3  Soap bubbles and thin films

But all bubbles have a way of bursting or being inflated in the end.
Barry Gibbs, http://www.brainyquote.com/quotes/barrygibb199084.html

3.1 Introduction and early studies

Surfactants such as soap (sodium and potassium salts of fatty acids) stabilize thin liquid
films, which are the basic structural units of foams and act as cell walls encapsulating the
gas. The films are stabilized by surfactant monolayers of polar head groups (hydrophilic)
solubilized in the water phase and aliphatic hydrocarbon tails (hydrophobic) protruding
into the vapor phase. Isolated soap films can be easily produced by dipping a wire loop or
rectangular frame into a soap solution and raising the frame slowly, causing the liquid to
drain vertically. As the thickness of the film decreases from the top to the bottom of the
frame, a pattern of interference fringes rapidly develops. This phenomenon can be
spectacular, since each color band flows downward and a swirling motion is frequently
observed due to rapid, complex fluid motion. Finally, toward the end of the thinning
process, the film reaches a thickness that is less than the wavelength of light, and at this
point, black spots appear, which spread rapidly, and eventually the entire film appears
black in reflected light.

Foams, bubbles and foam films have been the subject of intense scientific investiga-
tions over a period of several hundred years. In the 17th century, both Robert Hooke
(1) and later Isaac Newton (2) became captivated by these systems and carried out many
fundamental experiments involving film drainage in bubbles in which the brilliant
interference colors were carefully observed and reported in the Proceedings of the
Royal Society. In Fig. 3.1, a typical spectrum generated by the drainage of thin foam
films is illustrated.

It was also noted by scientists such as Newton and Hooke that, as the colored
interference bands transformed to thin black films, the thinning ceased and eventually
the films collapsed. This can be explained by the formation of a metastable state,
resulting from the interaction of intermolecular forces. At first sight, the appearance of
black spots was extremely puzzling. Hooke first thought that these black spots were
black holes in the soap bubbles, and Isaac Newton, in his second paper on light and color,
described (as illustrated below) the occurrence of several different states of thickness of
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Fig. 3.1 Top: Isaac Newton and Robert Hooke. In addition to studies on gravity and the refraction of light
from prisms, Newton studied the reflection of light from bubbles. Bottom: Brilliant interference
colors resulting from the drainage of thin soap films. As drainage proceeds, the film thickness
decreases from the upper to the lower region, and the color of the light changes according to the
thickness of film. The swirling spectrum patterns observed on the surface are due to turbulence in
the film causing regions of different thicknesses.

thin black films on bubble surfaces (as indicated by different shades of black and also the
coalescence of the spots). According to Newton:

If a bubble be blown with water, first made tenacious by dissolving a little soap in it, it is a common
observation, that after a while it will appear tinged with a great variety of colours. Besides the
aforesaid coloured rings, there would often appear small spots of colours ascending and descend-
ing up and down the side of the bubble, the reason of some inequalities in the subsiding of the
water, the sometimes small black spots generated at the sides, would ascend up to the larger black
spots at the top of the bubble, and unite with it. (Isaac Newton's Second Paper on Light and Color
Proceedings of the Royal Society of London, 1675)

Following the early studies, it was almost 200 years later that major advances in foam
structures were made by the Belgium physicist J.A.F. Plateau (3). In a classic text of
1873, Plateau derived the physical principles that determine the equilibrium geometry
of polyhedral thin foam film structures. Toward the end of the late 19th century, C.V.
Boys presented a series of lectures in 1889 at the London Institute; these lectures were
reprinted in 1959 in a short publication (4), describing experiments with thin films
(which were prepared using tinned iron wire frames), soap bubbles, water jets and
fountains. In more recent times, several popular texts have been published on soap
films, bubbles and foams, such as Fizzics: The Science of Bubbles, Droplets, and
Foams by Young in 2011 (5) and The Universal Foam: The Story of Bubbles from
Cappuccino to the Cosmos by Perkowitz in 2000 (6). In 2008, Seychelles and co-
workers (7a and b) at the University of Bordeaux used the swirling colors created by
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86 Soap bubbles and thin films

the flow of liquid on the membrane of a soap bubble to reproduce the curvature of the
earth’s atmosphere. Based on the modeling method, the strength and magnitude of
typhoons, cyclones and hurricanes could be predicted. Patterns were also produced
that mimicked the famous Great Red Spot on Jupiter. The spinning flow of liquid on
the surface membrane of a soap bubble can be used to predict the strength of typhoons
and to model cyclones.

3.2 20th-century studies on thin liquid films

Due to the complexity of foam systems, most attempts to study the fundamental
mechanism of foaming have been carried out using simple models. These have been
used fairly extensively; for example, the drainage and stability of a single soap film
suspended on a vertical wire frame (pulled out of a bath of liquid) have been used to
mimic the basic cell wall. Numerous other studies have been carried out with horizontal
thin films, since this avoids the complications caused by the direct influence of gravita-
tional forces. The experimental techniques used in these studies have been extensively
documented. Unfortunately, most of these models are more useful from a fundamental
viewpoint and have restricted applicability to real foam stability, since, although drai-
nage is dependent on the characteristics of the film, it may occur as in planar or dimpled
planar film or in a spherical direction or symmetrically or asymmetrically (Fig. 3.2).
Nevertheless, it can be argued, for example, that the drainage and rupture of a single thin
film in a foam system can lead to the destruction of an adjacent film. This can cause local
fluctuations in pressure and surface tension, and thus this can lead to a collective effect.
Generally, it has been established that the same factors which play a role in foam stability

(a) (b) Drainage Drainage
A P4

Drainage«@» Drainage @/—

(c)

Drainage <----—=—---=:--- > Drainage

(d) (e)
Asymmetrical drainage Asymmetrical Drainage

Fig 3.2 Drainage from different types of thin films: (a) planar film, (b) spherical film, (c) dimpled film,
(d) and (e) asymmetrical films.
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(film thickness, elasticity, etc.) appear to also have a decisive influence on the stability of
isolated soap films. Hence, experiments with model films are very important.

However, it is obvious that real foams are much more complex, consisting of many
inter-relating elements (Plateau—Gibbs borders and junctions). In fact, it is crucial to
consider the role of the Plateau borders under both dynamic and static conditions, since
all stresses on foam films are transmitted through the Plateau borders. In the following
sections, the drainage of model foam systems will be discussed in some detail. In order
to study the fundamentals of foams and foaming it is important to understand the
behavior of self-supporting thin films where gravity is the main driving force that causes
draining and instability. For non-horizontal films, gravity acts directly, but in the case of
horizontal films it acts indirectly through suction of the Plateau borders.

3.3 Experimental techniques for investigating free horizontal
circular liquid films

Over the past half a century, extensive studies have been carried out to quantify the
thinning and stability mechanisms in terms of interfacial interactions of small, free
microscopic horizontal foam films. Experiments have been carried out utilizing different
types of specialized thin film equipment which operates by maintaining a balance
between the forces within the thin film and an applied external gas pressure and the
bulk liquid pressure in the Plateau borders. Most quantitative studies on film drainage
have been carried out using a micro-interferometry technique to observe and measure
the changes in thickness (drainage) of horizontal foam films, and this is described in the
following section. Initial studies were made with small, horizontal circular films in the
size range of 0.05—1.0 mm which were formed from a concave liquid drop suspended in
a short vertical capillary tube using adaptations of the techniques pioneered by
Scheludko and coworkers (8, 9, 10). Further developments led to the design of
a porous plate (11) and a bike wheel thin film apparatus (12, 13) which enabled
isotherms (directly relating disjoining pressure to film thickness) to be accurately
measured. Such experiments enabled the intermolecular forces and dispersion force
contribution to the disjoining pressure to be evaluated.

3.3.1 The conventional Scheludko/Exerowa thin film balance

This method was originally developed and described by Scheludko and improved by
Exerowa and other Bulgarian research workers (11). From these studies, important
advances have been made in thin film research, enabling the basic physical/chemical
nature of the stability and thinning process to be understood. A diagram of the experi-
mental equipment is presented in Fig. 3.3.

To begin the experiment, a film is formed between the tips of the menisci of
a biconcave drop held in a cylindrical glass film holder (of about 2 mm radius) which
is fused to a capillary tube with an access port for withdrawal of excess liquid. The film is
produced by sucking a solution containing a defined quantity of surfactant through
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Fig. 3.3 Schematic representation of the instrumentation for studying thin horizontal liquid films.

The film is formed between the tips of the meniscus of a biconcave drop held in a glass cell as
illustrated. From ref (11).

a tube, as illustrated in Fig. 3.3(a). The amount of liquid in the biconcave drop is
controlled by a micro-syringe, which enables the radius of the film to be varied.
The measuring cell (containing the glass-tube holder of the film) is enclosed in
a water jacket which is maintained at a constant temperature. The cell is positioned on
the stage of a metallographic microscope (Fig. 3.3b). Light from a quartz-halogen source
passing through a monochromatic interference filter (wavelength = 546 nm) is incident
on the film surface. The light signal, which is reflected from a small portion of the film, is
directed onto a photo-detector, converted into an electric signal, amplified and finally
recorded. The film is also observed in reflected light through a calibrated eyepiece, and
the radius of the film is determined visually.

Precautions are taken to eliminate the effect of external disturbances, such as vibra-
tions, on the film thinning process. The film thickness (%) at any instant of time is
estimated from the intensity of the photocurrent, which is related to the refractive index
of the solution and the wavelength of the monochromatic light. The maximum and
minimum intensities of the photocurrent are recorded until the last maximum is reached
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3.3 Experimental techniques for investigating free horizontal circular liquid films 89

and finally an equilibrium thickness is established (Fig. 3.3c). Corrections to the film
thickness and also a correction to account for the differences in optical density of the
adsorbed surfactant layers which differ in refractive index from water and the aqueous
core are made. The real film thickness is derived from an equation that also takes into
account the thickness of the layer formed by the hydrocarbon tails of the surfactant
molecules adsorbed on the film surface.

3.3.2 The porous plug film holder to measure disjoining isotherms
and surface forces in thin films

With the conventional Scheludko/Exerowa film holder described in Section 3.3.1,
the maximum pressure attainable is relatively low (300 to 400 Pa), and this limits the
range of disjoining pressures which can be investigated. In order to overcome
this problem, a porous plate thin film holder was developed, which is shown
in Fig. 3.4.

This technique enabled isotherms (directly relating disjoining pressure to film
thickness) to be determined at higher pressures. The porous plug plate is constructed
by drilling a hole through a fritted disk which is fused to a capillary tube.
The maximum capillary pressure attained was much higher than the conventional
Scheludko/Exerowa cell due to the small size of the pores (about 4 microns) through
which the solution is drained. Single films are formed in the film holder, which is
enclosed in a sealed plexiglass cell with the capillary tube exposed to a steel chamber.

Video camera
Video monitor

(o Hts 2

). Halogen lamp

Fiber-optic probe-"

Filter ( 546 nm) - I Porous plug
; = Thin film holder
Vibration isolation table
PMT / photometer
Pressure
transducer
Computer J.
Water Computer-driven
manometer pump
Fig. 3.4 Modified experiment with porous plug and video camera. From ref (11).
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90 Soap bubbles and thin films

Manipulation of the pressure inside the cell enables the pressure on the film and
therefore the disjoining pressure to be adjusted, and the pressure in the cell is
regulated by a computer-controlled syringe. After establishing equilibrium condi-
tions, the film thickness is measured interferometrically and the disjoining pressure is
calculated from the pressure balance between the applied gas pressure and the bulk
liquid pressure in the Plateau borders. A digital video camera is mounted on the
microscope which enables visual inspection of the film to be carried out. The only
disadvantage reported with the porous silica plate holder was that it had a high
negatively charged internal surface area on which positively charged cationic surfac-
tant can adsorb reducing the bulk concentration.

3.3.3 The bhike wheel microcell film holder

Further developments in cell design lead to the bike wheel microcell film holder
(Fig. 3.5) developed by Cascao-Periera and coworkers (12, 13) and which was modified
from the conventional capillary-type holder. In this cell, the dimension of the capillary
into which the film is formed was considerably reduced (about tenfold).

An additional advantage of this cell holder is that it does not operate by side
drainage as in conventional cells, and it also has a lower exposed surface area.
Dimple formation or bowing of the fluid interface due to pressure gradients can
also be avoided using this film holder, and less time is required in draining to reach
an equilibrium film with plane parallel interfaces. In this cell, the capillary pressures
attained are comparable to those obtained with the porous plug holders but the sizes of
the films are nearer to the sizes encountered in real foams systems. The small channels

Top view
To pressure control
43 pym wide., 470 ym wide | ®
: N
& drilled
o Sl L To pressure control
i }'—5'1 Y A
F“j J
: 1.
16 um deep 50 um deep T

750 um sintered Borofloat © slides

o

Fig. 3.5 Schematics of the bike wheel chip of the film holder. For clarity only 8 of the 24 thin drainage
channels are shown. The channels connect the small orifice with the thin film which is formed in
the annulus. From ref (12).
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3.3 Experimental techniques for investigating free horizontal circular liquid films 91

were manufactured using micro-fabrication techniques encountered in the semi-
conductor industry. The cell holder is constructed by sintering two plates wherein
one of them contains a micro-machined pattern, and this produces orifices and
channels which are enclosed between them. The orifices are drilled through both
sides and serve as capillary tubes where the films are formed and are tapered on the
outside to constrain film formation at the center-line. A second orifice is situated in
the upper plate which serves as an opening. A horizontal channel connects the
annulus, where the film is formed, to the second orifice on the upper plate and allows
for the continuous flow of solution and drainage. The first orifice, where the film is
formed, is connected by 24 pores to the annulus, and these pores are distributed
around the orifice, producing a bike wheel pattern.

3.34 The Nikolov/Wasan film balance for measuring drainage and film thickness
of curved foam films

In addition to flat horizontal thin films, experiments on curved films have been
successfully carried out by Sethumadhavan and coworkers (14) using the cell shown
in Fig. 3.6. An air bubble is formed from a small capillary (about 0.5 mm radius)
and the solution level around the bubble is lowered until the film size is of the
required dimension. Using a reflected light interference microscope, the white light
from the top incident on the film surface is reflected from the top surface of the film,
thus producing interference patterns. The use of a microscope, a CCD camera and
image analyzer enables the interference patterns as a function of time to be
monitored and hence also the drainage rate. The size of the bubble affects the
capillary pressure, which is kept constant by monitoring the pressure using
a pressure inducer. Using this type of film balance, studies were carried out with
thin liquid films containing monodispersed colloidal particles.
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Fig. 3.6 Film balance used for measuring film thickness and drainage of curved foam films. From ref (14).
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92 Soap bubbles and thin films

3.4 Drainage of horizontal thin films

Direct measurement of the change in thickness of the aqueous film can be determined by
micro-reflectance methods. In addition, the drainage time can be recorded so that the
drainage rate (velocity of thinning) can be compared with the theoretical value for a flat
film calculated using the Stefan—Reynolds equation (15)

hi g
T = - .1
=], 7 (1)

where Ty is the time of drainage of the film, /; is the initial thickness and #4; is the final
thickness after drainage. Also, Vy = —dh/dt represents the velocity of thinning and ¢ is the
time of thinning. For the above equation, in the case of horizontal, fairly thick films (>100
nm), Scheludko (8) modified the Stefan—Reynolds equation and derived an expression for
the thinning rate between two disc surfaces (Vg.) under the influence of a uniform
external pressure. The change in film thickness with drainage time can be expressed as

dh  2APH?
S T R (32)
where R/ is the radius of the disc, ¢ is the viscosity of the liquid and AP is the pressure
difference between the film and the bulk solution and is equivalent to the capillary
suction P, in the Plateau border. For very thin films, the pressure gradient also includes
the disjoining pressure. The main conditions for the applicability of Equation (3.2) are
(a) the liquid flows between plane parallel surfaces; (b) the film surfaces are tangentially
immobile; and (c) the rate of thinning due to evaporation is negligible in comparison
with the rate of thinning due to drainage.

Early experimental studies carried out in the 1950s and 1960s by Scheludko’s
group (8, 9) with comparatively thick rigid films produced from dilute sodium oleate
and isoamyl alcohol surfactants in dilute electrolyte were in reasonable agreement
with the drainage equation. In such cases, wall effects caused by the mobility of the
surfactant adsorbed layers (surface transportation) were almost eliminated. However,
for most systems, enhanced deviations from the Reynolds equation occur due to
tangential surface mobility. Strictly speaking, tangential surface mobility can never
be completely eliminated in foam films with soluble surfactants. The concentration
gradient caused by the outflow of surfactant (and also the surface tension gradient
which slows down or prevents flow in the surface) is partially compensated by the
surfactant diffusion from the bulk film (diffusion relaxation). This relaxes the effect
due to the surface tension gradient and produces a state of slip at the interface, thus
causing an increased drainage rate compared to the Reynolds model. In addition,
surface viscosity can also slow down the drainage. The overall situation describing
the drainage of films is summarized in Fig. 3.7, where the mobility of the interface,
the surface tension gradients and the diffusion of surfactant molecules are all shown
to have important roles in controlling the drainage rates.
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Fig. 3.7 (a) For thick films (> 100 nm) the drainage is dictated by the mobility of the interface. The drainage

velocity Vr. = —dh/dt can be determined from the Reynolds equation, which is valid for (a) an ideal
circular film between two rigid plates pressed by an external force with an idealized rigid surface
with zero tangential flow at the surface. (b) However, in the case of most surfactant films, the
surfaces are not rigid and the tangential velocity at the surface is not zero. Surface mobility is V> Vg,
due to the concentration gradient caused by the outward flow of liquid. (c) The surface mobility
during drainage causes interfacial tension gradients, and the surface tension varies with surface
concentration. (d) This may also cause diffusion along the surface and from bulk solution with both
adsorption and convective flow. This results in a surfactant mass balance at the film interface.

At high surface tension gradients and low surface mobility, the drainage is reduced
and this usually becomes pronounced when the surfactant is present in the film at
concentrations near the CMC, where the bulk diffusion coefficients are small and the
Gibbs elasticity is large. Also, the adsorption and diffusion of surfactant from the
bulk solution must be taken into consideration (Fig. 3.7d). Generally, for thinner
films, large electrostatic repulsive interactions can reduce the driving force for
drainage and may lead to stable films. Also for thick films containing high surfactant
concentrations (> CMC), micelles in the film can cause a repulsive structural
mechanism.

Also, the effect of deformation of the film surface during thinning is extremely
complicated. In more recent years, the question of the profile has been under intense
discussion, because when two drops approach, the film is not initially planar. Due to
frictional resistance, liquid from the center part of the film flows out more slowly than
the edges and this causes a dimple to form. The dimple consists of a central lens of
entrapped fluid with a thicker peripheral ring (16, 17), and this can have a significant
influence on the drainage. Frankel and Mysels (18) were the first researchers to put
forward the hydrodynamic theory for the profile and evolution of the dimple. The rate of
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94 Soap bubbles and thin films

Fig. 3.8 Schematics of the basic stages of thinning of a liquid film captured between bubbles.
(a) Approach of the non-deformed fluid, (b) a dimple is formed, (c) the flowing out of the
dimple results in plane parallel film, (d) thinning of plane parallel film thickness / and radias
(e) when the transition thickness /., is reached a thin black spot results (f) the black spot radius
rve expanded radially until it occupies the whole area. From ref (19).

thinning at the ring barrier was shown to be higher than the rate of thinning at the center
of the ring. A symmetric dimple will slow down thinning, but an asymmetric dimple can
accelerate thinning. The next stage in the drainage process usually involves the disap-
pearance of the dimple and the formation of the plane parallel film (to which the
Stefan—Reynolds drainage equation is applicable). Finally, this is followed by the
formation of a hole or thin spot which expands, leading to coalescence. At film radii
below 0.1 mm, dimple formation is visually undetectable, as a rule, at any thickness.
In Fig. 3.8 the various stages suggested for the thinning of a soap film involving the
dimpling process are shown.

Drainage research over the past 40 years has been involved with quantifying the
relevant parameters that determine if the film will drain rapidly (promoting instability)
or slowly (due to resistance from the boundary layer). Joyce and coworkers (20, 21)
developed a numerical model, and Malholtra and Wasan (22) modified the Reynolds
model by accounting for the flow in the Plateau border as well as the effect of van der
Waals forces. This approach led to a generalized model which accounts for the effect of
the mobility of the surface on thinning by considering the kinetics of adsorption/
desorption of surfactant, surface and bulk diffusion, surface rheological properties and
flow (in both film and bulk phases).

Several other workers have developed hydrodynamic models of film drainage and
taken into consideration the most influential properties such as surface tension gradients,
surface shear, surface viscosities and dilational viscosities, etc. (23 to 25). Such treat-
ments frequently involved the derivation of complex equations which require numerical
integration. Sharma and Ruckenstein (26) suggested that surface oscillations (surface
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Fig. 3.9 The stability, transitional and critical thicknesses of foam films calculated from different models

and comparison with experimental data in the literature. From ref (27).

waves) cause an outward flow of liquid, resulting in a pumping action from the center to
the rim. A mathematical analysis of the situation was made by superimposing the
Reynolds thinning process on this pumping action, giving an enhanced thinning
velocity. However, even today, some of the basic hydrodynamics involved in the
drainage of thin films are not clearly understood, and it is important to relate the
tangential surface mobility to the size of the film.

Valkovska and coworkers (27) studied the partial mobile drainage of thin films with
respect to axisymmetric interfacial fluctuations of the film and developed a model
which included several relevant interfacial properties such as the Gibbs elasticity, the
surface and the bulk diffusion, etc. Both radially bounded and unbounded interfacial
fluctuational waves were taken into consideration, and three differing film thickness
modes were identified corresponding to (a) a stability thickness 4, due to the loss of
stability of the film; (b) a transitional thickness /4., when waves which causes film
rupture becomes unstable; and (c) a critical thickness /4., where the film finally
ruptures. From their theory, film thickness values were calculated which were related
to the film radii. Some of the results of the computations are shown in Fig. 3.9, which
appeared to be in reasonable agreement with experimental data taken from the
literature.

Manev and Nguyen (28) reviewed the literature on film drainage and commen-
ted that many of the theoretical studies did not take into account spatial variation
and heterogeneity in film thickness. Experimental studies by Manev, Tsekov and
Radoev (29) clearly established that non-homogeneities occur during film thinning
(particularly with films with larger diameters), and in Fig. 3.10, a series of film
profiles, recorded during the last stages of thinning, show a wide range of surface
deformation and thickness heterogeneity that evolved over the surface of the film.

These workers proposed a model (known as the MTR theory) which included
the effects of surface deformation and thickness heterogeneity (dimpling effects) on
drainage (29). In theory, the energetic sources of the dimpling (or surface corrugation)
and the outflow of liquid from the film were taken into consideration. In many early
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Fig. 3.10 Evolution of the film profile during the last stages of thinning for a solution of sodium
dodecylsulfate (1.0 mmol/l) + KCI (0.1 mol/l). The radius of the film was » = 1.0 mm and the
amplitude of the thickness heterogeneity was ca 25 nm. The time intervals indicated from 0 to
100 s is counted from an arbitrary initial film thickness (/). From ref (28).

theories, only relatively small amplitude thermal corrugations were used to explain the
scale of corrugation, whereas in the MTR model, a description of the non-homogeneity
of the film thickness was derived by dividing the total film surface into several thinner
decay domains, and it was also assumed that the film disintegrated into an ensemble
consisting of several smaller centers. According to this theory, the amplitude of the
thickness heterogeneity increased with film radii, so that films with large radii can be
visualized as consisting of many small individual films which under favorable hydro-
dynamic regimes drain more rapidly (causing accelerated drainage). From this theory,
the rate of thinning could be expressed by the equation

1 (h2APN'
Va=\—|—=5a (3.3)
61, 4y
where Vj is the velocity of drainage or thinning, y the surface tension of the liquid, ; is
the film radius, % is the film thickness, and AP is the driving pressure or the difference in

capillary pressure and disjoining pressure. This theoretical model gave improved agree-
ment with experimental drainage data for small and large horizontal thin films.

35 Drainage of vertical thin films

Foam films can also be produced by pulling a vertical frame out of a reservoir solution.
The characteristics of the film can be studied in three stages: (a) the initial formation of
the film, as defined by its starting thickness, which is determined by the withdrawal
velocity; (b) the drainage of the liquid within the lamella, which causes thinning with
time; and (c) the aging of the film, which may lead to a metastable state. At first sight, it
may appear that the main mechanism in (b) that causes the gradual descent of liquid is
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Fig. 3.11 Marginal regeneration. (a) The thicker film is drawn into the border by the excess pressure

AP and the thinner film is pulled out of the border. (b) Schematic view of film, and (c) close-up of
flows in Plateau border of a vertical film. Two flow regions are indicated; in the film-near region,
the liquid flows upward while near the frame the liquid flows downward. From ref (30).

gravitational drainage. This drainage, when expressed as an average velocity (V,,), can
be described by the viscous flow of liquid (under gravity) between parallel plates:

pegh’
Vi =2L50 3.4
av 81, ( )

where £ is the film thickness, p, is the density of liquid in the film, 7, is the bulk viscosity
of the liquid and g is the constant of gravitational acceleration.

Again, as in the case for horizontal films, it may be assumed that the monolayer of
surfactant at the boundaries of the film is rigid (i.e. no-slip boundary conditions).
However, this vertical drainage mechanism is only important for fairly thick films.
In fact, as the process proceeds, the thinning can also occur by a horizontal mechanism
known as “marginal regeneration,” in which the liquid is drained from the film near the
border regions and exchanged with liquid from within the low-pressure Plateau border.
In this exchange, the total area of the film does not change significantly. Also, since the
liquid can only be drawn from the small thicker region adjacent to the border, this region
is reduced in thickness. It then acts as a constriction preventing any further flow of liquid
(Fig. 3.11a).

This causes two films of different thickness to be formed in contact, with the border
regions with the thicker film having the greater force, drawing solution into the border
and resulting in the formation of patches of thin film at the border, with the excess liquid
flowing into the border channel. Overall, the edge effect determines drainage, with the
general rate of thinning varying inversely with the film width. The phenomenon was
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98 Soap bubbles and thin films

originally described in early pre-2000 by thickness fluctuations caused by capillary
waves. The drawing mechanism, continuously occurring at adjacent regions of the
border, can lead to rupture, originating at the margin.

Marginal regeneration is not well understood, but it is probably the most important
cause of drainage in vertical thin liquid films with mobile surfaces. This situation is
frequently encountered in foams containing surfactant solutions at concentrations above
the CMC. Stein and coworkers (30, 31, 32) have carried out many detailed experiments
on this subject in which the surface flow and bulk flow of liquid (caused by the pressure
gradient) were analyzed. The flow in the Plateau border was detected by the addition of
small glass beads into the system, as illustrated in Fig. 3.10b. One of the problems
involves the determination of the local pressure in the Plateau border connecting the
vertical thin film with the supporting frame. The difference in marginal regeneration at
the top, bottom and vertical side Plateau borders in a vertical film was explained by
surface waves causing a squeezing mode (32).

Several post-2000 theoretical models have been proposed to account for the experi-
mental drainage data. Naire and coworkers (33) derived three coupled nonlinear partial
differential equations which described the influence of film shape, surface viscosity and
surfactant transport for the case of insoluble monolayer on viscous incompressible
vertical free liquid film. These workers examined the case where film was nearly flat,
so that mean surface tension was negligible, and verified that increasing surface visc-
osity slows down drainage, enhancing the stability of the film. However, in their case
studied, it was also found that the Marangoni effect, which reduced drainage, had only
a weak influence on drainage. Braun and coworkers (34) derived nonlinear partial
differential equations based on lubrication theory to model the drainage of vertical
films which contained insoluble surfactant. In this case, the effects from gravity,
viscosity, surface tension and its dependence on surface concentration (the Marangoni
effect) and surface viscosity were included in the derivation. The models were able to
predict very fast and slow limits of drainage, which had been observed experimentally,
and also a limited range of intermediate drainage rates. For low surface viscosities,
a transition from a mobile to an immobile film was predicted for increasing surface
tension gradients, and this has been observed in practice, for example in dip coating
processes in the presence of insoluble surfactant.

Berg and coworkers (35) experimentally determined the thickness of freely suspended
surfactant films during vertical withdrawal and drainage processes using a laser
reflectivity method. Films were prepared with SDS surfactant, and glycerol was added
to some of the solution at concentrations above the CMC to extend the lifetime and
reduce evaporation. Initial film thicknesses were found to be in the micrometer range,
and it was suggested that subsequent thinning was mainly impelled by capillary rather
than gravitational forces. It was also found that thinning above and below the CMC
could be approximated by a power law function in time. However, the experimental
results were found to be generally inconsistent with the current description of
capillary—viscous drainage in inextensible films, and it was concluded from the study
that a significant amount of drainage flux induced by Marangoni flow occurs above and
below CMC and it was important to consider these flow instabilities along the film
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Fig. 3.12 Disjoining pressure versus film thickness for various CnTAB foam films. In all cases the surfactant
concentration is equal to the salt-free CMC of the surfactants, and the curves represent constant
charge DLVO fits to the data. From ref (36).

borders (marginal regeneration effects) in modeling vertical drainage for both entrained
and draining films. Conventional hydrodynamic models of soap films in which non-slip
conditions were widely used were considered to be inadequate, and it was necessary to
include in vertical film drainage, the influence of the adsorption/desorption of surfactant
and to introduce an interfacial slip parameter.

3.6 Disjoining pressure isotherms obtained from porous plug experiments

Bergeron (36) carried out a systematic study with a series of alkyltrimethylammonium
bromide surfactants (CnTABr) with different chain lengths. Disjoining pressure isotherms
(directly relating disjoining pressure to film thickness) were determined using the porous
plug film holder. These data were collected under relatively low pressures, and the results
are shown in Fig. 3.12. These curves show that, on increasing the surfactant chain length, the
repulsive force is increased (in the order Ci5 > Cy4 > C;5) as the film thickness is reduced.
In all cases, fairly thick equilibrium common black films (CBFs) were formed (70—15 nm).
Also, with n =12, a lower rupture pressure was obtained in comparison with the longer chain
surfactants, although the stability of this shorter chain length surfactant was found to
increase with the addition of a low concentration of electrolyte (KBr).

3.7 Intermolecular forces are the reason that thin films are stable

Scheludko (9, 10, 11) also found that for thin films (< 100 nm) the rate of drainage began
to deviate from that predicted from Equation (3.2), and during the final stages of
thinning, surface forces come into play. In the 1950s, Derjaguin and Titievskaya (37)
proposed that this mechanism could be explained by a positive (repulsive) disjoining
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100 Soap bubbles and thin films

pressure which slows down and prevents the drainage process. In addition to the
Laplace capillary pressure, two additional types of intermolecular forces can
operate in aqueous film layers at low surfactant concentrations (<CMC): (a) the
electrostatic double layer repulsion 77, and (b) the van der Waals [1,4,, interactions.
The Derjaguin’s disjoining pressure /7 includes these two contributions as shown in
the equation

Il =11 + 4w (35)

From well-known DLVO theory (38) /7 can be expressed in terms of the dispersion
and electrostatic components as

- 64nkT P AH

I1(h —Kkh) — —— 3.6
() = = Pexp(—xh) — 20 ()
where
exp(Z/2) — 1 ey
_ — 3.
T exp(z2) + 1 kT (3.7)

and Ay; is known as the Hamaker constant, n° is the number density of ions in the bulk
solution, k is the Boltzmann constant, 7'is the temperature, « is the inverse Debye length,
e is the electron charge, vy, is the potential, and Z is the valency. The weak-overlap
approximation is used here for the electrostatic contribution.

Thin film stability is achieved when the disjoining pressure is repulsive; the film then
resists thinning and rupture caused by small perturbations. At equilibrium and in the flat
portion of the film, the disjoining pressure /7 is equal to the imposed capillary pressure
Pc. The latter is simply the difference between the gas pressure, P,, and the bulk liquid
pressure, Pg, in the Plateau border region surrounding the film. In regions of low
electrolyte concentration the drainage proceeds and /1. dominates over I7.qy, but
eventually an equilibrium is established between the electrostatic repulsive interaction
and the capillary pressure; that is, /7, = P..This results in the formation of an equili-
brium-free film that is usually referred to as a thick common film CF, which is about 50
nm thick. This type of film reaches a state of equilibrium which persists until thermal or
mechanical fluctuations cause rupture. In addition, from Equations (3.5), (3.6) and (3.7),
the interfacial potential may be calculated from the thickness of the films. In practice, the
critical thickness value at which this common film may rupture (due to thickness
perturbations) has been designated /., and since the process of rupture is statistical,
experimental observations of the thickness of rupture always show a distribution at, or
near, /.

However, at high electrolyte concentration, the thick common film cannot achieve
stability and on reaching 4, the film thins further and undergoes a further first-order
transition, finally leading to a stable thin black film (otherwise known as a Newton black
film, Perrin film or secondary black film) which is usually about 4 nm thick.
The surfactant concentration associated with the onset of thin black film formation is
critical, as it indicates a phase transition of the surfactant monolayer, due to high packing
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3.7 Intermolecular forces are the reason that thin films are stable 101

Fig. 3.13 Typical interference patterns of the thinning of a foam film containing sodium dodecyl sulfate
2x10*M): (a)a dimple between the film surface; (b) flow-out of the dimple; (c) thinning plane
parallel film; (d) appearance of the first black spots; (e) enlargement of the spots; (f) final stable
black film. The time elapsed from the moment of the film formation is indicated in the lower right
corner of each picture. The film diameter is 220 microns. From ref (39).

density and the onset of charge reduction. Such a phase change is the determining factor
of the stability of the thin film. This idea that such a phenomenon is due to a change of
state of the surfactant was originally proposed by Scheludko and coworkers (9). Such
a change probably involves condensation of the adsorbed surfactant layer from gaseous
to an expanded liquid state. The interference patterns of the different steps in the
thinning process are illustrated in Fig. 3.13.

The formation of this metastable film can be experimentally observed through the
formation of “islands of spots” which appear black in light reflected from the surface.
The spots are sometimes referred to as holes in order to emphasize the thinner regions in
the film, and the holes spread over the complete film surface. This is often considered to
be the “first black” film as originally described by Hooke (1), or the “common black
film.” The lowest bulk surfactant concentration at which nuclei of the thinner black films
are formed has been designated “c-black” (¢;,), and it has also been shown that the black
films and spots can coexist in patches with ranges of thickness, and stepwise transitions
can occur between regions.
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102 Soap bubbles and thin films

This causes changes in the rheological properties of the adsorbed film and it becomes
resilient to rupture with low gas transfer. Black spots usually appear at a surfactant
concentration above which the foam becomes extremely stable with a lifetime greater
than 10 mins. Highly persistent bubbles and foams have been produced and shown to
depend on the type of surfactant and concentration is usually one order of magnitude
higher for ionic surfactants compared to nonionics.

The exposure and characterization of two types of black films has been one of the
most significant advances in foam film experimentation, and to explain the stability of
the secondary black film, it was found necessary to include an additional short-range
hydration or structural repulsive force defined as /1, which is caused by steric hindrance
from the orientation of the tightly packed surfactant molecules at the liquid/vapor
interface which increases the stability and must be considered in the overall interaction.
Therefore, the disjoining pressure versus film thickness isotherms were modified to
include this short-range repulsion and redefined as

H:Hel+nvdw+nst (38)

De Vries (40) was one of the first researchers to stress the relevance of the van der
Waals forces in foam films and suggested that the common black films corresponded to
a secondary minimum in the potential energy versus separation distance. The stability
(which prevents further thinning) of the NBF is determined by the short-range repulsive
disjoining pressure caused by the thin bilayer structures with a few molecules of water
separating the two opposing monolayers. The critical electrolyte concentration C
corresponding to the transition from common thin films, (CTFs) and common black
films (CBFs) to NBFs is also an important feature of these film thinning studies; it has
been shown to depend on the type of surfactant and is usually one order of magnitude
greater for ionic compared to nonionic surfactants. In Fig. 3.14, the I7 versus / isotherm
is shown, which can be conveniently used to explain equilibrium conditions and transi-
tions from common black films (CF;) to NBFs, with the two stable (equilibrium)
thicknesses corresponding to a given disjoining pressure indicated.

The conditions of equilibrium of the common films, CBFs and the transition from
CBFs to NBFs have attracted a great deal of attention over the past 30 years.
The thickness of the film is strongly dependent on the ionic strength of the liquid, and
the stability of the film is dependent on the maximum height of the primary potential
energy barrier. This is illustrated in the potential energy versus film thickness plot which
is derived from DLVO theory. In cases where the film thins further and overcomes the
primary maximum potential energy peak, it will fall into the primary minimum potential
energy sink, where very thin Newton films are formed.

In the case of nonionic surfactants, experimental foam film studies carried out with
aqueous solutions of poly(ethylene oxide), C;o(EO);, and C;,(EO)s, the equilibrium
thicknesses of the foam film was related to the surfactant concentrations, as shown in
Fig. 3.15, and the surface potential of the interfaces was also calculated from DLVO
theory (41). Similar film thickness and surface potential values were obtained from
experiments carried out using low concentrations of surfactants with different chain
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Fig. 3.14 The general form of the force curves (disjoining pressure /7 versus film thickness /) for a thin film

containing fairly low concentrations of surfactant. P, is the capillary pressure. /4 corresponds to
a common film (CF) about 300 A thick, /2, to a common black film (CBF) and 4, to a Newton black
film (NBF) about 40 to 50 A thick. The isotherm shape depends on the type and concentration of
surfactant and electrolyte.
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Fig. 3.15 Surface potential () and relative surface adsorption density (/) versus concentration of C;,
(EO)s and C1,(EO)s. The relative adsorption density I'r = I/ I, where I is the surface excess of
surfactant (determined from surface tension measurements) and /7, is the maximum amount of
surfactant adsorbed at close packing. The figure shows that the onset of potential decrease
corresponds to a high relative surface adsorption density for both systems. The C, values, at which
black spots appear in the aqueous films, are indicated. From ref (41).

lengths. A film thickness of about 60 A (which is equivalent to a negative surface
potential of about -40 mV) was measured which may be considered to be rather
surprising for a nonionic surfactant considered to be nonpolar. However, similar behavior
was earlier reported for soap films stabilized with amine oxide and sulfoxide nonionic
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Fig. 3.16 FTIR cell designed for the measurements of vertical black foam films. From ref (44).

surfactants in the presence of chloride ions. In this case it was suggested that the negative
charge was acquired by the ion binding of the anions to the head groups (42).

At a critical surfactant concentration which corresponded to about 0.1 CMC,
black spots first appear in the film (as indicated by Cy, in Fig. 3.15). This leads to the
formation of thinner stable black films causing the foam system to become extremely
stable. This concentration also corresponds to a relatively high surfactant adsorption
density for both surfactant systems. It was found that during this step the onset of charge
reduction and high surfactant packing densities occur, which indicates that the state or
transition in the single surface monolayer determines the stability of the film.

3.8 The physical chemistry of black films

Foam films have been intensely studied by a range of techniques such as reflectometry,
ellipsometry, infrared light and small-angle neutron scattering (SANS) (43). The water
content of black films has been quantified by passing an IR beam through a vertical film
suspended in a cylindrical tube, which acts as a frame, as shown in Fig. 3.16. The refractive
index and the thickness of the surfactant layers and core were determined, as was the
OH stretching frequency of the water molecules (44). From FTIR, structural information
of the films such as the phases, the orientation of the hydrocarbon chain could be obtained.

Molecular dynamic studies of NBFs prepared from sodium lauryl sulfate indicate 4—6
molecules of water per surfactant molecule (45), which confirms earlier X-ray work (46).
Most of the evidence indicates that black films are stabilized by bi-layers of anisotropic
chemical surfactant molecules. The structures are elongated and arranged in equidistant
rows producing a mesomorphous state (liquid crystalline). The thinnest of the black films
(the Newton black film) has a thickness of about 4 nm or about the thickness of a surfactant
bilayer. The close-range hydration forces (as introduced in Equation 3.8) have been
interpreted in terms of water polarization or reorientation of the confined region and steric
forces arising from the thermal fluctuations of the interface.
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Fig. 3.17 Schematic diagram showing, in profile, the structure of a Newton black film. The diagram contains
distinct regions of (a) water molecules and counter ions, (b) chain headgroups and (c) hydrocarbon
tails.

SANS has proved to be a valuable tool to probe thin films in bubble structures.
A narrow beam of neutrons is reflected on the surface of foams stabilized by deuterated
(heavy) fatty acids and collected by a neutron detector. Neutron reflectometry has
enabled the composition profile perpendicular to an interface to be investigated, and
this has enabled the packing density and layer thickness of the surfactant molecules at
the water interface to be studied. SANS studies on foams and thin films stabilized by
SDS enabled accurate data on film thickness and bubble size to be recorded (43). Also,
interfacial experiments using SANS, neutron scattering and neutron refractivity,
together with studies within foams, enabled the multilayered film structure of nonionic
polyglycerol ester to be investigated. In order to mimic a coalescence event, the film was
compressed to ~ 20% and it was found that the molecular ordering was substantially
increased (47). In light of these findings, the structure of an NBF can be summarized as
a thin layer (3 to 4 molecules depth) of water molecules and counterion sandwiched in
between a surfactant bilayer, as illustrated in Fig. 3.17.

3.9 Rupture mechanism of free microscopic horizontal foam films

As discussed earlier in this chapter, foam films are fragile and may rupture after draining
to a critical thickness (4,;), and several theories have been proposed to account for the
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106 Soap bubbles and thin films

rupture process. Early basic studies attributed this rupture to the onset of
a thermodynamically unstable state caused by a squeezing action during the thinning
process. Significant advancements in understanding the rupture mechanism were made
by assuming that thermal and mechanical disturbances are wave-like in nature, causing
thickness fluctuations in thin films which lead to either rupture or bubble coalescence at
a critical thickness (48). From early theoretical analysis of the hydrodynamic interfacial
force balance, the critical thickeners of rupture could be expressed in terms of the
attractive van der Waals interactions (characterized by the Hamaker constant), the
surface tension and the disjoining pressure. The critical wavelength, A, for the pertur-
bation to grow, assuming the disjoining pressure just exceeds the capillary pressure, has
been determined. Film collapse usually occurs when the amplitude of the fast-growing
perturbation was equal to the thickness of the film (49), and the critical thickness of
rupture, A, was defined by the following relationship:

hee = 0.267(agdy? /6myAP)" (3.9)

where Ay is the Hamaker constant, AP is the excess pressure in the film, vy is the surface
or interfacial tension and ay is the initial area of the film. Several modifications have been
made to this early equation and these have been discussed in some detail in a review by
Manev and Nguyen (28).

However, several discrepancies in the theory have been reported with Maldarelli and
Jain (50) having critically reviewed the area of film breaking. It is also well known that
many poorly foaming liquids with thick film lamellae are easily ruptured. In fact, pure
water films with thicknesses between 110 and 453 nm and ethanol films of thickness of
110 nm appear to break easily (51). Alternative explanation for rupture of relatively
thick aqueous films containing low levels of surfactant has involved long-range hydro-
phobic attractive forces between the surfaces, although more recent studies suggested
that rupture can be caused by the spontaneous nucleation of bubbles (forming gas
cavities) in the stretched liquid lamella (52, 53, 54).

3.10 Rupture of films between bubbles under dynamic conditions

Cell opening (coalescence) in real foams occurring under extremely dynamic conditions
can be defined in terms of deformations, disturbances and surface non-homogeneities.
Although this process is extremely difficult to measure or model, it is important from
a practical viewpoint to have an estimate of /. and the coalescence time. Although the
magnitude of the drainage rate and critical rupture thickness of single microscopic films
under equilibrium and static experimental conditions (isolated from external distur-
bances) has been established to be less than 100 nm, this is not the situation for thinning
films between bubbles under high Reynolds numbers. However, there is considerable
evidence in the literature that suggests that /.. values in real foam systems are much
higher than the values estimated from thin film drainage experiments. For example,
experimental studies on closed polyurethane foam by Zhang and coworker (55) reported
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Fig. 3.18 The relationship between the critical rupture thickness (%) and film size (Ry) calculated
according to the MTR model (29) using experimental data obtained by coalescing bubbles.
From ref (57).

a minimum wall rupture thickness of 3500 A (measured by light interference micro-
scopy), and Neff (56) reported a value critical thickness of 2000 A for the same foam
material which was estimated from the geometry of the Plateau borders.

Recently, Zawala and Malysa (57) carried out coalescence studies of a single bubble at
the air/water interface by using a high-speed CCD camera and measured the coalescence
time. On approaching and striking the interface, the bubble was observed to rebound and the
bubble velocity was rapidly reduced. The bouncing process, impact velocity, size of the film
and the coalescence time (the time from the moment of the first bubble collision to rupture)
were accurately determined and it was found that that the prolongation of the coalescence
process was dependent on the size of the liquid film formed during the bubble collision.
In this study, the MTR model was applied using experimentally determined values of the
time of film drainage (¢4 = 3 and 5 ms) and assuming that the time of film drainage #4 was
equal to the time of bubble interaction (contact) with the water/air interface. Using this
approach, for an initial film thickness %; = 0.1 mm, the thickness of rupture was calculated
for different size films using Equation (3.3), and the results are shown in Fig. 3.18.

From this figure, critical film thicknesses of 5—12 microns are predicted for the dynamic
rupture process between two bubbles — which appear reasonable — and these values are
much higher than that of 100 nm for microscopic horizontal films under static conditions.
This approach also showed a direct relationship between the increase in critical rupture
thickness and increase in film radius — which is in general agreement with the MTR model.

3.1 Importance of fundamental studies on foam films

Common thin films and black films are of great interest because their thicknesses and
stability are governed by the same fundamental intermolecular forces as foams,
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namely mainly the electrostatic repulsion and van der Waals attraction between
surfactant layers. Foam films have also been shown to be capable of detecting pre-
micellar surfactant species and surfactant self-assembles and can be used to study
the relationship between micellization, adsorption and film hydrodynamics. They
have been shown to be useful for studying foam dynamics and drainage, although
there are many problems yet to be solved. Studies on foam films have also been
of considerable interest to specialists in mineral processing and have enabled
a fundamental understanding of the froth flotation of mineral particles to be
established (58). Flotation is based on the selective wetting of particles, with
different degrees of hydrophobicity, by the thin film and this leads to the attachment
of the more valuable particles to the bubble interface. It has also been shown that
finely divided particles can also act as foam stabilizers or de-stabilizers depending
on the degree of wetting by the solution, and this will be discussed in the later part
of this book. In the final stage of flotation, the bubble rises to the surface, carrying
the particles which remains weakly attached to the foam layer, where they can be
easily removed following rupture of the thin films and break-down of the froth.
The drainage rates, critical thickness of rupture and the rupture time of films are
important in these selective wetting processes.

Fundamental studies on thin films have had an important impact on our under-
standing of the behavior of the microscopic membranes that surround every cell in the
body. In fact, cell membranes show similar features to thin soap films which make up
bubbles. The same experimental techniques traditionally developed to unravel the use
of surfactant in bubbles and foams can also be used to understand the functional
mechanism of membranes. Cell membranes consisting of lipid bilayers, in which
embedded proteins carry out important functions for the cell and can be visualized
as fluid-like flat sheets that form a barrier across a cell of living organisms and viruses.
The function of the lipid bilayer is to act as a barrier to control the diffusion of ions and
proteins into and out of the cell, and it does so by containing almost no water in its core,
allowing it to exclude water-soluble salts and sugars diffusing through the cell wall.
Thin film studies on phospholipid—protein mixtures and lung surfactants have been
applied as models and have been shown capable of detecting the structure, stability and
lateral movement of surfactant layers on biological lung membrane systems. (59).
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