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Foaming of cleaning agents in the household is an effect which is not connected with the quality of clean-
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has its functionality. Foam formation during application of a foam bath or shampoo is only a cosmetic
attribute. In the pharmacy, foams represent new vehicles for drug delivery. The European Pharmacopoeia
comprises a monograph called “Medicated Foams” and the interest for the development of these alter-
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native vehicles is steadily growing. Depending on the way of pharmaceutical application we can define
between rectal, vaginal and topical foams. Foams for dermal drug delivery have some advantages com-
pared to the traditional vehicles for treatment of topical disorders such as ointment, creams, lotions, gels
or solutions. Vaginal and rectal foam vehicles also feature some application benefits compared to the
standard vehicles such as suppositories, creams and ointments. There are only a few foam formulations

Pressurized aerosol foam commercially available so far. Moreover, only few publications describing these vehicles have appeared

in the recent years, predominantly patents. It is the intention of this article to review available literature,
to summarize recent development and to highlight the potential of foam vehicles.
© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Foams, in common with emulsions, are colloids and are com-
posed of two or three distinct phases: normally a hydrophilic
liquid continuous phase with a foaming agent, throughout which
a gaseous dispersion phase is distributed. There may be a third
hydrophobic dispersed phase (Wilson, 1989).

Foaming of cosmetic formulations is a well-established opera-
tion. Foam characteristics may be used by manufacturers to achieve
customers’ attention. Voluminous and stable foams generally are
desired for “sale appeal” of “psychological effect” (Bikerman, 1973).
But foams are also used in other different fields such as e.g. in fire-
fighting. In food industry, terms “static” and “dynamic” foams are
clearly defined. Examples of static foams are marshmallows, filling
creams, ice cream, etc. Dynamic foams are cakes, bread and souf-
flés (Russo, 1976). Moreover, a glass of beer is unthinkable without
foam. Nowadays, foams attract more attention in the pharmacy as
a carrier for active substances.

2. Definition

Commonly foam is defined as a dispersion of gas in a liquid or
a solid, whereas the volume fraction of gas in the foam is mostly
between 0.5 and 0.9. The bubble size is mostly between 0.1 and
3 mm (Wilson, 1989). Foams can be classified into 2 types: liquid
and solid foams. In this review the authors will concentrate their
attention on liquid foams. Solid foams can be generated when the
liquid phase is changed into gel or solid phase after foam forma-
tion. These systems are also known under the definition of dry foam,
xerogel or sponge and often used as sore cover materials. They may
contain disinfecting agents, antibiotics or steroids. Mostly, colla-
gen or gelatine sponges which can absorb a lot of ichor because
of their high capillarity are used. These materials also are avail-
able for a temporary skin replacement after burn or in cosmetic
surgery (Bauer et al., 1999). Furthermore, solid foams such as foam
rubber and polyurethane foams have great commercial importance
(Bikerman, 1973). Foams are thermodynamically and mechanically
unstable systems (Wilson, 1989). They are characterized by a vast
interface, which tends to reduce itself. Foams are elastic systems
as the gas phase trapped in the foam bubbles can be compressed.
There are two fundamental parameters determining the structure
and behaviour of foams as disperse systems: the volume fraction
of gas which is known as the phase volume and the diameter of the
bubbles.

The European Pharmacopeia, in press European Pharmacopoeia
comprises a monograph called “Medicated Foams” (Musci med-
icati) which defines foam as “formulation, consisting of a large
amount of gas dispersed in a liquid phase”. The US Pharmacopoeia
simply lists “foam aerosol” as a sub-part of the aerosol section.
Nevertheless, one should consider pharmaceutical foams as a “tran-
sition state” between device for foam generation e.g. aerosol can
and the skin of a patient. For example, if a foamable formu-
lation in the aerosol can is an emulsion, it would evolve into
foam upon release from the can. After being administered to the
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Fig. 1. Schematic illustration of foam structures: A. polyhedral foam, phase volume
>0.7, B. plateau border region, C. foam, phase volume <0.7.

skin as a foam, it would return to an emulsion state at the skin
surface.

3. Foam structure

Foam structure is described, e.g. by Bikerman (1973). The bub-
bles in the foam can be more or less homogeneous, they can vary
in size and shape ranging from almost spherical to irregular poly-
hedral depending on how the foam was generated and on the
excipients employed. Different parameters such as nature and con-
centration of foaming agent, viscosity of liquid phase, temperature
and pH of the system can affect the foam structure. Foam genera-
tion conditions also affect foam appearance and, therefore, stability
of foam bubbles. At moderate gas phase volumes the bubbles dis-
persed in liquid phase are uniform and packed as spheres. But at
higher phase volumes, typically higher than 0.7, the air bubbles
deposited near each other start to deform themselves (Yoshimura,
1988) (Fig. 1A and C). A polyhedral bubble shape with partly plane
faces is a result of this deformation. The thin layer of the con-
tinuous liquid phase (film) separating the faces of two adjacent
polyhedral bubbles are called lamellae, while the thicker channels
where three lamellae meet are known as plateau borders (Fig. 1B),
(Hansen and Derderian, 1976). Plateau, the blind physicist, was the
first one, who investigated these films (Bikerman, 1973). The thick-
ness of lamellae can vary between 10 nm and 1 pm (List, 1985). The
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size of air bubbles is proportional to the length of plateau borders.
As the bubbles have the same size, their boundaries or lamellae
meet at an angle of 120° (Wilson, 1989). The curvature of lamel-
lae results in the occurrence of a region of a low pressure at plateau
region (Hansen and Derderian, 1976). The liquid in lamellae is fixed
by the molecules of a foaming agent which is fixed at both sur-
faces of lamellae. This fixation is very critical; otherwise the liquid
in vertical lamellae would drain immediately. It was shown that
the presence of a liquid crystalline phase in equilibrium with an
aqueous micellar solution of surfactant improves the stability of
the foams formed from surfactant solution. Addition of a reversed
micellar solution (e.g. an organic solution) capable to solubilize the
liquid crystalline phase of such foam causes foam breaking (Friberg
and Saito, 1976). In spite of the firm fixation, liquid tends to drain
into plateau border region from lamellae as the pressure within
this region is lower than in air bubbles and in lamellae. This process
causes the lamellae to become thinner. Thin lamellae are unstable
and rupture because their surface area is too large for their volume
(Bikerman, 1973). The most obvious cause of foam stability was
pointed out by Plateau; he called it surface viscosity. The essential
idea is that each film is stratified and has a sandwich-like struc-
ture. The inner layer of such a film has the viscosity of the liquid in
bulk solution but the two exterior layers (adjacent to the gas phase)
are much more viscous (Bikerman, 1973). Foams have unique rhe-
ological properties. The bulk flow of foam is very different from
that of either Newtonian (laminar or turbulent) fluid or “conven-
tional” two-phase fluids (Wilson, 1989). Presence of a significant
yield stress is required to cause the flow (analogous to semisolids)
and there is a strongly shear thinning behaviour. These proper-
ties derive largely from the unique microscopic structure of foams
(Yoshimura, 1988).

4. Foaming agents and surface activity

Pure liquids do not foam (Bikerman, 1973). The presence of a
foaming agent is essential for foam generation and stabilisation.
Foaming agents are amphiphilic substances: the hydrophilic part of
amolecule is responsible for their solubility in water. When a foam-
ing agent is added to water the hydrophobic parts of the molecule
arrange themselves in a way to minimize the area of contact with
water. This leads to their orientation at the air-water interface and
to formation of micelles in the bulk of liquid phase. When a foaming
agent is adsorbed into the air-water interface, the surface tension
of water is lowered and the surface pressure is increased. The sur-
face pressure is defined as the difference between the initial surface
tension of the system and the surface tension after addition of a
foaming agent. Therefore, this parameter indicates the activity of
a foaming agent. Nevertheless, higher values for surface pressure
and low values for surface tension do not always lead to an increase
of foam stability. For foam stability, the concentration of foaming
agent in an adsorbed layer is more important (surface concentra-
tion of a foaming agent). The relation between surface tension and
adsorption of molecules into the air-liquid interface is given by the
Gibbs equation (Eq. (1)) (Wilson, 1989).

_ 1 dy
T~ 2303.R-T dlogc

with R gas constant 8.31 (Joule/mol K); T temperature (K); y surface
tension of the liquid (mN/m); ¢ molar concentration of the foam-
ing agent, (mol/L); dy/dlog c decrease in surface tension caused by
increasing the concentration of foaming agent.

Adsorption in this case is defined as the amount of foaming
agent per unit surface area compared to the amount of foaming
agent molecules that would be present at the surface if this foam-
ing agent would not have any preference to adsorb onto the surface.
The Gibbs equation is based on a dynamic equilibrium between

(1)

the adsorbed and dissolved amount of foaming agent molecules.
Adsorption of foaming agent is, therefore, reversible. But due to
their extremely high surface activity, the molecules of the foaming
agent are very hard to desorb by lowering for example their bulk
concentration. Moreover, desorption of foaming agent molecules is
slower, the higher the molecular weight and the lower the surface
tension is.

During foam formation a rapid adsorption of the foaming agent
is desirable. The rate of foaming agent adsorption depends on its
diffusion rate. The diffusion rate of a foaming agent is given by the
Fick’s law of diffusion (Eq. (2)) and the Einstein-Sutherland equa-
tion (Eq. (3)), respectively.

dm dc
E:_D.A.a (2)

R-T

D= mn TN (3)

with dm/dt diffusion rate (m/t); D diffusion coefficient (cm?/s); A
diffusion area (m?2); dc/dx concentration gradient (Joule/molK);
R gas constant 8.31 (Joule/molK); T absolute temperature (K); n
dynamic viscosity of the solvent (mPas); r hydrodynamic radius of
molecule (m); N Avogadro number (6.02 x 1023 mol~1).

The thickness of solution layer that can provide the surfactant
to adsorb to a surface and the concentration of foaming agent in the
bulk of the liquid determine the diffusion rate of molecules towards
the interface. Foaming agents may also be transported from one
site of the surface to another one by spreading, if it is unevenly
distributed. The spreading rate is much slower than the mixing
speed. The rate of foaming agent adsorption depends on its con-
centration and agitation in the bulk of liquid and is critical for foam
formation. During foam formation, concentration of foaming agent
in the bulk phase will decrease with the increase of the created
surface area. The higher the volume fraction and the smaller the
air bubbles, the larger the surface area will be. Reduction of foam-
ing agent concentration in the bulk solution leads to the decrease
of the concentration gradient and, therefore, diffusion rate. There-
fore, to assure a rapid diffusion of a foaming agent to the surface,
high foaming agent concentrations and a low viscosity of the liquid
phase are needed. The ratio between the free energy of adsorption
of foaming agent to the surface of the solution and the free energy
of micellisation of it in the solution is a convenient criterion for esti-
mation foaming power of a foaming agent (Skrylev and Streltsova,
1985).

There are three stages of foam generation:

- solution of foaming agent (without incorporated air),

- emulsion of gas (solution starts to incorporate air, at the lower
volume fractions air bubbles do not have contact to each other;
no influence on bubble geometry),

- foam (polyhedral foam, air bubbles have contact to each other
through lamellae, their spherical geometry is disturbed).

In some homologous series of foaming agents the maximum of
foaming ability is observed at a concentration equal to, or near to,
the critical micelle concentration (Bikerman, 1973).

A combination of two foaming agents can either lead to a faster
foam generation and increased foam stability or to a decreased
foam stability. The salt concentration of the solution also influences
the process of foam generation (Jellinek, 1959).

Foam boosters are substances which enhance foam formation.
The majority of these substances is from the chemical group of fatty
acid alcohol amides, e.g. oleic acid diethanol amide, coco fatty acid
diethanol amide, polycarboxylic acid poly diethanol amide. They
are normally used at the concentration of 5%; otherwise irritation
of mucosa can happen (Nowak, 1969).
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Table 1
Excipients for foam production/foam destruction.

Foaming agents Foam stabilisers

Foam destroyers Foam inhibitors

Surfactants, e.g. sodium Hydrocolloids, e.g. xanthan
stearate, sodium oleate, gum,
sodium dodecyl sulphate,
dioctyl sulfosuccinate.
Proteins, e.g. collagen

methylcellulose, alginates,
agar-agar

hydroxypropylmethylcellulose,

Oils, alcohols, solvents,
e.g. acetone

Silicon oils, glycerides,
polyamide

Addition of some polymers to foamable formulations can lead
to an increase of foam stability. So it was shown that addition of
polyacrylic acid to non-ionic surfactants leads to the formation of
a surfactant-polymer complex through interactions between poly-
mer and surfactant, which contributes to the foam stability (Zhukov
etal., 1987). Polymers such as cellulose derivatives or xanthan gum
can also be used to increase foam stability.

Itis known, however, that addition of small quantities of specific
agents to foaming systems can cause a reduction of the stabil-
ity of formed foams (Table 1). These agents can be divided into
two types. The first, foam destroyers, are added to existing foams,
and they are generally considered to act in the form of small
droplets, which spread on the foam lamellae. By this, a lamella
is thinned and the foam breaks. These substances (e.g. oils, alco-
hols or organic solvents) are normally poorly soluble in water; they
orientate themselves at the surface, leading to an increase of the
surface pressure and a reduction of the elasticity of the surface film,
formed by a foaming agent. The presence of oil droplets in the sys-
tem leads to a change of the surface tension and to an increased
liquid drainage causing the rupture of lamella. Foam inhibitors, on
the other hand, are generally believed to have a good affinity to
the air-water interface. They adsorb at the interface in preference
to the foaming agents and in this way prevent foam generation
(Roberts et al., 1976). Addition of some electrolytes to the foaming
solution can lead to changes in the foam strength (Nakagaki, 1950).
Presence of poorly wettable solid particles can also lead to the rup-
ture of lamellae. If a film has thinned sufficiently for a particle in it
to bridge the film, and if the material of the particle is sufficiently
hydrophobic, the Laplace pressure in the film next to the particle
may become positive (depending also on the shape of the parti-
cle), causing liquid to flow to a region of lower pressure, and, thus,
leading to film rupture (Wilson, 1989).

5. Production of foams

Foams can be produced by mechanical means or by supersatu-
ration of the liquid phase with gas (Wilson, 1989). Liquids can be
supersaturated with gas either by dissolving gas under pressure or
by gas formation in situ. Nucleation of gas bubbles in this case is
the critical process.

5.1. Whipping

Whipping or beating can be carried out with different devices
that agitate a liquid in order to form an interface with gas phase.
This method is a standard method of gas introduction to the liquid.
The volume of the air incorporated into the foam usually increases
with an increase of beating intensity, whereas beating of a high vis-
cous liquids leads to generation of unstable foams. Every air bubble
undergoes severe mechanical stresses throughout whipping, there-
fore, a more rapid coalescence happens during foam generation
than in a standing foam. Final foam volume during this mecha-
nism of foam generation reflects a dynamic equilibrium between
mechanical air bubble formation and destruction of the bubbles.
The mechanical stress also leads to the destruction of the bigger
air bubbles into the smaller ones. Foam generation by whipping is

used in food industry for production of cream, instant desserts and
toppings.

5.2. Shaking

This method is used rarely. The rate at which air bubbles are
introduced to a solution depends on the frequency and amplitude
of shaking, the volume and shape of container and the volume and
viscosity of liquid. Only low foam volumes at long generation time
can be produced by this method.

5.3. Bubbling

By bubbling foams are generated by injection of gas through
narrow openings. This method is reproducible and gives uniform
bubble sizes. Foam volume produced by this method depends on
the total amount of foaming agent in the solution being bubbled.

5.4. Pressurized aerosol foams

Aerosol foam formulations represent a range of dosage forms
that have achieved international commercial success in the recent
years as innovative vehicles.

There are two types of aerosol foams: two-phase and three-
phase aerosol foams (Jellinek, 1959).

In two-phase (Fig. 2A) systems the liquefied propellant is solved
in the solution of a foaming agent under pressure. The aerosol can
contains in this case a continuous liquid and a gas phase. The lig-
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Fig. 2. Aerosol foam products: A. two-phase aerosol foam, B. three-phase aerosol
foam (adopted from Jellinek, 1958).
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uid phase consists of a solvent, foaming agent and foam stabiliser,
whereas the gas phase is composed of propellant vapor. The gas
phase practices a pressure on the aerosol can and the fluid phase in
it, which is always higher than the atmospheric pressure. This pres-
sure is dependent on the composition and the concentration of the
propellant in the system and typically is in the range of 2-4 bar.
When the nozzle of the spray head is opened so that there is a con-
nection with the external air; the fluid phase will be pressed out
of the aerosol can through a tube. At atmospheric pressure the dis-
solved propellant evaporates instantaneous, generating the foam
(Miiller, 1998). Foam formation is supported through specific foam
actuators placed to the outlet of the can.

Three-phase systems (Fig. 2B) represent an o/w emulsion (Voigt,
2006). The propellant is solved in a lipid phase, which is emulsified
with a water phase through addition of an emulsifier. The foaming
agent can also in this case act as an emulsifier. The third phase is the
vapor phase of the propellant over the emulsion. Both two-phase
and three-phase systems should be shaken before application. The
velocity of foam generation is dependent on the rate of propellant
evaporation. Propellants with low boiling points evaporate rapidly
leading to immediate foam generation. If the propellant blend also
contains a component with a higher boiling point, this will lead to
a delayed foam generation. Water is the most frequently used sol-
vent in foam aerosols. Besides water, ethanol and isopropanol are
occasionally used as solvents. Many foam aerosols can be mixed in
cold state. But more often the oil phase should be warmed to 70 to
80°Cand brought to the liquid state. The aqueous phase, with water
soluble ingredients has also to be brought up to the same tem-
perature and subsequently mixed into the oil phase. Temperature
sensitive ingredients such as extracts and vitamins can be intro-
duced after cooling back down to 40 °C. Finally the product has to be
homogenised. The production is carried out under vacuum where
foaming can be avoided (Hoffbauer, 1996). Examples for this type
of systems are shaving foam, hair styling mousse, aerosol sham-
poo, aerosol hand cream and aerosol mask (Jellinek, 1959; Raab
and Kindl, 1999).

The formulation is filled into an aerosol package, comprising a
can, valve and an actuator. The materials of aerosol cans can be alu-
minium or tin. Both of the metals can be incompatible with some
solvents, therefore, the inside of the can is oft coated with epoxide
resins. A foam valve is crimped onto the aerosol can. Special foam
valves are used for foam generation. Foam valves comprise a stem
which is usually made of polyethylene and a valve seat made of alu-
minium. Foam valves can be with or without a metering chamber.
These valves should have a special valve support, which should
be corrosion-resistant due to the presence of the water phase in
the system (Voigt, 2006). The valve seal should be compatible with
solvents, surface active substances and propellants used in the for-
mulation, and detection of possible “leachables” and “extractables”
in the system is of a great importance. Foam valves are available, e.g.
from Lindal and Precision Valve (Kuplien, 1994). The foam actua-
tor is fixed to the valve and has the function to dispense the aerosol
foam. Foam actuators with upright orifice, two-piece actuators with
a membrane or one-piece actuators to produce an improved foam
quality can be used (Hoffbauer, 1996). Using a spray actuator, spray
foams may be produced. The nozzle geometry of an actuator has a
significant effect on the quality of generated foams.

After the valve has been crimped onto the aerosol can, the pro-
pellant is added to the aerosol container, either through the valve
or during the crimping process.

The most often used propellants are hydrocarbon propellants,
e.g.n-butane, isobutane, n-propane or mixtures thereof. These pro-
pellants are liquefied under pressure and their blends have a wide
interval of boiling points. The concentration of the propellant in
the aerosol can is typically in the range of 3-12% (Voigt, 2006). This
amount of propellant is sufficient to produce a suitable quality of

foam. There are also systems containing primary propellants, in
the meaning of “immediately” evaporating propellants (e.g. com-
pressed air) and secondary propellants (e.g. n-pentane, isopentane,
isobutane) which evaporate with a delay, causing a cooling effect
on the skin surface (Kroepke et al., 2004). Nitrogen, oxygen, helium,
argon, dinitrogen oxide and carbon dioxide can also be used as pro-
pellants. Hydrofluoroalkane propellants are also described for this
application (Hirsh et al., 2005). The use of propellants is consid-
ered to be the major disadvantage of aerosol foam formulations
as the propellant technology is relatively complex and expensive
to manufacture, therefore, increasing the overall cost of the prod-
uct. The production expense of this type of formulations is a major
factor that limits the number of foam formulations available on
the market nowadays (Prudon et al., 2003). Also, toxicological con-
cerns are more and more raised by regulatory bodies with respect
to propellant toxicology, extractables and leachables.

5.5. “Bag-in-can” system

Itis also possible to formulate a semi-solid gel system that foams
when it is rubbed on the body. These products usually contain a
low-boiling hydrocarbon such as isopentane which has a boiling
point of about 28 °C. Application and agitation of such a product
at body temperature causes the isopentane to vaporize and gener-
ates a foam with similar properties than a pressurized aerosol foam
system. Because of the low boiling point of isopentane, these for-
mulations are also packaged in pressurized containers but a barrier
system separates the product with solubilized isopentane from the
pressurizing gas. The external pressure is needed to dispense the
product and also to keep the isopentane in the product. The formu-
lation is added to the bag and the system is pressurized from the
bottom of the can and then sealed with a plug (Schlesinger, 2000).
Such systems are available from e.g. CCL Container (PA, USA).

5.6. In situ gas generation

The gas which is needed for foam production can as well be
generated in situ as e.g. in vaginal and rectal foams and tablets by
means of an effervescent formulation composition. Through the
contact with mucosal secretions the gas is generated, leading to a
foam production (Friess et al., 1999).

5.7. Airspray® foam pump line

Airspray® pump foam dispensers create foam without the use
of gas propellants. This patented technology (Van Der Heijden and
Maria, 2008) allows mixing of liquid and air, resulting in foam gen-
eration. In the stationary position the liquid dosing chamber (a)
is filled with the formulation. The ball valve (b) of the chamber is
closed and the steel spring (c) is released. In the operating posi-
tion the air in the air dosing chamber is compressed by a piston
(d). At the same time the bore holes of the piston in the air dos-
ing chamber are closed by a diaphragm valve (e). The steel spring
is compressed and the ball valve of the liquid dosing chamber is
closed. The formulation from the formulation dosing chamber and
air from the air dosing chamber are transferred through an uptake
tube (f) and pressed through a foam generator with a double sieve
(g). In the discharge position the compressed steel spring moves
the piston of the air dosing chamber in the stationary position. The
diaphragm valve of the air dosing chamber opens and lets the cham-
ber to be filled with air. The ball valve of the liquid dosing chamber
opens and the empty dosing chamber can be filled with formulation
(Fig. 3A and B). There are also foam dispensers including two sep-
arated chambers with two pumps that are coupled. One chamber
can contain the cosmetically and dermatological active substances,
the other chamber contains surfactants (Doerschner et al., 2005).
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Fig. 3. A.lllustration of the Airspray® foam dispenser, B. mechanism of foam generation by the Airspray® foam dispenser.

Foam quality generated by Airspray® foam dispensers differs from
that generated by the means of a propellant (aerosol foam). Aerosol
foams are finer pored and more viscous than those generated in a
propellant-free way (Fig. 4).

6. Foam stability

“It is perhaps surprising to find in 1958 that no thoroughly sat-
isfactory explanations have been given to why certain liquids foam
strongly, others feebly, and many not at all (Exerova et al., 1976).
Nowadays it is almost true to use the same sentence. In spite of
many investigations it is very difficult to develop a general theory
of foam stability as many different, both dynamic and static factors
determine it.

If the film between two bubbles ruptures, the bubbles will coa-
lesce. The stability of foams has been, therefore, related to the
colloid stability of the thin films by which the distance relations of
the independent Van der Waals’ attraction and the electric double-
layer repulsion potential are dominant factors (Friberg and Saito,
1976).

Several different processes can be identified in the break-
down of foams. These are: disproportionation (Ostwald ripening),
gravitational separation (creaming, bubble rise and drainage) and
encounter mechanism (Brownian motion) (Fig. 5). These processes
do not happen separately but to a considerable extent simultane-
ously, enhance each other and lead to many possible intermediate
stages between a uniform dispersion and two completely separated
phases. As soon as bubbles are formed, several changes start to
occur. The pressure inside the air bubbles is higher than that in
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Fig. 4. Microscopic and macroscopic comparison: A. aerosol foam, B. Airspray®
foam.

the solution or air. This pressure increase can be described by the
Laplace equation (Eq. (4)) (Bikerman, 1973).

4y
AP = o (4)

with AP pressure difference (Pa); y surface tension (mN/m); d
droplet diameter (m).

Moreover, the pressure and the solubility of the dispersed air
phase is greater for smaller bubbles. This defines a driving force
for diffusion from small air bubbles to larger ones or to bulk lig-
uid phase. The rate of diffusion depends on the solubility of the
dispersed air phase in the continuous liquid phase. That is why it
comes to Ostwald ripening of foam bubbles (Wilson, 1989). As a
result of this destabilisation mechanism, the smaller air bubbles
dissolve while bigger bubbles grow in size by gas diffusion through
the liquid phase (Hansen and Derderian, 1976).

Because of the density difference between the phases, gravita-
tional and capillary forces cause the flow of the continuous liquid
phase around the dispersed air bubbles. The air bubbles move
towards the top, while the gravitation forces lead the liquid to drain
within the foam lamellae. At low gas volume fractions the cream-
ing mechanism of foam destabilisation predominates, whereas, at
higher gas volume fractions the liquid drainage prevails (Wilson,
1989). The liquid drainage leads to the generation of a foaming
agent concentration gradient within the lamellae and, therefore, a
surface tension gradient. This gradient can be stabilised through
the adsorption of foaming agent from bulk solution. Nevertheless,
both of these processes causes segregation of the foam into the
foam layer on the top and drained liquid layer on the bottom. Foam
drainage is a complicated process that is not fully understood. The

flow through individual channels depends on the type of surfactant
used to create a foam (Koehler et al., 2004).

The drainage is principally independent from bubble rupture,
although bubble rupture may contribute to this phenomenon
(Bikerman, 1973). The reason for rupture of lamellae is the insuf-
ficient elasticity of the surface film. Under elasticity, in this case,
the ability of lamellae to stabilise themselves is understood when
through the liquid drainage the concentration of the foaming agent
at the surface becomes inhomogeneous. Liquid drainage can also
cause the increase of air bubbles size without a collapse. When
the film is elastic, it means that the liquid with the foaming agent
is transported to the place of the possible rupture (“closing the
wound”). This effect is called Marangoni effect (Ross and Nishioka,
1976). The Marangoni effect is generally believed to be the main
cause of film stability (Bikerman, 1973).

7. Foam stabilisation

The objective of stabilisation measures is to stop the destabil-
ising mechanisms. Foams with a higher gas volume fraction are
more stable. In this case the liquid drainage as well as creaming is
delayed. Higher concentrations of foaming agent are also advan-
tageous, leading to a higher elasticity of a surface film. Creaming
and foam drainage depend on the solution viscosity. Therefore,
higher viscosities could lead to the delay of the phase break-up.
In this case, the application of thixotropic substances is beneficial.
Arabic gum, methyl cellulose and similar hydrophilic materials of
high molecular weight raise the stability of foams due to increase
in viscosity (Bikerman, 1973). Temperature also affects the rate
of drainage by altering the liquid bulk viscosity. The DLVO-theory
also can be used to explain foam stabilisation. When a substance
is added to foam leading to the charge of the surface film, this can
result in the repulsion of the air bubbles coming near to each other.
Electrostatic or steric stabilisation can be achieved through the use
of macromolecules in the formulation. The macromolecules orien-
tate themselves at the surface and, therefore, can provide a steric
stabilisation, hindering the air bubbles to coalesce.

8. Characterisation of foams

Macroscopic processes of foam destabilisation and the observed
changes in foam appearance correspond directly to the microscopic
processes described above. Collapse of the foam column leads to
the decrease of the foam volume, essentially through the loss of
gas. The problems of measuring foam stability depend first of all on
the insufficient characterisation of these processes. Whereas the
increased volume of drained liquid is easy to measure, the coales-
cence, e.g. of the air bubbles cannot be measured easily. Applicable
development methods to measure bubble coalescence include e.g.
microscopy or freeze-fracture TEM measurements after different
time-points post-actuation.

The European Pharmacopoeia describes two characterisation
methods in the Monograph “Medicated foams”. These are, firstly,
estimation of the relative foam density as an indication of the foam
firmness and, secondly, the foam expansion time as a parameter
for the foamability of the formulation. Density of produced foams
is determined by weighing a predefined volume of foam compared
to the weight of the same volume of water (Eq. (5)).

_ m(foam)
~ m(water)

(5)

with m(foam) mass of foam per volume unit (g); m(water) mass of
water per volume unit (g).

For determination of foam expansion time, a foam volume is
released into a burette and foam expansion is followed within
a defined time. Specifically, the latter method is inapplicable
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Fig. 5. Mechanism of foam destabilisation (adopted from Oungbho, 1997).

for foams generated via mechanical pump systems or in situ
mechanisms. The determination of foam stability is not consid-
ered in this monograph. Independent from the foam generation
mechanism, knowledge of such foam parameters as well as the
assessment of the “before-application” stability is crucial for the
pre-formulation development stage. Moreover, an assessment of
the general appearance as well as the stability and the intensity of
expansion are important factors for the cosmetic acceptability.

Another important foam quality which has a high significance
is the so-called foam “breakability”. According to this property,
foams can be classified into several categories having very different
application properties.

“Quick breaking” foams are thermally unstable and collapse upon
exposure to skin temperature. Hydro-ethanolic foams are typi-
cally thermally unstable and, therefore, their application to large
skin areas is cumbersome.

Lathers are soapy foams that remain stable as they are formed or
increase in volume when rubbed (like shaving foam).
“Breakable” foams are stable at skin temperature, but collapse
and spread easily upon application of mild shear forces. The ther-
mal stability of the “breakable” foams coupled with their fast
collapse and high spreading properties make them ideal for use
in dermatological and mucosal tissue application.

Some additional methods for foam characterisation are
described in the literature. For example one method to measure
foam consistency is described by Exerova et al. (1976). The foam
in this case is produced in a vertical cylinder vessel provided with
a small indentation in the centre of its base. The rounded end of a

glass rod is placed in this indentation and the rod is held vertically
by an upper support. Withdrawal of the support allows the rod to
fall against a wall of the vessel. The time of fall is used empirically as
a measure of foam consistency. Further methods to measure foam
consistency such as determinations with mobilometer, foam con-
sistometer and Brookfield viscosimeter are described, e.g. by Scott
and Thompson (1952).

8.1. Macroscopic evaluation

Foams can be characterised macroscopically, with the determi-
nation of such characteristics as being fine pored or coarsely porous,
viscous or runny.

8.2. Foam bubble size/microscopic evaluation and image analysis
system

Bubble size and structure of generated foams can be observed
and measured with a stereo microscope connected with a digital
ocular. Foam uniformity can also be determined with this method
as homogeneity of air bubbles. The major disadvantage of this
method is, however, that the resolution of these observations is
severely limited by the wavelength of visible part of the spectrum.
Because of the large semi-aperture angle, they have a small depth
of field which reduces the potential for stereo observations of the
highly three-dimensional foamed materials (Wilson, 1989).

Produced foams can also be analysed by means of an Image
Analysis System (e.g. Sympatec GmbH, Germany). The size (Fer-
ret diameter), roundness and the aspect ratio of incorporated air
bubbles as well as bubble amount in a predefined area are the
parameters of interest in foam characterisation. Measurements can
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Fig.6. Force-time plot to measure foam firmness as derived from a Texture Analyser.

be carried out direct after foam generation and after defined time
intervals to follow foam destabilisation mechanisms which allows
for a foam stability assessment.

8.3. Foam texture (texture analyser)

The properties which principally influence foam firmness are
surface viscosity, bulk liquid viscosity, bubble size distribution and
foam geometry.

Foams can be characterised using a Texture Analyser (e.g. Tex-
ture Analyser TA.XT.plus, Stable Micro Systems, England). The foam
should be dispensed into a container and the sample is then
stressed with a disk which is pressed through the foam to a speci-
fied depth. The required force is recorded. During penetration the
force is shown to gradually increase until the point of maximum
penetration depth. The sample then proceeds to withdraw from
the disk. The maximum positive peak indicates the firmness of the
foam (Fig. 6).

8.4. Cylinder method (determination of foamability and foam
stability)

Foam stability is usually reflected by the initial foam volume and
subsequent measurements of the volume as a foam ages. A cylin-
der method can be used as an easy method for routine evaluations
(Patel et al., 1988; Poole, 1989).

This test can be carried out to determine the following parame-
ters: foam expansion (FE, %, Eq. (6)), foam liquid stability (FLS, %, Eq.
(7)), foam volume stability (FVS, %, Eq. (8)) and foam gas fraction
(GF, ml, Eq. (9)).

The foam is discharged into a glass cylinder. Initial volume of
foam, the volume of aged foam and the volume of drained liquid
after defined time intervals are recorded. By this, the separation of
the liquid due to liquid drainage can be observed, e.g. after 30 min,
to describe the foam stability over this time period.

_ V(foam) — V(formulation)

FE(%) V(formulation)

-100% (6)

with V(foam) volume of produced foam (mL); V(formulation) vol-
ume of formulation to produce V(foam) (mL).
The higher the FE the more foamable is the formulation.

V(liquidsg min)

FLS(%) = V(formulation)

-100% (7)
with V(liquidsg p,jn ) volume of liquid drained after 30 min.
The lower the FLS the more stable is the produced foam.

V(foamsg in)
V(foam)

with V(foamsg pj,) volume of foam after 30 min.

FVS(%) = -100% (8)

The higher the FVS the more stable is the produced foam.
Foam gas fraction can be determined as a difference between
foam volume and volume of the expanded formulation.

GF(mL) = V(foam) — V(formulation) 9)

8.5. Foam stability/Turbiscan method

Tyndall light scattering can be used to measure foam stability.
This method is based on the Faraday-Tindall effect which pos-
tulates that colloidal solutions can scatter light. The method is
based on differences in refractive indices between solution of foam-
ing agent and air resulting in different intensities of transmission
and backscattering. Intensities of transmitted and backscattered
light are dependent on the amount of air in foam. During the
process of foam destabilisation, the amount of air changes in dif-
ferent depths of the measuring cell as a result of air bubble growth
(foam ripening) and liquid drainage. Therefore, transmission and
backscattering signals also change.

Because of the different refractive indices of both phases,
interactions of photons (diffusion and diffraction) happen. The
backscattering signal is inversely proportional to the square root
of the mean free distance covered by a photon being backscattered
(Eq. (10)).

1
VI

with I" mean free distance of a photon (m).

The higher the phase volume of gas in foam, the shorter is the
free distance covered by a photon and, therefore, the more intense
is backscattering and the less intensive is transmission.

For measurements, the foam is dispensed into a measuring cell
and scanned through with infrared light (A =850 nm). A light source
and two detectors move along the measuring cell and backscatter-
ing and transmission signals are detected every 40 um from the
bottom of the cell till the height of 55 mm. Therefore, such physical
processes as liqui