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Preface

Several cosmetic formulations can be identified, namely skincare products, e.g. lo-
tions and hand creams, nanoemulsions, multiple emulsions, liposomes, shampoos
and hair conditioners, sunscreens and colour cosmetics. The ingredients used must
be safe and should not cause any damage to the organs that they come in contact
with. Cosmetic and toiletry products are generally designed to deliver a functional
benefit and to enhance the psychological well-being of consumers by increasing their
aesthetic appeal. In order to have consumer appeal, cosmetic formulationsmust meet
stringent aesthetic standards such as texture, consistency, pleasing colour and fra-
grance, convenience of application, etc. In most cases this results in complex sys-
tems consisting of several components of oil, water, surfactants, colouring agents,
fragrants, preservatives, vitamins, etc. The formulation of these complex multiphase
systems requires understanding the interfacial phenomena and colloid forces respon-
sible for their preparation, stabilization and application. These disperse systems con-
tain “self-assembly” structures, e.g. micelles (spherical, rod-shaped, lamellar), liquid
crystalline phases (hexagonal, cubic or lamellar), liposomes (multilamellar bilayers)
or vesicles (single bilayers). They also contain “thickeners” (polymers or particulate
dispersions) to control their rheology. In addition, several techniques must be de-
signed to assess their quality, application and assessment of the long-term physical
stability of the resulting formulation.

This bookwill dealwith the basic principles of formulating cosmetic and personal
care products and their applications. Chapter 1 highlights the complexity of cosmetic
formulations and the necessity of using safe ingredients for their production. The
various classes of cosmetic products are briefly described. Chapter 2 describes the
various surfactant classes that are used in cosmetic and personal care products.
A section is devoted to the properties of surfactant solutions and the process of
micellization, with definition of the critical micelle concentration (cmc). The ideal
and non-ideal mixing of surfactants is analysed to indicate the importance of using
surfactant mixtures to reduce skin irritation. The interaction between surfactants
and polymers is described at a fundamental level. Chapter 3 deals with the use of
polymeric surfactants in cosmetic formulations. It starts with the description of the
structure of polymeric surfactants, namely homopolymers, block copolymers and
graft copolymers. This is followed by a section on the adsorption and conformation
of the polymeric surfactants at the interface. The advantages of using polymeric sur-
factants in cosmetic formulations are highlighted by giving some practical examples.
Chapter 4 describes the self-assembly structures produced by surfactants present
in cosmetic formulations, with particular reference to the various liquid crystalline
structures, namely hexagonal, cubic and lamellar phases. The driving force respon-
sible for the production of each type is described at a fundamental level. Chapter 5
describes the various interaction forces between particles or droplets in a dispersion.
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Three main types are distinguished, namely van der Waals attraction, electrostatic
(double layer) repulsion and steric repulsion produced in the presence of adsorbed
layers of non-ionic surfactants or polymers. Combining van der Waals attraction
with double layer repulsion results in the general theory of colloid stability due to
Deryaguin–Landau–Verwey–Overbeek (DLVO theory) which shows the presence of
an energy barrier that prevents flocculation. The flocculation of dispersions that are
electrostatically stabilized is described in terms of the reduction of the energy barrier
by addition of electrolytes. Combining van der Waals attraction with steric repulsion
forms the basis of the theory of steric stabilization. The factors responsible for effec-
tive steric stabilization are described. This is followed by sections on flocculation of
sterically stabilized dispersions. Four types of flocculation can be distinguished:weak
(reversible) flocculation in the presence of a shallowminimum in the energy distance
curve; incipient flocculation produced when the solvency of the stabilizing chain is
reduced; depletion flocculation caused by the presence of “free” (non-adsorbing)
polymer; and bridging flocculation whereby the polymer chain becomes attached to
two or more particles or droplets. Chapter 6 describes the formulation of cosmetic
emulsions. The benefits of using cosmetic emulsions for skincare are highlighted. The
various methods that can be applied for selection of emulsifiers for the formulation
of oil/water and water/oil emulsions are described. The control of the emulsifica-
tion process for producing the optimum droplet size distribution is described. The
various methods that can be used for preparation of emulsions are described. The
use of rheology modifiers (thickeners) for control of the physical stability and the
consistency of the system is also described. Three different rheological techniques are
applied, namely steady state (shear stress-shear rate measurements), dynamic (oscil-
latory techniques) and constant stress (creep) measurements. Chapter 7 describes the
formulation of nanoemulsions in cosmetics. It starts with a section highlighting the
main advantages of nanoemulsions. The origin of stability of nanoemulsions in terms
of steric stabilization and the high ratio of adsorbed layer thickness to droplet radius
is described at a fundamental level. A section is devoted to the problem of Ostwald
ripening in nanoemulsions and how the rate can be measured. The reduction of
Oswald ripening by incorporation of a small amount of highly insoluble oil and/or
modification of the interfacial film is described. Chapter 8 deals with the formulation
of multiple emulsions in cosmetics. Two types are described, namelyWater/Oil/Water
(W/O/W) and Oil/Water/Oil (O/W/O) multiple emulsions. The formulation of multiple
emulsions using a two-stage process is described. The various possible breakdown
processes in multiple emulsions are described and the factors affecting the long-term
stability of the formulation are analysed. The characterization of multiple emulsions
using opticalmicroscopy and rheological techniques is described. Chapter 9 describes
liposomes and vesicles in cosmetic formulations. The procedures for preparation of
liposomes andvesicles are described togetherwith themethods that canbe applied for
assessment of their stability. The enhancement of liposome stability by incorporation
of block copolymers is described. Chapter 10 deals with the formulation of shampoos.
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The different components in a shampoo formulation are described together with the
necessity of addition of an amphoteric surfactant to the anionic surfactant in a sham-
poo to reduce skin irritation. Surfactants added to enhance the foaming characteristics
of the shampoo are described. This is followed by a section on the mechanism of dirt
and oil removal by the shampoo. The enhancement of the viscosity of the shampoo
formulation by addition of electrolytes that produce rod-shapedmicelles is described.
Chapter 11 dealswith the formulation of hair conditioners in the shampoo. The surface
properties of hair and the role of adding cationically modified polymer to neutralize
the negative charge onhair are described. The importance of hair conditioners inman-
agement of hair during combing is analysed. Chapter 12 describes the formulation of
sunscreens for UV protection. The importance of control against UVA (wavelength
320–400nm) and UVB (wavelength 290–320 nm) radiation is emphasized. The use of
organic and semiconductor (titania) sunscreen agents in the formulation enables one
to protect against UVA and UVB radiation. Chapter 13 describes the formulation of
coloured cosmetic products. Several colour pigments are used in cosmetic formula-
tions ranging from inorganic pigments (such as red iron oxide) to organic pigments of
various types. The formulation of these pigments in colour cosmetics requires a great
deal of skill since the pigment particles are dispersed in an emulsion (oil-in-water
or water-in-oil). A section describing the fundamental principles of preparation of
pigment dispersion is given. Chapter 14 gives some examples of industrial cosmetic
and personal care formulations: (i) shaving formulations; (ii) bar soaps; (iii) liquid
hand soaps; (iv) bath oils; (v) bubble baths; (vi) after-bath formulations; (vii) skincare
products; (viii) haircare formulations; (ix) sunscreens; (x) make-up products.

This book gives a comprehensive overview of the various applications of colloid
and interface science principles in cosmetic and personal care formulations. It pro-
vides the reader with a systematic approach to the formulation of various cosmetic
and personal care products. It also provides the reader with an understanding of the
complex interactions in various cosmetic disperse systems. The book will be valuable
to research workers engaged in formulation of cosmetic and personal care products.
It will also provide the industrial chemist with a text that can enable him/her to for-
mulate the product using a more rational approach. Therefore, this book is valuable
for chemists and chemical engineers both in academic and industrial institutions.

August 2016 Tharwat Tadros
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1 General introduction

Several cosmetic formulations can be identified: Lotions, hand creams (cosmetic
emulsions), nanoemulsions, multiple emulsions, liposomes, shampoos and hair
conditioners, sunscreens and colour cosmetics. The formulation of these complex
multiphase systems requires understanding the interfacial phenomena and colloid
forces responsible for their preparation, stabilization and application. The ingredients
used must be safe and should not cause any damage to the organs that they come in
contact with. The fundamental principles of interface and colloid science that are
responsible for the formulation of cosmetic formulations must be considered.

Cosmetic and toiletry products are generally designed to deliver a functional ben-
efit and to enhance the psychological well-being of consumers by increasing their
aesthetic appeal. Thus, many cosmetic formulations are used to clean hair, skin, etc.
and impart a pleasant odour, make the skin feel smooth and provide moisturizing
agents, provide protection against sunburn etc. Inmany cases, cosmetic formulations
are designed to provide a protective, occlusive surface layer, which either prevents the
penetration of unwanted foreign matter or moderates the loss of water from the skin
[1–3]. In order to have consumer appeal, cosmetic formulations must meet stringent
aesthetic standards such as texture, consistency, pleasing colour and fragrance, con-
venience of application, etc. In most cases this results in complex systems consisting
of several components of oil, water, surfactants, colouring agents, fragrants, preserva-
tives, vitamins, etc. In recent years, there has been considerable effort in introducing
novel cosmetic formulations that provide great beneficial effects to the customer, such
as sunscreens, liposomes and other ingredients that may keep skin healthy and pro-
vide protection against drying, irritation, etc. All these systems require the application
of several interfacial phenomena such as charge separation and formation of electri-
cal double layers, the adsorption and conformation of surfactants and polymers at
the various interfaces involved and the main factors that affect the physical stabil-
ity/instability of these systems. In addition several techniques must be designed to
assess their quality, application and prediction of the long-term physical stability of
the resulting formulation.

Since cosmetic products come in thorough contact with various organs and tis-
sues of the human body, a most important consideration for choosing ingredients to
be used in these formulations is their medical safety. Many of the cosmetic prepara-
tions are left on the skin after application for indefinite periods of time and, therefore,
the ingredients used must not cause any allergy, sensitization or irritation. The ingre-
dients used must be free of any impurities that have toxic effects.

One of themain areas of interest in cosmetic formulations is their interactionwith
the skin [3]. A cross section through the skin is shown in Fig. 1.1 [4].
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Fig. 1.1: Cross section through the skin [4].

The top layer of the skin,which is themanbarrier towater loss, is the stratumcorneum
which protects the body fromchemical andbiological attack [5]. This layer is very thin,
approximately 30 µm, and it consists of ≈ 10% by weight of lipids that are organized
in bilayer structures (liquid crystalline) which at high water content is soft and trans-
parent. A schematic representation of the layered structure of the stratum corneum,
suggested by Elias et al. [6], is given in Fig. 1.2. In this picture, ceramides were con-
sidered as the structure-forming elements, but later work by Friberg and Osborne [7]
showed the fatty acids to be the essential compounds for the layered structure and that
a considerable part of the lipids are located in the space between the methyl groups.
When a cosmetic formulation is applied to the skin, it will interact with the stratum
corneumand it is essential tomaintain the “liquid-like” nature of the bilayers and pre-

Differentiated cells Intercelluar region Layered structure

Fatty acid

Cholesterol Ceramide
Glucosyl-
ceramide

Fig. 1.2: Schematic representation of the stratum corneum structure.
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vent any crystallization of the lipids. This happens when the water content is reduced
below a certain level. This crystallization has a drastic effect on the appearance and
smoothness of the skin (“dry” skin feeling).

To achieve the above criteria “complex”multiphase systems are formulated [8, 9]:
(i) Oil-in-Water (O/W) emulsions; (ii) Water-in-Oil (W/O) emulsions; (iii) Solid/Liquid
dispersions (suspensions); (iv) Emulsions-Suspension mixtures (suspoemulsions);
(v) Nanoemulsions; (vi) Nanosuspensions; (vii) Multiple emulsions. As mentioned
above, all these disperse systems require fundamental understanding of the inter-
facial phenomena involved such as the adsorption and conformation of the various
surfactants and polymers used for their preparation. This will determine the physical
stability/instability of these systems, their application and shelf life.

All the above disperse systems contain “self-assembly” structures: (i) Micelles
(spherical, rod-shaped, lamellar); (ii) Liquid crystalline phases (hexagonal, cubic or
lamellar); (iii) Liposomes (multilamellar bilayers) or vesicles (single bilayers). They
also contain “thickeners” (polymers or particulate dispersions) to control their rheol-
ogy. All these self-assembly systems involve an interface whose property determines
the structures produced and their properties.

The above complex multiphase systems require fundamental understanding of
the colloidal interactions between the various components. Understanding these in-
teractions enables the formulation scientist to arrive at the optimumcomposition for a
particular application. One of themost important aspects is to consider the property of
the interface, in particular the interactions between the surfactants and/or polymers
that are used for formulating the product and the interface in question. In most cases
such mixtures produce synergy for the interfacial region which is essential for ease of
preparation of the disperse system. The fundamental principles involved also help in
predicting the long-term physical stability of the formulations.

A summary of someof themost commonly used formulations in cosmetics is given
below:

(i) Lotions (moisturizing emulsions): These can be oil-in-water (O/W) or water-in-oil
(W/O) emulsions (cold cream, emollient cream, day cream, night cream, vanishing
cream, etc.). Moisturizing lotions with high water content and body milks are also
used. Their bases may contain the components listed in Tab. 1.1.

Lotions are formulated in such a way (see the chapter on cosmetic emulsions) to
give a shear thinning system. The emulsionwill have ahigh viscosity at low shear rates
(0.1 s−1) in the region of few hundred Pas, but the viscosity decreases very rapidly with
increase in shear rate reaching values of fewPas at shear rates greater than 1 s−1. These
lotions aremostly more viscous than elastic and this provides a convenient system for
ease of application.

(ii) Hand creams: These are formulated as O/W orW/O emulsions with special surfac-
tant systems and/or thickeners to give a viscosity profile similar to that of lotions, but

 EBSCOhost - printed on 2/14/2023 1:25 PM via . All use subject to https://www.ebsco.com/terms-of-use



4 | 1 General introduction

Tab. 1.1: Base for moisturizing emulsions.

Ingredient %

Water 60–80
Various oil components,
consistency regulators and fats 20–40
Emulsifiers 2–5
Humectants 0–5
Preservatives As required
Fragrances As required

with orders of magnitude greater viscosities. The viscosity at low shear rates (< 0.1 s−1)
can reach thousands of Pas and they retain a relatively high viscosity at high shear
rates (of the order of few hundred Pas at a shear rate > 1 s−1). These systems are some-
times described as having a “body”, mostly in the form of a gel-network structure that
may be achieved by the use of surfactantmixtures to form liquid crystalline structures.
In some case, thickeners (hydrocolloids) are added to enhance the gel network struc-
ture. In general, hand creams are more elastic than viscous and they are beneficial
to form an occlusive layer on the skin thus preventing loss of water from the stratum
corneum.

Both hand creams and lotions are required to serve many functions: (i) primary
functions asmoisturizing andblockingharmfulUV radiation; (ii) secondary functions
such as smoothness, pleasant smell and appearance; (iii) physical, chemical and mi-
crobiological stability; (iv) non-sensitizing and non-irritating. Formulating creams as
O/W emulsions promotes easy spreading and absorption, while allowing both water
and oil-soluble components to be contained in a single product. The aqueous phase
(typically 60–80 vol.%) contains several components such as humectants (e.g. glyc-
erol, sorbitol) to prevent water loss, cosolvents to solubilize fragrances or preserva-
tives, water soluble surfactants to stabilize the emulsion, rheology modifiers such as
gums, hydroxyethyl cellulose, xanthan gum and proteins, water soluble vitamins and
minerals.

Lotions and creams usually contain emollients, oils that provide a smooth lubri-
cating effect when applied to the skin. The oleic phase (typically 20–40 vol.% of the
overall emulsion) contains oils and waxes (e.g. silicone oil, mineral oil, petrolatum
or lipids such as triacylglycerols or wax esters), dyes and perfumes, oil soluble surfac-
tants to stabilize the emulsion. Theymayalsobe formulatedwith ingredients designed
to penetrate the outer layer of the skin (the stratumcorneum) such as liposomeswhich
form lamellar liquid crystalline structures on the surface of the skin, thus preventing
skin irritation.

Tab. 1.2 shows a typical composition of O/W night cream, whereas Tab. 1.3 shows
a W/O baby cream.
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Tab. 1.2: O/W night cream.

Ingredient Concentration (%) Function

Orange roughy oil 8 Conditioner
Dimethicone silicon oil (200–300 cS) 1 Emollient
Cetylacetate/acetylated lanolin alcohol 1 Emollient
Meristly myristate 3 Emollient
PEG-24 stearate 3 Emulsifier
Cetearyl alcohol 2 Emulsifier
Glyceryl stearate 7 Emulsifier
Propylene glycol 3 Moisturizer
Soluble collagen in water (0.3%) 11 Moisturizer
Water to 100

Tab. 1.3:W/O baby cream.

Ingredient Concentration (%) Function

Lanolin alcohols 2 Emulsifier
Lanolin 4.5 Emollient/moisturizer
Mineral oil (70 cS) 17 Emollient
White petroleum jelly 13.3 Emollient
Butylated hydroxytoluene (BHT) 0.01 Antioxidant
Glycerine 5 Emollient
Water to 100
Zinc oxide 7 Sunscreen

Stability is important for cosmetic skin products (lotions and hand creams) from the
points of view of function and also shelf life. This will be discussed in detail in the
chapter on cosmetic emulsions. The rheological properties of cosmetic lotions and
creams are an important aspect of both product appearance and consumer accep-
tance. This subject will be dealt with in detail in the chapter on cosmetic emulsions.

(iii) Lipsticks and lip balms: These are suspensions of solid oils in a liquid oil or a
mixture of liquid oils. They contain a variety of waxes (such as beeswax, carnauba
wax, etc.) which give the lipstick its shape and ease of application. Solid oils such as
lanolin, palm oil, butter are also incorporated to give the lipstick its tough, shiny film
when it dries after application. Liquid oils such as castor oil, olive oil, sunflower oil
provide the continuous phase to ensure ease of application. Other ingredients such as
moisturizers, vitamin E, collagen, amino acids and sunscreens are sometimes added
to help keep lips soft, moist and protected from UV. The pigments give the lipstick
its colour, e.g. soluble dyes such as D&C Red No. 21, and insoluble dyes (lakes) such
as D&C Red No. 34. Pink shades are made by mixing titanium dioxide with various
red dyes. Surfactants are also used in the formulation of lipsticks. The product should
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showgood thermal stability during storage and rheologically it behaves as a viscoelas-
tic solid. In other words, the lipstick should show small deformation at low stresses
and this deformation should recover on removal of the stress. Such information could
be obtained using creep measurements [10].

(iv) Nail polish: These arepigment suspensions in a volatile non-aqueous solvent. The
system should be thixotropic (showing decrease of viscosity with time at a given shear
rate and its recovery on removal of the shear). On application by the brush it should
show proper flow for even coating but should have enough viscosity to avoid “drip-
ping”. After application, “gelling” should occur in a controlled time scale. If “gelling”
is too fast, the coating may leave “brush marks” (uneven coating). If gelling is too
slow, the nail polishmay drip. The relaxation time of the thixotropic system should be
accurately controlled to ensure good levelling and this requires the use of surfactants.

(v) Shampoos: Formulating a shampoo generally meet the following criteria: mild
detergency, good foaming, conditioning, adequately preserving and aesthetically
appealing. Synthetic surfactants such as ether sulphates are commonly used in
shampoos. By addition of electrolyte they produce “gelled” surfactant solution of
well-defined associated structures, e.g. rod-shaped micelles. A thickener such as a
polysaccharide may be added to increase the relaxation time of the system. In addi-
tion, some surfactants such as amine oxides are added to enhance foaming of the
shampoo on application. The interaction between the surfactants and polymers at
the interface is of great importance in arriving at the right formulation. To reduce skin
and eye irritation, these anionic surfactants are mixed with amphoteric or non-ionic
surfactants which produce non-ideal mixing (see chapter on surfactants in cosmet-
ics) thus reducing the critical micelle concentration (cmc) and hence the monomer
concentration in the shampoo. In many formulations, silicone surfactants are added
to function as emulsifiers (for silicone oils) but also to improve feel, gloss, sheen,
emolliency, conditioning and foam stabilization.

(vi) Antiperspirants and deodorants: Antiperspirants (commonly used in the US) act
both to inhibit sweating and to deodorize. In contrast, deodorants (commonly used in
Europe) only inhibit odour.Human skin is almost odourless, butwhendecomposedby
bacteria on the skin, an unpleasant odour develops. There are several possible meth-
ods of combating this smell; masking with perfume oils, oxidation of the odoriferous
compounds with peroxides, adsorption by finely dispersed ion-exchange resins, in-
hibition of the skin’s bacterial flora (the basis of most deodorants), or the action of
surfactants, especially appropriate ammonium compounds. Antiperspirants contain
astringent substances that precipitate proteins irreversibly and these prohibit perspi-
ration. The general composition of antiperspirant or deodorant is 60–80%water, 5%
polyol, 5–15% lipid (stearic acid, mineral oil, beeswax), 2–5% emulsifiers (polysor-
bate 40, sorbitan oleate), antiperspirant (aluminium chlorohydrate), 0.1% antimicro-
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bial, 0.5% perfume oil. These antiperspirants are thus suspensions of solid actives in
a surfactant vehicle. Other ingredients such as polymers that provide good skin feel
are added. The rheology of the system should be controlled to avoid particle sedimen-
tation. This is achieved by addition of thickeners. Shear thinning of the final product
is essential to ensure good spreadability. In stick application, a “semi-solid” system is
produced.

(vii) Foundations: These are complex systems consisting of a suspension-emulsion
system (sometimes referred to as suspoemulsions). Pigment particles are usually dis-
persed in the continuous phase of an O/W or W/O emulsion. Volatile oils such as
cyclomethicone are usually used. The system should be thixotropic to ensure unifor-
mity of the film and good levelling.

(viii) Aerosol products: Anumber of personal care products are produced as aerosols,
which contain gas mixed with a liquid under very high pressure. These include cos-
metic foams like hair-styling mousse, shaving foam and even shampoos. Originally
these tended to use chlorofluorocarbons (CFCs) as the pressurized propellant phase,
but due to regulations limiting the use of volatile organic compounds (VOCs) the pro-
pellant has been replaced by propane-butane blend, and now volatile methylsilox-
anes are being substituted for hydrocarbon-based solvents. These products are for-
mulated as emulsions in the pressurized containers and apart from the emulsifier
used to stabilize the emulsion, other surfactants are used to stabilize the foam that
is produced during the use of the aerosol product.

This book will deal with the basic principles of formulating cosmetic and personal
care products. Chapter 2 will describe the various surfactant classes that are used in
cosmetic and personal care products. A section is devoted to the properties of surfac-
tant solutions and the process of micellization, with definition of the critical micelle
concentration (cmc). The dependence of the cmc on the alkyl chain length of the sur-
factant molecule and the nature of the head group is also described. The thermody-
namics of micelle formation, both kinetic and equilibrium aspects, is described with
a section on the driving force for micelle formation. The ideal and non-ideal mixing
of surfactants is analysed at a fundamental level. The interaction between surfactants
and polymers is described at a fundamental level.

Chapter 3 deals with the use of polymeric surfactants in cosmetic formulations.
It starts with the description of the structure of polymeric surfactants, namely homo-
polymers, block copolymers and graft copolymers. Examples of the various polymeric
surfactants that are used in cosmetic formulations are given. This is followed by a
section on the adsorption and conformation of the polymeric surfactants at the inter-
face. Examples are given for the adsorption of polymers on model particles, namely
polystyrene latex. The advantages of using polymeric surfactants in cosmetic formu-
lations are highlighted by giving some practical examples. Chapter 4 describes the
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self-assembly structures produced by surfactants present in cosmetic formulations,
with particular reference to the various liquid crystalline structures, namely hexag-
onal, cubic and lamellar phases. The driving force responsible for the production of
each type is described at a fundamental level.

Chapter 5 describes the various interaction forces between particles or droplets in
a dispersion. Three main types are distinguished, namely van der Waals attraction,
electrostatic (double layer) repulsion and steric repulsion produced in the presence
of adsorbed layers of non-ionic surfactants or polymers. Combining van der Waals
attraction with double layer repulsion results in the general theory of colloid stabil-
ity due to Deryaguin–Landau–Verwey–Overbeek (DLVO theory) [11, 12] which shows
the presence of an energy barrier that prevents flocculation. The factors that affect
the height of the energy barrier, namely surface or zeta potential and electrolyte con-
centration and valency are analysed in terms of the DLVO theory. The flocculation of
dispersions that are electrostatically stabilized is described in terms of the reduction
of the energy barrier by addition of electrolytes. A distinction can be made between
fast flocculation (in the absence of an energy barrier) and slow flocculation (in the
presence of an energy barrier). This allows one to define the stability ratio W which
is the ratio between the rate of fast flocculation to that of slow flocculation. A plot of
logW versus electrolyte concentration C allows one to define the critical coagulation
concentration (CCC) and its dependence on electrolyte valency. Combining van der
Waals attraction with steric repulsion forms the basis of the theory of steric stabiliza-
tion [13]. The factors responsible for effective steric stabilization are described. This is
followed by sections on flocculation of sterically stabilized dispersions. Four types of
flocculation can be distinguished: weak (reversible) flocculation in the presence of a
shallowminimum in the energy distance curve; incipient flocculation producedwhen
the solvency of the stabilizing chain is reduced; depletion flocculation caused by the
presence of “free” (non-adsorbing) polymer; and bridging flocculation whereby the
polymer chain becomes attached to two or more particles or droplets.

Chapter 6 describes the formulation of cosmetic emulsions. The benefits of us-
ing cosmetic emulsions for skincare are highlighted. The main factors that need to
be controlled in formulation of cosmetic emulsions are described at a fundamental
level. The various methods that can be applied for selection of emulsifiers for the
formulation of oil/water and water/oil emulsions are described. These include the
hydrophilic-lipophilic balance (HLB), the phase inversion temperature (PIT), the co-
hesive energy ratio (CER) and the critical packing parameter (CPP) methods. The con-
trol of the emulsification process for producing the optimum droplet size distribution
is described. The various methods that can be used for preparation of emulsions are
described. These include the use of high speedmixers (rotor-statormixers), high pres-
sure homogenization and membrane emulsification. The use of rheology modifiers
(thickeners) for control of the physical stability and the consistency of the system
is also described. Three different rheological techniques are applied, namely steady

 EBSCOhost - printed on 2/14/2023 1:25 PM via . All use subject to https://www.ebsco.com/terms-of-use



1 General introduction | 9

state (shear stress-shear rate measurements), dynamic (oscillatory techniques) and
constant stress (creep) measurements.

Chapter 7 describes the formulation of nanoemulsions in cosmetics. It starts with
a section highlighting the main advantages of nanoemulsions: transparency, lack of
creaming, flocculation and coalescence as well as enhancement of deposition on the
rough texture of the skin and increased skin penetration for actives in the formula-
tion. The origin of stability of nanoemulsions in terms of steric stabilization and the
high ratio of adsorbed layer thickness to droplet radius is described at a fundamental
level. A section is devoted for the problem of Ostwald ripening in nanoemulsions and
how the rate can be measured. The reduction of Oswald ripening by incorporation
of a small amount of highly insoluble oil and/or modification of the interfacial film
is described. Practical examples of nanoemulsion systems are given highlighting the
most important variables that affect the stability of nanoemulsions.

Chapter 8 deals with the formulation of multiple emulsions in cosmetics. Two
types are described, namely Water/Oil/Water (W/O/W) and Oil/Water/Oil (O/W/O)
multiple emulsions. The formulation of multiple emulsions using a two-stage process
is described. The various possible breakdown processes in multiple emulsions are
described and the factors affecting the long-term stability of the formulation are
analysed. The characterization of multiple emulsions using optical microscopy and
rheology techniques is described.

Chapter 9 describes liposomes and vesicles in cosmetic formulations. The proce-
dures for preparation of liposomes and vesicles are described together with the meth-
ods that can be applied for assessment of their stability. The enhancement of liposome
stability by incorporation of block copolymers is described. Finally the main advan-
tages of incorporation of liposomes and vesicles in skincare formulations are briefly
discussed.

Chapter 10 deals with the formulation of shampoos. The different components in
a shampoo formulation are described togetherwith the necessity of adding an ampho-
teric surfactant to the anionic surfactant in a shampoo to reduce skin irritation. Surfac-
tants added to enhance the foaming characteristics of the shampooare described. This
is followed by a section on themechanismof dirt and oil removal by the shampoo. The
enhancement of the viscosity of the shampoo formulation by addition of electrolytes
that produce rod-shaped micelles is described at a fundamental level.

Chapter 11 deals with the formulation of hair conditioners in the shampoo. The
surface properties of hair and role of adding cationically modified polymer to neutral-
ize the negative charge on hair are described. The importance of hair conditioners in
management of hair during combing is analysed.

Chapter 12 describes the formulation of sunscreens for UV protection. The im-
portance of control against UVA (wavelength 320–400nm) and UVB (wavelength
290–320 nm) radiation is emphasized. The use of organic and semiconductor (titania)
sunscreen agents in the formulation enables one to protect against UVA and UVB ra-
diation. The importance of particle size reduction of the titania particles is described
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at a fundamental level. The stabilization of titania dispersions against flocculation in
a sunscreen formulation is essential as well as prevention of emulsion coalescence.

Chapter 13 describes the formulation of coloured cosmetic products. Several
colour pigments are used in cosmetic formulations ranging from inorganic pigments
(such as red iron oxide) to organic pigments of various types. The formulation of these
pigments in colour cosmetics requires a great deal of skill since the pigment particles
are dispersed in an emulsion (oil-in-water or water-in-oil). A section describing the
fundamental principles of preparation of pigment dispersion is given. These con-
sist of three main topics, namely wetting of the powder, its dispersion, wet milling
(comminution) and stabilization against aggregation.

Chapter 14 gives some examples of industrial cosmetic and personal care formu-
lations: (i) shaving formulations; (ii) bar soaps; (iii) liquid hand soaps; (iv) bath oils;
(v) bubble baths; (vi) after bath formulations; (vii) skincare products; (viii) haircare
formulations; (ix) sunscreens; (x) make-up products.
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2 Surfactants used in cosmetic and personal care
formulations, their properties and surfactant–
polymer interaction

2.1 Surfactant classes

As mentioned in Chapter 1, surfactants used in cosmetic formulations must be com-
pletely free of allergens, sensitizers and irritants. To minimize medical risks, cosmetic
formulators tend to use polymeric surfactants which are less likely to penetrate be-
yond the stratum corneum and hence they are less likely to cause any damage.

Conventional surfactants of the anionic, cationic, amphoteric and nonionic types
are used in cosmetic systems [1–3]. Besides the synthetic surfactants that are used in
preparation of cosmetic systems such as emulsions, creams, suspensions, etc., several
other naturally occurringmaterials have been introduced and there is a trend in recent
years to use such natural products more widely, in the belief that they are safer for
application. As mentioned below, polymeric surfactants of the A–B, A–B–A, and BAn
are also used in many cosmetic formulations.

Several synthetic surfactants that are applied in cosmeticsmay be listed as shown
below.

2.1.1 Anionic surfactants

These are widely used in many cosmetic formulations. The hydrophobic chain is a
linear alkyl group with a chain length in the region of 12–16 C atoms and the polar
headgroup shouldbe at the endof the chain. Linear chains are preferred since they are
more effective and more degradable than the branched chains. The most commonly
used hydrophilic groups are carboxylates, sulphates, sulphonates and phosphates.
A general formula may be ascribed to anionic surfactants as follows:
Carboxylates: CnH2n+1COO−X+

Sulphates: CnH2n+1OSO−3X+

Sulphonates: CnH2n+1SO−3X+

Phosphates: CnH2n+1OPO(OH)O−X+

with n being the range 8–16 atoms and the counterion X+ is usually Na+.

Several other anionic surfactants are commercially available such as sulphosucci-
nates, isethionates (esters of isothionic acidwith the general formula RCOOCH2–CH2–
SO3Na) and taurates (derivatives of methyl taurine with the general formula RCON(R󸀠)
CH2–CH2–SO3Na), sarchosinates (with the general formula RCON(R󸀠)COONa) and
these are sometimes used for special applications.
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The carboxylates are perhaps the earliest known surfactants, since they constitute
the earliest soaps, e.g. sodiumorpotassiumstearate, C17H35COONa, sodiummyristate,
C14H29COONa. The alkyl groupmay contain unsaturated portions, e.g. sodium oleate,
which contains one double bond in the C17 alkyl chain. Most commercial soaps will be
a mixture of fatty acids obtained from tallow, coconut oil, palm oil, etc. They are sim-
ply prepared by saponification of the triglycerides of oils and fats. Themain attraction
of these simple soaps is their low cost, their ready biodegradability and low toxicity.
Their main disadvantage is their ready precipitation in water containing bivalent ions
such as Ca2+ and Mg2+. To avoid their precipitation in hard water, the carboxylates
are modified by introducing some hydrophilic chains, e.g. ethoxy carboxylates with
the general structureRO(CH2CH2O)nCH2COO−, ester carboxylates containinghydroxyl
or multi-COOH groups, sarcosinates which contain an amide group with the general
structure RCON(R󸀠)COO−. The addition of the ethoxylated groups results in increased
water solubility and enhanced chemical stability (no hydrolysis). The modified ether
carboxylates are alsomore compatiblewith electrolytes. Theyare also compatiblewith
other nonionic, amphoteric and sometimes even cationic surfactants. The ester car-
boxylates are very soluble in water, but they suffer from the problem of hydrolysis.
The sarcosinates are not very soluble in acid or neutral solutions but they are quite
soluble in alkaline media. They are compatible with other anionics, nonionics, and
cationics. The phosphate esters have very interesting properties being intermediate
between ethoxylated nonionics and sulphated derivatives. They have good compati-
bility with inorganic builders and they can be good emulsifiers.

The sulphates are the largest and most important class of synthetic surfactants,
which are produced by reaction of an alcoholwith sulphuric acid, i.e. they are esters of
sulphuric acid. In practice sulphuric acid is seldom used and chlorosulphonic or sul-
phur dioxide/air mixtures are the most common methods of sulphating the alcohol.
The properties of sulphate surfactants depend on the nature of the alkyl chain and the
sulphate group. The alkali metal salts show good solubility in water, but they tend to
be affected by the presence of electrolytes. The most common sulphate surfactant is
sodium dodecyl sulphate (abbreviated as SDS and sometimes referred to as sodium
lauryl sulphate) which is extensively used in many cosmetic formulations. At room
temperature (≈ 25 °C) this surfactant is quite soluble and 30% aqueous solutions are
fairly fluid (low viscosity). However, below 25 °C, the surfactant may separate out as a
soft paste as the temperature falls below its Krafft point (the temperature above which
the surfactant shows a rapid increase in solubility with a further increase of tem-
perature). The latter depends on the distribution of chain lengths in the alkyl chain,
the wider the distribution, the lower the Krafft temperature. Thus, by controlling this
distribution onemay achieve a Krafft temperature of≈ 10 °C. As the surfactant concen-
tration is increased to 30–40% (depending on the distribution of chain lengths in the
alkyl group), the viscosity of the solution increases very rapidly and may produce a
gel, but then falls at about 60–70% to give a pourable liquid, after which it increases
again to a gel. The concentration at which the minimum occurs varies according to
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the alcohol sulphate used, and also the presence of impurities such as unsaturated
alcohol. The viscosity of the aqueous solutions can be reduced by addition of short
chain alcohols and glycols. The critical micelle concentration (cmc) of SDS (the con-
centrationabovewhich theproperties of the solution showabrupt changes, seebelow)
is 8 × 10−3 mol dm−3 (0.24%). The alkyl sulphates give good foaming properties with
an optimum at C12–C14. As with the carboxylates, the sulphate surfactants are also
chemically modified to change their properties. The most common modification is
to introduce some ethylene oxide units in the chain, usually referred to as alcohol
ether sulphates that are commonly used in shampoos. These are made by sulphation
of ethoxylated alcohols. For example, sodium dodecyl 3-mole ether sulphate, which
is essentially dodecyl alcohol reacted with 3mol EO, then sulphated and neutralized
by NaOH. The presence of PEO confers improved solubility when compared with the
straight alcohol sulphates. In addition, the surfactant becomes more compatible with
electrolytes in aqueous solution. The ether sulphates are also more chemically sta-
ble than the alcohol sulphates. The cmc of the ether sulphates is also lower than
the corresponding surfactant without the EO units. The viscosity behaviour of aque-
ous solutions is similar to alcohol sulphates, giving gels in the range 30–60%. The
ether sulphates show a pronounced salt effect, with significant increase in the viscos-
ity of a dilute solution on addition of electrolytes such asNaCl. The ether sulphates are
commonly used in hand dish-washing liquid and in shampoos in combination with
amphoteric surfactants.

With sulphonates, the sulphur atom is directly attached to the carbon atom of the
alkyl group and this gives the molecule stability against hydrolysis, when compared
with the sulphates (where the sulphur atom is indirectly linked to the carbon of the
hydrophobe via an oxygen atom). As with the sulphates, some chemical modification
is used by introducing ethylene oxide units. These surfactants have excellent water
solubility and biodegradability. They are also compatible with many aqueous ions.

Another class of sulphonates is the α-olefin sulphonates which are prepared
by reacting linear α-olefin with sulphur trioxide, typically yielding a mixture of
alkene sulphonates (60–70%), 3- and 4-hydroxyalkane sulphonates (≈ 30%) and
some disulphonates and other species. The two main α-olefin fractions used as start-
ing material are C12–C16 and C16–C18. Fatty acid and ester sulphonates are produced
by sulphonation of unsaturated fatty acids or esters. A good example is sulphonated
oleic acid,

CH3(CH2)7CH(CH2)8COOH

SO3H

Aspecial class of sulphonates are sulphosuccinateswhichare esters of sulphosuccinic
acid,
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CH2COOH

 HSO3 CH COOH

Both mono- and diesters are produced. A widely used diester in many formulations
is sodium di(2-ethylhexyl)sulphosuccinate (that is sold commercially under the trade
nameAerosol OT). The cmc of the diesters is very low, in the region of 0.06% for C6–C8
sodium salts and they give a minimum in the surface tension of 26mNm−1 for the C8
diester. Thus these molecules are excellent wetting agents. The diesters are soluble
both in water and in many organic solvents. They are particularly useful for prepara-
tion of water-in-oil (W/O) microemulsions.

Isethionates are esters of isethionic acid HOCH2CH2SO3H. They are prepared by
reaction of acid chloride (of the fatty acid) with sodium isethionate. The sodium salt
of C12–C14 are soluble at high temperature (70 °C) but they have very low solubility
(0.01%) at 25 °C. They are compatible with aqueous ions and hence they can reduce
the formation of scum in hard water. They are stable at pH 6–8 but they undergo hy-
drolysis outside this range. They also have good foaming properties.

Taurates are derivatives of methyl taurine CH2–NH–CH2–CH2–SO3. The latter is
made by reaction of sodium isethionate withmethyl amine. The taurates are prepared
by reaction of fatty acid chloride withmethyl taurine. Unlike the isethionates, the tau-
rates are not sensitive to lowpH. They have good foaming properties and they are good
wetting agents.

Phosphate containing anionic surfactants are also used in many cosmetic for-
mulations. Both alkyl phosphates and alkyl ether phosphates are made by treating
the fatty alcohol or alcohol ethoxylates with a phosphorylating agent, usually phos-
phorous pentoxide, P4O10. The reaction yields a mixture of mono- and diesters of
phosphoric acid. The ratio of the two esters is determined by the ratio of the reac-
tants and the amount of water present in the reaction mixture. The physicochemical
properties of the alkyl phosphate surfactants depend on the ratio of the esters. They
have properties intermediate between ethoxylated nonionics (see below) and the sul-
phated derivatives. They have good compatibility with inorganic builders and good
emulsifying properties.

2.1.2 Cationic surfactants

The most common cationic surfactants are the quaternary ammonium compounds
with the general formula R󸀠R󸀠󸀠R󸀠󸀠󸀠R󸀠󸀠󸀠󸀠N+X−, where X− is usually chloride ion and
R represents alkyl groups. These quaternaries are made by reacting an appropriate
tertiary aminewith an organic halide or organic sulphate. A common class of cationics
is the alkyl trimethyl ammonium chlorides, where R contains 8–18 C atoms, e.g. do-
decyl trimethyl ammonium chloride, C12H25(CH3)3NCl. Another widely used cationic
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surfactant class is that containing two long chain alkyl groups, i.e. dialkyl dimethyl
ammonium chloride, with the alkyl groups having a chain length of 8–18 C atoms.
These dialkyl surfactants are less soluble in water than the monoalkyl quaternary
compounds, but they are sometimes used as hair conditioners. A widely used cationic
surfactant is alkyl dimethyl benzyl ammonium chloride (sometimes referred to as
benzalkonium chloride) and widely used as bactericide), having the structure,

CH3

N+Cl−

CH3CH2

C12H25

Imidazolines canalso formquaternaries, themost commonproduct being theditallow
derivative quaternized with dimethyl sulphate,

CH3

[C17H35 C–N–CH2–CH2–NH–CO–C17H35]+

N CH

C
H

CH3SO4
−

Cationic surfactants can also bemodified by incorporating polyethylene oxide chains,
e.g. dodecyl methyl polyethylene oxide ammonium chloride having the structure,

(CH2CH2O)nH

N+

(CH2CH2O)nHCH3

C12H25

Cl−

Cationic surfactants are generally water soluble when there is only one long alkyl
group. When there are two or more long chain hydrophobes the product becomes
dispersible in water and soluble in organic solvents. They are generally compatible
with most inorganic ions and hard water, but they are incompatible with metasili-
cates and highly condensed phosphates. They are also incompatible with protein-like
materials. Cationics are generally stable to pH changes, both acid and alkaline. They
are incompatible withmost anionic surfactants, but they are compatible with nonion-
ics. These cationic surfactants are insoluble in hydrocarbon oils. In contrast, cationics
with two or more long alkyl chains are soluble in hydrocarbon solvents, but they be-
come only dispersible in water (sometimes forming bilayer vesicle type structures).
They are generally chemically stable and can tolerate electrolytes. The cmc of cationic
surfactants is close to that of anionics with the same alkyl chain length. For example,
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the cmc of benzalkonium chloride is 0.17%. The primary use of cationic surfactants is
for their tendency to adsorb at negatively charged surfaces, e.g. hair, and they can be
applied as hair conditioners.

2.1.3 Amphoteric (zwitterionic) surfactants

These are surfactants containing both cationic and anionic groups. The most com-
mon amphoterics are the N-alkyl betaines which are derivatives of trimethyl glycine
(CH3)3NCH2COOH (that was described as betaine). An example of betaine surfactant
is lauryl amido propyl dimethyl betaine C12H25CON(CH3)2CH2COOH. These alkyl be-
taines are sometimes described as alkyl dimethyl glycinates. The main characteristic
of amphoteric surfactants is their dependence on the pH of the solution in which
they are dissolved. In acid pH solutions, the molecule acquires a positive charge and
it behaves like a cationic, whereas in alkaline pH solutions, they become negatively
charged and behave like an anionic. A specific pH can be defined at which both ionic
groups show equal ionization (the isoelectric point of the molecule). This can be de-
scribed by the following scheme,

N+ … COOH ↔ N+ … COO−
↔ NH … COO−

acid, pH      3 isoelectric pH     6, alkaline

Amphoteric surfactants are sometimes referred to as zwitterionic molecules. They are
soluble in water, but the solubility shows aminimum at the isoelectric point. Ampho-
terics show excellent compatibility with other surfactants, forming mixed micelles.
They are chemically stable both in acids and alkalis. The surface activity of ampho-
terics varies widely and it depends on the distance between the charged groups and
they show a maximum in surface activity at the isoelectric point.

Another class of amphoterics are the N-alkyl amino propionates having the struc-
ture R–NHCH2CH2COOH. The NH group is reactive and can react with another acid
molecule (e.g. acrylic) to form an amino dipropoionate R–N(CH2CH2COOH)2. Alkyl
imidazoline-based product can also be produced by reacting alkyl imidazoline with
a chloro acid. However, the imidazoline ring breaks down during the formation of the
amphoteric.

The change in charge with pH of amphoteric surfactants affects their properties,
such as wetting, foaming, etc. At the isoelectric point (IEP), the properties of ampho-
terics resemble those of nonionics very closely. Belowandabove the IEP, theproperties
shift towards those of cationic and anionic surfactants respectively. Zwitterionic sur-
factants have excellent dermatological properties. They also exhibit low eye irritation
and they are frequently used in shampoos and other personal care products (cosmet-
ics). Due to their mild characteristics, i.e. low eye and skin irritation, amphoterics are
widely used in shampoos. They also provide antistatic properties to hair, good condi-
tioning and foam booster.
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2.1.4 Nonionic surfactants

Themost common nonionic surfactants are those based on ethylene oxide, referred to
as ethoxylated surfactants. Several classes can be distinguished: alcohol ethoxylates,
fatty acid ethoxylates, monoalkaolamide ethoxylates, sorbitan ester ethoxylates, fatty
amine ethoxylates and ethylene oxide-propylene oxide copolymers (sometimes re-
ferred to as polymeric surfactants). Another important class of nonionics are the mul-
tihydroxy products such as glycol esters, glycerol (and polyglycerol) esters, glucosides
(and polyglucosides) and sucrose esters. Amine oxides and sulphinyl surfactants rep-
resent nonionics with a small head group.

The alcohol ethoxylates are generally produced by ethoxylation of a fatty chain
alcohol such as dodecanol. Several generic names are given to this class of surfactants
such as ethoxylated fatty alcohols, alkyl polyoxyethylene glycol, monoalkyl polyethy-
lene oxide glycol ethers, etc. A typical example is dodecyl hexaoxyethylene glycol
monoether with the chemical formula C12H25(OCH2CH2O)6OH (sometimes abbrevi-
ated as C12E6). In practice, the starting alcohol will have a distribution of alkyl chain
lengths and the resulting ethoxylate will have a distribution of ethylene oxide (EO)
chain length. Thus the numbers listed in the literature refer to average numbers.

The cmc of nonionic surfactants is about two orders of magnitude lower than
the corresponding anionics with the same alkyl chain length. At a given alkyl chain
length, the cmc decreases with a decrease in the number of EO units. The solubility
of the alcohol ethoxylates depends both on the alkyl chain length and the number of
ethylene oxide units in the molecule. Molecules with an average alkyl chain length of
12 C atoms and containing more than 5 EO units are usually soluble in water at room
temperature. However, as the temperature of the solution is gradually raised, the solu-
tion becomes cloudy (as a result of dehydration of the PEO chain and the change in the
conformation of the PEO chain) and the temperature at which this occurs is referred
to as the cloud point (CP) of the surfactant. At a given alkyl chain length, the CP in-
creases with increasing the EO chain of the molecule. The CP changes with changing
concentration of the surfactant solution and the trade literature usually quotes the CP
of a 1% solution. The CP is also affected by the presence of electrolyte in the aqueous
solution. Most electrolytes lower the CP of a nonionic surfactant solution. Nonionics
tend to have maximum surface activity near to the cloud point. The CP of most non-
ionics increases markedly on addition of small quantities of anionic surfactants. The
surface tension of alcohol ethoxylate solutions decreases with an increase in its con-
centration, until it reaches its cmc, after which it remains constant with any further
increase in its concentration. The minimum surface tension reached at and above the
cmc decreases with decreasing the number of EO units of the chain (at a given alkyl
chain). The viscosity of a nonionic surfactant solution increases gradually with an
increase in its concentration, but at a critical concentration (which depends on the
alkyl and EO chain length) the viscosity shows a rapid increase and ultimately a gel-
like structure appears. This results from the formation of liquid crystalline structure
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of the hexagonal type. In many cases, the viscosity reaches a maximum after which it
shows a decrease due to the formation of other structures (e.g. lamellar phases) (see
below).

The fatty acid ethoxylates are produced by reaction of ethylene oxide with a fatty
acid or a polyglycol and they have the general formula RCOO–(CH2CH2O)nH. When
a polyglycol is used, a mixture of mono- and diesters (RCOO–(CH2CH2O)n–OCOR) is
produced. These surfactants are generally soluble in water provided there are enough
EO units and the alkyl chain length of the acid is not too long. The monoesters are
much more soluble in water than the diesters. In the latter case, a longer EO chain is
required to render themolecule soluble. The surfactants are compatible with aqueous
ions, provided there is not much unreacted acid. However, these surfactants undergo
hydrolysis in highly alkaline solutions.

The sorbitan esters and their ethoxylated derivatives (Spans and Tweens) are per-
haps one of the most commonly used nonionics. The sorbitan esters are produced by
reaction of sorbitol with a fatty acid at a high temperature (> 200 °C). The sorbitol de-
hydrates to 1,4-sorbitan and then esterification takes place. If one mole of fatty acid is
reacted with one mole of sorbitol, one obtains a monoester (some diester is also pro-
duced as a by-product). Thus, sorbitan monoester has the following general formula,

H ― C ― OH

CH2

HO ― C ― H

H ― C

H ― C ― OH

CH2OCOR

O

The free OH groups in the molecule can be esterified, producing di- and tri-esters.
Several products are available depending on the nature of the alkyl group of the acid
and whether the product is a mono-, di- or tri-ester. Some examples are given below,
Sorbitan monolaurate: Span 20
Sorbitan monopalmitate: Span 40
Sorbitan monostearate: Span 60
Sorbitan mono-oleate: Span 80
Sorbitan tristearate: Span 65
Sorbitan trioleate: Span 85

The ethoxylated derivatives of Spans (Tweens) are produced by reaction of ethylene
oxide on any hydroxyl group remaining on the sorbitan ester group. Alternatively, the
sorbitol is first ethoxylatedand thenesterified.However, thefinal product hasdifferent
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surfactant properties to the Tweens. Some examples of Tween surfactants are given
below,
Polyoxyethylene (20) sorbitan monolaurate: Tween 20
Polyoxyethylene (20) sorbitan monopalmitate: Tween 40
Polyoxyethylene (20) sorbitan monostearate: Tween 60
Polyoxyethylene (20) sorbitan mono-oleate: Tween 80
Polyoxyethylene (20) sorbitan tristearate: Tween 65
Polyoxyethylene (20) sorbitan tri-oleate: Tween 85

The sorbitan esters are insoluble in water, but soluble in most organic solvents (low
HLBnumber surfactants). The ethoxylatedproducts are generally soluble inwater and
they have relatively high HLB numbers. One of the main advantages of the sorbitan
esters and their ethoxylated derivatives is their approval in cosmetics and some phar-
maceutical preparations.

Ethoxylated fats and oils are also used in some cosmetic formulations, e.g. castor
oil ethoxylates which are good solubilizers for water-insoluble ingredients.

The amine ethoxylates are prepared by addition of ethylene oxide to primary or
secondary fatty amines. With primary amines both hydrogen atoms on the amine
group react with ethylene oxide and therefore the resulting surfactant has the struc-
ture,

(CH2CH2O)xH

R–N

(CH2CH2O)yH

The above surfactants acquire a cationic character if the EO units are small in num-
ber and if the pH is low. However, at high EO levels and neutral pH they behave very
similarly to nonionics. At low EO content, the surfactants are not soluble in water,
but become soluble in an acid solution. At high pH, the amine ethoxylates are water
soluble provided the alkyl chain length of the compound is not long (usually a C12
chain is adequate for reasonable solubility at sufficient EO content).

Amine oxides are prepared by oxidizing a tertiary nitrogen group with aqueous
hydrogen peroxide at temperatures in the region 60–80 °C. Several examples can
be quoted: N-alkyl amidopropyl-dimethyl amine oxide, N-alkyl bis(2-hydroxyethyl)
amine oxide and N-alkyl dimethyl amine oxide. They have the general formula,

CH3

Coco CONHCH2CH2CH2N

CH3

O Alkyl amidopropyl-dimethyl amine oxide

 EBSCOhost - printed on 2/14/2023 1:25 PM via . All use subject to https://www.ebsco.com/terms-of-use



20 | 2 Surfactants in cosmetics

CH2CH2OH

Coco N

CH2CH2OH

O Coco bis (2-hydroxyethyl) amine oxide

CH3

C12H25N

CH3

O Lauryl dimethyl amine oxide

In acid solutions, the amino group is protonated and acts as a cationic surfactant.
In neutral or alkaline solution the amine oxides are essentially nonionic in character.
Alkyl dimethyl amine oxides arewater soluble up toC16 alkyl chain. AbovepH9, amine
oxides are compatible with most anionics. At pH 6.5 and below some anionics tend to
interact and form precipitates. In combination with anionics, amine oxides can be
foam boosters (e.g. in shampoos).

2.1.5 Surfactants derived from mono- and polysaccharides

Several surfactants have been synthesized starting from mono- or oligo-saccharides
by reaction with the multifunctional hydroxyl groups: alkyl glucosides, alkyl polyglu-
cosides, sugar fatty acid esters and sucrose esters, etc. The technical problem is one of
joining a hydrophobic group to the multihydroxyl structure. Several surfactants have
beenmade, e.g. esterification of sucrose with fatty acids or fatty glycerides to produce
sucrose esters having the following structure,

CH2OH

CH2OHO O

O

OH

H OH

H

HH

OH

HOH

H

OH

H
H

CH2COOR

The most interesting sugar surfactants are the alkyl polyglucosides (APG) which are
synthesized using a two-stage transacetalization process. In the first stage, the car-
bohydrate reacts with a short chain alcohol, e.g. butanol or propylene glycol. In the
second stage, the short chain alkyl glucoside is transacetalized with a relatively long
chain alcohol (C12–14–OH) to form the required alkyl polyglucoside. This process is
applied if oligo- and polyglucoses (e.g. starch, syrups with a low dextrose equiva-
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lent, DE) are used. In a simplified transacetalization process, syrupswith high glucose
content (DE > 96%) or solid glucose types can react with short-chain alcohols un-
der normal pressure. Commercial alkyl polyglucosides (APG) are complex mixtures of
species varying in the degree of polymerization (DP, usually in the range 1.1–3) and
in the length of the alkyl chain. When the latter is shorter than C14 the product is wa-
ter soluble. The cmc values of APGs are comparable to nonionic surfactants and they
decrease with increasing alkyl chain length.

APG surfactants have good solubility in water and they have high cloud points
(> 100 °C). They are stable in neutral and alkaline solutions but are unstable in strong
acid solutions. APG surfactants can tolerate high electrolyte concentrations and they
are compatiblewithmost types of surfactants. They are used in personal care products
for cleansing formulations as well as for skincare and hair products.

2.1.6 Naturally occurring surfactants

The important naturally occurring class of surfactants which are widely used in
cosmetic formulations are the lipids, of which phosphatidylcholine (lecithin), lyso-
lecithin, phosphatidylethanolamine andphosphatidylinositol are themost commonly
used surfactants. The structure of these lipids is given in Fig. 2.1. These lipids are used
as emulsifiers as well as for production of liposomes or vesicles for skincare prod-
ucts. The lipids form coarse turbid dispersions of large aggregates (liposomes) which
on ultrasonic irradiation form smaller units or vesicles. The liposomes are smectic
mesophases of phospholipids organized into bilayers which assume a multilamellar
or unilamellar structure. The multilamellar species are heterogeneous aggregates,
most commonly prepared by dispersal of a thin film of phospholipid (alone or with
cholesterol) into water. Sonication of the multilamellar units can produce the uni-
lamellar liposomes, sometimes referred to as vesicles. The net charge of liposomes
can be varied by incorporation of a long chain amine, such as stearyl amine (to give
a positively charged vesicle) or dicetyl phosphate (giving negatively charged species).
Both lipid-soluble and water-soluble actives can be entrapped in liposomes. The
liposoluble actives are solubilized in the hydrocarbon interiors of the lipid bilayers,
whereas the water-soluble actives are intercalated in the aqueous layers.

2.1.7 Polymeric (macromolecular) surfactants

The polymeric surfactants possess considerable advantages for use in cosmetic ingre-
dients. They will be described in detail in Chapter 3. As will be discussed, the most
commonly used materials are the ABA block copolymers, with A being poly(ethylene
oxide) and B poly(propylene oxide) (Pluronics). On the whole, polymeric surfactants
havemuch lower toxicity, sensitization and irritation potentials, provided they are not

 EBSCOhost - printed on 2/14/2023 1:25 PM via . All use subject to https://www.ebsco.com/terms-of-use



22 | 2 Surfactants in cosmetics

contaminated with traces of the parent monomers. As will be discussed in Chapter 3,
these molecules provide greater stability and in some case they can be used to adjust
the viscosity of the cosmetic formulation.

2.1.8 Silicone surfactants

In recent years, there has been a great trend towards using silicone oils for many cos-
metic formulations. In particular, volatile silicone oils have found application inmany
cosmetic products, owing to the pleasant dry sensation they impart to the skin. These
volatile silicones evaporate without unpleasant cooling effects or without leaving a
residue. Due to their low surface energy, silicone help spread the various active ingre-
dients over the surface of hair and skin.

The chemical structure of the silicone compounds used in cosmetic preparations
varies according to the application.As an illustrationFig. 2.2 shows some typical struc-
tures of cyclic and linear silicones. The backbones can carry various attached “func-
tional” groups, e.g. carboxyl, amine, sulphhydryl, etc. While most silicone oils can be
emulsified using conventional hydrocarbon surfactants, there has been a trend in re-
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Fig. 2.1: Structure of lipids.
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Fig. 2.2: Structural formulae of typical silicone compounds used in cosmetic formulations: (a) cyclic
siloxane; (b) linear siloxane; (c) siloxane-polyethylene oxide copolymer; (d) siloxane-polyethylene
amine copolymer.

cent years to use silicone surfactants for producing the emulsion. Typical structures of
siloxane-polyethylene oxide and siloxane polyethylene amine copolymers are shown
in Fig. 2.2. The surface activity of these block copolymers depend on the relative length
of the hydrophobic silicone backbone and the hydrophilic (e.g. PEO) chains. The at-
traction of using silicone oils and silicone copolymers is their relatively small medical
and environmental hazards, when compared to their hydrocarbon counterparts.

2.2 Physical properties of surfactant solutions and the process
of micellization

The physical properties of surface active agent solutions differ from those of non-
amphipathic molecule solutions (such as sugars) in one major aspect, namely the
abrupt changes in their properties above a critical concentration [4]. This is illustrated
in Fig. 2.3 which shows plots of several physical properties (osmotic pressure, sur-
face tension, turbidity, solubilization, magnetic resonance, equivalent conductivity
and self-diffusion) as a function of concentration for an anionic surfactant. At low
concentrations, most properties are similar to those of a simple electrolyte. One no-
table exception is the surface tension, which decreases rapidly with increasing surfac-
tant concentration. However, all the properties (interfacial and bulk) show an abrupt
change at a particular concentration, which is consistent with the fact that at and
above this concentration, surface active molecules or ions associate to form larger
units. These associated units are called micelles (self-assembled structures) and the
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Fig. 2.3: Variation of solution properties
with surfactant concentration.

1 nm

Fig. 2.4: Illustration of a spherical micelle
for dodecyl sulphate [4].

first formed aggregates are generally approximately spherical in shape. A schematic
representation of a spherical micelle is given in Fig. 2.4.

The concentration at which this association phenomenon occurs is known as the
critical micelle concentration (cmc). Each surfactant molecules has a characteristic
cmc value at a given temperature and electrolyte concentration. The most common
technique for measuring the cmc is surface tension, γ, which shows break at the cmc,
afterwhich γ remains virtually constantwith a further increase in concentration.How-
ever, other techniques such as self-diffusion measurements, NMR and fluorescence
spectroscopy can be applied. A compilation of cmc values was given in 1971 byMuker-
jee andMysels [5], which is clearly not an up-to-date text, but is an extremely valuable
reference. As an illustration, the cmc values of a number of surface active agents are
given in Tab. 2.1, to show some of the general trends [1–3]. Within any class of sur-
face active agent, the cmc decreases with increasing chain length of the hydrophobic
portion (alkyl group). As a general rule, the cmc decreases by a factor of 2 for ionics
(without added salt) and by a factor of 3 for nonionics on adding onemethylene group
to the alkyl chain. With nonionic surfactants, increasing the length of the hydrophilic
group (polyethylene oxide) causes an increase in cmc.
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Tab. 2.1: Critical micelle concentration of surfactant classes.

Surface active agent cmc /mol dm−3

(A) Anionic
Sodium octyl-l-sulphate 1.30 × 10−1

Sodium decyl-l-sulphate 3.32 × 10−2

Sodium dodecyl-l-sulphate 8.39 × 10−3

Sodium tetradecyl-l-sulphate 2.05 × 10−3

(B) Cationic
Octyl trimethyl ammonium bromide 1.30 × 10−1

Decetryl trimethyl ammonium bromide 6.46 × 10−2

Dodecyl trimethyl ammonium bromide 1.56 × 10−2

Hexactecyltrimethyl ammonium bromide 9.20 × 10−4

(C) Nonionic
Octyl hexaoxyethylene glycol monoether C8E6 9.80 × 10−3

Decyl hexaoxyethylene glycol monoether C10E6 9.00 × 10−4

Decyl nonaoxyethylene glycol monoether C10E9 1.30 × 10−3

Dodecyl hexaoxyethylene glycol monoether C12E6 8.70 × 10−5

Octylphenyl hexaoxyethylene glycol monoether C8E6 2.05 × 10−4

In general, nonionic surfactants have lower cmc values than their corresponding ionic
surfactants of the samealkyl chain length. Incorporation of a phenyl group in the alkyl
group increases its hydrophobicity to a much smaller extent than increasing its chain
length with the same number of carbon atoms. The valency of the counterion in ionic
surfactants has a significant effect on the cmc. For example, increasing the valency of
the counterion from 1 to 2 causes a reduction of the cmc by roughly a factor of 4.

The cmc is, to a first approximation, independent of temperature. This is illus-
trated in Fig. 2.4 which shows the variation of cmc of SDS with temperature. The cmc
varies in a non-monotonic way by ca. 10–20% over a wide temperature range. The
shallowminimum around 25 °C can be compared with a similar minimum in the solu-
bility of hydrocarbon in water [1–3]. However, nonionic surfactants of the ethoxylate
type show a monotonic decrease [1–3] of cmc with increasing temperature as is il-
lustrated in Fig. 2.4 for C10E5. The effect of addition of cosolutes, e.g. electrolytes and
non-electrolytes, on the cmc can be very striking. For example, addition of 1 : 1 elec-
trolyte to a solution of anionic surfactant gives a dramatic lowering of the cmc, which
may amount to an order of magnitude. The effect is moderate for short-chain surfac-
tants, but is much larger for long-chain ones. At high electrolyte concentrations, the
reduction in cmc with increasing number of carbon atoms in the alkyl chain is much
stronger than without added electrolyte. This rate of decrease at high electrolyte con-
centrations is comparable to that of nonionics. The effect of added electrolyte also
depends on the valency of the added counterions. In contrast, for nonionics, addition
of electrolytes causes only small variation in the cmc.
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of the cmc of SDS and C10E5 [1–3].

Non-electrolytes such as alcohols can also cause a decrease in the cmc [1–3]. The al-
cohols are less polar thanwater and are distributed between the bulk solution and the
micelles. Themore preference they have for themicelles, themore they stabilize them.
A longer alkyl chain leads to a less favourable location in water and more favourable
location in the micelles

The presence of micelles can account for many of the unusual properties of solu-
tions of surface active agents. For example, it can account for thenear constant surface
tension value, above the cmc (see Fig. 2.3). It also accounts for the reduction in molar
conductance of the surface active agent solution above the cmc, which is consistent
with the reduction in mobility of the micelles as a result of counterion association.
The presence of micelles also accounts for the rapid increase in light scattering or tur-
bidity above the cmc. The presence of micelles was originally suggested byMcBain [6]
who suggested that below the cmcmost of the surfactant molecules are unassociated,
whereas in the isotropic solutions immediately above the cmc, micelles and surfac-
tant ions (molecules) are though to co-exist, the concentration of the latter changing
very slightly as more surfactant is dissolved. However, the self-association of an am-
phiphile occurs in a stepwise manner with one monomer added to the aggregate at
a time. For a long chain amphiphile, the association is strongly cooperative up to a
certain micelle size where counteracting factors became increasingly important. Typ-
ically themicelles have a closely spherical shape in a rather wide concentration range
above the cmc. Originally, it was suggested by Adam [7] and Hartley [8] that micelles
are spherical in shape and have the following properties: (i) the association unit is
spherical with a radius approximately equal to the length of the hydrocarbon chain;
(ii) the micelle contains about 50–100 monomeric units; aggregation number gener-
ally increases with increasing alkyl chain length; (iii) with ionic surfactants, most
counterions are bound to the micelle surface, thus significantly reducing the mobility
from the value to be expected from amicelle with non-counterion bonding; (iv) micel-
lization occurs over a narrow concentration range as a result of the high association
number of surfactant micelles; (v) the interior of the surfactant micelle has essen-
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tially the properties of a liquid hydrocarbon. This is confirmed by the high mobility
of the alkyl chains and the ability of the micelles to solubilize many water insoluble
organic molecules, e.g. dyes and agrochemicals. To a first approximation, micelles
can, over a wide concentration range above the cmc, be viewed as microscopic liquid
hydrocarbon droplets covered with polar head groups, which interact strongly with
water molecules. It appears that the radius of the micelle core constituted of the alkyl
chains is close to the extended length of the alkyl chain, i.e. in the range 1.5–3.0 nm.
As we will see later, the driving force for micelle formation is the elimination of the
contact between the alkyl chains and water. The larger a spherical micelle, the more
efficient this is, since the volume-to-area ratio increases. It should be noted that the
surfactant molecules in the micelles are not all extended. Only one molecule needs
to be extended to satisfy the criterion that the radius of the micelle core is close to
the extended length of the alkyl chain. The majority of surfactant molecules are in
a disordered state. In other words, the interior of the micelle is close to that of the
corresponding alkane in a neat liquid oil. This explains the large solubilization ca-
pacity of the micelle towards a broad range of nonpolar and weakly polar substances.
At the surface of the micelle, associated counterions (in the region of 50–80% of the
surfactant ions) are present. However, simple inorganic counterions are very loosely
associated with the micelle. The counterions are very mobile (see below) and there is
no specific complex formed with a definite counterion head group distance. In other
words, the counterions are associated by long-range electrostatic interactions.

Auseful concept for characterizingmicelle geometry is the critical packingparam-
eter [9], CPP. The aggregation number N is the ratio between themicellar core volume,
Vmic, and the volume of one chain, v,

N = Vmic
v

= (4/3)π R3mic
v

, (2.1)

where Rmic is the radius of the micelle.
The aggregation number, N, is also equal to the ratio of the area of amicelle, Amic,

to the cross-sectional area, a, of one surfactant molecule,

N = Amic
a

= 4π R2mic
a

. (2.2)

Combining equations (2.1) and (2.2),
v

Rmica
= 1
3

(2.3)

Since Rmic cannot exceed the extended length of a surfactant alkyl chain, lmax,

lmax = 1.5 + 1.265nc . (2.4)

This means that for a spherical micelle,
v

lmaxa
≤ 1
3
. (2.5)

The ratio v/(lmaxa) is denoted as the critical packing parameter (CPP).
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Although the spherical micelle model accounts for many of the physical proper-
ties of solutions of surfactants, a number of phenomena remain unexplained, without
considering other shapes. For example, McBain [10] suggested the presence of two
types of micelles, spherical and lamellar in order to account for the drop in molar
conductance of surfactant solutions. The lamellar micelles are neutral and hence
they account for the reduction in the conductance. Later, Harkins et al. [11] used
McBain’s model of lamellar micelles to interpret his X-ray results in soap solutions.
Moreover, many modern techniques such as light scattering and neutron scattering
indicate that in many systems the micelles are not spherical. For example, Debye and
Anacker [12] proposed a cylindrical micelle to explain the light scattering results on
hexadecyltrimethyl ammonium bromide in water. Evidence for disc-shaped micelles
has also been obtained under certain conditions. A schematic representation of the
spherical, lamellar and rod-shapedmicelles, suggested byMcBain, Hartley andDebye
is given in Fig. 2.6. Many ionic surfactants show dramatic temperature-dependent sol-
ubility as illustrated in Fig. 2.7. The solubility first increases gradually with rising
temperature, and then, above a certain temperature, there is a sudden increase in
solubility with a further increase in temperature. The cmc increases gradually with
increasing temperature. At a particular temperature, the solubility becomes equal to
the cmc, i.e. the solubility curve intersects the cmc and this temperature is referred
to as the Krafft temperature. At this temperature an equilibrium exists between solid
hydrated surfactant, micelles and monomers (i.e. the Krafft temperature is a “triple
point”). Surfactants with ionic head groups and long straight alkyl chains have high
Krafft temperatures. The Krafft temperature increases with as the alkyl chain of the
surfactant molecule increases. It can be reduced by introducing branching in the
alkyl chain. The Krafft temperature is also reduced by using alkyl chains with a wide
distribution of the chain lengths. Addition of electrolytes causes an increase in the
Krafft temperature.

Sphere

Rod-like

Lamellar micelle

Fig. 2.6: Shape of micelles.
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Fig. 2.7: Variation of solubility and critical micelle concentration (cmc) with temperature.

With nonionic surfactants of the ethoxylate type, an increase in temperature for a so-
lution at a given concentration causes dehydration of the PEO chains and at a critical
temperature the solution become cloudy. This is illustrated in Fig. 2.8which shows the
phase diagramof C12E6. Below the cloudpoint (CP) curve one can identify different liq-
uid crystalline phases Hexagonal–Cubic–Lamellar which are schematically shown in
Fig. 2.9.
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Fig. 2.8: Phase diagram of C12E6.

2.2.1 Thermodynamics of micellization

The process of micellization is one of the most important characteristics of surfactant
solution and hence it is essential to understand its mechanism (the driving force for
micelle formation). This requires analysis of the dynamics of the process (i.e. the ki-
netic aspects) as well as the equilibrium aspects whereby the laws of thermodynamics
may be applied to obtain the free energy, enthalpy and entropy of micellization.
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2.2.1.1 Kinetic aspects
Micellization is a dynamic phenomenon in which n monomeric surfactant molecules
associate to form a micelle Sn, i.e.,

nS ⇔ Sn . (2.6)

Hartley [8] envisaged a dynamic equilibrium whereby surface active agent molecules
are constantly leaving the micelles whilst other molecules from solution enter the mi-
celles. The sameapplies to the counterionswith ionic surfactants,which canexchange
between the micelle surface and bulk solution.

Water

Surfactant

1/2

1/2

1/4 1/4

1/2

1/2

Surfactant

Water

Hexagonal Lamellar Cubic

Fig. 2.9: Schematic picture of liquid crystalline phases.

Experimental investigation using fast kinetic methods such as stop flow, temperature
and pressure jumps, and ultrasonic relaxation measurements have shown that there
are two relaxation processes for micellar equilibrium [13–19] characterized by relax-
ation times τ1 and τ2. The first relaxation time, τ1, is of the order of 10−7 s (10−8 to
10−3 s) and represents the lifetimeof a surface activemolecule in amicelle, i.e. it repre-
sents the association and dissociation rate for a single molecule entering and leaving
the micelle, which may be represented by the equation,

S + Sn−1 K+⇔
K−

Sn , (2.7)

where K+ and K− represent the association and dissociation rate respectively for a
single molecule entering or leaving the micelle.

The slower relaxation time τ2 corresponds to a relatively slow process, namely
the micellization-dissolution process represented by equation (2.6). The value of τ2
is of the order of milliseconds (10−3–1 s) and hence can be conveniently measured by
stoppedflowmethods. The fast relaxation time τ1 canbemeasuredusing various tech-
niques depending on its range. For example, τ1 values in the range of 10−8–10−7 s are
accessible to ultrasonic absorption methods, whereas τ1 in the range of 10−5–10−3 s
can be measured by pressure jump methods. The value of τ1 depends on surfactant
concentration, chain length and temperature. τ1 increases with increasing chain
length of surfactants, i.e. the residence time increases with increasing chain length.
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The above discussion emphasizes the dynamic nature of micelles and it is im-
portant to realize that these molecules are in continuous motion and that there is a
constant interchange betweenmicelles and solution. The dynamic nature also applies
to the counterions which exchange rapidly with lifetimes in the range 10−9–10−8 s.
Furthermore, the counterions appear to be laterally mobile and not to be associated
with (single) specific groups on the micelle surfaces.

2.2.1.2 Equilibrium aspects: Thermodynamics of micellization
Various approaches have been employed in tackling the problemofmicelle formation.
The most simple approach treats micelles as a single phase, and this is referred to
as the phase separation model. In this model, micelle formation is considered as a
phase separation phenomenon and the cmc is then the saturation concentration of
the amphiphile in the monomeric state whereas the micelles constitute the separated
pseudophase. Above the cmc, a phase equilibrium exists with a constant activity of
the surfactant in the micellar phase. The Krafft point is viewed as the temperature at
which solid hydrated surfactant,micelles and a solution saturatedwith undissociated
surfactant molecules are in equilibrium at a given pressure.

Consider an anionic surfactant, in which n surfactant anions, S−, and n counter-
ions M+ associate to form a micelle, i.e.,

nS−+ nM+ ⇔ Sn . (2.8)

The micelle is simply a charged aggregate of surfactant ions plus an equivalent num-
ber of counterions in the surrounding atmosphere and is treated as a separate phase.
The chemical potential of the surfactant in the micellar state is assumed to be con-
stant, at any given temperature, and this may be adopted as the standard chemical
potential, μ0m, by analogy to a pure liquid or a pure solid. Considering the equilibrium
between micelles and monomer, then,

μ0m = μ01 + RT ln a1 , (2.9)

where μ1 is the standard chemical potential of the surfactant monomer and a1 is its
activity which is equal to f1x1, where f1 is the activity coefficient and x1 the mole
fraction. Therefore, the standard free energy of micellization per mole of monomer,
∆G0m, is given by,

∆G0m = μ0m − μ01 = RT ln a1 ≈ RT ln x1 , (2.10)

where f1 is taken as unity (a reasonable value in very dilute solution). The cmc may
be identified with x1 so that

∆G0m = RT ln [cmc] . (2.11)

In equation (2.10), the cmc is expressed as amole fraction, which is equal to C/(55.5 +
C), where C is the concentration of surfactant in mol dm−3, i.e.,

∆G0m = RT ln C − RT ln (55.5 + C) . (2.12)
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It should be stated that ∆G0 should be calculated using the cmc expressed as a mole
fraction as indicated by equation (2.12). However, most cmc quoted in the literature
are given in mol dm−3 and, in many cases of ∆G0 values have been quoted when the
cmc was simply expressed in mol dm−3. Strictly speaking, this is incorrect, since ∆G0

should be based on x1 rather than on C. The value of ∆G0 when the cmc is expressed
in mol dm−3 is substantially different from the ∆G0 value when the cmc is expressed
in mole fraction. For example, dodecyl hexaoxyethylene glycol, the quoted cmc value
is 8.7 × 10−5 mol dm−3 at 25 °C. Therefore,

∆G0 = RT ln 8.7 × 10−5
55.5 + 8.7 × 10−5 = −33.1 kJmol−1 (2.13)

when the mole fraction scale is used. On the other hand,

∆G0 = RT ln 8.7 × 10−5 = −23.2 kJmol−1 (2.14)

when the molarity scale is used.
The phase separation model has been questioned for two main reasons. Firstly,

according to this model a clear discontinuity in the physical property of a surfactant
solution, such as surface tension, turbidity, etc. should be observed at the cmc. This
is not always found experimentally and the cmc is not a sharp breakpoint. Secondly,
if two phases actually exist at the cmc, then equating the chemical potential of the
surfactant molecule in the two phases would imply that the activity of the surfactant
in the aqueous phase would be constant above the cmc. If this was the case, the sur-
face tension of a surfactant solution should remain constant above the cmc. However,
careful measurements have shown that the surface tension of a surfactant solution
decreases slowly above the cmc, particularly when using purified surfactants.

A convenient solution for relating ∆G0m to [cmc] was given by Phillips [18] for ionic
surfactants; he arrived at the following expression,

∆G0m = {2 − (p/n)}RT ln [cmc] , (2.15)

where p is the number of free (unassociated) surfactant ions and n is the total num-
ber of surfactant molecules in the micelle. For many ionic surfactants, the degree of
dissociation (p/n) is ≈0.2 so that,

∆G0m = 1.8RT ln [cmc] . (2.16)

Comparisonwith equation (2.11) clearly shows that for similar ∆Gm, the [cmc] is about
two orders of magnitude higher for ionic surfactants when compared with nonionic
surfactant of the same alkyl chain length (see Tab. 2.1).

In the presence of excess added electrolyte, with mole fraction x, the free energy
of micellization is given by the expression,

∆G0m = RT ln [cmc] + {1 − (p/n)} ln x . (2.17)

Equation (2.17) shows that as x increases, the [cmc] decreases.
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It is clear from equation (2.15) that as p→ 0, i.e. whenmost charges are associated
with counterions,

∆G0m = 2RT ln [cmc] , (2.18)

whereas when p ≈ n, i.e. the counterions are bound to micelles,
∆G0m = RT ln [cmc] , (2.19)

which is the same equation for nonionic surfactants.

2.2.1.3 Enthalpy and entropy of micellization
The enthalpy of micellization can be calculated from the variation of cmc with tem-
perature. This follows from,

− ∆H0 = RT2 dln [cmc]
dT

. (2.20)

The entropy of micellization can then be calculated from the relationship between
∆G0 and ∆H0 , i.e.,

∆G0 = ∆H0 − T∆S0 . (2.21)

Therefore, ∆H0 may be calculated from the surface tension – log C plots at various
temperatures. Unfortunately, the errors in locating the cmc (which in many cases is
not a sharp point) leads to a large error in the value of ∆H0. Amore accurate and direct
method of obtaining ∆H0 is microcalorimetry. As an illustration, the thermodynamic
parameters, ∆G0, ∆H0, and T∆S0 for octylhexaoxyethylene glycol monoether (C8E6)
are given in Tab. 2.2.

Tab. 2.2: Thermodynamic quantities for micellization of octylhexaoxyethylene glycol monoether.

Temp / °C ∆G0 / kJmol−1 ∆H0 / kJmol−1 ∆H0 / kJmol−1 T∆S0 / kJmol−1 K−1

(from cmc) (from calorimetry)

25 −21.3 ± 2.1 8.0 ± 4.2 20.1 ± 0.8 41.8 ± 1.0
40 −23.4 ± 2.1 −14.6 ± 0.8 38.0 ± 1.0

It canbe seen fromTab. 2.2 that ∆G0 is large andnegative. However, ∆H0 is positive, in-
dicating that the process is endothermic. In addition, T∆S0 is large and positivewhich
implies that in the micellization process there is a net increase in entropy. This posi-
tive enthalpy and entropy points to a different driving force for micellization from that
encountered in many aggregation processes.

The influence of alkyl chain length of the surfactant on the free energy, enthalpy
and entropy of micellization was demonstrated by Rosen [20] who listed these param-
eters as a function of alkyl chain length for sulphoxide surfactants. The results are
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given in Tab. 2.3 it can be seen that the standard free energy of micellization becomes
increasingly negative as the chain length increases. This is to be expected since the
cmcdecreaseswith increasing alkyl chain length.However, ∆H0 becomes less positive
and T∆S0 becomes more positive with an increase in chain length of the surfactant.
Thus, the large negative free energy of micellization is made up of a small positive en-
thalpy (which decreases slightly with increasing chain length of the surfactant) and a
large positive entropy term T∆S0, which becomesmore positive as the chain is length-
ened. As we will see in the next section, these results can be accounted for in terms of
the hydrophobic effect which will be described in some detail.

Tab. 2.3: Change in thermodynamic parameters of micellization of alkyl sulphoxide with increasing
chain length of the alkyl group.

Surfactant ∆G / kJmol−1 ∆H0 / kJmol−1 T ∆S0 / kJmol−1 K−1

C6H13S(CH3)O −12.0 10.6 22.6
C7H15S(CH3)O −15.9 9.2 25.1
C8H17S(CH3)O −18.8 7.8 26.4
C9H19S(CH3)O −22.0 7.1 29.1
C10H21S(CH3)O −25.5 5.4 30.9
C11H23S(CH3)O −28.7 3.0 31.7

2.2.1.4 Driving force for micelle formation
Until recently, the formation of micelles was regarded primarily as an interfacial en-
ergy process, analogous to the process of coalescence of oil droplets in an aqueous
medium. If this were the case, micelle formation would be a highly exothermic pro-
cess, as the interfacial free energy has a large enthalpy component. As mentioned
above, experimental results have clearly shown that micelle formation involves only
a small enthalpy change and is often endothermic. The negative free energy of micel-
lization is the result of a large positive entropy. This led to the conclusion that micelle
formation must be a predominantly entropy driven process.

Two main sources of entropy have been suggested. The first is related to the so-
called “hydrophobic effect”. This effect was first established from a consideration of
the free energy enthalpy and entropy of transfer of hydrocarbon fromwater to a liquid
hydrocarbon. Some results are listed in Tab. 2.4. This table also lists the heat capacity
change ∆Cp on transfer from water to a hydrocarbon, as well as C0p, gas, i.e. the heat
capacity in the gas phase. It can be seen from Tab. 2.4 that the principal contribution
to the value of ∆G0 is the large positive value of ∆S0, which increases with increasing
hydrocarbon chain length, whereas ∆H0 is positive, or small and negative.

To account for this large positive entropy of transfer several authors [21–23] sug-
gest that the water molecules around a hydrocarbon chain are ordered, forming “clus-
ters” or “icebergs”. On transfer of an alkane fromwater to a liquid hydrocarbon, these
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clusters are broken, thus releasing water molecules which now have a higher entropy.
This accounts for the large entropy of transfer of an alkane from water to a hydrocar-
bon medium. This effect is also reflected in the much higher heat capacity change on
transfer, ∆C0p,whencomparedwith theheat capacity in thegasphase, C0p. This effect is
also operative on transfer of surfactantmonomer to amicelle, during themicellization
process. The surfactant monomers will also contain “structured” water around their
hydrocarbon chain. On transfer of suchmonomers to amicelle, these watermolecules
are released and they have a higher entropy.

Tab. 2.4: Thermodynamic parameters for transfer of hydrocarbons from water to liquid hydrocarbon
at 25 °C.

Hydrocarbon ∆G0 ∆H0 ∆S0 ∆C0p C0,gasp
kJmol−1 kJmol−1 kJmol−1 K−1 kJmol−1 K−1 kJmol−1 K−1

C2H6 −16.4 10.5 88.2 — —
C3H8 −20.4 7.1 92.4 — —
C4H10 −24.8 3.4 96.6 −273 −143
C5H12 −28.8 2.1 105.0 −403 −172
C6H14 −32.5 0 109.2 −441 −197
C6H6 −19.3 −2.1 58.8 −227 −134
C6H5CH3 −22.7 −1.7 71.4 −265 −155
C6H5C2H5 −26.0 −2.0 79.8 −319 −185
C6H5C3H8 −29.0 −2.3 88.2 −395 —

The second source of entropy increase onmicellization may arise from the increase in
flexibility of the hydrocarbon chains on their transfer from an aqueous to a hydrocar-
bon medium [21]. The orientations and bendings of an organic chain are likely to be
more restricted in an aqueous phase compared to an organic phase. It should bemen-
tioned thatwith ionic and zwitterionic surfactants, an additional entropy contribution
associated with the ionic head groups, must be considered. Upon partial neutraliza-
tion of the ionic charge by the counterions when aggregation occurs, water molecules
are released. This will be associated with an entropy increase which should be added
to the entropy increase resulting from the hydrophobic effect mentioned above. How-
ever, the relative contribution of the two effects is difficult to assess in a quantitative
manner.

2.3 Micellization in surfactant mixtures (mixed micelles)

In most cosmetic and personal care applications, more than one surfactant molecule
is used in the formulation. It is, therefore, necessary to predict the type of possible
interactions and whether these lead to some synergistic effects. Two general cases
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may be considered: surfactant molecules with no net interaction (with similar head
groups) and systems with net interaction [1–3]. The first case is that when mixing two
surfactantswith the sameheadgroupbutwithdifferent chain lengths. In analogywith
the hydrophilic-lipophilic balance (HLB) for surfactantmixtures, one can also assume
the cmc of a surfactant mixture (with no net interaction) to be an average of the two
cmcs of the single components [1–3],

cmc = x1cmc1 + x2cmc2 , (2.22)

where x1 and x2 are the mole fractions of the respective surfactants in the system.
However, themole fractions should not be those in the whole system, but those inside
the micelle. This means that equation (2.22) should be modified,

cmc = xm1 cmc1 + xm2 cmc2 . (2.23)

The superscript m indicates that the values are inside the micelle. If x1 and x2 are the
solution composition, then,

1
cmc

= x1
cmc1

+ x2
cmc2

. (2.24)

The molar composition of the mixed micelle is given by,

xm1 = x1cmc2
x1cmc2 + x2cmc1 . (2.25)

Fig. 2.10 shows the calculated cmc and the micelle composition as a function of solu-
tion composition using equations (2.24) and (2.25) for three cases where cmc2/cmc1 =
1, 0.1, and0.01. As canbe seen, the cmcandmicellar composition changedramatically
with solution compositionwhen the cmcs of the two surfactants vary considerably, i.e.
when the ratio of cmcs is far from 1. This fact is used when preparing microemulsions
where the addition of medium chain alcohol (like pentanol or hexanol) changes the
properties considerably. If component 2 ismuchmore surface active, i.e. cmc2/cmc1≪
1, and it is present in low concentrations (x2 is of the order of 0.01), then from equa-
tion (2.25) xm1 ≈ xm2 ≈ 0.5, i.e. at the cmc of the systems the micelles are up to 50%
composed of component 2. This illustrates the role of contaminants in surface activ-
ity, e.g. dodecyl alcohol in sodium dodecyl sulphate (SDS).

Fig. 2.11 shows the cmc as a function of molar composition of the solution and
in the micelles for a mixture of SDS and nonylphenol with 10mol ethylene oxide
(NP–E10). If the molar composition of the micelles is used as the x-axis, the cmc is
more or less the arithmetic mean of the cmcs of the two surfactants. If, on the other
hand, the molar composition in the solution is used as the x-axis (which at the cmc is
equal to the total molar concentration), then the cmc of the mixture shows a dramatic
decrease at low fractions of NP–E10. This decrease is due to the preferential absorption
of NP–E10 in the micelle. This higher absorption is due to the higher hydrophobicity
of the NP–E10 surfactant when compared with SDS.
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With many cosmetic and personal care formulations, surfactants of different
kinds are mixed together, for example anionics and nonionics. The nonionic surfac-
tant molecules shield the repulsion between the negative head groups in the micelle
and hence there will be a net interaction between the two types of molecules. An-
other example is the case when anionic and cationic surfactants are mixed, whereby
very strong interaction will take place between the oppositely charged surfactant
molecules. To account for this interaction, equation (2.25) has to be modified by
introducing activity coefficients of the surfactants, fm1 and f

m
2 in the micelle,

cmc = xm1 fm1 cmc1 + xm2 fm2 cmc2 . (2.26)
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Fig. 2.10: Calculated cmc (a) and micellar composition (b) as a function of solution composition
for three ratios of cmcs.

An expression for the activity coefficients can be obtained using the regular solutions
theory [1–3],

ln fm1 = (xm2 )2β , (2.27)

ln fm2 = (xm2 )2β , (2.28)

where β is an interaction parameter between the surfactant molecules in the micelle.
Apositive β valuemeans that there is anet repulsionbetween the surfactantmolecules
in the micelle, whereas a negative β value means a net attraction.

The cmc of the surfactant mixture and the composition x1 are given by the follow-
ing equations,

1
cmc

= x1
fm1 cmc1

+ x2
fm2 cmc2

(2.29)

xm1 = x1fm2 cmc2
x1fm2 cmc2 + x2fm2 cmc1 . (2.30)
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Fig. 2.11: cmc as a function of surfactant composition, x1, or micellar surfactant composition, xm1 for
the system SDS + NP–E10.

Fig. 2.12 shows the effect of increasing the β parameter on the cmc and micellar com-
position for two surfactant with a cmc ratio of 0.1. This figure shows that as β becomes
more negative, the cmc of the mixture decreases. β values in the region of −2 are
typical for anionic/nonionic mixtures, whereas values in the region of −10 to −20
are typical of anionic/cationic mixtures. With increasing the negative value of β, the
mixed micelles tend towards a mixing ratio of 50 : 50, which reflects the mutual elec-
trostatic attraction between the surfactant molecules. The predicted cmc andmicellar
composition depends both on the ratio of the cmcs as well as the value of β.
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Fig. 2.12: cmc (a) and micellar composition (b) for various values of β for a system with a cmc ratio
cmc2/cmc1 of 0.1.
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When the cmcs of the single surfactants are similar, the predicted value of the cmc is
very sensitive to small variation in β. On the other hand, when the ratio of the cmcs is
large, the predicted value of the mixed cmc and the micellar composition are insen-
sitive to variation of the β parameter. For mixtures of nonionic and ionic surfactants,
the β decreases with increasing electrolyte concentration. This is due to the screening
of the electrostatic repulsion on the addition of electrolyte. With some surfactant mix-
tures, the β decreases with increasing temperature, i.e. the net attraction decreases
with increasing temperature.

2.4 Surfactant–polymer interaction

Mixtures of surfactants and polymers are very common in many cosmetic and per-
sonal care formulations.Withmany suspension and emulsion systems stabilizedwith
surfactants, polymers are added for a number of reasons. For example, polymers are
added as suspending agents (“thickeners”) to prevent sedimentation or creaming of
these systems. Water soluble polymers are added for enhancement of the function of
the system, e.g. in shampoos, hair sprays, lotions, and creams. The interaction be-
tween surfactants and water soluble polymers results in some synergistic effects, e.g.
enhancing the surface activity, stabilizing foams and emulsions, etc. It is therefore
important to study the interaction between surfactants and water soluble polymers in
a systematic way.

One of the earliest studies of surfactant/polymer interaction came from surface
tension measurements. Fig. 2.13 shows some typical results for the effect of addition
of polyvinylpyrrolidone (PVP) on the γ–log C curves of SDS [24].

PVP-concentration
0 g/l
1 g/l
3 g/l

10 g/l

CT [10–3 mol/l]

γ [
dy

n/
cm

]

10–3

T1 T240

50

60

10–2 10–1 Fig. 2.13: γ–log C curves for SDS solutions in
the presence of different concentrations of PVP.

In a system of fixed polymer concentration and varying surfactant concentrations,
two critical concentrations appear, denoted by T1 and T2. T1 represents the concen-
tration at which interaction between the surfactant and polymer first occurs. This is
sometimes termed the critical aggregation concentration (CAC), i.e. the onset of as-
sociation of surfactant to the polymer. Because of this there is no further increase in
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surface activity and thus no lowering of surface tension. T2 represents the concentra-
tion at which the polymer becomes saturated with surfactant. Since T1 is generally
lower than the cmc of the surfactant in the absence of polymer, then “adsorption” or
“aggregation” of SDS on or with the polymer is more favourable than normal micel-
lization. As the polymer is saturated with surfactant (i.e. beyond T2) the surfactant
monomer concentration and the activity start to increase again and there is lowering
of γ until themonomer concentration reaches the cmc, after which γ remains virtually
constant and normal surfactant micelles begin to form.

The above picture is confirmed if the association of surfactant is directly moni-
tored (e.g. by using surfactant selective electrodes, by equilibrium dialysis or by some
spectroscopic technique). The binding isotherms are illustrated in Fig. 2.14.

Bo
un

d 
su

rfa
ct

an
t [

m
ol

 S
DS

 (g
m

 P
VP

)–1
 ×

 10
3 ]

78
.8

 –
 6

5.
2 

× 
10

–3
 m

ol
 d

m
–3

PV
P 

9.
92

 –
 8

.15
 ×

 10
–3

 m
ol

 d
m

–3
0.1% + 0.1N NaCI

15

10

10–4 10–3

[SDS]e mol dm–3

Region I

10–2
0

5

CI

Fig. 2.14: Binding isotherms of a surfactant to a water soluble polymer.

At low surfactant concentration, there is no significant interaction (binding). At the
CAC, a strongly co-operative binding is indicated and at higher concentrations a
plateau is reached. A further increase in surfactant concentration produces “free”
surfactant molecules until the surfactant activity or concentration joins the curve ob-
tained in the absence of polymer. The binding isotherms of Fig. 2.14 show the strong
analogy with micelle formation and the interpretation of these isotherms in terms of
a depression of the cmc.

Several conclusions could be drawn from the experimental binding isotherms of
mixed surfactant/polymer solutions: (i) the CAC/cmc is only weakly dependent on
polymer concentration over wide ranges; (ii) CAC/cmc is, to a good approximation,
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independent of polymer molecular weight down to low values. For very low molec-
ular weight the interaction is weakened; (iii) the plateau binding increases linearly
with polymer concentration; (iv) anionic surfactants show a marked interaction with
most homopolymers (e.g. PEO and PVP) while cationic surfactants show aweaker but
still significant interaction. Nonionic and zwitterionic surfactants only rarely show a
distinct interaction with homopolymers.

A schematic representation of the association between surfactants and polymers
for a wide range of concentration of both components [25] is shown in Fig. 2.15. It can
be seen that at low surfactant concentration (region I) there is no significant associa-
tion at any polymer concentration. Above the CAC (region II) association increases up
to a surfactant concentration which increases linearly with increasing polymer con-
centration. In region III, association is saturated and the surfactantmonomer concen-
tration increases until region IV is reached where there is co-existence of surfactant
aggregates at the polymer chains and free micelles.
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Fig. 2.15: Association between surfactant and homopolymer in different concentration domains [25].

2.4.1 Factors influencing the association between surfactant and polymer

Several factors influence the interaction between surfactant and polymer and these
are summarized as follows. (i) Temperature; increasing temperature generally in-
creases the CAC, i.e. the interaction becomes less favourable. (ii) Addition of elec-
trolyte; this generally decreases the CAC, i.e. it increases the binding. (iii) Surfactant
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chain length; an increase in the alkyl chain length decreases the CAC, i.e. it increases
association. A plot of log CAC versus the number of carbon atoms, n, is linear (similar
to the log cmc–n relationship obtained for surfactants alone). (iv) Surfactant struc-
ture; alkyl benzene sulphonates are similar to SDS, but introduction of EO groups
in the chain weakens the interaction. (v) Surfactant classes; weaker interaction is
generally observed with cationics when compared to anionics. However, the inter-
action can be promoted by using a strongly interacting counterion for the cationic
(e.g. CNS−). Interaction between ethoxylated surfactants and nonionic polymers is
weak. The interaction is stronger with alkyl phenol ethoxylates. (vi) Polymer molec-
ular weight; a minimum molecular weight of ≈ 4000 for PEO and PVP is required
for “complete” interaction. (vii) Amount of polymer; the CAC seems to be insensitive
to (or slightly lower) with increasing polymer concentration. T2 increases linearly
with increasing polymer concentration. (viii) Polymer structure and hydrophobicity;
several uncharged polymers such as PEO, PVP and polyvinyl alcohol (PVOH) inter-
act with charged surfactants. Many other uncharged polymers interact weakly with
charged surfactants, e.g. hydroxyethyl cellulose (HEC), dextran and polyacrylamide
(PAAm). For anionic surfactants, the following order of increased interaction has been
listed: PVOH < PEO < MEC (methyl cellulose) < PVAc (partially hydrolysed polyvinyl
acetate) < PPO ≈ PVP. For cationic surfactants, the following order was listed: PVP <
PEO < PVOH < MEC < PVAc < PPO. The position of PVP can be explained by the slight
positive charge on the chain which causes repulsion with cations and attraction with
anionics.

2.4.2 Interaction models

NMR data showed that every “bound” surfactant molecule experienced the same en-
vironment, i.e. the surfactant molecules might be bound in micelle-like clusters, but
with smaller size. Assuming that each polymer molecule consists of a number of “ef-
fective segments” of mass Ms (minimum molecular weight for interaction to occur),
then each segment will bind a cluster of n surfactant anions, D−, and the binding
equilibrium may be represented by,

P + nD− ↔ PDn−n (2.31)

and the equilibrium constant is given by,

K = [PDn−n ][P][D−]n , (2.32)

K is obtained from the half saturation condition,

K = [D−]n1/2 . (2.33)
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By varying n andusing the experimental binding isotherms, one obtains the following
values: Ms = 1830 and n = 15. The free energy of binding is given by the expression,

∆G0 = −RT ln K1/n . (2.34)

∆G0 was found to be −5.07 kcalmol−1 which is close to that for surfactants.
Najaragan [26] introduced a comprehensive thermodynamic treatment of surfac-

tant/polymer interaction. The aqueous solution of surfactant and polymer was as-
sumed to contain both free micelles and “micelles” bound to the polymer molecule.
The total surfactant concentration, Xt, is partitioned into single dispersed surfactant,
X1, surfactant in free micelles, Xf, and surfactant bound as aggregates, Xb,

Xt = X1 + gf(KfX1)gf + gbnXp [ (KbX1)gb
1 + (KbX1)gb ] . (2.35)

gf is the average aggregation number of free micelles, Kf is the intrinsic equilibrium
constant for formation of free micelles, n is the number of binding sites for surfactant
aggregates of average size gb, Kb is the intrinsic equilibrium constant for binding sur-
factant on the polymer and Xp is the total polymer concentration (mass concentration
is nXp).

The polymer-micelle complexation may affect the conformation of the polymer,
but this was assumed not to affect Kb and gb. The relative magnitudes of Kb, Kf and
gb determine whether complexation with the polymer occurs as well as the critical
surfactant concentration exhibited by the system. If Kf > Kb and gb = gf then free
micelles occur in preference to complexation. If Kf < Kb and gb = gf, then micelles
bound to polymer occur first. If Kf < Kb, but gb is much smaller than gf, then the
free micelles can occur prior to saturation of the polymer. A first critical surfactant
concentration (CAC) occurs close to X1 = K−1b . A second critical concentration occurs
near X1 = K−1f . Depending on themagnitude of nXp, onemay observe only one critical
concentration over a finite range of surfactant concentrations.

Fig. 2.16 shows the relationship between X1 and Xf for different polymer concen-
trations (SDS/PEO system) using the following values for Kb, Kf, gf and gb: Kb = 319,
Kf = 120, gb = 51 and gf = 54.

In the region from 0 to A, the surfactant molecules remain singly dispersed. In
the region from A to B, polymer-bound micelles occur; X1 increases very little in this
region (large size of polymer-bound micelles). If gb is small (say 10), then X1 should
increase more significantly in this region. If nXp is small, the region AB is confined to
a narrow surfactant concentration range. If nXp is very large, the saturation point B
may not be reached. At B the polymer is saturatedwith surfactant. In the regionAC, an
increase in Xt is accompanied by an increase in X1. At C the formation of free micelles
becomes possible; CD denotes the surfactant concentration range over which any fur-
ther addition of surfactant results in formation of free micelles. The point C depends
on the polymer mass concentration (nXp).

The above theoretical predictionswere verifiedby the results ofGuilyani andWolf-
ram [27] using specific ion electrodes. This is illustrated in Fig. 2.17.
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2.4.3 Driving force for surfactant/polymer interaction

The driving force for polymer/surfactant interaction is the same as that for the process
ofmicellization (see above). As withmicelles themain driving force is the reduction of
hydrocarbon/water contact area of the alkyl chain of the dissolved surfactant. A deli-
cate balance between several forces is responsible for the surfactant/polymer associa-
tion. For example, aggregation is resisted by the crowding of the ionic head groups at
the surface of the micelle. Packing constraints also resist association. Molecules that

 EBSCOhost - printed on 2/14/2023 1:25 PM via . All use subject to https://www.ebsco.com/terms-of-use



2.4 Surfactant–polymer interaction | 45

screen the repulsion between the head groups, e.g. electrolytes and alcohol, promote
association. A polymer molecule with hydrophobic and hydrophilic segments (which
is also flexible) can enhance association by ion-dipole association between the dipole
of the hydrophilic groups and the ionic head groups of the surfactant. In addition,
contact between the hydrophobic segments of the polymer and the exposed hydro-
carbon areas of the micelles can enhance association. With SDS/PEO and SDS/PVP,
the association complexes are approximately three monomer units per molecule of
aggregated surfactant.

2.4.4 Structure of surfactant/polymer complexes

Generally speaking there are two alternative pictures of mixed surfactant/polymer so-
lutions, one describing the interaction in terms of a strongly co-operative association
or binding of the surfactant to the polymer chain and one in terms of a micellization
of surfactant on or in the vicinity of the polymer chain. For polymers with hydropho-
bic groups the binding approach is preferred, whereas for hydrophilic homopolymers
the micelle formation picture is more likely. The latter picture has been suggested by
Cabane [28] who proposed a structure in which the aggregated SDS is surrounded by
macromolecules in a loopy configuration. A schematic picture of this structure, that
is sometimes referred to as “pearl-necklace model” is given in Fig. 2.18.

The consequences of the abovemodel are: (i) More favourable free energy of asso-
ciation (CAC < cmc) and increased ionic dissociation of the aggregates. (ii) An altered
environment of the CH2 groups of the surfactant near the head group. The micelle
sizes are similar with polymer present and without, and the aggregation numbers are
typically similar or slightly lower than those of the micelles forming in the absence of
a polymer. In the presence of a polymer, the surfactant chemical potential is lowered
with respect to the situation without polymer [29].

Fig. 2.18: Schematic representation of the
topology of surfactant/polymer complexes
according to Cabane [28].
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2.4.5 Surfactant/hydrophobically modified polymer interaction

Water soluble polymers aremodified by grafting a low amount of hydrophobic groups
(of the order of 1% of the monomers reacted in a typical molecule) resulting in the
formation of “associative structures”. These molecules are referred to as associative
thickeners and are used as rheology modifiers in many cosmetic and personal care
products. An added surfactant will interact strongly with the hydrophobic groups of
the polymer, leading to a strengthened association between the surfactant molecules
and the polymer chain. A schematic picture for the interaction between SDS and hy-
drophobically modified hydroxyethyl cellulose (HM-HEC) is shown in Fig. 2.19 which
shows the interaction at various surfactant concentrations [1–3].

Initially the surfactant monomers interact with the hydrophobic groups of the
HM polymer and at some surfactant concentration (CAC), the micelles can crosslink
the polymer chains. At higher surfactant concentrations, the micelles which are now
abundant will no longer be shared between the polymer chains, i.e. the crosslinks are
broken. These effects are reflected in the variation of viscosity with surfactant con-
centration for HM polymer as is illustrated in Fig. 2.19. The viscosity of the polymer
increases with increasing surfactant concentration, reaching a maximum at an opti-
mum concentration (maximum crosslinks) and then decreases with a further increase
in surfactant concentration (Fig. 2.20). For theunmodifiedpolymer, the changes in vis-
cosity are relatively small.

2.4.6 Interaction between surfactants and polymers with opposite charge
(surfactant/polyelectrolyte interaction)

The case of surfactant polymer pairs in which the polymer is a polyion and the sur-
factant is also ionic, but of opposite charge is of special importance in many cosmetic
formulations, e.g. hair conditioners. As an illustration, the interaction between SDS
and cationicallymodified cellulosic polymer (Polymer JR, Union Carbide), that is used
as a hair conditioner, is shown in Fig. 2.21 using surface tension γ measurements [30].
The γ–log C curves for SDS in the presence and absence of the polyelectrolyte are
shown in Fig. 2.22 which also shows the appearance of the solutions. At low surfac-
tant concentration, there is a synergistic lowering of surface tension, i.e. the surfac-
tant/polyelectrolyte complex is more surface active. The low surface tension is also
present in theprecipitation zone. At high surfactant concentrations, γ approaches that
of the polymer-free surfactant in the micellar region. These trends are schematically
illustrated in Fig. 2.23
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Fig. 2.19: Schematic representation of the interaction between surfactant and HM polymer.
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Fig. 2.20: Viscosity-surfactant concentration relationship
for HM modified and unmodified polymer solutions.
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The surfactant/polyelectrolyte interaction has several consequences on application
in hair conditioners. The most important effect is the high foaming power of the com-
plex. Maximum foaming occurs in the region of highest precipitation, i.e. maximum
hydrophobization of the polymer. It is likely that the precipitate stabilize the foam.
Direct determination of the amount of surfactant bound to the polyelectrolyte chains
revealed a number of interesting features. The binding occurs at very low surfactant
concentration (1/20th of the cmc). The degree of binding β reached a value of 0.5
(β = 1 corresponds to a bound DS− ion for each ammonium group). β versus SDS con-
centration curves were identical for polymeric homologues with a degree of cationic
substitution (CS) > 0.23. Precipitation occurred when β = 1.

Thebindingof cationic surfactants to anionic polyelectrolytes also showedanum-
ber of interesting features. The binding affinity depends on the nature of the polyan-
ion. Addition of electrolytes increases the steepness of binding, but the binding occurs
at higher surfactant concentration as the electrolyte concentration is increased. In-
creasing the alkyl chain length of the surfactant increases binding, a process that is
similar to micellization.

Viscometric measurements showed a rapid increase in the relative viscosity at
a critical surfactant concentration. However, the behaviour depends on the type of
polyelectrolyte used. As an illustration, Fig. 2.20 shows the viscosity-SDS concentra-
tion curves for two types of cationic polyelectrolyte: JR 400 (cationically modified cel-
lulosic) and Reteen (an acrylamide/β-methylacryloxytrimethyl ammonium chloride
copolymer, ex Hercules).

The difference between the two polyelectrolytes is striking and it suggests little
change in the conformation of Reten on addition of SDS, but strong intermolecular
association between polymer JR 400 and SDS.
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3 Polymeric surfactants in cosmetic formulations

3.1 Introduction

As mentioned in Chapter 2, polymeric (macromolecular) surfactants possess con-
siderable advantages for use in cosmetic ingredients. The most commonly used
materials are the ABA block copolymers, with A being poly(ethylene oxide) and B
poly(propylene oxide) (Pluronics). On the whole, polymeric surfactants have much
lower toxicity, sensitization and irritation potentials, provided they are not contami-
nated with traces of the parent monomers. These molecules provide greater stability
and in some case they can be used to adjust the viscosity of the cosmetic formulation
[1–3].

In this chapter, I will give a section on the general classification of polymeric
surfactants. This is followed by a section on the adsorption and conformation of poly-
meric surfactants at interfaces, with particular reference to the solid/liquid interface.
The last section gives two examples of the high stability obtained using model oil-in-
water (O/W) and water-in-oil (W/O) emulsions.

3.2 General classification of polymeric surfactants

Perhaps the simplest type of polymeric surfactant is a homopolymer [4] that is formed
from the same repeating units, such as poly(ethylene oxide) or poly(vinylpyrrolidone).
These homopolymers have little surface activity at the O/W interface, since the homo-
polymer segments (ethylene oxide or vinylpyrrolidone) are highly water soluble and
have little affinity to the interface. However, such homopolymers may adsorb signif-
icantly at the S/L interface. Even if the adsorption energy per monomer segment to
the surface is small (fraction of kT, where k is the Boltzmann constant and T is the
absolute temperature), the total adsorption energy per molecule may be sufficient to
overcome the unfavourable entropy loss of the molecule at the S/L interface.

Clearly, homopolymers are not the most suitable emulsifiers or dispersants.
A small variant is to use polymers that contain specific groups that have high affinity
to the surface. This is exemplified by partially hydrolysed poly(vinyl acetate) (PVAc),
technically referred to as poly(vinyl alcohol) (PVA). The polymer is prepared by par-
tial hydrolysis of PVAc, leaving some residual vinyl acetate groups.Most commercially
available PVA molecules contain 4–12% acetate groups. These acetate groups, which
are hydrophobic, give the molecule its amphipathic character. On a hydrophobic
surface such as polystyrene, the polymer adsorbs with preferential attachment of the
acetate groups on the surface, leaving the more hydrophilic vinyl alcohol segments
dangling in the aqueous medium. These partially hydrolysed PVA molecules also
exhibit surface activity at the O/W interface [1–3].
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Themost convenient polymeric surfactants are those of theblock andgraft copoly-
mer type [4]. A block copolymer is a linear arrangement of blocks of variablemonomer
composition. The nomenclature for a diblock is poly-A-block–poly-B and for a triblock
is poly-A-block–poly-B–poly-A. One of the most widely used triblock polymeric sur-
factants are the “Pluronics” (BASF, Germany), which consist of two poly-A blocks of
poly(ethylene oxide) (PEO) and one block of poly(propylene oxide) (PPO). Several
chain lengths of PEO and PPO are available. More recently triblocks of PPO–PEO–PPO
(inverse Pluronics) became available for some specific applications. These polymeric
triblocks can be applied as emulsifiers or dispersants, whereby the assumption is
made that the hydrophobic PPO chain resides at the hydrophobic surface, leaving the
two PEO chains dangling in aqueous solution and hence providing steric repulsion.
The reason for the surface activity of the PEO–PPO–PEO triblock copolymers at the
O/W interfacemay stem fromaprocess of “rejection” anchoring of the PPO chain since
it is not soluble in both oil and water. Several other di- and triblock copolymers have
been synthesized, although these are of limited commercial availability. Typical ex-
amples are diblocks of polystyrene-block–polyvinyl alcohol, triblocks of poly(methyl
methacrylate)-block poly(ethylene oxide)-block poly(methyl methacrylate), diblocks
of polystyrene block–polyethylene oxide and triblocks of polyethylene oxide-block
polystyrene-polyethylene oxide [4]. An alternative (and perhaps more efficient) poly-
meric surfactant is the amphipathic graft copolymer consisting of a polymeric back-
bone B (polystyrene or polymethyl methacrylate) and several A chains (“teeth”) such
as polyethylene oxide [1–3] This graft copolymer is sometimes referred to as a “comb”
stabilizer. This copolymer is usually prepared by grafting a macromonomer such as
methoxy polyethylene oxide methacrylate with polymethyl methacrylate. The “graft-
ing onto” technique has also been used to synthesize polystyrene-polyethylene oxide
graft copolymers.

Recently, graft copolymers based on polysaccharides [5–7] have been developed
for stabilization of disperse systems [8]. One of the most useful graft copolymers are
those based on inulin obtained from chicory roots. It is a linear polyfructose chain
with a glucose end. When extracted from chicory roots, inulin has a wide range of
chain lengths ranging from 2–65 fructose units. It is fractionated to obtain a molecule
with narrow molecular weight distribution with a degree of polymerization > 23 and
this is commercially available as INUTEC®N25. The lattermolecule is used to prepare a
series of graft copolymers by random grafting of alkyl chains (using alky isocyanate)
on the inulin backbone. The first molecule of this series is INUTEC®SP1 (Beneo-
Remy, Belgium) that is obtained by random grafting of C12 alkyl chains. It has an
average molecular weight of ≈ 5000 Daltons and its structure is given in Fig. 3.1. The
molecule is schematically illustrated in Fig. 3.2 which shows the hydrophilic polyfruc-
tose chain (backbone) and the randomly attached alkyl chains. The main advantages
of INUTEC®SP1 as stabilizer for disperse systems are: (i) Strong adsorption to the
particle or droplet by multipoint attachment with several alkyl chains. This ensures
lack of desorption and displacement of the molecule from the interface. (ii) Strong
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Fig. 3.1: Structure of INUTEC®SP1.

Inulin backbone

Alkyl chains

Fig. 3.2: Schematic representation of INUTEC®SP1 polymeric surfactant.

hydration of the linear polyfructose chains both in water and in the presence of
high electrolyte concentrations and high temperatures. This ensures effective steric
stabilization (see Chapter 5).

3.3 Polymeric surfactant adsorption and conformation

Understanding the adsorption and conformation of polymeric surfactants at inter-
faces is key to knowing how these molecules act as stabilizers. Most basic ideas on
adsorption and conformation of polymers have been developed for the solid/liquid
interface [9]. The adsorption and conformation of polymers at the solid/liquid inter-
face requires understanding of the various interactions involved (polymer/surface,
chain/solvent and surface/solvent). The most important problem to be solved is the
conformation of the polymer molecule at the solid surface. This was recognized by
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Jenkel and Rumbach in 1951 [10] who found that the amount of polymer adsorbed per
unit area of the surfacewould correspond to a layermore than 10molecules thick if all
the segments of the chain are attached. They suggested amodel inwhich eachpolymer
molecule is attached in sequences separated by bridges which extend into solution.
In other words, not all the segments of a macromolecule are in contact with the sur-
face. The segments which are in direct contact with the surface are termed “trains”;
those in between and extended into solution are termed “loops”; the free ends of the
macromolecule also extending in solution are termed “tails”. This is illustrated in
Fig. 3.1 (a) for a homopolymer. Examples of homopolymers that are formed from the
same repeating units are poly(ethylene oxide) or poly(vinylpyrrolidone). These ho-
mopolymers have little surface activity at the O/W interface, since the homopolymer
segments (ethylene oxide or vinylpyrrolidone) are highly water soluble and have little
affinity to the interface. However, such homopolymers may adsorb significantly at the
S/L interface. Even if the adsorption energy per monomer segment to the surface is
small (fraction of kT, where k is the Boltzmann constant and T is the absolute tem-
perature), the total adsorption energy per molecule may be sufficient to overcome the
unfavourable entropy loss of the molecule at the S/L interface.

Clearly, homopolymers are not the most suitable emulsifiers or dispersants.
A small variant is to use polymers that contain specific groups that have high affinity
to the surface. This is exemplified by partially hydrolysed poly(vinyl acetate) (PVAc),

Loops

Tail

Trains

(a) Homopolymer sequence
 of loop stails and trains

(d) A–B block B forms
 small loops and A 
 are tails

(e) A–B–A block (f) BAn graft one B chain 
 (small loops) and 
 several A chains

(b) Chains with “blocks” that
 have higher affinity to
 the surface

(c) Chain lying
 flat on the
 surface

Fig. 3.3: Various conformations of macromolecules on a plane surface.
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technically referred to as poly(vinyl alcohol) (PVA). The polymer is prepared by par-
tial hydrolysis of PVAc, leaving some residual vinyl acetate groups.Most commercially
available PVA molecules contain 4–12% acetate groups. These acetate groups, which
are hydrophobic, give the molecule its amphipathic character. On a hydrophobic
surface such as polystyrene, the polymer adsorbs with preferential attachment of the
acetate groups on the surface, leaving the more hydrophilic vinyl alcohol segments
dangling in the aqueous medium. The configuration of such “blocky” copolymers
is illustrated in Fig. 3.1 (b). Clearly, if the molecule is made fully from hydrophobic
segments, the chain will adopt a flat configuration as is illustrated in Fig. 3.1 (c). The
most convenient polymeric surfactants are those of the block and graft copolymer
type. A block copolymer is a linear arrangement of blocks of variable monomer com-
position. The nomenclature for a diblock is poly-A-block–poly-B and for a triblock
is poly-A-block–poly-B–poly-A. An example of an A–B diblock is polystyrene block–
polyethylene oxide and its conformation is represented in Fig. 3.1 (d).

One of the most widely used triblock polymeric surfactants are the “Pluronics”
(BASF, Germany) which consists of two poly-A blocks of poly(ethylene oxide) (PEO)
and one block of poly(propylene oxide) (PPO). Several chain lengths of PEO and PPO
are available. More recently triblocks of PPO–PEO–PPO (inverse Pluronics) became
available for some specific applications. These polymeric triblocks can be applied as
emulsifiers or dispersants, whereby the assumption is made that the hydrophobic
PPO chain resides at the hydrophobic surface, leaving the two PEO chains dangling in
aqueous solution and hence providing steric repulsion. Several other triblock copoly-
mers have been synthesized, although these are of limited commercial availability.
Typical examples are triblocks of poly(methyl methacrylate)-block poly(ethylene
oxide)-block poly(methyl methacrylate). The conformation of these triblock copoly-
mers is illustrated in Fig. 3.1 (e). An alternative (and perhaps more efficient) polymeric
surfactant is the amphipathic graft copolymer consisting of a polymeric backbone B
(polystyrene or polymethyl methacrylate) and several A chains (“teeth”) such as
polyethylene oxide. This graft copolymer is sometimes referred to as a “comb” stabi-
lizer. Its configuration is illustrated in Fig. 3.1 (f).

The adsorption and conformation of the polymer at the surface can be predicted
using theoretical treatments. The most successful theories are based on statistical
thermodynamics [11–21]. More recently a step-weighted random walk [22–27] was de-
veloped to predict the adsorption isotherm, the fraction of segments in direct contact
with the surface (trains) and the layer extension (loops and tails). For full characteri-
zation of polymer adsorption one needs to measure the amount of polymer adsorbed
per unit area Γ, the fraction of segments in direct contact with the surface p and
the adsorbed layer thickness δ. The various methods that can be applied for such
measurements are described. Examples of adsorption of homopolymers and block
copolymers are given.

The polymer/surface interaction is described in terms of adsorption energy per
segment χs. The polymer/solvent interaction is described in terms of the Flory–
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Huggins interaction parameter χ. For adsorption to occur, a minimum energy of
adsorption per segment χs is required. When a polymer molecule adsorbs on a
surface, it loses configurational entropy and this must be compensated by an ad-
sorption energy χs per segment. This is schematically shown in Fig. 3.4, where the
adsorbed amount Γ is plotted versus χs. The minimum value of χs can be very small
(< 0.1 kT) since a large number of segments per molecule are adsorbed. For a polymer
with say 100 segments and 10% of these are in trains, the adsorption energy per
molecule now reaches 1 kT (with χs = 0.1 kT). For 1000 segments, the adsorption
energy per molecule is now 10 kT.

Γ

χˢ
Fig. 3.4: Variation of adsorption amount Γ with adsorption
energy per segment χs.

As mentioned above, homopolymers are not the most suitable for stabilization of
dispersions. For strong adsorption, one needs the molecule to be “insoluble” in the
medium and to have a strong affinity (“anchoring”) to the surface. For stabilization,
one needs the molecule to be highly soluble in the medium and strongly solvated
by its molecules; this requires a Flory–Huggins interaction parameter less than 0.5.
The above opposing effects can be resolved by introducing “short” blocks in the
molecule which are insoluble in the medium and have a strong affinity to the surface,
for example partially hydrolysed polyvinyl acetate (88% hydrolysed, i.e. with 12%
acetate groups), usually referred to as polyvinyl alcohol (PVA),

–(CH2–CH)x–(CH2–CH−)y–(CH2–CH)x–

OCOCH3OH OH

As mentioned above, these requirements are better satisfied using A–B, A–B–A and
BAn graft copolymers. B is chosen to be highly insoluble in the medium and it should
have high affinity to the surface. This is essential to ensure strong “anchoring” to the
surface (irreversible adsorption). A is chosen to be highly soluble in the medium and
strongly solvated by its molecules. The Flory–Huggins parameter χ can be applied in
this case. For a polymer in a good solvent χ has to be lower than 0.5; the smaller the χ
value the better the solvent for the polymer chains. Examples of B for a hydrophobic
particle in aqueous media are polystyrene, polymethylmethacrylate. Examples of A
in aqueous media are polyethylene oxide, polyacrylic acid, polyvinylpyrrolidone and
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polysaccharides. For nonaqueous media such as hydrocarbons, the A chain(s) could
be poly(12-hydroxystearic acid).

For a full description of polymer adsorption one needs to obtain information on
the following: (i) The amount of polymer adsorbed Γ (in mg or mol) per unit area of
the particles. It is essential to know the surface area of the particles in the suspension.
Nitrogen adsorption on the powder surfacemay give such information (by application
of the BET equation) provided there will be no change in area on dispersing the par-
ticles in the medium. For many practical systems, a change in surface area may occur
on dispersing the powder, in which case one has to use dye adsorption to measure
the surface area (some assumptions have to be made in this case). (ii) The fraction
of segments in direct contact with the surface, i.e. the fraction of segments in trains p
(p = (Number of segments in direct contact with the surface)/(Total Number)). (iii) The
distribution of segments in loops and tails, ρ(z), which extend in several layers from
the surface. ρ(z) is usually difficult to obtain experimentally although recently appli-
cation of small angle neutron scattering could obtain such information. An alternative
and useful parameter for assessing “steric stabilization” is the hydrodynamic thick-
ness, δh (thickness of the adsorbed or grafted polymer layer plus any contribution
from the hydration layer). Several methods can be applied to measure δh as will be
discussed below.

3.3.1 Measurement of the adsorption isotherm

This is by far the easiest to obtain [28]. One measures the polymeric surfactant con-
centration before (Cinitial, C1) and after (Cequilibrium, C2)

Γ = (C1 − C2)V
A

, (3.1)

where V is the total volume of the solution and A is the specific surface area (m2 g−1).
It is necessary in this case to separate the particles from the polymer solution after
adsorption. This could be carried out by centrifugation and/or filtration. One should
make sure that all particles are removed. To obtain this isotherm, one must develop a
sensitive analytical technique for determination of the polymeric surfactant concen-
tration in the ppm range. It is essential to follow the adsorption as a function of time to
determine the time required to reach equilibrium. For some polymer molecules such
as polyvinyl alcohol, PVA, and polyethylene oxide, PEO, (or blocks containing PEO),
analytical methods based on complexation with iodine/potassium iodide or iodine/
boric acid potassium iodide have been established. For some polymers with specific
functional groups spectroscopic methods may be applied, e.g. UV, IR or fluorescence
spectroscopy. A possible method is to measure the change in refractive index of the
polymer solution before and after adsorption. This requires very sensitive refractome-
ters. High resolution NMR has been recently applied since the polymer molecules in

 EBSCOhost - printed on 2/14/2023 1:25 PM via . All use subject to https://www.ebsco.com/terms-of-use



58 | 3 Polymeric surfactants in cosmetic formulations

the adsorbed state are in different environment than those in the bulk. The chemical
shifts of functional groups within the chain are different in these two environments.
This has the attraction of measuring the amount of adsorption without separating the
particles.

3.3.2 Measurement of the fraction of segments p

The fraction of segments in direct contact with the surface can be directly measured
using spectroscopic techniques: (i) IR if there is specific interaction between the seg-
ments in trains and the surface, e.g. polyethylene oxide on silica fromnonaqueous so-
lutions [26]. (ii) Electron spin resonance (ESR); this requires labelling of themolecule.
(iii) NMR, pulse gradient or spin ECO NMR. This method is based on the fact that the
segments in trains are “immobilized” and hence they have lower mobility than those
in loops and tails [26].

An indirect method of determination of p is to measure the heat of adsorption ∆H
using microcalorimetry [26]. One should then determine the heat of adsorption of a
monomer Hm (or molecule representing the monomer, e.g. ethylene glycol for PEO);
p is then given by the equation,

p = ∆H
Hmn

, (3.2)

where n is the total number of segments in the molecule.
The above indirect method is not very accurate and can only be used in a quali-

tative sense. It also requires very sensitive enthalpy measurements (e.g. using an LKB
microcalorimeter).

3.3.3 Determination of the segment density distribution ρ(z)
and adsorbed layer thickness δh

The segment density distribution ρ(z) is given by the number of segments parallel to
the surface in the z-direction. Threedirectmethods canbeapplied for determinationof
adsorbed layer thickness: ellipsometry, attenuated total reflection (ATR) and neutron
scattering. Both ellipsometry andATR [26] dependon thedifferencebetween refractive
indices between the substrate, the adsorbed layer and bulk solution and they require
flat reflecting surface. Ellipsometry [26] is based on the principle that light undergoes
a change in polarizability when it is reflected at a flat surface (whether covered or
uncovered with a polymer layer).

The above limitations when using ellipsometry or ATR are overcome by the ap-
plication technique of neutron scattering, which can be applied to both flat surfaces
as well as particulate dispersions. The basic principle of neutron scattering is to mea-
sure the scattering due to the adsorbed layer when the scattering length density of the
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particle ismatched to that of themedium (the so-called “contrastmatching”method).
Contrast matching of particles and medium can be achieved by changing the isotopic
composition of the system (using deuterated particles and mixture of D2O and H2O).
Apart from obtaining δ, one can also determine the segment density distribution ρ(z).

The above technique of neutron scattering gives a clear quantitative picture of the
adsorbed polymer layer. However, its application in practice is limited since one needs
to prepare deuterated particles or polymers for the contrast matching procedure. The
practical methods for determination of the adsorbed layer thickness are mostly based
on hydrodynamic methods. Several methods may be applied to determine the hydro-
dynamic thickness of adsorbed polymer layers of which viscosity, sedimentation coef-
ficient (using an ultracentrifuge) and dynamic light scattering measurements are the
most convenient. The most commonly used technique is based on dynamic light scat-
tering that is referred to a Photon Correlation Spectroscopy (PCS) which allows one to
obtain the diffusion coefficient of the particles with and without the adsorbed layer
(Dδ and D respectively). This is obtained from measurement of the intensity fluctu-
ation of scattered light as the particles undergo Brownian diffusion [29, 30]. When a
light beam (e.g. monochromatic laser beam) passes through a dispersion, an oscillat-
ing dipole is induced in the particles, thus re-radiating the light. Due to the random
arrangement of the particles (which are separated by a distance comparable to the
wavelength of the light beam, i.e. the light is coherent with the interparticle distance),
the intensity of the scattered light will, at any instant, appear as random diffraction
or a “speckle” pattern. As the particles undergo Brownianmotion, the random config-
uration of the speckle pattern changes. The intensity at any one point in the pattern
will, therefore, fluctuate such that the time taken for an intensitymaximum to become
a minimum (i.e. the coherence time) corresponds approximately to the time required
for a particle tomove onewavelength. Using a photomultiplier of active area about the
size of a diffraction maximum, i.e. approximately one coherence area, this intensity
fluctuation can bemeasured. A digital correlator is used tomeasure the photocount or
intensity correlation function of the scattered light. The photocount correlation func-
tion canbeused to obtain the diffusion coefficient D of the particles. Formonodisperse
non-interacting particles (i.e. at sufficient dilution), the normalized correlation func-
tion [g(1)(τ)] of the scattered electric field is given by the equation,

[g(1)(τ)] = exp−(Γτ) , (3.3)

where τ is the correlation delay time and Γ is the decay rate or inverse coherence time.
Γ is related to D by the equation,

Γ = DK2 , (3.4)

where K is the magnitude of the scattering vector that is given by,

K = (4n
λ0
) sin( θ

2
) , (3.5)
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where n is the refractive index of the solution, λ is the wavelength of light in vacuum
and θ is the scattering angle.

From D, the particle radius R is calculated using the Stokes–Einstein equation,

D = kT
6π ρηR

, (3.6)

where k is the Boltzmann constant and T is the absolute temperature. For a polymer
coated particle R is denoted Rδ which is equal to R + δh. Thus, bymeasuring Dδ and D,
one can obtain δh. It should be mentioned that the accuracy of the PCS method de-
pends on the ratio of δ/R, since δh is determined by difference. Since the accuracy
of the measurement is +1%, δh should be at least 10% of the particle radius. This
method can only be used with small particles and reasonably thick adsorbed layers.

3.4 Examples of the adsorption results
of nonionic polymeric surfactant

3.4.1 Adsorption isotherms

Fig. 3.5 shows the adsorption isotherms for PEO with different molecular weights on
PS (at room temperature) [31]. It can be seen that the amount adsorbed in mgm−2 in-
creases with increasing polymer molecular weight. Fig. 3.6 shows the variation of the
hydrodynamic thickness δh with molecular weight M. δh shows a linear increase with
logM. δh increases with n, the number of segments in the chain according to,

δh ≈ n0.8 . (3.7)

Fig. 3.7 shows the adsorption isotherms of PVA with various molecular weights on PS
latex (at 25 °C) [28]. The polymerswere obtained by fractionation of a commercial sam-
ple of PVA with an average molecular weight of 45 000. The polymer also contained
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Fig. 3.5: Adsorption isotherms for PEO on PS.
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Fig. 3.6: Hydrodynamic thickness of PEO on PS as a function of the molecular weight.
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Fig. 3.7: Adsorption isotherms of PVA with different molecular weights on polystyrene latex at 25 °C.

12% vinyl acetate groups. As with PEO, the amount of adsorption increases with in-
creasing M. The isotherms are also of the high affinity type. Γ at the plateau increases
linearly with M1/2.

The hydrodynamic thickness was determined using PCS and the results are given
below.
M 67 000 43 000 28 000 17 000 8000
δh / nm 25.5 19.7 14.0 9.8 3.3
δh seems to increase linearly with increasing molecular weight.

The effect of solvency on adsorption was investigated by increasing the temperature
(the PVA molecules are less soluble at higher temperature) or addition of electrolyte
(KCl) [32]. The results are shown in Figs. 3.8 and 3.9 for M = 65100. As can be seen from
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Fig. 3.8: Influence of temperature on adsorption.
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Fig. 3.9: Influence of addition of KCl on adsorption.

Fig. 3.8, an increase in temperature results in a reduction of solvency of the medium
for the chain (due to breakdown of hydrogen bonds) and this results in an increase in
the amount adsorbed. Addition of KCl (which reduces the solvency of the medium for
the chain) results in an increase in adsorption (as predicted by theory).

The adsorption of block and graft copolymers is more complex since the inti-
mate structure of the chain determines the extent of adsorption. Random copolymers
adsorb in an intermediate way to that of the corresponding homopolymers. Block
copolymers retain the adsorption preference of the individual blocks. The hydrophilic
block (e.g. PEO), the buoy, extends away from the particle surface into the bulk solu-
tion, whereas the hydrophobic anchor block (e.g. PS or PPO) provides firm attachment
to the surface. Fig. 3.10 shows the theoretical prediction of diblock copolymer adsorp-
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Fig. 3.10: Prediction of adsorption of diblock copolymer.

tion according to the Scheutjens and Fleer (SF) theory [23–25]. The surface density σ
is plotted versus the fraction of anchor segments νA. The adsorption depends on the
anchor/buoy composition.

The amount of adsorption is higher than for homopolymers and the adsorbed
layer thickness is more extended and dense. For a triblock copolymer A–B–A, with
two buoy chains and one anchor chain, the behaviour is similar to that of diblock
copolymers. This is shown in Fig. 3.11 for PEO–PPO–PEO block (Pluronic).
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Fig. 3.11: Adsorbed amount (mg m-2) versus fraction of anchor segment for an A–B–A triblock
copolymer (PEO–PPO–PEO).
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3.4.2 Adsorbed layer thickness results

Fig. 3.12 shows a plot of ρ(z) against z for PVA (M = 37000) adsorbed on deuterated
PS latex in D2O/H2O [33].
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Fig. 3.12: Plot of ρ(z) against z for PVA (M = 37000) adsorbed on deuterated PS latex in D2O/H2O.

The results shows a monotonic decay of ρ(z) with distance z from the surface and
several regions may be distinguished. Close to the surface (0 < z < 3nm), the decay
in ρ(z) is rapid and assuming a thickness of 1.3 nm for the bound layer, p was cal-
culated to be 0.1, which is in close agreement with the results obtained using NMR
measurements. In the middle region, ρ(z) shows a shallow maximum followed by a
slow decay which extends to 18 nm, i.e. close to the hydrodynamic layer thickness δh
of the polymer chain (see below). δh is determined by the longest tails and is about
2.5 times the radius of gyration in bulk solution (≈ 7.2 nm). This slow decay of ρ(z)
with z at long distances is in qualitative agreement with Scheutjens and Fleer’s theory
[23] which predicts the presence of long tails. The shallow maximum at intermediate
distances suggests that the observed segment density distribution is a summation of
a fast monotonic decay due to loops and trains together with the segment density for
tails which have a maximum density away from the surface. The latter maximumwas
clearly observed for a sample which had PEO grafted to a deuterated polystyrene latex
[34] (where the configuration is represented by tails only).

The hydrodynamic thickness of block copolymers shows different behaviour from
that of homopolymers (or random copolymers). Fig. 3.13 shows the theoretical predic-
tion of the adsorbed layer thickness δ that is plotted as a function of ν.
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Fig. 3.13: Theoretical predictions of the adsorbed layer thickness for a diblock copolymer.
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Fig. 3.14: Hydrodynamic thickness versus fraction of anchor segment νA for PEO–PPO–PEO block
copolymer onto polystyrene latex. Insert shows the mean field calculation of thickness versus an-
chor fraction using the SF theory.
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Fig. 3.14 shows the hydrodynamic thickness versus fraction of anchor segment for an
A–B–A block copolymer of (polyethylene oxide)–poly(propylene oxide)–poly(ethyl-
ene oxide) (PEO–PPO–PEO) [31] versus fraction of anchor segment. The theoretical
(Scheutjens and Fleer) prediction of adsorbed amount and layer thickness versus
fraction of anchor segment are shown in the inserts of Fig. 3.14. When there are two
buoy blocks and a central anchor block, as in the above example, the A–B–A block
shows similar behaviour to that of an A–B block. However, if there are two anchor
blocks and a central buoy block, surface precipitation of the polymer molecule at the
particle surface is observed and this is reflected in a continuous increase of adsorp-
tion with increasing polymer concentration as has been show for an A–B–A block of
PPO–PEO–PPO [31].

3.5 Kinetics of polymer adsorption

The kinetics of polymer adsorption is a highly complex process. Several distinct pro-
cesses can be distinguished, eachwith a characteristic time scale [31]. These processes
may occur simultaneously and hence it is difficult to separate them. The first process
is the mass transfer of the polymer to the surface, which may be either diffusion or
convection. Having reached the surface, the polymer must then attach itself to a sur-
face site, which depends on any local activation energy barrier. Finally, the polymer
will undergo large-scale rearrangements as it changes from its solution conformation
to a “tail-train-loop” conformation. Once the polymer has reached the surface, the
amount of adsorption increases with time. The increase is rapid at the beginning but
subsequently slows as the surface becomes saturated. The initial rate of adsorption is
sensitive to the bulk polymer solution concentration and molecular weight as well as
the solution viscosity. Nevertheless, all the polymer molecules arriving at the surface
tend to adsorb immediately. The concentration of unadsorbed polymer around the pe-
riphery of the forming layer (the surface polymer solution) is zero and, therefore the
concentration of polymer in the interfacial region is significantly greater than the bulk
polymer concentration.Mass transport is found to dominate the kinetics of adsorption
until 75% of full surface coverage. At higher surface coverage, the rate of adsorption
decreases since the polymer molecules arriving at the surface cannot immediately
adsorb. Over time, equilibrium is set up between this interfacial concentration of poly-
mer and the concentration of polymer in the bulk. Given that the adsorption isotherm
is of the high affinity type, no significant change in adsorbed amount is expected, even
over decades of polymer concentration. If the surface polymer concentration increases
toward that of the bulk solution, the rate of adsorption decreases because the driving
force for adsorption (the difference in concentration between the surface and bulk
solutions) decreases. Adsorption processes tend to be very rapid and an equilibrated
polymer layer can form within several 1000 s. However, desorption is a much slower
process and this can take several years!
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3.6 Emulsions stabilized by polymeric surfactants

Two examples are given to illustrate the effective stabilization when using polymeric
surfactants. The first example is an O/W emulsion based on a graft copolymer ABn
with A being polyfructose and B are several alkyl groups grafted on the polyfruc-
tose chain, i.e. INUTEC®SP1 described above [8]. This polymeric surfactant produces
enhanced steric stabilization both in water and high electrolyte concentrations as
will be discussed later. The second example is a W/O emulsion stabilized using an
A–B–A block copolymer of poly(12-hydroxystearic acid) (PHS) (the A chains) and
poly(ethylene oxide) (PEO) (the B chain): PHS–PEO–PHS. The PEO chain (that is sol-
uble in the water droplets) forms the anchor chain, whereas the PHS chains form the
stabilizing chains. PHS is highly soluble in most hydrocarbon solvents and is strongly
solvated by its molecules. The structure of the PHS–PEO–PHS block copolymer is
schematically shown in Fig. 3.15.

PHS

PEO

O

O

O O
O O

HO

O

O
C

C

PHS chain

PEO chain

Fig. 3.15: Schematic representation of the structure of PHS-PEO-PHS block copolymer.

The conformation of the polymeric surfactant at the W/O interface is schematically
shown in Fig. 3.16.

Emulsions of Isopar M/water and cyclomethicone/water were prepared using
INUTEC®SP1. 50/50 (v/v) O/W emulsions were prepared and the emulsifier concen-
trationwas varied from 0.25 to 2 (w/v)% based on the oil phase. 0.5 (w/v)% emulsifier
was sufficient for stabilization of these 50/50 (v/v) emulsions [8]. The emulsions were
stored at room temperature and 50 °C and optical micrographs were taken at intervals
of time (for a year) in order to check the stability. Emulsions prepared in water were
very stable showing no change in droplet size distribution over more than a one year
period and this indicated absence of coalescence. Anyweak flocculation that occurred
was reversible and the emulsion could be redispersed by gentle shaking.

Fig. 3.17 shows an optical micrograph for a dilute 50/50 (v/v) emulsion that was
stored for 1.5 and 14 weeks at 50 °C. No change in droplet size was observed after stor-
age formore thanone year at 50 °C, indicating absence of coalescence. The same result
was obtained when using different oils. Emulsions were also stable against coales-
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PHSPHS

PEO PEO

Fig. 3.16: Conformation of PHS-PEO-PHS polymeric surfactant at the W/O interface.

(a) (b)

Fig. 3.17: Optical micrographs of O/W emulsions stabilized with INUTEC®SP1 stored at 50 °C for
1.5 weeks (a) and 14 weeks (b).

cence in the presence of high electrolyte concentrations (up to 4mol dm−3 or ≈ 25%
NaCl). This stability in high electrolyte concentrations is not observed with polymeric
surfactants based on polyethylene oxide.

The high stability observed using INUTEC®SP1 is related to its strong hydration
both in water and in electrolyte solutions. The hydration of inulin (the backbone of
HMI) could be assessed using cloud point measurements. A comparison was also
made with PEO with two molecular weights, namely 4000 and 20000. Solutions
of PEO 4000 and 20000 showed a systematic decrease in the cloud point with an
increase in NaCl or MgSO4 concentration. In contrast, inulin showed no cloud point
up to 4mol dm−3 NaCl and up to 1mol dm−3 MgSO4. These results explain the dif-
ference between PEO and inulin. With PEO, the chains show dehydration when the
NaCl concentration is increased above 2mol dm−3 or 0.5mol dm−3 MgSO4. The inulin
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chains remain hydrated at much higher electrolyte concentrations. It seems that the
linear polyfructose chains remain strongly hydrated at high temperature and high
electrolyte concentrations.

The high emulsion stability obtained when using INUTEC®SP1 can be accounted
for by the following factors: (i) The multipoint attachment of the polymer by several
alkyl chains that are grafted on the backbone. (ii) The strong hydration of the polyfruc-
tose “loops” both in water and high electrolyte concentrations (χ remains below 0.5
under these conditions). (iii) The high volume fraction (concentration) of the loops
at the interface. (iv) Enhanced steric stabilization; this is the case with multipoint at-
tachment which produces strong elastic interaction.

Evidence for the high stability of the liquid film between emulsion droplets when
using INUTEC®SP1 was obtained by Exerowa et al. [31] using disjoining pressuremea-
surements. This is illustrated in Fig. 3.18 which shows a plot of disjoining pressure
versus separation distance between two emulsion droplets at various electrolyte con-
centrations. The results show that by increasing the capillary pressure a stableNewton
Black Film (NBF) is obtained at a film thickness of ≈ 7 nm. The lack of rupture of the
film at the highest pressure applied of 4.5 × 104 Pa indicates the high stability of
the film in water and in high electrolyte concentrations (up to 2.0mol dm−3 NaCl).
This result is consistent with the high emulsion stability obtained at high electrolyte
concentrations and high temperature. Emulsions of Isopar M-in-water are very stable
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Fig. 3.18: Variation of disjoining pressure with equivalent film thickness at various NaCl concentra-
tions.
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under such conditions and this could be accounted for by the high stability of the
NBF. The droplet size of 50 : 50 O/W emulsions prepared using 2% INUTEC®SP1 is in
the region of 1–10 µm. This corresponds to a capillary pressure of ≈3 × 104 Pa for the
1 µm drops and ≈3 × 103 Pa for the 10 µm drops. These capillary pressures are lower
than those to which the NBF have been subjected to and this clearly indicates the high
stability obtained against coalescence in these emulsions.

W/O emulsions (the oil being Isopar M) were prepared using PHS-PEO-PHS block
copolymer at highwater volume fractions (> 0.7). The emulsions have a narrowdroplet
size distribution with a z-average radius of 183 nm. They also remained fluid up to
high water volume fractions (> 0.6). This could be illustrated from viscosity–volume
fraction curves as is shown in Fig. 3.19. The effective volume fraction ϕeff of the emul-
sions (the core droplets plus the adsorbed layer) could be calculated from the relative
viscosity and using the Dougherty–Krieger equation [36],

ηr = [1 − ϕeffϕp ]
−[η]ϕp

, (3.8)

where ηr is the relative viscosity, ϕp is the maximum packing fraction (≈0.7) and [η]
is the intrinsic viscosity that is equal to 2.5 for hard spheres.
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Fig. 3.19: Viscosity–volume fraction for W/O emulsion stabilized with PHS–PEO–PHS block copoly-
mer.

The calculations based on equation (3.8) are shown in Fig. 3.17 (square symbols). From
the effective volume fraction ϕeff and the core volume fraction ϕ, the adsorbed layer
thickness could be calculated. This was found to be in the region of 10 nm at ϕ = 0.4
and it decreased with increasing ϕ.
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The W/O emulsions prepared using the PHS–PEO–PHS block copolymer re-
mained stable both at room temperature and 50 °C. This is consistent with the
structure of the block copolymer: the B chain (PEO) is soluble in water and it forms
a very strong anchor at the W/O interface. The PHS chains (the A chains) provide
effective steric stabilization since the chains are highly soluble in Isopar M and are
strongly solvated by its molecules.
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4 Self-assembly structures in cosmetic formulations

4.1 Introduction

With most surfactants, the spherical micelles described in Chapter 2 occur over a lim-
ited range of concentration and temperature [1]. With some specific surfactant struc-
tures these sphericalmicellesmaynot format all [1] andother self-assembly structures
suchas rod-shapedor lamellar structures are produced. In general one candistinguish
between three types of behaviour of a surfactant as the concentration is increased:
(i) Surfactants with high water solubility and their physicochemical properties such
as viscosity and light scattering vary in a smoothway from the critical micelle concen-
tration (cmc) region up to saturation. This suggests no major changes in the micelle
structure, whereby the micelles remain small and spherical. (ii) Surfactants with high
water solubility but as the concentration is increased there are quite dramatic changes
in certain properties that are consistent with marked changes in the self-assembly
structure. (iii) Surfactants with lowwater solubility that show phase separation at low
concentration.

4.2 Self-assembly structures

Surfactant micelles and bilayers are the building blocks of most self-assembly struc-
tures. One can divide the phase structures into two main groups [1]: (i) those that
are built of limited or discrete self-assemblies, which may be characterized roughly
as spherical, prolate or cylindrical; (ii) infinite or unlimited self-assemblies whereby
the aggregates are connected over macroscopic distances in one, two or three dimen-
sions. The hexagonal phase (see below) is an example of one-dimensional continuity,
the lamellar phase of two-dimensional continuity, whereas the bicontinuous cubic
phase and the sponge phase (see later) are examples of three-dimensional continuity.
These two types are schematically illustrated in Fig. 4.1.

Discrete

Connected
1D 2D 3D

Fig. 4.1: Schematic representation
of self-assembly structures.
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4.3 Structure of liquid crystalline phases

The abovementioned unlimited self-assembly structures in 1D, 2D or 3D are referred to
as liquid crystalline structures. These behave as fluids and are usually highly viscous.
At the same time, X-ray studies of these phases yield a small number of relatively sharp
lines which resemble those produced by crystals [2–6]. Since they are fluids then they
are less ordered than crystals, but because of the X-ray lines and their high viscosity it
is also apparent that they aremore ordered thanordinary liquids. Thus, the term liquid
crystalline phase is very appropriate for describing these self-assembled structures.
A brief description of the various liquid crystalline structures that can be produced
with surfactants is given below and Tab. 4.1 shows the most commonly used notation
to describe these systems.

Tab. 4.1: Notation of the most common liquid crystalline structures.

Phase Structure Abbreviation Notation

Micellar mic L1, S
Reversed micellar rev mic L2, S
Hexagonal hex H1, E, M1, middle
Reversed hexagonal rev hex H2, F, M2
Cubic (normal micellar) cubm I1, S1c
Cubic (reversed micelle) cubm I2
Cubic (normal bicontinuous) cubb I1, V1
Cubic (reversed bicontinuous) cubb I2, V2
Lamellar lam Lα, D, G, neat
Gel gel Lβ
Sponge phase (reversed) spo L3 (normal), L4

4.3.1 Hexagonal phase

This phase is built up of (infinitely) long cylindrical micelles arranged in a hexagonal
pattern, with each micelle being surrounded by six other micelles, as schematically
shown in Fig. 4.2. The radius of the circular cross section (which may be somewhat
deformed) is again close to the surfactant molecule length [2].

4.3.2 Micellar cubic phase

This phase is built up of regular packing of small micelles, which have similar prop-
erties to small micelles in the solution phase. However, the micelles are short prolates
(axial ratio 1–2) rather than spheres since this allows a better packing. The micellar
cubic phase is highly viscous. A schematic representation of the micellar cubic phase
[2] is shown in Fig. 4.3.
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Surfactant

Water

Fig. 4.2: Schematic representation
of the hexagonal phase.

1/2

1/2

1/4 1/4

1/2

1/2

Fig. 4.3: Representation of the micellar
cubic phase.

4.3.3 Lamellar phase

This phase is built of bilayers of surfactant molecules alternating with water layers.
The thickness of the bilayers is somewhat lower than twice the surfactant molecule
length. The thickness of the water layer can vary over wide ranges, depending on the
nature of the surfactant. The surfactant bilayer can range frombeing stiff andplanar to
being very flexible and undulating. A schematic representation of the lamellar phase
[2] is shown in Fig. 4.4.
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Water

Surfacant

Fig. 4.4: Schematic representation
of the lamellar phase [2].

4.3.4 Discontinuous cubic phases

These phases can be a number of different structures, where the surfactant molecules
form aggregates that penetrate space, forming a porous connected structure in three
dimensions. They can be considered as structures formed by connecting rod-like mi-
celles (branched micelles) or bilayer structures [2].

4.3.5 Reversed structures

Except for the lamellar phase, which is symmetrical around the middle of the bilayer,
the different structures have a reversed counterpart in which the polar and nonpo-
lar parts have changed roles. For example, a hexagonal phase is built up of hexago-
nally packed water cylinders surrounded by the polar head groups of the surfactant
molecules and a continuum of the hydrophobic parts. Similarly, reversed (micellar-
type) cubic phases and reversed micelles consist of globular water cores surrounded
by surfactantmolecules. The radii of thewater cores are typically in the range 2–10 nm.

4.4 Driving force for liquid crystalline phase formation

One of the simplest methods for predicting the shape of an aggregated structure is
based on the critical packing parameter P [7]. This is a dimensionless number that
relates the cross-sectional area of the hydrophobic part of the surfactant molecule a0
(given by the ratio of the volume of the hydrophobic part of the molecule to its ex-
tended length lc) and the head group area a,

P = v
lca

. (4.1)

A schematic representation of the critical packing parameter is shown in Fig. 4.5.
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Interfacial (hydrophobic) attraction
Head-group (hydrophilic) interaction

R ≤ lc

Volume v
Area ao 

Fig. 4.5: Schematic representation of the critical packing parameter concept.

For a spherical micelle with radius r and containing n molecules each with volume v
and head group cross-sectional area a,

n = 4πr3
3v

= 4πr2
a

(4.2)

a = 3v
r
. (4.3)

The cross-sectional area of the hydrocarbon tail a is given by

a0 = v
lc
, (4.4)

where lc is the extended length of the hydrocarbon tail

P = v
lca

= a0
a
= 1
3
r
lc
. (4.5)

Since r < lc, the P ≤ (1/3).
For a cylindrical micelle with radius r and length d,

n = πr2d
v

= 2πrd
a

(4.6)

a = 2v
r

(4.7)

P = a0
a
= v
lca

= 1
2
r
lc
. (4.8)

Since r < lc, (1/3) ≤ P ≤ (1/2).
– For liposomes and vesicles 1 ≥ P ≥ (2/3).
– For lamellar micelles P ≈ 1.
– For Reverse micelles P > 1.
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v/al > 1

‛Water-in-oil’

Reversed
micelles

Micelles

Reversed
hexagonal

Lamellar

Hexagonal

Cubic

Cubic

Cubic

Cubic
‛Oil-in-water’

‛Mirror plane’

v/al ≥ 1

v/al ≈ 1

1/3 < v/al < 1/2

v/al < 1/3

Fig. 4.6: Critical packing parameter values of surfactant molecules and preferred aggregate struc-
ture formed.

The packing parameter can be controlled by using mixtures of surfactants to arrive at
the desirable structure. Fig. 4.6 shows a schematic representation of the critical pack-
ing parameter.

It should be mentioned that the simple geometrical model above does not take
into account the interaction between the head groups. A strongly repulsive interac-
tion between the head groups will drive the aggregates to the left in the model shown
in Fig. 4.5, while the opposite applies for the attractive interaction. This problem can
be circumvented by estimating an “effective” head group area. For example for ionic
surfactants, the head group interactions will be strongly affected by the electrolyte
concentration so that a will decrease on addition of electrolytes. For nonionic surfac-
tants, temperature is very important for the interaction between the head groups.
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4.5 Identification of the liquid crystalline phases
and investigation of their structure

The most common procedure to establish the various liquid crystalline structures in
a surfactant solution is to establish the phase diagram. The determination of a com-
plete phase diagram involves considerable work and skill and strongly increases in
difficulty as the number of components increases. As an illustration, Fig. 2.6 in Chap-
ter 2 shows the phase diagram for a nonionic surfactant consisting of C12 alkyl chain
and 6mol ethylene oxide, i.e. C12E6. This phase diagram shows the presence of hexag-
onal, cubic and lamellar phases as the surfactant concentration is increased.

The distinction between solution and liquid crystalline phase is best made from
studies of diffraction properties, either light, X-ray or neutrons. Liquid crystalline
phases have a repetitive arrangement of aggregates and observation of a diffraction
pattern can firstly give evidence for a long-range order and, secondly, distinguish
between attractive structures.

The scattering of normal and polarized light is very useful for identification of
different structures. Isotropic phases, i.e. solutions and cubic liquid crystals, are
clear and transparent, while the anisotropic phases (hexagonal and lamellar) scatter
light and appear more or less cloudy. Using polarized light and viewing the samples
through crossed polarizers give a black picture for isotropic phase, while anisotropic
ones can give bright images. The patterns in a polarization microscope are different
for different anisotropic phase. This is illustrated in Fig. 4.7 for the hexagonal and
lamellar phases.

)b()a(

Fig. 4.7: Texture of hexagonal (a) and lamellar (b) phases.

Another very useful technique for identification of the various liquid crystalline
phases is NMR spectroscopy by observing the quadrupole splittings in deuterium
NMR. Different patterns are observed for different phases as illustrated in Fig. 4.8.

For an isotropic phase (micellar solution, sponge phase, cubic phase) (Fig. 4.8 (a))
a narrow singlet is observed. For a single anisotropic phase (Fig. 4.8 (b)) a doublet is
observed. The magnitude of the splitting depends on the degree of anisotropy, which
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(a) 0.1 kHz 1 kHz

1 kHz 1 kHz

1 kHz

(d)

(b) (e)

(c)

Fig. 4.8: 2H NMR spectra of heavy water for
different phases: (a) isotropic phases, (b) single
anisotropic phase, (c) one isotropic and one
anisotropic phase, (d) two anisotropic (hexago-
nal and lamellar) phases, (e) three-phase region
with two anisotropic and one isotropic phase
coexisting.

is larger for a lamellar phase when compared with a hexagonal phase. In a two-phase
region, with coexistence of two phases, one observes the spectra of the two phases su-
perimposed. For one isotropic and one anisotropic phase (Fig. 4.8 (c)) one observes
one singlet and one doublet. For two anisotropic phases (hexagonal and lamellar)
(Fig. 4.8 (d)) one observes two doublets. In a three-phase region with two anisotropic
and one isotropic phase (Fig. 4.8 (e)) coexisting, one observes two doublets and one
singlet.

4.6 Formulation of liquid crystalline phases

The formulation of liquid crystalline phases is based on the application of the above
concepts. However, one must take into account the penetration of the oil between the
hydrocarbon tails (which affects the volume and hence a of the chain) as well as hy-
dration of the head group that affects a0.

The most useful liquid crystalline phases are those of lamellar structure which
can bend around the droplets producing an energy barrier against coalescence and
Ostwald ripening. These lamellar liquid crystals can also extend in the bulk phase
forming a “gel” network that prevents creaming or sedimentation. These liquid crys-
talline phases also provide the optimum consistency for sensorial application. Due to
the high water content of the liquid crystalline structure (water incorporated between
several bilayers) it can also provide increased skin hydration. They can influence the
delivery of active ingredients both of the lipophilic and hydrophilic types. Since they
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mimic the skin structure (in particular the stratum corneum) they can offer prolonged
hydration potential.

The key to produce lamellar liquid crystals is to use mixtures of surfactants with
different P values (different HLB numbers) whose composition can be adjusted to pro-
duce the right units.

Using the above concepts, two different types of liquid crystals in oil-in-water
(O/W) emulsions can be developed, namely oleosomes and hydrosomes. These struc-
tures are obtained by using several surfactantmixtureswhose concentration ratio and
total concentration are carefully adjusted to produce the desirable effect. These sys-
tems are described below.

4.6.1 Oleosomes

These are multilayers of lamellar liquid crystals surrounding the oil droplets that be-
come randomly distributed as they progress into the continuous phase. The rest of
the liquid crystals produce the “gel” phase that is viscoelastic. The oleosomes are
produced using a mixture of Brij 72 (Steareth-2), Brij 721 (Steareth-21), a fatty alco-
hol and a minimum of a specific emollient such as isohexadecane or PPG-15 stearyl
ether. The nature of the emollient is very crucial; it should be a medium to polar oil
such as Arlamol E (PPG-15 stearyl ether), or Estol 3609 (triethylhexanoin). Very polar
oils such as Prisorine 2034 (propylene glycol isostearate) or Prisonine 2040 (glyceryl
isostearate) disturb the oleosome structure. Nonpolar oils such as paraffinic oils in-
hibit the formation of oleosomes.

The oleosomes are anisotropic and they can be identified using polarizing mi-
croscopy. Fig. 4.9 shows a schematic picture of the oleosomes.

4.6.2 Hydrosomes

In this case a “gel” network is produced in the aqueous phase by the lamellar liq-
uid crystals. The surfactant mixture (sorbitan stearate and sucrose cocoate or sorbityl
laurate) is dispersed in water at high temperature (80 °C) and this creates the lamel-
lar phase which becomes swollen with water in between the bilayers. The oil is then
emulsified and the droplets become entrapped in the “holes” of the “gel” network. The
viscoelastic nature of the “gel” prevents close approach of the oil droplets. The hydro-
somes can be obtained using Arlatone 2121 (sorbitan stearate and sucrose cocoate)
or Arlatone LC (sorbitan stearate and sorbityl laurate). A schematic representation of
hydrosomes is shown in Fig. 4.9.
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Fig. 4.9: Schematic representation of oleosomes (left) and hydrosomes (right).
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5 Interaction forces between particles or droplets
in cosmetic formulations and their combination

Three main interaction forces can be distinguished: (i) van der Waals attraction;
(ii) double Layer repulsion; (iii) steric interaction. These interaction forces and their
combination are summarized below.

5.1 Van der Waals attraction

As is well known, atoms or molecules always attract each other at short distances
of separation. The attractive forces are of three different types: dipole–dipole inter-
action (Keesom), dipole-induced dipole interaction (Debye) and London dispersion
force. The London dispersion force is themost important, since it occurs for polar and
nonpolar molecules. It arises from fluctuations in the electron density distribution.

At small distances of separation r in vacuum, the attractive energy between two
atoms or molecules is given by,

Gaa = −β11r6 . (5.1)

β11 is the London dispersion constant.
For particles or emulsion droplets which are made of atom or molecular assem-

blies, the attractive energies have to be compounded. In this process, only the London
interactions have to be considered, since large assemblies have neither a net dipole
moment nor a net polarization. The result relies on the assumption that the interaction
energies between all molecules in one particle with all others are simply additive [1].
For the interaction between two identical spheres in vacuum the result is,

GA = −A116 ( 2
s2 − 4 + 2

s2
+ ln s2 − 4

s2
) . (5.2)

A11 is known as the Hamaker constant and is defined by [1],

A11 = π2q211βii . (5.3)

q11 is the number of atoms ormolecules of type 1 per unit volume, and s = (2R + h)/R.
Equation (5.2) shows that A11 has the dimension of energy.

For very short distances (h ≪ R), equation (5.2) may be approximated by,

GA = −A11R12h
. (5.4)

When the droplets are dispersed in a liquid medium, the van der Waals attraction has
to be modified to take into account the medium effect. When two droplets are brought
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from infinite distance to h in a medium, an equivalent amount of medium has to be
transported the other way round. Hamaker forces in a medium are excess forces.

Consider two identical spheres 1 at a large distance apart in a medium 2 as is il-
lustrated in Fig. 5.1 (a). In this case the attractive energy is zero. Fig. 5.1 (b) gives the
same situation with arrows indicating the exchange of 1 against 2. Fig. 5.1 (c) shows
the complete exchange which now shows the attraction between the two droplets 1
and 1 and equivalent volumes of the medium 2 and 2.

The effective Hamaker constant for two identical droplets 1 and 1 in a medium 2 is
given by,

A11(2) = A11 + A22 − 2A12 = (A1/211 − A1/222 )2 . (5.5)

Equation (5.5) shows that two particles of the same material attract each other unless
their Hamaker constants exactly match each other. Equation (5.4) now becomes,

GA = −A11(2)R12h
, (5.6)

where A11(2) is the effective Hamaker constant of two identical droplets with Hamaker
constant A11 in a medium with Hamaker constant A22.

1

1

1 1

122

2 2
hh

1(a)

(b)

(c)

Fig. 5.1: Schematic representation of interaction of two droplets in a medium.

In most cases the Hamaker constant of the particles or droplets is higher than that of
the medium. Examples of Hamaker constants for some liquids are given in Tab. 5.1.
Generally speaking the effect of the liquid medium is to reduce the Hamaker constant
of the droplets below its value in vacuum (air).

GA decreases with increasing h as schematically shown in Fig. 5.2. This shows
the rapid increase of attractive energy with decreasing h reaching a deepminimum at
short h values. At extremely short h, Born repulsion operates due to the overlap of the
electronic clouds at such very small distance (few Ångströms). Thus in the absence of
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any repulsive mechanism, the emulsion droplets become strongly aggregated due to
the very strong attraction at short distances of separation.

To counteract the van der Waals attraction, it is necessary to create a repulsive
force. Two main types of repulsion can be distinguished depending on the nature of
the emulsifier used: electrostatic (due to the creation of double layers) and steric (due
to the presence of adsorbed surfactant or polymer layers).

Tab. 5.1: Hamaker constants of some liquids.

Liquid A22 × 1020 J

Water 3.7
Ethanol 4.2
Decane 4.8
Hexadecane 5.2
Cyclohexane 5.2

Born repulsion

h

GA

Fig. 5.2: Variation of GA with h.

5.2 Electrostatic repulsion

This can be produced by adsorption of an ionic surfactant producing an electrical dou-
ble layerwhose structurewas described byGouy–Chapman, Stern andGrahame [2–5].
A schematic representation of the diffuse double layer according to Gouy and Chap-
man [2] is shown in Fig. 5.3.

The surface charge σ0 is compensated by unequal distribution of counterions (op-
posite in charge to the surface) and co-ions (same sign as the surface) which extend
to some distance from the surface [2, 3]. The potential decays exponentially with dis-
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Fig. 5.3: Schematic representation of the diffuse
double layer according to Gouy and Chapman.

tance x. At low potentials,
ψ = ψ0 exp−(κx) . (5.7)

Note that when x = 1/κ, ψx = ψ0/e − 1/κ is referred to as the “thickness of the double
layer”.

The double layer extension depends on electrolyte concentration and valency of
the counterions,

(1
κ
) = ( εrε0kT

2n0Z2i e2
)1/2 . (5.8)

εr is the permittivity (dielectric constant); 78.6 for water at 25 °C, ε0 is the permittivity
of free space, k is the Boltzmann constant and T is the absolute temperature, n0 is the
number of ions per unit volume of each type present in bulk solution, Zi is the valency
of the ions and e is the electronic charge.

Values of (1/κ) at various 1 : 1 electrolyte concentrations are given below.
C /mol dm−3 10−5 10−4 10−3 10−2 10−1(1/κ) / nm 100 33 10 3.3 1

The double layer extension increases with decreasing electrolyte concentration.
Stern [4] introduced the concept of the non-diffuse part of the double layer for

specifically adsorbed ions, the rest being diffuse in nature. This is schematically illus-
trated in Fig. 5.4

The potential drops linearly in the Stern region and then exponentially. Grahame
[5] distinguished two types of ions in the Stern plane, physically adsorbed counterions
(outer Helmholtz plane) and chemically adsorbed ions (that lose part of their hydra-
tion shell) (inner Helmholtz plane).

When chargedparticles or droplets in a cosmetic formulation approach eachother
such that the double layers begin to overlap (droplet separation becomes less than
twice the double layer extension), repulsion occurs. The individual double layers can
no longer develop unrestrictedly, since the limited space does not allow complete po-
tential decay [6]. This is illustrated in Fig. 5.5 for two flat plates.

The potential ψH/2 half way between the plates is no longer zero (as would be
the case for isolated particles at x→∞). The potential distribution at an interdroplet
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Fig. 5.4: Schematic representation of the double layer according to Stern and Grahame.

Ψo Ψo

x = 0      x = H/2        x = H

ΨH/2

Fig. 5.5: Schematic representation of double layer interaction
for two flat plates.

distance H is schematically depicted by the full line in Fig. 5.5. The Stern potential ψd
is considered to be independent of the interdroplet distance. The dashed curves show
the potential as a function of distance x to theHelmholtz plane, had the particles been
at infinite distance.

For two spherical particles or droplets of radius R and surface potential ψ0 and
condition κR < 3, the expression for the electrical double layer repulsive interaction
is given by [6],

Gelec = 4πεrε0R2ψ20 exp−(κh)2R + h , (5.9)

where h is the closest distance of separation between the surfaces.
Equation (5.9) shows the exponential decay of Gelec with h. The higher the value

of κ (i.e., the higher the electrolyte concentration), the steeper the decay, as schemat-
ically shown in Fig. 5.6. This means that at any given distance h, the double layer
repulsion decreases with increasing electrolyte concentration.

Low electrolyte 
Low κ 

Gel

High electrolyte
High κ 

h
Fig. 5.6: Variation of Gelec with h
at different electrolyte concentrations.
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An important aspect of double layer repulsion is the situation during particle or
droplet approach. If at any stage the assumption is made that the double layers adjust
to new conditions, so that equilibrium is always maintained, then the interaction
takes place at constant potential. This would be the case if the relaxation time of
the surface charge is much shorter than the time the particles are in each other’s
interaction sphere as a result of Brownian motion. However, if the relaxation time
of the surface charge is appreciably longer than the time particles are in each other’s
interaction sphere, the charge rather than thepotentialwill be the constant parameter.
The constant charge leads to larger repulsion than the constant potential case [7, 8].

Combination of Gelec and GA results in the well-known theory of stability of col-
loids due to Deryaguin–Landau–Verwey–Overbeek (DLVO Theory) [9, 10],

GT = Gelec + GA . (5.10)

A plot of GT versus h is shown in Fig. 5.7, which represents the case at low electrolyte
concentrations, i.e. strong electrostatic repulsion between the particles. Gelec decays
exponentially with h, i.e. Gelec → 0 as h becomes large. GA is∝ 1/h, i.e. GA does not
decay to 0 at large h. At long distances of separation, GA > Gelec, resulting in a shal-
lowminimum (secondary minimum). At very short distances, GA ≫ Gelec, resulting in
a deep primary minimum. At intermediate distances, Gelec > GA, resulting in energy
maximum, Gmax, whose height depends on ψ0 (or ψd) and the electrolyte concentra-
tion and valency.

G

h

Ge

GA

GT

Gmax

Gsec

Gprimary Fig. 5.7: Schematic representation of the varia-
tion of GT with h according to the DLVO theory.

At low electrolyte concentrations (< 10−2 mol dm−3 for a 1 : 1 electrolyte), Gmax is high
(> 25 kT) and this prevents particle aggregation into the primaryminimum. The higher
the electrolyte concentration (and the higher the valency of the ions), the lower the en-
ergy maximum. Under some conditions (depending on electrolyte concentration and
particle size), flocculation into the secondaryminimummayoccur. This flocculation is
weak and reversible. By increasing the electrolyte concentration, Gmax decreases until
at a given concentration it vanishes and particle or droplet coagulation occurs. This
is illustrated in Fig. 5.8 which shows the variation of GT with h at various electrolyte
concentrations.
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G

h

(1/κ) = 1000 nm
10–7 mol dm–3

(1/κ) = 100 nm
10–5 mol dm–3

(1/κ) = 10 nm
10–3 mol dm–3

(1/κ) = 1 nm
10–1 mol dm–3

Fig. 5.8: Variation of G with h
at various electrolyte concentrations.

Since approximate formulae are available for Gelec and GA, quantitative expressions
for GT(h) can also be formulated. These can be used to derive expressions for the
coagulation concentration, which is that concentration that causes every encounter
between two emulsion droplets to lead to destabilization. Verwey and Overbeek [10]
introduced the following criteria for transition between stability and instability,

GT(= Gelec + GA) = 0 (5.11)
dGT
dh

= 0 (5.12)

dGelec
dh

= −dGA
dh

. (5.13)

Using the equations for Gelec and GA, the critical coagulation concentration (ccc) could
be calculated. The theory predicts that the ccc is directly proportional to the surface
potential ψ0 and inversely proportional to theHamaker constant A and the electrolyte
valency Z. As will be shown below, the ccc is inversely proportional to Z6 at high sur-
face potential and inversely proportional to Z2 at low surface potential.

5.3 Flocculation of electrostatically stabilized dispersions

As discussed above, the condition for kinetic stability is Gmax > 25 kT. When Gmax <
5 kT, flocculation occurs. Two types of flocculation kinetics may be distinguished:
fast flocculation with no energy barrier and slow flocculation when an energy bar-
rier exists.

Fast flocculation kinetics was treated by Smoluchowki [11], who considered the
process to be represented by second order kinetics and the process is simply diffusion
controlled. The number of particles n at any time t may be related to the initial number
(at t = 0) n0 by the following expression,

n = n0
1 + k0n0t , (5.14)
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where k0 is the rate constant for fast flocculation that is related to the diffusion coef-
ficient of the particles D, i.e.,

k0 = 8πDR . (5.15)

D is given by the Stokes–Einstein equation,

D = kT
6πηR

. (5.16)

Combining equations (5.15) and (5.16),

k0 = 43 kTη = 5.5 × 10−18 m3 s−1 for water at 25 °C. (5.17)

The half-life t1/2 (n = (1/2)n0) can be calculated at various n0 or volume fraction ϕ
as give in Tab. 5.2.

Tab. 5.2: Half-life of dispersion flocculation.

R / µm ϕ

10−5 10−2 10−1 5 × 10−1

0.1 765 s 76ms 7.6ms 1.5ms
1.0 21h 76 s 7.6 s 1.5 s
10.0 4 months 21h 2h 25min

Slow flocculation kinetics was treated by Fuchs [12] who related the rate constant k to
the Smoluchowski rate by the stability constant W,

W = k0
k
. (5.18)

W is related to Gmax by the following expression,

W = 1
2
k0 exp(GmaxkT

) . (5.19)

Since Gmax is determined by the salt concentration C and valency Z, one can derive an
expression relating W to C and Z [13],

logW = −2.06 × 109 (Rγ2
Z2
) log C , (5.20)

where γ is a function that is determined by the surface potential ψ0,

γ = [exp (Zeψ0/kT) − 1
exp (Zeψ0/kT) + 1] . (5.21)

Plots of logW versus log C are shown in Fig. 5.9. The condition logW = 0 (W = 1) is the
onset of fast flocculation. The electrolyte concentration at this point defines the critical
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flocculation concentration ccc. Above the cccW < 1 (due to the contribution of van der
Waals attraction which accelerates the rate above the Smoluchowski value). Below
the ccc, W > 1 and it increases with decreasing electrolyte concentration. Fig. 5.9 also
shows that the ccc decreases with increasing valency. At low surface potentials, ccc∝
1/Z2. This referred to as the Schultze–Hardy rule.

lo
g 

W

10–3 10–2 10–1

log C

0

2:2 Electrolyte 1:1 Electrolyte

CCC CCC

W
 =

 1

Fig. 5.9: log W-log C curves for electrostatically
stabilized emulsions.

Another mechanism of flocculation is that involving the secondary minimum (Gmin)
which is few kT units. In this case flocculation is weak and reversible and hence one
must consider both the rate of flocculation (forward rate kf) and deflocculation (back-
ward rate kb). In this case the rate of decrease of particle number with time is given
by the expression,

− dn
dt

= −kfn2 + kbn . (5.22)

The backward reaction (break-up of weak flocs) reduces the overall rate of floccula-
tion.

Another process of flocculation that occurs under shearing conditions is referred
to as orthokinetic (to distinguish it from the diffusion controlled perikinetic process).
In this case the rate of flocculation is related to the shear rate by the expression,

− dn
dt

= 16
3
α2γ̇R3 (5.23)

where α is the collision frequency, i.e. the fraction of collisions that result in perma-
nent aggregates.

5.4 Criteria for stabilization of dispersions
with double layer interaction

The two main criteria for stabilization are [7, 8]: (i) High surface or Stern potential
(zeta potential), high surface charge. As shown in equation (5.9), the repulsive energy
Gel is proportional to ψ20. In practice, ψ0 cannot be directly measured and, therefore,
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one instead uses themeasurable zeta potential. (ii) Low electrolyte concentration and
low valency of counter- and co-ions. As shown in Fig. 5.8, the energy maximum in-
creases with decreasing electrolyte concentration. The latter should be lower than
10−2 mol dm−3 for 1 : 1 electrolyte and lower than 10−3 mol dm−3 for 2 : 2 electrolyte.
One should ensure that an energy maximum in excess of 25 kT should exist in the
energy-distance curve. When Gmax ≫ kT, the particles in the dispersion cannot over-
come the energy barrier, thus preventing coagulation. In some cases, particularlywith
large and asymmetric particles, flocculation into the secondary minimummay occur.
This flocculation is usuallyweak and reversible andmay be advantageous for prevent-
ing the formation of hard sediments.

5.5 Steric repulsion

This is produced by using nonionic surfactants or polymers, e.g. alcohol ethoxylates,
or A–B–A block copolymers PEO–PPO–PEO (where PEO refers to polyethylene oxide
and PPO refers to polypropylene oxide), as illustrated in Fig. 5.10.

Alkyl
chain

PPO

PEO PEO

Fig. 5.10: Schematic representation
of adsorbed layers.

When two particles or droplets eachwith a radius R and containing an adsorbed poly-
mer layerwith ahydrodynamic thickness δh, approach eachother to a surface–surface
separation distance h that is smaller than 2δh, the polymer layers interact with each
other resulting in two main situations [14]: (i) The polymer chains may overlap with
each other. (ii) The polymer layermayundergo some compression. In both cases, there
will be an increase in the local segment density of the polymer chains in the interac-
tion region. This is schematically illustrated in Fig. 5.11. The real situation is perhaps in
between these two cases, i.e. the polymer chains may undergo some interpenetration
and some compression.

Interpenetration without
compression

Compression without
interpenetration

Fig. 5.11: Schematic representation of the inter-
action between particles or droplets containing
adsorbed polymer layers.
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Provided the dangling chains (the A chains in A–B, A–B–A block or BAn graft copoly-
mers) are in a good solvent, this local increase in segment density in the interaction
zone will result in strong repulsion as a result of two main effects [14]: (i) Increase in
the osmotic pressure in the overlap region as a result of the unfavourable mixing of
the polymer chains, when these are in good solvent conditions. This is referred to as
osmotic repulsion or mixing interaction and it is described by a free energy of interac-
tion Gmix. (ii) Reduction of the configurational entropy of the chains in the interaction
zone; this entropy reduction results from the decrease in the volume available for the
chains when these are either overlapped or compressed. This is referred to as volume
restriction interaction, entropic or elastic interaction and it is described by a free en-
ergy of interaction Gel.

Combination of Gmix and Gel is usually referred to as the steric interaction free
energy, Gs, i.e.,

Gs = Gmix + Gel (5.24)

The sign of Gmix depends on the solvency of the medium for the chains. If in a good
solvent, i.e. the Flory–Huggins interaction parameter χ is less than 0.5, then Gmix is
positive and the mixing interaction leads to repulsion (see below). In contrast, if χ >
0.5 (i.e. the chains are in a poor solvent condition), Gmix is negative and the mixing
interaction becomes attractive. Gel is always positive and hence in some cases one can
produce stable dispersions in a relatively poor solvent (enhanced steric stabilization).

5.5.1 Mixing interaction Gmix

This results from the unfavourable mixing of the polymer chains, when these are in
good solvent conditions. This is schematically shown in Fig. 5.12.

Consider two spherical particles or droplets with the same radius and each con-
taining an adsorbed polymer layer with thickness δ. Before overlap, one can define in
each polymer layer a chemical potential for the solvent μαi and a volume fraction for
the polymer in the layer ϕα2. In the overlap region (volume element dV), the chemical
potential of the solvent is reduced to μβi . This results from the increase in polymer
segment concentration in this overlap region which is now ϕβ2.

In the overlap region, the chemical potential of the polymer chains is now higher
than in the rest of the layer (with no overlap). This amounts to an increase in the os-
motic pressure in the overlap region; as a result solvent will diffuse from the bulk to
the overlap region, thus separating the particles and hence a strong repulsive energy
arises from this effect. The above repulsive energy can be calculated by considering
the free energy ofmixing of two polymer solutions, as for example treated by Flory and
Krigbaum [15]. The free energy ofmixing is given by two terms: (i) an entropy term that
depends on the volume fraction of polymer and solvent and (ii) an energy term that is
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Fig. 5.12: Schematic representation of polymer layer overlap.

determined by the Flory–Huggins interaction parameter,

δ(Gmix) = kT(n1 ln ϕ1 + n2 ln ϕ2 + χn1ϕ2) , (5.25)

where n1 and n2 are the number of moles of solvent and polymer with volume frac-
tions ϕ1 and ϕ2, k is the Boltzmann constant and T is the absolute temperature.

The total change in free energy of mixing for the whole interaction zone, V, is
obtained by summing over all the elements in V,

Gmix = 2kTV22V1
ν2 (12 − χ) Rmix(h) , (5.26)

where V1 and V2 are the molar volumes of solvent and polymer respectively, ν2 is the
number of chains per unit area and Rmix(h) is a geometric function which depends on
the form of the segment density distribution of the chain normal to the surface, ρ(z).
k is the Boltzmann constant and T is the absolute temperature.

Using the above theory one can derive an expression for the free energy of mixing
of two polymer layers (assuming a uniform segment density distribution in each layer)
surrounding two spherical droplets as a function of the separation distance h between
the particles [16].

The expression for Gmix is,

Gmix = (2V22V1 ) ν2 (
1
2
− χ)(δ − h

2
)2 (3R + 2δ + h

2
) (5.27)

The sign of Gmix depends on the value of the Flory–Huggins interaction parameter χ:
if χ < 0.5, Gmix is positive and the interaction is repulsive; if χ > 0.5, Gmix is negative
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and the interaction is attractive. The condition χ = 0.5 and Gmix = 0 is termed the θ-
condition. The latter corresponds to the case where the polymer mixing behaves as
ideal, i.e. mixing of the chains does not lead to an increase or a decrease of the free
energy.

5.5.2 Elastic interaction Gel

This arises from the loss in configurational entropy of the chains on the approach of a
second drop. As a result of this approach, the volume available for the chains becomes
restricted, resulting in loss of the number of configurations. This can be illustrated by
consideringa simplemolecule, representedbya rod that rotates freely in ahemisphere
across a surface (Fig. 5.13).

No. of
configurations Ω (h)

No. of 
configurations Ω (∞)

h ∞
h

Volume lost

Fig. 5.13: Schematic representation
of configurational entropy loss on approach
of a second drop.

When the two surfaces are separated by an infinite distance∞ the number of config-
urations of the rod is Ω(∞), which is proportional to the volume of the hemisphere.
When a second particle or drop approaches to a distance h such that it cuts the hemi-
sphere (losing some volume), the volume available to the chains is reduced and the
number of configurations become Ω(h) which is less than Ω(∞). For two flat plates,
Gel is given by the following expression [17],

Gel
kT

= −2ν2 ln [ Ω(h)Ω(∞)] = −2ν2Rel(h) , (5.28)

where Rel(h) is a geometric function whose form depends on the segment density dis-
tribution. It should be stressed that Gel is always positive and could play a major role
in steric stabilization. It becomes very strong when the separation distance between
the particles becomes comparable to the adsorbed layer thickness δ.

5.5.3 Total energy of interaction

Combining Gmix and Gel with GA gives the total energy of interaction GT (assuming
there is no contribution from any residual electrostatic interaction) [18], i.e.,

GT = Gmix + Gel + GA (5.29)
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δ 2δ

GmixGel

GA

GT

G

h

Gmin

Fig. 5.14: Schematic representation
of the energy-distance curve for a sterically
stabilized emulsion.

A schematic representation of the variation of Gmix, Gel, GA and GT with surface–
surface separation distance h is shown in Fig. 5.14.
Gmix increases very sharplywith decreasing h,when h < 2δ. Gel increases very sharply
with decreasing h, when h < δ. GT versus h shows a minimum, Gmin, at separation
distances comparable to 2δ. When h < 2δ, GT shows a rapid increase with decreas-
ing h. The depth of the minimum depends on the Hamaker constant A, the particle
radius R and adsorbed layer thickness δ. Gmin increases with increasing A and R.
At a given A and R, Gmin decreases with increasing δ (i.e. with an increase in the
molecular weight, Mw, of the stabilizer). This is illustrated in Fig. 5.15 which shows the
energy–distance curves as a function of δ/R. The larger the value of δ/R, the smaller
the value of Gmin. In this case the systemmay approach thermodynamic stability as is
the case with nanodispersions.

Increasing δ/R

hGmin

GT

Fig. 5.15: Variation of GT with h at various δ/R values.

5.5.4 Criteria for effective steric stabilization

(i) Thedroplets shouldbe completely coveredby thepolymer (the amount of polymer
should correspond to the plateau value). Any bare patchesmay cause flocculation
either by van der Waals attraction (between the bare patches) or by bridging floc-
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culation (whereby a polymer molecule will become simultaneously adsorbed on
two or more drops).

(ii) The polymer should be strongly “anchored” to the droplet surfaces, to prevent any
displacement during drop approach. This is particularly important for concen-
trated emulsions. For this purpose A–B, A–B–A block and BAn graft copolymers
are the most suitable where the chain B is chosen to be highly insoluble in the
medium and has a strong affinity to the surface or soluble in the oil. Examples of
B groups for nonpolar oils in aqueousmedia are polystyrene, polypropylene oxide
and polymethylmethacrylate.

(iii) The stabilizing chain A should be highly soluble in the medium and strongly sol-
vated by its molecules. Examples of A chains in aqueous media are poly(ethylene
oxide) and poly(vinyl alcohol).

(iv) δ should be sufficiently large (> 5 nm) to prevent weak flocculation.

5.5.5 Flocculation of sterically stabilized dispersions

Four main types of flocculation may be distinguished.

5.5.5.1 Weak flocculation
This occurs when the thickness of the adsorbed layer is small (usually < 5 nm), partic-
ularly when the particle radius and Hamaker constant are large. The minimum depth
required for causing weak flocculation depends on the volume fraction of the suspen-
sion. The higher the volume fraction, the lower theminimum depth required for weak
flocculation. This can be understood if one considers the free energy of flocculation
that consists of two terms, an energy term determined by the depth of the minimum
(Gmin) and an entropy term that is determined by reduction in configurational entropy
on aggregation of particles,

∆Gflocc = ∆Hflocc − T∆Sflocc . (5.30)

With dilute suspension, the entropy loss on flocculation is larger than with concen-
trated suspensions. Hence for flocculation of a dilute suspension, a higher energy
minimum is required when compared to the case with concentrated suspensions.

The above flocculation is weak and reversible, i.e. on shaking the container re-
dispersion of the suspension occurs. On standing, the dispersed particles aggregate
to form a weak “gel”. This process (referred to as sol↔ gel transformation) leads to
reversible time dependence of viscosity (thixotropy). On shearing the dispersion, the
viscosity decreases and when the shear is removed, the viscosity is recovered. This
phenomenon is applied in paints. On application of the formulation, the gel is flu-
idized, allowing uniform coating of the product. When shearing is stopped, the film
recovers its viscosity and this avoids any dripping.
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5.5.5.2 Incipient flocculation
This occurs when the solvency of the medium is reduced to become worse than θ-
solvent (i.e. χ > 0.5). This is illustrated in Fig. 5.16 where χ was increased from <0.5
(good solvent) to > 0.5 (poor solvent).

h hδδ 2δ 2δ

Gmin

GA

Gel GelGmix

Gmix

χ > 0.5χ < 0.5

Reduce
solvency

GT

GT
G

Fig. 5.16: Influence of reduction in solvency on the energy–distance curve.

When χ > 0.5, Gmix becomes negative (attractive) which when combined with the van
derWaals attraction at this separation distance gives a deepminimum causing floccu-
lation. In most cases, there is a correlation between the critical flocculation point and
the θ-condition of the medium. Good correlation is found in many cases between the
critical flocculation temperature (CFT) and θ-temperature of the polymer in solution
(with block and graft copolymers one should consider the θ-temperature of the stabi-
lizing chains A). Good correlation is also found between the critical volume fraction
(CFV) of a nonsolvent for the polymer chains and their θ-point under these conditions.
However, in some cases such correlation may break down, particularly the case for
polymers which adsorb by multipoint attachment. This situation has been described
by Napper [14] who referred to it as “enhanced” steric stabilization.

Thus by measuring the θ-point (CFT or CFV) for the polymer chains (A) in the
medium under investigation (which could be obtained from viscosity measurements)
one can establish the stability conditions for a dispersion, before its preparation. This
procedure helps also in designing effective steric stabilizers such as block and graft
copolymers.

5.5.5.3 Depletion flocculation
Depletion flocculation is produced by addition of “free” non-adsorbing polymer [19].
In this case, the polymer coils cannot approach the particles to a distance ∆ (that is de-
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termined by the radius of gyration of free polymer RG), since the reduction of entropy
on close approach of the polymer coils is not compensated by an adsorption energy.
The dispersion particles or droplets will be surrounded by a depletion zonewith thick-
ness ∆. Above a critical volume fraction of the free polymer, ϕ+p, the polymer coils are
“squeezed out” from between the particles and the depletion zones begin to interact.
The interstices between the particles are now free from polymer coils and hence an
osmotic pressure is exerted outside the particle surface (the osmotic pressure outside
is higher than inbetween theparticles) resulting inweakflocculation [19]. A schematic
representation of depletion flocculation is shown in Fig. 5.17.
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Depletion zone
ϕp

+

Osmotic pressure

Polymer coil

Fig. 5.17: Schematic representation of depletion flocculation.

The magnitude of the depletion attraction free energy, Gdep, is proportional to the
osmotic pressure of the polymer solution, which in turn is determined by ϕp and
molecular weight M. The range of depletion attraction is proportional to the thick-
ness of the depletion zone, ∆, which is roughly equal to the radius of gyration, RG, of
the free polymer. A simple expression for Gdep is [19],

Gdep = 2πR∆2V1
(μ1 − μ01) (1 + 2∆R ) , (5.31)

where V1 is the molar volume of the solvent, μ1 is the chemical potential of the sol-
vent in the presence of free polymer with volume fraction ϕp and μ01 is the chemical
potential of the solvent in the absence of free polymer. (μ1 − μ01) is proportional to the
osmotic pressure of the polymer solution.
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5.5.5.4 Bridging flocculation by polymers and polyelectrolytes
Certain long-chain polymers may adsorb in such a way that different segments of the
same polymer chain are adsorbed on different particles, thus binding or “bridging”
the particles together, despite the electrical repulsion [20]. With polyelectrolytes of
opposite charge to the particles, another possibility exists; the particle charge may
be partly or completely neutralized by the adsorbed polyelectrolyte, thus reducing or
eliminating the electrical repulsion and destabilizing the particles.

Effective flocculants are usually linear polymers, often of high molecular weight,
which may be nonionic, anionic or cationic in character. Ionic polymers should be
strictly referred to as polyelectrolytes. The most important properties are molecular
weight and charge density. There are several polymeric flocculants that are based
on natural products, e.g. starch and alginates, but the most commonly used floccu-
lants are synthetic polymers and polyelectrolytes, e.g. polyacrylamide and copoly-
mers of acrylamide and a suitable cationic monomer such as dimethylaminoethyl
acrylate or methacrylate. Other synthetic polymeric flocculants are poly(vinyl alco-
hol), poly(ethylene oxide) (nonionic), sodium polystyrene sulphonate (anionic) and
polyethyleneimine (cationic).

As mentioned above, bridging flocculation occurs because segments of a poly-
mer chain adsorb simultaneously on different particles thus linking them together.
Adsorption is an essential step and this requires favourable interaction between the
polymer segments and the particles. Several types of interactions are responsible for
adsorption that is irreversible in nature: (i) Electrostatic interaction when a polyelec-
trolyte adsorbs on a surface bearing oppositely charged ionic groups, e.g. adsorption
of a cationic polyelectrolyte on a negative oxide surface such as silica. (ii) Hydropho-
bic bonding that is responsible for adsorption of nonpolar segments on a hydrophobic
surface, e.g. partially hydrolysed poly(vinyl acetate) (PVA) on a hydrophobic surface
such as polystyrene. (iii) Hydrogen bonding as for example interaction of the amide
group of polyacrylamide with hydroxyl groups on an oxide surface. (iv) Ion binding as
is the case of adsorption of anionic polyacrylamide on a negatively charged surface in
the presence of Ca2+.

Effective bridging flocculation requires that the adsorbed polymer extends far
enough from the particle surface to attach to other particles and that there is suf-
ficient free surface available for adsorption of these segments of extended chains.
When excess polymer is adsorbed, the particles can be restabilized, either because
of surface saturation or by steric stabilization as discussed before. This is one ex-
planation of the fact that an “optimum dosage” of flocculant is often found; at low
concentration there is insufficient polymer to provide adequate links and with larger
amounts restabilization may occur. A schematic picture of bridging flocculation and
restabilization by adsorbed polymer is given in Fig. 5.18.

If the fraction of particle surface covered by polymer is θ then the fraction of un-
covered surface is (1− θ) and the successful bridging encounters between theparticles
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Fig. 5.18: Schematic illustration of bridging flocculation (left) and restabilization (right) by adsorbed
polymer.

should be proportional to θ(1 − θ), which has its maximum when θ = 0.5. This is the
well-known condition of “half-surface-coverage” that has been suggested as giving
the optimum flocculation.

An important condition for bridging flocculationwith charged particles is the role
of electrolyte concentration. The latter determines the extension (“thickness”) of the
double layer which can reach values as high as 100nm (in 10−5 mol dm−5 1 : 1 elec-
trolyte such as NaCl). For bridging flocculation to occur, the adsorbed polymer must
extend far enough from the surface to a distance over which electrostatic repulsion
occurs (> 100nm in the above example). This means that at low electrolyte concen-
trations quite high molecular weight polymers are needed for bridging to occur. As
the ionic strength is increased, the range of electrical repulsion is reduced and lower
molecular weight polymers should be effective.

In many cosmetic formulations, it has been found that the most effective floccu-
lants are polyelectrolytes with a charge opposite to that of the particle or droplet. In
aqueous media most particles or droplets are negatively charged, and cationic poly-
electrolytes such as polyethyleneimine are often necessary. With oppositely charged
polyelectrolytes it is likely that adsorption occurs to give a rather flat configuration
of the adsorbed chain, due to the strong electrostatic attraction between the positive
ionic groups on the polymer and the negative charged sites on the particle surface.

This would probably reduce the probability of bridging contacts with other par-
ticles, especially with fairly low molecular weight polyelectrolytes with high charge
density. However, the adsorption of a cationic polyelectrolyte on a negatively charged
particle will reduce the surface charge of the latter, and this charge neutralization
could be an important factor in destabilizing the particles. Another mechanism for
destabilization has been suggested by Gregory [18] who proposed an “electrostatic-
patch” model. This applied to cases where the particles have a fairly low density of
immobile charges and the polyelectrolyte has a fairly high charge density. Under these
conditions, it is not physically possible for each surface site to be neutralized by a
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charged segment on the polymer chain, even though the particle may have sufficient
adsorbed polyelectrolyte to achieve overall neutrality. There are then “patches” of ex-
cess positive charge, corresponding to the adsorbed polyelectrolyte chains (probably
in a rather flat configuration), surrounded by areas of negative charge, representing
the original particle surface. Particles which have this “patchy” or “mosaic” type of
surface charge distribution may interact in such a way that the positive and negative
“patches” come into contact, giving quite strong attraction (although not as strong
as in the case of bridging flocculation). A schematic illustration of this type of inter-
action is given in Fig. 5.19. The electrostatic-patch concept (which can be regarded as
another form of “bridging”) can explain a number of features of flocculation of nega-
tively charged particles with positive polyelectrolytes. These include the rather small
effect of increasing themolecularweight and the effect of ionic strength on the breadth
of the flocculation dosage range and the rate of flocculation at optimum dosage.
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+ Fig. 5.19: “Electrostatic-patch” model for
the interaction of negatively charged particles
with adsorbed cationic polyelectrolytes.
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6 Formulation of cosmetic emulsions

6.1 Introduction

Cosmetic emulsions need to satisfy a number of benefits. For example, such systems
should deliver a functional benefit such as cleaning (e.g. hair, skin, etc.), provide a
protective barrier against water loss from the skin and in some cases they should
screen out damaging UV light (in which case a sunscreen agent such as titania is
incorporated in the emulsion). These systems should also impart a pleasant odour
and make the skin feel smooth. Both oil-in-water (O/W) and water-in-oil (W/O) emul-
sions are used in cosmetic applications [1]. As will be discussed in Chapter 8, more
complex systems such as multiple emulsions have been applied in recent years [1, 2].

The main physicochemical characteristics that need to be controlled in cosmetic
emulsions are their formation and stability on storage as well as their rheology, which
controls spreadability and skin feel. The life span ofmost cosmetic and toiletry brands
is relatively short (3–5 years) andhence development of the product should be fast. For
this reason, accelerated storage testing is needed for prediction of stability and change
of rheologywith time. These accelerated tests represent a challenge to the formulation
chemist [1, 2].

As mentioned in Chapter 1, the main criterion for any cosmetic ingredient should
be medical safety (free of allergens, sensitizers and irritants and impurities that have
systemic toxic effects). These ingredients should be suitable for producing stable
emulsions that can deliver the functional benefit and the aesthetic characteristics.
Themain components of an emulsion are the water and oil phases and the emulsifier.
Several water soluble ingredients may be incorporated in the aqueous phase and oil
soluble ingredients in the oil phase. Thus, the water phase may contain functional
materials such as proteins, vitamins, minerals and many natural or synthetic water
soluble polymers. The oil phasemay contain perfumes and/or pigments (e.g. inmake-
up). The oil phase may be a mixture of several mineral or vegetable oils. Examples of
oils used in cosmetic emulsions are lanolin and its derivatives, paraffin and silicone
oils. The oil phase provides a barrier against water loss from the skin.

6.2 Thermodynamics of emulsion formation

The process of emulsion formation is determined by the property of the interface, in
particular the interfacial tension which is determined by the concentration and type
of the emulsifier [3–7]. This is illustrated as follows. Consider a system in which an oil
is represented by a large drop 2 of area A1 immersed in a liquid 2, which is now subdi-
vided into a large number of smaller droplets with total area A2 (A2 ≫ A1) as shown in
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2
1

III

21 Formation

Breakdown
(flocc + coal)

Fig. 6.1: Schematic representation of emulsion formation and breakdown.

Fig. 6.1. The interfacial tension γ12 is the same for the large and smaller droplets since
the latter are generally in the region of 0.1 to few µm.

The change in free energy in going from state I to state II is made from two con-
tributions: a surface energy term (that is positive) that is equal to ∆Aγ12 (where ∆A =
A2 − A1) and an entropy of dispersions term which is also positive (since producing
a large number of droplets is accompanied by an increase in configurational entropy)
which is equal to T∆Sconf.

From the second law of thermodynamics,

∆Gform = ∆Aγ12 − T∆Sconf . (6.1)

Inmost cases ∆Aγ12≫ T∆Sconf, whichmeans that ∆Gform is positive, i.e. the formation
of emulsions is non-spontaneous and the system is thermodynamically unstable. In
the absence of any stabilization mechanism, the emulsion will break by flocculation,
coalescence,Ostwald ripeningor combinationof all theseprocesses. This is illustrated
in Fig. 6.2 which shows several paths for emulsion breakdown processes.

GIV

GIV

GI

GIII

II or IV I or III

Fig. 6.2: Free energy path in emul-
sion breakdown: , flocc. + coal.,

, flocc. + coal. + sed., ,
flocc. + coal. + sed. + Ostwald ripening.

In the presence of a stabilizer (surfactant and/or polymer), an energy barrier is created
between the droplets and therefore the reversal from state II to state I becomes non-
continuous as a result of the presence of these energy barriers. This is illustrated in
Fig. 6.3. In the presence of the above energy barriers, the system becomes kinetically
stable.

Several emulsifiers, mostly nonionic or polymeric, are used for preparation of
O/W or W/O emulsions and their subsequent stabilization. For W/O emulsion, the
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Fig. 6.3: Schematic representation of free energy path for breakdown (flocculation and coalescence)
for systems containing an energy barrier.

hydrophilic–lipophilic balance (HLB) range (see below) of the emulsifier is in the
range 3–6, whereas for O/W emulsions this range is 8–18.

The HLB number is based on the relative percentage of hydrophilic to lipophilic
(hydrophobic) groups in the surfactant molecule(s) as will be discussed below. For
an O/W emulsion droplet the hydrophobic chain resides in the oil phase whereas the
hydrophilic head group resides in the aqueous phase. For aW/O emulsion droplet, the
hydrophilic group(s) reside in the water droplet, whereas the lipophilic groups reside
in the hydrocarbon phase.

6.3 Emulsion breakdown processes and their prevention

Several breakdown processes may occur on storage depending on: particle size distri-
bution anddensity difference between the droplets and themedium;magnitude of the
attractive versus repulsive forces which determines flocculation; solubility of the dis-
perse droplets and the particle size distribution which determines Ostwald ripening;
stability of the liquid film between the droplets that determines coalescence; phase
inversion, where the two phases exchange, e.g. an O/W emulsion inverting to W/O
and vice versa. Phase inversion can be catastrophic as is the case when the oil phase
in an O/W emulsion exceeds a critical value. The inversion can be transient when for
example the emulsion is subjected to temperature increase.

The various breakdown processes are illustrated in the Fig. 6.4. The physical phe-
nomena involved in each breakdown process are not simple and it requires analysis of
the various surface forces involved. In addition, the above processes may take place
simultaneously rather than consecutively and this complicates the analysis. Model
emulsions, with monodisperse droplets cannot be easily produced and hence any
theoretical treatment must take into account the effect of droplet size distribution.
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Sedimentation

FlocculationCreaming

Phase inversion Ostwald ripening

Coalescence

Fig. 6.4: Schematic representation of the various breakdown processes in emulsions.

Theories that take into account the polydispersity of the system are complex and in
many cases only numerical solutions are possible. In addition, measurements of sur-
factant and polymer adsorption in an emulsion are not easy and one has to extract
such information from measurements at a planer interface.

A summary of each of the above breakdown processes and details of each process
and methods for its prevention are given below.

6.3.1 Creaming and sedimentation

This process, with no change in droplet size, results from external forces usually grav-
itational or centrifugal. When such forces exceed the thermal motion of the droplets
(Brownian motion), a concentration gradient builds up in the system with the larger
droplets moving faster to the top (if their density is lower than that of the medium)
or to the bottom (if their density is larger than that of the medium) of the container.
In the limiting cases, the droplets may form a close-packed (random or ordered) array
at the top or bottom of the system with the remainder of the volume occupied by the
continuous liquid phase.

The most commonly used method for prevention of creaming or sedimentation is
to add a rheologymodifier, sometimes referred to as a thickener, usually a highmolec-
ular weight polymer such as hydroxyethyl cellulose, associative thickener (hydropho-
bically modified polymer) or a microgel such as Carbopol (crosslinked polyacrylate
which on neutralization with alkali forms a microgel). All these systems give a non-
Newtonian system (see section on rheology of cosmetic emulsions) with a very high
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viscosity at low shear rate (referred to as residual or “zero-shear” viscosity η(0)). This
high viscosity (usually above 10 Pas) prevents any creaming or sedimentation of the
emulsion.

6.3.2 Flocculation

This process refers to aggregation of the droplets (without any change in primary
droplet size) into larger units. It is the result of van der Waals attraction which is uni-
versal with all disperse systems. The main force of attraction arises from the London
dispersion force that results from charge fluctuations of the atoms or molecules in the
disperse droplets. The van der Waals attraction increases with decreasing separation
distance between the droplets and at small separation distances the attraction be-
comes very strong resulting in droplet aggregation or flocculation. The latter occurs
when there is not sufficient repulsion to keep the droplets apart to distanceswhere the
van derWaals attraction is weak. Flocculationmay be “strong” or “weak”, depending
on the magnitude of the attractive energy involved. In cases where the net attractive
forces are relatively weak, an equilibrium degree of flocculation may be achieved
(so-called weak flocculation), associated with the reversible nature of the aggregation
process. The exact nature of the equilibrium state depends on the characteristics
of the system. One can envisage the build-up of aggregate size distribution and an
equilibrium may be established between single droplets and large aggregates. With a
strongly flocculated system, one refers to a system inwhich all the droplets are present
in aggregates due to the strong van der Waals attraction between the droplets.

Two main rules can be applied for reducing (eliminating) flocculation depend-
ing on the stabilization mechanism: (i) With charge stabilized emulsions, e.g. using
ionic surfactants, the most important criterion is to make the energy barrier in the
energy-distance curve (see Chapter 5), Gmax, as high as possible. This is achieved by
three main conditions: high surface or zeta potential, low electrolyte concentration
and low valency of ions. (ii) For sterically stabilized emulsions four main criteria are
necessary: (a) Complete coverage of the droplets by the stabilizing chains. (b) Firm
attachment (strong anchoring) of the chains to the droplets. This requires the chains
to be insoluble in the medium and soluble in the oil. However, this is incompatible
with stabilization which requires a chain that is soluble in the medium and strongly
solvated by itsmolecules. These conflicting requirements are solved by the use of A–B,
A–B–A block or BAn graft copolymers (B is the “anchor” chain and A is the stabilizing
chain(s)). Examples for the B chains for O/W emulsions are polystyrene, polymethyl-
methacrylate, polypropylene oxide and alkyl polypropylene oxide. For the A chain(s),
polyethylene oxide (PEO) or polyvinyl alcohol are good examples. ForW/O emulsions,
PEO can form the B chain, whereas the A chain(s) could be polyhydroxy stearic acid
(PHS) which is strongly solvated by most oils. (c) Thick adsorbed layers; the adsorbed
layer thickness should be in the region of 5–10 nm. This means that the molecular
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weight of the stabilizing chains could be in the region of 1000–5000. (d) The sta-
bilizing chain should be maintained in good solvent conditions (the Flory–Huggins
interactionparameter χ <0.5) under all conditions of temperature changes on storage.

6.3.3 Ostwald ripening (disproportionation)

This results from the finite solubility of the liquid phases. Liquids which are referred
to as being immiscible often have mutual solubilities which are not negligible. With
emulsions which are usually polydisperse, the smaller droplets will have larger solu-
bility when compared with the larger ones (due to curvature effects). With time, the
smaller droplets disappear and their molecules diffuse to the bulk and become de-
posited on the larger droplets. With time the droplet size distribution shifts to larger
values.

Two general methods may be applied to reduce Ostwald ripening [1–3]: (i) Ad-
dition of a second disperse phase component which is insoluble in the continuous
medium (e.g. squalane). In this case partitioning between different droplet sizes oc-
curs, with the component having low solubility expected to be concentrated in the
smaller droplets. During Ostwald ripening in a two component system, equilibrium is
establishedwhen the difference in chemical potential betweendifferent sized droplets
(which results from curvature effects) is balanced by the difference in chemical po-
tential resulting from partitioning of the two components. This effect reduces further
growth of droplets. (ii) Modification of the interfacial film at the O/W interface: reduc-
tion in γ results in reduction of Ostwald ripening rate. By using surfactants that are
strongly adsorbed at the O/W interface (i.e. polymeric surfactants) and which do not
desorb during ripening (by choosing a molecule that is insoluble in the continuous
phase) the rate could be significantly reduced. An increase in the surface dilational
modulus ε (= dγ/dln A) and decrease in γ would be observed for the shrinking drop
and this tends to reduce further growth [1–3].

A–B–A block copolymers such as PHS–PEO–PHS (which is soluble in the oil
droplets but insoluble in water) can be used to achieve the above effect. Similar
effects can also be obtained using a graft copolymer of hydrophobically modified in-
ulin, namely INUTEC®SP1 (ORAFTI, Belgium). This polymeric surfactant adsorbswith
several alkyl chains (which may dissolve in the oil phase) leaving loops and tails of
strongly hydrated inulin (polyfructose) chains. The molecule has limited solubility in
water and hence it resides at the O/W interface. These polymeric emulsifiers enhance
the Gibbs elasticity thus significantly reducing the Ostwald ripening rate.
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6.3.4 Coalescence

This refers to the process of thinning and disruption of the liquid film between the
droplets which may be present in a creamed or sedimented layer, in a floc or simply
during droplet collision, with the result of fusion of two or more droplets into larger
ones. This process of coalescence results in a considerable change in the droplet size
distribution, which shifts to larger sizes. The limiting case for coalescence is the com-
plete separation of the emulsion into two distinct liquid phases. The thinning and
disruption of the liquid film between the droplets is determined by the relative mag-
nitudes of the attractive versus repulsive forces. To prevent coalescence, the repulsive
forces must exceed the van der Waals attraction, thus preventing film rupture.

Several methods may be applied to achieve the above effects: (i) Use of mixed
surfactant films. In many cases using mixed surfactants, say anionic and nonionic or
long chain alcohols can reduce coalescence as a result of several effects: high Gibbs
elasticity; high surface viscosity; hindered diffusion of surfactant molecules from the
film. (ii) Formation of lamellar liquid crystalline phases at the O/W interface. Surfac-
tant or mixed surfactant film can produce several bilayers that “wrap” the droplets as
discussed in Chapter 4. As a result of these multilayer structures, the potential drop is
shifted to longer distances thus reducing the vanderWaals attraction. For coalescence
to occur, these multilayers have to be removed “two-by-two” and this forms an energy
barrier preventing coalescence.

6.3.5 Phase Inversion

This refers to the process in which there is an exchange between the disperse phase
and themedium. For example anO/Wemulsionmaywith timeor change of conditions
invert to a W/O emulsion. In many cases, phase inversion passes through a transition
state whereby multiple emulsions are produced. For example with an O/W emulsion,
the aqueous continuous phase may become emulsified in the oil droplets forming a
W/O/W multiple emulsion. This process may continue until all the continuous phase
is emulsified into the oil phase thus producing a W/O emulsion.

6.4 Selection of emulsifiers

6.4.1 The Hydrophilic-Lipophilic Balance (HLB) concept

The hydrophilic-lipophilic balance (HLB number) is a semi-empirical scale for select-
ing surfactants developed by Griffin [8]. This scale is based on the relative percentage
of hydrophilic to lipophilic (hydrophobic) groups in the surfactant molecule(s). For
an O/W emulsion droplet the hydrophobic chain resides in the oil phase whereas the
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hydrophilic head group resides in the aqueous phase. For aW/O emulsion droplet, the
hydrophilic group(s) reside in the water droplet, whereas the lipophilic groups reside
in the hydrocarbon phase.

Tab. 6.1 gives a guide to the selection of surfactants for a particular application.
The HLB number depends on the nature of the oil. As an illustration, Tab. 6.2 gives the
required HLB numbers to emulsify various oils. Examples of HLB numbers of a list of
surfactants are given in Tab. 6.3.

Tab. 6.1: Summary of HLB ranges and their applications.

HLB Range Application

3–6 W/O Emulsifier
7–9 Wetting agent
8–18 O/W Emulsifier

13–15 Detergent
15–18 Solubilizer

Tab. 6.2: Required HLB numbers to emulsify various oils.

Oil W/O Emulsion O/W Emulsion

Paraffin oil 4 10
Beeswax 5 9
Lanolin, anhydrous 8 12
Cyclohexane — 15
Toluene — 15
Silicone oil (volatile) — 7–8
Isopropyl myristate — 11–12
Isohexadecyl alcohol 11–12
Castor oil 14

Tab. 6.3: HLB numbers of some surfactants.

Surfactant Chemical Name HLB

Span 85 Sorbitan trioleate 1.8
Span 80 Sorbitan mono-oleate 4.3
Brij 72 Ethoxylated (2mol ethylene oxide)

stearyl alcohol
4.9

Triton X-35 Ethoxylated octylphenol 7.8
Tween 85 Ethoxylated (20mol ethylene oxide)

sorbitan trioleate
11.0

Tween 80 Ethoxylated (20mol ethylene oxide)
sorbitan mono-oleate

15.0
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The relative importance of the hydrophilic and lipophilic groups was first recognized
when using mixtures of surfactants containing varying proportions of a low and high
HLB number. The efficiency of any combination (as judged by phase separation) was
found to pass a maximum when the blend contained a particular proportion of the
surfactant with the higher HLB number. This is illustrated in Fig. 6.5 which shows the
variation of emulsion stability, droplet size and interfacial tension with % surfactant
with high HLB number.

Emulsion
stability

Droplet 
size

Interfacial 
tension

0                                             100
% Surfactant with high HLB

Fig. 6.5: Variation of emulsion stability, droplet
size and interfacial tension with % surfactant
with high HLB number.

The average HLB number may be calculated from additivity,

HLB = x1HLB1 + x2HLB2 , (6.2)

x1 and x2 are the weight fractions of the two surfactants with HLB1 and HLB2.
Griffin [8] developed simple equations for calculating the HLB number of rela-

tively simple nonionic surfactants. For a polyhydroxy fatty acid ester,

HLB = 20(1 − S
A
) . (6.3)

S is the saponification number of the ester and A is the acid number. For a glyceryl
monostearate, S = 161 and A = 198; the HLB is 3.8 (suitable for W/O emulsion).

For a simple alcohol ethoxylate, the HLB number can be calculated from the
weight percent of ethylene oxide (E) and polyhydric alcohol (P),

HLB = E + P
5

. (6.4)

If the surfactant contains PEO as the only hydrophilic group, the contribution from
one OH group can be neglected,

HLB = E
5
. (6.5)

For a nonionic surfactant C12H25–O–(CH2–CH2–O)6, the HLB is 12 (suitable for O/W
emulsion).

The above simple equations cannot be used for surfactants containing propylene
oxide or butylene oxide. They also cannot be applied for ionic surfactants. Davies
[9, 10] devised a method for calculating the HLB number for surfactants from their
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Tab. 6.4: HLB group numbers.

Group Number

Hydrophilic
–SO4Na+ 38.7
–COOK 21.2
–COONa 19.1
N(tertiary amine) 9.4
Ester (sorbitan ring) 6.8
–O– 1.3
CH–(sorbitan ring) 0.5

Lipophilic
(–CH–), (–CH2–), CH3 0.475

Derived
–CH2–CH2–O 0.33
–CH2–CHCH3–O −0.11

chemical formulae, using empirically determined group numbers. A group number is
assigned to various component groups. A summary of the group numbers for some
surfactants is given in Tab. 6.4.

The HLB is given by the empirical equation (6.6),

HLB = 7 +∑(hydrophilic group numbers) − ∑(lipohilic group numbers) . (6.6)

Davies has shown that the agreement between HLB numbers calculated from equa-
tion (6.6) and those determined experimentally is quite satisfactory.

Various other procedures have been developed to obtain a rough estimate of the
HLB number. Griffin found good correlation between the cloud point of 5% solution
of various ethoxylated surfactants and their HLB number.

Davies [9, 10] attempted to relate the HLB values to the selective coalescence rates
of emulsions. Such correlations were not realized since it was found that the emulsion
stability and even its type depend to a large extent on themethod of dispersing the oil
into the water and vice versa. At best the HLB number can only be used as a guide for
selecting optimum compositions of emulsifying agents.

Onemay take anypair of emulsifying agentswhich fall at opposite ends of theHLB
scale, e.g. Tween 80 (sorbitan mono-oleate with 20mol EO, HLB = 15) and Span 80
(sorbitan mono-oleate, HLB = 5) using them in various proportions to cover a wide
range of HLB numbers. The emulsions should be prepared in the same way, with a
few percent of the emulsifying blend. For example, a 20% O/W emulsion is prepared
by using 4% emulsifier blend (20% with respect to oil) and 76% water. The stability
of the emulsions is then assessed at each HLB number from the rate of coalescence or
qualitatively by measuring the rate of oil separation. In this way one may be able to
find the optimum HLB number for a given oil. For example with a given oil, the opti-
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Fig. 6.6: Stabilization of emulsion by different
classes of surfactants as a function of HLB.

mum HLB number is found to be 10.3. The latter can be determined more exactly by
using mixtures of surfactants with narrower HLB range, say between 9.5 and 11. Hav-
ing found the most effective HLB value, various other surfactant pairs are compared
at this HLB value, to find the most effective pair. This is illustrated in Fig. 6.6 which
shows schematically the difference between three chemical classes of surfactants. Al-
though the different classes give a stable emulsion at HLB = 12, mixture A gives the
best emulsion stability.

The HLB value of a given magnitude can be obtained by mixing emulsifiers of
different chemical types. The “correct” chemical type is as important as the “correct”
HLB number. This is illustrated in Fig. 6.7, which shows that an emulsifier with un-
saturated alkyl chain such as oleate (ethoxylated sorbitan mono-oleate, Tween 80)
is more suitable for emulsifying an unsaturated oil [6]. An emulsifier with saturated
alkyl chain (stearate in Tween 60) is better for emulsifying a saturated oil).

(a) (b) Stearate

Saturated oilUnsaturated oil

POE

POE
POE

POE

POE POE

Water

Oil

Oleate

Fig. 6.7: Selection of Tween type to correspond to the type of the oil to be emulsified.
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and HLB number.

Various procedures have been developed to determine the HLB of different surfac-
tants. Griffin [8] found a correlation between the HLB and the cloud points of 5%
aqueous solution of ethoxylated surfactants as illustrated in Fig. 6.8.

A titration procedure was developed [7] for estimating the HLB number. In this
method, a 1% solution of surfactant in benzene plus dioxane is titrated with distilled
water at constant temperature until a permanent turbidity appears. The authors found
a good linear relationship between the HLB number and the water titration value for
polyhydric alcohol esters as shown in Fig. 6.9. However, the slope of the line depends
on the class of material used.

Gas liquid chromatography (GLC) could also be used to determine the HLB num-
ber [7]. Since in GLC the efficiency of separation depends on the polarity of the sub-
strate with respect to the components of the mixture, it should be possible to deter-
mine the HLB directly by using the surfactant as the substrate and passing an oil
phase down the column. Thus,when a 50 : 50mixture of ethanol andhexane is passed
down a column of a simple nonionic surfactant, such as sorbitan fatty acid esters and
polyoxyethylated sorbitan fatty acid esters, two well-defined peaks, corresponding to
hexane (which appears first) and ethanol appears on the chromatograms. A good cor-
relation was found between the retention time ratio Rt (ethanol/hexane) and the HLB
value. This is illustrated in Fig. 6.10. Statistical analysis of the data gave the following
empirical relationship between Rt and HLB,

HLB = 8.55Rt − 6.36 , (6.7)

where

Rt = RETOHt

Rhexanet
. (6.8)
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Fig. 6.10: Correlation between retention time
and HLB of sorbitan fatty acid esters and poly-
oxyethylated fatty acid esters.

6.4.2 The Phase Inversion Temperature (PIT) concept

Shinoda and co-workers [11, 12] found that many O/W emulsions stabilized with non-
ionic surfactants undergo a process of inversion at a critical temperature (PIT). The
PIT can be determined by following the emulsion conductivity (small amount of elec-
trolyte is added to increase the sensitivity) as a functionof temperature as illustrated in
Fig. 6.11. The conductivity of the O/W emulsion increases with increasing temperature
until the PIT is reached, above which there will be a rapid reduction in conductivity
(W/O emulsion is formed). Shinoda and co-workers [11, 12] found that the PIT is in-
fluenced by the HLB number of the surfactant as shown in Fig. 6.12. For any given oil,
the PIT increases with increasing HLB number. The size of the emulsion droplets was
found to depend on the temperature and HLB number of the emulsifiers. The droplets
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Fig. 6.12: Correlation between HLB number and PIT for various O/W (1 : 1) emulsions stabilized
with nonionic surfactants (1.5wt%).

are less stable towards coalescence close to the PIT. However, by rapid cooling of the
emulsion a stable systemmay be produced. Relatively stable O/W emulsions were ob-
tained when the PIT of the system was 20–65 °C higher than the storage temperature.
Emulsions prepared at a temperature just below the PIT followedby rapid cooling gen-
erally have smaller droplet sizes. This can be understood if one considers the change
of interfacial tension with temperature as is illustrated in Fig. 6.13. The interfacial ten-
sion decreaseswith increasing temperature reaching aminimumclose to the PIT, after
which it increases.
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Fig. 6.13: Variation of interfacial tension with
temperature increase for an O/W emulsion.

Thus, the droplets prepared close to the PIT are smaller than those prepared at lower
temperatures. These droplets are relatively unstable towards coalescence near the PIT,
but by rapid cooling of the emulsion one can retain the smaller size. This procedure
may be applied to prepare mini- (nano)emulsions.

The optimum stability of the emulsion was found to be relatively insensitive to
changes in the HLB value or the PIT of the emulsifier, but instability was very sensitive
to the PIT of the system.

It is essential, therefore to measure the PIT of the emulsion as a whole (with all
other ingredients).

At a given HLB value, stability of the emulsions against coalescence increases
markedly as the molar mass of both the hydrophilic and lipophilic components in-
creases. The enhanced stability using high molecular weight surfactants (polymeric
surfactants) can be understood from a consideration of steric repulsion which pro-
duces more stable films. Films produced using macromolecular surfactants resist
thinning and disruption, thus reducing the possibility of coalescence. The emulsions
showed maximum stability when the distribution of the PEO chains was broad. The
cloud point is lower but the PIT is higher than in the corresponding case for narrow
size distributions. The PIT and HLB number are directly related parameters.

Addition of electrolytes reduces the PIT and hence an emulsifier with a higher
PIT value is required when preparing emulsions in the presence of electrolytes. Elec-
trolytes cause dehydration of the PEO chains and in effect this reduces the cloud point
of the nonionic surfactant. One needs to compensate for this effect by using a sur-
factant with higher HLB. The optimum PIT of the emulsifier is fixed if the storage
temperature is fixed.

In view of the above correlation between PIT and HLB and the possible depen-
dence of the kinetics of droplet coalescence on the HLB number, Sherman and co-
workers suggested the use of PITmeasurements as a rapidmethod for assessing emul-
sion stability. However, one should be careful in using such methods for assessment
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of the long-term stability since the correlations were based on a very limited number
of surfactants and oils.

Measurement of the PIT can at best be used as a guide for preparation of stable
emulsions. Assessment of the stability should be evaluated by following the droplet
size distribution as a function of time using a Coulter counter or light diffraction tech-
niques. Following the rheology of the emulsion as a function of time and temperature
may also be used for assessment of the stability against coalescence. Care should be
taken in analysing the rheological results. Coalescence results in an increase indroplet
size and this is usually followed by a reduction in the viscosity of the emulsion. This
trend is only observed if the coalescence is not accompanied by flocculation of the
emulsion droplets (which results in an increase in the viscosity). Ostwald ripening
can also complicate the analysis of the rheological data.

6.4.3 The Cohesive Energy Ratio (CER) concept

Beerbower and Hills [13] considered the dispersing tendency on the oil and water in-
terfaces of the surfactant or emulsifier in terms of the ratio of the cohesive energies
of the mixtures of oil with the lipophilic portion of the surfactant, and the water with
the hydrophilic portion. They used the Winsor R0 concept which is the ratio of the
intermolecular attraction of oil molecules (O) and lipophilic portion of surfactant (L),
CLO, to that of water (W) and hydrophilic portion (H), CHW,

R0 = CLO
CHW

(6.9)

Several interaction parameters may be identified at the oil and water sides of the in-
terface. One can identify at least nine interaction parameters as schematically repre-
sented in Fig. 6.14.

In the absence of emulsifier, there will be only three interaction parameters: COO,
CWW, COW; if COW ≪ CWW, the emulsion breaks.

CLL, COO, CLO (at oil side) 

CHH, CWW, CHW (at water side)

CLW, CHO, CLH (at the interface)

Oil O
Water W

L
H

Fig. 6.14: The cohesive energy ratio concept.
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The above interaction parameters may be related to the Hildebrand solubility param-
eter [14] δ (at the oil side of the interface) and the Hansen [15] nonpolar, hydrogen
bonding and polar contributions to δ at the water side of the interface.

The solubility parameter of any component is related to its heat of vaporization
∆H by the expression,

δ2 = ∆H − RT
Vm

, (6.10)

where Vm is the molar volume.
Hansen [15] considered δ (at thewater side of the interface) to consist of threemain

contributions, a dispersion contribution, δd, a polar contribution, δp and a hydrogen
bonding contribution, δh. These contributions have different weighting factors,

δ2 = δ2d + 0.25δ2p + 0.25δ2h . (6.11)

Beerbower and Hills [13] used the following expression for the HLB number,

HLB = 20( MH
ML + MH) = 20(

VHρH
VLρL + VHρH) (6.12)

where MH andML are themolecular weights of the hydrophilic and lipophilic portions
of the surfactants. VL and VH are their corresponding molar volumes whereas ρH and
ρL are the densities respectively.

The cohesive energy ratio was originally defined by Winsor, equation (6.8).
When CLO > CHW, R > 1 and a W/O emulsion forms. If CLO < CHW, R < 1 and an

O/W emulsion forms. If CLO = CHW, R = 1 and a planer system results; this denotes the
inversion point.

R0 can be related to VL, δL and VH, δH by the expression,

R0 = VLδ2L
VHδ2H

. (6.13)

Using equation (6.12),

R0 = VL(δ2d + 0.25δ2p + 0.25δ2h)L
Vh(δ2d + 0.25δ2p + 0.25δ2h)H (6.14)

Combining equations (6.11) and (6.13), one obtains the following general expression
for the cohesive energy ratio,

For anO/W system,HLB = 12–15 and R0 = 0.58–0.29 (R0 < 1). For aW/O system,
HLB = 5–6 and R0 = 2.3–1.9 (R0 > 1). For a planer system, HLB = 8–10 and R0 =
1.25–0.85 (R0 ≈ 1).

R0 = ( 20HLB − 1)
ρh(δ2d + 025δ2p + 0.25δ2h)L
ρL(δ2d + 0.25δ2p + 0.25δ2p)L . (6.15)

The R0 equation combines both the HLB and cohesive energy densities; it gives a
more quantitative estimate of emulsifier selection. R0 considers HLB, molar volume

 EBSCOhost - printed on 2/14/2023 1:25 PM via . All use subject to https://www.ebsco.com/terms-of-use



122 | 6 Formulation of cosmetic emulsions

and chemical match. The success of this approach depends on the availability of data
on the solubility parameters of the various surfactant portions. Some values are tab-
ulated in the book by Barton [16].

6.4.4 The Critical Packing Parameter (CPP) for emulsion selection

The critical packing parameter (CPP) is a geometric expression relating the hydrocar-
bon chain volume (v) and length (l) and the interfacial area occupied by the head
group (a0) [17],

CPP = v
lca0

. (6.16)

a0 is the optimal surface area per head group and lc is the critical chain length.
Regardless of the shape of any aggregated structure (spherical or cylindrical mi-

celle or a bilayer), no point within the structure can be farther from the hydrocarbon-
water surface than lc. The critical chain length, lc, is roughly equal to but less than the
fully extended length of the alkyl chain.

The above concept can be applied to predict the shape of an aggregated structure.
Consider a spherical micelle with radius r and aggregation number n; the volume of
the micelle is given by,

4
3
πr3 = nv , (6.17)

where v is the volume of a surfactant molecule.
The area of the micelle is given by,

4πr2 = na0 , (6.18)

where a0 is the area per surfactant head group.
Combining equations (6.17) and (6.18),

a0 = 3vr . (6.19)

The cross-sectional area of the hydrocarbon chain a is given by the ratio of its volume
to its extended length lc,

a = v
lc
. (6.20)

From equations (6.18) and (6.19),

CPP = a
a0
= 1
3
r
lc
. (6.21)

Since r < lc, then CPP ≤ (1/3).
For a cylindrical micelle with length d and radius r,

Volume of the micelle = πr2d = nv . (6.22)
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Tab. 6.5: Shape of micelles and CPP.

Lipid Critical
packing
parameter
v/a0lc

Critical
packing
shape

Structures formed

Single-chained lipids (surfactants) with large
head-group areas:
– SDS in low salt

<1/3 Cone Spherical micelles

v

do

lc

Single-chained lipids with small head-group
areas:
– SDS and CTAB in high salt
– nonionic lipids

1/3–1/2 Truncated
cone

Cylindrical mi-
celles

Double-chained lipids with large head-group
areas, fluid chains:

1/2–1 Truncated
one

Flexible bilayers,
vesicles

– Phosphatidyl choline (lecithin)
– phosphatidyl serine
– phosphatidyl glycerol
– phosphatidyl inositol
– phosphatidic acid
– sphingomyelin, DGDGa

– dihexadecyl phosphate
– dialkyl dimethyl ammonium
– salts

Double-chained lipids with small head-group
areas, anionic lipids in high salt, saturated
frozen chains:
– phosphatidyl ethanaiamine
– phosphatidyl serine + Ca2+

≈1 Cylinder Planar bilayers

Double-chained lipids with small head-group
areas, nonionic lipids, poly(cis) unsaturated
chains, high T:
– unsat. phosphatidyl ethanolamine
– cardiolipin + Ca2+

– phosphatidic acid + Ca2+

– cholesterol, MGDGb

>1 Inverted
truncated
cone or
wedge

Inverted micelles

a DGDG: digalactosyl diglyceride, diglucosyldiglyceride
b MGDG: monogalactosyl diglyceride, monoglucosyl diglyceride
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Combining equations (6.21) and (6.22),

Area of the micelle = 2πrd = na0 (6.23)

a0 = 2vr (6.24)

a = v
lc

(6.25)

CPP = a
a0
= 1
2
r
lc
. (6.26)

Since r < lc, then (1/3) < CPP ≤ (1/2).
For vesicles (liposomes) 1 > CPP ≥ (2/3) and for lamellar micelles P ≈ 1. For in-

verse micelles CPP > 1. A summary of the various shapes of micelles and their CPP is
given in Tab. 6.5.

Surfactants that make spherical micelles with the above packing constraints, i.e.
CPP ≤ (1/3), aremore suitable for O/W emulsions. Surfactants with CPP > 1, i.e. form-
ing inverted micelles, are suitable for formation of W/O emulsions.

6.5 Manufacture of cosmetic emulsions

For the manufacture of cosmetic emulsions (which are sometimes referred to as cos-
metic creams), it is necessary to control the process that determines the droplet size
distribution, since this controls the rheology of the resulting emulsion. Usually, one
starts to make the emulsion on a lab scale (of the order of 1–2 liters), which has to be
scaled-up to a pilot plant and manufacturing scale. At each stage, it is necessary to
control the various process parameters which need to be optimized to produce the
desirable effect. It is necessary to relate the process variable from the lab to the pi-
lot plant to the manufacturing scale and this requires a great deal of understanding
of emulsion formation that is controlled by the interfacial properties of the surfac-
tant film. Two main factors should be considered, namely the mixing conditions and
selection of production equipment. For proper mixing, sufficient agitation that pro-
duces turbulent flow is necessary in order to break up the liquid (disperse phase)
into small droplets. Various parameters should be controlled such as flow rate and
turbulence, type of impellers, viscosity of the internal and external phases and the
interfacial properties such as surface tension, surface elasticity and viscosity. The se-
lection of production equipment depends on the characteristics of the emulsion to
be produced. Propeller and turbine agitators are normally used for low and medium
viscosity emulsions. Agitators that are capable of scrapping the walls of the vessel are
essential for high viscosity emulsions. Very high shear rates can be produced by using
ultrasonics, colloid mills and homogenizers. It is essential to avoid too much heating
in the emulsion during preparation, which may produce undesirable effects such as
flocculation and coalescence.
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6.5.1 Mechanism of emulsification

This can be considered from a consideration of the energy required to expand the in-
terface, ∆Aγ (where ∆A is the increase in interfacial area when the bulk oil with area
A1 produces a large number of droplets with area A2; A2 ≫ A1 and γ is the interfacial
tension). Since γ is positive, the energy to expand the interface is large and positive;
this energy term cannot be compensated by the small entropy of dispersion T∆Sconf

(which is also positive) and the total free energy of formation of an emulsion, ∆Gform,
is positive as given by equation (6.1). Thus, emulsion formation is non-spontaneous
and energy is required to produce the droplets.

The formation of large droplets (fewµm) as is the case formacroemulsions is fairly
easy and hence high speed stirrers such as the Ultra-Turrax or SilversonMixer are suf-
ficient to produce the emulsion. In contrast, the formation of small drops (submicron
as is the case with nanoemulsions) is difficult and this requires a large amount of sur-
factant and/or energy. The high energy required for formation of nanoemulsions can
be understood from a consideration of the Laplace pressure ∆p (the difference in pres-
sure between inside and outside the droplet) as given by equations (6.27) and (6.28),

∆p = γ ( 1
r1
+ 1
r2
) , (6.27)

where r1 and r2 are the two principal radii of curvature.
For a perfectly spherical droplet r1 = r2 = r and

∆p = 2γ
r
. (6.28)

To break up a drop into smaller ones, it must be strongly deformed and this defor-
mation increases ∆p. Consequently, the stress needed to deform the drop is higher
for a smaller drop. Since the stress is generally transmitted by the surrounding liquid
via agitation, higher stresses need more vigorous agitation, and hence more energy is
needed to produce smaller drops.

Surfactants play major roles in the formation of emulsions [3–7]. By lowering the
interfacial tension, ∆p is reduced and hence the stress needed to break up a drop is
reduced. Surfactants also prevent coalescence of newly formed drops (see below).

To describe emulsion formation one has to consider two main factors: hydrody-
namics and interfacial science. In hydrodynamics one has to consider the type of flow:
laminar flow and turbulent flow. This depends on the Reynolds number as will be dis-
cussed below.

To assess emulsion formation, one usually measures the droplet size distribution
using for example laser diffraction techniques. If the number frequency of droplets as
a function of droplet diameter d is given by f(d), the n-th moment of the distribution
is,

Sn =
∞

∫
0

dnf(d) ∂d . (6.29)
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The mean droplet size is defined as the ratio of selected moments of the size distribu-
tion,

dnm = [ ∫
∞

0 dnf(d) ∂d
∫∞0 dmf(d) ∂d]

1/(n−m)

, (6.30)

where n and m are integers and n > m and typically n does not exceed 4.
Using equation (6.30) one can define several mean average diameters:

– The Sauter mean diameter with n = 3 and m = 2.
d32 = [∫

∞

0 d3f(d) ∂d
∫∞0 d2f(d) ∂d] . (6.31)

– The mass mean diameter,

d43 = [∫
∞

0 d4f(d) ∂d
∫∞0 d3f(d) ∂d] . (6.32)

– The number mean diameter,

d10 = [∫
∞

0 d1f(d) ∂d
∫∞0 f(d) ∂d ] . (6.33)

In most cases d32 (the volume/surface average or Sauter mean) is used. The width of
the size distribution can be given as the variation coefficient cm which is the stan-
dard deviation of the distribution weighted with dm divided by the corresponding
average d. Generally C2 will be used which corresponds to d32.

Another is the specific surface area A (surface area of all emulsion droplets per
unit volume of emulsion),

A = πS2 = 6ϕ
d32

. (6.34)

Surfactants lower the interfacial tension γ and this causes a reduction in droplet size.
The latter decrease with decreasing γ. For laminar flow the droplet diameter is pro-
portional to γ; for turbulent inertial regime, the droplet diameter is proportional to
γ3/5.

The surfactant can lower the interfacial tension γ0 of a clean oil-water interface to
a value γ and,

π = γ0 − γ , (6.35)

where π is the surface pressure. The dependence of π on the surfactant activity a or
concentration C is given by the Gibbs equation,

dπ = −dγ = RT Γ dln a = RT Γ dln C , (6.36)

where R is the gas constant, T is the absolute temperature and Γ is the surface excess
(number of moles adsorbed per unit area of the interface).
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At high a, the surface excess Γ reaches a plateau value; for many surfactants it
is of the order of 3mgm−2. Γ increases with increasing surfactant concentration and
eventually it reaches a plateau value (saturation adsorption). The value of C needed
to obtain the same Γ is much smaller for the polymer when compared with the surfac-
tant. In contrast, the value of γ reached at full saturation of the interface is lower for a
surfactant (mostly in the region of 1–3mNm−1 depending on the nature of surfactant
and oil) when compared with a polymer (with γ values in the region of 10–20mNm−1

depending on the nature of polymer and oil). This is due to themuch closer packing of
the small surfactant molecules at the interface when compared with the much larger
polymer molecule that adopts tail-train-loop-tail conformation.

Another important role of the surfactant is its effect on the interfacial dilational
modulus ε,

ε = dγ
dln A

. (6.37)

ε is the absolute value of a complex quantity, composed of an elastic and a viscous
term.

During emulsification an increase in the interfacial area A takes place and this
causes a reduction in Γ. The equilibrium is restored by adsorption of surfactant from
the bulk, but this takes time (shorter times occur at higher surfactant activity). Thus ε
is small at small a and also at large a. Because of the lack or slowness of equilibrium
with polymeric surfactants, ε will not be the same for expansion and compression of
the interface.

Inpractice emulsifiers are generallymadeof surfactantmixtures, often containing
different components and these have pronounced effects on γ and ε. Some specific
surfactant mixtures give lower γ values than either of the two individual components.
The presence ofmore than one surfactantmolecule at the interface tends to increase ε
at high surfactant concentrations. The various components vary in surface activity.
Those with the lowest γ tend to predominate at the interface, but if present at low
concentrations, it may take a long time before reaching the lowest value. Polymer-
surfactant mixtures may show some synergetic surface activity.

During emulsification, surfactant molecules are transferred from the solution to
the interface and this leaves an ever lower surfactant activity [3–7]. Consider for ex-
ample an O/W emulsion with a volume fraction ϕ = 0.4 and a Sauter diameter d32
= 1 µm. According to equation (6.9), the specific surface area is 2.4m2 ml−1 and for a
surface excess Γ of 3mgm−2, the amount of surfactant at the interface is 7.2mgml−1

emulsion, corresponding to 12mgml−1 aqueous phase (or 1.2%). Assuming that the
concentration of surfactant, Ceq (the concentration left after emulsification), leading
to a plateau value of Γ equals 0.3mgml−1 then the surfactant concentration decreases
from 12.3 to 0.3mgml−1 during emulsification. This implies that the effective γ value
increases during the process. If insufficient surfactant is present to leave a concentra-
tion Ceq after emulsification, even the equilibrium γ value would increase.
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Another aspect is that the composition of surfactant mixture in solution may al-
ter during emulsification. If some minor components are present that give a relatively
small γ value, this will predominate at a macroscopic interface, but during emulsi-
fication, as the interfacial area increases, the solution will soon become depleted of
these components. Consequently, the equilibrium value of γ will increase during the
process and the final valuemay bemarkedly larger than what is expected on the basis
of the macroscopic measurement.

During droplet deformation, its interfacial area is increased. The drop will com-
monly have acquired some surfactant, and it may even have a Γ value close to the
equilibrium at the prevailing (local) surface activity. The surfactant molecules may
distribute themselves evenly over the enlarged interface by surface diffusion or by
spreading. The rate of surface diffusion is determined by the surface diffusion coef-
ficient Ds that is inversely proportional to the molar mass of the surfactant molecule
and also inversely proportional to the effective viscosity felt. Ds also decreases with
increasing Γ. Sudden extension of the interface or sudden application of a surfactant
to an interface can produce a large interfacial tension gradient and in such a case
spreading of the surfactant can occur.

Surfactants allow the existence of interfacial tension gradients which is crucial
for formation of stable droplets. In the absence of surfactants (clean interface), the
interface cannot withstand a tangential stress; the liquid motion will be continuous
across a liquid interface.

If the γ-gradient can become large enough, it will arrest the interface [3–7]. The
largest value attainable for dγ equals about πeq, i.e. γ0 − γeq. If it acts over a small
distance, a considerable stress can develop, of the order of 10 kPa.

Interfacial tension gradients are very important in stabilizing the thin liquid film
between the droplets which is very important during the beginning of emulsification,
whenfilms of the continuous phasemaybe drawn through the disperse phase orwhen
collision of the still large deformable drops causes the film to form between them. The
magnitude of the γ-gradients and of the Marangoni effect depends on the surface di-
lational modulus ε, which for a plane interface with one surfactant-containing phase
is given by the expressions,

ε = −dγ/dln Γ
(1 + 2ξ + 2ξ2)1/2 (6.38)

ξ = dmC
dΓ

( D
2ω
)1/2 (6.39)

ω = dln A
dt

, (6.40)

where D is thediffusion coefficient of the surfactant andω represents a timescale (time
needed for doubling the surface area) that is roughly equal to τdef.

During emulsification, ε is dominated by themagnitude of the numerator in equa-
tion (6.38) because ξ remains small. The value of dmC/dΓ tends to go to very high
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values when Γ reaches its plateau value; ε goes to a maximumwhen mC is increased.
However, during droplet deformation, Γ will always remain smaller. Taking reason-
able values for the variables; dmC/dΓ = 102–104 m−1, D = 10−9–10−11 m2 s−1 and
τdef = 10−2–10−6 s, ξ < 0.1 at all conditions. The same conclusion can be drawn for
values of ε in thin films, e.g. between closely approaching drops. It may be concluded
that for conditions that prevail during emulsification, ε increaseswith mC and follows
the relation,

ε ≈ dπ
dln Γ

, (6.41)

except for very high surfactant concentration, where π is the surface pressure (π =
γ0 − γ).

The presence of a surfactant means that during emulsification the interfacial ten-
sion need not to be the same everywhere. This has two consequences: (i) the equi-
librium shape of the drop is affected; (ii) any γ-gradient formed will slow down the
motion of the liquid inside the drop (this diminishes the amount of energy needed to
deform and break-up the drop).

Another important role of the emulsifier is to prevent coalescence during emulsifi-
cation. This is certainly not due to the strong repulsion between the droplets, since the
pressure at which two drops are pressed together is much greater than the repulsive
stresses. The counteracting stress must be due to the formation of γ-gradients. When
two drops are pushed together, liquid will flow out from the thin layer between them,
and the flow will induce a γ-gradient.

τ∆γ ≈ 2|∆γ|(1/2)d . (6.42)

The factor 2 follows from the fact that two interfaces are involved. Taking a value of
∆γ = 10mNm−1, the stress amounts to 40 kPa (which is of the same order of magni-
tude as the external stress). The stress due to the γ-gradient cannot as such prevent
coalescence, since it only acts for a short time, but it will greatly slow down the mu-
tual approach of the droplets. The external stress will also act for a short time, and
it may well be that the drops move apart before coalescence can occur. The effective
γ-gradient will depend on the value of ε as given by equation (6.41).

Closely related to the above mechanism, is the Gibbs–Marangoni effect [18–20],
schematically represented in Fig. 6.15. The depletion of surfactant in the thin film be-
tween approaching drops results in γ-gradient without liquid flow being involved.
This results in an inward flow of liquid that tends to drive the drops apart. Such a
mechanism would only act if the drops were insufficiently covered with surfactant (Γ
below the plateau value) as occurs during emulsification.

The Gibbs–Marangoni effect also explains the Bancroft rule which states that the
phase in which the surfactant is most soluble forms the continuous phase. If the sur-
factant is in the droplets, a γ-gradient cannot develop and the drops would be prone
to coalescence. Thus, surfactants with HLB > 7 tend to formO/W emulsions and those
with HLB < 7 tend to formW/O emulsions.
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(a)

(c)

(b)

Fig. 6.15: Schematic representation of the
Gibbs–Marangoni effect for two approaching
drops.

The Gibbs–Marangoni effect also explains the difference between surfactants and
polymers for emulsification. Polymers give larger drops when compared with surfac-
tants. Polymers give a smaller value of ε at small concentrations when compared to
surfactants.

Various other factors should also be considered for emulsification, as will be dis-
cussed below: The disperse phase volume fraction ϕ. An increase in ϕ leads to an
increase in droplet collision and hence coalescence during emulsification. With in-
creasing ϕ, the viscosity of the emulsion increases and could change the flow from
being turbulent to being laminar. The presence of many particles results in a local
increase in velocity gradients. In turbulent flow, increasing ϕ will induce turbulence
depression (see below). This will result in larger droplets. Turbulence depression by
added polymers tends to remove the small eddies, resulting in the formation of larger
droplets.

If the mass ratio of surfactant to continuous phase is kept constant, increasing ϕ
results in decreasing surfactant concentration and hence an increase in γeq, resulting
in larger droplets. If the mass ratio of surfactant to disperse phase is kept constant,
the above changes are reversed.

6.5.2 Methods of emulsification

Several proceduresmay be applied for emulsion preparation, these range from simple
pipe flow (low agitation energy L), static mixers, rotor-stator (toothed devices such
as the Ultra-Turrax and batch radial discharge mixers such as the Silverson mixers)
and general stirrers (low to medium energy, L–M), colloid mills and high pressure
homogenizers (high energy, H), ultrasound generators (M–H) and membrane emulsi-
fication methods. The method of preparation can be continuous (C) or batchwise (B):
pipe flow – C; static mixers and general stirrers – B, C; colloid mill and high pressure
homogenizers – C; ultrasound – B, C.
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In all methods, there is liquid flow; unbounded and strongly confined flow. In the
unbounded flow any droplets are surrounded by a large amount of flowing liquid (the
confining walls of the apparatus are far away from most of the droplets). The forces
can be frictional (mostly viscous) or inertial. Viscous forces cause shear stresses to
act on the interface between the droplets and the continuous phase (primarily in the
direction of the interface). The shear stresses can be generated by laminar flow (LV) or
turbulent flow (TV); this depends on the dimensionless Reynolds numbers Re,

Re = vlρ
η
, (6.43)

where v is the linear liquid velocity, ρ is the liquid density and η is its viscosity. l is a
characteristic length that is given by the diameter of flow through a cylindrical tube
and by twice the slit width in a narrow slit.

For laminar flow Re ⪅ 1000, whereas for turbulent flow Re ⪆ 2000. Thus whether
the regime is linear or turbulent depends on the scale of the apparatus, the flow rate
and the liquid viscosity [3–7].

Rotor-stator mixers are the most commonly used mixers for emulsification. Two
main types are available. The most commonly used toothed device (schematically il-
lustrated in Fig. 6.16) is the Ultra-Turrax (IKA works, Germany).

Fig. 6.16: Schematic representation
of a toothed mixer (Ultra-Turrax).

Toothed devices are available both as in-line as well as batch mixers, and because of
their open structure they have a relatively good pumping capacity; therefore in batch
applications they frequently do not need an additional impeller to induce bulk flow
even in relatively large mixing vessels. These mixers are used in cosmetic emulsions
to manufacture creams and lotions that can be highly viscous and non-Newtonian.
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Fig. 6.17: Schematic representation of batch radial dis-
charge mixer (Silverson mixer).

Batch radial discharge mixers such as Silverson mixers (Fig. 6.17) have a relatively
simple design with a rotor equipped with four blades pumping the fluid through a
stationary stator perforated with differently shaped/sized holes or slots.

They are frequently supplied with a set of easily interchangeable stators enabling
the same machine to be used for a range of operations. Changing from one screen to
another is quick and simple. Different stators/screens used in batch Silverson mix-
ers are shown in Fig. 6.18. The general purpose disintegrating stator (Fig. 6.18 (a)) is
recommended for preparation of thick emulsions (gels) whilst the slotted disintegrat-
ing stator (Fig. 6.18 (b)) is designed for emulsions containing elastic materials such as
polymers. Square hole screens (Fig. 6.18 (c)) are recommended for the preparation of
emulsionswhereas the standard emulsor screen (Fig. 6.18 (d)) is used for liquid/liquid
emulsification.

(a) (b) (c) (d)

Fig. 6.18: Stators used in batch Silverson radial discharge mixers.

Batch toothed and radial discharge rotor-stator mixers are manufactured in different
sizes ranging from the laboratory to the industrial scale. In lab applications mixing
heads (assembly of rotor and stator) can be as small as 0.01m (Turrax, Silverson) and
the volume of processed fluid can vary from several milliliters to few liters. In models
used in industrial applicationsmixingheadsmight haveup to0.5mdiameter enabling
processing of several cubic meters of fluids in one batch.

In practical applications the selection of the rotor-stator mixer for a specific emul-
sification process depends on the required morphology of the product, frequently
quantified in terms of average drop size or in terms of drop size distributions, and

 EBSCOhost - printed on 2/14/2023 1:25 PM via . All use subject to https://www.ebsco.com/terms-of-use



6.5 Manufacture of cosmetic emulsions | 133

by the scale of the process. There is very little information enabling calculation of
average drop size in rotor-stator mixers and there are no methods enabling estima-
tion of drop size distributions. Therefore the selection of an appropriate mixer and
processing conditions for a required formulation is frequently carried out by trial
and error. Initially, one can carry out lab scale emulsification of given formulations
testing different type/geometries of mixers they manufacture. Once the type of mixer
and its operating parameters are determined at the lab scale the process needs to
be scaled up. The majority of lab tests of emulsification is carried out in small batch
vessels as it is easier and cheaper than running continuous processes. Therefore,
prior to scaling up of the rotor-stator mixer it has to be decided whether industrial
emulsification should be run as a batch or as a continuous process. Batch mixers are
recommended for processes where formulation of a product requires long processing
times typically associated with slow chemical reactions. They require simple control
systems, but spatial homogeneity may be an issue in large vessels which could lead
to a longer processing time. In processes where quality of the product is controlled by
mechanical/hydrodynamic interactions between continuous and dispersed phases
or by fast chemical reactions, but large amounts of energy are necessary to ensure
adequate mixing, in-line rotor-stator mixers are recommended. In-line mixers are
also recommended to efficiently process large volumes of fluid.

In the case of batch processing, rotor-stator devices immersed as top entry mixers
ismechanically the simplest arrangement, but in some processes bottom entrymixers
ensure better bulk mixing; however in this case sealing is more complex. In general,
the efficiency of batch rotor-stator mixers decreases as the vessel size increases and
as the viscosity of the processed fluid increases because of limited bulk mixing by
rotor-stator mixers. Whilst the open structure of Ultra-Turrax mixers frequently en-
ables sufficient bulkmixing even in relatively large vessels, if the liquid/emulsion has
a low apparent viscosity, processing of very viscous emulsions requires an additional
impeller (typically anchor type) to induce bulk flow and to circulate the emulsion
through the rotor-stator mixer. On the other hand, batch Silverson rotor-stator mix-
ers have a very limited pumping capacity and even at the lab scale they are mounted
off the centre of the vessel to improve bulk mixing. At the large scale there is always
need for at least one additional impeller and in the case of very large units more than
one impeller is mounted on the same shaft.

Problems associated with the application of batch rotor-stator mixers for process-
ing large volumes of fluid discussed above can be avoided by replacing batch mixers
with in-line (continuous)mixers. There aremanydesigns offeredbydifferent suppliers
(Silverson, IKA, etc.) and themain differences are related to the geometry of the rotors
and stators with stators and rotors designed for different applications. The main dif-
ference between batch and in-line rotor-stator mixers is that the latter have a strong
pumping capacity, therefore they aremounteddirectly in the pipeline. One of themain
advantages of in-line over batchmixers is that for the samepowerduty, amuch smaller
mixer is required, therefore they are better suited for processing large volumes of fluid.
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When the scale of the processing vessel increases, a point is reached where it is more
efficient to use an in-line rotor-stator mixer rather than a batch mixer of a large diam-
eter. Because power consumption increases sharply with rotor diameter (to the fifth
power) an excessively large motor is necessary at large scales. This transition point
depends on the fluid rheology, but for a fluid with a viscosity similar to water, it is
recommended to change from a batch to an in-line rotor-stator process at a volume
of approximately 1 to 1.5 tons. The majority of manufacturers supply both single and
multistage mixers for the emulsification of highly viscous liquids.

As mentioned above, there is liquid flow in all methods: unbounded and strongly
confined flow. In unbounded flow any droplet is surrounded by a large amount of
flowing liquid (the confining walls of the apparatus are far away from most of the
droplets); the forces can be frictional (mostly viscous) or inertial. Viscous forces cause
shear stresses to act on the interface between the droplets and the continuous phase
(primarily in the direction of the interface). The shear stresses can be generated by
laminar flow (LV) or turbulent flow (TV); This depends on the Reynolds number Re
as given by equation (6.43). For laminar flow Re ⪅ 1000, whereas for turbulent flow
Re ⪆ 2000. Thus whether the regime is linear or turbulent depends on the scale of
the apparatus, the flow rate and the liquid viscosity. If the turbulent eddies are much
larger than the droplets, they exert shear stresses on the droplets. If the turbulent ed-
dies are much smaller than the droplets, inertial forces will cause disruption (TI). In
bounded flow other relations hold; if the smallest dimension of the part of the appara-
tus in which the droplets are disrupted (say a slit) is comparable to droplet size, other
relations hold (the flow is always laminar). A different regime prevails if the droplets
are directly injected through a narrow capillary into the continuous phase (injection
regime), i.e. membrane emulsification.

Within each regime, an essential variable is the intensity of the forces acting; the
viscous stress during laminar flow σviscous is given by,

σviscous = ηG , (6.44)

where G is the velocity gradient.
The intensity in turbulent flow is expressed by the power density ε (the amount

of energy dissipated per unit volume per unit time); for turbulent flow,

ε = ηG2 . (6.45)

The most important regimes are: Laminar/Viscous (LV), Turbulent/Viscous (TV), Tur-
bulent/Inertial (TI). For water as the continuous phase, the regime is always TI. For
higher viscosity of the continuous phase (ηC = 0.1 Pas), the regime is TV. For still
higher viscosity or a small apparatus (small l), the regime is LV. For very small appara-
tus (as is the case withmost laboratory homogenizers), the regime is nearly always LV.

For the above regimes, a semi-quantitative theory is available that can give the
timescale and magnitude of the local stress σext, the droplet diameter d, timescale of
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droplets deformation τdef, timescale of surfactant adsorption, τads and mutual colli-
sion of droplets.

Laminar flow can be of a variety of types, purely rotational to purely extensional.
For simple shear the flow consists of equal parts of rotation and elongation. The ve-
locity gradient G (in reciprocal seconds) is equal to the shear rate γ. For hyperbolic
flow, G is equal to the elongation rate. The strength of a flow is generally expressed by
the stress it exerts on any plane in the direction of flow. It is simply equal to Gη (η is
simply the shear viscosity).

For elongational flow, the elongational viscosity ηel is given by,

ηel = Trη (6.46)

Where Tr is the dimensionless Trouton number which is equal to 2 for Newtonian liq-
uids in two-dimensional uneasily elongation flow. Tr = 3 for axisymmetric uniaxial
flow and is equal to 4 and for biaxial flows. Elongational flows exert higher stresses
for the same value of G than simple shear. For non-Newtonian liquids, the relation-
ships are more complicated and the values of Tr tends to be much higher.

An important parameter that describes droplet deformation is the Weber number
We (which gives the ratio of the external stress over the Laplace pressure),

We = GηCR
2γ

. (6.47)

The deformation of the drop increases with increasing We and above a critical value
Wecr thedropbursts forming smaller droplets.Wecr depends on twoparameters: (i) the
velocity vector α (α = 0 for simple shear and α = 1 for hyperbolic flow) and (ii) the
viscosity ratio λ of the oil ηD and the external continuous phase ηC,

λ = ηD
ηC

. (6.48)

As mentioned above, the viscosity of the oil plays an important role in the break-up
of droplets; the higher the viscosity, the longer it will take to deform a drop. The de-
formation time τdef is given by the ratio of oil viscosity to the external stress acting on
the drop,

τdef = ηD
σext

. (6.49)

The above ideas for simple laminar flowwere tested using emulsions containing 80%
oil in water stabilized with egg yolk. A colloid mill and static mixers were used to
prepare the emulsion. The results are shown in Fig. 6.19 which gives the number of
droplets n into which a parent drop is broken downwhen it is suddenly extended into
a long thread, corresponding to Web which is larger than Wecr. The number of drops
increases with increasing Web/Wecr. The largest number of drops, i.e. the smaller the
droplet size, is obtained when λ = 1, i.e. when the viscosity of the oil phase is closer
to that of the continuous phase. In practice, the resulting drop size distribution is of
greater importance than the critical drop size for break-up.
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Fig. 6.19: Variation of n with Web/Wecr.

Turbulent flow is characterized by the presence of eddies, which means that the aver-
age local flow velocity u generally differs from the time average value ū. The velocity
fluctuates in a chaotic way and the average difference between u and u󸀠 equals zero;
however, the root mean square average u󸀠 is finite [5–8],

u󸀠 = ⟨(u − ū)2⟩1/2 . (6.50)

The value of u󸀠 generally depends on direction, but for very high Re (> 50 000) and at
small length scales the turbulence flow can be isotropic, and u󸀠 does not depend on
direction. Turbulent flow shows a spectrum of eddy sizes; the largest eddies have the
highest u󸀠, they transfer their kinetic energy to smaller eddies, which have a smaller
u󸀠 but larger velocity gradient u󸀠/l.

The break-up of droplets in turbulent flow due to inertial forces may be repre-
sented by local pressure fluctuations near energy-bearing eddies,

∆p(x) = ρ[u󸀠(x)]2 = ε2/3x2/3ρ1/3 , (6.51)

where ε is the power density, i.e. the amount of energy dissipated per unit volume, ρ
is the density and x is the distance scale. If ∆p is larger than the Laplace pressure (p =
2γ/R) near the eddy, the drop would be broken-up. Break-up would be most effective
if d = le.

Putting x = dmax, the following expression gives the largest drops that are not
broken up in the turbulent field,

dmax = ε−2/5γ3/5ρ−1/5 . (6.52)

The validity of equation (6.52) is subject to two conditions: (i) Thedroplet size obtained
cannot be much smaller than l0. This equation is fulfilled for small ηC. (ii) The flow
near the droplet should be turbulent. This depends on the droplet Reynolds number
given by,

Redr = du󸀠(d)ρC/ηC . (6.53)

The condition Redr > 1 and combination with equation (6.10) leads to,
d > η2c /γρ . (6.54)
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Provided that (i) ϕ is small, (ii) ηC is not much larger than 1mPas, (iii) ηD is fairly
small, (iv) γ is constant, and (v) the machine is fairly small, equation (6.54) seems to
holdwell even for non-isotropic turbulencewith Reynolds numbermuch smaller than
50 000. The smallest drops are produced at the highest power density. Since the power
density varies from place to place (particularly if Re is not very high) the droplet size
distribution can be very wide. For break-up of drops in TI regime, the flow near the
drop is turbulent. For laminar flow, break-up by viscous forces is possible. If the flow
rate near the drop (u) varies greatly with distance d, the local velocity gradient is G.
A pressure difference is produced over the drop of (1/2)∆ρ(u2) = ρGd. At the same
time a shear stress ηCG acts on the drop. The viscous forces will be predominant for
ηCG > ρGd, leading to the condition,

ūdρ/ηC = Redr < 1 . (6.55)

The local velocity gradient is ηCG = ε1/2η1/2C . This results in the following expression
for dmax,

dmax = Wecrγε−1/2η−1/2c (6.56)

The value of Wecr is rarely > 1, since the flow has an elongational component. For not
very small ηC, dmax is smaller for TV than TI.

The viscosity of the oil plays an important role in the break-up of droplets; the
higher the viscosity, the longer it will take to deform a drop. The deformation time τdef
is given by the ratio of oil viscosity to the external stress acting on the drop,

τdef = ηDηC . (6.57)

The viscosity of the continuous phase ηC plays an important role in some regimes: For
turbulent inertial regime, ηC has no effect on droplets size. For a turbulent viscous
regime, larger ηC leads to smaller droplets. For a laminar viscous regime the effect is
even stronger.

The value of ηC and the size of the apparatus determine which regime prevails,
via the effect on Re. In a large machine and low ηC, Re is always very large and the
resulting average droplet diameter d is proportional to P−0.6H (where PH is the homog-
enization pressure). If ηC is higher and Redr < 1, the regime is TV and d ∝ P−0.75H . For
a smaller machine, as used in the lab, where the slit width of the valve may be of the
order of µm, Re is small and the regime is LV; d ∝ P−1.0H . If the slit is made very small
(of the order of droplet diameter), the regime can become TV.

In membrane emulsification, the disperse phase is passed through a membrane
and droplets leaving the pores are immediately taken up by the continuous phase. The
membrane is commonly made of porous glass or of ceramic materials. The general
configuration is a membrane in the shape of a hollow cylinder; the disperse phase
is pressed through it from outside, and the continuous phase pumped through the
cylinder (cross-flow). The flowalso causes detachment of the protruding droplets from
the membrane.
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Several requirements are necessary for the process: (i) For a hydrophobic dis-
perse phase (O/W emulsion) the membrane should be hydrophilic, whereas for a hy-
drophilic disperse phase (W/O emulsion) themembrane should be hydrophobic, since
otherwise the droplets cannot be detached. (ii) The poresmust be sufficiently far apart
to prevent the droplets coming out from touching each other and coalescing. (iii) The
pressure over the membrane should be sufficiently high to achieve drop formation.
This pressure should be at least of the order of Laplace pressure of a drop of diameter
equal to the pore diameter. For example, for pores of 0.4 µm and γ = 5mNm−1, the
pressure should be of the order of 105 Pa, but larger pressures are needed in practice,
this would amount to 3 × 105 Pa, also to obtain a significant flow rate of the disperse
phase through the membrane.

The smallest drop size obtained bymembrane emulsification is about three times
thepore diameter. Themaindisadvantage is its slowprocess,which canbe of the order
of 10−3 m3 m−2 s−1. This implies that very long circulation times are needed to produce
even small volume fractions.

Themost important variables that affect the emulsification process are the nature
of the oil and emulsifier, the volume fraction of the disperse phase ϕ and the emul-
sification process. As discussed above, the method of emulsification and the regime
(laminar or turbulent) have a pronounced effect on the process and the final droplet
size distribution. The effect of the volume fraction of the disperse phase requires spe-
cial attention. It affects the rate of collision between droplets during emulsification,
and thereby the rate of coalescence. As a first approximation, this would depend on
the relationbetween τads and τcoal (where τads is the average time it takes for surfactant
adsorption and τcoal is the average time it takes until a droplet collides with another
one). In the various regimes, the hydrodynamic constraints are the same for τads. For
example, in regime LV, τcoal = π/8ϕG. Thus for all regimes, the ratio of τads/τcoal is
given by,

κ ≡ τads
τcoal

∝ ϕΓ
mCd

, (6.58)

where the proportionality factorwould be at least of order 10. For example, for ϕ = 0.1,
Γ/mC = 10−6 m and d = 10−6 m (total surfactant concentration of the emulsion should
then be about 5%), κ would be of the order of 1. For κ ≫ 1, considerable coalescence
is likely to occur, particularly at high ϕ. The coalescence rate would then markedly
increase during emulsification, since both mC and d become smaller during the pro-
cess. If emulsification proceeds long enough, the droplet size distribution may then
be the result of a steady state of simultaneous break-up and coalescence.

The effect of increasing ϕ can be summarized as follows: (i) τcoal is shorter and co-
alescence will be faster unless κ remains small. (ii) Emulsion viscosity ηem increases,
hence Re decreases. This implies a change of flow from turbulent to laminar (LV).
(iii) In laminar flow, the effective ηC becomes higher. The presence of many droplets
means that the local velocity gradients near a droplet will generally be higher than
the overall value of G. Consequently, the local shear stress ηG does increase with in-
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creasing ϕ, which is as if ηC increases. (iv) In turbulent flow, increasing ϕ will induce
turbulence depression leading to larger d. (v) If the mass ratio of surfactant to contin-
uous phase is constant, an increase in ϕ gives a decrease in surfactant concentration;
hence an increase in γeq, an increase in κ, an increase in d produced by an increase
in coalescence rate. If the mass ratio of surfactant to disperse phase is kept constant,
the above mentioned changes are reversed, unless κ ≪ 1.

It is clear from the above discussion that general conclusions cannot be drawn,
since several of the above mentioned mechanisms may come into play. Using a high
pressure homogenizer, Walstra [4] compared the values of d with various ϕ values
up to 0.4 at constant initial mC, regime TI probably changing to TV at higher ϕ. With
increasing ϕ (> 0.1), the resulting d increased and the dependence on homogenizer
pressure pH (Fig. 6.20). This points to increased coalescence (effects (i) and (v)).

Fig. 6.20 shows a comparison of the average droplet diameter versus power con-
sumption using different emulsifying machines. It can be seen the smallest droplet
diameters were obtained when using the high pressure homogenizers.
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Fig. 6.20: Average droplet diameters obtained in various emulsifying machines as a function of
energy consumption p – The number near the curves denote the viscosity ratio λ – the results for the
homogenizer are for ϕ = 0.04 (solid line) and ϕ = 0.3 (broken line) – us means ultrasonic generator.

6.6 Rheological properties of cosmetic emulsions

The rheological properties of a cosmetic emulsion that need to be achieved depend
on the consumer perspective which is very subjective. However, the efficacy and aes-
thetic qualities of a cosmetic emulsion are affected by their rheology. For example,
with moisturizing creams one requires fast dispersion and deposition of a continuous
protective oil film over the skin surface. This requires a shear thinning system (see
below).
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For characterization of the rheology of a cosmetic emulsion, oneneeds to combine
several techniques, namely steady state, dynamic (oscillatory) and constant stress
(creep) measurements [21–23]. A brief description of these techniques is given below.

In steady state measurements one measures the shear stress (τ) – shear rate (γ)
relationship using a rotational viscometer. A concentric cylinder or cone and plate ge-
ometrymaybeuseddependingon the emulsion consistency.Most cosmetic emulsions
are non-Newtonian, usually pseudoplastic as illustrated in Fig. 6.21. In this case the
viscosity decreases with applied shear rate (shear thinning behaviour, Fig. 6.21), but
at very low shear rates the viscosity reaches a high limiting value (usually referred to
as the residual or zero shear viscosity).

Newtonian

η

η

γ γ

τβ

ηapp

Newtonian

Pseudoplastic

Pseudoplastic

Fig. 6.21: Schematic representation of Newtonian and non-Newtonian (pseudoplastic) flow.

For the above pseudoplastic flow, one may apply a power law fluid model [22], a Bing-
hammodel [24] or a Cassonmodel [25]. Thesemodels are represented by the following
equations respectively,

τ = ηappγn (6.59)

τ = τβ + ηappγ (6.60)

τ1/2 = τ1/2c + η1/2c γ1/2 , (6.61)

where n is the power in shear rate that is less than 1 for a shear thinning system (n is
sometimes referred to as the consistency index), τβ is theBingham(extrapolated) yield
value, η is the slope of the linear portion of the τ–γ curve, usually referred to as the
plastic or apparent viscosity, τc is the Casson’s yield value and ηc is the Casson’s vis-
cosity.

In dynamic (oscillator) measurements, a sinusoidal strain, with frequency ν in Hz
or ω in rad s−1 (ω = 2πν) is applied to the cup (of a concentric cylinder) or plate (of
a cone and plate) and the stress is measured simultaneously on the bob or the cone
which are connected to a torque bar. The angular displacement of the cup or the plate
is measured using a transducer. For a viscoelastic system, such as the case with a cos-
metic emulsion, the stress oscillates with the same frequency as the strain, but out of
phase [21]. This is illustrated in Fig. 6.22 which shows the stress and strain sine waves
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γ0

Δt

τ0

Fig. 6.22: Schematic representation of stress
and strain sine waves for a viscoelastic system.

for a viscoelastic system. From the time shift between the sine waves of the stress and
strain, ∆t, the phase angle shift δ is calculated,

δ = ∆tω . (6.62)

The complexmodulus, G∗, is calculated from the stress and strain amplitudes (τ0 and
γ0 respectively), i.e.,

G∗ = τ0
γ0
. (6.63)

The storage modulus, G󸀠, which is a measure of the elastic component is given by the
following expression,

G󸀠 = |G∗| cos δ . (6.64)

The loss modulus, G󸀠󸀠, which is a measure of the viscous component, is given by the
following expression,

G󸀠󸀠 = |G∗| sin δ (6.65)

and,

|G∗| = G󸀠 + iG󸀠󸀠 , (6.66)

where i is equal to (−1)−1/2.
The dynamic viscosity, η󸀠, is given by the following expression,

η󸀠 = G󸀠󸀠
ω
. (6.67)

In dynamic measurements one carries out two separate experiments. Firstly, the vis-
coelastic parameters are measured as a function of strain amplitude, at constant fre-
quency, in order to establish the linear viscoelastic region, where G∗, G󸀠 and G󸀠󸀠 are
independent of the strain amplitude. This is illustrated in Fig. 6.23, which shows the
variation of G∗, G󸀠 and G󸀠󸀠 with γ0. It can be seen that the viscoelastic parameters
remain constant up to a critical strain value, γcr, above which, G∗ and G󸀠 starts to de-
crease and G󸀠󸀠 starts to increase with a further increase in the strain amplitude. Most
cosmetic emulsions produce a linear viscoelastic response up to appreciable strains
(> 10%), indicative of structure build-up in the system (“gel” formation). If the sys-
tem shows a short linear region (i.e., a low γcr), it indicates lack of a “coherent” gel
structure (in many cases this is indicative of strong flocculation in the system).
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G″ Fig. 6.23: Schematic representation of the varia-
tion of G∗, G󸀠 and G󸀠󸀠 with strain amplitude (at a
fixed frequency).

Once the linear viscoelastic region is established, measurements are thenmade of the
viscoelastic parameters, at strain amplitudes within the linear region, as a function of
frequency. This is schematically illustrated in Fig. 6.24, which shows the variation of
G∗, G󸀠 and G󸀠󸀠 with v or ω. It can be seen that below a characteristic frequency, v∗ or
ω∗, G󸀠󸀠 > G󸀠. In this low frequency regime (long timescale), the system can dissipate
energy as viscous flow. Above v∗ or ω∗, G󸀠 > G󸀠󸀠, since in this high frequency regime
(short timescale) the system is able to store energy elastically. Indeed, at sufficiently
high frequency G󸀠󸀠 tends to zero and G󸀠 approaches G∗ closely, showing little depen-
dency on frequency.
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Fig. 6.24: Schematic representation of the vari-
ation of G∗, G󸀠 and G󸀠󸀠 with ω for a viscoelastic
system.

The relaxation time of the system can be calculated from the characteristic frequency
(the crossover point) at which G󸀠 = G󸀠󸀠, i.e.,

t∗ = 1
ω∗

. (6.68)

Many cosmetic emulsions behave as semi-solids with long t∗. They show only elastic
response within the practical range of the instrument, i.e. G󸀠 ≫ G󸀠󸀠 and they show
a small dependence on frequency. Thus, the behaviour of many emulsions creams is
similar to many elastic gels. This is not surprising, since in most cosmetic emulsion
systems, the volume fraction of the disperse phase ofmost cosmetic emulsions is fairly
high (usually > 0.5) and inmany systems a polymeric thickener is added to the contin-
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Fig. 6.25: Typical creep curve
for a viscoelastic system.

uous phase for stabilization of the emulsion against creaming (or sedimentation) and
to produce the right consistency for application.

In creep (constant stress) measurements [21], a stress τ is applied on the system
and thedeformation γ or the compliance J = γ/τ is followedas a functionof time.A typ-
ical example of a creep curve is shown inFig. 6.25. At t = 0, i.e. just after the application
of the stress, the system shows a rapid elastic response characterized by an instanta-
neous compliance J0 which is proportional to the instantaneousmodulus G. Clearly at
t = 0, all the energy is stored elastically in the system. At t > 0, the compliance shows
a slow increase, since bonds are broken and reformed but at different rates. This re-
tarded response is the mixed viscoelastic region. At sufficiently large timescales, that
depend on the system, a steady state may be reached with a constant shear rate. In
this region J shows a linear increase with time and the slope of the straight line gives
the viscosity, ητ, at the applied stress. If the stress is removed, after the steady state
is reached, J decreases and the deformation reverses sign, but only the elastic part is
recovered.

By carrying out creep curves at various stresses (starting from very low values
depending on the instrument sensitivity), one can obtain the viscosity of the emul-
sion at various stresses. A plot of ητ versus τ shows the typical behaviour shown in
Fig. 6.26. Below a critical stress, τβ, the system shows a Newtonian region with a very
high viscosity, usually referred to as the residual (or zero shear) viscosity. Above τβ,
the emulsion shows a shear thinning region and ultimately another Newtonian re-
gion with a viscosity that is much lower than η(0) is obtained. The residual viscosity
gives information on the stability of the emulsion on storage. The higher the value of
η(0), the lower the creaming or sedimentation of the emulsion. The high stress vis-
cosity gives information on the applicability of the emulsion such as its spreading
and film formation. The critical stress τβ gives a measure of the true yield value of
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Fig. 6.26: Variation of viscosity with applied stress
for a cosmetic emulsion.

the system, which is an important parameter both for application purposes and the
long-term physical stability of the cosmetic emulsion.

It is clear from the above discussion that rheological measurements of cosmetic
emulsions are very valuable in determining the long-term physical stability of the
system as well as its application. This subject has attracted considerable interest in
recent years with many cosmetic manufacturers. Apart from its value in the above
mentioned assessment, one of the most important considerations is to relate the rhe-
ological parameters to the consumer perception of the product. This requires careful
measurement of the various rheological parameters for a number of cosmetic prod-
ucts and relating these parameters to the perception of expert panels who assess the
consistency of the product, its skin feel, spreading, adhesion, etc. It is claimed that
the rheological properties of an emulsion cream determine the final thickness of the
oil layer, the moisturizing efficiency and its aesthetic properties such as stickiness,
stiffness and oiliness (texture profile). Psychophysical models may be applied to cor-
relate rheology with consumer perception and a new branch of psychorheology may
be introduced.
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7 Formulation of nanoemulsions in cosmetics

7.1 Introduction

Nanoemulsions are transparent or translucent systems in the size range 20–200nm
[1, 2]. Whether the system is transparent or translucent depends on the droplet size,
the volume fraction of the oil and the refractive index difference between the droplets
and the medium. Nanoemulsions having diameters < 50 nm appear transparent when
the oil volume fraction is < 0.2 and the refractive index difference between the droplets
and themedium is not large.With increasing droplet diameter and oil volume fraction
the systemmay appear translucent and at higher oil volume fractions the systemmay
become turbid.

Nanoemulsions are only kinetically stable. They have to be distinguished frommi-
croemulsions (that cover the size range 5–50nm) which are mostly transparent and
thermodynamically stable. The long-term physical stability of nanoemulsions (with
no apparent flocculation or coalescence) makes them unique and they are sometimes
referred to as “approaching thermodynamic stability”. The inherently high colloid sta-
bility of nanoemulsions can be well understood from a consideration of their steric
stabilization (when using nonionic surfactants and/or polymers) and how this is af-
fectedby the ratio of the adsorbed layer thickness todroplet radius aswill bediscussed
below.

Unless adequately prepared (to control the droplet size distribution) and stabi-
lized against Ostwald ripening (that occurs when the oil has some finite solubility in
the continuous medium), nanoemulsions may show an increase in the droplet size
and an initially transparent system may become turbid on storage.

The attraction of nanoemulsions for applications in personal care and cosmetics
is due to the following advantages [1]: (i) The very small droplet size causes a large
reduction in the gravity force and the Brownianmotionmay be sufficient for overcom-
ing gravity. This means that no creaming or sedimentation occurs on storage. (ii) The
small droplet size also prevents any flocculation of the droplets. Weak flocculation is
preventedand this enables the system to remaindispersedwithno separation. (iii) The
small droplets also prevent their coalescence, since these droplets are non-deformable
and hence surface fluctuations are prevented. In addition, the significant surfactant
film thickness (relative to droplet radius) prevents any thinning or disruption of the
liquid film between the droplets. (iv) Nanoemulsions are suitable for efficient delivery
of active ingredients through the skin. – The large surface area of the emulsion system
allows rapid penetration of actives. (v) Due to their small size, nanoemulsions can
penetrate through the “rough” skin surface and this enhances penetration of actives.
(vi) The transparent nature of the system, their fluidity (at reasonable oil concentra-
tions) as well as the absence of any thickeners may give them a pleasant aesthetic
character and skin feel. (vii) Unlike microemulsions (which require a high surfactant
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concentration, usually in the region of 20% and higher), nanoemulsions can be pre-
pared using reasonable surfactant concentration. For a 20% O/W nanoemulsion, a
surfactant concentration in the region of 5–10% may be sufficient. (viii) The small
size of the droplets allows them to deposit uniformly on substrates. Wetting, spread-
ing and penetrationmay be also enhanced as a result of the low surface tension of the
whole system and the low interfacial tension of the O/W droplets. (ix) Nanoemulsions
can be applied for delivery of fragrants which may be incorporated in many personal
care products. This could also be applied in perfumes which are desirable to be for-
mulated alcohol free. (x) Nanoemulsionsmay be applied as a substitute for liposomes
and vesicles (which are much less stable) and it is possible in some cases to build
lamellar liquid crystalline phases around the nanoemulsion droplets.

The inherently high colloid stability of nanoemulsions when using polymeric
surfactants is due to their steric stabilization [3]. The mechanism of steric stabiliza-
tion was discussed in Chapter 5. As was shown in Fig. 5.8, the energy–distance curve
shows a shallow attractive minimum at separation distance comparable to twice
the adsorbed layer thickness 2δ. This minimum decreases in magnitude as the ratio
between adsorbed layer thickness to droplet size increases. With nanoemulsions the
ratio of adsorbed layer thickness to droplet radius (δ/R) is relatively large (0.1–0.2)
when compared with macroemulsions.

These systems approach thermodynamic stability against flocculation and/or co-
alescence. The very small size of the droplets and the dense adsorbed layers ensures
lack of deformation of the interface, lack of thinning and disruption of the liquid film
between the droplets and hence coalescence is also prevented.

One of the main problems with nanoemulsions is Ostwald ripening which results
from the difference in solubility between small and large droplets [4]. The difference in
chemical potential of dispersed phase droplets between different sized droplets was
given by Lord Kelvin,

c(r) = c(∞) exp(2γVm
rRT

) , (7.1)

where c(r) is the solubility surrounding a particle of radius r, c(∞) is the bulk phase
solubility and Vm is themolar volumeof the dispersedphase. The quantity (2γVm/RT)
is termed the characteristic length. It has an order of ≈ 1 nm or less, indicating that the
difference in solubility of a 1 µm droplet is of the order of 0.1% or less.

Theoretically, Ostwald ripening should lead to condensation of all droplets into
a single drop (i.e. phase separation). This does not occur in practice since the rate of
growth decreases with increasing droplet size.

For two droplets of radii r1 and r2 (where r1 < r2),
RT
Vm

ln [ c(r1)
c(r2)] = 2γ (

1
r1
− 1
r2
) . (7.2)

Equation (7.19) shows that the larger the difference between r1 and r2, the higher the
rate of Ostwald ripening.
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Ostwald ripening can be quantitatively assessed from plots of the cube of the ra-
dius versus time t [4, 5],

r3 = 8
9
[ c(∞)γVm

ρRT
] t , (7.3)

where D is the diffusion coefficient of the disperse phase in the continuous phase.
Ostwald ripening can be reduced by incorporation of a second component which

is insoluble in the continuous phase (e.g. squalane) [4–6]. In this case significant
partitioning between different droplets occurs, with the component having low sol-
ubility in the continuous phase expected to be concentrated in the smaller droplets.
During Ostwald ripening in a two component disperse phase system, equilibrium is
establishedwhen the difference in chemical potential betweendifferent sized droplets
(which results from curvature effects) is balanced by the difference in chemical poten-
tial resulting from partitioning of the two components. If the secondary component
has zero solubility in the continuous phase, the size distribution will not deviate from
the initial one (the growth rate is equal to zero). In the case of limited solubility of the
secondary component, the distribution is the same as governed by equation (7.3), i.e.
a mixture growth rate is obtained which is still lower than that of the more soluble
component.

The above method is of limited application since one requires a highly insoluble
oil as the second phase which is miscible with the primary phase.

Anothermethod for reducingOstwald ripening depends onmodification of the in-
terfacial film at the O/W interface [7]. According to equation (7.3) reduction in γ results
in reduction of Ostwald ripening. However, this alone is not sufficient since one has
to reduce γ by several orders of magnitude. It has been suggested that by using sur-
factants which are strongly adsorbed at the O/W interface (i.e. polymeric surfactants)
and which do not desorb during ripening, the rate could be significantly reduced. An
increase in the surface dilationalmodulus anddecrease in γ would be observed for the
shrinkingdrops. Thedifference in γ between thedropletswouldbalance thedifference
in capillary pressure (i.e. curvature effects).

To achieve the above effect it is useful to use A–B–A block copolymers that are
soluble in the oil phase and insoluble in the continuous phase. A strongly adsorbed
polymeric surfactant that has limited solubility in the aqueous phase can also be used
(e.g. hydrophobically modified inulin, INUTEC®SP1 – ORAFTI, Belgium) [8, 9] as will
be discussed below.

7.2 Preparation of nanoemulsion by the use
of high pressure homogenizers

The production of small droplets (submicron) requires application of high energy [1];
the process of emulsification is generally inefficient. Simple calculations show that
the mechanical energy required for emulsification exceeds the interfacial energy by
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several orders ofmagnitude. For example toproduce anemulsionat ϕ = 0.1with a vol-
ume to surface diameter (Sauter diameter) d32 = 0.6 µm, using a surfactant that gives
an interfacial tension γ = 10mNm−1, the net increase in surface free energy is Aγ =
6ϕγ/d32 = 104 Jm−3. The mechanical energy required in a homogenizer is 107 Jm−3,
i.e. an efficiency of 0.1%. The rest of the energy (99.9%) is dissipated as heat [1].

Before describing the methods that can be applied to prepare submicron droplets
(nanoemulsions), it is essential to consider the thermodynamics of emulsion forma-
tion and breakdown, the role of the emulsifier in preventing coalescence during emul-
sification and the procedures that can be applied for selection of the emulsifier. This
was described in detail in Chapter 6.

The mechanism of emulsification was described in detail in Chapter 6 and only
a summary is given here. To prepare an emulsion oil, water, surfactant and energy
are needed. This can be analysed from a consideration of the energy required to ex-
pand the interface, ∆Aγ (where ∆A is the increase in interfacial area when the bulk
oil with area A1 produces a large number of droplets with area A2; A2 ≫ A1, γ is the
interfacial tension). Since γ is positive, the energy to expand the interface is large and
positive; this energy term cannot be compensated by the small entropy of dispersion
T∆S (which is also positive) and the total free energy of formation of an emulsion, ∆G,
is positive. Thus, emulsion formation is non-spontaneous and energy is required to
produce the droplets.

The formation of large droplets (fewµm) as is the case formacroemulsions is fairly
easy andhencehigh speed stirrers such as theUltra-Turrax or SilversonMixer are suffi-
cient to produce the emulsion [1]. In contrast, the formation of small drops (submicron
as is the case with nanoemulsions) is difficult and this requires a large amount of sur-
factant and/or energy. The high energy required for formation of nanoemulsions can
be understood from a consideration of the Laplace pressure ∆p (the difference in pres-
sure between inside and outside the droplet),

∆p = 2γ
r
. (7.4)

To break up a drop into smaller ones, it must be strongly deformed and this defor-
mation increases ∆p. Surfactants play major roles in the formation of emulsions: By
lowering the interfacial tension, ∆p is reduced and hence the stress needed to break
up a drop is reduced. Surfactants also prevent coalescence of newly formed drops

To describe emulsion formation one has to consider two main factors: hydrody-
namics and interfacial science. In hydrodynamics one has to consider the type of flow:
laminar flow and turbulent flow. This depends on the Reynolds number as will be dis-
cussed later.

To assess emulsion formation, one usually measures the droplet size distribution
using for example laser diffraction techniques. A useful average diameter d is,

dnm = (SmSn )
1/(n−m)

. (7.5)
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In most cases d32 (the volume/surface average or Sauter mean) is used. The width of
the size distribution can be given as the variation coefficient cm which is the stan-
dard deviation of the distribution weighted with dm divided by the corresponding
average d. Generally C2 will be used which corresponds to d32.

An alternative way to describe the emulsion quality is to use the specific surface
area A (surface area of all emulsion droplets per unit volume of emulsion),

A = πs2 = 6ϕ
d32

. (7.6)

Several procedures may be applied for emulsion preparation [1], these range from
simple pipe flow (low agitation energy, L), static mixers and general stirrers (low to
medium energy, L–M), high speed mixers such as the Ultra-Turrax (M), colloid mills
and high pressure homogenizers (high energy, H), ultrasound generators (M–H). The
method of preparation can be continuous (C) or batchwise (B): pipe flow and static
mixers – C; stirrers and Ultra-Turrax – B,C; colloid mill and high pressure homogeniz-
ers – C; ultrasound – B,C.

In all methods, there is liquid flow; unbounded and strongly confined flow. In the
unbounded flow any droplets is surrounded by a large amount of flowing liquid (the
confining walls of the apparatus are far away from most of the droplets). The forces
can be frictional (mostly viscous) or inertial. Viscous forces cause shear stresses to
act on the interface between the droplets and the continuous phase (primarily in the
direction of the interface). The shear stresses can be generated by laminar flow (LV) or
turbulent flow (TV); this depends on the Reynolds number Re,

Re = v l ρ
η

, (7.7)

where v is the linear liquid velocity, ρ is the liquid density and η is its viscosity. l is a
characteristic length that is given by the diameter of flow through a cylindrical tube
and by twice the slit width in a narrow slit.

For laminar flow Re ⪅ 1000, whereas for turbulent flow Re ⪆ 2000. Thus whether
the regime is linear or turbulent depends on the scale of the apparatus, the flow rate
and the liquid viscosity [8–11].

If the turbulent eddies aremuch larger than the droplets, they exert shear stresses
on the droplets. If the turbulent eddies are much smaller than the droplets, inertial
forces will cause disruption (TI).

In bounded flow other relations hold. If the smallest dimension of the part of the
apparatus in which the droplets are disrupted (say a slit) is comparable to droplet
size, other relations hold (the flow is always laminar). A different regime prevails if
the droplets are directly injected through a narrow capillary into the continuous phase
(injection regime), i.e. membrane emulsification.
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Within each regime, an essential variable is the intensity of the forces acting; the
viscous stress during laminar flow σviscous is given by,

σviscous = ηG , (7.8)

where G is the velocity gradient.
The intensity in turbulent flow is expressed by the power density ε (the amount

of energy dissipated per unit volume per unit time); for turbulent flow [11],

ε = ηG2 . (7.9)

The most important regimes are: Laminar/Viscous (LV) – Turbulent/Viscous (TV) –
Turbulent/Inertial (TI). For water as the continuous phase, the regime is always TI.
For higher viscosity of the continuous phase (ηC = 0.1 Pas), the regime is TV. For still
higher viscosity or a small apparatus (small l), the regime is LV. For very small appara-
tus (as is the case withmost laboratory homogenizers), the regime is nearly always LV.

For the above regimes, a semi-quantitative theory is available that can give the
timescale and magnitude of the local stress σext, the droplet diameter d, timescale of
droplet deformation τdef, timescale of surfactant adsorption, τads andmutual collision
of droplets.

An important parameter that describes droplet deformation is the Weber number
We (which gives the ratio of the external stress over the Laplace pressure),

We = GηCR
2γ

. (7.10)

The viscosity of the oil plays an important role in the break-up of droplets; the higher
the viscosity, the longer it will take to deformadrop. The deformation time τdef is given
by the ratio of oil viscosity to the external stress acting on the drop,

τdef = ηD
σext

. (7.11)

The viscosity of the continuous phase ηC plays an important role in some regimes: For
a turbulent inertial regime, ηC has no effect on droplets size. For a turbulent viscous
regime, larger ηC leads to smaller droplets. For a laminar viscous regime, the effect is
even stronger. Surfactants lower the interfacial tension γ and this causes a reduction
in droplet size. The latter decrease with decreasing γ. For laminar flow the droplet
diameter is proportional to γ; for turbulent inertial regime, the droplet diameter is
proportional to γ3/5.

Another important role of the surfactant is its effect on the interfacial dilational
modulus ε [12–15],

ε = dγ
dln A

. (7.12)
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During emulsification an increase in the interfacial area A takes place and this causes
a reduction in Γ. The equilibrium is restored by adsorption of surfactant from the bulk,
but this takes time (shorter times occur at higher surfactant activity). Thus ε is small
at small a and also at large a. Because of the lack or slowness of equilibrium with
polymeric surfactants, ε will not be the same for expansion and compression of the
interface.

In practice, surfactant mixtures are used and these have pronounced effects on
γ and ε. Some specific surfactant mixtures give lower γ values than either of the two
individual components. The presence of more than one surfactant molecule at the in-
terface tends to increase ε at high surfactant concentrations. The various components
vary in surface activity. Those with the lowest γ tend to predominate at the interface,
but if present at low concentrations, it may take a long time before reaching the lowest
value. Polymer-surfactant mixtures may show some synergetic surface activity.

Apart from their effect on reducing γ, surfactants play major roles in deforma-
tion and break-up of droplets; this is summarized as follows. Surfactants allow the
existence of interfacial tension gradients which are crucial for formation of stable
droplets. In the absence of surfactants (clean interface), the interface cannot with-
stand a tangential stress; the liquid motion will be continuous.

Interfacial tension gradients are very important in stabilizing the thin liquid film
between the droplets which is very important during the beginning of emulsification
(films of the continuous phasemay be drawn through the disperse phase and collision
is very large). The magnitude of the γ-gradients and of the Marangoni effect depends
on the surface dilational modulus ε given by equation (7.12).

For conditions that prevail during emulsification, ε increases with increasing sur-
factant concentration, mC, and it is given by the relationship,

ε = dπ
dln Γ

, (7.13)

where π is the surface pressure (π = γ0 − γ). Fig. 7.1 shows the variation of π with ln Γ;
ε is given by the slope of the line [16].
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ln(Γ/mg–2) Fig. 7.1: π versus ln Γ for various emulsifiers.
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The SDS shows a much higher ε value when compared with β-casein and lysozome.
This is because the value of Γ is higher for SDS. The two proteins show a difference in
their ε values whichmay be attributed to the conformational change that occurs upon
adsorption.

Another important role of the emulsifier is to prevent coalescence during emulsifi-
cation. This is certainly not due to the strong repulsion between the droplets, since the
pressure at which two drops are pressed together is much greater than the repulsive
stresses. The counteracting stress must be due to the formation of γ-gradients. When
two drops are pushed together, liquid will flow out from the thin layer between them,
and the flow will induce a γ-gradient. This produces a counteracting stress given by,

τ∆γ ≈ 2|∆γ|(1/2)d . (7.14)

The factor 2 follows from the fact that two interfaces are involved. Taking a value of
∆γ = 10mNm−1, the stress amounts to 40 kPa (which is of the sameorder ofmagnitude
as the external stress).

Closely related to the above mechanism, is the Gibbs–Marangoni effect [12–15],
schematically represented in Fig. 7.2. The depletion of surfactant in the thin film be-
tween approaching drops results in γ-gradient without liquid flow being involved.
This results in an inward flow of liquid that tends to drive the drops apart.

(a)

(c)

(b)

Fig. 7.2: Schematic representation of the
Gibbs–Marangoni effect for two approaching
drops.

The Gibbs–Marangoni effect also explains the Bancroft rule which states that the
phase in which the surfactant is most soluble forms the continuous phase. If the
surfactant is in the droplets, a γ-gradient cannot develop and the drops would be
prone to coalescence. Thus, surfactants with HLB > 7 tend to form O/W emulsions
and HLB < 7 tend to formW/O emulsions.
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The Gibbs–Marangoni effect also explains the difference between surfactants and
polymers for emulsification – polymers give larger drops when compared with surfac-
tants. Polymers give a smaller value of ε at small concentrations when compared to
surfactants (Fig. 7.1).

Various other factors should also be considered for emulsification: The disperse
phase volume fraction ϕ. An increase in ϕ leads to an increase in droplet collision
and hence coalescence during emulsification. With increasing ϕ, the viscosity of the
emulsion increases and could change the flow from being turbulent to being laminar
(LV regime).

The presence of many particles results in a local increase in velocity gradients.
This means that G increases. In turbulent flow, increasing ϕ will induce turbulence
depression. This will result in larger droplets. Turbulence depression by added poly-
mers tends to remove the small eddies, resulting in the formation of larger droplets.

If the mass ratio of surfactant to continuous phase is kept constant, increasing ϕ
results in decreasing surfactant concentration and hence an increase in γeq, resulting
in larger droplets. If the mass ratio of surfactant to disperse phase is kept constant,
the above changes are reversed.

General conclusions cannot be drawn since several of the abovementionedmech-
anismmay come into play. Experiments using a high pressure homogenizer at various
ϕ values at constant initial mC (regime TI changing to TV at higher ϕ) showed that
with increasing ϕ (> 0.1) the resulting droplet diameter increased and the dependence
on energy consumption became weaker. Fig. 7.3 shows a comparison of the average
droplet diameter versus power consumption using different emulsifying machines. It
can be seen the smallest droplet diameters were obtained when using the high pres-
sure homogenizers.
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Fig. 7.3: Average droplet diameters obtained in various emulsifying machines as a function of en-
ergy consumption p – The number near the curves denote the viscosity ratio λ – the results for the
homogenizer are for ϕ = 0.04 (solid line) and ϕ = 0.3 (broken line) – us means ultrasonic generator.
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The selection of different surfactants in the preparation of either O/W or W/O was de-
scribed in detail in Chapter 6. Four methods can be used for selection of emulsifiers,
namely the hydrophilic–lipophilic balance (HLB), the phase inversion temperature
(PIT), the cohesive energy ratio (CER) and the critical packing parameter concepts.
These methods were described in detail in Chapter 6.

As mentioned above, emulsification combines the creation of fine droplets and
their stabilization against coalescence. The emulsion droplets are created by premix-
ing the lipophilic and hydrophilic phases. The coarse droplets are then finely dis-
persed in the µm range or even smaller by deforming and disrupting them at high
specific energy. These droplets have to be stabilized against coalescence by using an
efficient emulsifier. The latter must adsorb quickly at the oil/water interface to pre-
vent droplet coalescence during emulsification. In most cases, a synergistic mixture
of emulsifiers is used.

Inmost cases thenanoemulsions is produced in two stages, firstly byusing a rotor-
stator mixer (such as an Ultra-Turrax or Silverson) that can produce droplets in the
µm range, followed by high pressure homogenization (reaching 3000bar) to produce
droplets in the nanometre size (as low as 50nm).

The rotor-stator mixer consist of a rotating and fixed machine part [1]. Different
geometries are available with various sizes and gaps between the rotor and stator.
The simplest rotor stator machine is a vessel with a stirrer, which is used to produce
the emulsion batchwise or quasicontinuously. The power density is relatively low and
broadly distributed. Therefore, smallmeandroplet diameter (< 1 µm) can rarely be pro-
duced. In addition, a long residence time and emulsification for several minutes are
required, often resulting in broad droplet size distribution. Some of these problems
can be overcome by reducing the disruption zone that enhances the power density,
e.g. using colloid mills or toothed-disc dispersing machines.

To produce submicron droplets, high pressure homogenization is commonly used
[1]. These homogenizers are operated continuously and throughputs up to several
thousand liters per hour can be achieved. The homogenizer consists of essentially a
high pressure pump, and a homogenization nozzle. The pump creates the pressure
which is then transferred within the nozzle to kinetic energy that is responsible for
droplet disintegration. The design of the homogenization nozzle influences the flow
pattern of the emulsion in the nozzle and hence droplet disruption. A good example of
efficient homogenization nozzles are opposing jets that operate in the Microfluidizer.
Other examples are the jet disperser (designed by Bayer) and the simple orifice valve.
Droplet disruption in high pressure homogenizers is predominantly due to inertial
forces in turbulent flow, shear forces in laminar elongational flow, as well as cavi-
tation.

Droplets can also be disrupted by means of ultrasonic waves (frequency > 18 kHz)
which cause cavitation that induces micro-jets and zones of high microturbulence [1].
A batchwise operation at small scale has been applied in the laboratory, especially
for low viscosity systems. Continuous application requires the use of a flow chamber
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of special design into which the ultrasound waves are introduced. Due to the limited
power of sound inducers, there are technical limits for high throughput.

Another method that can be applied for droplet disintegration is the use of mi-
crochannel systems (membrane emulsification). This can be realized by pressing the
disperse phase through microporous membrane pores [1]. Droplets are formed at the
membrane surface and detached from it by wall shear stress of the continuous phase.
Besides tubularmembranesmade fromceramics like aluminiumoxide, special porous
glasses and polymers like polypropylene, polytetrafluoroethylene (PTFE), nylon and
silicon have been used. The membrane’s surface wetting behaviour is of major in-
fluence; if the membrane is wetted by the continuous phase only, emulsions of very
narrow droplet size distribution are produced with mean droplet sizes in the range of
three times the mean droplet diameter of the pore. The pressure to be applied should
ideally be a little above the capillary pressure. Membrane emulsification reduces the
shear forces acting in droplet formation.

The droplets are disrupted if they are deformed over a period of time tdef that is
longer than a critical deformation time tdefcrit and if the deformation described by
the Weber number We, equation (7.10), exceeds a critical value Wecr. The droplet-
deforming tensions are supplied by the continuous phase.

In turbulent flow, the droplets are disruptedmostly by inertial forces that are gen-
erated by energy dissipating small eddies. Due to internal viscous forces the droplets
try to regain their initial formand size. Twodimensionless numbers, the turbulentWe-
ber number Weturb and the Ohnsorge number Oh, characterize the tensions working
on droplets in deformation and breakup [17].

Weturb = C2P2/3v ρ1/3c x5/3

γ
(7.15)

Oh = ηd(γρdx)1/2 . (7.16)

C is a constant, Pv is the volumetric power density, ρc the continuous phase viscosity,
ρd the droplet density and x is the droplet diameter.

Droplet disruption in laminar shear flow is restricted to a narrow range of viscos-
ity ratio between the disperse phase and continuous phase (ηd/ηc) for single droplet
disruption, or between the disperse phase and emulsion (ηd/ηe) for emulsions. For
laminar shear flow,

x3,2 ∝ E−1v f(ηd/ηe) , (7.17)

and for laminar elongational flow,

x3,2 ∝ E−1v , (7.18)

where Ev is the volumetric energy density or specific disruption energy.
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Laminar elongational is successfully applied in innovative high pressure homog-
enization valves, where it adds to the effect of turbulent droplet disruption by prede-
forming the droplets. Thus, the droplet disruption efficiency of high pressure homog-
enization can be significantly increased, especially for droplets with high viscosities.

The intensity of the process or the effectiveness in making small droplets is often
governed by the net power density (ε(t)).

p = ε(t)dt , (7.19)

where t is the time during which emulsification occurs.
Break-up of droplets will only occur at high ε values, whichmeans that the energy

dissipated at low ε levels is wasted. Batch processes are generally less efficient than
continuous processes. This shows why with a stirrer in a large vessel, most of the en-
ergy applied at low intensity is dissipated as heat. In a homogenizer, p is simply equal
to the homogenizer pressure [4, 5].

Several procedures may be applied to enhance the efficiency of emulsification
when producing nanoemulsions: One should optimize the efficiency of agitation by
increasing ε and decreasing dissipation time. The emulsion is preferably prepared at
high volume faction ϕ of the disperse phase and diluted afterwards. However, very
high ϕ values may result in coalescence during emulsification. Add more surfactant,
whereby creating a smaller γeff and possibly diminishing recoalescence. Use a surfac-
tant mixture that showsmore reduction in γ of the individual components. If possible
dissolve the surfactant in the disperse phase rather than the continuous phase; this
often leads to smaller droplets. It may be useful to emulsify in steps of increasing in-
tensity, particularly with emulsions having highly viscous disperse phase.

7.3 Low-energy methods for preparation of nanoemulsions

The low-energy methods for preparation on nanoemulsions are of particular interest,
since they can make production more economical and offer the possibility to pro-
duce narrow droplet distribution nanoemulsions. In these methods, the chemical en-
ergy of the components is the key factor for the emulsification. The most well-known
low-energy emulsificationmethods are direct or self-emulsification [18–20] and phase
inversion methods [21–23]. Generally, emulsification by low-energy methods allows
obtaining smaller and more uniform droplets.

In the so-called direct or self-emulsification methods, emulsification is achieved
by a dilution process at a constant temperature, without any phase transitions (no
change in the spontaneous curvature of the surfactant) taking place in the system
during emulsification [18–20]. In this case, oil-in-water nanoemulsions (O/W) are ob-
tained by the addition of water over a direct microemulsion phase, whereas water-
in-oil nanoemulsions (W/O) are obtained by the addition of oil over an indirect mi-
croemulsion phase. This method is described in detail below. This self-emulsification
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method uses the chemical energy of dissolution in the continuous phase of the sol-
vent present in the initial system (which is going to constitute the disperse phase).
When the intended continuous phase and the intended disperse phase are mixed, the
solvent present in the later phase is dissolved into the continuous phase, dragging
and dispersing the micelles of the initial system, thus giving rise to the nanoemulsion
droplets.

Phase inversion methods make use of the chemical energy released during
the emulsification process as a consequence of a change in the spontaneous cur-
vature of surfactant molecules, from negative to positive (obtaining oil-in-water,
O/W, nanoemulsions) or from positive to negative (obtaining water-in-oil, W/O,
nanoemulsions). This change of the surfactant curvature can be achieved by a
change in composition keeping the temperature constant (Phase Inversion Com-
position method, PIC) [21, 22], or by a rapid change in temperature with no variation
in composition (Phase Inversion Temperature method, PIT) [23]. The PIT method
can only be applied to systems with surfactants sensitive to changes in temperature,
i.e. the POE-type surfactants, in which changes in temperature induce a change in
the hydration of the poly(oxyethylene) chains, and thus, a change in their curvature
[23, 24]. In the PIC method, the change in curvature is induced by the progressive
addition of the intended continuous phase, which may be pure water or oil [21, 22]
over the mixture of the intended disperse phase (oil or water and surfactant/s).

Studies on surfactant phase behaviour are important when the low-energy emul-
sification methods are used, since the phases involved during emulsification are cru-
cial in order to obtain nanoemulsions with small droplet size and low polydispersity.
In contrast, if shear methods are used, only phases present at the final composition
are important.

7.3.1 Phase Inversion Composition (PIC) principle

A study of the phase behaviour of water/oil/surfactant systems demonstrated that
emulsification can be achieved by three different low-energy emulsification methods,
as schematically shown in Fig. 7.4. (A) stepwise addition of oil to a water surfactant
mixture. (B) stepwise addition of water to a solution of the surfactant in oil. (C) Mix-
ing all the components in the final composition, pre-equilibrating the samples prior
to emulsification. In these studies, the system water/Brij 30 (polyoxyethylene lauryl
ether with an average of 4mol of ethylene oxide)/decane was chosen as a model to
obtain O/W emulsions. The results showed that nanoemulsions with droplet sizes of
the order of 50 nm were formed only when water was added to mixtures of surfactant
and oil (method B) whereby inversion from W/O emulsion to O/W nanoemulsion oc-
curred.
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Water Oil

Surfactant

Method A Method B

Fig. 7.4: Schematic representation of the exper-
imental path in two emulsification methods:
Method A, addition of decane to water/surfac-
tant mixture; method B, addition of water to
decane/Brij 30 solutions.

7.3.2 Phase Inversion Temperature (PIT) principle

Phase inversion in emulsions can be one of two types: Transitional inversion induced
by changing factors which affect the HLB of the system, e.g. temperature and/or elec-
trolyte concentration, or catastrophic inversion which is induced by increasing the
volume fraction of the disperse phase.

Transitional inversion can also be induced by changing the HLB number of the
surfactant at constant temperature using surfactant mixtures. This is illustrated in
Fig. 7.5 which shows the average droplet diameter and rate constant for attaining con-
stant droplet size as a function of the HLB number. It can be seen that the diameter
decreases and the rate constant increases as inversion is approached.
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Fig. 7.5: Emulsion droplet diameters (circles)
and rate constant for attaining steady size
(squares) as function of HLB – cyclohexane/
nonylphenol ethoxylate.

For application of the phase inversion principle one uses the transitional inversion
methodwhich has been demonstrated by Shinoda and co-workers [23, 24] when using
nonionic surfactants of the ethoxylate type. These surfactants are highly dependent
on temperature, becoming lipophilic with increasing temperature due to the dehy-
dration of the polyethyleneoxide chain. When an O/W emulsion is prepared using a
nonionic surfactant of the ethoxylate type and is heated, then at a critical temperature
(the PIT), the emulsion inverts to a W/O emulsion. At the PIT the droplet size reaches
a minimum and the interfacial tension also reaches a minimum. However, the small
droplets are unstable and they coalesce very rapidly. By rapid cooling of the emulsion
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that is prepared at a temperature near the PIT, very stable and small emulsion droplets
could be produced.

A clear demonstration of the phase inversion that occurs on heating an emulsion
is illustrated from a study of the phase behaviour of emulsions as a function of tem-
perature. This is illustrated in Fig. 7.6 which shows schematically what happens when
the temperature is increased [6, 25]. At low temperature, over theWinsor I region, O/W
macroemulsions can be formed and are quite stable. On increasing the temperature,
the O/W emulsion stability decreases and the macroemulsion finally resolves when
the system reaches the Winsor III phase region (both O/W and W/O emulsions are
unstable). At higher temperature, over the Winsor II region, W/O emulsions become
stable.
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Fig. 7.6: The PIT concept.

Near the HLB temperature, the interfacial tension reaches a minimum. This is illus-
trated in Fig. 7.7. Thus by preparing the emulsion at a temperature 2–4 °C below the
PIT (near the minimum in γ) followed by rapid cooling of the system, nanoemulsions
may be produced. The minimum in γ can be explained in terms of the change in cur-
vature H of the interfacial region, as the system changes fromO/W toW/O. For an O/W
systemandnormalmicelles, themonolayer curves towards theoil andH is givenapos-
itive value. For a W/O emulsion and inverse micelles, the monolayer curves towards
thewater and H is assigned a negative value. At the inversion point (HLB temperature)
H becomes zero and γ reaches a minimum.
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Fig. 7.7: Interfacial tensions of n-octane against water in the presence of various CnEm surfactants
above the cmc as a function of temperature.

7.3.3 Preparation of nanoemulsions by dilution of microemulsions

A common way to prepare nanoemulsions by self-emulsification is to dilute an O/W
microemulsionwithwater.When diluting amicroemulsionwithwater, part of the sur-
factant and/or cosurfactant diffuses to the aqueous phase. The droplets are no longer
thermodynamically stable, since the surfactant concentration is not high enough to
maintain the ultra-low interfacial tension (< 10−4 mNm−1) for thermodynamic stabil-
ity. The system becomes unstable and the droplets show a tendency to grow by coales-
cence and/or Ostwald ripening forming a nanoemulsion. This is illustrated in Fig. 7.8

Dodecane

Om1
Om2

Om3
Om4

Om5

Wm5Wm2

Water

O/W microemulsion (Wm)

SDS/hexanol (1/1.76)

Wm3

Wm4

Fig. 7.8: Pseudoternary phase diagram of water/SDS/hexanol/dodecane with SDS:hexanol ratio
of 1 : 1.76. Solid and dashed lines indicate the emulsification paths followed starting from both
O/W (Wm) and W/O (Om) microemulsion domains.
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which shows the phase diagram of the system water/SDS-hexanol (ratio of 1 : 1.76)/
dodecane.

Nanoemulsions can be prepared starting from microemulsions located in the in-
verse microemulsion domain, Om, and in the direct microemulsion domain, Wm, at
different oil:surfactant ratios ranging from 12 : 88 to 40 : 60, and coincident for both
types of microemulsions. The water concentration is fixed at 20% for microemulsions
in the Om domain labelled as Om1, Om2, Om3, Om4, Om5. The microemulsions in the
Wm region are accordingly Wm2, Wm3, Wm4, Wm5 and their water content decreased
fromWm2 to Wm5.

Several emulsificationmethods can be applied: (i) addition ofmicroemulsion into
water in one step; (ii) addition of microemulsion into water stepwise; (iii) addition
of water into microemulsion in one step; (iv) addition of water into microemulsion
stepwise. The final water content is kept constant at 98wt%.

Starting emulsification from Wm microemulsions, low-polydispersed nanoemul-
sions with droplet sizes within the range 20–40nm are obtained regardless of the
emulsification method used. When starting from Om microemulsions the nanoemul-
sion formation and properties depend on the emulsification method. From Om1 mi-
croemulsion, a turbid emulsion with rapid creaming is obtained whatever method is
used. In this case the direct microemulsion region Wm is not crossed. Starting from
Om2 to Om5 and using emulsification method d in which water is gradually added
to the microemulsion, the nanoemulsion droplet sizes coincide with those obtained
starting from microemulsions in the Wm domain for the corresponding O : S ratio.
Methods (i), (ii) and (iii) produce coarse emulsions.

7.4 Practical examples of nanoemulsions

Several experiments were carried out to investigate the methods of preparation of na-
noemulsions and their stability [25]. The first method applied the PIT principle for
preparation of nanoemulsions. Experiments were carried out using hexadecane and
isohexadecane (Arlamol HD) as the oil phase and Brij 30 (C12EO4) as the nonionic
emulsifier. The phase diagrams of the ternary system water–C12EO4–hexadecane and
water–C12EO4–isohexadecane are shown in Figs. 7.9 and 7.10. Themain features of the
pseudoternary system are as follows: (i) Om isotropic liquid transparent phase, which
extends along the hexadecane–C12EO4 or isohexadecane–C12EO4 axis, corresponding
to inverse micelles or W/O microemulsions; (ii) Lα lamellar liquid crystalline phase
extending from theW–C12EO4 axis toward the oil vertex; (iii) the rest of the phase dia-
gramconsists of two- or three-phase regions: (Wm +O) two-liquid-phase region,which
appears along thewater-oil axis; (Wm + Lα +O) three-phase region,which consists of a
bluish liquid phase (O/Wmicroemulsion), a lamellar liquid crystalline phase (Lα) and
a transparent oil phase; (Lα + Om) two-phase region consisting of an oil and a liquid
crystalline region; MLC a multiphase region containing a lamellar liquid crystalline
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Fig. 7.9: Pseudoternary phase diagram at 25 °C of the system water–C12EO4–hexadecane.
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Fig. 7.10: Pseudoternary phase diagram at 25 °C of the system water–C12EO4–isohexadecane.

phase (Lα). The HLB temperature was determined using conductivity measurements,
whereby 10−2 mol dm−3 NaCl was added to the aqueous phase (to increase the sen-
sitivity of the conductibility measurements). The concentration of NaCl was low and
hence it had little effect on phase behaviour.
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Fig. 7.11: Conductivity versus temperature
for a 20 : 80 hexadecane: water emulsion
at various C12EO4 concentrations.

Fig. 7.11 shows the variation of conductivity versus temperature for 20% O/W emul-
sions at different surfactant concentrations. It can be seen that there is a sharp de-
crease in conductivity at the PIT or HLB temperature of the system.

The HLB temperature decreases with increasing surfactant concentration – this
could be due to the excess nonionic surfactant remaining in the continuous phase.
However, at a concentration of surfactant higher than 5%, the conductivity plots
showed a second maximum (Fig. 7.11). This was attributed to the presence of Lα phase
and bicontinuous L3 or D󸀠 phases [25].

Nanoemulsionswere prepared by rapid cooling of the system to 25 °C. The droplet
diameter was determined using photon correlation spectroscopy (PCS). The results
are summarized in Tab. 7.1, which shows the exact composition of the emulsions, HLB
temperature, z-average radius and polydispersity index.

O/W nanoemulsions with droplet radii in the range 26–66 nm could be obtained
at surfactant concentrations between 4 and 8%. The nanoemulsion droplet size and
polydispersity index decreases with increasing surfactant concentration. The de-
crease in droplet size with increasing surfactant concentration is due to the increase
in surfactant interfacial area and the decrease in interfacial tension, γ.

Tab. 7.1: Composition, HLB temperature (THLB), droplet radius r and polydispersity index (pol.)
for the system water–C12EO4–hexadecane at 25 °C.

Surfactant /wt% Water /wt% Oil/Water THLB / °C r / nm pol.

2.0 78.0 20.4/79.6 — 320 1.00
3.0 77.0 20.6/79.4 57.0 82 0.41
3.5 76.5 20.7/79.3 54.0 69 0.30
4.0 76.0 20.8/79.2 49.0 66 0.17
5.0 75.0 21.2/78.9 46.8 48 0.09
6.0 74.0 21.3/78.7 45.6 34 0.12
7.0 73.0 21.5/78.5 40.9 30 0.07
8.0 72.0 21.7/78.3 40.8 26 0.08
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As mentioned above, γ reaches a minimum at the HLB temperature. Therefore, the
minimum in interfacial tension occurs at lower temperature as the surfactant concen-
tration increases. This temperature becomes closer to the cooling temperature as the
surfactant concentration increases and this results in smaller droplet sizes.

All nanoemulsions showed an increase in droplet size with time, as a result of
Ostwald ripening. Fig. 7.12 shows plots of r3 versus time for all the nanoemulsions
studied. The slope of the lines gives the rate of Ostwald ripening ω (m3 s−1) and this
showed an increase from 2 × 10−27 to 39.7 × 10−27 m3 s−1 as the surfactant concentra-
tion is increased from 4 to 8wt%. This increase could be due to a number of factors:
(i) Decrease in droplet size increases the Brownian diffusion and this enhances the
rate. (ii) Presence of micelles, which increases with increasing surfactant concentra-
tion. This has the effect of increasing the solubilization of the oil into the core of the
micelles. This results in an increase of the flux J of diffusion of oil molecules from
different size droplets. Although the diffusion of micelles is slower than the diffusion
of oil molecules, the concentration gradient (δC/δX) can be increased by orders of
magnitude as a result of solubilization. The overall effect will be an increase in J and
thismay enhanceOstwald ripening. (iii) Partition of surfactantmolecules between the
oil and aqueous phases. With higher surfactant concentrations, the molecules with
shorter EO chains (lower HLB number) may preferentially accumulate at the O/W in-
terface and this may result in reduction of the Gibbs elasticity, which in turn results in
an increase in the Ostwald ripening rate.
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Fig. 7.12: r3 versus time at 25 °C for nano-
emulsions prepared using the system
water–C12EO4–hexadecane.

The results with isohexadecane are summarized in Tab. 7.2. As with the hexadecane
system, the droplet size and polydispersity index decreased with increasing surfac-
tant concentration. Nanoemulsions with droplet radii of 25–80nm were obtained at
3–8% surfactant concentration. It should be noted, however, that nanoemulsions
could be produced at lower surfactant concentration when using isohexadecane,
when compared with the results obtained with hexadecane. This could be attributed
to the higher solubility of the isohexadecane (a branched hydrocarbon), the lower
HLB temperature and the lower interfacial tension.
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Tab. 7.2: Composition, HLB temperature (THLB), droplet radius r and polydispersity index (pol.)
at 25 °C for emulsions in the system water–C12EO4–isohexadecane.

Surfactant /wt% Water /wt% Oil/Water THLB / °C r / nm pol.

2.0 78.0 20.4/79.6 — 97 0.50
3.0 77.0 20.6/79.4 51.3 80 0.13
4.0 76.0 20.8/79.2 43.0 65 0.06
5.0 75.0 21.2/78.9 38.8 43 0.07
6.0 74.0 21.3/78.7 36.7 33 0.05
7.0 73.0 21.3/78.7 33.4 29 0.06
8.0 72.0 21.7/78.3 32.7 27 0.12

The stability of the nanoemulsions prepared using isohexadecane was assessed by
following the droplet size as a function of time. Plots of r3 versus time for four sur-
factant concentrations (3, 4, 5 and 6wt%) are shown in Fig. 7.13. The results show an
increase in Ostwald ripening rate as the surfactant concentration is increased from 3
to 6% (the rate increased from 4.1 × 10−27 to 50.7 × 10−27 m3 s−1). The nanoemul-
sions prepared using 7wt% surfactant were so unstable that they showed significant
creaming after 8 hours. However, when the surfactant concentration was increased to
8wt%, a very stable nanoemulsion could be produced with no apparent increase in
droplet size over severalmonths. This unexpected stabilitywas attributed to the phase
behaviour at such surfactant concentrations. The sample containing 8wt% surfactant
showed birefringence to shear when observed under polarized light. It seems that the
ratio between the phases (Wm + Lα + O) may play a key factor in nanoemulsion stabil-
ity. Attempts were made to prepare nanoemulsions at higher O/W ratios (hexadecane
being the oil phase), while keeping the surfactant concentration constant at 4 wt%.
When the oil content was increased to 40 and 50%, the droplet radius increased to
188 and 297 nm respectively. In addition, the polydispersity index also increased to
0.95. These systems become so unstable that they showed creaming within few hours.
This is not surprising, since the surfactant concentration is not sufficient to produce
nanoemulsion droplets with high surface area. Similar results were obtained with
isohexadecane. However, nanoemulsions could be produced using 30/70 O/W ratio
(droplet size being 81 nm), but with high polydispersity index (0.28). The nanoemul-
sions showed significant Ostwald ripening.

The effect of changing the alkyl chain length and branching was investigated us-
ingdecane, dodecane, tetradecane, hexadecane and isohexadecane. Plots of r3 versus
time are shown in Fig. 7.14 for 20/80 O/W ratio and surfactant concentration of 4wt%.
As expected, by reducing the oil solubility from decane to hexadecane, the rate of
Ostwald ripening decreases. The branched oil isohexadecane also shows a higher
Ostwald ripening rate when compared with hexadecane. A summary of the results
is shown in Tab. 7.3 which also shows the solubility of the oil C(∞).
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Fig. 7.13: r3 versus time at 25 °C for the system water–C12EO4–isohexadecane at various surfactant
concentration; O/W ratio 20/80.
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Fig. 7.14: r3 versus time at 25 °C for nanoemulsions (O/W ratio 20/80) with hydrocarbons of various
alkyl chain lengths. System water–C12EO4–hydrocarbon (4wt% surfactant).

Tab. 7.3: HLB temperature (THLB), droplet radius r, Ostwald ripening rate ω and oil solubility for
nanoemulsions prepared using hydrocarbons with different alkyl chain length.

Oil THLB / °C r / nm ω /1027 m3 s−1 C(∞) /mlml−1

Decane 38.5 59 20.9 710.0
Dodecane 45.5 62 9.3 52.0
Tetradecane 49.5 64 4.0 3.7
Hexadecane 49.8 66 2.3 0.3
Isohexadecane 43.0 60 8.0 —
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As expected from the Ostwald ripening theory (see Chapter 6), the rate of Ostwald
ripening decreases as the oil solubility decreases. Isohexadecanehas a rate of Ostwald
ripening similar to that of dodecane.

As discussed before, one would expect that the Ostwald ripening of any given oil
should decrease on incorporation of a second oil with much lower solubility. To test
this hypothesis, nanoemulsions were made using hexadecane or isohexadecane to
which various proportions of a less soluble oil, namely squalane, was added. The
results using hexadecane did significantly decrease in stability on addition of 10%
squalane. This was thought to be due to coalescence rather than an increase in the
Ostwald ripening rate. In some cases addition of a hydrocarbon with a long alkyl
chain can induce instability as a result of change in the adsorption and conforma-
tion of the surfactant at the O/W interface.

In contrast to the results obtained with hexadecane, addition of squalane to the
O/W nanoemulsion system based on isohexadecane showed a systematic decrease
in the Ostwald ripening rate as the squalane content was increased. The results are
shown in Fig. 7.15 which shows plots of r3 versus time for nanoemulsions containing
varying amounts of squalane. Addition of squalane up to 20% based on the oil phase
showed a systematic reduction in the rate (from 8.0 × 10−27 to 4.1 × 10−27 m3 s−1). It
should be noted that when squalane alone was used as the oil phase, the system was
very unstable and it showed creaming within 1 h. This shows that the surfactant used
is not suitable for emulsification of squalane.
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Fig. 7.15: r3 versus time at 25 °C for the system water–C12EO4–isohexadecane–squalane
(20/80 O/W ratio and 4wt% surfactant).

The effect of HLB number on nanoemulsion formation and stability was investigated
by using mixtures of C12EO4 (HLB = 9.7) and C12EO6 (HLB = 11.7). Two surfactant
concentrations (4 and 8wt%) were used and the O/W ratio was kept at 20/80. Fig. 7.16
shows the variation of droplet radius with HLB number. This figure shows that the
droplet radius remain virtually constant in the HLB range 9.7–11.0, after which there
is a gradual increase in droplet radius with increasing HLB number of the surfactant
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Fig. 7.16: r versus HLB number at two different surfactant concentrations (O/W ratio 20/80).

mixture. All nanoemulsions showedan increase in droplet radiuswith time, except for
the sample prepared at 8wt% surfactant with an HLB number of 9.7 (100% C12EO4).
Fig. 7.17 shows the variation of Ostwald ripening rate constant ω with HLB number of
surfactant. The rate seems to decrease with increasing surfactant HLB number and
when the latter is > 10.5, the rate reaches a low value (< 4 × 10−27 m3 s−1).
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Fig. 7.17: ω versus HLB number in the system
water–C12EO4–C12EO6–isohexadecane at two
surfactant concentrations.

As discussed above, with the incorporation of an oil soluble polymeric surfactant
that adsorbs strongly at the O/W interface, one would expect a reduction in the
Ostwald ripening rate. To test this hypothesis, an A–B–A block copolymer of poly-
hydroxystearic acid (PHS, the A chains) and polyethylene oxide (PEO, the B chain)
PHS–PEO–PHS (Arlacel P135) was incorporated in the oil phase at low concentra-
tions (the ratio of surfactant to Arlacel was varied between 99 : 1 to 92 : 8). For the
hexadecane system, the Ostwald ripening rate showed a decrease with the addition
of Arlacel P135 surfactant at ratios lower than 94 : 6. Similar results were obtained

 EBSCOhost - printed on 2/14/2023 1:25 PM via . All use subject to https://www.ebsco.com/terms-of-use



7.4 Practical examples of nanoemulsions | 171

using isohexadecane. However, at higher polymeric surfactant concentrations, the
nanoemulsion became unstable.

As mentioned above, the nanoemulsions prepared using the PIT method are
relatively polydisperse and they generally give higher Ostwald ripening rates when
compared to nanoemulsions prepared using high pressure homogenization tech-
niques. To test this hypothesis, several nanoemulsions were prepared using a Mi-
crofluidizer (that can apply pressures in the range 5000–15 000psi or 350–1000bar).
Using an oil:surfactant ratio of 4 : 8 and O/W ratios of 20 : 80 and 50 : 50, emulsions
were prepared first using the Ultra-Turrax followed by high pressure homogenization
(ranging from 1500 to 15 000psi). The best results were obtained using a pressure of
15 000psi (one cycle of homogenization). The droplet radius was plotted versus the
oil : surfactant ratio, R(O/S) as shown in Fig. 7.18.

PIT

R (O/S)
2
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3 4 5 6 7 8 9 10 11 12 13

r (
nm

)

Wm+OWm+Lα+O 

H. pressure
Theoretical
r = 3.104R + 1.529

Fig. 7.18: r versus R(O/S) at 25 °C for the system water–C12EO4–hexadecane. Wm = micellar solution
or O/W microemulsion, Lα = lamellar liquid crystalline phase; O = oil phase.

For comparison, the theoretical radii values calculated by assuming that all surfactant
molecules are at the interface was calculated using the Nakajima equation [26, 27],

r = ( 3Mb
ANρa

) R + (3αMb
ANρb

) + d , (7.20)

where Mb is the molecular weight of the surfactant, A is the area occupied by a single
molecule, N is Avogadro’s number, ρa is the oil density, ρb is the density of the sur-
factant alkyl chain, α is the alkyl chain weight fraction and d is the thickness of the
hydrated layer of PEO.

In all cases, there is an increase in nanoemulsion radius with increasing R(O/S).
However, when using the high pressure homogenizer, the droplet size can be main-
tained to values below 100nm at high R(O/S) values. With the PIT method, there is a
rapid increase in r with increasing R(O/S) when the latter exceeds 7.
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Fig. 7.19: r3 versus time for nanoemulsion
systems prepared using the PIT and Micro-
fluidizer. 20 : 80 O/W ratio and 4wt%
surfactant.

As expected, the nanoemulsions prepared using high pressure homogenization
showed a lower Ostwald ripening rate when compared to the systems prepared
using the PIT method. This is illustrated in Fig. 7.19 which shows plots of r3 ver-
sus time for the two systems.

7.5 Nanoemulsions based on polymeric surfactants

The use of polymeric surfactants for preparation of nanoemulsions is expected to sig-
nificantly reduce Ostwald ripening due to the high interfacial elasticity produced by
the adsorbed polymeric surfactant molecules [28]. To test this hypothesis, several na-
noemulsions were formulated using a graft copolymer of hydrophobically modified
inulin. The inulin backbone consists of polyfructose with a degree of polymerization
> 23. This hydrophilic backbone is hydrophobically modified by attachment of several
C12 alkyl chains [28]. The polymeric surfactant (with a trade name of INUTEC®SP1)
adsorbs with several alkyl chains that can be soluble in the oil phase or strongly at-
tached to the oil surface, leaving the strongly hydrated hydrophilic polyfructose loops
and tails “dangling” in the aqueous phase. These hydrated loops and tails (with a
hydrodynamic thickness > 5 nm) provide effective steric stabilization.

Oil/Water (O/W) nanoemulsions were prepared by two-step emulsification pro-
cesses. In the first step, an O/W emulsion was prepared using a high speed stirrer,
namely anUltra-Turrax [28]. The resulting coarse emulsionwas subjected to highpres-
sure homogenization using a Microfluidizer (Microfluidics, USA). In all case, the pres-
sure usedwas 700 bar andhomogenizationwas carried out for 1minute. The z-average
droplet diameter was determined using PCS measurements as discussed before.

Fig. 7.20 shows plots of r3 versus t for nanoemulsions of the hydrocarbon oils that
were stored at 50 °C. It can be seen that both paraffinum liquidum with low and high
viscosity gives almost a zero-slope indicating absence of Ostwald ripening in this case.
This is not surprising since both oils have very low solubility and the hydrophobically
modified inulin, INUTEC®SP1, strongly adsorbs at the interface giving high elasticity
that reduces both Ostwald ripening and coalescence. However with the more soluble

 EBSCOhost - printed on 2/14/2023 1:25 PM via . All use subject to https://www.ebsco.com/terms-of-use



7.5 Nanoemulsions based on polymeric surfactants | 173

Nano-emulsions 20:80 o/w – hydrocarbons
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Fig. 7.20: r3 versus t for nanoemulsions based on hydrocarbon oils.

hydrocarbon oils, namely isohexadecane, there is an increase in r3 with time, giving
a rate of Ostwald ripening of 4.1 × 10−27 m3 s−1. The rate for this oil is almost three
orders of a magnitude lower than that obtained with a nonionic surfactant, namely
laureth-4 (C12-alkyl chainwith 4mol ethylene oxide) when stored at 50 °C. This clearly
shows the effectiveness of INUTEC®SP1 in reducing Ostwald ripening. This reduction
can be attributed to the enhancement of the Gibbs dilational elasticity [27] which re-
sults from the multipoint attachment of the polymeric surfactant with several alkyl
groups to the oil droplets. This results in a reduction of the molecular diffusion of the
oil from the smaller to the larger droplets.

Fig. 7.21 shows the results for isopropylalkylate O/W nanoemulsions. As with the
hydrocarbon oils, there is a significant reduction in the Ostwald ripening rate with
increasing alkyl chain length of the oil. The rate constants are 1.8 × 10−27, 1.7 × 10−27
and 4.8 × 10−28 m3 s−1 respectively.

Fig. 7.22 shows the r3–t plots for nanoemulsions based onnatural oils. In all cases,
the Ostwald ripening rate is very low. However, a comparison between squalene and
squalane shows that rate is relatively higher for squalene (unsaturated oil) when com-
pared with squalane (with lower solubility). The Ostwald ripening rate for these nat-
ural oils is given in Tab. 7.4.

Fig. 7.23 shows the results based on silicone oils. Both dimethicone and phenyl
trimethicone give an Ostwald ripening rate close to zero, whereas cyclopentasiloxane
gives a rate of 5.6 × 10−28 m3 s−1.

Fig. 7.24 shows the results for nanoemulsions based on esters and the Ostwald
ripening rates are given in Tab. 7.5. C12–15 alkylbenzoate seems to give the highest rate.
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Nano-emulsions 20:80 o/w – isopropyl alkylate
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Fig. 7.21: r3 versus t for nanoemulsions based on isopropylalkylate.

Nano-emulsions 20:80 o/w – natural oils
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Fig. 7.22: r3 versus t for nanoemulsions based on natural oils.

Tab. 7.4: Ostwald ripening rates for nanoemulsions based on natural oils.

Oil Ostwald ripening rate /m3s−1)

Squalene 2.9 × 10−28

Squalane 5.2 × 10−30

Ricinus Communis 3.0 × 10−29

Macadamia Ternifolia 4.4 × 10−30

Buxis Chinensis ≈0
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Nano-emulsions 20:80 o/w – silicon oils
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Fig. 7.23: r3 versus t for nanoemulsions based on silicone oils.

Nano-emulsions 20:80 o/w – natural oils
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Fig. 7.24: r3 versus t for nanoemulsions based on esters.

Tab. 7.5: Ostwald ripening rates for nanoemulsions based on esters.

Oil Ostwald ripening rate /m3 s−1)

Butyl stearate 1.8 × 10−28

Caprylic Capric triglyceride 4.9 × 10−29

Cetearyl ethylhexanoate 1.9 × 10−29

Ethylhexyl palmitate 5.1 × 10−29

Cetearyl isononanoate 1.8 × 10−29

C12–15 alkyl benzoate 6.6 × 10−28
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Nano-emulsions 20:80 o/w 
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Fig. 7.25: r3 versus t for nanoemulsions based on PPG-15 stearyl ether and polydecene.

Fig. 7.25 gives a comparison for two nanoemulsions based on polydecene, a highly
insoluble nonpolar oil and PPG-15 stearyl ether which is relatively more polar. Poly-
decene gives a low Ostwald ripening rate of 6.4 × 10−30 m3 s−1 which is one order of
magnitude lower than that of PPG-15 stearyl ether (5.5 × 10−29 m3 s−1).

The influence of addition of glycerol (which is sometimes added to personal care
formulations as a humectant) which can be used to prepare transparent nanoemul-
sions (by matching the refractive index of the oil and the aqueous phase) on the Ost-
wald ripening rate is shown in Fig. 7.26. With the more insoluble silicone oil, addition

Nano-emulsions 20:80 o/w – influence glycerol
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Fig. 7.26: Influence of glycerol on the Ostwald ripening rate of nanoemulsions.
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of 5% glycerol does not show an increase in the Ostwald ripening rate, whereas for
the more soluble isohexadecane oil, glycerol increases the rate.

It can be seen that hydrophobically modified inulin, HMI (INUTEC®SP1), reduces
the Ostwald ripening rate of nanoemulsions when compared with nonionic surfac-
tants such as laureth-4. This is due to the strong adsorption of INUTEC®SP1 at the
oil-water interface (by multipoint attachment) and enhancement of the Gibbs dila-
tional elasticity, both reducing the diffusion of oil molecules from the smaller to the
larger droplets [7]. The present study also showed a big influence of the nature of the
oil-phase with the more soluble andmore polar oils giving the highest Ostwald ripen-
ing rate. However in all cases, when using INUTEC®SP1, the rates are reasonably low
allowing one to use this polymeric surfactant in formulation of nanoemulsions for
personal care applications.

References

[1] Tadros, Th. F., “Nanodispersions”, De Gruyter, Germany (2016).
[2] Solans, C., Izquierdo, P., Nolla, J., Azemar, N., García-Celma, M. J., Nanoemulsions. Current

Opinion in Colloid & Interface Science, 2005, 10, (3/4), 102–110.
[3] Tadros, T., Izquierdo, P., Esquena, J. and Solans, C., Formation and stability of nano-emulsions,

Adv. Colloid Interface Sci., 108/109, 303–318 (2004).
[4] Thomson, W., (Lord Kelvin), Phil. Mag., 42, 448 (1871).
[5] Kabalnov, A. S. and Schukin, E. D., Adv. Colloid Interface Sci., 38, 69 (1992).
[6] Kabalnov, A. S., Langmuir, 10, 680 (1994).
[7] Walstra, P., Chem. Eng. Sci., 48, 333 (1993).
[8] Stone, H. A., Ann. Rev. Fluid Mech., 226, 95 (1994).
[9] Wierenga, J. A., ven Dieren, F., Janssen, J. J. M. and Agterof, W. G.M., Trans. Inst. Chem. Eng.,

74-A, 554 (1996).
[10] Levich, V. G., “Physicochemical Hydrodynamics”, Prentice-Hall, Englewood Cliffs (1962).
[11] Davis, J. T., “Turbulent Phenomena”, Academic Press, London (1972).
[12] Lucassen-Reynders, E. H., in “Encyclopedia of Emulsion Technology”, P. Becher (ed.), Marcel

Dekker, NY (1996).
[13] Lucassen-Reynders, E. H., Colloids and Surfaces, A91, 79 (1994).
[14] Lucassen, J., in “Anionic Surfactants”, E. H. Lucassen-Reynders (ed.), Marcel Dekker, NY (1981).
[15] van den Tempel, M., Proc. Int. Congr. Surf. Act., 2, 573 (1960).
[16] Walstra, P. and Smoulders, P. E. A., in “Modern Aspects of Emulsion Science”, B. P. Binks (ed.),

The Royal Society of Chemistry, Cambridge (1998).
[17] Tadros, Th. F., “Emulsions”, De Gruyter, Germany (2016).
[18] Ganachaud, F. and Katz J. L., Nanoparticles and nanocapsules created using the ouzo effect:

Spontaneous emulsification as an alternative to ultrasonic and high-shear devices, Chem.
Phys. Chem., 6, 209–216 (2005).

[19] Bouchemal, K., Briançon, S., Perrier E. and Fessi, H., Nanoemulsion formulation using spon-
taneous emulsification: Solvent, oil and surfactant optimization, Int. J. Pharm., 280, 241–251
(2004).

[20] Vitale, S. A. and Katz, J. L., Liquid droplet dispersions formed by homogeneous liquid-liquid
nucleation: “The ouzo effect”, Langmuir, 19, 4105–4110 (2003).

 EBSCOhost - printed on 2/14/2023 1:25 PM via . All use subject to https://www.ebsco.com/terms-of-use



178 | 7 Formulation of nanoemulsions in cosmetics

[21] Forgiarini, A., Esquena, J., Gonzalez, C. and Solans, C., Formation of nano-emulsions by low-
energy emulsification methods at constant temperature, Langmuir, 17, (7), 2076–2083 (2001).

[22] Izquierdo, P., Esquena, J., Tadros, Th. F., Dederen, C., Garcia, M. J., Azemar, N. and Solans, C.,
Formation and stability of nanoemulsions prepared using the phase inversion temperature
method, Langmuir, 18, (1), 26–30 (2002).

[23] Shinoda K. and Saito, H., J. Colloid Interface Sci., 26, 70 (1968).
[24] Shinoda, K. and Saito, H., The stability of O/W type emulsions as functions of temperature and

the HLB of emulsifiers: The emulsification by PIT-method, J. Colloid Interface Sci., 30, 258–263
(1969).

[25] Izquierdo, P., Thesis “Studies on Nano-Emulsion Formation and Stability”, University of
Barcelona, Spain (2002).

[26] Nakajima, H., Tomomossa, S. and Okabe, M., First Emulsion Conference, Paris (1993).
[27] Nakajima, H., in “Industrial Applications of Microemulsions”, C. Solans and H. Konieda (eds.),

Marcel Dekker (1997).
[28] Tadros, Th. F. (ed.), “Colloids in Cosmetics and Personal Care”, Wiley-VCH, Germany (2008).

 EBSCOhost - printed on 2/14/2023 1:25 PM via . All use subject to https://www.ebsco.com/terms-of-use
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8.1 Introduction

Multiple emulsions are complex systems of “Emulsions of Emulsions” [1–3]. Twomain
types can be distinguished: (i) Water-in-Oil-in-Water (W/O/W) multiple emulsions
whereby the dispersed oil droplets contain emulsified water droplets. (ii) Oil-in-
Water-in-Oil (O/W/O) multiple emulsions whereby the dispersed water droplets
contain emulsified oil droplets. The most commonly used multiple emulsions are
the W/O/W emulsions. The W/O/W multiple emulsion may be considered as wa-
ter/water emulsion whereby the internal water droplets are separated by an “oily
layer” (membrane). The internal droplets could also consist of a polar solvent such
glycol or glycerol which may contain a dissolved or dispersed active ingredient (AI).
The O/W/O multiple emulsion can be considered as an oil/oil emulsion separated by
an “aqueous layer” (membrane). Application of multiple emulsions in pharmacy for
control and sustained release of drugs has been investigated over several decades us-
ing animal studies. The only successful application of multiple emulsions in industry
was in the field of personal care and cosmetics. Products based on W/O/W systems
have been introduced by several cosmetic companies.

Due to the oily liquid or aqueous membrane formed, multiple emulsions ensure
complete protection of the entrapped active ingredient used inmany cosmetic systems
(e.g. anti-wrinkle agents) and controlled release of this active ingredient from the in-
ternal to the external phase. In addition, multiple emulsions offer several advantages
such as protection of fragile ingredients, separation of incompatible ingredients, pro-
longed hydration of the skin and in some cases formation of a firm gelled structure. In
addition, a pleasant skin feels like that of an O/W emulsion combined with the well-
known moisturizing properties of W/O emulsions are obtained with W/O/W multiple
emulsions. Multiple emulsions can be usefully applied for controlled release by con-
trolling the rate of the breakdown process of the multiple emulsions on application.
Initially, one prepares a stable multiple emulsion (with a shelf life of two years) which
on application breaks down in a controlled manner thus releasing the active ingredi-
ent in a controlled manner (slow or sustained release).

For applications in personal care and cosmetics, a wider range of surfactants can
be used provided these molecules satisfy some essential criteria such as lack of skin
irritation, lack of toxicity on application and safety to the environment (biodegrad-
ability of the molecule is essential in this case).
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8.2 Types of multiple emulsions

Florence and Whitehall [1] distinguished between three types of multiple emulsions
(W/O/W) that were prepared using isopropyl microstate as the oil phase, 5% Span 80
to prepare the primary W/O emulsion and various surfactants to prepare the sec-
ondary emulsion: (A) Brij 30 (polyoxyethylene 4 Lauryl ether) 2%. (B) Triton X-165
(polyoxyethylene 16.5 nonyl phenyl ether (2%). (C) 3 : 1 Span 80 : Tween 80 mixtures.
A schematic picture of the three structures is shown in Fig. 8.1. Type A contains one
large internal droplet similar to that described by Matsumoto et al. [2]. This type was
produced when polyoxyethylene (4) lauryl ether (Brij 30) was used as emulsifier at
2%. Type B contains several small internal droplets. These were prepared using 2%
polyoxyethylene (16.5) nonyl phenyl ether (Triton X-165). Type C drops entrapped
a very large number of small internal droplets. These were prepared using a 3 : 1
Span 80 : Tween 80 mixture. It should be mentioned that type A multiple emulsions
are not encountered much in practice. Type C is difficult to prepare since a large
number of small water internal droplets (which are produced in the primary emul-
sification process) results in a large increase in viscosity. Thus, the most common
multiple emulsions used in practice are those presented by type B, whereby the large
size multiple emulsion droplets (10–100 µm) contain water droplets ≈ 1 µm.

(a) (b) (c)

W WO

W WO
W WO

W WO

Fig. 8.1: Schematic representation of three structures of W/O/W multiple emulsions: (a) one large
internal (Brij 30); (b) several small internal (Triton X-165); (c) large number of very small droplets
(3 : 1 Span 80 : Tween 80).

8.3 Breakdown processes of multiple emulsions

A schematic representation of some breakdown pathways that may occur in W/O/W
multiple emulsions is shown in Fig. 8.2. One of themain instabilities ofmultiple emul-
sions is the osmotic flow of water from the internal to the external phase or vice versa
[1, 2]. This leads to shrinkage or swelling of the internal water droplets respectively.
This process assumes the oil layer to act as a semi-permeable membrane (permeable
to water but not to solute). The volume flow of water, JW, may be equated with the
change of droplet volume with time dv/dt,

JW = dvdt = −LpA RT(g2c2 − g1c1) (8.1)
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Fig. 8.2: Schematic representation of the possible breakdown pathways in W/O/W multiple emul-
sions: (a) coalescence; (b)–(f) expulsion of one or more internal aqueous droplets; (g) less frequent
expulsion; (h), (i) coalescence of water droplets before expulsion; (j), (k) diffusion of water through
the oil phase; (l)–(n) shrinking of internal droplets.

Lp is the hydrodynamic coefficient of the oil “membrane”, A is the cross-sectional
area, R is the gas constant and T is the absolute temperature. g is the osmotic coeffi-
cient of electrolyte solution with concentration c.

The flux of water ϕW is,

ϕW = JW
Vm

, (8.2)

where Vm is the partial molar volume of water.
An osmotic permeability coefficient Po can be defined,

Po = LpRTVm
. (8.3)

Combining equations (8.1)–(8.3),

ϕW = −PoA(g2c2 − g1c1) . (8.4)

The diffusion coefficient of water DW can be obtained from Po and the thickness of the
diffusion layer ∆x,

− Po = DW∆x . (8.5)

For isopropylmyristateW/O/Wemulsions, ∆x ≈ 8.2 µmand DW ≈ 5.15 × 10−8 cm2 s−1,
the value expected for diffusion of water in reverse micelles.

8.4 Preparation of multiple emulsions

Two main criteria are essential for the preparation of stable multiple emulsions:
(i) Two emulsifiers: with low and high HLB numbers. Emulsifier 1 should prevent
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coalescence of the internal water droplets, preferably producing a viscoelastic film
which also reduces water transport. The secondary emulsifier should also produce an
effective steric barrier at the O/W interface to prevent any coalescence of the multiple
emulsion droplet. (ii) Optimum osmotic balance: This is essential to reduce water
transport. This is achieved by addition of electrolytes or nonelectrolytes. The osmotic
pressure in the external phase should be slightly lower than that of the internal phase
to compensate for curvature effects.

Multiple emulsions are usually prepared in a two-stage process. For example a
W/O/W multiple emulsion is formulated by first preparing a W/O emulsion using a
surfactantwith a lowHLBnumber (5–6) using a high speedmixer (e.g. anUltra-Turrax
or Silverson). The resulting W/O emulsion is further emulsified in aqueous solution
containing a surfactant with a high HLB number (9–12) using a low speed stirrer (e.g.
a paddle stirrer). A schematic representation of preparation of multiple emulsions is
given in Fig. 8.3.

Emulsifier 2

Emulsifier 1
(low HLB) plus oil

High shear mixer
small drops (~1 µm)

Aqueous
electrolyte

Emulsifier 2 (high HLB)
plus electrolyte solution
Low shear mixer
large drops (10–100 µm)

Emulsifier 1

Emulsifier 1

Oil

Oil

Electrolyte solution

Electrolyte solution

Fig. 8.3: Scheme for preparation of W/O/W multiple emulsion.

The yield of the multiple emulsion can be determined using dialysis for W/O/W mul-
tiple emulsions. A water soluble marker is used and its concentration in the outside
phase is determined.

% Multiple Emulsion = Ci
Ci + Ce × 100 , (8.6)

where Ci is the amount of marker in the internal phase and Ce is the amount ofmarker
in the external phase. It has been suggested that if a yield of more than 90% is re-
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quired, the lipophilic (lowHLB) surfactant used to prepare the primary emulsionmust
be ≈ 10 times higher in concentration than the hydrophilic (high HLB) surfactant.

The oils that can be used for the preparation of multiple emulsions must be cos-
metically acceptable (no toxicity). Most convenient oils are vegetable oils such as soy-
bean or safflower oil. Paraffinic oils with no toxic effect may be used. Also some polar
oils such as isopropyl myristate can be applied; silicone oils can also be used. The
low HLB emulsifiers (for the primary W/O emulsion) are mostly the sorbitan esters
(Spans), but these may be mixed with other polymeric emulsifiers such as silicone
emulsifiers. The high HLB surfactant can be chosen from the Tween series, although
the block copolymers PEO–PPO–PEO (Poloxamers or Pluronics)may givemuch better
stability. The polymeric surfactant INUTEC®SP1 can also give much higher stability.
For controlling the osmotic pressure of the internal and external phases, electrolytes
such as NaCl or nonelectrolytes such as sorbitol may be used.

In most cases, a “gelling agent” is required both for the oil and the outside exter-
nal phase. For the oil phase, fatty alcohols may be used. For the aqueous continuous
phase one canuse the same “thickeners” that are used in emulsions, e.g. hydroxyethyl
cellulose, Xanthan gum, alginates, carrageenans, etc. Sometimes liquid crystalline
phases are applied to stabilize the multiple emulsion droplets. These can be gener-
ated using a nonionic surfactant and long chain alcohol. “Gel” coating around the
multiple emulsion droplets may also be formed to enhance stability.

As an illustration a typical formulation of aW/O/Wmultiple emulsion is described
below, using two different thickeners, namely Keltrol (Xanthan Gum from Kelco) and
Carbopol 980 (a crosslinked polyacrylate gel produced by BF Goodrich). These thick-
eners were added to reduce creaming of the multiple emulsion. A two-step process
was used in both cases.

The primary W/O emulsion was prepared using an A–B–A block copolymer
(where A is polyhydroxystearic acid, PHS, and B is polyethylene oxide, PEO), i.e.
PHS–PEO–PHS. Four grams of PHS–PEO–PHS were dissolved in 30 g of a hydrocar-
bon oil. For quick dissolution, the mixture was heated to 75 °C. The aqueous phase
consisted of 65.3 g water, 0.7 g MgSO4.7H2O and a preservative. This aqueous solution
was also heated to 75o. The aqueous phase was added to the oil phase slowly while
stirring intensively using a high speed mixer. The W/O emulsion was homogenized
for 1 minute and allowed to cool to 40–45 °C followed by further homogenization for
another minute and stirring was continued until the temperature reached ambient.

The primaryW/O emulsion was emulsified in an aqueous solution containing the
polymeric surfactant PEO–PPO–PEO, namely Pluronic PEF127. Two grams of the poly-
meric surfactant were dissolved in 16.2 g water containing a preservative by stirring
at 5 °C. Then 0.4 g MgSO4.7H2O were added to the aqueous polymeric surfactant so-
lution. Sixty grams of the primary W/O emulsion were slowly added to the aqueous
PEF127 solution while stirring slowly at 700 rpm (using a paddle stirrer). An aqueous
Keltrol solution was prepared by slowly adding 0.7 g Keltrol powder to 20.7 g water,
while stirring. The resulting thickener solution was further stirred for 30–40 minutes
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until a homogeneous gel was produced. The thickener solution was slowly added to
the multiple emulsion while stirring at low speed (400 rpm) and the whole system
was homogenized for 1 minute followed by gentle stirring at 300 rpm until the thick-
ener completely dispersed in the multiple emulsion (about 30 minutes stirring was
sufficient). The final system was investigated using optical microscopy to ensure that
the multiple emulsion was produced. The formulation was left standing for several
months and the droplets of the multiple emulsion were investigated using optical mi-
croscopy (see below). The rheology of the multiple emulsion was also measured (see
below) at various intervals to ensure that the consistency of the product remained the
same on long storage.

The above multiple emulsion was made again under the same conditions except
using Carbopol 980 as a thickener (gel). In this case, no MgSO4 was added, since the
Carbopol gel was affected by electrolytes. The aqueous PEF127 polymeric surfactant
solution was made by dissolving 2 g of the polymer in 23 g water. Fifteen grams of
2% master gel of Carbopol were added to the PEF127 solution while stirring until
the Carbopol was completely dispersed. Sixty grams of the primary W/O emulsion
were slowly added to the aqueous solution of PEF127/Carbopol solution, while stir-
ring thoroughly at 700 rpm. Triethanolamine was added slowly, while gently stirring
until the pH of the system reached 6.0–6.5.

Another example of a W/O/W multiple emulsion was prepared using two poly-
meric surfactants. AW/O emulsion was prepared using an A–B–A block copolymer of
PHS–PEO–PHS. This emulsion was prepared using a high speed mixer giving droplet
sizes in the region of 1 µm. The W/O emulsion was then emulsified in an aqueous so-
lution of hydrophobically modified inulin (INUTEC®SP1) using low speed stirring to
producemultiple emulsion droplets in the range 10–100 µm. The osmotic balancewas
achieved using 0.1mol dm−3 MgCl2 in the internal water droplets and outside contin-
uous phase. The multiple emulsion was stored at room temperature and 50 °C and
photomicrographs were taken at various intervals of time. Themultiple emulsion was
very stable for several months. A photomicrograph of the W/O/W multiple emulsion
is shown in Fig. 8.4. An O/W/O multiple emulsion was made by first preparing a na-
noemulsion using INUTEC®SP1. The nanoemulsion was then emulsified into an oil
solution of PHS–PEO–PHS using a low speed stirrer. The O/W/O multiple emulsion
was stored at room temperature and 50 °C and photomicrographs taken at various in-
tervals of time. The O/W/O multiple emulsion was stable for several months both at
room temperature and 50 °C. A photomicrograph of the O/W/O multiple emulsion is
shown in Fig. 8.5. A schematic representation of the W/O/W multiple emulsion drop
is shown in Fig. 8.6.
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Fig. 8.4: Photomicrograph of the
W/O/W multiple emulsion.

Fig. 8.5: Photomicrograph of
O/W/O multiple emulsion.

Internal aqueous phase
Electrolyte solutionPolymer coating

Reduces flocculation
aids stability of membrane

Emulsifier 1
Oil soluble, low HLB
provides a viscoelastic film,
gives stable 1 μm drops

Oil phase
Good solvent for 
emulsifier 1 provides 
a barrier to transport 
aided by thickeners

Emulsifier 2
Water soluble, high HLB
provides a stable film,
gives ~100 μm drops,
mixtures of emulsifiers aid
stability against flocculation

External aqueous phase
Electrolytes
balances osmotic pressure
aids solvency of emulsifier 2
Thickeners/gels provide a
network to obtain the right 
cream consistency

Fig. 8.6: A schematic representation of the multiple emulsions drop.
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8.5 Characterization of multiple emulsions

Several methods can be applied for characterization of multiple emulsions.

8.5.1 Droplet size analysis

The droplet size distribution of the primary emulsion (internal droplets of the multi-
ple emulsion) is usually in the region 0.5–2 µm, with an average of ≈0.5–1.0 µm. The
droplet size distribution of this primary emulsion can be determined using photon
correlation spectroscopy (PCS). This depends on measuring the intensity fluctuation
of scattered light by the droplets as they undergoBrownianmotion. Alternatively, light
diffraction techniques, e.g. using theMaster Sizer (Malvern, UK) can be used. Themul-
tiple emulsion droplets cover a wide range of sizes, usually 5–100 µm, with an average
in the region of 5–20 µm. Optical microscopy (differential interference contrast) can
be used to assess the droplets of the multiple emulsion. Optical micrographs may be
taken at various storage times to assess the stability.

Freeze fracture and electronmicroscopy can give a quantitative assessment of the
structure of themultiple emulsion droplets. Techniques can be applied tomeasure the
droplet size of themultiple emulsion. Since the particle size is > 5 µm (i.e. the diameter
ismuchgreater than thewavelengthof light), they show light diffraction (Fraunhofer’s
diffraction) and the Master Sizer could also be used.

8.5.2 Dialysis

Asmentioned above, this could be used tomeasure the yield of themultiple emulsion;
it can also be applied to follow any solute transfer from the inner droplets to the outer
continuous phase.

8.5.3 Rheological techniques

Three rheological techniques may be applied.

8.5.3.1 Steady state shear stress (τ) – shear rate (γ) measurements
A pseudoplastic flow is obtained as is illustrated in Fig. 8.7. This flow curve can be
analysed using, for example, the Herschley–Bulkley equation [4, 5],

τ = τβ + kγn (8.7)

where τβ is the “yield value”, k is the consistency index and n is the shear thinning
index. This equation can be used to obtain the viscosity η as a function of shear rate.
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Fig. 8.7: Flow curves for Newtonian and pseudoplastic systems.

By following the change in viscositywith time, one canobtain information onmultiple
emulsion stability. For example, if there is water flow from the external phase to the
internal water droplets (“swelling”), the viscosity will increasewith time. If after some
time, themultiple emulsion droplets begin to disintegrate forming O/W emulsion, the
viscosity will drop.

8.5.3.2 Constant stress (creep) measurements
In this case, a constant stress is applied and the strain γ (or compliance J = γ/τ) is fol-
lowed as a function of time as shown in Fig. 8.8. If the applied stress is below the yield
stress, the strain will initially show a small increase and then it remains virtually con-
stant. Once the stress exceeds the yield value, the strain shows a rapid increase with
time and eventually it reaches a steady state (with constant slope). From the slopes
of the creep tests one can obtain the viscosity at any applied stress as is illustrated in
Fig. 8.9which shows a plateau high value below the yield stress (residual or zero shear

t = 0

J0 ∝ 1/G0

J

Retarded region

Slope ∝ 1/ητ

Steady state

τ applied

τ removed

Fig. 8.8: Typical creep curve
for a viscoelastic system.
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τβ
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η

η(0)

Fig. 8.9: Variation of viscosity with applied stress.

viscosity) followed by a rapid decreasewhen the yield stress is exceeded. By following
the creep curves as a function of storage time one can assess the stability of the multi-
ple emulsion. Apart from swelling or shrinking of the droplets which cause reduction
in zero shear viscosity and yield value, any separation will also show a change in the
rheological parameters.

8.5.3.3 Dynamic or oscillatory measurements
In dynamic (oscillator) measurements, a sinusoidal strain, with frequency ν in Hz or
ω in rad s−1 (ω = 2πν) is applied to the cup (of a concentric cylinder) or plate (of a
cone and plate) and the stress is measured simultaneously on the bob or the cone
which are connected to a torque bar [5]. The angular displacement of the cup or the
plate ismeasured using a transducer. For a viscoelastic system, such as the casewith a
multiple emulsion, the stress oscillates with the same frequency as the strain, but out
of phase [5]. This is illustrated in Fig. 8.10which shows the stress and strain sinewaves
for a viscoelastic system. From the time shift between the sine waves of the stress and
strain, ∆t, the phase angle shift δ is calculated,

δ = ∆tω . (8.8)

The complexmodulus, G∗, is calculated from the stress and strain amplitudes (τ0 and
γ0 respectively), i.e.,

G∗ = τ0
γ0
. (8.9)

γ0

Δt

τ0

Fig. 8.10: Schematic representation of stress and strain sine waves for a viscoelastic system.
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The storage modulus, G󸀠, which is a measure of the elastic component is given by the
following expression,

G󸀠 = |G∗| cos δ . (8.10)

The loss modulus, G󸀠󸀠, which is a measure of the viscous component, is given by the
following expression,

G󸀠󸀠 = |G∗| sin δ (8.11)

and,

|G∗| = G󸀠 + iG󸀠󸀠 , (8.12)

where i is equal to (−1)1/2.
The dynamic viscosity, η󸀠, is given by the following expression,

η󸀠 = G󸀠󸀠
ω
. (8.13)

In dynamic measurements one carries out two separate experiments. Firstly, the vis-
coelastic parameters are measured as a function of strain amplitude, at constant fre-
quency, in order to establish the linear viscoelastic region, where G∗, G󸀠 and G󸀠󸀠 are
independent of the strain amplitude. This is illustrated in Fig. 8.11, which shows the
variation of G∗, G󸀠 and G󸀠󸀠 with γ0. It can be seen that the viscoelastic parameters
remain constant up to a critical strain value, γcr, above which, G∗ and G󸀠 start to de-
crease and G󸀠󸀠 starts to increase with a further increase in the strain amplitude. Most
multiple emulsions produce a linear viscoelastic response up to appreciable strains
(> 10%), indicative of structure build-up in the system (“gel” formation). If the sys-
tem shows a short linear region (i.e., a low γcr), it indicates lack of a “coherent” gel
structure (in many cases this is indicative of strong flocculation in the system).

Once the linear viscoelastic region is established, measurements are then made
of the viscoelastic parameters, at strain amplitudeswithin the linear region, as a func-
tion of frequency. This is schematically illustrated in Fig. 8.12, which shows the varia-
tion of G∗, G󸀠 and G󸀠󸀠 with ν or ω. It can be seen that below a characteristic frequency,
ν∗ or ω∗, G󸀠󸀠 > G󸀠. In this low frequency regime (long timescale), the system can dis-
sipate energy as viscous flow. Above ν∗ or ω∗, G󸀠 > G󸀠󸀠, since in this high frequency
regime (short timescale) the system is able to store energy elastically. Indeed, at suffi-
ciently high frequency G󸀠󸀠 tends to zero and G󸀠 approaches G∗ closely, showing little
dependency on frequency. The relaxation time of the system can be calculated from
the characteristic frequency (the crossover point) at which G󸀠 = G󸀠󸀠, i.e.,

t∗ = 1
ω∗

. (8.14)

It is clear from the above discussion that rheological measurements of multiple emul-
sions are very valuable in determining the long-termphysical stability of the system as
well as its application. This subject has attracted considerable interest in recent years
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Linear
region

G*

Fig. 8.11: Schematic representation of the variation
of G∗, G󸀠 and G󸀠󸀠 with strain amplitude (at a fixed frequency).

G*

ω*G′
G″

Gʺ

Fig. 8.12: Schematic representation of the variation
of G∗, G󸀠 and G󸀠󸀠 with ω for a viscoelastic system.

with many cosmetic manufacturers. Apart from its value in the above mentioned as-
sessment, one of themost important considerations is to relate the rheological param-
eters to the consumer perception of the product. This requires careful measurement of
the various rheological parameters for a number of multiple emulsions and relating
these parameters to the perception of expert panels who assess the consistency of the
product, its skin feel, spreading, adhesion, etc. It is claimed that the rheological prop-
erties of an emulsion cream formulated as a multiple emulsion determine the final
thickness of the oil layer, the moisturizing efficiency and its aesthetic properties such
as stickiness, stiffness and oiliness (texture profile). Psychophysical models may be
applied to correlate rheology with consumer perception.

8.6 Summary of the factors affecting stability of multiple
emulsions and criteria for their stabilization

As discussed above, the stability of the multiple emulsion is influenced by the na-
ture of the two emulsifiers used for preparation of themultiple emulsion. Most papers
published in the literature on multiple emulsions are based on conventional non-
ionic surfactants. Unfortunately, most of these surfactant systems produce multiple
emulsionswith limited shelf life, particularly if the system is subjected to large temper-
ature variations. As mentioned above, we have formulated multiple emulsions using
polymeric surfactants for both the primary andmultiple emulsion preparation. These
polymeric surfactants proved to be superior over the conventional nonionic surfac-
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tants in maintaining the physical stability of the multiple emulsion and they now
could be successfully applied for formulation of cosmeticmultiple emulsions. The key
is to use polymeric surfactants that are approved by the CTA for cosmetics

The stability of the resulting multiple emulsion depends on a number of factors:
(i) the nature of the emulsifiers used for preparation of the primary andmultiple emul-
sion; (ii) the osmotic balance between the aqueous droplets in the multiple emulsion
drops and that in the external aqueous phase; (iii) the volume fractions of the dis-
perse water droplets in the multiple emulsion drops and the final volume fraction of
the multiple emulsions; (iv) the temperature range to which the multiple emulsion is
subjected; (v) the process used to prepare the system; (vi) the rheology of the whole
system which can be modified by the addition of thickeners in the external aqueous
phase.

Asdiscussed above, themain criteria for preparationof a stablemultiple emulsion
are: (i) Two emulsifiers, one with low (emulsifier I) and one with high (emulsifier II)
HLB number. (ii) Emulsifier I should provide a very effective barrier against coales-
cence of the water droplets in the multiple emulsion drop. Emulsifier II should also
provide an effective barrier against flocculation and/or coalescence of the multiple
emulsion drops. (iii) The amount of emulsifiers used in preparation of the primary
and multiple emulsions is critical. Excess emulsifier I in the oil phase may result in
further emulsification of the aqueous phase into the multiple emulsion with the ul-
timate production of a W/O emulsion. Excess emulsifier II in the aqueous phase may
result in solubilization of the low HLB number surfactant with the ultimate forma-
tion of an O/W emulsion. (iv) Optimum osmotic balance of the internal and external
aqueous phases. If the osmotic pressure of the internal aqueous droplets is higher
than the external aqueous phase, water will flow into the internal droplets resulting
in “swelling” of the multiple emulsion drops with the ultimate production of a W/O
emulsion. In contrast, if the osmotic pressure in the outside external phase is higher,
water will diffuse in the opposite direction and the multiple emulsion will revert to an
O/W emulsion.

Various formulation variables must be considered: (i) primary W/O emulsifier;
various low HLB number surfactants are available of which the following may be
mentioned: decaglycerol decaoleate; mixed triglycerol trioleate and sorbitan tri-
oleate; ABA block copolymers of PEO and PHS; (ii) primary volume fraction of the
W/O or O/W emulsion; usually volume fractions between 0.4 and 0.6 are produced,
depending on the requirements; (iii) nature of the oil phase; various paraffinic oils
(e.g. heptamethyl nonane), silicone oil, soybean and other vegetable oilsmay be used;
(iv) secondaryO/Wemulsifier; highHLBnumber surfactants or polymersmaybeused,
e.g. Tween 20, polyethylene oxide-polypropylene oxide block copolymers (Pluronics)
may be used; (v) secondary volume fraction; this may be varied between 0.4 and 0.8
depending on the consistency required; (vi) electrolyte nature and concentration; e.g.
NaCl, CaCl2, MgCl2 or MgSO4; (vii) thickeners and other additives; in some cases a gel
coating for the multiple emulsion drops may be beneficial, e.g. polymethacrylic acid

 EBSCOhost - printed on 2/14/2023 1:25 PM via . All use subject to https://www.ebsco.com/terms-of-use



192 | 8 Formulation of multiple emulsions in cosmetics

or carboxymethyl cellulose. Gels in the outside continuous phase for a W/O/W mul-
tiple emulsion may be produced using xanthan gum (Keltrol or Rhodopol), Carbopol
or alginates; (viii) process; for the preparation of the primary emulsion, high speed
mixers such as Ultra-Turrax or Silverson may be used. For the secondary emulsion
preparation, a low shear mixing regime is required, in which case paddle stirrers are
probably the most convenient. The mixing times, speed and order of addition need to
be optimized.
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9 Liposomes and vesicles in cosmetic formulations

9.1 Introduction

Liposomes are spherical phospholipid liquid crystalline phases (smecticmesophases)
that are simply produced by dispersion of phospholipid (such as lecithin) in water by
simple shaking [1, 2]. This results in the formation of multilayer structures consisting
of several bilayers of lipids (several µm). When sonicated, these multilayer structures
produce unilamellar structures (with size range of 25–50nm) that are referred to as
vesicles. A schematic picture of liposomes and vesicles is given in Fig. 9.1.

Sonication

Liposomes
Vesicles

Fig. 9.1: Schematic representation of liposomes and vesicles.

Glycerol-containing phospholipids are used for the preparation of liposomes and vesi-
cles. The structure of some lipids is shown in Fig. 9.2. The most widely used lipid
for cosmetic formulations is phosphatidylcholine that can be obtained from eggs or
soybean. Inmost preparations, amixture of lipids is used to obtain the optimumstruc-
ture. These liposome bilayers can be considered as mimicking models of biological
membranes. They can solubilize both lipophilic active ingredients in the lipid bilayer
phase, as well as hydrophilic molecules in the aqueous layers between the lipid bi-
layers as well as the inner aqueous phase. For example, addition of liposomes to cos-
metic formulations can be applied for enhancement of the penetration of anti-wrinkle
agents [3]. They will also form lamellar liquid crystalline phases and they do not dis-
rupt the stratum corneum. No facilitated transdermal transport is possible, thus elim-
inating skin irritation. Phospholipid liposomes can be used as in vitro indicators for
studying skin irritation by surfactants.
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Fig. 9.2: Structure of lipids.

9.2 Nomenclature of liposomes and their classification

The nomenclature for liposomes is far from being clear; it is now generally accepted
that “All types of lipid bilayers surrounding an aqueous phase are in the general cat-
egory of liposomes” [3, 4]. The term “liposome” is usually reserved for vesicles com-
posed, even partly, by phospholipids. The more generic term “vesicle” is to be used to
describe any structure consisting of one or more bilayers of various other surfactants.
In general the names “liposome” and “phospholipid vesicle” are used interchange-
ably. Liposomes are classified in terms of the number of bilayers, as Multilamellar
Vesicles (MLVs > 400nm), Large Unilamellar Vesicles (LUVs > 100nm) and Small Unil-
amellar Vesicles (SUVs < 100nm). Other types reported are the Giant Vesicles (GV),
which are unilamellar vesicles of diameter between 1–5 µm and Large Oligolamellar
Vesicles (LOV) where a few vesicles are entrapped in the LUV or GV.
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9.3 Driving force for formation of vesicles

The driving force for formation of vesicles has been described in detail by Israelachvili
et al. [5–7]. From equilibrium thermodynamics, small aggregates, or even monomers,
are entropically favouredover larger ones. This entropic force explains the aggregation
of single-chain amphiphiles into small spherical micelles instead to bilayers or cylin-
ders, as the aggregation number of the latter aggregates is much higher. Israelachvili
et al. [5–7] attempted to describe the thermodynamic drive for vesicle formation by
biological lipids. From equilibrium thermodynamics of self-assembly, the chemical
potential of all molecules in a system of aggregated structures such as micelles or bi-
layers will be the same,

μ0N + kTN ln(XN
N
) = constant; N = 1, 2, 3, . . . , (9.1)

where μ0N is the free energy per molecule in the aggregate, XN is the mole fraction of
molecules incorporated into the aggregate, with an aggregation number N, k is the
Boltzmann constant and T is the absolute temperature.

For monomers in solution with N = 1,
μ0N + kTN ln(XN

N
) = μ01 + kT ln X1 . (9.2)

Equation (9.1) can be written as,

XN = N (XMM )N/Mexp(N(μ0M − μ0N
kT

) , (9.3)

where M is any arbitrary state of reference of aggregation number M.
The following assumptions aremade to obtain the free energypermolecule: (i) the

hydrocarbon interior of the aggregate is considered to be in a fluid-like state; (ii) ge-
ometric consideration and packing constrains in term of aggregate formation are ex-
cluded; (iii) strong long-range forces (van der Waals and electrostatic) are neglected.
By considering the “opposing forces” approach of Tanford [8], the contributions to
the chemical potential, μ0N, can be estimated. A balance exists between the attractive
forces mainly of hydrophobic (and interfacial tension) nature and the repulsive forces
due to steric repulsion (between the hydrated head group and alkyl chains), electro-
static and other forces [9]. The free energy per molecule is thus,

μ0N = γa + Ca . (9.4)

The attractive contribution (the hydrophobic free energy contribution) to μ0N is γa
where γ is the interfacial free energy per unit area and a is the molecular area mea-
sured at the hydrocarbon/water interface. C/a is the repulsive contribution where C is
a constant term used to incorporate the charge per head group, e, and includes terms
such as the dielectric constant at the head group region, ε, and curvature corrections.
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This fine balance yields the optimum surface area, ao, for the polar head groups
of the amphiphile molecules at the water interface, at which the total interaction free
energy per molecule is a minimum,

μ0N(min) = γa + Ca = 0 (9.5)

∂μ0N
∂a = γ − C

a2
= 0 (9.6)

a = ao = (Cγ )
1/2

. (9.7)

Using the above equations, the general form relating the free energy per molecule μ0N
with ao can be expressed as,

μ0N = γ(a + a2oa ) = 2aoγ + γa (a − ao)2 . (9.8)

Equation (9.8) shows that: (i) μ0N has a parabolic (elastic) variation about theminimum
energy; (ii) amphiphilic molecules, including phospholipids, can pack in a variety of
structures in which their surface areas will remain equal or close to ao. Both single-
chain and double-chain amphiphiles have very much the same optimum surface area
per head group (ao ≈ 0.5–0.7 nm2), i.e. ao is not dependent on the nature of the hy-
drophobe. Thus, by considering the balance between entropic and energetic contri-
butions to the double-chain phospholipid molecule one arrives at the conclusion that
the aggregation number must be as low as possible and ao for each polar group is of
the order of 0.5–0.7 nm2 (almost the same as that for a single-chain amphiphile). For
phospholipid molecules containing two hydrocarbon chains of 16–18 carbon atoms
per chain, the volume of the hydrocarbon part of themolecule is double the volume of
a single-chain molecule, while the optimum surface area for its head group is of the
same order as that of a single-chain surfactant (ao ≈ 0.5–0.7 nm2). Thus, the only way
for this double-chain surfactant is to form aggregates of the bilayer sheet or the close
bilayer vesicle type. Thiswill be further explainedusing the critical packingparameter
concept (CPP) described by Israelachvili et al. [5–7]. The CPP is a geometric expression
given by the ratio of the cross-sectional area of the hydrocarbon tail(s) a to that of the
head group ao. a is equal to the volume of the hydrocarbon chain(s), v, divided by the
critical chain length, lc, of the hydrocarbon tail. Thus the CPP is given by [10],

CPP = v
aolc

. (9.9)

Regardless of shape, any aggregated structure should satisfy the following criterion:
no point within the structure can be farther from the hydrocarbon-water surface than
lc which is roughly equal to, but less than the fully extended length l of the alkyl chain.
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Tab. 9.1: CPP concept and various shapes of aggregates.

Lipid Critical
packing
parameter
v/aolc

Critical
packing
shape

Structures formed

Single-chained lipids (surfactants) with large
head-group areas:
– SDS in low salt

<1/3 Cone Spherical micelles

v

do

lc

Single-chained lipids with small head-group
areas:
– SDS and CTAB in high salt
– nonionic lipids

1/3–1/2 Truncated
cone

Cylindrical mi-
celles

Double-chained lipids with large head-group
areas, fluid chains:

1/2–1 Truncated
one

Flexible bilayers,
vesicles

– Phosphatidyl choline (lecithin)
– phosphatidyl serine
– phosphatidyl glycerol
– phosphatidyl inositol
– phosphatidic acid
– sphingomyelin, DGDGa

– dihexadecyl phosphate
– dialkyl dimethyl ammonium
– salts

Double-chained lipids with small head-group
areas, anionic lipids in high salt, saturated
frozen chains:
– phosphatidyl ethanaiamine
– phosphatidyl serine + Ca2+

≈1 Cylinder Planar bilayers

Double-chained lipids with small head-group
areas, nonionic lipids, poly(cis) unsaturated
chains, high T:
– unsat. phosphatidyl ethanolamine
– cardiolipin + Ca2+

– phosphatidic acid + Ca2+

– cholesterol, MGDGb

>1 Inverted
truncated
cone or
wedge

Inverted micelles

a DGDG: digalactosyl diglyceride, diglucosyldiglyceride
b MGDG: monogalactosyl diglyceride, monoglucosyl diglyceride
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For a spherical micelle, the radius r = lc and from simple geometry CPP = v/aolc ≤
1/3. Once v/aolc > 1/3, spherical micelles cannot be formed and when 1/2 ≥ CPP >
1/3 cylindrical micelles are produced. When the CPP > 1/2 but < 1, vesicles are pro-
duced. These vesicles will grow until CPP ≈ 1 when planer bilayers will start forming.
A schematic representation of the CPP concept is given in Tab. 9.1.

According to Israelachvili et al. [5–7], the bilayer sheet lipid structure is energeti-
cally unfavourable to the spherical vesicle, because of the lower aggregation number
of the spherical structure. Without introduction of packing constrains (described
above), the vesicles should shrink to such a small size that they would actually form
micelles. For double-chain amphiphiles three considerations must be considered:
(i) an optimum ao (almost the same as that for single-chain surfactants) must be
achieved by considering the various opposing forces; (ii) structures with minimum
aggregation number N must be formed; (iii) aggregates into bilayers must be the
favourite structure. A schematic picture of the formation of bilayer vesicle and tubule
structures was introduced by Israelachvili and Mitchell [10] is shown in Fig. 9.3.

Israelachvili et al. [5–7] believe that steps A and B are energetically favourable.
They considered step C to be governed by packing constraints and thermodynamics
in terms of the least aggregation number. They concluded that the spherical vesicle is
an equilibrium state of the aggregate in water and it is certainly more favoured over
extended bilayers.

Bilayer

Water
A

B
Lipid influx

Vesicle
FusionGrowth

Tubule

D C
Fig. 9.3: Bilayer vesicle and
tubule formation [10].

The main drawback of application of liposomes in cosmetic formulations is their
metastability. On storage, the liposomes tend to aggregate and fuse to form larger
polydisperse systems and finally the system reverses into a phospholipid lamel-
lar phase in water. This process takes place relatively slowly because of the slow
exchange between the lipids in the vesicle and the monomers in the surrounding
medium. Therefore, it is essential to investigate both the chemical and physical sta-
bility of the liposomes. Examination of the process of aggregation can be obtained by
measuring their size as a function of time. Maintenance of the vesicle structure can
be assessed using freeze fracture and electron microscopy.
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Several methods have been applied to increase the rigidity and physicochemical
stability of the liposome bilayer of which the following methods are the most com-
monly used: hydrogenation of the double bondswithin the liposomes, polymerization
of the bilayer using synthesized polymerizable amphiphiles and inclusion of choles-
terol to rigidify the bilayer [3].

Other methods to increase the stability of the liposomes include modification of
the liposome surface, for example by physical adsorption of polymeric surfactants
onto the liposome surface (e.g. proteins and block copolymers). Another approach
is to covalently bond the macromolecules to the lipids and subsequent formation of
vesicles. A third method is to incorporate the hydrophobic segments of the polymeric
surfactant within the lipid bilayer. This latter approach has been successfully applied
by Kostarelos et al. [4] who used A–B–A block copolymers of polyethylene oxide (A)
and polypropylene oxide (PPO), namely Poloxamers (Pluronics). Two different tech-
niques for adding the copolymer were attempted [4]. In the first method (A), the block
copolymer was added after formation of the vesicles. In the secondmethod, the phos-
pholipid and copolymer are first mixed together and this is followed by hydration and
formation of SUV vesicles. These two methods are briefly described below.

The formation of small unilamellar vesicles (SUVs) was carried out by sonication
of 2w/w% of the hydrated lipid (for about 4 h). This produced SUV vesicles with a
mean vesicle diameter of 45 nm (polydispersity index of 1.7–2.4). This is followed by
the addition of the block copolymer solution and dilution of ×100 times to obtain a
lipid concentration of 0.02% (method A). In the second method (I) SUV vesicles were
prepared in the presence of the copolymer at the required molar ratio.

In method (A), the hydrodynamic diameter increases with increasing block
copolymer concentration, particularly those with high PEO content, reaching a
plateau at a certain concentration of the block copolymer. The largest increase in
hydrodynamic diameter (from ≈ 43 nm to ≈ 48nm) was obtained using Pluronic F127
(that contains a molar mass of 8330 PPO and molar mass of 3570 PEO). In method I
the mean vesicle diameter showed a sharp increase with increasing w/w% copolymer
reaching amaximumat a certain block copolymer concentration, afterwhich a further
increase in polymer concentration showed a sharp reduction in average diameter. For
example with Pluronic F127, the average diameter increased from ≈ 43 nm to ≈ 78 nm
at 0.02w/w% block copolymer and then it decreased sharply with a further increase
in polymer concentration, reaching ≈ 45 nm at 0.06w/w% block copolymer. This
reduction in average diameter at high polymer concentration is due to the presence of
excess micelles of the block copolymer.

A schematic representation of the structure of the vesicles obtained on addition
of the block copolymer using methods (A) and (I) is shown in Fig. 9.4.

Withmethod (A), the triblock copolymer is adsorbedon the vesicle surface byboth
PPO and PEO blocks. These “flat” polymer layers are prone to desorption due to the
weak binding onto the phospholipid surface. In contrast, with the vesicles prepared
usingmethod (I) the polymermolecules aremore strongly attached to the lipid bilayer

 EBSCOhost - printed on 2/14/2023 1:25 PM via . All use subject to https://www.ebsco.com/terms-of-use



200 | 9 Liposomes and vesicles in cosmetic formulations

Method (A) Method (I)

Fig. 9.4: Schematic representation of vesicle structure in the presence of triblock copolymer pre-
pared using methods (A) and (I) [4].

with PPO segments “buried” in the bilayer environment surrounded by the lipid fatty
acids. The PEO chains remain at the vesicle surfaces free to dangle in solution and
attain the preferred conformation. The resulting sterically stabilized vesicles [(I) sys-
tem] have several advantages over the (A) system with the copolymer simply coating
their outer surface. The anchoring of the triblock copolymer usingmethod (I) results in
irreversible adsorption and lack of desorption. This is confirmed by dilution of both
systems. With (A), dilution of the vesicles results in reduction of the diameter to its
original bare liposome system, indicating polymer desorption. In contrast, dilution of
the vesicles prepared by method (I) showed no significant reduction in diameter size
indicating strong anchoring of the polymer to the vesicle. A further advantage of con-
structing the vesicles with bilayer-associated copolymer molecules is the possibility
of increased rigidity of the lipid-polymer bilayer [3, 4].
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10 Formulation of shampoos

10.1 Introduction

The purpose of a shampoo is to clean the hair from sebum, dead epidermal cells,
residues fromhair dressing, hair sprays, dust, etc. [1–4]. Itmust also remove the greasy
substances of hair oils, pomades andhair sprays. Soiledhair lacks lustre, becomes oily
and unmanageable and develops an unpleasant odour. The shampoo must clean the
hair and leave it in a lustrous, manageable condition. This requires the application of
surfactants and hair conditioners, the so-called “two-in-one” shampoos. Shampoos
can be formulated as clear, pearly or opaque liquids, gels or creams.

Shampoos should possess good, stable foaming actionwhich depends on the sur-
factants used and the additives that are incorporated. Good shampoos should provide
satisfactory cleaning power and easy rinsing without producing soap scum in anywa-
ter hardness. They also should give a soft touch to the hair, with good manageability
after shampooing. The shampoo should also have a low order of irritation to skin and
eyes. In addition, for consumer appeal, the product should have an attractive colour
and fragrance, and make a rich and mild foam.

Two types of shampoos are marketed, namely powder shampoo and liquid type.
The latter can be a clear liquid with low, medium or high (gel form) viscosity. Alter-
natively the shampoo can be an opaque liquid shampoo consisting of either a pearly
liquid or milk lotion shampoo. From the point of view of functions and application,
the shampoo can be plain, medicated (anti-dandruff or deodorant), conditioning and
low irritation (baby shampoo).

In this chapter I will discuss the following points that are relevant for formulating
a conditioning shampoo: (i) The surfactants used in shampoo formulations. (ii) The
desirable properties of a shampoo. (iii) The components that are used in the formu-
lation. (iv) The role of the ingredients: mixed surfactant systems and their synergistic
action to lower skin irritation, cleansing function, foamboosters, thickening agents as
rheology modifiers and silicone oil emulsions in shampoos. The subject of hair condi-
tioners will be dealt with in the next chapter with particular reference to the structure
and properties of human hair.

10.2 Surfactants for use in shampoo formulations [2, 3]

10.2.1 Anionic surfactants

Alkyl carboxylates or soaps, with C12–C14 chain and counterions of potassium, di-
or tri-ethanolamine are sometimes used in shampoos in combination with alkyl sul-
phates or polyoxyethylene ether sulphate. These carboxylates are applied as foam
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boosters or foam thickeners. They are seldom used alone due to the disadvantages
produced by them. For example, the potassium salt of alkyl carboxylates because
of its alkalinity which can make the hair swell. The di- and tri-ethanolamine salts
can become discoloured by heat or light. In addition, the soap-based shampoos can
leave an insolublemetal salt on the hair after shampooing in hardwater and cause un-
pleasant stickiness. Themost commonly used anionic surfactants in shampoos are the
alkyl sulphates and their ethoxylates (polyoxyethylene alkyl ether sulphates, AES).
The alkyl sulphates are produced by sulphation of higher alcohols (C12–C14 chain)
using chlorosulphonic acid or sulphuric anhydrate. Since the sodium or potassium
salts of alkyl sulphates are not easily soluble in water, their uses are limited to pow-
der or paste shampoo base, although in warm climates they can also be used as liq-
uid shampoo base either alone or in combination with AES. For liquid shampoo, tri-
ethanolamine salt and ammonium salt are commonly used.

Alkyl sulphates exhibit good creamy foaming even with oily hair and a good soft
feel after shampooing. The performance of alkyl sulphates depends on the length and
the distribution of the alkyl chain as well as the nature of the counterion. The alkyl
sulphate based on coconut alcohol is the most popular type. It is difficult to thicken
shampoobasedonalkyl sulphate by simply addingNaCl and this requires the addition
of polymer thickener such as Xanthan gum.

The most commonly used anionic surfactants are the ether sulphates, referred
to as polyoxyethylene alkyl ether sulphate or AES. They are obtained by sulphating
ethoxylated alcohols basedmainly on lauryl (dodecyl) alcohol obtained from coconut
or synthetic material. Unlike alkyl sulphate based shampoos, liquid shampoos based
on AES can be easily thickened by addition of inorganic salts such as NaCl. The maxi-
mum viscosity can be obtained by adding a certain amount of NaCl, regardless of the
content of AES.

The solubility in water and the foaming ability of NaAES vary with the average
moles of ethylene oxide (EO) and the linearity of the alcohol. The higher the number
of EO units, the better the solubility and the lower the foaming ability. Themore linear
the alkyl group of the alcohol, the higher the foaming ability.

10.2.2 Amphoteric surfactants

The most commonly used amphoteric surfactants used in combination with an-
ionics (AES) are the fatty alkyl betaines, e.g. lauryl amidopropyl dimethyl betaine
C12H25CON(CH3)2COOH (dimethyl lauryl betaine). The addition of the amphoteric
surfactant to the anionic surfactant lowers the critical micelle concentration (cmc)
of the latter (see below) and this significantly reduces skin irritation. In addition, the
amphoteric surfactant acts as a foam booster and thickener. It produces lighter and
more voluminous foam.
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A suitable basic ingredient for baby shampoos with low irritation is imidazoline
and its derivatives. It is also used as a conditioning booster when combined with a
cationic polymer such as Polymer JR (see Chapter 11)

10.2.3 Nonionic surfactants

The most commonly used nonionic surfactants in shampoos are the fatty acid alka-
nolamides which improve foaming ability and solubility in water as well as increase
viscosity when combinedwith anionic surfactants. Another commonly used nonionic
surfactant in shampoos is the fatty acid amine oxide which is used as foam stabi-
lizer, thickener and for the improvement of tactile feeling of hair for shampoos based
on alkyl sulphates or alkyl ether sulphates (AES). When the pH is in the acid range,
it tends to behave like a cationic surfactant and compatibility with anionic surfac-
tants becomes poor. Occasionally, high HLB (hydrophilic-lipophilic balance) surfac-
tants such as Tween80 (Sorbitanmono-oleatewith 20mol EO) are used as solubilizing
agents.

10.3 Properties of a shampoo

Several desirable properties of a shampoo can be listed [1]: (i) Ease of application;
the shampoo should have the desirable rheology profile, enough viscosity and elas-
ticity (reasonably high yield value) to stay in the hand before application to the hair.
During application, the shampoo must spread easily and disperse quickly over the
head and hair, i.e. a shear thinning system is required. This rheological profile can
be achieved when using a concentrated surfactant solution that contains liquid crys-
talline structures (rod-shapedmicelles), but inmost cases a thickener (highmolecular
weight material) is included to arrive at the desirable high viscosity at low shear rates.
(ii) Dense and luxurious lather: This requires the presence of a foam booster. The sur-
factant used for cleaning develops an abundant lacy foam in soft water, but the foam
quality drops in the presence of oily soils such as sebum. A foam stabilizer is required
and this could be amixture ofmore than one surfactant. (iii) Ease of rinsing; the sham-
poo should not leave a residual tackiness or stickiness and it should not precipitate
in hard water. (iv) Ease of wet combing; after rinsing the hair should comb through
easily without entanglement. Hair conditioners that are cationically modified poly-
mers neutralize the charge on the hair surface (which is negatively charged) and this
helps in combing the hair (see Chapter 11). With long hair, a cationic cream rinse after
shampooing is more effective. (v) Manageability; when combed dry the hair should
be left in a manageable condition (not “fly away” or frizzy). Again charge neutraliza-
tion of the hair surface by the conditioner helps in this respect. (vi) Lustrous; the hair
should be left in a lustrous condition. (vii) Body; the hair should have “body” when
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dry, i.e. it should not be limp or over-conditioned. (viii) Fragrance; this should not
have any objectionable odour. (ix) Low level of irritation; this is the most important
factor in any shampoo and for this purpose amphoteric surfactants are preferred over
anionics which are more irritable to the skin. As will be discussed later, the use of am-
photeric surfactants in combination with anionics reduces the skin irritation of the
latter. (x) Preservatives; these should be effective against microbial and fungal con-
tamination. (xi) Good stability; the product should remain stable for at least two or
three years at ambient temperatures (both low and high for various regions) as well
aswhen stored in daylight. Both physical and chemical stability should bemaintained
(no separation, no change in the rheology of the system and no chemical degradation
on storage).

10.4 Components of a shampoo

10.4.1 Cleansing agents

Several surfactant systems are used in formulations of shampoos as discussed in
Section 10.2. These are mostly anionic surfactants which are usually mixed with am-
photeric molecules. As mentioned in the introduction, the main criteria required are
good cleansing from sebum, scales and other residues, as well as developing an ac-
ceptable lather. For the latter purpose foam boosters or lather enricheners are added.
The surfactant concentration in a typical shampoo is in the region of 10–20%. This
concentration is far in excess of that required to clean the hair; the sebum and other
oilymaterials that inhibit foam formation require theuse of such ahigh concentration.
As mentioned in Section 10.2, the most widely used anionic surfactants are the alkyl
sulphates R–O–SO3–M+ with R being a mixture of C12 and C14 and M+ being sodium,
ammonium, triethanolamine, diethanolamine or monoethanolamine. These anionic
surfactants hydrolyse and produce the corresponding alcohol and this may result in
the separation of the shampoo. The rate of hydrolysis depends on the pH of the system
and this should remain in the range 5–9 to reduce the rate of hydrolysis. The sodium
salt has a high Krafft temperature (> 20 °C) and separation (cloudiness) may occur
when the temperature is reduced below 15 °C. The ammonium and triethanolamine
surfactant has a much lower Krafft temperature and this ensures good stability at low
temperatures. Monoethanolamine lauryl sulphate produces very viscous shampoo
and this could be considered for formulating a clear gel product. The low tempera-
ture stability can also be improved by using ether sulphates R–O–(CH2–CH2–O)nSO4
(with n = 1–5) which also reduce irritancy. Sulphosuccinates, e.g. disodium mono-
cocamido sulphosuccinate, disodium monolauramido sulphosuccinate, disodium
monooleamido sulphosuccinate (and its PEGmodified molecule) are commonly used
in shampoos in combinationwith anionic surfactants. The sulphosuccinates alone do
not latherwell, but in combinationwith the anionics they result in excellent shampoos
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with good foamand reduced eye and skin irritation. Several other surfactants are used
in combination with the anionics such as sarcosinates, glutamates, etc. Asmentioned
in Section 10.2, the most important class of surfactants that are used in combination
with anionics are the amphoterics, e.g. amphoteric glycinates/propionates, betaines,
amino/imino propionates, etc. These amphoteric surfactants impart mildness and
hair conditioning properties to shampoos. Due to their low degree of eye irritation
they are used to develop baby shampoos. The pH of the system must be carefully
adjusted to 6.9–7.5 (near the isoelectric point of the surfactant), since at low pH the
surfactant acquires a positive charge and this leads to an increase in irritation. Several
classes of amphoterics have been developed and thesewill be discussed in the section
on role of ingredients. Nonionic surfactants are not used alone in shampoos due to
their poor foaming properties. However, they are used in mixtures with anionics
to modify the primary cleansing agent, as viscosity builders, solubilizing agents,
emulsifiers, lime soap dispersants, etc. They are also incorporated to reduce eye and
skin irritation. The most commonly used nonionics are the polysorbates (Tweens) but
in some cases Pluronics (or Poloxamers) (A–B–A block copolymers of polyethylene
oxide (A) and polypropylene oxide (B)) are also used.

10.4.2 Foam boosters

Most of the surfactants used as cleansing agents develop an abundant lacy foam in
soft water. However, in the presence of oily soils such as sebum the abundance and
quality of the lather drops drastically. Accordingly, one or more ingredients are added
to the shampoo to improve the quality, volume and characteristics of the lather. Exam-
ples are fatty acid alkanolamides and amine oxides. As will be discussed later these
molecules stabilize the foams by strengthening the surfactant film at the air/water
interface (by enhancing the Gibbs elasticity).

10.4.3 Thickening agents

As mentioned before, the viscosity of the shampoo must be carefully adjusted to give
a shear thinning system. The most commonly used materials to enhance the viscos-
ity of a shampoo are simple salts such as sodium or ammonium chloride. As will be
discussed later, these salts enhance the viscosity simply by producing rod-shaped
micelles which have much higher viscosity than the spherical units. Some nonionic
surfactants such as PEG distearate or PEG dioleate can also enhance the viscosity of
many anionic surfactant solutions. Several other polymeric thickeners can also be
used to enhance the viscosity, e.g. hydroxyethylcellulose, xanthan gum, Carbomers
(crosslinked polyacrylate), etc. The mechanism of their action will be discussed later.
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10.4.4 Preservatives

As shampoos are directly applied to human hair and scalp, they must be com-
pletely hygienic. Preservatives are necessary to prevent the growth of germs which
can be caused by contamination during preparation or use. The most commonly
used preservatives are benzoic acid (0.1–0.2%), sodium benzoate (0.5–1.0%), sali-
cylic acid (0.1–0.2%), sodium salicylate (0.5–1%) and methyl para-hydroxy benzoate
(0.2–0.5%). The effects of preservatives depend upon concentration, pH and ingredi-
ents of the shampoo. Generally, shampoos of higher concentration are more resistant
to germ contamination.

10.4.5 Miscellaneous additives

Many other components are also included in shampoos: Opacifying agents, e.g. ethy-
lene glycol stearate, glyceryl monostearate, cetyl and stearyl alcohol, etc. These ma-
terials produce rich, lustrous, pearlescent texture. Clarifying agents; in many cases
the perfume added may result in a slight haze and a solubilizer is added to clarify the
shampoo. Buffers; these need to be added to control the pH to a value around 7 to
avoid production of cationic charges.

10.5 Role of the components

10.5.1 Behaviour of mixed surfactant systems [2, 3]

As mentioned above, most shampoo formulations contain a mixed surfactant sys-
tem,mostly anionic and amphoteric. For a surfactant mixture with no net interaction,
mixed micelles are produced and the critical micelle concentration (cmc) of the mix-
ture is an average of the two cmcs of the single components,

cmc = x1cmc1 + x2cmc2 . (10.1)

With most surfactant systems, there is a net interaction between the two molecules
and the cmc of the mixture is not given by simple additivity. The interaction between
surfactant molecules is described by an interaction parameter β which is positive
when there is net repulsion and negative when there is net attraction between the
molecules. In these cases the cmc of the mixture is given by the following expression,

cmc = xm1 fm1 cmc1 + xm2 fm2 cmc2 , (10.2)
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where fm1 and f
m
2 are the activity coefficients which are related to the interaction pa-

rameter β,

ln fm1 = (xm1 )2β (10.3)

ln fm2 = (xm2 )2β . (10.4)

Withmixtures of anionic and amphoteric surfactants (near the isoelectric point) there
will be net attraction between the molecules and β is negative. This means that addi-
tion of the amphoteric surfactant to the anionic surfactant results in lowering of the
cmc and the mixture gives a better foam stabilization. In addition, the irritation of
the mixture decreases when compared with that of the anionic surfactant alone. As
mentioned, above the amphoteric surfactant that contains a nitrogen group is more
substantive for the hair (better deposition).

10.5.2 Cleansing function

The main function of the surfactants in the shampoo is to clean the hair from sebum,
scales, residues, dust and any oily deposits. The principal action is to remove any soil
by the samemechanism as for detergency [1]. For removal of solid particles one has to
replace the soil/surface interface (characterized by a tension γSD) with a solid/water
interface (characterized by a tension γSW) and dirt/water interface (characterized by
a tension γDW). The work of adhesion between a particle of dirt and a solid surface,
WSD, is given by,

WSD = γDW + γSW − γSD . (10.5)

Fig. 10.1 gives a schematic representation of dirt removal. The task of the surfactant in
the shampoo is to lower γDW and γSW which decreases WSD and facilitates the removal
of dirt by mechanical agitation. Nonionic surfactants are generally less effective in re-
moval of dirt than anionic surfactants. In practice, a mixture of anionic and nonionic
surfactants is used. If the dirt is a liquid (oil or fat) its removal depends on the bal-
ance of contact angles. The oil or fat forms a low contact angle with the substrate (as
illustrated in Fig. 10.2). To increase the contact angle between the oil and the substrate
(with its subsequent removal), one has to increase the substrate/water interfacial ten-
sion, γSW. The addition of surfactant increases the contact angle at the dirt/substrate/
water interface so that the dirt “rolls up” and off the substrate. Surfactants that adsorb

!-!-Soil

Substrate

Water

γSD

Soil

γDW

γSW

Fig. 10.1: Scheme of dirt removal.
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θOil

Water

θ

Substrate Fig. 10.2: Scheme of oil removal.

both at the substrate/water and the dirt/water interfaces are the most effective. If the
surfactant adsorbs only at the dirt/water interface and lowers the interfacial tension
between the oil and substrate (γSD) dirt removal ismore difficult. Nonionic surfactants
are the most effective in liquid dirt removal since they reduce the oil/water interfacial
tension without reducing the oil/substrate tension.

10.5.3 Foam boosters

As mentioned before, with many shampoo formulations the abundance and quality
of the lather may drop drastically in the presence of oily soils such as sebum and this
requires the addition of a foam booster. Addition of a conditioner such as Polymer JR
400 (cationically modified hydroxyethyl cellulose) will cause a significant reduction
of the surface tension of an anionic surfactant such as SDS below its cmc. This occurs
even in theprecipitation zone and it illustrates thehigh surface activity of thepolymer-
surfactant complex.

The polymer-surfactant complex has high surface viscosity and elasticity (i.e. sur-
face viscoelasticity), both will enhance foam stability (see below). The amphoteric
surfactants such as betaines and the phospholipid surfactants when used in conjunc-
tion with alkyl sulphates or alkyl ether sulphates can also enhance foam stability.
All these molecules strengthen the film of surfactant at the air/water interface, thus
modifying the lather froma loose lacy structure to a rich, dense, small bubble size, lux-
urious foam. Several foam boosters have been suggested and these include fatty acid
alkanolamide and amine oxides. Fatty alcohol and fatty acids can also act as foam
boosters when used at levels of 0.25–0.5%. Several approaches have been consid-
ered to explain foam stability: (i) Surface viscosity and elasticity theory: the adsorbed
surfactant film is assumed to control the mechanical-dynamical properties of the sur-
face layers by virtue of its surface viscosity and elasticity. This may be true for thick
films (> 100nm) whereby intermolecular forces are less dominant. Some correlations
have been found between surface viscosity and elasticity and foam stability, e.g. when
adding lauryl alcohol to sodium lauryl sulphate. This explains why mixed surfactant
films are more effective in stabilizing foam as discussed above. (ii) Gibbs–Marangoni
effect theory: the Gibbs coefficient of elasticity, ε, was introduced as a variable resis-
tance to surface deformation during thinning [2, 3],

ε = 2(dγ/dln A) = −2(dγ/dln h) , (10.6)
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where γ is the surface tension, A is the area of the interface and dln h is the relative
change in lamella thickness. ε is the “film elasticity of compression modulus” and it
is a measure of the ability of the film to adjust its surface tension in a constant stress.
The higher the value of ε themore stable the film; ε depends on surface concentration
and film thickness and this explains the advantage of using mixed surfactant films.
The diffusion of surfactant from the bulk solution, i.e. theMarangoni effect, also plays
a major role in stabilizing the film. The Marangoni effect opposes any rapid displace-
ment of the surface and this leads to a more stable foam. (iii) Surface forces theory
(disjoining pressure) [2, 3]: this theory operates under static (equilibrium) conditions
particularly for thin liquid films (< 100nm) in relatively dilute surfactant concentra-
tions (e.g. during rinsing). The disjoining pressure π is made of three contributions,
namely electrostatic repulsion πel, steric repulsion πst (both are positive) and van der
Waals attraction πvdw (which is negative),

π = πel + πst + πvdw . (10.7)

For a stable film to form πel + πst ≫ πvdw. This explains the stability of foams in which
both electrostatic and steric repulsion exist. (iv) Stabilization by micelles and liquid
crystalline phases: this occurs at high surfactant concentrations and in the presence
of surfactant systems that can produce lamellar liquid crystalline phases. The latter,
which are formed from several surfactant bilayers, “wrap” around the air bubbles and
this can produce a very stable foam. This concept is very important in formulation of
shampooswhich contain high surfactant concentrations and several components that
can produce the lamellar phases.

10.5.4 Thickeners and rheology modifiers

As mentioned above, the shampoo should be viscous enough to stay in the hand be-
fore application, but during application the viscosity must decrease enough for good
spreading and dispersion over the hair and the head. This requires a shear thinning
system (reduction of viscosity on application of shear). Several methods can be ap-
plied to increase the viscosity of the shampoo at low shear rates and its reduction on
application of shear and these are summarized below.

10.5.4.1 Addition of electrolytes
Many surfactant systems increase their viscosity on addition of electrolytes at an op-
timum concentration, e.g. sodium chloride, ammonium chloride, sodium sulphate,
monoethanolamine chloride, ammonium or sodium phosphate, etc. Of these, sodium
chloride and ammonium chloride are the most commonly used. The mechanism by
which these electrolytes increase the viscosity of the shampoo canbe related to themi-
cellar structure of the surfactant system. Before addition of electrolytes, the micelles
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are most likely spherical in nature, but when electrolytes are added at an optimum
level, themicelles may change to cylindrical (rod-shaped) structures and the viscosity
increases. This can be understoodwhen considering the packing parameter of the sur-
factant system P. The packing parameter P is given by the ratio of the cross-sectional
area of the alkyl chain (v/lc, where v is the volume of the hydrocarbon chain and lc its
extended length) to the cross-sectional area of the head group a [5–7],

P = v/lca (10.8)

For a spherical micelle P ≤ (1/3), whereas for a cylindrical (rod-shaped) micelle
P ≤ (1/2). Addition of electrolyte reduces a (by screening the charge) and the spher-
ical micelles change to rod-shaped micelles. This leads to an increase in viscosity.
A schematic representation of the rod-shaped (thread-like) micelles and their overlap
is given in Fig. 10.3. The viscosity increases gradually by increasing electrolyte con-
centration, reaches a maximum at an optimum electrolyte concentration and then
decreases on a further increase in electrolyte concentration (due to salting-out of the
surfactant). The concentration of electrolyte required to reach maximum viscosity
depends on the nature of the electrolyte and temperature. These surfactant systems
produce viscoelastic solutions that occur at a critical surfactant concentration at
which the rod-shaped micelles begin to overlap (similar to the case of polymer solu-
tions). However, these viscoelastic solutions may not have sufficient viscosity to stay
on the hand before application. This may be due to their insufficient relaxation times
(note that the relaxation time is given by the ratio of viscosity to the modulus). For
this reason, many shampoos contain highmolecular weight polymers such as hydrox-
yethyl cellulose (HEC) or xanthan gum and these thickeners are discussed below.

ϕ < ϕ* ϕ > ϕ*ϕ*

Fig. 10.3: Schematic representation of overlap of thread-like micelles.

10.5.4.2 Thickeners [8]
Most shampoos contain a high molecular weight polymer such as HEC, xanthan gum
and some hydrophobically modified HEC or poly(ethylene oxide) (PEO) (associative
thickeners). The concentration of the polymer required to produce a certain viscos-
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ity at low shear rates depends on its molecular weight M and structure. With HEC
several grades are commercially available, e.g. the Natrosol range with M varying be-
tween 70000 and 250 000. The concentration of HEC required (0.5–2%) to reach a
given optimum viscosity decreases with increasing M. With hydrophobically modi-
fied HEC (Natrosol Plus) a lower concentration can be used when compared with the
unmodified HEC. Hydrophobically modified PEO (HEUR) is also available. Carbomers
(crosslinked polyacrylic acids) and other acrylate crosspolymers such as Cabopol 934
and 941 can produce gels when neutralized using ethanolamine (forming microgel
particles by swelling due to double layer effects). Unfortunately, they have low tol-
erance to electrolytes (due to compression of the double layers) and hence they are
seldomused in shampoos. Alternatives to Carbomers are themodified acrylate deriva-
tives, suchas acrylates/steareth-20/methacrylate copolymer that is supplied as a latex.
It is added to the shampoo and then neutralized to the appropriate pH. Care should
be takenwith this polymer to avoid high electrolyte concentrations and low pH values
that may cause its precipitation.

10.5.5 Silicone oil emulsions in shampoos

Silicone oil offers a suitable replacement to sebum that is removed during shampoo-
ing. This needs to be formulated as small oil droplets which is not an easy task to
obtain. Themain advantage of silicone oil is its ability to spread anddeposit uniformly
on thehair surface, thusproviding lubricant, lustre and softness to thehair. This stems
from the low surface tension of silicone oils (< 20mNm−1) thus giving a negative work
of spreading Ws. The latter is given by the balance of the solid/liquid interfacial ten-
sion, γSL, the liquid/vapour interfacial tension, γLV, and the solid/vapour interfacial
tensions, γSV,

Ws = γSL − γLV − γSV . (10.9)

For Ws to become negative, both γSL and γLV have to be reduced while keeping γSV
high. The main problem of incorporation of a silicone oil in the shampoo is its dis-
persion to small droplets and to cause these small droplets to coalesce on the hair
surface.

10.6 Use of associative thickeners as rheology modifiers
in shampoos [9]

Associative thickeners are hydrophobically modified polymer molecules whereby
alkyl chains (C12–C16) are either randomly grafted on a hydrophilic polymer molecule
such as hydroxyethyl cellulose (HEC) or simply grafted at both ends of the hydrophilic
chain. An example of hydrophobicallymodifiedHEC is Natrosol Plus (Hercules)which
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contains 3–4 C16 randomly grafted onto hydroxyethyl cellulose [9]. An example of
polymer that contains two alkyl chains at both ends of the molecule is HEUR (Rohm
and Haas) that is made of polyethylene oxide (PEO) that is capped at both ends with
linear C18 hydrocarbon chain. These hydrophobically modified polymers form gels
when dissolved in water. Gel formation can occur at relatively lower polymer concen-
trationswhencomparedwith theunmodifiedmolecule. Themost likely explanationof
gel formation is due to hydrophobic bonding (association) between the alkyl chains
in the molecule. This effectively causes an apparent increase in molecular weight.
These associative structures are similar to micelles, except the aggregation numbers
are much smaller.

Another example of associative thickeners is a blend of PEG-150 distearate and
PEG-2-hydroxyethyl cocamide (PromidiumLTS, Croda, UK)whichwas used in a sham-
poo formulation consisting of 7% sodium laureth sulphate (with 2mol ethylene ox-
ide), 3% cocamidopropylbetaine (CAPB) and 1% preservative (Germaben II). A com-
parison was made with the same shampoo thickened by addition of 1.6% NaCl, using
viscoelastic measurements. The latter were investigated using dynamic (oscillatory)
measurements, using a Bohlin CVO rheometer (Malvern Instruments, UK). All mea-
surements were carried out at 25 °C, using a cone-plate geometry.

Fig. 10.4 gives typical stress sweep results obtained at 1Hz for the surfactant base
thickened with 1.6% NaCl (Fig. 10.4 (a)) and 1.75% Promidium LTS (Fig. 10.4 (b)). In
both cases G󸀠 and G󸀠󸀠 remained constant up to a critical stress, above which both G󸀠

and G󸀠󸀠 start to decrease with decreasing applied stress. The region below the critical
stress at which G󸀠 and G󸀠󸀠 remain constant with increasing stress is denoted as the
linear viscoelastic region. It should be mentioned that the surfactant system based
on NaCl gives a lower critical stress when compared with the system thickened with
PromidiumLTS. This reflects the difference in “gel” structure between the two systems.
It is likely that the system thickenedwith PromidiumTLS gives amore coherent region
(with a longer linear viscoelastic region) when compared with the system based on
NaCl.

It can be also seen from the results in Fig. 10.4 that the surfactant base thickened
with Promidium LTS (Fig. 10.4 (b)) is far more viscous than elastic (G󸀠󸀠 ≫ G󸀠) when
compared with the same base thickened with NaCl (Fig. 10.4 (a)) where G󸀠 > G󸀠󸀠. In
fact, regardless of the quantity of Promidium LTS used (and hence the final viscosity
of the formula) the thickened surfactant always remains viscous dominant, even at
extremely high viscosity. In the case of surfactant thickenedwithNaCl, at some critical
concentration (in this case close to 1.6%) the base becomes elastic dominant. This can
be seen even at reasonably low viscosity.

Once the linear viscoelastic region was known it was possible to measure the ef-
fect of frequency on these surfactant bases. As an example typical frequency sweeps
for surfactant bases thickened with 2.5% NaCl and 2.5% Promidium LTS are given in
Fig. 10.5. It can be seen fromFig. 10.5 that the crossover point (atwhich G󸀠 = G󸀠󸀠) occurs
atmuchhigher frequency for the surfactant base thickenedwith PromidiumLTSwhen
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compared to the same base thickened with salt. This implies that the relaxation time
for the base thickened with Promidium LTS is much smaller than the values for the
salt thickened system. A plot of relaxation time versus both NaCl and Promidium LTS
concentration is given in Fig. 10.6.
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Fig. 10.4: Typical stress sweep results (1Hz) for
surfactant blends thickened with 1.6% NaCl (a)
and Promidium LTS (b).
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At the high frequencies (corresponding to short timescales) the response is more elas-
tic than viscous (G󸀠 > G󸀠󸀠) for surfactants thickened with both NaCl and Promidium
LTS. The high frequency modulus values are significantly higher for the bases thick-
ened with Promidium LTS when compared to those thickened with NaCl. However,
G󸀠󸀠 is beginning to plateau at 1.4% NaCl while Promidium LTS G󸀠󸀠 values are continu-
ing to rise (over the whole concentration range). Again, this implies that independent
of Promidium LTS concentration, and the structure this gives, the surfactant bases
thickened with this associative thickener remain viscous in behaviour. Those thick-
ened with salt become predominantly elastic [9].

Figs. 10.7 and 10.8 show variation of G󸀠 and G󸀠󸀠 at a high frequency oscillation that
is above the G󸀠/G󸀠󸀠 crossover point. This is shown as a function of both NaCl concen-
tration and PromidiumLTS concentration. For NaCl the frequency is 10 rad s−1, for LTS
the frequency is 50 rad s−1.
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Fig. 10.7: Variation of G󸀠 and G󸀠󸀠 (at a frequency
higher than the crossover point) for surfactants
thickened with NaCl.
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Fig. 10.8: Variation of G󸀠 and G󸀠󸀠 (at a frequency
> G󸀠/G󸀠󸀠 crossover point) for surfactant base
thickened with Promidium LTS.

The increase in the viscosity or elasticity of surfactant blends thickened with NaCl
is due to the change in micellar structure from spherical to rod-shaped micelles by
considering the critical packing parameter, P, given by equation (10.8). However,
such structures give a more elastic than viscous response even at low frequency (long
timescales), i.e. 1 Hz. This could be comparable to the timescales used in pouring,
pumping and spreading during in-use application. The crossover point for such elec-
trolyte thickened systems occurs at much lower frequencies giving long relaxation
times. With increasing NaCl concentration the relaxation time increases reaching
very high values. For example, at 2.5% NaCl, the crossover point occurs at 1 rad s−1

(0.16Hz) giving a relaxation time of 1 s.
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As mentioned above, an alternative and more elegant way of thickening sham-
poos is to use associative thickeners. The associative thickener studied above con-
sists of a hydrophilic chain of 150 ethylene oxide units (PEG 150), with two stearate
chains attached, one at each end of the hydrophilic chain. This produces “micelle-
like” structures [9]. These structures are seen to have much shorter relaxation times
when compared to surfactants thickened with salt (Fig. 10.6). The relaxation times
are more than one order of magnitude lower than the bases thickened with salt. The
crossover point for the formulations thickened using Promidium LTS occurs at much
higher frequency when compared to those thickened by addition of NaCl. This means
that at low frequency the system thickened with Promidium LTS is more viscous than
elastic, independent of stress amplitude (Fig. 10.4). This will contribute a great degree
to the sensory characteristics of the shampoo, both in terms of feel during application
and also visually, i.e. a lack of stringiness and stickiness.
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11 Formulation of hair conditioners in shampoos

11.1 Introduction

A hair conditioner is an ingredient or product that when applied to hair according
to its recommended use, procedure and concentration improves the manageability,
gloss and smooth touch of the hair [1]. When using shampoos containing anionic
surfactants it leaves the hair difficult to comb while wet. It also results in a static
charge build-up or fly away when the hair is combed dry. As will be discussed later,
the isoelectric point of hair is approximately 3.67 and hence its surface will have a
net negative charge at neutral pH. The anionic surfactants which are also negatively
charged do not deposit (do not adsorb) on the hair and leave it in an unmanageable
condition. Amphoteric surfactants that contain a positively charged nitrogen group
aremore substantive to hair and can impart some conditioning effect. Cationic surfac-
tants such as stearyl benzyl dimethylammonium chloride, cetyltrimethylammonium
chloride, distearyl dimethylammonium chloride or stearamidopropyldimethyl amine
and diesterquats are also effective as hair conditioners. The main problem with using
cationic surfactants is their strong interaction with the anionic surfactant molecules
which may cause precipitation.

As we will see later, polymeric conditioners with their high molecular weight are
deposited strictly on the fibre surface or can penetrate into the cuticule or even beyond
it into the cortex. The most effective hair conditioners are the cationically modified
polymers (e.g. Polyquaternium-10) that will be discussed later. These polymeric com-
pounds are incorporated into shampoos with the major goal of improving the “con-
dition” of hair, which includes its appearance and manageability. Properties such as
combability, fly away, body and curl retention are affected by the deposition of poly-
mers on the hair surface. Several other components can impart some conditioning
effect, e.g. fatty alcohols, fatty acids, monoglycerides, lecithin, silicones, hydrolysed
proteins, polyvinylpyrrolidone, gelatin, pectin, etc.

To understand the role of the conditioner it is essential to know the structure and
properties of human hair with particular reference to its surface properties.

11.2 Morphology of hair

A schematic representation of a human hair fibre is shown in Fig. 11.1. This complex
morphology [2] consists of four components, namely the cortex, the medulla, the cell
membrane and the cuticle.

The major part of the interior of the fibre mass is the cortex that consists of elon-
gated, spindle-shelled cells aligned in the direction of the fibre axis. The second com-
ponent of hair morphology located in the centre of some thicker fibres and consisting
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Fig. 11.1: Schematic representation of a human hair fibre.

of a loosely packed cellular structure is called the medulla (see Fig. 11.1). The third
component fulfils the vital function of cementing the various cells of the cortex to-
gether, thus making a fibre out of a conglomerate of cells. This intercellular cement
together with the cell membranes forms the cell membrane complex (illustrated in
Fig. 11.2), is assumed to be the location of transport paths into the fibre. This intercel-
lular transport is especially important for the incorporation of polymeric molecules
into the cuticle, or even for diffusion into the cortex.

On the outside of the hair, a thick covering of several layers of overlapping cuticle
cells provides protection againstmechanical and environmental stresses.While at the
root end up to 10 layers of cuticle cells are stacked over each other, the thickness of
the cuticle layer decreases with increasing distance from the scalp as mechanical and
environmental stresses cause ablation of cuticle fragments until occasionally the cu-
ticle envelop has been totally worn away at the tip of long fibres. The cuticle cell itself
is amultilayered structure as schematically illustrated in Fig. 11.3. Themost important
part of the cuticle from the point of view of surfactant and polymer deposition is its
outermost surface, namely the epicuticle, which is about 2.5 nm thick [3]. It consists
of 25% lipids and 75% protein, the latter having an ordered possibly β-pleated sheet
structure with 12% cystine. The cystine groups are acylated by fatty acids which form
the hydrophobic surface region. A schematic representation of the epicuticle is shown
in Fig. 11.4.
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11.3 Surface properties of hair

11.3.1 Wettability investigations

The surface energy of the intact humanhair is determinedby the outermost layer of the
epicuticle which consists of covalently bound, long chain fatty acids [2]. Thus, the low
energy hydrophobic surface is not uniformlywetted by a high energy liquid like water.
The most convenient method for assessing the wettability of a substrate by water is to
measure the contact angle θ of a drop or air bubble on the substrate. This is illustrated
in Fig. 11.5 which shows a schematic representation of a sessile drop (Fig. 11.5 (a)) and
an air bubble (Fig. 11.5 (b)) resting on a flat surface for awettable surface (with θ < 90°,
Fig. 11.5) and a non-wettable surface (with θ > 90°, Fig. 11.5).

θ
θ

θ
θ

(a)

(b)

Fig. 11.5: Schematic representation of the
sessile drop (a) and air bubble (b) resting on
a surface.

The equilibrium aspect of wetting can be assessed using Young’s equation by consid-
ering thebalance of forces at thewetting line as illustrated inFig. 11.6. Three interfacial
tensions can be identified: γSV, γSL and γLγSL (where S refers to solid, V to vapour and
L to liquid).

γSV = γSL + γLV cos θ (11.1)

γLV cos θ = γSV − γSL . (11.2)

Clearly a hair is not a flat surface and it can be approximated as a cylinder. To mea-
sure the contact angle on the hair surface, the Wilhelmy plate method represented in
Fig. 11.7 can be applied.

In the first case, the force on the plate F is given by the equation,

F = (γLV cos θ)p , (11.3)

where p is the plate perimeter.
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Fig. 11.6: Schematic representation of balance of forces at the wetting line.
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Fig. 11.7: Scheme for the Wilhelmy plate technique for measuring the contact angle: Left zero net
depth; right finite depth.

In the second case, the force is given by,

F = (γLV cos θ)p − ∆ρgV . (11.4)

∆ρ is the density difference between the plate and the liquid and V is the volume of
liquid displaced.

A schematic representation for the set-up for measuring the wettability of a hair
fibre [2] is shown in Fig. 11.8. An untreated intact hair fibre gives a contact angle θ
greater than 90° and hence it produces a negative meniscus resulting in a negative
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Fig. 11.8: Set-up for measuring the wettability
of a hair fibre [2].

wetting force w that is given by,

Fw = w + Fb , (11.5)

Where Fw is the recorded force and Fb is the buoyancy force.
On deposition of a hydrophilic polymer on the surface of the hair, the contact an-

gle becomes smaller than 90° giving a positive meniscus and a positive wetting force.
If the wetted perimeter P at the line of contact between liquid and fibre is known, the
wettability W can be calculated,

W = w/P = γLV cos θ , (11.6)

where γLV is the surface tension of the wetting liquid.
The perimeter of the fibre is calculated from the approximate relation,

P = 2π(A2 + B2
2

)1/2 , (11.7)

where A and B are the major and minor half-axes of the fibre and can be determined
by laser micrometry.

Another parameter than can be used to characterize the surface is the work of
adhesion A,

A = γLV(cos θ + 1) = W + γLV . (11.8)

The deposition, uniformity and substantivity of the hair conditioner can be character-
ized by scanning the wettability along the length of the fibre before and after treat-
ment. Typical results are illustrated in Fig. 11.9 for quaternized cellulose derivative
(Polymer JR-400) that is commonly used in conditioner formulations [2]. The wet-
ting force of untreated fibre shows minor irregularities due to the scale structure and
surface heterogeneity of the fibre. First immersion in the JR solution shows a spotty de-
position of the polymer. The second immersion in water shows a significant reduction
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in the wetting peak indicating a loss of the hydrophilic polymer from the surface. No
further desorption of the polymer occurs after the third immersion in water. Interac-
tion with the anionic surfactant such as sodium lauryl sulphate or PEG ether sulphate
affects the polymer deposition and the fibre wettability.
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Fig. 11.9: Advanced wetting force curves in successive immersion of untreated hair fibre and the
same hair fibre treated with 1% JR-400.

The interaction between anionic surfactants and the polymer cation can affect the
polymer deposition. For example, with sodium lauryl sulphate below the critical mi-
celle concentration (cmc), high levels of deposition with low substantivity are ob-
served. However, above the cmc the wettability decreases below that of the untreated
fibre. This could be due to the interaction between the surfactant micelles and the
cationic polymer forming a surfactant-polymer complex with reorientations that pro-
duce a hydrophobic surface.

11.3.2 Electrokinetic studies

The surface properties of hair can be investigated using streaming potential measure-
ments [2]which canbe applied tomeasure the zeta potential as a functionof pHaswell
as the permeability of the plug (which can give information on swelling or shrinking of
the fibre). A plug of hair is packed in a cell that contains two electrodes at its ends. The
liquid under investigation is allowed to flow through the plug and the pressure drop P
ismeasured. The potential difference at the electrodes is measured using an electrom-
eter and the conductivity of theflowing liquid is simultaneouslymeasured. This allows
one to obtain the zeta potential and the permeability of the plug. Using this technique,
the zeta potential–pH curves showed an isoelectric point for untreated hair of 3.7, indi-
cating that inmost practical conditions the hair surface is negatively charged (pH > 5).

 EBSCOhost - printed on 2/14/2023 1:25 PM via . All use subject to https://www.ebsco.com/terms-of-use



224 | 11 Formulation of hair conditioners in shampoos

11.4 Role of surfactants and polymers in hair conditioners

When using anionic surfactants alone in shampoos repulsion between the nega-
tively charged hair and the anionic surfactant occurs, preventing deposition of the
molecules on the hair surface. The electrostatic charges present on the hair surface
result in difficult combingwhen the hair iswet [1]. In addition,when the hair is dry, the
electrostatic build up on the surface of hair also makes the hair unmanageable, caus-
ing “fly away” or frizziness [1]. These problems canbe reduced in part by incorporation
of amphoteric surfactants which can deposit on the hair surface, thus reducing the
negative charges. However, these molecules are not very effective in conditioning the
hair and various more effective cationically charged molecules have been suggested
for hair conditioning. One of the earliest conditioners tried are cationic surfactants
which deposit on the hair by electrostatic attraction between the negative charge on
the hair surface and the cationic charge of the surfactant. However, when added to
a shampoo based on anionic surfactant, interaction between the molecules occurs,
resulting in associative phase-separated complexes that are incompatible with the
nonionic formulation. Efforts have been made to minimize these interactions but in
general the resulting systems provide poor conditioning from a shampoo. The use of
soluble cationic surfactants that form soluble ionic complexes that remain compati-
ble in the formulation but do not deposit well on the hair surface. The use of cationic
surfactants that are compatible in the formulation, but form insoluble complexes on
dilution also did not result in good conditioning. The breakthrough in hair condition-
ers came from the development of cationically modified water soluble polymers.

The earliest studies used the cationic polymer polyethyleneimine (PEI) which
could be radiolabelled (14C) allowing one to accurately measuring the uptake of the
polymer by hair. Although this polymer was later withdrawn from hair conditioners
(due to its toxicity) it can be considered as an initial model for an adsorbing poly-
cation [4–7]. Two homopolymers of PEI with molar mass 600 and 60000 were used
in these studies. As an illustration Fig. 11.10 shows the sorption of 14C-labelled PEI
600 (expressed in % based on the weight of hair) from a 5% aqueous solution as a
function of contact time.
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Fig. 11.10: Sorption of 14C-labelled PEI 600
(expressed in % based on the weight of hair)
from a 5% aqueous solution as a function of
contact time.
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The results in Fig. 11.10 show that sorption occurs almost immediately once the hair
comes into contact with the PEI solution. This sorption increases with increasing con-
tact time reaching more than 1% after 60 minutes. Similar results were obtained with
thehighermolarmassPEI and the sorption is compatible for the twopolymers. Bleach-
ing of hair increases the uptake of the polymer, in particular with the higher mo-
lar mass PEI. After 1 hour, the sorption of PEI 60 000 increases from 1.2 to 3.4% on
bleaching the hair. Reducing the concentration of PEI causes a decrease in the sorp-
tion amount (an 80% reduction in concentration decreases the sorption amount by
50%). The sorption was highest at pH 7 and it decreases when the pH is increased
to 10. Reduction of the pH to 2 significantly reduces the sorption amount since at this
pH the hair becomes positively charged.

Polyquaternium-10,which is a cationicallymodifiedhydroxyethyl cellulose (HEC),
with the cationic groups being hydroxpropyltrimethylammonium is commonly used
as a hair conditioner in shampoos [4–7]. The grade of Polyquaternium-10 that is com-
monly used in shampoos has a number average molecular weight of 400000 and
about 1300 cationic sites. Several other cationically modified HEC have been devel-
oped such as Polymer JR with three molecular weight grades of 250 000 (JR-30M),
400000 (JR-400) and 600000 (JR-125). These polymers have the generic formula rep-
resented in Fig. 11.11.

CH2O(CH2CH2O)x―RN(CH3)2

ClO

O

⊕

OHHO

R'

⊖

Fig. 11.11: Generic formula of Polymer JR.

The cross-sectional area of these polymers is considerably larger than that of PEI. The
adsorption of HEC and JR polymers on hair was studied by Goddard [6] using radiola-
belled polymers. In all experiments, the concentration of polymer was kept constant
at 0.1% and the amount sorbed (mg g−1) was measured as a function of time for sev-
eral days. The sorption of HEC reached equilibrium in 5minutes, whereas the sorption
of charged JR polymers did not reach its equilibrium value even after 2 days. The re-
sults are shown in Figs. 11.12 and 11.13 which show the variation of the amount sorbed
(mg g−1) with time.

The amount of adsorption of HEC on hair (0.05mg g−1) corresponds to the value
expected for a close-packed monolayer of the cellulose (in flat orientation) giving an
area per HEC residue of ≈0.85 nm2. The adsorption of JR polymers is higher than the
corresponding amount for flat orientation. It has been suggested that the polycation
diffuses in the keratinous substrate. The sorption of the polymer on bleached hair was
much higher (Fig. 11.14) which shows an order of magnitude higher adsorption when
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Fig. 11.12: Sorption of 14C-labelled polymer
(from 0.1% solution) by virgin hair; short time
experiment [6].
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Fig. 11.13: Sorption of 14C-labelled polymer
(from 0.1% solution) by virgin hair; long time
experiment [6].

compared with that of unbleached hair (Fig. 11.13). This indicates the more damaged
and porous nature of the bleached fibre.

The electrostatic attraction between the cationic groups on the JR polymers and
the negative charges on the surface of hair seems to be the driving force for the adsorp-
tion process. Evidence for this was obtained by studying adsorption in the presence of
added electrolytes, 0.1 and 1% NaCl, which reduced the adsorption by approximately
three- and 10-fold respectively (Fig. 11.15).

For a givenmolarity of electrolyte the reduction in sorption increaseswith increas-
ing electrolyte valency as shown in Fig. 11.16 (in accordance with the Schultze–Hardy
rule).

If electrostatic attraction between the polycation and the negatively charged hair
is the driving force for adsorption, one would expect a large effect of pH which de-
termines the charge on the hair surface. The effect of pH on the sorption of JR-125
(expressed as the amount of sorption σ in g g−1) is shown in Fig. 11.17. Initial work
showed little variation of the adsorption of Polymer JR-125 on bleached hair within
the pH range 4–10. However, later work showed a catastrophic reduction in the sorp-
tion of this polymer on virginhairwhen thepHwas reducedbelow the isoelectric point
(pH 3.7). Under these conditions, the amount of uptake approximated that displayed
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Fig. 11.14: Sorption of different grades of Poly-
mer JR on bleached hair from 0.1% solution [6].
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Fig. 11.15: Effect of addition of NaCl on the sorp-
tion of JR-125 by bleached hair; 0.1% polymer
solution [6].

by the uncharged HEC molecule. This result provides further evidence that electro-
static forces govern the adsorption of the polyelectrolyte [6].

Asmentioned above, the adsorption of the cationicallymodified polymers on hair
in thepresence of anionic surfactants is complicatedby thepolyelectrolyte–surfactant
interaction. Results for the interaction between JR-400 or RETEN (polycation of acry-
lamide/β-methacryloyloxyethyl trimethylammonium chloride) and sodium dodecyl
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Fig. 11.17: Sorption of JR-125 onto virgin hair
as a function of solution pH; 0.1% polymer
solution [6].

sulphate (SDS)were obtained by Goddard [4] using surface tension and viscositymea-
surements. Fig. 11.18 shows the viscosity results where the relative viscosity is plotted
as a function of SDS concentration at a constant JR-400orRETENconcentration of 1%.
With Polymer JR-400, the relative viscosity showed a rapid increase in the immediate
precipitation zone. In the precipitation zone a network is invoked in which surfactant
molecules bound to one polycation molecule associate with similarly linked surfac-
tant molecules on the other polymer chains. At high SDS concentration, the solution
viscosity falls since the properties are now dominated by surfactant micelles. In con-
trast with RETEN at 1% concentration, a change in viscosity with added SDS in the
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Fig. 11.18: Relative viscosity of 1% Polymer JR-400 and 1% RETEN as a function of SDS concentra-
tions [4].

precipitation zone and only a modest increase in viscosity is observed at 1% SDS con-
centration.

The above interaction between the anionic surfactants and polycation has amajor
influence on the uptake of Polymer JR. This interaction leads to considerable reduc-
tion of polyelectrolyte deposition on hair. Nonionic surfactants such as Tergitol 15-S-9
show substantially “unimpeded” deposition of the polycation, whereas amphoteric
surfactants (based on imidazoline) showed substantial deposition of the polymer. In
contrast, the cationic surfactant cetyltrimethyl ammonium bromide (CTAB) virtually
eliminated the polymer adsorption. This is due to the faster diffusion of CTA+ which
neutralized the negative charges on the hair.
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12 Formulation of sunscreens for UV protection

12.1 Introduction

The increase in skin cancers has heightened public awareness to the damaging effects
of the sun andmany skin preparations are now available to help protect the skin from
UV radiation [1, 2]. The actives employed in these preparations are of two basic types:
organics, which can absorb UV radiation of specific wavelengths due to their chemi-
cal structure, and inorganics, which both absorb and scatter UV radiation. Inorganics
have several benefits over organics in that they are capable of absorbing over a broad
spectrumofwavelengths and they aremild and non-irritant. Both of these advantages
are becoming increasingly important as the demand for daily UV protection against
both UVB (wavelength 290–320m) and UVA (wavelength 320–400nm) radiation in-
creases. Since UVB is much more effective than UVA at causing biological damage,
solar UVB contributes about 80% towards a sunburn reaction, with solar UVA con-
tributing the remaining 20%. In people with white skin living in the tropics (30°N to
30° S), sun protection is necessary all year, whereas those living in temperate altitudes
(40° to 60°), sun awareness is generally limited to the 6-month period encompassing
the summer solstice. Several harmful effects can be quoted on prolonged exposure to
UV radiation. For UVB the main effects are DNA damage, immunosuppression, sun-
burn and skin cancer. ForUVA themain effects are generationof active oxygen species,
photodermatoses, premature skin ageing, skin wrinkles and skin cancer.

The ability of fine particle inorganics to absorb radiation depends upon their re-
fractive index. For inorganic semiconductors such as titanium dioxide and zinc oxide
this is a complex number indicating their ability to absorb light. The band gap in these
materials is such that UV light up to around 405 nm can be absorbed. They can also
scatter light due to their particulate nature and their high refractive indicesmake them
particularly effective scatterers. Both scattering and absorption depend critically on
particle size [1–3]. Particles of around 250nm for example are very effective at scatter-
ing visible light and TiO2 of this particle size is the most widely used white pigment.
At smaller particle sizes absorption and scattering maxima shift to the UV region and
at 30–50nm UV attenuation is maximized.

The use of TiO2 as a UV attenuator in cosmetics was, until recently, largely limited
to baby sun protection products due to its poor aesthetic properties (viz; scattering of
visible wavelengths results inwhitening). Recent advances in particle size control and
coatings have enabled formulators to use fine particle titaniumdioxide and zinc oxide
in daily skin care formulations without compromising the cosmetic elegance [3]

The benefits of a pre-dispersion of inorganic sunscreens are widely acknowl-
edged. However it requires an understanding of the nature of colloidal stabilization
in order to optimize this pre-dispersion (for both UV attenuation and stability) and
exceed the performance of powder based formulations. Dispersion rheology and its
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dependence on interparticle interactions is a key factor in this optimization. Opti-
mization of sunscreen actives however does not end there; an appreciation of the end
application is crucial to maintaining performance. Formulators need to incorporate
the particulate actives into an emulsion, mousse or gel with due regard to aesthetics
(skin feel and transparency), stability and rheology.

In this chapter, I will demonstrate how the application of colloid and interface sci-
ence principles give a soundbasis onwhich to carry out true optimization of consumer
acceptable sunscreen formulations based upon particulate TiO2. I will show that both
dispersion stability and dispersion rheology depend upon adsorbed amount Γ and
steric layer thickness δ (which in turn depends on oligomer molecular weight Mn and
solvency χ). In order to optimize formulation, the adsorption strength χs must also be
considered. The nature of interaction between particles, dispersant, emulsifiers and
thickeners must be considered with regard to competitive adsorption and/or interfa-
cial stability if a formulation is to deliver its required protection when spread on the
skin.

12.2 Mechanism of absorbance and scattering by TiO2 and ZnO

As mentioned in the introduction, TiO2 and ZnO absorb and scatter UV light. They
provide a broad spectrum and they are inert and safe to use. Larger particles scatter
visible light and they cause whitening. The scattering and absorption depend on the
refractive index (which depends on the chemical nature), the wavelength of light and
the particle size and shape distribution. The total attenuation is maximized in UVB
for 30–50nmparticles. A schematic representation of the scattering of light is given in
Fig. 12.1 whereas Fig. 12.2 shows the effect of particle size on UVA andUVB absorption.

The performance of any sunscreen formulation is defined by a number referred to
as the sun protection factor (SPF). The basic principle of calculation of the SPF [4]
is based on the fact that the inverse of the UV transmission through an absorbing
layer, 1/T, is the factor by which the intensity of the UV light is reduced. Thus, at a
certain wavelength λ, 1/T(λ) is regarded as amonochromatic protection factor (MPF).
Since the spectral range relevant for the in vivo SPF is between 290 and 400nm (see
Fig. 12.2), the monochromatic protection factors have to be averaged over this range.
This average must be weighted using the intensity of a standard sun, Ss(λ) and the
erythemal action spectrum, Ser(λ), leading to the following definition of SPF [4],

SPF = ∑400290 Ser(λ)Ss(λ)∑400290 Ser(λ)Ss(λ)T(λ) . (12.1)

Data for Ss(λ) and Ser(λ) are available in the literature; the product of Ss(λ) Ser(λ) is
called the erythemal efficiency. T(λ)has to bedetermined for the respective sunscreen;
this can be done either via transmissionmeasurementswith special UV spectrometers
using substrates and a rough surface or via the calculation of the transmission.
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Fig. 12.1: Schematic representation of scattering of light by TiO2 particles.
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Fig. 12.2: Effect of particle size on UVA and UVB absorption.

12.3 Preparation of well-dispersed particles

To keep the particles well dispersed (as single particles) high steric repulsion is re-
quired to overcome strong van der Waals attraction. The mechanism of steric stabi-
lization has been described in detail in Chapter 4 and only a summary is given here.

Small particles tend to aggregate as a result of the universal van der Waals attrac-
tion unless this attraction is screened by an effective repulsion between the particles.
The van der Waals attraction energy GA(h) at close approach depends upon the dis-
tance, h, between particles of radius, R, and is characterized by the effective Hamaker
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constant, A,
GA(h) = − AR12h . (12.2)

The effective Hamaker constant A is given by the following equation,

A = (A1/211 − A1/222 )2 . (12.3)

A11 is the Hamaker constant of the particles and A22 is that for the medium. For TiO2
A11 is exceptionally high so that in nonaqueous media with relatively low A22 the
effective Hamaker constant A is high and despite the small size of the particles a dis-
persant is always needed to achieve colloidal stabilization. This is usually obtained
using adsorbed layers of polymers or surfactants. Themost effectivemolecules are the
A–B, A–B–A block or BAn graft polymeric surfactants [5] where B refers to the anchor
chain. For a hydrophilic particle this may be a carboxylic acid, an amine or phosphate
group or other larger hydrogen bonding type block such as polyethylene oxide. The
A chains are referred to as the stabilizing chains which should be highly soluble in
the medium and strongly solvated by its molecules. For nonaqueous dispersions the
A chains could be polypropylene oxide, a long chain alkane, oil soluble polyester or
polyhydroxystearic acid (PHS). A schematic representation of the adsorbed layers and
the resultant interaction energy-distance curve is shown in Fig. 12.3.

2δ                      h

G
Steric repulsion

van der Waals
attraction

h 

δ

R 

Fig. 12.3: Schematic representation of adsorbed polymer layers and resultant interaction energy G
on close approach at distance h < 2R.

When two particles with an adsorbed layer of hydrodynamic thickness δ approach to
a separation distance h that is smaller than 2δ, repulsion occurs as a result of two
main effects: (i) unfavourable mixing of the A chains when these are in good solvent
condition; (ii) reduction in configurational entropy on significant overlap.

Napper [6] derived a form for the so-called steric potential G(h) which arises as
polymer layers begin to overlap (equation (12.4)),

G(h) = 2πkTR2Γ2NA( ν2pVs)(
1
2
− χ)(1 − h

2δ
)2 + Gelastic , (12.4)
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where k is the Boltzmann constant, T is temperature, R is the particle radius, Γ is the
adsorbed amount, NA the Avogadro constant, ν is the specific partial volume of the
polymer, Vs the molar volume of the solvent, χ is the Flory–Huggins parameter and
δ is the maximum extent of the adsorbed layer.

It is useful to consider the terms in equation (12.4): (i) The adsorbed amount Γ; the
higher the value the greater the interaction/repulsion. (ii) Solvent conditions as deter-
mined by the value of χ; two very distinct cases emerge. Maximum interaction occurs
on overlap of the stabilizing layers when the chains are in good solvent conditions,
i.e. χ < 0.5. Osmotic forces cause solvent tomove into the highly concentrated overlap
zone forcing the particles apart. If χ = 0.5, a theta solvent, the steric potential goes to
zero and for poor solvent conditions (χ > 0.5) the steric potential becomes negative
and the chains will attract, enhancing flocculation. (iii) Adsorbed layer thickness δ.
The steric interaction starts at h = 2δ as the chains begin to overlap and increases as
the square of the distance. Here it is not the size of the steric potential that is important
but the distance h at which it begins. (iv) The final interaction potential is the super-
position of the steric potential and the van der Waals attraction as shown in Fig. 12.1.

The adsorbed layer thickness depends critically on the solvation of the polymer
chain and it is therefore important to gain at least a qualitative view as to the relative
solubilities of a polymer in different oils employed in dispersion. In this study solu-
bility parameters were employed to provide that comparison. Generally the affinity
between twomaterials is considered to be high when the chemical and physical prop-
erties of the two materials resemble each other. For example, nonpolar materials can
be easily dispersed in nonpolar solvents but hardly dissolved in polar solvents and
vice versa.

One of the most useful concepts for assessing solvation of any polymer by the
medium is to use the Hildebrand’s solubility parameter δ2 which is related to the heat
of vaporization ∆H by the following equation [7],

δ2 = ∆H − RT
VM

, (12.5)

where VM is the molar volume of the solvent.
Hansen [8] first divided Hildebrand’s solubility parameter into three terms as fol-

lows:
δ2 = δ2d + δ2p + δ2h , (12.6)

where δd, δp and δh correspond to London dispersion effects, polar effects and hydro-
gen bonding effects, respectively.

Hansen and Beerbower [9] developed this approach further and proposed a step-
wise approach such that theoretical solubility parameters can be calculated for any
solvent or polymer based upon its component groups. In this way we can arrive at
theoretical solubility parameters for dispersants and oils. In principle, solvents with a
similar solubility parameter to the polymer should also be a good solvent for it (low χ).
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For sterically stabilized dispersions, the resulting energy–distance curve (Fig.
12.3) often shows a shallow minimum Gmin at particle-particle separation distance h
comparable to twice the adsorbed layer thickness δ. The depth of this minimum de-
pends upon the particle size R, Hamaker constant A and adsorbed layer thickness δ.
At constant R and A, Gmin decreases with increasing δ/R [10]. This is illustrated in
Fig. 12.4.

Increasing δ/R/R

hGmin Fig. 12.4: Schematic representation of energy–
distance curves at increasing δ/R ratios.

When δ becomes smaller than 5 nm, Gmin may become deep enough to cause weak
flocculation. This is particularly the case with concentrated dispersions since the en-
tropy loss on flocculation becomes very small and a small Gmin would be sufficient to
cause weak flocculation (∆Gflocc < 0). This can be explained by considering the free
energy of flocculation [10],

∆Gflocc = ∆Hflocc − T∆Sflocc . (12.7)

Since for concentrated dispersions ∆Sflocc is very small, then ∆Gflocc depends only
on the value of ∆Hflocc. This in turn depends on Gmin, which is negative. In other
words, ∆Gflocc becomes negative causing weak flocculation. This will result in a three-
dimensional coherent structurewith ameasurable yields stress [11]. This weak gel can
be easily redispersed by gentle shaking or mixing. However, the gel will prevent any
separation of the dispersion on storage. So, we can see that the interaction energies
also determine the dispersion rheology.

At high solids content and for dispersions with larger δ/R, viscosity is also in-
creased by steric repulsion. With a dispersion consisting of very small particles, as is
the casewithUVattenuating TiO2, significant rheological effects can be observed even
atmoderate volume fraction of the dispersion. This is due to themuch higher effective
volume fraction of the dispersion compared with the core volume fraction due to the
adsorbed layer.

Let us for example consider a 50w/w% TiO2 dispersion with a particle radius of
20 nm with a 3000 molecular weight stabilizer giving an adsorbed layer thickness of≈ 10 nm. The effective volume fraction is given by [2]:
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ϕeff = ϕ [1 + δR]
3

= ϕ [1 + 10/20]3
≈ 3ϕ .

(12.8)

The effective volume fraction can be three times that of the core particle volume frac-
tion. For a 50% solid (w/w) TiO2 dispersion the core volume fraction ϕ ≈ 0.25 (taking
an average density of 3 g cm−3 for the TiO2 particles) which means that ϕeff is about
0.75 which is sufficient to fill the whole dispersion space producing a highly viscous
material. It is important therefore to choose the minimum δ for stabilization.

In the case of steric stabilization as employed in these oil dispersions the impor-
tant success criteria for well stabilized but handleable dispersions are [2]: (i) complete
coverage of the surface – high Γ adsorbed amount); (ii) strong adsorption (or “anchor-
ing”) of the chains to the surface; (iii) effective stabilizing chain, chain well solvated,
χ < 0.5 and adequate (but not too large) steric barrier δ. However, a colloidally stable
dispersion does not guarantee a stable and optimized final formulation. TiO2 parti-
cles are always surfacemodified in a variety of ways in order to improve dispersability
and compatibility with other ingredients. It is important that we understand the im-
pact these surface treatments may have upon the dispersion and more importantly
upon the final formulation. As will be disused below, TiO2 is actually formulated into
a suspoemulsion, i.e. a suspension in an emulsion. Many additional ingredients are
added to ensure cosmetic elegance and function. The emulsifiers used are structurally
and functionally not very different to the dispersants used to optimize the fine particle
inorganics. Competitive adsorptionmay occur with some partial desorption of a stabi-
lizer from one or other of the available interfaces. Thus one requires strong adsorption
(which should be irreversible) of the polymer to the particle surface.

12.4 Experimental results for sterically stabilized
TiO2 dispersions in nonaqueous media

Dispersionsof surfacemodifiedTiO2 (Tab. 12.1) in alkyl benzoate andhexamethyltetra-
cosane (squalane) were prepared at various solids loadings using a polymeric/oligo-
meric polyhydroxystearic acid (PHS) surfactant of molecular weight 2500 (PHS2500)
and 1000 (PHS1000) [2]. For comparison, resultswere also obtainedusinga lowmolec-
ular weight (monomeric) dispersant, namely isostearic acid, ISA. The titania parti-
cles had been coated with alumina and/or silica. The electron micrograph in Fig. 12.5
shows the typical size and shape of these rutile particles. The surface area and particle
size of the three powders used are summarized in Tab. 12.1.
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100 nm

Fig. 12.5: Transmission electron micrograph
of titanium dioxide particles.

Tab. 12.1: Surface modified TiO2 powders.

Powder Coating Surface Area* /m2 g−1 Particle size** / nm

A Alumina/silica 95 40–60
B Alumina/stearic acid 70 30–40
C Silica/stearic acid 65 30–40

* BET N2, ** equivalent sphere diameter, X-ray disc centrifuge

The dispersions of the surfacemodified TiO2 powder, dried at 110 °C, were prepared by
milling (using a horizontal beadmill) in polymer solutions of different concentrations
for 15 minutes and were then allowed to equilibrate for more than 16 hours at room
temperature before making the measurements.

The adsorption isotherms were obtained by preparing dispersions of 30w/w%
TiO2 at different polymer concentration (C0, mg l−1). The particles and adsorbed dis-
persantwere removedby centrifugation at 20 000 rpm (≈ 48 000 g) for 4 hours, leaving
a clear supernatant. The concentration of the polymer in the supernatant was deter-
mined by acid value titration. The adsorption isotherms were calculated by mass bal-
ance to determine the amount of polymer adsorbed at the particle surface (Γ, mgm−2)
of a known mass of particulate material (mg) relative to that equilibrated in solution
(Ce, mg l−1).

Γ = (C0 − Ce)
mAs

. (12.9)

The surface area of the particles (As, m2 g−1) was determined by BET nitrogen ad-
sorption method. Dispersions of various solids loadings were obtained by milling at
progressively increasing TiO2 concentration at an optimumdispersant/solids ratio [2].
The dispersion stability was evaluated by viscosity measurement and by attenuation
of UV/vis radiation. The viscosity of the dispersions was measured by subjecting the
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dispersions to an increasing shear stress, from 0.03 Pa to 200Pa over 3 minutes at
250 °C using a Bohlin CVO rheometer. It was found that the dispersions exhibited
shear thinning behaviour and the zero shear viscosity, identified from the plateau
region at low shear stress (where viscosity was apparently independent of the ap-
plied shear stress), was used to provide an indication of the equilibrium energy of
interaction that had developed between the particles.

UV-vis attenuation was determined by measuring transmittance of radiation be-
tween 250 nm and 550nm. Samples were prepared by dilution with a 1w/v% solu-
tion of dispersant in cyclohexane to approximately 20mg l−1 and placed in a 1 cm
pathlength cuvette in a UV-vis spectrophotometer. The sample solution extinction ε,
(l g−1 cm−1) was calculated from Beer’s Law (equation (12.10)):

ε = A
cl
, (12.10)

where A is absorbance, c is concentration of attenuating species (g l−1), l is the path-
length (cm).

The dispersions of powders B and C were finally incorporated into typical water-
in-oil sunscreen formulations at 5% solids with an additional 2% of organic active
(butyl methoxy dibenzoyl methane) and assessed for efficacy, SPF (sun protection
factor) as well as stability (visual observation, viscosity). SPF measurements were
made on an Optometrics SPF-290 analyser fitted with an integrating sphere, using the
method of Diffey and Robson [12].

Fig. 12.6 shows the adsorption isotherms of ISA, PHS1000 and PHS2500 on TiO2
in alkylbenzoate (Fig. 12.6 (a)) and in squalane (Fig. 12.6 (b)).

The adsorption of the lowmolecular weight ISA from alkylbenzoate is of low affin-
ity (Langmuir type) indicating reversible adsorption (possibly physisorption). In con-
trast, the adsorption isotherms for PHS100 and PHS2500 are of the high affinity type
indicating irreversible adsorption and possible chemisorption due to acid-base inter-
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Fig. 12.6: Adsorption isotherms in (a) alkylbenzoate and (b) squalane.
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Fig. 12.7: Dispersant demand curve in alkylbenzoate (left) and squalane (right).

action. Fromsqualane, all adsorption isotherms showhighaffinity type and they show
higher adsorption values when compared with the results using alkylbenzoate. This
reflects the difference in solvency of the dispersant by themediumaswill be discussed
below.

Fig. 12.7 shows the variation of zero shear viscosity with dispersant loading % on
solid for a 40% dispersion. It can be seen that the zero shear viscosity decreases very
rapidlywith increasing dispersant loading and eventually the viscosity reaches amin-
imum at an optimum loading that depends on the solvent used as well as the nature
of the dispersant.

With the molecular dispersant ISA, the minimum viscosity that could be reached
at high dispersant loading was very high (several orders of magnitude more than the
optimized dispersions) indicating poor dispersion of the powder in both solvents.
Even reducing the solids content of TiO2 to 30% did not result in a low viscosity
dispersion. With PHS1000 and PHS2500, a low minimum viscosity could be reached
at 8–10% dispersant loading in alkylbenzoate and 18–20% dispersant loading in
squalane. In the latter case the dispersant loading required for reaching a viscosity
minimum is higher for the higher molecular weight PHS.

The quality of the dispersion was assessed using UV-vis attenuation measure-
ments. At very low dispersant concentration a high solids dispersion can be achieved
by simple mixing but the particles are aggregated as demonstrated by the UV-vis
curves (Fig. 12.8 (a)). These large aggregates are not effective as UV attenuators. As
the PHS dispersant level is increased, UV attenuation is improved and above 8wt|%
dispersant on particulate mass, optimized attenuation properties (high UV, low visi-
ble attenuation) are achieved (for the PHS1000 in alkylbenzoate). However, milling is
also required to break down the aggregates into their constituent nanoparticles and
a simple mixture which is unmilled has poor UV attenuation even at 14% dispersant
loading.
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The UV-vis curves obtained when monomeric isostearic acid was incorporated as
a dispersant (Fig. 12.8 (b)) indicate that these molecules do not provide a sufficient
barrier to aggregation, resulting in relatively poor attenuationproperties (lowUV, high
visible attenuation).
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Fig. 12.8: (a) UV-vis attenuation for milled dispersions with 1–14% PHS1000 dispersant and un-
milled at 14% dispersant on solids. (b) UV-vis attenuation for dispersions in squalane (SQ) and in
alkylbenzoate (AB) using 20% isostearic acid (ISA) as dispersant compared to optimized PHS1000
dispersions in the same oils.
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The steric layer thickness δ could be varied by altering the dispersion medium and
hence the solvency of the polymer chain. This had a significant effect upon dispersion
rheology. Solids loading curves (Figs. 12.9 (a) and (b)) demonstrate the differences in
effective volume fraction due to the adsorbed layer (equation (12.8)).

In the poorer solvent case (squalane) the effective volume fraction and adsorbed
layer thickness showed a strong dependence uponmolecular weight with solids load-
ing becoming severely limited above 35% for the higher molecular weight whereas≈ 50% could be reached for the lower molecular weight polymer. In alkylbenzoate
no strong dependence was seen with both systems achieving more than 45% solids.
Solids weight fraction above 50% resulted in very high viscosity dispersions in both
solvents.
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Fig. 12.9: Zero shear viscosity dependence on solids loading.

The same procedure described above enabled optimized dispersion of equivalent par-
ticles with alumina and silica inorganic coatings (powders B and C). Both particles ad-
ditionally had the same level of organic (stearate) modification. These optimized dis-
persions were incorporated into water-in-oil formulations and their stability/efficacy
monitored by visual observation and SPF measurements (Tab. 12.2).

Tab. 12.2: Sunscreen emulsion formulations from dispersions of powders B and C.

Emulsion Visual observation SPF Emulsifier level

Powder B emulsion 1 Good homogenous emulsion 29 2.0%
Powder C emulsion 1 Separation, inhomogeneous 11 2.0%
Powder C emulsion 2 Good homogeneous emulsion 24 3.5%
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Fig. 12.10: Adsorption isotherms for PHS2500 on powder B (alumina surface)
and powder C (silica surface).

The formulation was destabilized by the addition of the powder C dispersion and
poor efficacywas achieved despite an optimized dispersion before formulation.When
emulsifier concentration was increased from 2 to 3.5% (emulsion 2) the formulation
became stable and efficacy was restored.

The anchor of the chain to the surface (described qualitatively through χs) is very
specific and this could be illustrated by silica-coated particles which showed lower
adsorption of the PHS (Fig. 12.10).

In addition, when a quantity of emulsifier was added to an optimized dispersion
of powder C (silica surface) the acid value of the equilibrium solution was seen to rise
indicating some displacement of the PHS2500 by the emulsifier.

The dispersant demand curves (Fig. 12.7 (a) and (b)) and solids loading curves
(Fig. 12.9 (a) and (b)) show that one can reach a stable dispersion using PHS1000 or
PHS2500 both in alkylbenzoate and in squalane. These can be understood in terms
of the stabilization produced when using these polymeric dispersants. Addition of
sufficient dispersant enables coverage of the surface and results in a steric barrier
(Fig. 12.3) preventing aggregation due to van der Waals attraction. Both molecular
weight oligomerswere able to achieve stable dispersions. Themuch smallermolecular
weight “monomer”, isostearic acid is however insufficient to provide this steric bar-
rier and dispersions were aggregated, leading to high viscosities, even at 30% solids.
UV-vis curves confirm that these dispersions are not fully dispersed since their full
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UV potential is not realized (Fig. 12.8). Even at 20% isostearic acid the dispersions are
seen to give a lower Emax and increased scattering at visible wavelengths indicating a
partially aggregated system.

The differences between alkylbenzoate and squalane observed in the optimum
dispersant concentration required formaximum stability can be understood by exam-
ining the adsorption isotherms in Fig. 12.6 (a) and (b). The nature of the steric barrier
depends on the solvency of the medium for the chain, and is characterized by the
Flory–Huggins interaction parameter χ. Information on the value of χ for the two sol-
vents can be obtained from solubility parameter calculations (equation (12.3)). The re-
sults of these calculations are given in Tab. 12.3 for PHS, alkylbenzoate and squalane.

Tab. 12.3: Hansen and Beerbower solubility parameters for the polymer and both solvents.

δT δd δp δh ∆δT

PHS 19.00 18.13 0.86 5.60
alkyl benzoate 17.01 19.13 1.73 4.12 1.99
squalane 12.9 15.88 0 0 6.1

It can be seen that both PHS and alkylbenzoate have polar and hydrogen bonding
contributions to the solubility parameter δT. In contrast, squalane which is nonpolar
has only a dispersion component to δT. The difference in the total solubility parame-
ter ∆δT value is much smaller for alkylbenzoate when compared with squalane. Thus
one can expect that alkylbenzoate is a better solvent for PHS when compared with
squalane. This explains the higher adsorption amounts of the dispersants in squalane
when compared with alkyl benzoate (Fig. 12.6). The PHS finds adsorption at the parti-
cle surface energetically more favourable than remaining in solution. The adsorption
values at the plateau for PHS in squalane (> 2mgm−2 for PHS1000 and > 2.5mgm−2 for
PHS2500) is more than twice the value obtained in alkylbenzoate (1mgm−2 for both
PHS1000 and PHS2500).

It should bementioned, however, that both alkylbenzoate and squalanewill have
χ values less than 0.5, i.e., good solvent conditions and a positive steric potential. This
is consistent with the high dispersion stability produced in both solvents. However,
the relative difference in solvency for PHS between alkylbenzoate and squalane is
expected to have a significant effect on the conformation of the adsorbed layer. In
squalane, a poorer solvent for PHS, the polymer chain is denser when compared
with the polymer layer in alkylbenzoate. In the latter case a diffuse layer that is
typical for polymers in good solvents is produced. This is illustrated in Fig. 12.11 (a)
which shows a higher hydrodynamic layer thickness for the higher molecular weight
PHS2500. A schematic representation of the adsorbed layers in squalane is shown
in Fig. 12.11 (b) which also shows a higher thickness for the higher molecular weight
PHS2500.

 EBSCOhost - printed on 2/14/2023 1:25 PM via . All use subject to https://www.ebsco.com/terms-of-use



12.5 Competitive interactions in sunscreen formulations | 245

PHS 1000

(a) (b)

PHS 2500 PHS 1000 PHS 2500

Fig. 12.11: (a) Well solvated polymer results in diffuse adsorbed layers (alkylbenzoate). (b) Polymers
are not well solvated and form dense adsorbed layers (squalane).

In squalane the dispersant adopts a close packed conformation with little solvation
and high amounts are required to reach full surface coverage (Γ > 2mgm−2). It seems
also that in squalane the amount of adsorption depends muchmore on the molecular
weight of PHS than in the case of alkylbenzoate. It is likely that with the high molecu-
lar weight PHS2500 in squalane the adsorbed layer thickness can reach higher values
when comparedwith the results in alkylbenzoate. This larger layer thickness increases
the effective volume fraction and this restricts the total solids that can be dispersed.
This is clearly shown from the results of Fig. 12.9 which shows a rapid increase in zero
shear viscosity at a solids loading > 35%. With the lower molecular weight PHS1000,
with smaller adsorbed layer thickness, the effective volume fraction is lower and high
solids loading (≈ 50%) canbe reached. The solids loading that canbe reached in alkyl-
benzoate when using PHS2500 is higher (≈ 40%) than that obtained in squalane. This
implies that the adsorbed layer thickness of PHS2500 is smaller in alkylbenzenewhen
compared with the value in squalane as schematically shown in Fig. 12.11. The solids
loadingwith PHS1000 in alkylbenzene is similar to that in squalane, indicating a sim-
ilar adsorbed layer thickness in both cases.

The solids loading curves demonstrate that with an extended layer such as that
obtained with the higher molecular weight (PHS2500) the maximum solids loading
becomes severely limited as the effective volume fraction (equation (12.5)) is increased.

In squalane themonomeric dispersant, isostearic acid showshigh affinity adsorp-
tion isotherm with a plateau adsorption of 1mgm−2 but this provides an insufficient
steric barrier (δ/R too small, Fig. 12.4) to ensure colloidal stability.

12.5 Competitive interactions in sunscreen formulations

Most sunscreen formulations consist of an oil-in-water (O/W) emulsion in which the
particles are incorporated. These active particles can be in either the oil phase, or the
water phase, or both as is illustrated in Fig. 12.12. For a sunscreen formulation based
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Actives in both phases Active in internal phase Active in external phase 

Fig. 12.12: Schematic representation of the location of active particles in sunscreen formulations.

on a W/O emulsion, the added nonaqueous sunscreen dispersion mostly stays in the
oil continuous phase.

On addition of the sunscreen dispersion to an emulsion to produce the final for-
mulation, one has to consider the competitive adsorption of the dispersant/emulsifier
system. In this case the strength of adsorption of the dispersant to the surface mod-
ified TiO2 particles must be considered. As shown in Fig. 12.10 the silica coated par-
ticles (C) show lower PHS2500 adsorption compared to the alumina coated particles
(B). However, the dispersant demand for the two powders to obtain a colloidally sta-
ble dispersion was similar in both cases (12–14% PHS2500). This appears at first sight
to indicate similar stabilities. However, when added to a water-in-oil emulsion pre-
pared using an A–B–A block copolymer of PHS–PEO–PHS as emulsifier, the system
based on the silica coated particles (C) became unstable showing separation and coa-
lescence of the water droplets. The SPF performance also dropped drastically from 29
to 11. In contrast, the system based on alumina coated particles (B) remained stable
showing no separation as illustrated in Tab. 12.2. These results are consistent with the
stronger adsorption (higher χs) of PHS2500 on the alumina coated particles. With the
silica coated particles, it is likely that the PHS–PEO–PHS block copolymer becomes
adsorbed on the particles thus depleting the emulsion interface from the polymeric
emulsifier and this is the cause of coalescence. It is well known that molecules based
on PEO can adsorb on silica surfaces [13]. By addition of more emulsifier (increasing
its concentration from 2 to 3.5%) the formulation remained stable as is illustrated in
Tab. 12.2. This final set of results demonstrates how a change in surface coating can
alter the adsorption strength which can have consequences for the final formulation.
The same optimization process used for powder A enabled stable dispersions to be
formed from powders B and C. Dispersant demand curves showed optimized disper-
sion rheology at similar addeddispersant levels of 12–14%PHS2500. To the dispersion
scientist these appeared to be stable TiO2 dispersions. However, when the optimized
dispersions were formulated into the external phase of a water-in-oil emulsion differ-
ences were observed and alterations in formulation were required to ensure emulsion
stability and performance.
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13 Formulation of colour cosmetics

13.1 Introduction

Pigments are the primary ingredient of any colour cosmetic and the way in which
these particulate materials are distributed within the product will determine many
aspects of product quality including functional activity (colour, opacity, UV protec-
tion) but also stability, rheology and skin feel [1, 2]. Several colour pigments are used
in cosmetic formulations ranging from inorganic pigments (such as red iron oxide) to
organic pigments of various types. The formulation of these pigments in colour cos-
metics requires a great deal of skill since the pigment particles are dispersed in an
emulsion (oil-in-water or water-in-oil). The pigment particles may be dispersed in the
continuous medium in which case one should avoid flocculation with the oil or water
droplets. In some cases, the pigment may be dispersed in an oil which is then emulsi-
fied in an aqueous medium. Several other ingredients are added such as humectants,
thickeners, preservatives, etc. and the interaction between the various components
can be very complex.

The particulate distribution depends on many factors such as particle size and
shape, surface characteristics, processing and other formulation ingredients but ulti-
mately is determined by the interparticle interactions. A thorough understanding of
these interactions and how to modify them can help to speed up product design and
solve formulation problems.

In this chapter, I will start with a section describing the fundamental principles
of preparation of pigment dispersion. These consist of three main topics, namely wet-
ting of the powder, its dispersion (or wet milling including comminution) and stabi-
lization against aggregation. A schematic representation of this process is shown in
Fig. 13.1 [3]. This will be followed by a section on the principles of dispersion stabil-
ity for both aqueous and nonaqueous media. The use of rheology in assessing the
performance of a dispersant will be included. The application of these fundamental
principles for colour cosmetic formulation will be discussed. Finally, the interaction
with other formulation ingredients when these particulates are incorporated in an
emulsion (forming a suspoemulsion) will be discussed. Particular attention will be
given to the process of competitive adsorption of the dispersant and emulsifier.

In this chapter I will try to demonstrate that optimization of colour cosmetics can
be achieved through a fundamental understanding of colloid and interface science.
I will show that the dispersion stability and rheology of particulate formulations de-
pend on interparticle interactionswhich in turn depend on the adsorption and confor-
mation of the dispersant at the solid/liquid interface. Dispersants offer the possibility
of being able to control the interactions between particles such that consistency is
improved. Unfortunately, it is not possible to design a universal dispersant due to
specificity of anchor groups and solvent-steric interactions. Colour formulators should
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be encouraged to understand themechanismof stabilizing pigment particles and how
to improve it. In order to optimize performance of the final cosmetic colour formula-
tion onemust consider the interactions between particles, dispersant, emulsifiers and
thickeners and strive to reduce the competitive interactions through proper choice of
the modified surface as well as the dispersant to optimize adsorption strength.

Liquid + 
Dispersing agent

Wet milling

Communication

Agglomerates
(particles connected
by their corners)

Aggregates
(particles joined
at their faces) 

Stabilisation to prevent aggregation         Fine dispersion in the
range 0.1–5 μm
depending on application

Fig. 13.1: Schematic representation of the dispersion process.

13.2 Fundamental principles for preparation of a stable colour
cosmetic dispersion

13.2.1 Powder wetting

Wetting of powders of colour cosmetics is an important prerequisite for dispersion of
that powder in liquids. It is essential to wet both the external and internal surfaces of
the powder aggregates and agglomerates as schematically represented in Fig. 13.1. In
all these processes one has to consider both the equilibrium and dynamic aspects of
the wetting process [4]. The equilibrium aspects of wetting can be studied at a funda-
mental level using interfacial thermodynamics. Under equilibrium, a drop of a liquid
on a substrate produces a contact angle θ, which is the angle formed between planes
tangent to the surfaces of solid and liquid at the wetting perimeter. This is illustrated
in Fig. 13.2 which shows the profile of a liquid drop on a flat solid substrate. An equi-
librium between vapour, liquid and solid is established with a contact angle θ (that is
smaller than 90°).

The wetting perimeter is frequently referred to as the three-phase line (solid/
liquid/vapour); the most common name is the wetting line. Most equilibrium wetting
studies centre around measurements of the contact angle. The smaller the angle, the
better the liquid is said to wet the solid [4].
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θ
γ

γγ

LV

SVSL

Fig. 13.2: Schematic representation of contact angle
and wetting line.

The dynamic process of wetting is usually described in terms of a moving wetting line
which results in contact angles that change with the wetting velocity. The same name
is sometimes given to contact angles that change with time [4].

Wetting of a porous substrate may also be considered a dynamic phenomenon.
The liquid penetrates through the pores and gives different contact angles depending
on the complexity of the porous structure. Studying the wetting of porous substrates
is very difficult. The same applies to wetting of agglomerates and aggregates of pow-
ders. However, even measurements of apparent contact angles can be very useful for
comparing one porous substrate with another and one powder with another [3].

The liquid drop takes the shape that minimizes the free energy of the system.
Consider a simple system of a liquid drop (L) on a solid surface (S) in equilibrium
with the vapour of the liquid (V) as was illustrated in Fig. 13.2. The sum (γSVASV +
γSLASL + γLVALV) should be a minimum at equilibrium and this leads to the Young’s
equation [4],

γSV = γSL + γLV cos θ , (13.1)

where θ is the equilibrium contact angle. The angle which a drop assumes on a solid
surface is the result of the balance between the cohesion force in the liquid and the
adhesion force between the liquid and solid, i.e.,

γLV cos θ = γSV − γSL (13.2)

or,

cos θ = γSV − γSL
γLV

. (13.3)

There is no direct way by which γSV or γSL can be measured. The difference between
γSV and γSL can be obtained from contact angle measurements. This difference is re-
ferred to as the “Wetting Tension” or “Adhesion Tension” [3, 4],

Adhesion Tension = γSV − γSL = γLV cos θ . (13.4)

Another useful parameter for describing wetting of liquids on solid substrates is the
work of adhesion, Wa. Consider a liquid drop with surface tension γLV and a solid
surface with surface tension γSV. When the liquid drop adheres to the solid surface it
forms a surface tension γSL. This is schematically illustrated in Fig. 13.3. The work of
adhesion is simply the difference between the surface tensions of the liquid/vapour
and solid/vapour and that of the solid/liquid [3],

Wa = γSV + γLV − γSL . (13.5)
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γSL

γSV

γLV

Fig. 13.3: Representation of adhesion of a drop on a solid substrate.

Using Young’s equation,

Wa = γLV(cos θ + 1) . (13.6)

The work of cohesion Wc is the work of adhesion when the two phases are the same.
Consider a liquid cylinder with unit cross-sectional area. When this liquid is subdi-
vided into two cylinders, two new surfaces are formed. The two new areas will have a
surface tension of 2γLV and the work of cohesion is simply,

Wc = 2γLV . (13.7)

Thus, the work of cohesion is simply equal to twice the liquid surface tension. An im-
portant conclusion may be drawn if one considers the work of adhesion given by
equation (13.6) and the work of cohesion given by equation (13.7): When Wc = Wa,
θ = 0°. This is the condition for complete wetting. When Wc = 2Wa, θ = 90° and the
liquid forms a discrete drop on the substrate surface. Thus, the competition between
the cohesion of the liquid to itself and its adhesion to a solid gives an angle of con-
tact that is constant and specific to a given system at equilibrium [3]. This shows the
importance of Young’s equation in defining wetting.

The spreading of liquids on substrates is also an important industrial phe-
nomenon. A useful concept introduced by Harkins [3, 4] is the spreading coefficient
which is simply the work in destroying a unit area of solid/liquid and liquid/vapour
interface to produce an area of solid/air interface. The spreading coefficient is simply
determined from the contact angle θ and the liquid/vapour surface tension γLV,

S = γLV(cos θ − 1) . (13.8)

For spontaneous spreading S has to be zero or positive. If S is negative only limited
spreading is obtained.

The energy required to achieve dispersion wetting, Wd, is given by the product of
the external area of the powder, A, and the difference between γSL and γSV,

Wd = A(γSL − γSV) . (13.9)
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Using Young’s equation,

Wd = −AγLV cos θ . (13.10)

Thus, wetting of the external surface of the powder depends on the liquid surface ten-
sion and contact angle [3]. If θ < 90°, cos θ is positive and the work of dispersion is
negative, i.e. wetting is spontaneous.

For agglomerates (represented in Fig. 13.1)which are found in all powders,wetting
of the internal surface between the particles in the structure requires liquid penetra-
tion through the pores. Assuming the pores to behave as simple capillaries of radius r,
the capillary pressure ∆p is given by the following equation [3],

∆p = 2γLV cos θ
r

. (13.11)

For liquid penetration to occur, ∆p must be positive and hence θ should be less
than 90°. The maximum capillary pressure is obtained when θ = 0 and ∆p is propor-
tional to γLV which means that a high γLV is required. Thus to achieve wetting of the
internal surface a compromise is needed since the contact angle only decreases as γLV
decreases. One needs to make θ as close to 0 as possible while not having a too low
liquid surface tension [3].

Internal
surface

Fig. 13.4: Schematic representation of an agglomerate.

The most important parameter that determines wetting of the powder is the dynamic
surface tension, γdynamic (i.e. the value at short times). γdynamic depends both on the
diffusion coefficient of the surfactant molecule as well as its concentration [3]. Since
wetting agents are added in sufficient amounts (γdynamic is lowered sufficiently) spon-
taneous wetting is the rule rather than the exception.

Wetting of the internal surface requires penetration of the liquid into channels
between and inside the agglomerates. Theprocess is similar to forcing a liquid through
fine capillaries. To force a liquid through a capillary with radius r, a pressure ∆p is
required that was given by equation (13.11).

To assess thewettability of the internal surface, onemust consider the rate of pen-
etration of the liquid through the pores of the agglomerates [3]. Assuming the pores to
be represented by horizontal capillaries with radius r, neglecting the effect of gravity,
the depth of penetration l in time t is given by the Rideal–Washburn equation,

l2 = [ rγLV cos θ
2η

] t . (13.12)

 EBSCOhost - printed on 2/14/2023 1:25 PM via . All use subject to https://www.ebsco.com/terms-of-use



254 | 13 Formulation of colour cosmetics

To enhance the rate of penetration, γLV has to be made as high as possible, θ as low
as possible and η as low as possible. For a packed bed of particles, r may be replaced
by r/k2, where r is the effective radius of the bed and k is the tortuosity factor, which
takes into account the complex path formed by the channels between the particles [3],
i.e.,

l2 = ( rγLV cos θ
2ηk2

) t . (13.13)

Thus a plot of l2 versus t gives a straight line and from the slope of the line one can
obtain θ.

The Rideal–Washburn equation can be applied to obtain the contact angle of liq-
uids (and surfactant solutions) in powder beds [3]. k should first be obtained using a
liquid that produces zero contact angle.

13.2.2 Powder dispersion and milling (comminution)

Thedispersion of thepowder is achievedbyusinghigh speed stirrers such as theUltra-
Turrax or Silverson mixers. This results in dispersion of the wetted powder aggregate
or agglomerate into single units [3]. The primary dispersion (sometimes referred to as
the mill base) may then be subjected to a bead milling process to produce nanopar-
ticles which are essential for some colour cosmetic applications. Subdivision of the
primary particles intomuch smaller units in the nano-size range (10–100nm) requires
application of intense energy. In some cases high pressure homogenizers (such as the
Microfluidizer, USA) may be sufficient to produce nanoparticles. This is particularly
the case with many organic pigments. In some cases, the high pressure homogenizer
is combined with application of ultrasound to produce the nanoparticles.

Milling or comminution (the generic term for size reduction) is a complex process
and there is little fundamental information on its mechanism. For the breakdown of
single crystals or particles into smaller units, mechanical energy is required. This en-
ergy in a bead mill is supplied by impaction of the glass or ceramic beads with the
particles. As a result permanent deformation of the particles and crack initiation re-
sults. This will eventually lead to the fracture of particles into smaller units. Since the
milling conditions are random, someparticles receive impacts far in excess of those re-
quired for fracture whereas others receive impacts that are insufficient for the fracture
process. This makes the milling operation grossly inefficient and only a small fraction
of the applied energy is used in comminution. The rest of the energy is dissipated as
heat, vibration, sound, inter-particulate friction, etc.

The role of surfactants and dispersants on the grinding efficiency is far from being
understood. Inmost cases the choice of surfactants anddispersant ismadeby trial and
error until a system is found that gives themaximumgrinding efficiency [3]. Rehbinder
andhis collaborators investigated the role of surfactants in the grinding process [3]. As
a result of surfactant adsorption at the solid/liquid interface, the surface energy at the
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boundary is reduced and this facilitates the process of deformation or destruction.
The adsorption of surfactants at the solid/liquid interface in cracks facilitates their
propagation. This mechanism is referred to as the Rehbinder effect.

13.2.3 Stabilization of the dispersion against aggregation

For stabilization of the dispersion against aggregation (flocculation) one needs to cre-
ate a repulsive barrier that can overcome the van der Waals attraction [5, 6]. The pro-
cess of stabilization of dispersions in cosmetics has been described in detail in Chap-
ter 4 and only a summary is given in this chapter. As discussed in Chapter 4, all parti-
cles experience attractive forces on close approach. The strength of this van derWaals
attraction VA(h) depends upon the distance h between particles of radius R and is
characterized by the Hamaker constant, A. The Hamaker constant expresses the at-
traction between particles (in a vacuum). A depends upon the dielectric and physical
properties of the material and for some materials such as TiO2, iron oxides and alu-
mina this is exceptionally high so that (in nonaqueous media at least) despite their
small size a dispersant is always needed to achieve colloidal stabilization. In order to
achieve stability one must provide a balancing repulsive force to reduce interparticle
attraction. This can be done in two main ways by electrostatic or steric repulsion as
illustrated in Fig. 13.5 (a) and (b) (or a combination of the two, Fig. 13.5 (c)). A poly-
electrolyte dispersant such as sodium polyacrylate is required to achieve high solids
content. This produces a more uniform charge on the surface and some steric repul-
sion due to the high molecular weight of the dispersant. Under these conditions the
dispersion becomes stable over awider range of pH atmoderate electrolyte concentra-
tion. This is electrosteric stabilization (Fig. 13.2 (c) shows a shallow minimum at long
separation distances, amaximum (of the DLVO type) at intermediate h and a sharp in-
crease in repulsion at shorter separation distances. This combination of electrostatic
and steric repulsion can be very effective for stabilization of the suspension [3].

Electrostatic stabilization canbeachieved if theparticles contain ionizable groups
on their surface such as inorganic oxides, which means that in aqueous media they
can therefore develop a surface charge depending upon pH, which affords an elec-
trostatic stabilization to the dispersion. On close approach the particles experience a
repulsive potential overcoming the van der Waals attraction which prevents aggrega-
tion [3]. This stabilization is due to the interaction between the electric double layers
surrounding the particles as illustrated in Fig. 13.6.

Double layer repulsion depends upon the pH and electrolyte concentration and
can be predicted from zeta potentialmeasurements (Fig. 13.6). Surface charge can also
be produced by adsorption of ionic surfactants. This balance of electrostatic repulsion
with van derWaals attraction is described in thewell-known theory of colloid stability
by Deryaguin–Landau–Verwey–Overbeek (DLVO theory) [7, 8]. Fig. 13.4 (a) shows two
attractive minima at long and short separation distances; Vsec that is shallow and of
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(a)
Primary min

vsec vmin
h h h

vmax

v v v

(b) (c)

Fig. 13.5: Energy–distance curves for three stabilization mechanisms: (a) electrostatic; (b) steric;
(c) electrosteric.
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Fig. 13.6: Schematic representation of double layer repulsion (left) and variation of ζ potential with
pH for titania and alumina (right).

few kT units and Vprimary that is deep and exceeds several 100 kT units. These two
minima are separated by an energy maximum Vmax that can be greater than 25 kT
thus preventing flocculation of the particles into the deep primary minimum.

When the pH of the dispersion is well above or below the isoelectric point or
the electrolyte concentration is less than 10−2 mol dm−3 1 : 1 electrolyte, electrostatic
repulsion is often sufficient to produce a dispersion without the need for added dis-
persant. However, in practice this condition often cannot be reached since at high
solids content the ionic concentration from the counter- and co-ions of the double
layer is high and the surface charge is not uniform. Therefore a polyelectrolyte disper-
sant such as sodium polyacrylate is required to achieve this high solids content. This
produces a more uniform charge on the surface and some steric repulsion due to the
high molecular weight of the dispersant. Under these conditions the dispersion be-
comes stable over a wider range of pH at moderate electrolyte concentration. This is
electrosteric stabilization (Fig. 13.5 (c) shows a shallow minimum at long separation
distances, a maximum (of the DLVO type) at intermediate h and a sharp increase in
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repulsion at shorter separation distances. This combination of electrostatic and steric
repulsion can be very effective for stabilization of the suspension.

Steric stabilization is usually obtained using adsorbed layers of polymers or
surfactants. The most effective molecules are the A–B or A–B–A block or BAn graft
polymeric surfactants [9] where B refers to the anchor chain. This anchor should
be strongly adsorbed to the particle surface. For a hydrophilic particle this may be
a carboxylic acid, an amine or phosphate group or other larger hydrogen bonding
type block such as polyethylene oxide. The A chains are referred to as the stabilizing
chains which should be highly soluble in the medium and strongly solvated by its
molecules. A schematic representation of the adsorbed layers is shown in Fig. 13.7.
When two particles with an adsorbed layer of hydrodynamic thickness δ approach
to a separation distance h that is smaller than 2δ, repulsion occurs (Fig. 13.5 (b)) as
a result of two main effects: (i) unfavourable mixing of the A chains when these are
in good solvent condition; (ii) reduction in configurational entropy on significant
overlap.

h 

δ

Fig. 13.7: Schematic representation
of steric layers.

The efficiency of steric stabilization depends on both the architecture and the physi-
cal properties of the stabilizing molecule. Steric stabilizers should have an adsorbing
anchor with a high affinity for the particles and/or insoluble in the medium. The sta-
bilizer should be soluble in the medium and highly solvated by its molecules. For
aqueous or highly polar oil systems the stabilizer block can be ionic or hydrophilic
such as polyalkylene glycols and for oils it should resemble the oil in character. For
silicone oils silicone stabilizers are best, other oils could use a long chain alkane, fatty
ester or polymers such as poly(methylmethacrylate) (PMMA) or polypropylene oxide.

Various types of surface–anchor interactions are responsible for the adsorption
of a dispersant to the particle surface: Ionic or acid/base interactions; sulphonic
acid, carboxylic acid or phosphate with a basic surface e.g. alumina; amine or quat
with acidic surface e.g. silica. H bonding; surface esters, ketones, ethers, hydroxyls;
multiple anchors – polyamines and polyols (h-bond donor or acceptor) or polyethers
(h-bond acceptor). Polarizing groups, e.g. polyurethanes can also provide sufficient
adsorption energies and in nonspecific cases lyophobic bonding (van der Waals)
driven by insolubility (e.g. PMMA). It is also possible to use chemical bonding e.g. by
reactive silanes.
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For relatively reactive surfaces, specific ion pairs may interact giving particularly
good adsorption to a powder surface. An ion pair may even be formed in situ partic-
ularly if in low dielectric media. Some surfaces are actually heterogeneous and can
have both basic and acidic sites, especially near the IEP. Hydrogen bonding is weak
but is particularly important for polymerics which can have multiple anchoring.

The adsorption strength is measured in terms of the segment/surface energy of
adsorption χs. The total adsorption energy is given by the product of the number of at-
tachment points n by χs. For polymers the total value of nχs can be sufficiently high for
strong and irreversible adsorption even though the value of χs may be small (less than
1 kT, where k is the Boltzmann constant and T is the absolute temperature). However,
this situationmay not be adequate particularly in the presence of an appreciable con-
centration of wetter and/or in the presence of other surfactants used as adjuvants.
If the χs of the individual wetter and/or other surfactant molecules is higher than
the χs of one segment of the B chain of the dispersant, these small molecules can
displace the polymeric dispersant particularly at high wetter and/or other surfactant
molecules and this could result in flocculation of the suspension. It is, therefore, es-
sential to make sure that the χs per segment of the B chain is higher than that of the
wetter and/or surfactant adsorption and that thewetter concentration is not excessive.

In order to optimize steric repulsion one may consider the steric potential as ex-
pressed by Napper [9],

V(h) = 2πkTRΓ2NA [V2pVs ] [0.5 − χ] (1 −
h
2δ
)2 + Velastic , (13.14)

where k is the Boltzmann constant, T is temperature, R is the particle radius, Γ is the
adsorbed amount, NA the Avogadro constant, Vp is the specific partial volume of the
polymer, Vs themolar volumeof the solvent, χ is the Flory–Huggins parameter and δ is
the maximum extent of the adsorbed layer. Velastic takes account of the compression
of polymer chains on close approach.

It is instructive to examine the terms in equation (13.14): (i) The adsorbed amount
Γ; higher adsorbed amountswill result inmore interaction/repulsion. (ii) Solvent con-
ditions as determined by χ, the Flory–Huggins chain-solvent interaction parameter;
two very distinct cases emerge. We see maximum interaction on overlap of the stabi-
lizing layers when the chain is in good solvent conditions (χ < 0.5). Osmotic forces
cause solvent to move into the highly concentrated overlap zone forcing the particles
apart. If χ = 0.5, a theta solvent, the steric potential goes to zero and for poor sol-
vent conditions (χ > 0.5) the steric potential becomes negative and the chains will
attract, enhancing flocculation. Thus, a poorly solvated dispersant can enhance floc-
culation/aggregation. (iii) Adsorbed layer thickness δ. Steric interaction starts at h =
2δ as the chains begin to overlap and increases as the square of the distance. Here it
is not the size of the steric potential that is important but the distance h at which it
begins. (iv) The final interaction potential is the superposition of the steric potential
and the van der Waals attraction as shown in Fig. 13.5 (b).
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For sterically stabilized dispersions, the resulting energy-distance curve often
shows a shallowminimumVmin at particle-particle separation distance h comparable
to twice the adsorbed layer thickness δ. For a givenmaterial the depth of thisminimum
depends upon the particle size R, and adsorbed layer thickness δ. So Vmin decreases
with increasing δ/R as is illustrated in Fig. 13.8. This is because aswe increase the layer
thickness the van derWaals attraction is weakening so the superposition of attraction
and repulsion will have a smaller minimum. For very small steric layers Vmin may
become deep enough to cause weak flocculation resulting in a weak attractive gel. So
we can see how the interaction energies can also determine the dispersion rheology.

h

Vmin

Increasing δ/R 

Fig. 13.8: Variation of Vmin with δ/R.

On the other hand if the layer thickness is too large, the viscosity is also increased due
to repulsion. This is due to themuchhigher effective volume fraction ϕeff of the disper-
sion compared to the core volume fraction [2]. We can calculate the effective volume
fraction of particles plus dispersant layer by geometry and we see it depends on the
thickness of that adsorbed layer as illustrated in Fig. 13.9. The effective volume fraction
increases with relative increase of the dispersant layer thickness. Even at 10% vol-
ume fraction we can soon reachmaximum packing (ϕ = 0.67) with an adsorbed layer
comparable to the particle radius. In this case overlap of the steric layers will result in
significant viscosity increases. Such considerations help to explain why solids load-
ing can be severely limited especially with small particles. In practice solids loading
curves canbeused to characterize the systemandwill take the formof those illustrated
in Fig. 13.10.

Higher solids loading might be achieved with thinner adsorbed layers but may
also result in interparticle attraction resulting in particle aggregation. Clearly a com-
promise is needed; choosing an appropriate steric stabilizer for the particle size of the
pigment.
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Practical limit – close packed particle

Relative steric layer thickness 0/R

At low δ/R, effective volume fraction,
φeff = volume fraction of particles φ

φeff = φ [1 + δ/R]30.8
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Fig. 13.9: Schematic representation of the effective volume fraction.
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Fig. 13.10: Dependence of solids loading on
adsorbed layer thickness.

13.3 Classes of dispersing agents

One of the most commonly used dispersants for aqueous media are nonionic sur-
factants. The most common nonionic surfactants are the alcohol ethoxylates R–O–
(CH2–CH2–O)n–H, e.g. C13/15(EO)n with n being 7, 9, 11 or 20. These nonionic surfac-
tants are not the most effective dispersants since the adsorption by the C13/15 chain is
not very strong. To enhance the adsorption on hydrophobic surfaces a polypropylene
oxide (PPO) chain is introduced in the molecule giving R–O–(PPO)m–(PEO)n–H.
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The above nonionic surfactants can also be used for stabilization of polar solids in
nonaqueousmedia. In this case the PEO chain adsorbs on the particle surface leaving
the alkyl chains in the nonaqueous solvent. Provided these alkyl chains are suffi-
ciently long and strongly solvated by the molecules of the medium, they can provide
sufficient steric repulsion to prevent flocculation.

A better dispersant for polar solids in nonaqueous media is poly(hydroxystearic
acid) (PHS) withmolecular weight in the region of 1000–2000Daltons. The carboxylic
group adsorbs strongly on the particle surface leaving the extended chain in the non-
aqueous solvent. With most hydrocarbon solvents the PHS chain is strongly solvated
by its molecules and an adsorbed layer thickness in the region of 5–10 nm can be pro-
duced. This layer thickness prevents any flocculation and the suspension can remain
fluid up to high solids content [2].

The most effective dispersants are those of the A–B, A–B–A block and BAn types.
A schematic representation of the architecture of block and graft copolymers is shown
in Fig. 13.11.

B - A Graft

AB / ABA block

Adsorbing  polymer B

AB end 
functionalised

n 

Fig. 13.11: Schematic representation of the ar-
chitecture of block and graft copolymers.

B, the “anchor chain” (red), is chosen to be highly insoluble in the medium and
has a strong affinity to the surface. Examples of B chains for hydrophobic solids are
polystyrene (PS), polymethylmethacrylate (PMMA), poly(propylene oxide) (PPO) or
alkyl chains provided these have several attachments to the surface. The A stabilizing
(blue) chain has to be soluble in the medium and strongly solvated by its molecules.
The A chain/solvent interaction should be strong giving a Flory–Huggins χ-parameter
< 0.5 under all conditions. Examples of A chains for aqueous media are polyethylene
oxide (PEO), polyvinyl alcohol (PVA) and polysaccharides (e.g. polyfructose). For
nonaqueous media, the A chains can be polyhydroxystearic acid (PHS).

One of the most commonly used A–B–A block copolymers for aqueous disper-
sions are those based on PEO (A) and PPO (B). Several molecules of PEO–PPO–PEO
are available with various proportions of PEO and PPO. The commercial name is fol-
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lowed by a letter: L (Liquid), P (Paste) and F (Flake). This is followed by two numbers
that represent the composition – The first digits represent the PPO molar mass and
the last digit represents the % PEO. F68 (PPO molecular mass 1508–1800 + 80% or
140mol EO). L62 (PPOmolecular mass 1508–1800 + 20% or 15mol EO). Inmany cases
twomoleculeswith high and low EO content are used together to enhance the dispers-
ing power.

An example of BAn graft copolymers is based onpolymethylmethacrylate (PMMA)
backbone (with some polymethacrylic acid) on which several PEO chains (with aver-
age molecular weight of 750) are grafted. It is a very effective dispersant particularly
for high solids content suspensions. The graft copolymer is strongly adsorbed on hy-
drophobic surfaces with several attachment points along the PMMA backbone and a
strong steric barrier is obtained by the highly hydrated PEO chains in aqueous solu-
tions.

Another effective graft copolymer is hydrophobically modified inulin, a linear
polyfructose chain A (with degree of polymerization > 23) on which several alkyl
chains have been grafted. The polymeric surfactant adsorbs with multipoint attach-
ment with several alkyl chains.

13.4 Assessment of dispersants

13.4.1 Adsorption isotherms

These are by far the most quantitative method for assessment and selection of a dis-
persant [3]. A good dispersant should give a high affinity isotherm as illustrated in
Fig. 13.12. The adsorbed amount Γ is recorded as a function of the equilibrium solu-
tion concentration, i.e. that left in solution after adsorption.

Γ (
m

g 
m

–2
 or

 m
ol

 m
–2

)

Γ∞

C2 (ppm or mol dm–3) Fig. 13.12: High affinity isotherm.

In general, the value of Γ∞ is reached at lower C2 for polymeric surfactant adsorp-
tion when compared with small molecules. The high affinity isotherm obtained with
polymeric surfactants implies that the first added molecules are virtually completely
adsorbedand suchaprocess is irreversible. The irreversibility of adsorption is checked
by carrying out a desorption experiment. The suspension at the plateau value is cen-
trifuged and the supernatant liquid is replaced by pure carrier medium. After redis-
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persion, the suspension is centrifuged again and the concentration of the polymeric
surfactant in the supernatant liquid is analytically determined. For lack of desorption,
this concentration will be very small indicating that the polymer remains on the par-
ticle surface.

13.4.2 Measurement of dispersion and particle size distribution

An effective dispersant should result in complete dispersion of the powder into single
particles [3]. In addition, on wet milling (comminution) smaller particle distribution
should be obtained (this could be assessed by light diffraction, e.g. using the Malvern
Master Sizer). The efficiency of dispersion and reduction of particle size can be un-
derstood from the behaviour of the dispersant. Strong adsorption and an effective
repulsive barrier prevent anyaggregationduring thedispersionprocess. It is necessary
in this case to include thewetter (which shouldbe kept at the optimumconcentration).
Adsorption of the dispersant at the solid/liquid interface results in lowering of γSL and
this reduces the energy required for breaking the particles into smaller units. In addi-
tion by adsorption in crystal defects, crack propagation occurs (the Rehbinder effect)
and this results in production of smaller particles [3].

13.4.3 Rheological measurements

Although “Brookfield” viscometers are still widely used in the industry they should
be used with caution in the assessment of dispersion stability; high shear viscosity
(as measured by “Brookfield”) can be misleading as a predictor of sedimentation
velocity. Low or zero shear viscosity measured on a rheometer is the best indicator
[10]. Fig. 13.13 demonstrates how at high shear, dispersion B has the highest viscosity
and might be expected to give the best resistance to sedimentation. However, disper-
sion A has the highest low shear viscosity and will hence have the best sedimentation
stability.

Concentrated dispersions are viscoelastic; that is they have both viscous and elas-
tic characteristics. Oscillatory rheometry can therefore give usmuchmore information

Shear rate

 lo
g 

vi
sc

os
ity

Α
Β

Fig. 13.13: Schematic flow curve
for particulate dispersions.
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about the interparticle interactions than viscometry [10]. For example, an elasticmod-
uluswhich dominates the shear sweep can confer significant stability to a formulation
with dispersed solids.

Rheological techniques are often the most informative techniques for assessment
and selection of a dispersant [3, 10]. The best procedure is to follow the variation of
relative viscosity ηr with the volume fraction ϕ of the dispersion. For this purpose a
concentrated suspension (say 50w/w%) is preparedbymillingusing theoptimumdis-
persant concentration. This suspension is further concentrated by centrifugation and
the sedimented suspension is diluted with the supernatant liquid to obtain volume
fractions ϕ in the range 0.1–0.7. The relative viscosity ηr is measured for each suspen-
sion using the flow curves. ηr is then plotted as a function of ϕ and the results are
compared with the theoretical values calculated using the Dougherty–Krieger equa-
tion [11] as discussed below.

Dougherty and Krieger [11] derived an equation for the variation of the relative
viscosity ηr with the volume fraction ϕ of suspensions assumed to behave like hard
spheres,

ηr = [1 − ϕ
ϕp
]−[η]ϕp , (13.15)

where [η] is the intrinsic viscosity that is equal to 2.5 for hard spheres and ϕp is the
maximum packing fraction that is ≈0.6–0.7. The maximum packing fraction ϕp is ob-
tained by plotting 1/(ηr)1/2 versus ϕ and in most cases a straight line is obtained
which is then extrapolated to 1/(ηr)1/2 = 0 and this gives ϕp.

ηr–ϕ curves are established from the experimental data using the flow curves.
The theoretical ηr–ϕ curves obtained from the Dougherty–Krieger equation are also
established using a value of 2.5 for the intrinsic viscosity [η] and ϕp calculated us-
ing the above extrapolation procedure. As an illustration Fig. 13.14 shows a schematic
representation for results for an aqueous suspension of hydrophobic particles that
are dispersed using a graft copolymer of polymethylmethacrylate (PMMA) backbone
on which several polyethylene oxide (PEO) chains have been grafted [3].

Both the experimental and theoretical ηr–ϕ curves show an initial slow increase
of ηr with increasing ϕ but at a critical ϕ value ηr shows a rapid increase with any
further increase in ϕ. It can be seen from Fig. 13.14 that the experimental ηr values

Exp.     

Theor.

η r

φ
0.1 0.2 0.3 0.4 0.5 0.6 0.7 Fig. 13.14: Variation of ηr with ϕ for suspen-

sions stabilized with a graft copolymer.
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show a rapid increase above a high ϕ value (> 0.6). The theoretical ηr–ϕ curve (using
equation (13.15)) shows an increase in ηr at a ϕ value close to the experimental results
[12]. This shows a highly deflocculated (sterically stabilized) suspension. Any floccu-
lation will cause a shift in the ηr–ϕ curve to lower values of ϕ. These ηr–ϕ curves
can be used for assessment and selection of dispersants. The higher the value of ϕ
at which the viscosity shows a rapid increase, the more effective the dispersant is.
Strong adsorption of the graft polymeric surfactant and the high hydration of the PEO
chains ensure such high stability. In addition, such polymeric surfactant is not likely
to be displaced by the wetter surfactant molecules provided these are not added at
high concentrations. It is essential to use the minimum wetter concentration that is
sufficient for complete wetting of the powder.

13.5 Application of the above fundamental principles
to colour cosmetics

Pigments are in fact the primary ingredient of any modern colour cosmetic. Pigments
need to be incorporated first into slurries and for most colour chemists the primary
objective is to reduce the viscosity and improve ease of use of these slurries. It is im-
portant to remember that both attractive and repulsive interactions result in viscos-
ity increase. The aim is thus to reduce particle-particle interactions. It is not just in
the processing where optimization is required; the particle distribution in the final
cosmetic formulation will determine its functional activity (colour, opacity, UV pro-
tection), stability, rheology and skin feel. The particle distribution depends upon a
number of characteristics such as particle size and shape, surface characteristics, pro-
cessing, compatibilities but is ultimately also determinedby interparticle interactions.

There are two main consequences of instability in particulate dispersions; floc-
culation or agglomeration and sedimentation. For colour cosmetics, insufficient de-
agglomeration (all pigments are agglomerated as supplied) canmanifest itself as poor
colour consistency or streaking with colour being liable to change on application.
Sedimentation effects can appear as colour flotation or plate-out. Sedimentation is
determined by gravity and is not necessarily a sign of colloidal instability. It simply
needs to be controlled. Sedimentation velocity tends to increase with particle size
(thus aggregation is bad) but is reduced by increased fluid viscosity.

Dispersion stability may manifest itself in different ways and for the formulator
onemust have lower viscosity during manufacture. Fig. 13.15 demonstrates the poten-
tial benefits (for viscosity dependence on pigment concentration) when a suitable dis-
persant is added. This can be liberating in removing formulation restrictions andmore
practically in reducing processing times and cost. Higher pigment concentrations can
be achieved giving increased functionality. The colour strength often improves with
milling time but again can be stepped up by the incorporation of suitable dispersants.
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Fig. 13.15: Effect of dispersant on viscosity and intrinsic colour strength.

With improved product quality, one can expect improvements in stability, consistency
and function.

Product quality is the key to product differentiation in the market and it is highly
desirable therefore to reduce flooding and floating caused by flocculation of differing
pigments. The control and reproducibility of gloss/shine and brightness and the abil-
ity to control rheology and skin feel, particularly at high solids loadings are all within
reach here.

Finally, the optimization of functionality can often depend strongly on the state
of dispersion. As mentioned in Chapter 12, opacity and UV attenuation of TiO2 for ex-
ample is strongly dependent on particle size [13] as illustrated in Fig. 13.16. A titanium
dioxide pigment, designed to provide opacity in a formulationwill not realize its max-
imum hiding power unless it is dispersed and remains dispersed in its constituent
particles of 200–300nm. A UV attenuating grade of TiO2 on the other hand must be
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Fig. 13.16: Attenuation of UV versus wavelength for TiO2 dispersion.
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dispersed down to its primary particle size of 50–100nm in order to be optimally func-
tional as a sunscreen agent. Both powders as supplied (in order to be handleable),
however, have similar agglomerate sizes of several microns.

13.6 Principles of preparation of colour cosmetics

As mentioned above, the first task is to obtain complete wetting of the powder. Both
external and internal surfaces of the agglomeratesmust be adequatelywettedbyusing
a suitable surfactant. For aqueous dispersions, the above mentioned wetting agents
such as Aerosol OT or alcohol ethoxylates are generally efficient. For hydrophilic
pigments in oil one can use coated particles (with hydrophobic coating) or sodium
stearate which strongly binds to the hydroxyl surface. A schematic representation for
binding of stearate to hydrophilic TiO2 is shown in Fig. 13.17, thus rendering it easily
wetted and dispersed in oils. This figure also shows the effect of addition of an alcohol
ethoxylate to this coated TiO2 which can then be dispersed in an aqueous medium.

particle

stearate

Eg specific attachment
via carboxylate group to
inorganic surface 

R

TiTi
=

particle

EO

stearate

O O

Fig. 13.17: Schematic representation of specific interaction of stearate to TiO2 (left) and effect of
addition of alcohol ethoxylate (right).

This process is followed by complete dispersion and/or comminution and adequate
stabilization of the resulting single particles as illustrated in Fig. 13.18.

The next step is to control the process of dispersion and comminution. Simple
mixing of inorganic powders can produce a fluid dispersion even at high solids. How-
ever this is not necessarily an indication of a “well dispersed” material and indeed
a particle size analysis (and for UV attenuators, spectral analysis) demonstrates that
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Fig. 13.18: Schematic representation
of the dispersion process.

particle dispersion is not optimized. Particulate powders are supplied in an aggre-
gated state. However, they must be milled down to their individual units in order to
provide their designed function. This process must allow transport of the dispersant
to the particle surface and adsorption there. Finally, the dispersionmust remain stable
to dilution or addition of further formulation components. The presence of a suitable
dispersant/stabilizer at the right level can be critical in achieving a usable and stable
dispersion and preventing re-aggregation on standing. In practice, the formulation
chemist may use some simple laboratory tools to assess dispersion quality and arrive
at an appropriate dispersion recipe. Having assessed wetting as previously described
one will often plot a dispersant demand curve in order to establish the optimum dis-
persant loading. The pigment is processed (milling or grinding) in the presence of the
carrier oil and wetting agent with varying levels of dispersant. The state of dispersion
can be effectively monitored by rheology and/or some functional measurement (e.g.
colour strength, UV attenuation). Fig. 13.19 shows the results for some fine particle
TiO2 in isopropyl isostearate as dispersing fluid and polyhydroxystearic acid as dis-
persant [14].

Dispersions were produced at 30wt% solids so that they could be prepared on a
bead mill at all dispersant loadings and their UV attenuation properties compared.
Zero shear viscosities give an indication of interparticle interactions and were found
to be at aminimumat around 5%dispersant. UV attenuationwas used as an indicator
of particle size.

The unmilled dispersions [2] appeared very fluid, but UV measurement revealed
poor attenuation properties implying that the particles are still aggregated. The solid
particles quickly settled out of suspension to form a sediment in the bottom of the
beaker. An improvement of UV attenuation properties, along with an increase in vis-
cosity, was observed upon milling. The aggregates are broken down into their con-
stituent particles in the mill [2], but in the absence of dispersant they quickly reag-
gregate by van der Waals attraction in a more open structure. This caused the mill to
block. Further improvements inUVpropertieswere observedwhen the dispersionwas
milled in the presence of the dispersant [2] but viscosity was still high. Addition of suf-
ficient dispersant allows the particles to disperse to single particulates [3] which are
well stabilized and the viscosity drops. This is an optimized dispersion. UV properties
are well developed. On addition of further dispersant the particles gain an extended
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Fig. 13.19: Zero shear viscosity (dispersant demand curve), UV attenuation curves and a schematic
of the milling process.

stabilization layer [2] causing potential overlap of stabilization layers which is suffi-
cient to produce a weak repulsive gel. The viscosity again rises and the dispersion has
ameasurable yield value. UV properties are still well developed but the solids loading
becomes very limited.

The dispersant demand curves described in Chapter 12, particle size monitoring
in addition to solids loading curves (Fig. 13.15) are very useful tools in optimizing a
pigment dispersion in practice. Further examples were given in Chapter 12.

13.7 Competitive interactions in colour cosmetic formulations

The colour cosmetic pigments are added to oil-in-water (O/W) or water-in-oil (W/O)
emulsions. The resulting system is referred to as a suspoemulsion [2]. The particles
can be in the internal or external phases or both as is illustrated in Fig. 12.12 of Chap-
ter 12 for sunscreen formulations. An understanding of competitive interactions is
important in optimizing formulation stability and performance. Several possible in-
stabilities might arise in the final formulations: (i) Heterofloccuation from particles
and droplets of differing charge sign. (ii) Electrolyte intolerance of electrostatically
stabilized pigments. (iii) Competitive adsorption/desorption of aweakly anchored sta-
bilizer which can lead to homoflocculation of the pigment particles and/or emulsion
droplet coalescence. (iv) Interaction between thickeners and charge stabilized pig-
ments.
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Several steps can be taken to improve the stability of colour cosmetic formula-
tions which are in fact very similar to those for optimal steric stabilization [2]: (i) Use
of a strongly adsorbed (“anchored”) dispersant, e.g. by multipoint attachment of a
block or graft copolymer. (ii) Use of a polymeric stabilizer for the emulsion (also with
multipoint attachment). (iii) Preparation of the suspension and emulsion separately
and allowing enough time for complete adsorption (equilibrium). (iv) Using low shear
when mixing the suspension and emulsion. (v) Use of rheology modifiers that reduce
the interaction between the pigment particles and emulsion droplets. (vi) Increas-
ing dispersant and emulsifier concentrations to ensure that the lifetime of any bare
patches produced during collision is very short. (vii) Use same polymeric surfactant
molecule for emulsifier and dispersant. (viii) Reducing emulsion droplet size.
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14 Industrial examples of cosmetic and
personal care formulations

Auseful text that givesmany examples of commercial cosmetic formulations has been
published by Polo [1] to which the reader should refer for any detailed information.
Below only a summary of some personal care and cosmetic formulations is given,
illustrating some of the principles applied. As far as possible, a qualitative descrip-
tion of the role of the ingredients used in these cosmetic formulations is given. For
more fundamental information, the reader should refer to the previous chapters in
this book.

14.1 Shaving formulations

Three main types of shaving preparations may be distinguished: (i) wet shaving for-
mulations; (ii) dry shaving formulations and (iii) after shave preparations. The main
requirements for wet shaving preparations are to soften the beard, to lubricate the
passage of the razor over the face and to support the beard hair. The hair of a typical
beard is very coarse and difficult to cut and hence it is important to soften the hair for
easier shaving and this requires the application of soap and water. The soap makes
the hair hydrophilic and hence it becomes easy to wet by water which also may cause
swelling of the hair. Most soaps used in shaving preparations are sodiumor potassium
salts of long chain fatty acids (sodiumor potassium stearate or palmitate). Sometimes,
the fatty acid is neutralized with triethanolamine. Other surfactants such as ether sul-
phates and sodium lauryl sulphate are included in the formulation to produce stable
foam. Humectants such as glycerol may also be included to hold the moisture and
prevent drying of the lather during shaving.

The most commonly used shaving formulations are those of the aerosol type,
whereby hydrocarbon propellants (e.g. butane) are used to dispense the foam. The
amount of propellant is critical for foam characteristics. More recently, several com-
panies introduced the concept of post-foaming gel, whereby the product is discharged
in the form of a clear gel which can be easily spread on the face and the foam is then
produced by vaporization of low boiling hydrocarbons such as isopentene. Due to the
high viscosity of the gel, the latter is packed in a bag separated from the propellant
used to expel the gel.

The above aerosol type formulations are complex, consisting of an O/W emul-
sion (whereby the propellant forms most of the oil phase) with the continuous phase
consisting of soap/surfactant mixtures. The aerosol shaving foam which was intro-
duced first is relatively more simple, whereby a pressurized can is used to release the
soap/surfactant mixture in the form of a foam. The sudden release of pressure results
in the formationof fine foambubbles throughout the emerging liquidphase. Twomain
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factors should be considered. Firstly, that foam stability should bemaintained during
the shaving process. In this case, one has to consider the intermolecular forces that
operate in a foam film. The lifetime of a foam film is determined by the disjoining
pressure [2] that operates across the liquid lamellae. By using the right combination
of soap and surfactants, one can optimize the foam characteristics. The second im-
portant property of the foam is its feel on the skin. This is determined by the amount
of propellant used in the formulation. If the propellant level is too low, the foam will
appear “watery”. In contrast, a high amount of propellant will produce a “rubbery”
dry foam. The humectant added also plays an important role in the skin feel of the
foam. Again, an optimum concentration is required to prevent drying out of the foam
during shaving. However, if the humectant level is too high it may cause problems by
pulling out moisture from the hair thus making it more difficult to shave.

From the above discussion, it becomes clear that to formulate a shaving foam, the
chemist has to consider a large number of physicochemical factors, such as the inter-
action between the soap and surfactant, the quality of the emulsion produced and the
bulk properties of the foamproduced. It is no surprise thatmost shaving foams consist
of complex recipes andunderstanding the role of each component at amolecular level
is far from being achieved at present.

As mentioned above, aerosol shaving foam has been replaced with the more pop-
ular aerosol post-forming gel. The latter is more difficult to produce, since one has
to produce a clear gel with the right rheological characteristics for discharge from the
aerosol container and good spreading on the surface of the skin. The foam should then
be produced by vaporization of a low boiling liquid such as isobutene or isopentene.

The first problem that must be addressed is the gel characteristics, which are pro-
duced by a combination of soap/surfactant mixtures and some polymer (that acts as
a “thickener”), e.g. polyvinyl pyrrolidone. The interaction between the surfactants
and the polymer should be considered to arrive at the optimum composition [2]. The
heat on the skin causes the isopentene to evaporate forming a rich thick gel. One can
incorporate skin conditioners and lubricating agent in the gel to obtain good skin
feel. Again, most aerosol post-forming gels consist of complex recipes and the interac-
tions between the various components are difficult to understand at amolecular level.
A fundamental colloid and interface science investigation is essential to arrive at the
optimum composition. In addition, the rheology of the gel, in particular its viscoelas-
tic properties must be considered in detail [3]. Measurements of the viscoelasticity of
these gels are difficult, since the foam is produced during such measurements.

One of the main properties that should also be considered in these shaving foams
and post-forming gels is the lubricity of the formulation. Skin friction can be reduced
by incorporating some oils, e.g. silicone, and gums. When shaving, the first stroke by
the razor causes no problem since the shave foam or gel is present in sufficient quanti-
ties to ensure lubricity of the skin. However, the second stroke in shaving will produce
a very high frictional force and hence one should ensure that a residual amount of a
lubricant should be preset on the skin after the first stroke.
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Another type of wet shaving preparation is the non-aerosol type, which is now
much less popular than the aerosol type. Two types may be distinguished, namely
the brushless and lather shaving creams. These formulations are still marketed, al-
though they aremuch less popular than the aerosol type systems. The brushless shav-
ing cream is an O/W emulsionwith high concentrations of oil and soap. The thick film
of lubricant oil provides emolliency and protection to the skin surface. This reduces
razor drag during shaving. The main disadvantage of these creams is the difficulty of
rinsing them from the razor and the formulation may leave a “greasy” feeling on the
skin. Due to the high oil content of the formulation, the hair softening action is less
effective when compared to the aerosol type.

The lather shaving cream is a concentrated dispersion of alkali metal soap in a
glycerol-water mixture. This formulation suffers from adequate physical stability, par-
ticularly if the manufacturing process is not carefully optimized. Phase separation of
the formulation may occur at elevated temperatures.

Dry shaving is a process using electric shavers. In contrast to wet shaving, when
usinganelectric razor thehair should remaindry and stiff. This requires removal of the
moisture film and sebum from the face. This may be achieved by using a lotion based
on an alcohol solution. A lubricant such as fatty acid ester or isopropyl myristate may
be added to the lotion. Alternatively, a dry talc stick may be used that can absorb the
moisture and sebum from the face.

Another important formulation that is used after shaving is that used to reduce
skin irritation and to provide a pleasant feel. This can be achieved by providing emol-
liency accompanied by a cooling effect. In some cases an antiseptic agent is added to
keep the skin free from bacterial infection. Most of these after shave formulations are
aqueous based gels which should be non-greasy and easy to rub into the skin.

14.2 Bar soaps

These are one of the oldest toiletries products that have been used over centuries. The
earliest formulations were based on simple fatty acid salts, such as sodium or potas-
sium palmitate. However, these simple soaps suffer from the problem of calcium soap
precipitation in hard water. For that reason, most soap bars contain other surfactants
such as cocomonoglyceride sulphate or sodium cocoglyceryl ether sulphonate that
prevent precipitation with calcium ions. Other surfactants used in soap bars include
sodium cocyl isethinate, sodium dodecyl benzene sulphonate and sodium stearyl sul-
phate.

Several other functional ingredients are included in soap bar formulations, e.g.
antibacterials, deodorants, lather enhancers, anti-irritancy materials, vitamins, etc.
Other soap bar additives include antioxidants, chelating agents, opacifying agents
(e.g. titanium dioxide), optical brighteners, binders, plasticizers (for ease of manu-
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facture), anticracking agents, pearlescent pigments, etc. Fragrants are also added to
impart pleasant smell to the soap bar.

14.3 Liquid hand soaps

Liquid hand soaps are concentrated surfactant solutions which can be simply applied
from a plastic squeeze bottle or a simple pump container. The formulation consists of
a mixture of various surfactants such as alpha olefin sulphonates, lauryl sulphates
or lauryl ether sulphates. Foam boosters such as cocoamides are added to the for-
mulation. A moisturizing agent such as glycerine is also added. A polymer such as
poyquaternium-7 is added tohold themoisturizers and to impart a good skin feel.More
recently, some manufacturers have been using alkyl polyglucosides in their formula-
tions. The formulation may also contain other ingredients such as proteins, mineral
oil, silicones, lanolin, etc. Inmany cases a fragrant is added to impart a pleasant smell
to the liquid soap.

One of the major properties of liquid soaps that needs to be addressed is its rheol-
ogy, which affects its dispensing properties and spreading on the skin. Most liquid
soap formulations have high viscosities to give them a “rich” feel, but some shear
thinning properties are required for ease of dispensation and spreading on the sur-
face of the skin. These rheological characteristics are achieved by two main effects:
(i) Addition of electrolyte that causes a change of themicellar structure from spherical
(with low viscosity) to rod-shaped micelles (thread-like micelles) that form a three-
dimensional gel network structure by overlap of the threads that is viscoelastic in
nature. This is schematically shown in Fig. 14.1. (ii) The rheology of liquid soap for-
mulations can also be controlled by addition of “thickeners” (high molecular weight
polymers such as xanthan gum) which produce viscoelastic structures by polymer
chain overlap as illustrated in Fig. 14.2.

Many liquid soap formulations also contain some preservatives and bactericides
such as sodium benzoate and cresol type chemicals.

ϕ < ϕ* ϕ > ϕ*ϕ* Fig. 14.1: Overlap of thread-like micelles.
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(a) Dilute (b) Onset of overlap (c) Semi-dilute
C < C* C = C* C > C*

Fig. 14.2: Crossover between dilute and semi-dilute solutions.

14.4 Bath oils

Three types of bath oils may be distinguished: floating or spreading oil; dispersible,
emulsifying or blooming oil and milky oil. The floating or spreading bath oils (usu-
ally mineral or vegetable oils or cosmetic esters such as isopropyl myristate) are the
most effective for lubricating dry skin as well as carrying the fragrant. However, they
suffer from “greasiness” and deposit formation around the bath tub. These problems
are overcome by using self-emulsifying oils which are formulatedwith surfactantmix-
tures. When added to water they spontaneously emulsify forming small oil droplets
that deposit on the skin surface. However, these self-emulsifying oils produce less
emolliency compared with the floating oils. These bath oils usually contain a high
level of fragrance since they are used in a large amount of water.

14.5 Foam (or bubble) baths

These can be produced in the formof liquids, creams, gels, powders, granules (beads).
Their main function is to produce maximum foam into running water. The basic sur-
factants used in bubble bath formulations are anionic, nonionic or amphoteric to-
gether with some foam stabilizers, fragrants and suitable solubilizers. These formu-
lations should be compatible with soap and they may contain other ingredients for
enhancing skincare properties.

14.6 After bath preparations

These are formulations designed to counteract the damaging effects caused after
bathing, e.g. skin drying caused by removal of natural fats and oils from the skin.
Several formulations may be used, e.g. lotions and creams, liquid splashes, dry oil
spray, dusting powders or talc, etc. Lotions and creams, which are themost commonly
used formulations, are simply O/W emulsions with skin conditioners and emollients.
The liquid splashes are hydroalcoholic products that contain some oil to provide
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skin conditioning. They can be applied as a liquid spread on the skin by hand or by
spraying.

14.7 Skincare products

The skin forms an efficient permeability barrierwith the following essential functions:
(i) protection against physical injury, wear and tear and it may also protect against
ultraviolet (UV) radiation; (ii) it protects against penetrationof noxious foreignmateri-
als includingwater andmicro-organisms; (iii) it controls loss of fluids, salts, hormones
and other endogenous materials from within; (iv) it provides thermoregulation of the
body by water evaporation (through sweat glands).

For the above reasons skincare products are essential materials for protection
against skin damage. A skincare product shouldhave twomain ingredients, amoistur-
izer (humectant) that preventswater loss from the skin and an emollient (the oil phase
in the formulation) that provides smoothing, spreading, degree of occlusion andmois-
turizing effect. The term emollient is sometimes used to encompass both humectant
and oils.

The moisturizer should keep the skin humid and it should bind moisture in the
formulation (reducing water activity) and protect it from drying out. The term water
content implies the total amount of water in the formulation (both free and bound),
whereaswater activity is ameasure of the free (available)water only. Thewater content
of the deeper, living epidermic layers is of the order of 70% (same as the water con-
tent in living cells). Several factors can be considered to account for drying of the skin.
One should distinguish between thewater content of the dermis, viable epidermis and
the horny layer (stratum corneum). During dermis aging, the amount ofmucopolysac-
charides decreases leading to a decrease in the water content. This aging process is
accelerated by UV radiation (in particular the deep penetrating UVA, see Chapter 12
on sunscreens). Chemical or physical changes of the epidermis during aging also lead
to dry skin. As discussed in Chapter 1, the structured lipid/water bilayer system in the
stratum corneum forms a barrier against water loss and protects the viable epidermis
from the penetration of exogenous irritants. The skin barrier may be damaged by ex-
traction of lipids by solvents or surfactants and water loss can also be caused by low
relative humidity.

Dry skin, caused by a loss of the horny layer, can be cured by formulations con-
taining extracts of lipids from horny layers of humans or animals. Due to loss of water
from the lamellar liquid crystalline lipid bilayers of the horny layer, phase transition
to crystalline structures may occur and this causes contraction of the intercellular re-
gions. The dry skin becomes inflexible and inelastic and it may also crack.

For the above reasons, it is essential to use skincare formulations that contain
moisturizers (e.g. glycerine) that draw and strongly bind water, thus trapping wa-
ter on the skin surface. Formulations prepared with nonpolar oils (e.g. paraffin oil)
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also help in water retention. Occlusion of oil droplets on the skin surface reduces the
rate of trans-epidermal water loss. Several emollients can be applied, e.g. petrolatum,
mineral oils, vegetable oils, lanolin and its substitutes and silicone fluids. Apart from
glycerine, which is themostwidely used humectant, several othermoisturizers can be
used, e.g. sorbitol, propylene glycol and polyethylene glycols (withmolecular weights
in the range 200–600). As mentioned in Chapter 9, liposomes or vesicles, neosomes
can also be used as skin moisturizers.

In general, emollients may be described as products that have softening and
smoothing properties. They could be hydrophilic substances such as glycerine,
sorbitol, etc. (mentioned above) and lipophilic oils such as paraffin oil, castor oil,
triglycerides, etc. For the formulation of stable O/W or W/O emulsions for skincare
application, the emulsifier system has to be chosen according to the polarity of the
emollient. The polarity of an organic molecule may be described by its dielectric
constant or dipole moment. Oil polarity can also be related to the interfacial tension
of oil against water γOW. For example, a nonpolar substance such as isoparaffinic oil
will give an interfacial tension in the region of 50mNm−1, whereas a polar oil such
as cyclomethicone gives γOW in the region of 20mNm−1. The physicochemical nature
of the oil phase determines its ability to spread on the skin, the degree of occlusivity
and skin protection. The optimum emulsifier system also depends on the property of
the oil (its HLB number) as discussed in detail in Chapter 5 on cosmetic emulsions.

The choice of an emollient for a skincare formulation is mostly based on sen-
sorial evaluation using well trained panels. These sensorial attributes are classified
into several categories: ease of spreading, skin feeling directly after application and
10 minutes later, softness, etc. A lubricity test is also conducted to establish a fric-
tion factor. Spreading of an emollient may also be evaluated by measurement of the
spreading coefficient.

14.8 Haircare formulations

Haircare comprises twomain operations: (i) Care and stimulation of themetabolically
active scalp tissue and its appendages, the pilosibaceous units. This process is nor-
mally carried out by dermatologists or specialized hair salons. (ii) Protection and care
of the lifeless hair shaft as it passes beyond the surface of the skin. The latter is the
subject of cosmetic preparations, which should acquire one or more of the following
functions: (i) Hair conditioning for ease of combing. This could also include formula-
tions that can easily manage styling by combing and brushing and its capacity to stay
in place for a while. The difficulty to manage hair is due to the static electric charge
which may be eliminated by hair conditioning. (ii) Hair “body”, i.e. the apparent vol-
ume of a hair assembly as judged by sight and touch.
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Another important type of cosmetic formulations are those used for hair dyeing,
i.e. changing the natural colour of the hair. This subject will also be briefly discussed
in this section.

As mentioned in Chapter 11, hair is a complex multicomponent fibre with both
hydrophilic and hydrophobic properties. It consists of 65–95% by weight of protein
and up to 32% water, lipids, pigments and trace elements. The proteins are made of
structured hard α-keratin embedded in an amorphous, proteinaceous matrix. Human
hair is a modified epidermal structure taking its origin from small sacs called folli-
cles that are located at the border line of dermis and hypodermis. A cross section of
human hair shows three morphological regions, the medulla (inner core), the cortex
that consists of fibrous proteins (α-keratin and amorphous protein) and an outer layer
namely the cuticle. The major constituent of the cortex and cuticle of hair is protein
or polypeptide (with several amino acid units). The keratin has an α-helix structure
(molecular weight in the region of 40 000–70000 Daltons, i.e. 363–636 amino acid
units).

The surface of hair has both acidic and basic groups (i.e. amphoteric in nature).
For unaltered human hair, the maximum acid combining capacity is approximately
0.75mmol g−1 hydrochloric, phosphoric or ethyl sulphuric acid. This value corre-
sponds to the number of dibasic amino acid residues, i.e. arginine, lysine or histidine.
The maximum alkali combining capacity for unaltered hair is 0.44mmol g−1 potas-
sium hydroxide. This value corresponds to the number of acidic residues, i.e. aspartic
and glutamic side chains. The isoelectric point (IEP) of hair keratin (i.e. the pH at
which there is an equal number of positive, –NH+ and negative, –COO− groups) is
pH ≈ 6.0. However, for unaltered hair, the IEP is at pH = 3.67.

The above charges on human hair play an important role in the reaction of hair to
cosmetic ingredients in a haircare formulation. Electrostatic interaction between an-
ionic or cationic surfactants in any haircare formulationwill occur with these charged
groups. Another important factor in application of haircare products is the water con-
tent of the hair,whichdepends on the relative humidity (RH). At lowRH (< 25%),water
is strongly bound to hydrophilic sites by hydrogen bonds (sometimes this is referred
to as “immobile” water). At high RH (> 80%), the binding energy for water molecules
is lower because of the multimolecular water-water interactions (this is sometimes re-
ferred to as “mobile” or “free” water). With increasing RH, the hair swells; increasing
relative humidity from 0 to 100%, the hair diameter increases by ≈ 14%.When water-
soakedhair is put into a certain shapewhile drying, it will temporarily retain its shape.
However, any change in RH may lead to the loss of setting.

Both surface and internal lipids exist in hair. The surface lipids are easily removed
by shampooing with a formulation based on an anionic surfactant. Two successive
steps are sufficient to remove the surface lipids. However, the internal lipids are diffi-
cult to remove by shampooing due to the slow penetration of surfactants.

Analysis of hair lipids reveals that they are very complex consisting of saturated
and unsaturated, straight and branched fatty acids with chain length from 5 to 22 car-
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bon atoms. The difference in composition of lipids between persons with “dry” and
“oily” hair is only qualitative. Fine straight hair is more prone to “oiliness” than curly
coarse hair.

From the above discussion, it is clear that hair treatment requires formulations
for cleansing and conditioning of hair and this is mostly achieved by using sham-
poos. These are now widely used by most people and various commercial products
are available with different claimed attributes. The primary function of a shampoo is
to clean both hair and scalp of soils and dirt. Modern shampoos fulfil other purposes,
such as conditioning, dandruff control and sun protection. Themain requirements for
a hair shampoo are: (i) safe ingredients (low toxicity, low sensitization and low eye ir-
ritation); (ii) low substantivity of the surfactants; (iii) absence of ingredients that can
damage the hair.

The main interactions of the surfactants and conditioners in the shampoo occur
in the first few µm of the hair surface. Conditioning shampoos (sometimes referred
to as 2-in-1 shampoos) deposit the conditioning agent onto the hair surface. These
conditioners neutralize the charge on the surface of the hair, thus decreasing hair
friction and this makes the hair easier to comb. The adsorption of the ingredients in a
hair shampoo (surfactants and polymers) occurs both by electrostatic and hydropho-
bic forces. The hair surface has a negative charge at the pH at which a shampoo is
formulated. Any positively charged species such as a cationic surfactant or cationic
polyelectrolyte will adsorb by electrostatic interaction between the negative groups
on the hair surface and the positive head group of the surfactant. The adsorption of
hydrophobic materials such as silicone ormineral oils occurs by hydrophobic interac-
tion.

Several hair conditioners are used in shampoo formulations, e.g. cationic surfac-
tants such as stearyl benzyl dimethyl ammonium chloride, cetyl trimethyl ammonium
chloride, distearyl dimethyl ammoniumchloride or stearamidopropyldimethyl amine.
As mentioned above, these cationic surfactants cause dissipation of static charges
on the hair surface, thus allowing ease of combing by decreasing the hair friction.
Sometimes, long chain alcohols such as cetyl alcohol, stearyl alcohol and cetostearyl
alcohol are added, which are claimed to have a synergistic effect on hair condition-
ing. Thickening agents, such as hydroxyethyl cellulose or xanthan gum are added,
which act as rheology modifiers for the shampoo andmay also enhance deposition to
the hair surface. Most shampoos also contain lipophilic oils such as dimethicone or
mineral oils, which are emulsified into the aqueous surfactant solution. Several other
ingredients, such as fragrants, preservatives and proteins are also incorporated in the
formulation. Thus, a formula of shampoo contains several ingredients and the inter-
action between the various components should be considered both for the long-term
physical stability of the formulation and its efficiency in cleaning and conditioning
the hair.

Another haircare formulation is that used for permanent-waving, straightening
and depilation. The steps in hair waving involve reduction, shaping and hardening
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of the hair fibres. Reduction of cystine bonds (disulphide bonds) is the primary re-
action in permanent waving, straightening and depilation of human hair. The most
commonly used depilatory ingredient is calcium thioglycollate that is applied at
pH = 11–12. Urea is added to increase the swelling of the hair fibres. In permanent
waving, this reduction is followed by molecular shifting through stressing the hair on
rollers and ended by neutralization with an oxidizing agent where cysteine bonds are
reformed. Recently, superior “cold waves” have replaced the “hot waves” by using
thioglycollic acid at pH = 9–9.5. Glycerylmonothio-glycolate is also used in hair
waving. An alternative reducing agent is sulphite, which could be applied at pH = 6
and this followed by hydrogen peroxide neutralizer.

Another process that is also applied in the cosmetic industry is hair bleaching
which has the main purpose of lightening the hair. Hydrogen peroxide is used as the
primary oxidizing agent and salts of persulphate are added as “accelerators”. The sys-
tem is applied at pH = 9–11. The alkaline hydrogen peroxide produces disintegration
of the melanin granules, which are the main source of hair colour, with subsequent
destruction of the chromophore. Heavy metal complexants are added to reduce the
rate of decomposition of the hydrogen peroxide. It should be mentioned that during
hair bleaching, an attack of the hair keratin occurs producing cystic acid.

Another important formulation in the cosmetic industry is that used for hair
dyeing. Three main steps may be involved in this process: bleaching, bleaching and
colouring combined as well as dyeing with artificial colours. Hair dyes can be clas-
sified into several categories: permanent or oxidative dyes, semipermanent dyes and
temporary dyes or colour rinses. The colouring agent for hair dyes may consist of
an oxidative dye, an ionic dye, a metallic dye or a reactive dye. The permanent or
oxidative dyes are the most commercially important systems and they consist of dye
precursors such as p-phenylenediamine which is oxidized by hydrogen peroxide to a
diimminium ion. The active intermediate condenses in the hair fibre with an electron-
rich dye coupler such as resorcinol and with possibly electron-rich side chain groups
of the hair, forming di-, tri- or polynuclear product that is oxidized into an indo dye.

Semipermanent dyes refer to formulations that dye the hair without the use of
hydrogen peroxide to a colour that only persists for 4–6 shampooings. The objective
of temporary hair dyes or colour rinses is to provide colour that is removed after the
first shampooing process.

14.9 Sunscreens

As discussed in Chapter 12, the damaging effect of sunlight (in particular ultravio-
let light) has been recognized for several decades and this has led to a significant
demand for improved photoprotection by topical application of suncreening agents.
Three main wavelength of ultraviolet (UV) radiationmay be distinguished, referred to
asUV-A (wavelength 320–400, sometimes subdivided intoUV-A1 (340–360) andUV-A2
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(320–340), UV-B (covering the wavelength 290–320) and UV-C (covering the wave-
length range 200–290). UV-C is of little practical importance since it is absorbed by
the ozone layer of the stratosphere. UV-B is energy rich and it produces intense short-
range and long-range pathophysiological damage to the skin (sunburn). About 70% is
reflected by the horny layer (stratum corneum), 20%penetrates into the deeper layers
of the epidermis and 10% reaches the dermis. UV-A is of lower energy, but its photobi-
ological effects are cumulative causing long-term effects. UV-A penetrates deeply into
the dermis and beyond, i.e., 20-30% reaches the dermis. As it has a photoaugmenting
effect on UV-B, it contributes about 8% to UV-B erythema.

Several studies have shown that sunscreens are able not only to protect against
UV-induced erythema in human and animal skin but also to inhibit photocarcinogen-
esis in animal skin. The increasingharmful effect of UV-AonUV-Bhas led to a quest for
sunscreens that absorb in the UV-A range with the aim of reducing the direct dermal
effects of UV-A which causes skin ageing and several other photosensitivity reactions.
Sunscreens are given a sun protection factor (SPF) which is a measure of the ability
of a sunscreen to protect against sunburn within the UV-B wavelength (290–320). The
formulation of sunscreen with high SPF (> 50) has been the object of many in the cos-
metic industry.

An ideal sunscreen formulation should protect against both UV-B and UV-A. Re-
peated exposure to UV-B accelerates skin ageing and can lead to skin cancer. UV-B
can cause thickening of the horny layer (producing “thick” skin). UV-B can also cause
damage to DNA and RNA. Individuals with fair skin cannot develop a protective tan
and they must protect themselves from UV-B.

UV-A can cause also several effects: (i) Large amounts of UV-A radiation penetrate
deep into the skin and reach the dermis causing damage to blood vessels, collagen
and elastic fibres. (ii) Prolonged exposure to UV-A can cause skin inflammation and
erythema. (iii) UV-A contributes to photoageing and skin cancer. It augments the bio-
logical effect of UV-B. (iv) UV-A can cause phytotoxicity and photoallergy and it may
cause immediate pigment darkening (immediate tanning) which may be undesirable
for some ethnic populations.

From the above discussion, it is clear that formulation of effective sunscreen
agents is necessary with the following requirements: (i) Maximum absorption in
the UV-B and/or UV-A. (ii) High effectiveness at low dosage. (iii) Non-volatile agents
with chemical and physical stability. (iv) Compatibility with other ingredients in the
formulation. (v) Sufficiently soluble or dispersible in cosmetic oils, emollients or in
the water phase. (vi) Absence of any dermato-toxological effects with minimum skin
penetration. (vii) Resistant to removal by perspiration.

Sunscreen agentsmay be classified into organic light filters of synthetic or natural
origin and barrier substances or physical sunscreen agents. Examples of UV-B filters
are cinnamates, benzophenones, p-aminobenzoic acid, salicylates, camphor deriva-
tives and phenyl benzimidazosulphonates. Examples of UV-A filters are dibenzoyl
methanes, anthranilates and camphor derivatives. Several natural sunscreen agents
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are available, e.g. camomile or aloe extracts, caffeic acid, unsaturated vegetable or
animal oils. However, these natural sunscreen agents are less effective and they are
seldom used in practice.

The barrier substances or physical sunscreens are essentially micronized insolu-
ble organic molecules such as guanine or micronized inorganic pigments such as tita-
nium dioxide and zinc oxide. Micropigments act by reflection, diffraction and/or ab-
sorption of UV radiation. Maximum reflection occurs when the particle size of the pig-
ment is about half thewavelengthof the radiation. Thus, formaximumreflectionofUV
radiation, the particle radius should be in the region of 140 to 200nm. Uncoated ma-
terials such as titanium and zinc oxide can catalyse the photo-decomposition of cos-
metic ingredients such as sunscreens, vitamins, antioxidants and fragrances. These
problems can be overcome by special coating or surface treatment of the oxide parti-
cles, e.g. using aluminiumstearate, lecithins, fatty acids, silicones andother inorganic
pigments. Most of these pigments are supplied as dispersions ready to mix in the cos-
metic formulation. However, one must avoid any flocculation of the pigment particles
or interactionwith other ingredients in the formulationwhich causes severe reduction
in their sunscreening effect.

A topical sunscreen product is formulated by the incorporation of one or more
sunscreen agent (referred to as UV filters) in an appropriate vehicle, mostly an O/W or
W/O emulsion. Several other formulations are also produced, e.g. gels, sticks, mousse
(foam), spray formulation or an anhydrous ointment. In addition to the usual require-
ments for a cosmetic formulation, e.g. ease of application, pleasant aspect, colour or
touch, sunscreen formulations should also have the following characteristics: (i) Ef-
fective in thin films, strongly absorbing both in UV-B and UV-A. (ii) Non-penetrating
and easily spreading on application. (iii) Should possess amoisturizing action and be
waterproof and sweat resistant. (iv) Free from any phototoxic and allergic effect. The
majority of sunscreens on the market are creams or lotions (milks) and progress has
been achieved in recent years to provide high SPF at low levels of sunscreen agents.

14.10 Make-up products

Make-up products includemany systems such as lipstick, lip colour, foundations, nail
polish, mascara, etc. All these products contain a colouring agent which could be a
soluble dye or a pigment (organic or inorganic). Examples of organic pigments are
red, yellow, orange and blue lakes. The inorganic pigments comprise titanium diox-
ide,mica, zinc oxide, talc, iron oxide (red, yellow and black), ultramarines, chromium
oxide, etc.Most pigments aremodified by surface treatment using amino acids, chitin,
lecithin, metal soaps, natural wax, polyacrylates, polyethylene, silicones, etc.

The colour cosmetics comprise foundation, blushers, mascara, eyeliner, eye-
shadow, lip colour and nail enamel. Their main function is to improve appearance,
impart colour, even out skin tones, hide imperfections and produce some protection.
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Several types of formulations are produced ranging from aqueous and nonaque-
ous suspensions to oil-in-water and water-in-oil emulsions and powders (pressed or
loose).

Make-up products have to satisfy a number of criteria for acceptance by the
consumer: (i) Improved, wetting spreading and adhesion of the colour components.
(ii) Excellent skin feel. (iii) Skin and UV protection and absence of any skin irritation.

For these purposes, the formulation has to be optimized to achieve the desirable
property. This is achieved by using surfactants and polymers aswell as usingmodified
pigments (by surface treatment). The particle size and shape of the pigments should
also be optimized for proper skin feel and adhesion.

Pressed powders require special attention to achieve good skin feel and adhe-
sion. The fillers and pigments have to be surface treated to achieve these objectives.
Binders and compression aids are also added to obtain a suitable pressed powder.
These binders can be dry powders, liquids or waxes. Other ingredients that may be
added are sunscreens and preservatives. These pressed powders are applied in a
simple way by simple “pick-up”, deposition and even coverage. The appearance of
the pressed powder film is very important and great care should be taken to achieve
uniformity in an application. A typical pressed powder may contain 40–80% fillers,
10–40 specialized fillers, 0–5% binders, 5–10% colourants, 0–10% pearls and 3–8%
wet binders.

An alternative to pressed powders, liquid foundations, have attracted special at-
tention in recent years. Most foundationmake-ups aremade of O/WorW/O emulsions
in which the pigments are dispersed either in the aqueous or the oil phase. These
are complex systems consisting of a suspension/emulsion (suspoemulsion) formula-
tion. Special attention should be paid to the stability of the emulsion (absence of floc-
culation or coalescence) and suspension (absence of flocculation). This is achieved
by using specialized surfactant systems such silicone polyols, block copolymers of
poly(ethylene oxide) and poly(propylene oxide). Some thickeners may be also added
to control the consistency (rheology) of the formulation.

The main purpose of a foundation make-up is to provide colour in an even
way, even out any skin tones and minimize the appearance of any imperfections.
Humectants are also added to provide a moisturizing effect. The oil used should
be chosen to be a good emollient. Wetting agents are also added to achieve good
spreading and even coverage. The oil phase could be a mineral oil, an ester such
as isopropyl myristate or volatile silicone oil (e.g. cyclomethicone). An emulsifier
system of fatty acid/nonionic surfactant mixture may be used. The aqueous phase
contains a humectant of glycerine, propylene glycol or polyethylene glycol. Wetting
agents such as lecithin, low HLB surfactant or phosphate esters may also be added.
A high HLB surfactant may also be included in the aqueous phase to provide better
stability when combined with the oil emulsifier system. Several suspending agents
(thickeners) may be used such asmagnesium aluminium silicate, cellulose gum, xan-
than gum, hydroxyethyl cellulose or hydrophobically modified polyethylene oxide.
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A preservative such as methyl paraben is also included. The surface treated pigments
are dispersed either in the oil or aqueous phase. Other additives such as fragrances,
vitamins, light diffusers may also be incorporated.

It is clear from the above discussion that liquid foundations represent a challenge
to the formulation chemist due to the large number of components used and the in-
teraction between the various components. Particular attention should be paid to the
interaction between the emulsion droplets and pigment particles (a phenomenon re-
ferred to as heteroflocculation) which may have adverse effects on the final property
of the deposited film on the skin. Even coverage is the most desirable property and
the optical property of the film, e.g. its light reflection, adsorption and scattering play
important roles in the final appearance of the foundation film.

Several anhydrous liquid (or “semi-solid”) foundations are also marketed by cos-
metic companies. These may be described as cream powders consisting of a high con-
tent of pigment/fillers (40–50%), a low HLB wetting agent (such as polysorbate 85),
an emollient such as dimethicone combinedwith liquid fatty alcohols and some esters
(e.g. octyl palmitate). Some waxes such as stearyl dimethicone or microcrystalline or
carnauba wax are also included in the formulation.

One of themost importantmake-up systems are lipstickswhichmaybe simply for-
mulatedwith a pure fat base having a high gloss and excellent hiding power. However,
these simple lipsticks tend to come off the skin too easily. In recent years, there was
a great tendency to produce more “permanent” lipsticks which contain hydrophilic
solvents such as glycols or tetrahydrofurfuryl alcohol. The rawmaterials for a lipstick
base include: ozocerite (good oil absorbent that also prevents crystallization), micro-
crystalline ceresin wax (which is also a good oil absorbent), Vaseline (that forms an
impermeable film), beeswax (that increases resistance to fracture), myristyl myristate
(that improves transfer to the skin), cetyl and myristyl lactate (that form an emul-
sion with moisture on the lip and are non-sticky), carnauba wax (an oil binder that
increases the melting point of the base and gives some surface lustre), lanolin deriva-
tives, olyl alcohol and isopropylmyristate. This shows the complex nature of a lipstick
base and several modifications of the base can produce some desirable effects that
help good marketing of the product.

Mascara and eyeliners are also complex formulations that need to be carefully
applied to the eye lashes and edges. Some of the preferred criteria for mascara are
good deposition, ease of separation and lash curling. The appearance of the mascara
should be as natural as possible. Lash lengthening and thickening are also desirable.
The product should also remain for an adequate time and it should also be easily re-
movable. Three types of formulationsmay be distinguished: anhydrous solvent based
suspension, water-in-oil emulsion and oil-in-water emulsion. Water resistance can be
achieved by addition of emulsion polymers, e.g. polyvinyl acetate.
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