
.The top plate has a series of small holes drilled through it and on application of
pressure onto the sample the excess is squeezed through these holes. This ensures that
any air is excluded from the sample space and the electrode plates are only connected
by sample.
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C r o s s S e c t i o n of Dielectric Cell
T erm inal S c re w

Top E lectrode
B ottom E le c tro d e
P .T .F .E .
C ollar

T erm inal S c re w
S tain less steel body, sep aratio n d istan ce 1mm

Fig 5.8. Illustrating the dielectric cell
All analysis was carried out using the following run conditions. All samples tested
were analysed in the undiluted state after appropriate storage as specified in materials
and methods section. Samples were subject to a field of O.IV r.m.s. and were
examined within the frequency range 10^ - 10'^ Hz at 25 °C (298 K). Empty cell runs
were carried out prior to any sample runs. This was done to ensure the cell did not
contribute to the dielectric response of the sample. Once a suitable empty cell
response was achieved, the samples were analysed. A repeat run of each sample was
carried out to ensure reproducibility which is confirmed when the spectra for a given
sample are superimposable. In addition the equipment automatically takes three
readings at each point and averages these to produce the final result. The cell was
thoroughly cleaned between runs and empty cell checks were made prior to running
any subsequent samples.

5.6 Results and discussion

The results of the dielectric analysis have been interpreted in light of the Dissado-Hill
theory (1979) and the subsequent Hill and Pickup modification (1985) to this. The
theory suggests the dielectric response of a liquid sample can be modelled to different
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regions dependent on the applied frequency and voltage. Essentially the higher
frequency end of the dielectric spectrum is dominated by charge movement
throughout the system and thus the response can be modelled to the bulk properties
of the liquid sample under investigation. Thus any charge moving through a system
will find its easiest passage between the plates of the parallel electrodes in order to
reduce the work required to cross the sample. The lower end of the frequency spectra
has been modelled to the areas of a sample at the electrode layer surface (Dissado et
al 1988).

In terms of interpretation the slope of the capacitance curve gives an indication of the
ease at which charges move through a system and thus a slope of zero will indicate
a impermeable barrier to charge movements. The gradient of the high frequency
dielectric loss curve indicates the bulk conduction mechanism. The capacitance and
loss are usually plotted against frequency on logarithmic scales. For d.c. conductance
processes, the value of G is constant with frequency, hence on the above scales the
slope of the loss against frequency will be -1. If the slope deviates from this value it
indicates the conductance process is not d.c., for which charge may move freely from
one electrode to another. Instead, charge may move via a charge hopping process,
whereby ions and electrons transfer between specific sites within the system.

The gradient of the of the low frequency capacitance (below approx. IHz) against
frequency curve is an indication of the effectiveness of the adsorbed layer to block
charge movement. For a layer through which no charge may pass directly, the low
frequency capacitance will be independent of frequency, (i.e. a zero gradient).

While for systems through which charge may pass (i.e. the layer acts as a "leaky"
capacitor”) the slope of the low frequency capacitance will be negative. By measuring
the slope of the low frequency capacitance it is therefore possible to assess the
permeability of the surface layer to charge movement from which information on the
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structure of the layer may be extrapolated. The sum of the high and low frequency
capacitance slopes is -2 and therefore if one is known the other can be calculated and
thus give information relevant to the material under investigation.

5.6.1 Preliminary dielectric investigations

The initial studies focused on the principal components of the systems under
examination and their dielectric responses obtained using the standard method of
analysis. The response of the empty cell is shown in Figures 5.9(a) & (b) (which are
the capacitance and loss behaviour of air) and as previously stated is unity. Samples
were not run until this flat empty cell response was obtained in order to show the
results obtained were due solely to the material under examination and no interfering
impurities were present in the dielectric cell. As would be expected the more
hydrophobic a material is the less electrically active is its behaviour and the dielectric
spectra should reflect this fact. The dielectric spectra of the main components of a
typical semi-solid oil in water emulsion are shown in Figures 5.9(a) and (b). The long
chain hydrocarbons that make up liquid parafiBn show an almost horizontal gradient
both in terms of its charge storage behaviour and its conduction. Pure long chain
hydrocarbons are good insulators but when the low frequency response of white soft
paraffin is examined the capacitance and dielectric loss parameters increase as the
applied field frequency is reduced. This material is also composed of long chain
hydrocarbons but is bleached during manufacture in order to give it a neutral
appearance. This is described in the British Pharmaceutical Codex (1973) and
Martindale (1989), the process releases free fatty acids which in combination with
bleaching residues could contribute to its higher than expected capacitance and
conductance across the dielectric spectrum. Thus it can clearly be seen that the
chemical composition and any subsequent treatment can alter the electrical behaviour
of many materials and this is likely to be exposed when they tested using low
frequency dielectric spectroscopy.
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Fig. 5.9 (a) Log capacitance vs Log frequency of
common semi-solid emulsion components
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On the addition of surfactants to the components of the oil phase to produce an
emulsifying wax and ointment, these materials show a comparable increase in
electrical behaviour. The presence of ionic species embedded within a viscous
medium allows the flow of ions throughout the material and the capacitance and
dielectric loss increase correspondingly. Finally when water is added to the system
to produce a final emulsion the phases within the system become increasing mobile,
the surfactants can form bilayers and also go into solution in bulk water areas and
consequently charge transfer throughout the emulsion system is facilitated. These
phases have been described by Junginger (1984) and include the bulk water, the
liquid gel lamellae, and the lipophilic areas, which were covered in Chapter 1 of the
present study.

This initial work provided an insight into the information dielectric spectroscopy can
yield in assessing phase behaviour within a system. The alteration of the components
from predominantly oil based to an oil in water system affects the electrical activity
of the systems. As has been consistently shown a delicate but complex microstructure
forms in semi-solid emulsions containing cetostearyl alcohol in combination with a
variety of surfactants (Rowe et al, 1988, Eccleston, 1984) and this initial study may
expose a link between electrical charge movement and the structures present within
the final cream. In addition the technique has shown some potential for quality
control and contamination analysis as indicated by the response of the white soft
paraffin, although this aspect of dielectric spectroscopy has not been further
examined. Rami Reddy and Dorle (1984) suggested non-ionic emulsion physical
stability could be monitored by measuring the dielectric constant and they concluded
degradation products such as, free fatty acids could be detected in samples stored at
elevated temperatures. The use of a range of frequencies in such evaluation is a useful
tool for such analysis and changes of this nature would be picked up using low
frequency dielectric spectroscopy as outlined in the present study.
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Fig. 5.10 Comparison of the dielectric behaviour
of two p reserved aqueous cream s
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The processing conditions em ployed in the m anufacture o f ionic em ulsion system s
w ere also exam ined using low frequency dielectric spectroscopy. The results are
shown in Figures 5.10 and 5.11 for both the capacitance and the loss o f the products
under test. In both cases (i.e. The non-preserved and the preserved ionic sem i-solid
em ulsions) the dielectric response o f the m echanically m ixed products is low er than
that o f its related hand m ixed product (i.e. the non-preserved and preserved hand
m ixed products) and although the differences are not greatly different they are
reproducible. The capacitance data w hich is related to charge storage falls
characteristically w ith frequency as does the dielectric loss. The m ost significant
difference is seen in the 100 Hz region w hich has been theoretically related to the
bulk properties o f the system. The m echanically m ixed preserved product appears to
show the greatest resistance to charge flow and this m aybe an indication o f an
increase in structural com plexity o f the system in question. This behaviour can
clearly be seen in the dielectric loss data where the conductance is reduced relative
to the hand m ixed product. The dielectric differences o f the non-preserved system s
also show a sim ilar trend although this is not as large as the system s containing
phenoxyethanol. The system s were not com pared w ith each other because o f the
differences in form ulation i.e. the presence or absence o f the preservative and the
effect o f this on charge m ovem ents.

D ielectric spectroscopy is useful for characterising system s w ith the sam e form ula
and the electrical behaviour is dependent on both the processing conditions and the
form ulation used. Any data interpretation m ust be examined in light o f these factors.
T his has extended the w ork o f Ram i Reddy and Dorle (1984) w ho only used a
dielectric constant m ethod to exam ine stability and there is also agreem ent w ith
Row e et al (1988) and the low frequency w ork that was carried out on com binations
o f cetrim ide and cetostearyl alcohol.

T he aqueous cream form ula was altered to assess the effect o f changing the
concentration o f the aqueous phase. A range o f sam ples containing from 1 0 - 9 0 %

225

Chapter 5 Dielectric Studies

were exam ined and the data points at 100 Hz were noted, which is considered to be
in the region o f the dielectric spectra w hich reflect bulk properties o f liquid type
system s. Figure 5.12 show s that as w ater content increases the dielectric loss and
capacitance also increase. This was expected as the increase in water content reduces
the electrical barrier effects o f the oil phase and the increase in phase m obility
facilitates the process o f charge m ovem ent throughout the system . E ssentially the
system changes from one that has a high oil content and is o f high viscosity to one
that approaches a m ore solution type behaviour. The system s w ith the highest oil
phase concentration are likely to be either highly structured due to the interaction o f
the em ulsifying system s and the w ater or highly viscous due to the ratio o f oil to
water. This study shows the im portance o f having well characterised system s w hen
exam ining sam ples o f differing form ulae. The polar nature o f any sam ple is an
important factor in the dielectric response obtained. Charge m ovem ent w ithin sem i
solids appears to be governed by the m obile species present and thus any restriction
o f these species within a fixed m atrix would be expected to reduce the dieleetrie
responses obtained from a sam ple on analysis.
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5.6.2 The dielectric response of the ternary systems

The non-ionic A and B series ternary systems containing cetomacrogol 1000 at
concentrations of 1% and 2% respectively were examined under the standard
conditions. The results are given in Figures 5.13 (a) & (b) and 5.14 (a) and (b) and
Tables 5.2 and 5.3. The make up of each member of the test groups is given in Tables
2.1 and 2.2 and the concentration of cetostearyl alcohol increases with each
respective member of the series with A1 and B1 containing 0.25% and A7 and B7
containing 8% cetostearyl alcohol.

In general an increase in the cetostearyl alcohol concentration leads to a fall in both
the capacitance and loss measurements of the sample. The response appears to
depend on the concentration of cetostearyl alcohol which affects the extent of
microstructural formation within each sample. All the samples are conductors as they
are largely aqueous but it is those systems with the higher concentrations of long
chain alcohol which consistently show a relatively smaller dielectric loss response
within what is commonly accepted to be the bulk region of the system under
examination. In theory the more mobile charged species are the more conductive the
sample under investigation should be. If the surfactant molecules, in particular highly
charged species such as sodium lauryl sulphate molecules, are held in a viscous
lamella matrix then charge transfer is likely to be reduced and the conductive
behaviour of the sample should fall. When examined the dielectric loss measurement
at 100 Hz which as stated relates to the bulk properties of the ternary systems, falls
from a Log dielectric loss value -4.639 in the case of system A1 (cetostearyl alcohol
concentration 0.25%) to -6.30 for system A7 (cetostearyl alcohol concentration 8%)
a change in dielectric loss approaching two log cycles. The slope of the capacitance
curve within the low frequency region of the spectrum becomes increasingly negative
(changing from -0.16 for system A1 to -3.65 for system A7) and in light of the
finding of Dissado et al (1987) this suggests the system structure becomes more
complex with increasing long chain alcohol concentration which on the evidence of
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the previous work carried out on the viscoelastic nature of systems containing this
long chain alcohol is what would be expected.

Table 5.2 Dielectric response of the A series ternary systems.
System

LogC
at 10^
Hz

LogC
at 10'’
Hz

Slope C
10-2-10-1

Log G
at 102
Hz

Log G
at 10-'
Hz

Slope G
102-103

A1

-4.98

-3.49

-0.16

-4.64

-4.05

-0.801

A2

-5.46

-3.80

-0.19

-4.98

-4.25

-0.895

A3

-5.75

-3.66

-0.15

-5.13

-3.99

-0.857

A4

-6.25

-3.75

-0.33

-5.87

-3.94

-0.906

A5

-6.47

-3.74

-0.34

-5.62

-3.95

-0.933

A6

-6.71

-3.84

-0.37

-5.88

-3.99

-0.93

A7

-7.02

-3.65

-0.31

-6.30

-3.88

-0.892

Table 5.3 Dielectric response of the B series ternary systems.
System

LogC
at 102
Hz

LogC
at 10'
Hz

Slope C
10-2-10'

Log G
at 102
Hz

Log G
at 10'
Hz

Slope G
102-103

B1

-5.37

-3.67

-0.167

-4.83

-4.17

-0.905

B2

-5.46

-4.05

-0.166

-5.08

-4.49

-0.845

B3

-5.74

-3.91

-0.194

-5.144

-4.38

-0.912

B4

-6.56

-3.58

-0.212

-5.48

-3.96

-0.966

B5

-6.91

-3.65

-0.241

-5.69

-3.95

-0.962

B6

-7.04

-3.68

-0.287

-5.79

-3.89

-0.954

B7

-7.46

-3.82

-0.397

-6.28

-3.85

-0.937

Key: C = Capacitance (Farad)
G = Dielectric Loss (Farad)
Slope C = Slope of Capacitance vs Frequency (Hz)
Slope G = Slope of Dielectric loss vs Frequency (Hz)
228

Chapter 5 D ielectric Studies
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Fig. 5.14(a) Com parison of th e d ielectric behaviour
of the B se rie s tern a ry system s
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This change represents a relatively large drop in the conductive behaviour of the
samples under investigation. This is also reflected for the B series where the change
in the dielectric loss value from system B1 (cetostearyl alcohol 0.25%) to B7
(cetostearyl alcohol 8%) falls from Log dielectric loss -4.83 to -6.28 respectively.
Again there is a change in the slope of the capacitance in the region of 10‘*- 10'^

This would indicate that the conductive pathway across the sample is in some way
impeded as the concentration of the fatty alcohol is increased. This would fit with the
phenomena relating to the swelling behaviour of cetostearyl alcohol where given the
correct ratio to water and surfactant this long chain fatty alcohol has consistently been
shown to produce highly structured convoluted bilayers within the continuous phase
of many emulsion systems (Barry, 1974).

The fact that the dominant conductivity process is a not purely d.c. process ( i.e. the
slope of the higher frequency slope is less than -1) within the system is indicated by
the slope of the bulk conductivity curve between 10^-10^ for all the systems shows
the process of charge movement is altered by the effects of the components and their
concentration within the ternary systems. The development of convoluted pathways
with increasing cetostearyl alcohol concentration affects the route that charges follow
within a given system and thus as this becomes more complex the dielectric loss falls.
This also appears to alter the way in which charge is dissipated through the system.
The capacitance curve at the lower end of the frequency range also becomes
increasingly negative as the concentration of cetostearyl alcohol increases and this
again fit in well with the modelling studies that have been carried out on systems
containing cetrimide and cetostearyl alcohol (Rowe et al, 1988; Dissado et al, 1987).

Systems C and D are based on sodium lauryl sulphate 0.5 and 1% respectively, in
combination with cetostearyl alcohol. The cetostearyl alcohol concentration is
increased in relation to each member in the series. Cl and D1 contain 0.25%
cetostearyl alcohol and Cl and D7 contain 8% cetostearyl alcohol, the composition
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of each are given in Tables 2.3 and 2.4 respectively.

When the C and D series ionic based ternary systems are scrutinised, as shown in
Figures 5.15 (a) & (b) and 5.16 (a) & (b) and Tables 5.4 and 5.5 respectively, the
folloAving effects of changes in the concentration of the long chain alcohol are noted.
The slope of dielectric loss vs frequency deviates most when the concentration of
cetostearyl alcohol is at its lowest between 0.25 - 1%. Once the long chain alcohol
concentration is greater than 1% the loss response in the bulk gradually falls and this
is reflected in the dielectric loss versus frequency results. It is not clear if the
conductive behaviour of these systems is governed by a process of charge hopping
between the clusters of the given systems and the changes in response are not shown
by the linear portion of the dielectric loss slope at the higher frequencies.

Table 5.4 Dielectric response of C series ternary systems
System

LogC
at 1Q2
Hz

LogC
at 10 '
Hz

Slope C
10-2-10'

Log G
at 102
Hz

Log G
at 10'
Hz

Slope G
102-10^

Cl

-4.01

-3.68

-0.016

-3.93

-3.89

-0.55

C2

-4.21

-3.32

-0.048

-3.98

-3.95

-0.659

C3

-3.88

-3.24

-0.141

-4.18

-3.99

-0.328

C4

-4.66

-3.25

-0.151

-4.21

-3.86

-0.916

C5

-4.94

-332

-0.135

-4.35

-3.98

-0.942

C6

-5.09

-3.31

-0.167

-4.44

-3.90

-0.963

Cl

-5.17

3.28

-0.146

-4.53

-3.86

-0.951

Key: C = Capacitance (Farad)
G = Dielectric Loss (Farad)
Slope C = Slope of Capacitance vs Frequency (Hz)
Slope G = Slope of Dielectric loss vs Frequency (Hz)
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Table 5.5 Dielectric response of D series ternary systems

System

Log C
at 10^
Hz

LogC
at 10"'
Hz

Slope C
10-2-10-]

Log G
at 102
Hz

Log G
at 10-*
Hz

Slope G
102-10^

D1

-3.65

-3.24

-0.111

-3.96

-3.93

-0.232

D2

-T69

-3.24

-0.118

-4.03

-3.96

-0.033

D3

-3.74

-3.23

-0.112

-3.89

-3.98

-0.436

D4

-3.87

-123

-0.121

-4.00

-3.85

-0.894

D5

-4.48

-3.22

-0.138

-4.08

-3.97

-0.889

D6

-4.46

-3.26

-0.108

-4.08

-3.92

-0.904

D7

-4.71

-3.27

-0.132

-4.17

-3.87

-0.729

Key: C = Capacitance (Farad)
G = Dielectric Loss (Farad)
Slope C = Slope of Capacitance vs Frequency (Hz)
Slope G = Slope of Dielectric loss vs Frequency (Hz)
The development of convoluted networks is much harder to gauge in the ionic
systems than in the non-ionic. The shape of the curves produced is completely
different when sodium lauryl sulphate is studied as against the curves produced by
the cetomacrogol and cetostearyl alcohol combinations. Although the overall
conductive response falls in relation to the concentration of the long chain alcohol,
the ionic studies indicate that the anionic surfactants produce significant electrical
noise that appears to limit interpretation of the dipolar response. The bulk behaviour
indicates that relative to the non-ionic ternary systems these are far more conductive
systems and where there is a low concentration of cetostearyl alcohol and no
evidence of liquid-gel phases the electrical behaviour is akin to an ionic solution. It
is only when the concentration of the long chain alcohol reaches a level where the
surfactant is likely to be incorporated into the gel networks that the effect of these on
charge transfer is noticeable. Highly conductive systems have always been viewed
as potential problems in terms of the low frequency response because the
conductivity processes are dominated by direct current effects and this appears to be
the case in this part of the present study.
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Fig. 5.16(a) Comparison of dielectric behaviour

of the D series ternary systems
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The fall in conductivity with increase in fatty alcohol concentration although
reproducible, is relatively small in comparison to the A and B non-ionic systems and
is only of the magnitude of half a log cycle from a concentration of 0.25% cetostearyl
alcohol to the maximum 8% level. The technique does not provide the same degree
of information that is obtained in the non-ionic ternary systems and thus does not
appear to reveal the structural behaviour of these systems to the same extent.

In the examination of the ternary gel systems the following general trends can be
observed. An increase in the concentration of cetostearyl alcohol leads to a reduction
in both the capacitance measurement and the dielectric loss of the sample under
examination. The electrical behaviour of the ternary systems appears to be governed
by the concentration of the cetostearyl alcohol and the greater this is the more charge
mobility, within a given system, is reduced.

A large body of research as previously outlined in Chapters 1, 3 and 5 points to the
link between the swelling behaviour of cetostearyl alcohol and the development of
elastic networks both within ternary systems and finished emulsion products
(Eccleston, 1984). If it is assumed that an electrical charge will cross a sample by the
least arduous route, i.e. the one requiring the smallest amount of work, then it is
possible to show that systems with complex microstructures will be electrical least
responsive. This is the case with the systems under study here and is in agreement
with the work carried out on systems containing cetrimide and cetostearyl alcohol
which was examined by Rowe et al (1988).

Systems which contain a low concentration of the long chain alcohol behave
effectively as aqueous solutions. Their response particularly in respect of ionic
systems appears to be governed by the surfactant present and not the fatty alcohol.
When samples of this nature are placed between the plates of the dielectric cell
charge transfer between plates in an alternating field is direct and free flowing. If this
argument is taken further, the development of a microstructure should affect charge
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movement as water molecules become trapped within a fixed convoluted network
comprising bilayers of excess surfactant and cetostearyl alcohol. Charge which now
tries to follow its easiest route of transfer is channelled along these convoluted
networks and movement between the electrode plates and therefore the capacitance
and dielectric loss are reduced in the region of the dielectric spectra relating to the
bulk of the system under investigation as the gel networks become more complex.
Rowe et al (1988) alluded to a link between the dielectric response of ternary and
simple emulsion systems and showed that the more convoluted the microstructure
within a sample the smaller the resultant conductance will be. Essentially Rowe et
al (1988) saw convoluted bilayers as pathways for charge transfer and the more
complex these were the more tortuous the conductive pathway becomes.

When the dielectric response is examined in detail the responses shown correlate with
the notion of increasing the viscoelastic network. Over the part of the dielectric
spectrum that equates to the bulk of the temaiy system (10°-10"*), the fall in both the
dielectric loss or conductance behaviour and the marked change in the shape of the
capacitance curves, show the effects of the increasing the long chain alcohol
concentration. If this establishes a link between electrical behaviour and the extent
of viscoelastic network structuring it would then be possible to examine the
microstructure of these systems using this technique. The interaction of the electric
field and the sample within the bulk region of 100 Hz is related to quasi-d.c. or
dispersive charge transport and the is also a low frequency capacitance to the sample
which is adjacent to the electrodes.

This relationship between the concentration of cetostearyl alcohol and the dielectric
behaviour at 100 Hz is summarised for all four ternary systems in Figures 5.17-20.
These figures show that as the concentration of the long chain alcohol increases the
capacitance and the dielectric loss correspondingly fall. The change is more
significant for the ionic systems and there is a sharp fall in both parameters up to a
concentration of 4% cetostearyl alcohol. After this point the curves level off although
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the slope is still negative.
Fig 5.17 Log c a p a c ita n c e and Log dielectric Loss (lO^Hz)
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Fig. 5 . 1 9 Log c a p a c i t a n c e a n d Lo g d i e l e c t r i c lo s s (lO^H z)
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This further underlines the effect that cetostearyl alcohol has on the electrical
properties of the ternary systems and shows that as water is taken up to form the gel
phase the flow of charge across the system is inhibited. The influence of the ionic
surfactant appears to allow a relatively greater degree of charge movement although
for both the C and D systems the same general fall in both capacitance and dielectric
loss are seen as the concentration of cetostearyl alcohol are increased. Previous
studies (Rowe et al, 1988) have shown a relationship between the gel networks in
systems containing cetrimide and cetostearyl alcohol the dielectric behaviour. By
examining the conducting bulk response and the capacitance of the insulating
electrode layer it is possible to derive a Maxwell-Wagner dielectric relationship and
consequently obtain information pertaining to semi-solid emulsion structure.

5.6.3 The response of the complete emulsion systems

The dielectric behaviour of non-ionic emulsions produced under a series of
production conditions was examined to further investigate any link between internal
semi-solid emulsion structure and electrical activity.
Table 5.6 Dielectric response of 6 (non-baffled) complete emulsion systems.
System

Log C
at 10^
Hz

LogC
at 10’’
Hz

Slope C
10-LlO-'

Log G
at 10^
Hz

Log G
at 10 1
Hz

Slope G
102-103

Cet 101

-7.17

-3.67

-0.466

-5.91

-3.85

-0.883

Cet 102

-7.19

-3.68

-0.451

-6.07

-3.68

-0.941

Cet 103

-6.67

-3.35

-0.272

-5.43

-3.63

-0.979

Cet 104

-6.59

-332

-0.271

-5.37

-3.61

-0.984

Cet 105

-7.39

-3.91

-0.608

-6.34

-3.79

-0.895

Cet 106

-7.43

-4.01

-0.621

-6.32

-3.77

-0.893

Key: C = Capacitance (Farad)
G = Dielectric Loss (Farad)
Slope C = Slope of Capacitance vs Frequency (Hz)
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The systems examined were all based on cetomacrogol cream BP and were produced
as outlined in Chapter 2 (Table 2.6). The results for the non baffled systems are
shown in Figures 5.21(a) & (b) and Table 5.6 and for the systems produced in a
baffled mixing vessel Figures 5.22(a) & (b) and 5.23 (a) and (b) and in Table 5.7.

On examination of the results where a non-baffled mixing vessel was used the
following observations were made. Products that were mixed at the highest speeds
and high shear (Cet 105, 106) showed the lowest capacitance and conductance. The
systems produced at the lowest speed high shear (Cet 104) and at the highest speed
low shear (Cet 103), showed dielectric responses that were higher relative to the other
samples in the study. Over the bulk region of the dielectric spectrum these products
showed relatively high electrical conduction and capacitance. The products produced
at the lowest speed and shear (Cet 101 and 102) gave dielectric responses which were
intermediate between the results for the other products examined. These results are
shown in Figure 5.21 (a) & (b).

With the presence of the oil phase within these systems the capacitance and dielectric
loss are relatively small when compared to the more aqueous ternary systems. The
oil phase which is likely to act as an insulator appears to dampen the conductive
processes. When examined in detail system Cet 103 and 104 show a relatively higher
conductance and loss in the bulk region of the dielectric spectrum. This, based on the
ternary system investigations, suggests that these systems do not have a well defined
region of structured continuous phase. There is a change of approximately 1 log cycle
in the dielectric loss response of those system that were produced at intermediate
mixing speeds (Cet 103 and 104) and those that were produced under the highest
shear conditions (Cet 105 and 106). The fall in the conductive behaviour of these
systems indicates that the development of structured gel networks is dependent on
the mixing conditions employed.
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Fig. 5.21(a) Log capacitance vs Log frequency
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The range of responses given indicates that changing the production process
employed alters the properties of the final system. Producing samples at high shear
and high speeds will form emulsion systems that are well mixed, have oil droplets
that are small and of similar size and have a uniform distribution of the base
components. The differential interference contrast microscopy photomicrographs in
Chapter 4 clearly show all the systems under examination and the oil droplet
distribution can be clearly viewed for all these semi-solid emulsion systems.

The result of this as outlined in Chapter 1 will be an emulsion system with a
continuous viscoelastic gel network between the dispersed phase and an end product
of a cream with reasonable stability. If however low shear techniques are employed
the resulting emulsion will undergo very limited mixing and the oil phase is likely
to exist as large oil droplets within a continuous aqueous medium. The result will be
poor emulsion formation with little structural formation and the likelihood of
complete phase separation occurring. Intermediate methods of production are also
likely to create emulsions of undesirable quality.

A product produced using a relatively high speed low shear mixer, such as a paddle
or blade stirrer, in an non-baffled mixing vessel is likely to encourage the formation
of a vortex during processing. The effect of this may allow air to be drawn into the
product, which would severely affect emulsion quality and the distribution of
components. The result is a product that will have poor microstructure formation and
a dispersed phase of non-uniform oil droplet size. The product is likely to be grainy
due to entrapped air within the product. The air theory was not confirmed by the
photographic studies and the differences in emulsion quality and the resultant
dielectric response are related to the change in mixing flow dynamics and stresses
experienced when either mixing speeds are altered or where baffles are or are not
present. A product that is mixed by high shear methods but at relatively low speeds
is also likely to form a poor emulsion. If the speed of the mixer is not sufficient to
break up and move the entire batch some areas will remain unmixed and the
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emulsion will have both areas of ideal properties and those which would be found in
a substandard product.

These general observations can be applied to the systems under examination and it
is the relationship of these outcomes to the dielectric behaviour which has been
examined in the present study. Following on from the ternary gel work the most
structured products should in theory show the relatively lowest dielectric loss
response and a capacitance indicative of structure at the lower end of the frequency
range. This appears to be the case when the products produced at high shear are
examined dielectrically and this lends weight to the argument that a structured
product will impair the movement of charge through itself to the greatest degree.
Again the idea of a tortuous route via the convoluted structures appears to dominate
the dielectric response within the bulk region of the dielectric spectra. In simple terms
if the oil droplets are well dispersed and of uniform size, the emulsifying system will
be equally dispersed and thus the development of a convoluted complex viscoelastic
network will be presence throughout the product. Thus the electrical behaviour will
be influenced by the extent of the structural formation which is ultimately influenced
by the mixing process and the formulation.

When the results for the lowest speed low shear products are examined using low
frequency dielectric spectroscopy (Cet 101 and 102), the degree of oil phase break
up would appear to be small as the large oil droplets present, which are poor carriers
of electrical charge, will offer some impairment of charge transfer and conduction is
likely to occur within aqueous channels through the system between the electrodes.
The product Cet 103 appears to lack any structural elements and thus the water
distribution within the product is such that charge transfer is an almost direct process
between the electrodes and thus the bulk dielectric loss parameters increase as a
result. The response of a Cet 104 produced at 8500 rpm would indicate the mixing
of the components has been incomplete. The presence of baffling when energy input
is relatively low is likely to inhibit bulk component mixing and allows the creation
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of dead areas within the mixing vessel and result in poor mixing. Some structural
formation may occur on a low level but again the effect of large areas of bulk water
within the sample means the conductive behaviour is greatly increased and charge
transfer is enhanced.

Table 5.7 Dielectric response of 6 (baffled) complete emulsion systems.
System

LogC
at 10^
Hz

LogC
at 10-’
Hz

Slope C
10-L10-’

Log G
at 10^
Hz

Log G
at 10-’
Hz

Slope G
lOLlO^

Get 107

-6.96

-3.79

-0.491

-6.11

-3.74

-0.911

Cet 108

-6.78

-3.81

-0.464

-6.04

-3.78

-0.919

Cet 109

-6.93

-3.71

-0.463

-6.01

-3.72

-0.939

Cet 110

-6.96

-3.72

-0.501

-6.00

-3.69

-0.926

Cet 111

-6.88

-3.81

-0.522

-6.11

-3.75

-0.907

Cet 112

-6.75

-3.75

-0.556

-6.15

-3.86

-0.876

Key: C = Capacitance (Farad)
G = Dielectric Loss (Farad)
Slope C = Slope of Capacitance vs Frequency (Hz)
Slope G = Slope of Dielectric loss vs Frequency (Hz)

When the results of the emulsions produced in the baffled mixing vessel are
compared with each other (Figures 5.22(a) & (b) and 5.23(a) & (b)) the dielectric
results vary little between the samples under investigation. The effect of the baffling
is not altogether clear although it does appear to alter the flow dynamics of the
mixing process and this seems to be exposed in relation to the products produced at
800 and 8500 rpm. Whether or not this effect is significant enough to alter the final
emulsion structure is not clear from the dielectric results. The flow of charge through
an emulsion may be governed in a number of ways.
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Fig. 5.22(a) Log capacitance vs Log frequency for
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Fig. 5.23(a) Log capacitance vs Log frequency
for three ’high shear' baffled creams
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The possible explanation for the small differences in the capacitance and loss results
for these six emulsions may be due to the properties of these emulsions being very
similar irrespective of mixing conditions. However it is probable that emulsions
mixed at low speeds (Cet 107 and 108, 300 and 500 rpm respectively) will show
little or no oil droplet breakdown and the presence of large oil droplets may act as
barriers to the movement of charges across the sample. However, when the mixing
speed is increased to 800 rpm (Cet 109) and vortex formation appears to be inhibited,
the dielectric response indicates that the resultant emulsion is one where the
components are dispersed to an extent that a complex microstructure is likely to
form. The degree to which this happens would appear to be reflected in the emulsions
produced at high speed 8500 - 10000 rpm (Cet 110 - 112) where the mixing
conditions are optimised.

Alternatively baffling may allow a good degree of component dispersion and the
result may thus be related to the swelling of surfactant bilayers where the
concentration of components and the formulae of given systems is the same or
similar. In the study of ternary systems the dielectric response of these skeleton
emulsions appeared to be directly related to the level of cetostearyl alcohol within
each member of the series. If this is the case the effect of mixing conditions will only
affect the electrical behaviour of a system to a small degree. This would then limit
the study of these systems to changes in formulation and not processing variables.
The effect of the oil phase may also have a role in changing the electrical properties
of the system under examination and the distribution of the non-aqueous portion of
the emulsion may alter gross electrical properties

5.6.4 Comparison of the dielectric behaviour of finished emulsion systems

When these results of systems Cet 101 - 106 (non-baffled) are compared to the
dielectric responses of the baffled systems (Figures 5.24 - 5.29) there is evidence that
suggests changes in the microstructure of the finished systems.
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Fig. 5 .24 D ielectric com parison of b a tc h e s m ade a t 3 0 0 rpm
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Fig. 5 .2 6 D ie le c tric c o m p a ris o n o f b a tc h e s m ad e a t 8 0 0 rpm
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Fig. 5.28 D ielectric com parison of b a tc h e s m ade a t 1 0 0 0 0 RPM
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There is relatively small change in the response of the products mixed at low speed
and the effect of a baffle insert thus it can be concluded that there is little alteration
in the flow dynamics within the mixing system. This suggests that a minimum
mixing speed is required in order to provide sufficient energy to allow the intimate
mixing of the components under examination. A failure to do this will probably result
in areas of the product being under processed and this may lead to the production of
systems that are more liable to undergo phase separation. The evidence for this was
shown in the photomicrographs for these systems and by the rheological evaluations
which show a relatively low elastic moduli when the components are processed at
low speed.

However at 800 rpm there is a marked change between the systems. The prevention
of vortex formation obviously reduces the intake of air into the system, product
mixing is improved and the dielectric parameters fall as a result. The system
produced would not be expected to be of exceptional quality, but the dispersed phase
is likely to be of a more unifomi size. The change in dielectric behaviour is also seen
when baffling is introduced to the system produced at 8500 rpm. The baffling system
again appears to alter flow dynamics allowing a greater degree of component
agitation. Although the dielectric response for bulk properties falls in both cases, this
product is still not ideal and this is likely to be a result of insufficient energy input
into the break up of the oil phase within an aqueous medium. Numerically the change
in the bulk parameters for the product mixed at 800 rpm is from a log dielectric value
o f-5.43 (Cet 103 non-baffled) to -6.01 (Cet 109 baffled) and at 850 rpm from -5.37
(Cet 104 non-baffled) to -6.00 (Cet 110 baffled). Both represent a reproducible
change of over half a log cycle and indicates a large fall in the conductive behaviour
of the samples which were produced in a baffled mixing vessel. If as other workers
have suggested (Rowe et al, 1988) the presence of a convoluted bilayer network
reduces bulk conduction processes then this would indicate a large increase in the
formation of such structures in the semi-solids produced in the baffled mixing vessel.
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When the dielectric spectra of Cet 111 and Cet 112 are examined there is a small
decrease in both bulk conductive behaviour and capacitance when compared to
systems Cet 105 and 106. The effect of baffling is likely to reduce the possibility of
air intake which may have occurred to some degree in the non-baffled mixing vessel.
However this will the alter flow dynamics and thus allow the phases of the product
to circulate more efficiently through the turbulent region of the mixing head as
illustrated in Figures 1.14 and 1.15 where flow dynamics are radically by the
presence of a baffle insert. The dielectric loss measurements for these systems do not
suggest that the change is significant and both methods of production produce
systems with relatively low bulk conduction values, this gives an indication that gel
network formation has been promoted in both systems. The result of this should be
a product that has a mono-disperse oil phase, surfactant and co-emulsifier uniformity
and a continuous viscoelastic gel network between the oil droplets of the product and
consequently the dielectric responses should fall as a result providing that enough
energy is put into the mixing process to ensure all the components pass through the
mixing head and have the same processing history.

5.6.5 Comparison of ternary and complete semi-solid emulsion systems

It is clear that the presence of the oil phase, which is in the region of 30% of the total
formulation in the semi-solid emulsions, has a significant effect on reducing both the
capacitance and dielectric loss of complete semi-solid emulsion systems particularly
when they have been mixed and agitated insufficiently and the quality of the resulting
product is unsatisfactory. This is clearly the case with the emulsions produced in a
non-baffled mixing vessel. As has been shown previously (Eccleston, 1990) the
convoluted gel networks form as a result of the interaction of the cetostearyl alcohol
and the surfactant used in the production of the system under examination. The
dielectric response is influenced by changes in the concentration of the long chain
alcohol and this has been shown not to be greatly influenced by the addition of
hydrocarbons of the paraffin family, but this is only the case when the same mixing
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conditions have been employed. Thus in those systems where the processing
variables and formulation have been similar, the bulk dielectric behaviour is also
similar.

This phenomena is shown in the results for the non-ionic systems where both ternary
and complete emulsion systems were produced under identical conditions. Those
ternary systems containing low levels of cetostearyl alcohol showed behaviour far
more akin to that of solutions with relatively high capacitance and dielectric loss
values. As the concentration of long chain alcohol approaches that of the finished
emulsion systems and the ratio of surfactant to fatty alcohol were at approximately
the same levels, the bulk response of both semi-solid emulsions and ternary systems
at 10^ were also comparable. This can be applied to the system A7 and B7 which
would be expected to produce the most complex microstructures and those emulsion
systems which approached ideal mixing, i.e. Cet 105, 106, 111 and 112.

Where microstructure formation was not as prominent and the concentration of
cetostearyl alcohol was lower in the ternary systems such as in A5, A6, B4, B5 and
B6 their bulk dielectric responses were similar to the poorly formed complete
emulsions Cet 103 and 104. Where the systems greatly differ is at the electrode layer
as reflected by the slope of the low frequency capacitance. The response of the
emulsion systems appears to suggest that most of the systems, with the exception of
Cet 103 and 104, have a relatively low capacitance where the response of the ternary
systems containing low levels of cetostearyl alcohol show a much less "leaky”
electrode layer.

Again there appears to be a relationship between the electrode layer and the extent
of charge movement through the system. The role of the oil phase in relation to its
effect on the low frequency capacitance and higher frequency dielectric loss is not
clear but may be more significant in terms of the capacitance than the dielectric loss.
The actual capacitance at 10 ’Hz is broadly similar for all the systems examined and
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the relationship of this to the microstructure is not entirely certain. However the
change in the slope from 10'^ - 10 ’ varies considerably and is dependent on the
concentration of the long chain alcohol, the presence of an oil phase within the
system and the processing conditions employed. This response in addition to the bulk
conductivity process may also be of importance in assessing the extent of
microstructure formation within the product under examination.

5.7 Conclusions

The results of these dielectric investigations clearly form a link between the
concentration of the emulsifiers and the internal structure of finished emulsions and
ternary gel systems. The more complex and complete the microstructure is the lower
the relative dielectric response, particularly the bulk conductivity behaviour, appears
to be as a general rule. However the sensitivity of the technique appears to be limited
to systems that are grossly different in terms of their phase ratio and the way they
have been processed. This appears to be the case with the systems produced in a
baffled mixing vessel although the response may not only be influenced by the
internal structure of the emulsion but electrical activity may also be affected by the
distribution of the non-conductive oil phase and its dampening effect on the
movement of charge throughout the system. The response is also affected by the ionic
nature of the emulsifying system. This is clearly shown by the C and D ternary
systems and confirms the problems associated with examining highly conductive
systems.

The development and refinement of the technique may lead to improvements in
sensitivity and the importance of this is that the technique could be developed for the
evaluation of the internal viscoelastic networks of semi-solid emulsions from several
perspectives.

Firstly when formulating new products at the laboratory stage it is possible to
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examine the structural behaviour of the emulsion and the interaction of the surfactant
system using low frequency dielectric spectroscopy. It is then feasible to link the
electrical behaviour to the other properties of the emulsion such as the stability and
organoleptic properties. If the product is then produced using a variety of mixing
processes, the results of dielectric analysis can then be employed in evaluating which
manufacturing techniques are best when the product goes into scale up. The
manufacturing process can then be tailored depending on how the components handle
under laboratory conditions.

Secondly there is potential to use the dielectric spectra as a quality control tool. If a
certain product is produced and is considered to be the ideal emulsion, in respect of
stability, organoleptic properties and has a highly developed viscoelastic gel network,
then the dielectric response can be measured and can be used as a master reference
for that product. If the mixing process is altered or breaks down during a production
run then dielectric analysis could be of use in determining the effect of this if the
product does or does not conform to the master curve. The product can then be
reprocessed or discarded and the cause of the problem investigated. Alternatively
samples could be removed form the bulk mixing tanks and evaluated as to the extent
of mixing in order to optimise the processing conditions. Dielectric analysis would
then be used as an online technique for process control and system analysis.

Thirdly the technique may have some application in assessing new ingredients for
their structural forming potential. The new agents could be formulated in ternary gel
systems and the electrical behaviour could be a clear indicator of the ideal ratio of the
emulsifying components required to form a system that will give the final product its
ideal properties. These are perhaps some of the potential uses of the technique, which
may have application purely as a research tool or in the monitoring and evaluation
of full scale production runs.

The non-invasive nature, small sample size required and the fact no sample
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modifications are required, make dielectric analysis attractive. The technique is
relatively simple to perform and is applicable to a wide range of systems. The
technique however is only of real value when the formulation is known and the
production process is well characterised. Every semi-solid emulsion formula should
be evaluated separately as changes to a formula can have profound effect on the
resultant electrical behaviour of any given system. It appears to be of great potential
use in analysing emulsion microstructure and allows the user to assess the extent to
which this has occurred in products produced under a variety of conditions.

This present study appears to confirm that the structural properties of a heterogenous
system such as a semi-solid emulsion or ternary system can be successfully modelled
to the capacitance and dielectric loss values obtained using low frequency
spectroscopy. The change in behaviour with frequency suggests that different
structures and molecules within the system contribute to the overall response of the
system. Movement of charges throughout the system are affected by the structures
present, the interaction of the molecular clusters within each part of the systems and
the production and formulation methods employed for the final semi-solid emulsion.
This has been clearly demonstrated by the non-ionic systems produced in the present
study and illustrates the potential benefits of low frequency dielectric spectroscopy
as a tool for the examinations of these extremely complex systems.
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6.1 Conclusions

This overall objective of this research project was to examine the microstructure of
pharmaceutical semi-solids using low frequency dielectric spectroscopy (L.F.D.S.).
This was achieved by making semi-solid emulsion systems under varying conditions
in order to produce a range of creams with varying degrees of microstructural
development. Ternary systems were used to examine changes in the ratio and
concentration of the emulsifying system to create a range of systems with solution
to gel like properties. The results were examined in light of the gel network theory
using well characterised materials. The thesis cites many well respected papers that
have dealt with the interaction of the long chain fatty compound cetostearyl alcohol
and a variety of surfactants, i.e. cationic, anionic and non-ionic. As the systems in
this study were examined and characterised using rheology (flow and oscillatory) and
microscopy (D.I.C. and S.E.M.) the dielectric analysis could be clearly compared
with these recognised methods of analysis. All samples were examined in an
unaltered or undiluted state in order to preserve the real time and actual properties of
each system. The author recognised the delicate nature of the semi-solid viscoelastic
networks within the emulsion and ternary systems and thus avoided over stressing
the systems to ensure the presence of viscoelastic structures of the semi-solid and
ternary systems were largely unaffected by the examination. Simple systems were
chosen which contained common compounds where the interaction of these
components have been well characterised.

In the dielectric analysis of the components of an emulsion it is the combination and
interaction of those components that determines the charge storage and conductive
behaviour. This is clearly highlighted when the electrical behaviour of the individual
components is compared with a finished emulsion as shown in Chapter 5. The results
show chemical composition influences electrical behaviour and charge transfer. The
lack of charged species is apparent in simple hydrocarbons is reflected by their
dielectric behaviour. However if processing of changes such systems is carried out,
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for example the release of fatty acids following bleaching during the production of
white soft paraffin, the impurities introduced into the system affect the dielectric
spectra. The addition of surfactants to the ointment base continues to increase
electrical activity within the matrix. The use of low fi’equency of L.F.D.S. could be
applied in the quality control of raw materials, particularly where contamination is
an important factor in material behaviour.

Finished emulsion systems were examined from the following perspectives. Initially
aqueous creams were used in order to look at the electrical behaviour of an anionic
emulsion system. These creams were also examined using flow rheology, D.I.C. and
S.E.M. Initially anionic semi-solids were produced according to the B.P. 1988 which
involves hand stirring small batches until cold. This is not only a laborious task and
in addition the resultant emulsion undergoes little phase distribution. The rheology
of these systems, as discussed in Chapter 3, show little viscoelastic behaviour as
indicated by their hysteresis loops, although the presence of a preservative appears
to influence the rheology and may itself react with the emulsion components and
affects the viscous and elastic behaviour. The microscopic examination reveals a
wide size range of oil droplets for both systems which again reflects the inadequate
mixing.

The first element of controllable production was introduced in order to standardise
the production method. This involved employing a high shear Silverson mixer and
a simple mixer and the aqueous creams were effectively mechanically mixed. The
effect on the system rheology by this change in processing had a profound effect on
the preserved and unpreserved emulsions when compared to the identical formula
hand mixed products. Again the presence of the preservative profoundly alters the
hysteresis loop of systems produced under identical conditions. This suggests the
phenoxyethanol is contributing to the viscoelastic behaviour of the semi-solid
emulsion. The use of microscopy also shows the effect of high shear mixing on the
internal phase and shows the resultant oil droplets are of a similar size after
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processing.

The results of the L.F.D.S. on these ionic systems showed reproducible electrical
differences between the mechanically and hand mixed products, where there is a
small reduction in the dielectric loss and capacitance for the systems produced by
mechanical means. The conclusion drawn from these results suggests a well mixed
system with a narrow oil droplet size range produces viscoelastic systems which have
a complex microstructure. These gel networks as they develop have an effect on the
conductive and storage behaviour and indicate that L.F.D.S. can be used to examine
structural behaviour.

The initial study on aqueous cream highlighted the need for the development of a
fully controllable method of emulsion production. The processing equipment was
modified in order that mixer type and flow dynamics could be altered and the rate of
phase addition and heating and cooling could also be modified. This allowed the
number of processing variables to be controlled or limited. The non-ionic semi-solid
systems and their behaviour can be summarised as follows. The rheological evidence
strongly suggests that the formation of an ideal system depends fundamentally on the
formulation and the processing conditions employed. The semi-solid emulsion
systems were examined using oscillatory rheometry and the systems that appeared
to achieve the general rheological ideal of G' »

G" were produced in a baffled

mixing vessels at émulsification speeds of over 10,000 rpm using the production
methods outlined in Chapter 2. This processing method achieved good oil droplet
break up which was reflected by the microscopic investigations and the energy input
into the system along with the flow dynamics of a baffled mixing vessel ensured
intimate and uniform combination of the components.

The dielectric properties of the non-ionic semi-solid systems produced under high
shear showing the highest elastic modulus were those with relatively the lowest
dielectric loss in the bulk region of the spectra and also showed a capacitance results
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typical of structuring within the low frequency region. This indicated the greatest
barrier to charge movement in these emulsion systems occurs when the elastic
properties and thus the underlying viscoelastic network development is at its
maximum. Furthermore when these results are compared to photographic evidence
from both optical and electron methods of analysis the presence of structure is
pronounced in these systems. The dielectric response can then be considered in light
of these other research techniques and the processing and formulation criteria used
in their production.

When the results for the systems where processing conditions vary are compared the
use of dielectric spectroscopy again shows the end products behaviour correlates wdth
the rheological and photographic evidence. Products produced at low speeds in both
baffled and non-baffled mixing vessels show very similar rheological profiles, the
photographic evidence suggests little oil phase break up and the dielectric results
suggest the mobility of charge transfer is impaired by the oil phase which is a poor
conductor of electrical energy. This lack of oil phase break up contributes to the
intermediate viscoelastic properties and shows the solid-like contribution components
such as white soft paraffin have on the properties of a system. The responses given
by the system in no way suggest these are ideal products and this is clearly seen when
compared with products that have reached the near ideal parameters.

Samples which have been produced under the conditions that result in the formation
of poor products stand out in terms of their rheological and dielectric behaviour. The
oscillatory rheological results suggest that the elastic component within these systems
and a complex microstructure has not formed within. The rheological results point
to a lack of convoluted lamella phases between oil droplets and thus charge transfer
is likely to occur through large pockets of poorly distributed aqueous phase which
results in an increase in the conductive behaviour. The photographic evidence can
then be examined in light of this and the resulting images show products with a wide
oil droplet particle size range and little evidence of any viscoelastic gel networks.
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These products are those produced in an non-baffled mixing vessel where energy
input, flow dynamics and the added danger of air intake prevent process optimisation
and ideal product formation. Again low frequency dielectric spectroscopy offers a
valuable means of assessing the extent of microstructural formation and consequently
can be used as a means of checking the quality of end products.

The significance of this is that provided the system under investigation is well
characterised both in its formula and its processing history a link can be strongly
established between electrical behaviour, charge transfer processes and the
viscoelastic gel network present in a given system. The technique then attains
applicability as a development tool for assessing new formulas for their structural
forming ability, as a gauge of structural development in pre-existing formulas and as
a tool for monitoring the manufacturing process and optimising this. This is reflected
by the profound change in the response of those emulsion systems that were prepared
in a non-baffled mixing vessel when compared to those produced under identical
conditions in the baffled system. The consequence showed much improved
rheological and dielectric behaviour after baffles were inserted into the bulk
container. The change is picked up through the electrical behaviour of the systems
under question and a useful measure of quality improvement is attained.

The use of ternary systems as models for the interaction of surfactants were ideal for
studying the changes in the emulsifier concentration ratio and consequently the
rheological and microscopic behaviour of these systems. These ternary systems are
extremely useful for studying the effects of alterations in concentration ratio on
microstructure as they were all produced under identical conditions (baffled mixing
vessel and high shear mixing at 10,000 rpm).

The non-ionic ternary systems were used as model emulsions and when the storage
modulus (O') was measured at a frequency of 10 Hz in the systems with the highest
concentration of cetostearyl alcohol these were found to have the highest storage
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moduli, which from the rheological and microscopic evidence conclusively revealed
the presence of a complex viscoelastic gel network. When these systems were
examined using low frequency dielectric spectroscopy the results obtained could be
interpreted in light of their rheological and microscopic properties and the systems
could be considered as well characterised.

Low frequency dielectric spectroscopy has also been instrumental in the present study
for monitoring the change in structural development of lamella phases within a range
of ternary systems. There is a relationship between the concentration of the long
chain fatty alcohol cetostearyl alcohol, the rheological storage modulus and the
conductivity and capacitance of the ternary systems under evaluation. This response
clearly shows that as the elastic modulus G' increases the dielectric response over the
area of the spectrum corresponding to the bulk properties of the ternary gel falls
accordingly and reaches a minimum where the cetostearyl alcohol is at its highest
concentration. This is seen in both the non-ionic systems based on cetomacrogol
1000 and the systems containing sodium lauryl sulphate.

The case is further strengthened when the results of optical DIG microscopy are
examined and the cryo SEM images are analysed. The development of lamella phases
can clearly be viewed using these means. There is clearly a potential for low
frequency dielectric analysis to be used in the study of the swelling behaviour of
other emulsifying agents and materials that exhibit this property and to characterise
them using this technique.

It is thus possible to form a model of the dielectric behaviour of emulsion systems
based on the Figure 1.16 which shows the extremes of structural behaviour that may
be produced in emulsions depending on the production method and formulation
employed. In a emulsion that has undergone insufficient processing, the presence of
large bodies or droplets of dispersed phase may act as a barrier to charge transfer
across the bulk of the emulsion systems. The obvious route will be by the aqueous
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water channels, however if routes are via or through oil droplets or phase separation
occurs (Figure 1.17(b)) within the sample this is likely to reduce both the capacitance
and the dielectric loss of the sample under investigation and the overall electrical
response of the emulsion system will fall.

If the system is processed so that only part of it passes through the turbulent part of
the mixing system the result will be that of a product that has some areas of structural
development and others where there are large bulk water pockets and some areas
where the oil phase has not been dispersed (Figure 1.17(a)). The resultant emulsion
will be of poor quality and this will be reflected by a low viscosity and poor elastic
properties. This situation may also occur if air is drawn into a product and the
distribution of components is then likely to be disrupted and the result will be a very
mobile emulsion where the water phase is almost solution like in its behaviour and
the transfer of electric charges is unimpeded. Consequently the dielectric loss and
capacitance will be greatly increased reflecting a lack of internal structural formation.
The photographic evidence does not suggest that a large amount of air is present and
the differences in the systems is likely to be related to the changes in mixing speeds
and flow dynamics where the vessel is with or without baffling.

If however the system is mixed in a manner that uniformly breakups the oil phase and
disperses the components evenly resulting in mono-disperse oil droplet formation,
the conditions for an even well formed liquid gel viscoelastic network are favoured
(as shown in Figure 1.17(c)). The result is a system of high elastic character which
on microscopic evaluation shows evidence of well defined lamella phases throughout
the continuous phase. The transfer of charge across the bulk will then be via the
uniform convoluted network which will offer a barrier resulting in a fall in the
dielectric loss and charge storage ability of the system under study. This situation will
then be an indicator of good formulation, efficient processing and stability of the
resulting semi-solid emulsions product.
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6.2 Future studies

It is clear that the technique has great potential in evaluating systems that have
different macroscopic properties or may vary in terms of their formulation. From the
study of the ternary systems there is merit in using this technique for the evaluation
of emulsifying systems and the design of methods of analysis for optimising the
concentration of the systems. Future work could usefully focus on assessing the
swelling behaviour of other co-emulsifiers that are thought to add and create structure
within semi-solid systems. The potential application would then be the rapid
assessment of varying concentrations within an aqueous medium of materials which
could be measured over the range relating to the systems bulk properties. The
advantage would be analysis on undiluted systems at ambient conditions without the
need of stressing the test system.

Secondly for an ideal semi-solid where the processing conditions are optimised and
a method of manufacture has been shown to produce semi-solid emulsions of uniform
consistency and quality, a dielectric analysis could be performed and a master curve
for that product produced. The subsequent batches could be produced and then tested
for the conformity to the master curve as a method of quality control. However it is
clear from the study that in some cases that other techniques such as the rheological
methods of analysis offer far greater sensitivity and show significant differences from
that achieved with dielectric spectroscopy. This however should not detract from
investigating this technique as a means of assessing products with the same
formulation and processing variables.

Finally it would be interesting to investigate water in oil systems or even commercial
formulations where there are often a large number of emulsifying and thickening
agents and particularly where changes of these will have a profound effect on the
rheological, organoleptic and electrical properties of the systems concerned. This
study has focused on simple systems which in the case of the non-ionic emulsions
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have all had the same formula and yet significant differences have been shown where
the processing conditions have radically altered.
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Table A l Oscillatory rheological response of ternary system A1 (0.25% CSA)

Frequency (Hz)

O' Nm?

G" Nm^

tan

0.1

0.02

0.01

0.57

1

0.03

0.02

0.62

2

0.14

0.03

0.23

3

0.33

0.11

0.32

4

0.57

0.34

0.59

5

1.07

0.54

0.51

6

1.56

0.82

0.53

7

1.95

1.02

0.52

8

2.67

1.31

0.49

9

3.55

1.54

0.43

10

4.70

1.71

0.36

Table A2 Oscillatory rheological response of ternary system A2 (0.5% CSA)
Frequency (Hz)

O' NmZ

G" Nm?

Tan

0.1

0.22

0.03

0.17

1

0.37

0.10

0.28

2

0.14

0.30

2.17

3

0.30

0.38

1.25

4

0.58

0.44

0.75

5

0.96

0.76

0.79

6

1.58

1.24

0.79

7

2.23

2.03

0.91

8

3.26

2.76

0.85

9

4.60

3.94

0.86

10

5.86

4.86

0.83
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Table A3 Oscillatory rheological response of ternary system A3 (1% CSA)

Frequency (Hz)

G'NmZ

G"Nm2

tan

0.1

0.02

0.05

0.37

1

0.04

0.01

0.38

2

0.14

0.05

0.34

3

0.35

0.23

0.67

4

0.68

0.68

0.99

5

1.26

1.12

0.86

6

2.02

1.54

0.76

7

3.12

2.44

0.78

8

4.79

3.56

0.74

9

5.99

5.04

0.84

10

7.49

6.12

0.82

Table A4 Oscillatory rheological response of ternary system A4 (2% CSA)
Frequency (Hz)

G' Nm?

G" Nm?

tan

0.1

0.024

0.02

1.45

1

0.59

0.47

1.25

2

1.19

0.53

223

3

1.67

1.21

1.39

4

2.24

2.11

1.06

5

3.04

3.19

0.95

6

3.95

4.60

0.86

7

5.12

5.82

0.88

8

6.10

7.84

0.63

9

7.88

9.59

0.82

10

9.08

10.87

0.83
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Table A5 Oscillatory rheological response of ternary system A5 (4% CSA)

Frequency (Hz)

G' Nm?

0" NmZ

0.1

0.17

0.31

1.84

1

0.58

3.84

6.67

2

2.17

6.55

3.02

3

4.29

8.64

2.01

4

7.30

10.48

1.44

5

10.75

12.93

1.20

6

15.35

15.05

0.98

7

20.34

19.21

0.94

8

27.04

22.58

0.84

9

32.90

28.32

0.86

10

39.89

31.77

0.79

tan

Table A6 Oscillatory rheological response of ternary system A6 (6% CSA)
Frequency (Hz)

O' Nm?

G" NmZ

0.1

0.01

1.98

18.00

1

3.45

18.25

5.29

2

9.17

30.71

3.35

3

14.91

39.80

2.67

4

21.02

48.83

2 J2

5

27.91

58.72

2.10

6

37.11

68.63

1.85

7

47.48

50.94

1.71

8

58.70

93.50

1.59

9

71.93

107.30

1.49

10

95.26

126.90

1.33
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Table A7 Oscillatory rheological response of ternary system A7 (8% CSA)

Frequency (Hz)

G' Nm^

G" NmZ

tan

0.1

9.05

7.69

0.85

1

25.01

125.40

5.02

2

41.87

211.78

5.06

3

76.78

270.20

3.52

4

115.30

329.60

2.86

5

148.20

362.30

2.45

6

194.30

414.40

2.13

7

248.40

463.70

1.87

8

316.30

511.30

1.62

9

391.50

573.90

1.47

10

467.50

605.50

1.29

Table B1 Oscillatory rheological response of ternary system B 1 (0.25% CSA)
Frequency (Hz)

G' Nm?

G" Nm?

tan

0.1

0.012

0.04

2.80

1

0.035

0.07

1.87

2

0.14

0.09

0.69

3

0.30

0.12

0.40

4

0.55

0.26

0.47

5

0.83

0.36

0.44

6

1.11

0.46

0.41

7

1.36

0.71

0.51

8

1.86

1.00

0.54

9

2.48

1.59

0.64

10

3.60

2.21

0.61
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Table B2 Oscillatory rheological response of ternary system B2 (0.5% CSA)

Frequency (Hz)

G' Nm?

G" Nm?

tan

0.1

0.01

0.01

0.11

1

0.04

0.04

1.07

2

0.15

0.12

0.81

3

0.32

0.18

0.53

4

0.59

0.36

0.56

5

0.86

0.54

0.63

6

1.34

0.84

0.63

7

1.87

1.56

0.83

8

2.55

2.23

0.87

9

3.64

2.98

0.82

10

4.96

4.36

0.88

Table B3 Oscillatory rheological response of ternary system B3 (1% CSA)
Frequency (Hz)

G' Nm^

G" Nm?

tan

0.1

0.03

0.01

0.43

1

0.03

0.04

0.14

2

0.11

0.01

0.11

3

0.29

0.14

0.48

4

0.57

0.42

0.32

5

0.99

0.74

0.74

6

1.66

1.32

0.78

7

2.28

2.05

0.90

8

3.56

3.04

0.85

9

4.67

4.32

0.93

10

6.53

5.74

0.88
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Table B4 Oscillatory rheological response of ternary system B4 (2% CSA)

Frequency (Hz)

G'Nm?

G" Nm^

tan

0.1

0.03

0.02

2.50

1

0.05

0.09

1.89

2

0.24

0.42

1.78

3

0.51

0.72

1.46

4

0.84

1.02

1.19

5

1.34

1.55

1.15

6

2.00

2.33

1.16

7

3.01

3.04

1.01

8

3.98

4.25

1.07

9

5.35

5.27

0.98

10

6.98

8.18

1.17

Table B5 Oscillatory rheological response of ternary system B5 (4% CSA)
Frequency (Hz)

G' Nm?

G" Nm2

tan

0.1

0.56

0.18

0.34

1

1.04

1.63

1.57

2

3.92

2.79

0.71

3

7.89

3.88

0.49

4

13.38

5.13

0.38

5

18.63

6.52

0.35

6

24.36

8.18

0.34

7

31.93

10.05

0.32

8

41.65

11.89

0.29

9

50.87

14.45

0.28

10

61.06

16.78

0.25
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Table B6 Oscillatory rheological response of ternary system B6 (6% CSA)

Frequency (Hz)

G' Nm?

G" Nm?

tan

0.1

0.08

1.39

17.92

1

4.34

15.19

3.50

2

10.35

28.06

2.71

3

16.77

39.04

2.33

4

25.93

49.12

1.89

5

33.10

59.70

1.80

6

42.42

69.61

1.64

7

54.75

78.00

1.43

8

67.06

86.61

1.29

9

79.17

96.66

1.22

10

94.15

108.60

1.15

Table B7 Oscillatory rheological response of ternary system B7 (8% CSA)
Frequency (Hz)

G W

G"Nm2

tan

0.1

1.77

1.48

0.84

1

9.78

18.37

1.87

2

28.73

33.99

1.18

3

45.42

48.21

1.06

4

66.52

68.43

1.03

5

88.42

82.16

0.93

6

114.3

93.89

0.82

7

146.0

104.9

0.72

8

185.7

116.8

0.63

9

246.1

123.9

0.504

10

303.2

131.7

0.44
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Table Cl Oscillatory rheological response of ternary system Cl (0.25% CSA)

Frequency

G' Nm?

G" Nm?

Tan

0.1

0.02

0.06

3.97

1

0.03

0.94

3.10

2

0.21

1.22

4.34

3

0.28

1.54

5.58

4

0.52

1.97

3.79

5

0.86

2.67

3.11

6

1.20

3.67

3.06

7

1.70

4.98

2.93

8

2.49

5.78

2.29

9

3.33

6.68

2.01

10

4.57

7.43

1.63

Table C2 Oscillatory rheological response of ternary system C2 (0.5% CSA)
Frequency

G' Nm?

G" Nm?

Tan

0.1

0.01

0.56

3.80

1

0.03

1.03

3.04

2

0.49

1.46

2.97

3

0.84

232

2.76

4

1.15

2.87

2.49

5

1.47

3.57

2.43

6

1.68

4.03

2.39

7

2.21

5.21

2.36

8

3.47

6.32

1.82

9

5.20

7.78

1.49

10

6.85

9.99

1.46

288

Appendix 1

Table C3 Oscillatory rheological response of ternary system C3 (1% CSA)

Frequency (Hz)

G' Nm?

G" Nm?

Tan

0.1

0.09

0.86

9.59

1

0.39

1.34

3.48

2

0.68

1.89

2.79

3

0.83

2.67

3.24

4

1.04

3.14

3.03

5

1.43

4.35

3.05

6

2.43

5.87

2.42

7

3.25

7.03

2.16

8

5.09

8.11

1.59

9

7.65

9.32

1.22

10

9.76

10.76

1.10

Table C4 Oscillatory rheological response of ternary system C4 (2% CSA)
Frequency

G' Nm?

G" Nm?

Tan

0.1

0.03

0.06

2.54

1

0.42

2.32

5.55

2

0.97

4.04

4.14

3

3.87

4.79

1.24

4

6.19

5.56

0.89

5

9.21

6.30

0.68

6

11.99

8.74

0.73

7

17.14

11.36

0.66

8

20.65

12.53

0.61

9

28.11

21.76

0.77

10

32.62

22.53

0.69
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Table C5 Oscillatory rheological response of ternary system C5 (4% CSA)

Frequency (Hz)

G' Nm?

G" Nm?

Tan

0.1

0.98

0.85

0.87

1

2.11

1.22

0.58

2

5.67

1.88

0.33

3

9.73

4.17

0.43

4

14.56

58.81

0.61

5

18.32

16.73

0.91

6

21.79

28.25

1.29

7

34.47

42.53

1.32

8

54.28

55.24

1.02

9

73.01

73.35

1.04

10

102.83

94.31

0.04

Table C6 Oscillatory rheological response of ternary system C6 (6% CSA)
Frequency

G Nm"

G" Nm?

Tan

0.1

1.76

3.77

2.14

1

7.59

20.79

2.72

2

14.22

28.39

1.99

3

18.03

31.70

1.76

4

23.04

3&59

1.59

5

30.09

43.10

1.43

6

39.20

51.07

1.30

7

50.91

59.92

1.18

8

64.79

87.90

1.36

9

94.56

104.05

1.09

10

132.42

146.01

1.10
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Table C7 Oscillatory rheological response of ternary system C7 (8% CSA)

Frequency

G' Nm?

G" Nm"

Tan

0.1

123.30

102.03

0.83

1

157.62

193.71

1.23

2

203.54

220.43

1.08

3

297.61

228.21

0.77

4

356.70

255.96

0.71

5

401.61

269.67

0.67

6

410.04

283.62

0.69

7

423.82

302.21

0.71

8

441.06

325.43

0.74

9

443.12

334.20

0.75

10

445.03

404.18

0.91

Table D1 Oscillatory rheological response of ternary system D1 (0.25% CSA)
Frequency (Hz)

G Nm?

G" Nmz

Tan

0.1

0.032

78.67

24.58

1

0.063

37.31

15.88

2

0.21

31.98

12.35

3

2.62

28.57

10.91

4

2.51

26.05

10.36

5

2.79

24.39

8.95

6

2.69

22.13

8.21

7

3.69

20.03

5.42

8

7.22

18.73

2.59

9

13.12

18.04

1.38

10

20.45

17.63

0.86
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Table D2 Oscillatory rheological response of ternary system D2 (CSA 0.5%)

Frequency

G' Nm?

G" Nm?

Tan

0.1

0.03

81.51

30.74

1

1.29

36.68

28.22

2

1.33

34.25

25.69

3

1.78

32.22

18.06

4

2.63

28.94

10.04

5

2.07

29.74

7.81

6

4.13

26.85

6.48

7

6.04

25.87

4.28

8

10.64

23.72

2.23

9

16.83

23.95

1.42

10

24.01

25.10

1.05

Table D3 Oscillatory rheological response of ternary system D3 (1% CSA)
Frequency

G' Nm?

G"Nm2

Tan

0.1

1.32

83.12

62.21

1

1.37

76.79

55.71

2

1.36

64.21

47.32

3

1.23

53.67

43.60

4

1.41

50.08

35.45

5

2.46

44.56

18.11

6

4.36

42.03

9.63

7

8.65

38.09

4.40

8

12.04

36.30

3.02

9

18.24

33.21

1.82

10

26.04

30.07

1.16
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Table D4 Oscillatory rheological response of ternary system D4 (2% CSA)

Frequency

G'Nm?

G" Nm?

Tan

0.1

1.85

91.06

49.92

1

2.01

76.41

36.23

2

2.10

65.64

31.21

3

2.18

60.10

27.57

4

5.11

53.34

10.44

5

9.95

49.04

4.93

6

17.34

47.10

2.72

7

27.27

43.64

1.60

8

39.30

40.03

1.08

9

52.57

37.57

0.72

10

66.92

37.53

0.56

Table D5 Oscillatory rheological response of ternary system D5 (4% CSA)
Frequency

G' Nm?

G" Nm?

Tan

0.1

0.28

80.99

29.34

1

7.37

78.19

10.61

2

12.53

74.56

5.95

3

16.62

66.75

4.02

4

21.83

57.98

1.74

5

28.68

53.90

1.88

6

36.94

49.98

1.35

7

46.81

47.42

1.01

8

57.84

45.20

0.78

9

70.35

43.21

0.61

10

8&33

38.60

0.45
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Table D6 Oscillatory rheological response of ternary system D6 (6% CSA)

Frequency (Hz)

G'Nm?

G" Nm^

Tan

0.1

115.80

99.67

0.86

1

335J0

93.45

0.28

2

436.01

86.43

0.79

3

498.90

83.24

0.17

4

559.20

77.50

0.14

5

626.50

73.21

0.12

6

689.20

64.53

0.09

7

776.20

61.09

0.08

8

895.51

37.91

0.04

9

1038.01

54.76

0.05

10

1257.43

53.09

0.04

Table D7 Oscillatory rheological response of ternary system D7 (8% CSA)
Frequency (Hz)

G' Nm^

G" Nm?

Tan

0.1

633.01

378.42

0.59

1

1100.23

375.01

0.34

2

1327.11

371.26

0.27

3

1472.01

368.05

0.25

4

1602.00

364.33

0.23

5

1701.71

358.36

0.20

6

1778.64

352.12

0.19

7

1891.87

345.69

0.18

8

1976.03

334.12

0.17

9

2002.57

327.14

0.16

10

2032.36

312.69

0.15
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Table Cet 101 Oscillatory rheological response of emulsion system Cet 101

Frequency (Hz)

G' NmZ

G" Nm?

tan

0.1

0.76

10.34

13.61

1

1.69

19.27

11.40

2

8.76

42.27

4.83

3

21.96

64.03

2.93

4

44.88

92.87

2.07

5

87.75

135.82

1.55

6

178.71

189.24

1.06

7

323.14

234.62

0.73

8

484.21

275.11

0.57

9

596.93

282.64

0.47

10

665.84

296.01

0.45

Table Cet 102 Oscillatory rheological response of emulsion system Cet 102
Frequency (Hz)

G' Nm?

G" Nm^

tan

0.1

4.56

23.02

5.04

1

9.36

40.52

4.27

2

27.29

71.83

2.63

3

52.74

100.62

1.91

4

86.59

125.83

1.45

5

133.92

160.45

1.19

6

195.84

201.64

1.03

7

304.87

237.88

0.78

8

429.05

256.11

0.59

9

571.71

265.74

0.47

10

761.11

304.26

0.39
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Table 103 Oscillatory rheological response of emulsion system Cet 103

Frequency (Hz)

G' Nm?

G" Nm?

tan

0.1

0.54

1.97

3.64

1

0.98

2.19

:123

2

1.05

2.93

2.8

3

2.01

3.16

1.57

4

3.31

3.52

1.06

5

4.65

4.21

0.91

6

5.31

5.45

1.02

7

6.78

6.98

1.03

8

8.78

8.79

1

9

10.9

11.41

1.05

10

13.22

14.37

1.09

Table Cet 104 Oscillatory rheological response of emulsion system Cet 104
Frequency (Hz)

G Nm?

G" Nm?

tan

0.1

0.22

1.02

4.63

1

0.56

1.56

2.79

2

1.19

2.31

1.94

3

1.70

2.65

1.56

4

2.31

2.93

0.99

5

3.16

3.58

1.13

6

4.30

4.42

1.03

7

5.49

6.16

1.12

8

7.88

7.63

0.97

9

9.31

9.43

1.01

10

12.01

12.03

1.00
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Table Cet 105 Oscillatory rheological response of emulsion system Cet 105

Frequency (Hz)

G'Nm^

G" Nm^

tan

0.1

432.33

189.62

0.44

1

475.62

213.71

0.45

2

617.48

225.28

0.37

3

762.35

252.13

0.33

4

877.21

267.84

0.31

5

941.42

296.33

0.32

6

1069.11

334.91

0.31

7

1147.05

44.02

0.39

8

1203.06

498.79

0.41

9

1264.33

532.98

0.42

10

1313.12

571.31

0.43

Table Cet 106 Oscillatory rheological response of emulsion system Cet 106
Frequency (Hz)

G' Nm?

G" NmZ

tan

0.1

412.33

197.65

0.48

1

498.21

210.11

0.42

2

613.92

216.54

0.35

3

709.91

238.35

0.34

4

811.12

283.41

0.35

5

906.96

296.78

0.33

6

1002.02

329.54

0.34

7

1144.35

341.02

0.29

8

1256.37

352.17

0.28

9

1366.52

363.25

0.27

10

1463.21

375.12

0.26
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Table Cet 107 Oscillatory rheological response of emulsion system Cet 107

Frequency (Hz)

G'Nm?

G" Nm?

tan

0.1

0.24

2.06

8.39

1

5.85

21.78

3.72

2

15.64

38.68

2.47

3

24.07

49.92

2.07

4

33.39

59.13

1.77

5

42.64

69.16

1.62

6

57.66

77.57

1.34

7

67.85

87.94

1.29

8

85.73

103.63

1.21

9

106.32

116.57

1.09

10

137.42

131.81

0.96

Table Cet 108 Oscillatory rheological response of emulsion system Cet 108
tan

Frequency (Hz)

G' Nm?

G" Nm?

0.1

2.75

3.48

1.26

1

11.10

34.99

3.15

2

28.98

60.97

2.03

3

57.93

78.92

1.36

4

110.3

78.93

0.86

5

196.21

94.66

0.55

6

357.98

108.14

0.34

7

509.43

132.25

0.25

8

623.45

147.91

0.24

9

697.45

163.14

0.23

10

701.32

172.03

0.24
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Table Cet 109 Oscillatory rheological response of emulsion system Get 109

Frequency (Hz)

G' Nm2

G"Nm2

tan

0.1

0.14

1.82

1.23

1

9.94

25.33

2.55

2

25.72

59.41

2.31

3

42.01

84.93

2.07

4

57.64

110.37

1.91

5

77.28

129.92

1.77

6

93.89

141.93

1.51

7

122.71

162.75

1.33

8

147.51

184.96

1.25

9

176.41

222.32

1.26

10

225.37

248.71

1.10

Table Get 110 Oscillatory rheological response of emulsion system Get 110
tan

Frequency (Hz)

G' Nm"

G" NmZ

0.1

1.71

25.65

15.00

1

3.55

26.87

15.80

2

17.15

47.68

2.78

3

38.55

74.03

1.92

4

57.86

98.87

1.71

5

84.89

147.35

1.74

6

112.23

193.21

1.77

7

146.18

242.98

1.66

8

192.63

287.01

1.49

9

263.91

295.41

1.12

10

364.62

307.21

0.84
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Table Cet 111 Oscillatory rheological response of emulsion system Cet 111

Frequency (Hz)

G' Nm?

G" Nm"

tan

0.1

286.30

119.21

0.42

1

366.82

170.41

0.46

2

544.61

189.57

0.35

3

670.81

193.95

0.29

4

836.81

276.91

0.33

5

1062.11

301.12

0.28

6

1211.36

343.21

0.28

7

1329.84

466.52

0.31

8

1429.02

493.87

0.35

9

1530.72

532.62

0.34

10

1697.08

587.11

0.36

Table Cet 112 Oscillatory rheological response of emulsion system Cet 112
Frequency (Hz)

G' Nm?

G" Nm2

tan

0.1

371.47

193.02

0.52

1

614.32

223.71

0.36

2

686.95

229.68

0.34

3

776.14

237.11

0.31

4

832.19

257.11

0.30

5

1032.09

328.33

0.32

6

1162.72

348.17

0.29

7

1304.32

358.14

0.27

8

1413.85

369.25

0.26

9

1437.21

381.54

0.26

10

1481.04

399.05

0.27
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Visual Description of Ternary Systems and Emulsions
It was deemed by the examiners a description of the visual appearance of the systems would be
useful and this has been included in this thesis. The composition of all these systems is given in
Chapter 2 Materials and Methods.
Non-ionic ternary systems - A and B series
The systems A1 - A3 and B1-B3 were fluid, solution like and opalescent, systems A4 -A5 and
B4 - B5, had a greater degree of body and could be considered as fluid gels. Systems A6 - A7
and B6 - B7 were less mobile and could be considered to be opalescent gel systems.

Ionic ternary systems - C and D series
The systems Cl - C3 and D1 - D3 were fluid, solution like and opalescent, systems C4 - C5 and
D4 - D5, had a greater degree of body and could be considered as fluid gels. Systems C6 - Cl
and D6 - D7 were less mobile and could be considered to be opalescent gel systems.

Aqueous Creams:
The following general description applies to the preserved systems AQ 101 and AQ 103, these
were glossy, well formed semi-solid systems. In terms of organoleptic properties AQ 101 was
relatively greasy when compared to AQ 103.
The following general description applied to the unpreserved systems AQ 102 and AQ 104, these
well formed semi-solid systems but did not have the glossy appearance. System AQ 102 was far
more greasy than AQ 104 when applied to the skin.
When the concentration of oil to water was varied systems AQ 105,106, 107,108, AQ 105 with
a 70% oil content was similar in appearance to an ointment and was thick and greasy, the 50:50
system AQ 106, was a stiff cream but when applied left the skin greasy. System AQ 107 was
very similar in appearance to AQ 103 and system AQ 108 was a fluid almost milk like system,
which lacked body and could be described as lotion like.
Non-ionic Creams:
From a visual perspective, all the cetomacrogol creams had the following general characteristics.
The systems after storage were all white semi-solid creams. The systems produced at low shear.
Cet 101, Cet 102, Cet 107 and Cet 108 were greasy when applied and large masses of oil could
be perceived on application. System Cet 103 and 104, were more fluid like in their behaviour and
could be poured from the container, they were greasy on application. Systems Cet 109 and 110
were more akin in appearance and organoleptic properties to systems Cet 101, 102, 107 and 108.
Systems Cet 105, 106, 111 and 112 which were all processed at high shear at 10,000 rpm or
13,500 rpm, were well formed, had visible "self body" and could be applied to the skin without
leaving it too greasy.

