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CHAPTERI 

FOAMS, FREE LIQUID FILMS 
AND PLATEAU BORDERS 

INTRODUCTION 

Foams are generally divided into so-called "dilute foams", in which the 
gas bubbles retain their identity and are present as spheres, and 
"concentrated foams", in which the shape of a gas bubble is strongly 
distorted from spherical to polyhèdral, by adjacent bubbles (1). 

In this thesis, attention is focused on concentrated (polyhedral) foams. 
Here the gas bubbles are separated by thin liquid films (called "free liquid 
films"), which are limited and mutually connected by small liquid canals, 
the so-called Plateau borders. 

The scientific study of foams and of free liquid films dates back to R 
Boyle (1660); in a historica! review compiled by Mysels and collaborators 
in 1959 (2), 324 references are mentioned. We will not repeat and update 
this review exhaustively; nevertheless, some particulars must be 
mentioned in order to set the scene for the research described in the 
present thesis. 
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Foams and free liquid films are essentially unstable. This is clearly 
seen, when one tries to form a foam or a free liquid film from pure liquida. 
However, dissolved substances may impart to foams and films a certain 
metastable resistance towards collapse. Especially surface active agents 
(e.g. soaps) are effective in this respect. In many cases foams are a 
nuisance rather than a desired phenomenon; in these cases the instability 
of a foam is less of a problem than their (limited) stability. Foam is, 
however, employed intentionally with the following objectives: 

a. Reduction of overall specifi.c mass, e.g. in foamed concrete, with the 
aim of reducing the necessary amount or strength of supporting 
materials; 

b. Inhibition of gas convection: in fire extinction, and for reduction of 
heat transfer; 

c. Separation of mixtures of solid particles by selective adhesion to foam 
bubbles, through the hydrophobic (or hydrophilic) character of their 
surf ace. This is the essence of the unit operation, flotation, in chemical 
engineering. 

It wil1 be noticed, that many cases, in which foam is encountered, we 
are dealing with systems in which the foam contains solid particles as 
well as liquid (e.g., foamed concrete, flotation). In other cases, e.g. in 
foams formed from emulsions, we are dealing with the presence of liquid 
droplets dispersed in another liquid. This is not such a far-fetched 
situation as may seem at first view: many emulsifying agents, necessary 
to impart a certain stability to an emulsion, are also stabilizers for foam. 
Thus in the handling of emulsions, e.g. in liquid/liquid extraction or in 
emulsion polymerization, foam may readily be formed. 

In spite of foam having long been investigated, there are still unsolved 
problems, even in foams formed from homogeneous solutions. This applies 
even more to foams, in which disperse phases are present. 

Much work bas been devoted to the study of separate films, in order to 
obtain insight in· the behaviour of one important type of constituent of 
foam. The wish for surveyability of the system led many investigators to 
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This force difference on A and B causes the fluctuation to move in the 
direction of the thicker surface. This leads to consumption of thick film 

in PB 1 , and generation of thin film at PB 2• The net effect is the 

exchange of a thick film element against a thin film element with 

about equal surface area. 

A quantitative elaboration of this model and a comparison with 
experiments will be föund in Ch. III of this thesis. 

Drainage of films with rigid surfaces leads to films with a parabolic 

dependance of thickness with height (fig. 1-2). The point, at which the 

parabolic profile starts, does, however, coincide with the suspension point 
A of the film, only in the first stages of drainage. In the later stages, at 
the top a "black" film (AB) is generated. The thickness of this film is so 
small, that light rays reflected from the back and front surface, 

respectively, show no interference colours. 

Frame 

Rigid I 
film 10mm 

Bulk liquid 

Fig. I-2. Profile expectedfor afilm, by drainage, if the film has a rigid surface (1). 

Horizontal distances exaggerated with respect to vertical distances. 
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With mobile surfaces, a bell shaped profile is found. Examples of this 
will be met in Ch. llI. 

b. Rupture 

Rupture of films is thought to be connected with surf ace waves in the 
film (3-7). As long as the films are thick, they have a pronounced stability 
against rupture, because every rupture process would he accompanied by 
flows in a direction of decreasing surface tension. Near an originating 
hole the surface is stretched, has therefore a smaller surface excess of 
surfactant, and consequently a higher surface tension than other surface 
elements of a film. Growth of such a potential hole would imply a flow 
from near this hole, towards film regions with a lower surf ace tension. 

However, when two surfaces are close together, waves originating on 
one surface are accompanied by waves on the other. Two different types 
of waves appear to he stable (3): 

1. The waves in the two surfaces are antisymmetrical ("bending" mode); 
they are not accompanied by changes in film thickness and cannot 
lead to rupture; 

2. The waves in the two surfaces are symmetrical ("squeezing" mode). 
Such waves are accompanied by changes in film thickness, and may 
lead to film rupture through exponential growth of a thin region, once 
the latter becomes thinner than a certain critical thickness. 

This mechnism will be referred to in Chapter IV of this thesis. 

c. DisprQportionation 

A third aspect, called disproportionation (1), needs to he mentioned, 
which, however, only plays a role in foam stability, and not in film 

stability, because it concerns the pressure inside foam bubbles (However, 
in another meaning of the word, it is also of importance in the case of 
liquid films (3)): 

According to the La place equation: 
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with Pb the pressure in the border, Pa the pressure in the surrounding 
atmosphere, Yb the surface tension in the border and R1 and R2 the 
principal radii of curvature of the border surface. In this thesis, the liquid 
films studied separately (i.e. not in foams) are surrounded by Plateau 

borders, in which one of the radii of curvature is very large: the liquid 
films are found in a straight-legged frame, see chapters II and III. Thus: 

pb " p - !b. a r 
[I-7] 

In the film itself, however, the surfaces are not curved. Thus: 

[I-8] 

The pressure difference between border and film leads to a difference in 
pressure forces on a plane at the border/film transition (shaded area in 

fig. I-3). The pressure force exerted by the border on this plane is: 

1 
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",'* \ ,,' \., ,, 

Film 

Fig. I-3. Plane at the Plateau border/film transition. 
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wbile that exerted by the film is: 

[l-10] 

This difference is, however, aecounted for by a difference in surface 
tension forces: 

[I-11] 

Thus, the force balance, per unit length in vertical direction, becomes: 

[I-12] 

This enables us to calculate: 

[I-13] 

from the film thickness óf and the radius of curvature r of the adjacent 
Plateau border. 

With increasing height, the radius of curvature decreases (if in the 
border realisation of hydrostatic equilibrium is assumed). This, together 
with [I-13], will lead to a surface tension increasing with height in the 
film. In addition, a horizontal section through the film at greater height 
must support a larger weight of film, than a horizontal section at a lower 
height. This also leads to a surface tension increasing with hèight in the 
film. 

This is illustrated in fig. I-4, where a film, again with horizontal 
distances exaggerated, is shown. All the weight of the liquid below the 
horizontal section ABCD must be supported by the surface tension along 
the lines AB and CD (12). This requires a surface tension increasing with 
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Black 
film 

Bulk liquid 

Coloured 
film 

Fig. I-4. Film with lines AB and CD supporti11g the weight of the film be low plane 

ABCD (Plateau borders are omitted). 

height. A Marangoni flow in upward direction, however, is not generated, 
because the surface tension gradient is exactly balanced by the increasing 
weight of the film. This effect is absent in the Plateau border, because 
there the increasing weight of the border, with increasing height at a 
certain time, can be taken into account by a decreasing radius of 
curvature. 

The differences between the surface tensions in border and film, 
encountered in the present thesis, remain, however, small (up to 0.7 % of 
the built surface tension value, see Ch. Il). 
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b. Films, in which the interaction between the surfäces can no longer be 
neglected. 

With films of thiclmess ::i 50 run, the interaction between the surf aces 
can no longer be neglected. This leads to a contact angle ef between 
border and film (9). The attraction energy, VA• per unit surface between 
two film surfaces separated by a distance Gf• caused by London-Van der 
Waals forces (13,14), amounts to: 

Af 
v =---

A 12ir&2 
f 

[I-14] 

where A is the Ham.aker constant and f is a correction factor in order to 
account for the retardation effect (14); this effect is caused by the time 
necessary for propagation of the electromagnetic waves between the 
surfaces and thus becomes smaller with increasing film· thickness. f is 

tabulated in (14) as a function of p.= 2irSf/).., where ).. is the wavelength 
connected with the motion of electrons in the atom.s and is assumed to be 
of the order of 1000 A. For film thicknesses larger than about 200 nm f 

can be approximated by (14): 

[I-15] 

This makes v A inversely proportional to the third power of the film 

thickness: 

AÀ 
VA=- 0.49 --

1211'2&1 
f 

[I-16] 

For &f < 200 nm, this leads to a pressure increase in the film equal to: 

A (2f df) =-- ---
61.Gl p dp 

[l-17] 

From the tabulated values off (p) in (14), it follows, that df / dp « 2f /p, and 
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(aG) y= -
aw T,p,ni 

[I-24] 

where G is the Gibbs free energy and w is the surface area. The term 
Y.(pA+PR)óf sbould be included in the surface tension of the film (9): 

[I-25] 

These eqns. will be used in Ch. II to calculate the attractive and 
repulsive forces and the contact angle ef between the film and the 
Plateau border, mentioned in Tab Ie II-i. 

EAR.LIER WQRK ON THE SUBJECT TREATED IN THIS THESIS 

Although we do not intend to review exhaustively all investigations up 
to the present, relating to foam stability, some of the papers of particular 
significance to our work must be mentioned. 

Much previous work has been devoted to films, which are not subject 
toa hydrostatic pressure gradient (though there may be a suction from 
the border). This method was introby Scheludko and collaborators 
(21-23). A circular, plane-parallel, horizontal film is generated in the 
centre of a double-concave drop of liquid, and studied by microscopy. 
From the interference pattern in the border, the contact angle 0f is 
calculated (8,21-26). In principle, from the data also the radius of 
curvature of the Plateau border surface, and consequently the hydrostatic 
pressure, might have been calculated (see Ch. II, Appendix). However, 
this appears not to have been done. 

In interpreting drainage rates in these experiments (23), it is 
supposed, that the drainage is determined by the Reynolds relation 
between the flow rate, the radius of the circular film, and the pressure 
dift'erence between film and border. However, then the influence of 
marginal regeneration, which at least for vertical films with mobile 
surfaces, is the predominant · factor · (2), is neglected. The Reynolds 
relation mentioned leads to lifetimes of the film at given film radius, 
which are contradicted by experiments (27-29). This led to the hypothesis, 
that in drainage, surf ace waves are determining factors as much as in the 
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Vertical free liquid films have been studied recently for a large variety 

of reasons, hut these investigations can be roughly divided into three 
main subjects: a. equilibrium films; b. the mechanism of film rupture; and 
c. liquid flow in film and Plateau border. 

a. Equilibrium films 

Equilibrium or black films, the result of attracting Van der Waals 
forces counterbalancing electric double layer repulsion and steric 
hindrance, have been an important topic of investigation, because they 
can be used to confirm e:xisting theories concerning colloidal stability (13). 

Before the very thin black films were reached, however, thicker coloured 
films were studied: 

Soon aft.er the publication of Mysels' book on soap films (2), several 
attempts were undertaken to verify Frankel's law for film formation, in 
which the film thickness is related to the rate of pull-out from the liquid. 
This is a special case of Frankel's equation for film drawn out from a 
Plateau border during marginal regeneration (Ch. III, eqn. [Ill-2]). 
Mysels & Cox (36) found good agreement with experimental results in the 
case of relatively fast film formation (4 µmis - 4 mm/s), when film 
thickness did not reach values smaller than 100 nm. These speeds, 
however, are still very slow compared with the bulk liquid descent ra te of 
about 30 mm/s applied in our experiments (Ch. III). Lyklema (37), being 
interested in thicknesses below 100 nm, measured thicknesses at film 
speeds down to 260 nm/s. He also found good agreement with Frankel's 
law down to about 110 nm for mobile films and down to about 80 nm for 
rigid films; below these thicknesses Van der Waals forces. start to 
compress the film, while electrostatic repulsion is not important yet, 
because of the ionic strength (= 0.1 M) used, which reduces the double 
layer thickness. 

Experiments with an improved set-up (38) gave results for rigid films, 
which again agreed well with Frankel's law for films thicker than 80-100 
nm, while mobile films showed complications below a rate of pullout of 11 
µmis, ascribed to the welt, formed between black and coloured film (2,39). 
For their measurements they used a window of very thin wire (12.5 µm. 

diameter) stretched in a glass frame in order to reduce margin(l). 
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regeneration and thus the rate ofthinning. 

Lyltlema & Mysels (40) created black rigid and mobile films from 
sodium dodecyl and tetradecyl sulfate, either with or without dodecyl and 
tetradecyl alcohol, respectively, at different ionic strengths, at frame 
velocities between 0.5 and 2 µmis; at these velocities, film thick.ness 
appears to be independent of this velocity, as observed earlier (37,38). 
They found good qualitative agreement between experiment and the 
existing theories of Van der Waals attraction and electric double layer 
repulsion. Jones et al. ( 41) investigated the stability and other properties 
of the second or common black film about 440 nm thick from sodium 
dodecyl sulfate solutions in the presence ofNaCI and several additives. 

Duyvis and Overbeek (30,42) studied the existence of two types of 
equilibrium films, now called common· and Newton black film, drawn 
horizontally from nonionic surfactant solutions at low electrolyte 
concentrations, and demonstrated in a large vertical film, that these two 
types are in equilibrium with each other. The two types of black film 
occur, because of two minima in the free energy vs. thick.ness curve: at 
the lowest thickness (common) steric hindrance counteracts Van der 
Waals attraction, while at larger thickness (Newton) electric repulsion, 
Van der Waals attraction and hydrostatic pressure are in equilibrium. 

Clunie et al. (43) used new techniques, including X-ray scattering at 
small angles (20 < 5°), radiotracer determination and film conductance, 
for the study of the structure of black films of cationic surfactant 
solutions; they obtained good agreement between the results, evidencing 
a sandwich structure of two surfactant monolayers enclosing an aqueous 
core. Later, thicknesses of black films formed by a nonionic surfactant 
solution were used to calculate Hamaker's constant for the calculation of 
the Van der Waals attraction (44). In these experiments, the glass frame 
containing the film was totally withdrawn from the surfactant solution. 
Ingram ( 45) studied the effect of salt addition on the film thickness of the 
common and Newton black film, stabilized with a nonionic and a 
cationic/anionic (C10 +c10-) surfactant in the presence of inorganic 

electrolyte. The abrupt transition between the two film types was 
ascribed to a specific ion adsorption effect. 
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The effect of rapid temperature changes of the surrounding 
atmosphere on the thickness of an equilibrium film was studied by Prins 
& Van den Tempel (46), after preliminary experiments by Jones et al. 
(41). The resulting large decrease in film thickness is ascribed to 
evaporation and not to film expansion or contraction. 

Addition of increasing amounts of urea or sucrose to an anionic 
surfactant solution increased the equilibrium film thickness and made 
the ion specificity disappear (47): due to accumulation of the organic 
substances in the Stern Layer of the surfactant monolayers, counterions 
are desorbed, as a result of which the double layer becomes more diffuse 
and the repulsion increases. 

Ellipsometry as well as reflectometcy were applied to a Newton black 
film by Den Engelsen & Frens ( 48) to investigate the composition of this 
film. A three-layer model, as proposed by Duyvis (29), was favoured over 
a one-layer model and the refractive indices of the film core and surface 
layers were determined, that for the surface being higher than that for 
the core. 

Yamanaka (49) found for SDS as well as several nonionics, that the 
rate of growth of black film was proportional to the excess film tension lly 

= 2y·yf, where y is the surface tension of the solution and Yf the film 
tension (44), over a wide range of electrolyte concentrations; lly acted as 
the driving force for the growth of black films, so the reciprocal of the 
slope was thought to be a viscosity parameter. He also studied the 
relationship between the properties of the black film, the surface tension 
y and the foam stability (50). Foam stability was found to be mainly 
determined by the rate of film thinning. 

Donners (33) measured the light scattering ratio as a function of film 
thickness of a CTAB-solution. 

A logica! continuation of the studies on black films is the measurement 
of the contact angle 0f between the black film and (lower) Plateau border, 
which appears due to the existence of interaction forces between the film 

surfaces and corresponds to a change in surface tension of the black film. 

This has already been predicted to exist in a (horizontal) liquid film 
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(51,52), and the contact angle has first been observed and measured fora 
small bubble on the surface of a surfactant solution (9,53). The first 
measurement of a contact angle for a vertical film in contact with the 
bulk was reported by Princen (54). He made use of the fact, that the 
prism-like top of the double meniscus deflects a horizontal light beam 
downward at a certain angle. However, observed fringes in the measured 
intensity profile could not be satisfactorily explained by simple 
geometrical opties. This was done two years later (55), making use of the 
curvature of the border (which, however, was not explicitly calculated) 
and of a Fourier analysis. An elaboration of this short communication 
showed, that contact angles larger than 2° can be most conveniently 
determined from the angular positions of the difi'raction maxi.ma and 
minima, while smaller angles are more readily derived from the ratio of 
the intensities at the first maxi.mum and the deep minimum preceding it 
(56). 

In the mean time, Prins (57) demonstrated a si.mple technique for 
contact angle measurement, based on the Wilhelmy plate technique for 
measuring surface tensions: instead of a metal plate, a soap film in a 
glass frame can be used to measure the surface tension. When the black 
film reaches the lower Plateau border, a sudden drop in the force exerted 
on the frame is measured. From this decrease the contact angle can be 
calculated. This method has been used by Yamanaka (49) to measure the 
excess surface tension Ay. 

However, Princen's method is more commonly used, e.g. by Mysels & 

Buchanan (58), who successfully applied the small angle technique to 
films drawn from anionic surfactant solutions in the presence of added 
electrolytes. Agterof (59) measured very small contact angles (7-33') of 
SDS-solutions containing 1 M glycerol to prevent evaporation. He also 
combined contact angle measurements with thickness measurements for 
black films drawn from SDS- and CTAB-solutions in the presence of 
various counterion concentrations and 1 M glycerol; interaction free 
energies calculated from both experiments were compared. Results from 
the thickness measurements were in good agreement with the 
DLVO-theory, when a surface potential of 128 mV was assumed, 
independent of electrolyte concentration; contact angle experi.ments 
yielded reasonable agreement only at higher concentrations, while at 
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lower concentrations deviations were considerable. 

De Feijter & Vrij (32) used the method for large angles in the case of 

SDS-solutions above the c.m.c., while for solutions below the c.m.c. 
Scheludko's expansion method for a microscopie horizontal film (8,24) was 
used, because of the lack of stability of large vertical films. The absolute 
value of the interaction free energy, which was calculated from these 
contact angles, was found to increase with increasing salt concentration 
and with decreasing temperature. From the latter variation the 

interaction entropy and interaction energy were calculated. Other results 
were interpreted in terms of a thermodynamic analysis published at the 
same time (31). 

b. Mechanism of film rupture 

The mechanism of film rupture has been studied, because film lifetime 
is a very important factor in foam stability. In all the experiments 
mentioned in this thesis the most important cause of film bursting, 
namely evaporation, is eliminated. 

De Vries (1,60) studied spontaneous film rupture, taking place in the 
thinnest part of the film, as well as film rupture induced by an electric 
discharge, with a high speed camera; from the photographs the rate of 
hole expansion in the ruptured lamella was calculated. He theoretically 
calculated the activation energy necessary to induce a hole in a film of 
certain thickness, by means of the surface area increase. He discussed 
several mechanisms of film rupture, ic. of unstable films from 
low-molecular solutions, surface tension depression and induced and 
spontaneous temperature fluctuations in the liquid (1,61). 

Mysels and co-workers investigated the bursting of soap films in a 
series of four publications: McEntee & Mysels (62) took high speed flash 
photographs of bursting films, initiated by a perforating spark, in 
reflected light, and measured the rim . velocity dependence on film 
thickness and composition for mobile and rigid films. These velocities are 
close to those required by conservation of momentum in the absence of an 
aureole; however, such an aureole of thickened film bas been found to 
spread ahead of the narrow rim surrounding the growing hole. Several. 
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