
5 Generation of bubbles and foams

You don’t start to play your guitar thinking you’re going to be running an organization that will
maybe generate millions.

Keith Richards, www.quoteauthors.com/keith-richards-quotes/

5.1 Introduction

There are a number of methods for generating foams, and these have been reason-
ably well documented throughout the literature. They may be classified into two
groups; the first involves the entrapment of air bubbles from the atmosphere and
this can be achieved by relatively simple techniques such as shaking, pouring,
circulation, sparging (introduction of gas using frits), etc. The second method
involves artificially producing gas bubbles by physical methods (e.g. by nucleation
or electrolysis) or chemical methods, which are commonly exploited in the pro-
duction of polymer foams and involve the use of so-called blowing agents. These
are chemical compounds that decompose or react to produce gas bubbles. While it
is difficult to control the bubble size using physical methods of bubble formation,
with chemical methods it is much easier to achieve a narrow-size distribution
along with a high generation rate. Many different types of gases are used for
foam generation, but it is important to recognize that foams generated with less
soluble gases, such as N2 or air, will coarsen more slowly than foams produced
with more soluble gases such as CO2 since gas diffusion through the soap films is
largely determined by the gas solubility and the diffusion coefficient. In traditional
foaming processes such as froth flotation, mechanical air entrapment methods
are frequently used since they are relatively inexpensive, whereas in the production
of material foams more sophisticated chemical processes have been developed.

5.2 The adsorption of surfactant on the freshly generated bubbles

The initial step in the generation of bubbles and foams involves the formation of a gas/
liquid interface. This process involves work which can be quantified as the product of the
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interfacial tension and the increase in area of the interface; it be expressed by the
equation

W ¼ γΔA ð5:1Þ

where ΔA is the created interfacial area and γ is the surface tension of the freshly produced
bubbles. In water, bubbles have a high interfacial energy and become instantly unstable.
Therefore, it is essential that surfactant adsorbs at the interface and reduces the surface
tension and stabilizes the bubble. The adsorption kinetics plays an important role in the
stabilization of the bubble, and the surfactant molecules need to rapidly diffuse from the
bulk solution to the bubble interface. From a theoretical viewpoint, the progressive adsorp-
tion process at a new surface in the absence of stirring or an energy barrier can be followed
by using Fick’s diffusion theory, as described, according to Ward (1), by the equation

Γ ¼ 2CSðDt=πÞ1=2 ð5:2Þ

where Γ is the number of molecules/cm2 adsorbed on the surface of the bubble, D is the
diffusion coefficient (cm2/s) of the surfactant, Cs is the concentration of surfactant in the
bulk concentration in mol/l, and t is the diffusion time in seconds.

An average value of the quantity of surfactant needed in the bulk solution to produce
stable foams in the absence of stirring can be estimated. For small molecules, if we
assume a value for the diffusion coefficient to be about 10−6 cm2/s, the amount of
surfactant needed to give an equilibrium surface concentration to be about 2 × 1014

molecules/cm2 and the times involved in foam production to be in the range of 0.001 to
0.1 s (taking a mean value of 0.01 s), then the concentration of surfactant required in the
bulk solution to give a stable foam would be approximately 1.7 × 10−3 M.

However, the above calculation only applies for the stabilization of a bubble by
small surfactant molecules diffusing to the air/water interface, because for larger
molecules other factors that can delay the process are involved. For example, high
molecular weight polymeric surfactants and proteins are adsorbed more slowly
than short-chain low molecular weight surfactants since they have higher diffusion
coefficients. Adsorption energy barriers need to be considered, particularly with
strongly charged molecules, where electrostatic repulsive barriers also reduce the
diffusion rates. The foam production method is an important factor because stirring
and turbulent flow can also reduce the adsorption rate on the expanding bubbles.
Therefore, it is important to ensure fairly high concentrations of surfactant are
present in the solution for the successful generation of bubbles and foams under
rapid stirring and shaking.

5.3 Bubble size and distribution

It follows from the Laplace–Young equation (Chapter 1) that the nature of the surfactant
and the surface tension of the solution play an important role in defining the bubble size
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and size distribution during bubble generation. This was demonstrated in experiments
carried out by Rao and Stenius (2) for a series of surfactants in which the molecular
size, the hydrophobic/hydrophilic balance of the surfactant and the surface tension of
the solution were changed during the generation step. Bubbles were initially gener-
ated by passing gas through a porous plate which was the base of a glass cell
containing surfactant solution. The size distribution and population of bubbles were
determined by image analysis using a laser technique with a CCD camera, which
enabled images of the bubbles produced in the cell to be captured, digitized and
processed. Using this method, a minimum population of 600 bubbles could be sized,
counted and characterized about 10 ms after release.

In Fig. 5.1, the bubble size distribution in surfactant solutions (at concentrations
near the CMC of each surfactant) is shown and compared to that in pure water. These
concentration values were chosen to ensure maximum packing of each surfactant at
the bubble interface. From these results it can be seen that as the surface tension of the
solution is reduced, the average maximum bubble size becomes smaller as anticipated
but also the bubble size distribution becomes narrower. In addition, it was noted that
the lower the equilibrium surface tension, the more hydrophobic the surfactant. In the
case of pure water, the bubble size distribution was considerably wider and the
average maximum bubble size larger.

In Fig. 5.2, results are shown for different concentrations of C11E10 surfactant. In this
case, it can be seen that as the solution concentration increases and the surface tension is
reduced, the average bubble size decreases but the size distribution becomes more or less
constant. These results suggest that while the averagemaximumbubble size is dependent on
the concentration of the surfactant, the size distribution is more dependent on the molecular
packing and structure of the surfactant adsorbed at the bubble interface. In addition, from
this study, a linear relationship – in accordance with the theoretical predictions of the
Laplace–Young equation – was established between the average maximum bubble size
and the equilibrium surface tension of the solution.
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Fig. 5.1 Bubble size distribution versus population of different surfactant solutions at concentrations
near the CMC compared to water. From ref (2).
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5.4 Overview of foam generation techniques

The generation of foams is essentially a non-equilibrium process, with commonly used
methods based on shaking, sparging or stirring. In Fig. 5.3, a brief outline is shown of
some of the methods of generating foams which are then described in detail in the
subsequent sections.

The type of foam produced greatly depends on the generation process, with para-
meters such as the velocity of the process, gas intake (over-run), turbulence,
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Fig. 5.2 Bubble size distribution in C11E10 surfactant solution at two different concentrations compared
to water. From ref (2).
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Fig. 5.3 An overview of commonly used methods for the generation of bubbles and foams.
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temperature, viscosity of the liquid, type of surfactant and the rate of diffusion
of surfactant to the interface having some influence on the bubble size, stability and
foam microstructure. Weaire and Hutzler (3) compared the distribution of bubble sizes
of foams prepared by several different generation processes. Samples were collected and
squeezed between glass slides, enabling the bubble size distribution of two-dimensional
foams to be recorded. The results are illustrated in Fig. 5.4, and a general indication of
the range of bubble shapes and sizes obtained by the different processes is provided.

5.5 Mechanical methods

The simplest traditional mechanical methods of foam generation usually involve
agitating the gas/liquid interface by beating with a paddle, rotary stirrer or flipping.
In the kitchen, beating devices and foam blenders are frequently used for many
different food recipes which often include egg whites, whipped cream, ice cream
and mousse. However, it is almost impossible to control the gas intake using these
methods, and usually large bubbles are formed with wide size distributions (ranging
from 0.1 to 3 mm). During the initial agitation, entrainment of gas takes place from the
surface and large bubbles are produced, but these are broken down by continuous
shearing forces until equilibrium is established. The difficulties in producing small
bubbles can be explained by the fact that deformation of a large bubble to produce
smaller bubbles is opposed by an increase in Laplace pressure. To carry out an
effective disruption process, a high external stress (equivalent or exceeding the
Laplace pressure) needs to be supplied by a velocity gradient. The average velocity

Fig. 5.4 Samples of 2D foams (obtained from squeezing between glass plates). The foams were
generated by various processes and show the influence of the generation technique on bubble
size and cell structure. From ref (3).
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gradient may vary according to the type of stirring and the size and shape of the
vessel, and it may be noted that local velocity gradients can be higher than the average
which results in local elongations of flow and are more effective in disrupting bubbles
than simple shear. Generally, it is very difficult to generate bubbles smaller than a few
tenths of a millimeter in diameter unless very high-intensity agitation (which causes
cavitation effects) is used. Most studies show that the bubble size can be reduced by
increasing the beating speed (velocity gradient), but this is not always the case.
In some mechanical processes carried out at a constant beating speed, the amount
of foam has been found to decrease again after a certain time. This may be explained
by a non-desirable heating up of the foam.

During the mechanical whipping or rotation methods, the disrupting stress can be
shear, normal or inertial depending on the energy input of the whipping head, which can
cause several different types of disruption processes as the bubbles migrate through the
shear field. For a successful bubble generation step, a sufficient quantity of surfactant
needs to be rapidly supplied to the gas/liquid interface to create a surface tension
gradient (to ensure a high Gibbs elasticity) which acts to stabilize the fresh bubbles.
Since shearing is often a continuous process and the rates of bubble formation may
exceed the capacity of surfactant to maintain equilibrium adsorption conditions, after
a period of time bubble coalescence may begin to occur due to starvation of the interface.
High surface tension gradients are essential for foam stability, since the individual foam
films must resist both external pressure within the Plateau borders and pressure oscilla-
tions due to turbulence. In many industrial systems, several different types of surfactants
and polymers are present, and the competitive rate of diffusion of these different types of
surfactants needs to be taken into consideration. Adding a suitable polymer (to the
surfactant solution) which substantially increases the liquid viscosity at low shear stress
can also prevent bubble coalescence.

5.5.1 High-intensity agitation (cavitation)

Cavitation is one of the widely used methods of generating nano-bubbles, and there are
several different methods of producing this event. It may be classified as (a) hydrodynamic
cavitation by fluid flow, (b) acoustic cavitation by acoustic energy, (c) optical cavitation by
using photons from a laser and (d) particle cavitation, induced by elementary particles.
In 2012, Wu and coworkers (4) designed a baffled, high-intensity agitator which is shown
in Fig. 5.5, and successfully produced submicron-sized bubbles by hydrodynamic cavita-
tion. Sodium dodecyl sulfate, DowFroth 250 (a nonionic commercial polyethylene sur-
factant), a dilute electrolyte solution and sea water were used in these systems. The bubble
size and charge on the bubbles were measured using a ZetaPALS instrument (Brookhaven
Instruments Corporation).

Following an increase in agitation speed, the bubble size was reduced (as shown in
Fig. 5.6), and at high speeds (in the region of 3500 rpm) bubbles less than 200 nm were
produced which had a relatively narrow size range. It was reported that the temperature
had little influence on the bubble size up to 50°C. The surfactant-stabilized bubbles were
reported to have a lifetimes of over 24 hours, but for bubbles generated in sea water and
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in a solution of weak electrolyte, the stability was lower. The charge on the bubble was
found to be in the region of –60 mV and was pH dependent. Some of the results with
respect to bubble stability, zeta potential and bubble count rates are shown in Fig. 5.7.
The bubbles were found to be charge-stabilized.

5.5.2 Rotary stirring in food processing

In recent years considerable research efforts have been invested in foam process
engineering, and several different types of high-speed rotary mixers, stirrers and

Fig. 5.5 A schematic diagram of the baffled high-intensity agitation cell; valves 1 and 2 are used to take
samples for bubble size distribution and zeta potential measurements. From ref (4).
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Fig. 5.6 Effect of agitation speed on generation of submicron size bubbles in SDS (1 mM) and KCl
(1 mM) solutions in pH 6.0 The agitation time was fixed at 30 min. From ref (4).
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similar blade-driven mixing vessels have been designed to achieve more effective
entrainment of gas, with the aim of producing foams with smaller bubble size
and narrower distribution. These methods are widely used for commercial processes,
such as in the preparation of food foams, foam-coated fabric and polymeric
carpet-backing foams. In food processing, it is generally accepted that small bubbles
give improved texture and flow characteristics with a creamier mouthfeel and
prolonged shelf life. However, most of these studies on whipping and shearing are
empirically based, and very few studies have been carried out under well-defined
hydrodynamic shearing conditions. In fact, there are only a few papers dealing with
continuous whipping processes which relate the process conditions to the foam
microstructure.

In most rotor–stator units, an increase in power input causes a transition to occur
from laminar to turbulent flow and in the laminar flow field, it is assumed that the shear
stress mainly contributes to the deformation and break-up of the bubbles. From these
experimental studies it has been generally accepted that there are several process
parameters which can influence the bubble size distribution and microstructure of
food foams, for example, the impact of residence time on the dispersing flow field, the
rotational velocity of the whipping tool, the overrun (gas fraction in foam) and the back
pressure. A series of early interesting experiments were carried out by Hirst and
Prudhomme (5) using a commercially produced rotary mixer designed by Oakes
Corp. (Islip, NY), with blades attached to both sides of the rotor. The gas–liquid
mixtures were pumped into the center of the vessel and shearing occurred in gaps
between the blades. Bubble sizes were measured and related to the processing
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Fig. 5.7 Stability and charge of submicron size bubbles (a) generated in 1 mMSDS and 1mMKCl solution
at pH 6.0 at 2000 rpm for 30 minutes and (b) in 0.1 mM DF 250 (a nonionic frother Dowfax) and
1 mM KCl solution at pH 7.0 at 2000 rpm for 30 min. From ref (4).
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conditions. The influence of the fluid viscosity during shearing was also studied and
it was found that an increase in rotation speed (shear rate) decreased bubble size
irrespective of the viscosity of the fluid, and it was also found possible to generate fine-
scale foams using this equipment.

Later, Hanselmann and Windhab (6) derived theoretical equations from the power
characteristics of a rotar-stator whipping device. The rheological features of the foam
and the laminar and turbulent whipping flow conditions were used to estimate the
maximum bubble diameter. They used a dispersion containing whey protein isolate (as
a foaming agent) and a guar gum additive to change the viscosity of the dispersion.
Overrun (gas-intake) and bubble size distribution weremeasured. The results are shown in
Fig. 5.8, where it can be seen that reasonable agreement exists between the calculated and
experimental bubble diameters under both laminar and turbulent flow conditions.

From the study, it was established that the mechanical energy input had the most
important influence on the processing, and this parameter could be related to the rotor
speed, the viscosity and the residence time. The dispersion of gas was shown to be superior
in the turbulent flow field, moderate in the transition region and poor in laminar flow for the
same low viscosity system. An improvement in gas dispersion in the laminar flow field was
also achievedwith a more highly viscous fluid, and this consequently resulted in an increase
in themechanical energy input. The relationship between themean bubble size and the rotor
speed at different residence times with different viscosity dispersions is shown in Fig. 5.9.

Another important conclusion from these studies was that the rotor speed alone cannot
be taken as a reference in foam generation. Depending on the foaming characteristics of
the system, the flow field (at the same rotor speed) can cause differences in the degree of
gas dispersion, thus also causing differences in the resulting foam quality and stability.

Fig. 5.8 Measured and theoretical calculated maximum bubble diameter versus volumetric energy
input under laminar and turbulent flow conditions with residence time of 43 seconds and
over-run 300%. Whey protein isolate was used as the foaming agent. From ref (6).
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It was also reported that the absolute degree of gas dispersion was strongly dependent on
the viscosity, but the residence time of the impellor in the blender also has an influence
on bubble size in the laminar flow field for low viscosity liquids. In order to achieve
improved foam quality, it was suggested in this study that the relationship between
bubble size and process conditions needed to be carefully investigated in other types of
rotor mixers.

In a further study by Muller-Fischer and Windhab in 2005 (7), whipping devices with
adjustable rotor–stator geometry were used to study the influence of several different
parameters on the mean bubble size distribution and microstructure of the foam. These
parameters included the residence time in the dispersing flow field, the rotational
velocity of whipping tool, the overrun (gas fraction in foam) and the pressure produced
by the whipping head. These workers carried out experiments with a model system that
used a milk protein and a guar gum, and it was concluded that the pressure applied to the
whipping head had the governing impact on the bubble size, but increases in overrun
caused bubble coalescence. The application of back-pressure on the whipping head
resulted in the dispersion of higher gas fractions, but an increase in viscosity or velocity
caused problems due to heating effects. Several different types of rotor–stator whipping
head geometry (as illustrated in Fig. 5.10) were used in the experiments.

Foaming at reduced pressure (vacuum conditions) was suggested as an alternative to
the traditional back-pressure foaming procedures. Using such vacuum methods, it was
found that bubble expansion was avoided when the mixture is subject to ambient
pressure which usually occurred in back-pressure foaming. However, partial vacuum
whipping resulted in increased bubble re-coalescence.

Fig. 5.9 The mean bubble diameter versus rotor speed at different residence times and an overrun
(gas intake) of 380%. Protein isolate additives (Bipro tv) were used as a foaming agent and guar
gum was used to modify the viscosity. The different residence times in the mixer are as follows;
●15s for Bipro tv; ○ 73 s for Bipro tv; 73s □ 73s for Bipro tv + guar and ■ 37 s for Bipro tv + guar.
From ref (6).
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The effect of processing conditions (pressure, flow rates, whipping rotation speed) and
formulation properties on the bubble size of food foams was studied by Balerin and
coworkers in 2007 (8). In this study, model fluids were formulated which were composed
of dilute glucose syrup to adjust the viscosity and whey protein which consisted of mainly
β-lactoglobulin and α-lactalbumin. Solutions with viscosities in the range of 0.4–13 Pas
were foamed in a fully instrumented pilot scale line that enabled the process to be
accurately monitored, and the bubble size was determined under pressure at the exit of
the mixer. Heating effects were also measured and were shown to be an important
influence during the foaming of the high viscosity solutions. It was concluded that the
viscosity and rotation speed of the whipping head had the most important influence on the
foam morphology, but it was also found that the fluid viscosity in the whipping head was
reduced due to local heating. The results presented in Fig. 5.11(a) show the relationship
between bubble size and rotation speed. For each viscosity, the bubble diameter decreased
as the mixer rotation speed increased, but this did not occur to the same extent for all
viscosities, as illustrated in Fig. 5.11(b), which depicts foams formed from a solution of
three different viscosities at two different mixing rates. The reduction in bubble diameter is
most pronounced for low viscosity fluids, but for high viscosity fluids and higher rotation
rates, the bubble size tended to level off, and it was suggested that this was caused by local
heating effects.

5.5.3 Rotary stirring in mineral processing

Froth flotation is a vast industry in which bubbles and foams are generated in the
presence of dispersed particles and surfactant (collector) and froth stabilizers. Today,
many different types of flotation machines are used throughout the world. Strong
agitation is needed where fairly dense millimeter-sized particles need to be effectively
dispersed and air bubbles generated in tanks. Different types of common agitators,
corresponding to different types of fluid flow patterns, are shown in Fig. 5.12. The
blade-type impellor produces a rotary action in a circular direction, the turbine-type
impellor gives rise to flow in a radial direction and the propeller-type impellor produces
up-and-down convective circulation flow in an axial direction. Most of the machines and
cells have been designed by different manufacturers, and each machine has its own
characteristics. While the mechanical design differs from cell to cell, the internal
hydrodynamics may be classified into one of two possible flow patterns, as indicated
in Fig. 5.13.

Fig. 5.10 Different types of whipping geometries: (a), (b), (c) and (d). From ref (7).
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The self-induced cell has a mechanical mixing zone in the central tank region, and
when the rotating impeller depresses the interface entrainment of air occurs. This is
followed by bubbles circulating in the cell that impact and capture the more valuable
mineral particles. In the separation zone, which is located in the upper region of the cell,
the hydrophobic particles remain attached to the bubbles whereas the hydrophilic
particles sink to the lower region of the cell. In the supercharged-type mechanical
flotation machine, air is introduced from an external blower and the mechanical separa-
tion zone is in the base of the cell. Most machines are open-flow type which ensure high
throughput, and are also easy and inexpensive to maintain. In recent years, several
modifications have improved the impellor system and the tank geometry, thus increasing
process efficiency and throughput.
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Fig. 5.11 (a) Evaluation of bubble mean diameter D, at different mixer rotation speed for fluids with
different viscosities and (b) microscopic pictures of foams obtained by whipping of three different
model fluids (with different viscosities) at two different rotation speeds (gas content 50%).
From ref (8).
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Fig. 5.12 Relationship between the impellor and the resultant fluid flow pattern. From ref (9).
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5.5.4 Shaking or successive flipping

To compare the foaming behavior of different surfactants, many different types of simple
laboratory tests have been developed, such as shaking or flipping a known volume of
solution for a predetermined time period in a closed container. The handshaking test is
simple and quick and usually carried out in narrow tubes. However, low foaming
surfactants often give poor reproducibility due to wall effects, and bubble shapes which
influence foam heights and are be difficult to define in these types of tests, and generally,
accurate measurements of foam stability cannot be easily achieved. However, in 2006 and
2007, experimental studies by Caps and coworkers (10, 11) were carried out in which 2D
foams were generated by a precise and reproducible technique. This is based on flipping
using a specially designed cell, known as the Hele-Shaw (H-S) cell, which is constructed
from two plastic or glass plates (13 cm × 13 cm) separated by a thin liquid film (0.3 cm)
into which the surfactant solution is introduced.

The cell is initially partially filled with a surfactant solution (6 cm3) and attached to
a horizontal rod that is rotated by a motor. It is flipped (usually at a rate of two
rotations per second), and between each upside-down flip, the H-S cell is left to rest
for 10 s (which can be varied slightly, depending on the surfactant solution). This
enables the foam to drain, and topological rearrangements of the structure occur
during this process. During the flipping motion, an intermittent wetting of the cell
occurs and gravity causes downward motion of the liquid which flows through Plateau
borders and dries the top of the foam, while the bottom remains wet due to capillary
forces. Clusters of the larger bubbles are produced in different places in the cell
during the flipping process, but eventually the larger bubbles disintegrate and gradu-
ally the mean bubble size gets smaller. Eventually, the foam becomes homogeneous,
consisting mostly of nearly hexagonal bubbles in agreement with Plateau’s rules.
As the number of flips increases, an increasing number of bubbles which compose the
foam, are formed. The maximum number of bubbles produced usually depends on the
amount of liquid in the cell.

This foam generation process is reproducible and extremely sensitive to the
type and concentration of surfactant in the solution. The remarkable feature of the
system is the fast decrease of the standard deviation of the bubble size during
the successive flips. Pictures of the cell are taken automatically after each flip,
and an algorithm was developed to recognize all bubbles and measure the sizes,
positions and of their center of mass and shapes. In Fig. 5.14, a series of typical
images of the foam produced from three different surfactants at different stages of
generation (after 1, 15 and 30 flips) are shown. During the flips, the number (nf)
of bubbles increases and tends to take an asymptotic value which depends on the
initial water content. In Fig. 5.15, the data relate the evolution of bubbles to the
number of flips of the cells for three different surfactants. The curves were shown
to fit a theoretical model. The technique enables homogeneous 2D foams from
different surfactant systems to be easily characterized and compared. The method
has been shown to be useful for studying and characterizing the generation steps
and the structures of foams.
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Fig. 5.14 Typical images of the foam generated in the Hele-Shaw cell after nf = 1, 15 and 30 flips.
Three different surfactant systems used in the experiments are (a) paraffin sulfonate (PS),
(b) sodium lauryl sulfate (SLS) and (c) sodium laureth sulfate (SLES). From ref (10).
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Fig. 5.15 The evolution of the number (N) of bubbles composing the foam as a function of the number of nf
of flips. Three surfactants are paraffin sulfonate (PS), sodium lauryl sulfate (SLS), and sodium
laureth sulfate (SLES). The continuous curves are fit according to an evolution law that which was
derived from a kinetic model for the splitting process. From ref (10).
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5.5.5 Pouring and plunging jet methods

This method is based on pouring a given amount of foaming solution (from a pre-
determined height) into an empty vessel. This test enables both the generation and the
rate of decay of the foam to be monitored. The advantage of this method is that it is
capable of producing foams at fairly low surfactant concentrations, which is more
difficult to generate using sparging methods. The test mimics the foaming behavior in
many different types of industrial filling processes with an example being the filling of
containers with soft drinks using high-speed jets. Turbulent flow occurs as the jet strikes
the interface of the liquid (which is already in the vessel) and causes air entrainment
and foaming. The generation process can be carried out as a static or as a continuous
process. The continuous plunging jet method is fairly novel and gives additional
information to the static test.

5.5.5.1 Static plunging jet
The static test is relatively simple and has been adapted from the traditional standard test
method for the beverage industry for pouring (see the Ross–Miles test method ASTM
D1173-53 in Chapter 11). A typical set-up constructed by Wallin (12) in 2005 is shown
in Fig. 5.16.

(a)

200 ml Volume of
falling liquid

Orifice length

Pouring
height

Width of the
receiving tube

Liquid volume in
the receiving tube

(b)

Fig. 5.16 The plunging jet method, based on the Ross–Miles test, used to generate foam in filling
beverages. From ref (12).
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This apparatus enabled several different parameters (volume of falling liquid, pouring
height, orifice diameter and width of the receiving tube) to be varied and their influence
on the foam height to be quantified. From detailed studies, the pouring height was found
to have the most important influence on the volume of foam initially generated, but also
the foam volume was found to increase with the volume of falling liquid. An increase of
the orifice diameter of the pipette and also an increase in the orifice length caused an
increase in foam volume. Some theoretical aspects of the generation process were
considered and an attempt was made to quantify the kinetic energy involved as the jet
of liquid strikes the surface of the foam. The process was also discussed in terms of the
liquid jet penetrating into the interface, which caused turbulent flow within the liquid
column entrapping air.

5.5.5.2 Continuous plunging jet
The continuous process is more difficult to construct but frequently occurs in many
industrial processes such as overflows in settling tanks and reactors and can be also
observed in nature, such as waterfalls. Early studies of the plunging jet test estab-
lished that the size of the vessels and height the solution falls are important para-
meters that influence foam generation. Many variations of the method have been
introduced by the industry for different applications, such as mixing liquids with
gases in reactors. An interesting investigation was carried out in 2005 at Imperial
College, London (13), using the continuous plunging jet method to evaluate
the foaming behavior of a solution containing a versatile anionic surfactant sodium
bis-2 (ethyl-hexyl) sulfosuccinate (commonly known as AOT) which has a polar tail
and polar head group and can form normal and reverse micelles in solution (see
Fig. 5.17 for molecular structure).

The plunging jet equipment was designed with a large overhead tank from which
a jet of foaming liquid was allowed to fall into a cylindrical column. After the
generation of foam, the residual liquid could be pumped back into the overhead
tank again so that the surfactant solution could be continuously circulated.
The drainage pipe in the overhead tank ensures a constant hydrostatic head of liquid,
so that the jet pressure remains constant. As the liquid jet impacted the surface,
entrainment of air occurred, generating foam in the cylinder. Both static (without
recirculation of liquid) and continuous (with circulation) experiments were carried
out and the methods were found to be flexible enabling key processing variables, such
as falling height and size of the column, to be changed. The apparatus is shown in
Fig. 5.18.

Fig. 5.17 The anionic surfactant sodium bis-2 (ethyl-hexyl) sulfosuccinate.
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Initially, in the static tests, the influence of several experimental variables was
investigated including falling height, pool depth, surfactant concentration (which
was usually below the CMC), jet flow rate and column diameter. From the
experiments, it was reported that the pool depth had no influence on the foam
height (in the low surfactant regions) but, as the AOT concentration increased, the
amount of foam generated increased. At low falling heights, foaming increases
with height, but after a given height it was found to remain reasonably constant.
At low jet speeds, the amount of foam showed no significant change, as the falling
heights were increased. Only at high jet speeds did the degree of foaming increase
with increased foaming height. It was further reported that the pool depth had no
influence on foaming. After reaching a maximum foam height, in the case of foams
generated by the continuous plunging jet test at high surfactant concentrations, it
was found that a catastrophic (i.e. near total) collapse of foam occurred. However,
the foam then re-generated itself and this process appeared to consist of three
steps: generation, collapse and regeneration. However, it was found that the height
at which the foam regenerated itself was always less than the first initial foam
height. This situation is shown in Fig. 5.19.

Usually, the maximum volume of foam produced (just before collapse occurs) was
taken as a measure of foam generation. The collapse process appeared to be initiated by
the bursting of a single foam film which caused a catastrophic avalanche-type foam
collapse, propagating from the top to the bottom of the foam layer. This cyclical instability
phenomenon was found to occur within a critical surfactant concentration range.
The results were reproducible and it was possible to characterize the process according
to well-defined collapse frequencies. From this study, the dynamic foaming behavior
could be defined into four distinct types or operating regimes according to the surfactant
concentration. At low AOT concentrations, bubbles were observed at the surface but were

Fig. 5.18 Apparatus for producing foam by the continuous plunging jet method. From ref (13).
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unstable and burst rapidly as the liquid jet fell continuously on the pool. In this region it
could be suggested that the concentration of surfactant was too low to stabilize the foam.
However, upon increasing the concentration of AOT, cyclic behavior was observed, which
was of greater interest. In this regime, foam grows and collapses at regular frequencies,
and the height at which the foam grows is always less than the initial height. Finally, at
fairly high surfactant concentration (about 40% of the CMC concentration), a stable foam
regime was observed in which the foam column reached a maximum height and thereafter
remained stable. It was found that the rate of generation of foam was equal to the rate of
foam collapse and volume remained at a maximum irrespective of jet flow rates.

5.6 Growing bubbles from single orifices, frits and gas injection

Foams may also be generated by introducing gas into a liquid using a single orifice,
fritted filter or gas diffuser, as shown in Fig. 5.20.
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Fig. 5.19 (a) Successive growth and collapse behavior at a low AOT concentration below the CMC at
0.0.031 g/l at jet flow rate of 172 m/min using a 5.4 cm column diameter and (b) cyclic unstable
foam behavior at AOT 0.125 g/l at jet flow rate of 172 m/min using a 5.4 cm column diameter.
From ref (13).
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The advantages of the single bubbles, released from a capillary in the static regime,
are that bubbles and foams that are almost monodisperse, with each bubble
released having the same size. This enables model foams and bubble rafts to be
constructed that resemble hexagonal close-packed monodispersed spheres.
The method is also of particular interest because it enables measurement of dynamic
surface tension by the maximum bubble pressure method (Chapter 1) to be carried
out, which is particularly relevant for foam generation. Bubbles produced from a frit
are usually in a wide size range depending on the frit type. Gas injection also produces
a wide range of bubble sizes.

5.6.1 Detachment of a bubble from single orifices

Under constant gas flow rate conditions which are sufficiently slow to be in the quasi-
static regime, Dickenson (14) suggested that the size of bubbles (produced at an orifice)
may be roughly estimated theoretically by equating the buoyancy force (Fb) with the
force associated with surface tension (Fs) acting on the emerging bubble, where

Fb ¼ ð4π=3Þðr3b ρ gÞ ð5:3Þ

and

Fs ¼ 2 π roγ ð5:4Þ

In these equations, rb and ro are the radii of the bubble and orifice, respectively, γ is the
surface tension and ρ is the specific gravity of the liquid. Under idealized conditions, an
estimate of the radius of the emerging bubble may be obtained by assuming these two
forces are equal at the moment of bubble release from the orifice, so that

rb ¼ ð3 γ ro=2 ρ gÞ1=3 ð5:5Þ

(a)

Capillary

Gas Gas

Gas

Frit
Diffuser

(b) (c)

Fig. 5.20 Aeration methods for generation of foams: (a) single capillary, (b) fritted filter or (c) gas diffuser.
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However, in practice, since the dynamic surface tension of the growing bubble is
higher than the equilibrium surface tension, depending on the wetting conditions, the
contact base may spread. Numerous detailed experimental studies have been reported
dealing with the influence of interfacial tension, cleanliness of the surface and gas flow
rate, etc., on the formation, growth and detachment of a bubble from an orifice. The key
factor that influences the bubble volume is the so-called adhesion tension, γ cosƟ,where
Ɵ is the contact angle. Lin et al. (15, 16) have recently demonstrated that for a single
liquid system, the contact angle of the liquid on the solid plays a key role in controlling
(a) the spreading of the contact base, (b) the bubble attachment to the surface and (c) the
bubble closing process which occurs immediately prior to detachment. In this study,
experiments were carried out on flat steel horizontal and inclined plates containing holes
(produced by a laser beam). The surface energy of the plate was modified by plasma
deposition of an ultrathin layer of different polymers, enabling different contact angles
to be investigated. With a hydrophobic surface, a bubble which was significantly greater
than the size of the hole developed (due to the non-wetting nature of the surface). In the
case of hydrophilic surface (low contact angle), no contact base was observed, but the
size of the hole had a critical influence on the size of the bubble. It was also found
necessary to distinguish between the equilibrium contact angle Ɵ (used to characterize
the surface) and the dynamic contact angle β, observed during bubble growth.
Figure 5.21 shows a range of bubble formation profiles for different orifice plates
(after surface treatment) giving different equilibrium contact angles.
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β β β β = 90° β = 90°
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Fig. 5.21 Bubble formation profiles for the various orifice plates with different equilibrium contact
angles (Ɵ). The dynamic contact angle β changes with time of bubble development. Top: Contact
angle < 45°; contact base diameter = 0.55mm; bubble volume = 0.011ml. Middle: Contact angle =
80.5°; contact base diameter = 3.0 mm; bubble volume = 0.05 ml. Bottom: Contact angle = 99.7°;
contact base diameter = 4.8 mm; bubble volume = 0.101 ml. From ref (15).
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As the bubble detaches from the orifice, the dimensions of the bubble will dictate the
velocity of rise. In addition, as the bubble rises, a redistribution of surfactant on the
bubble surface results in a reduced concentration at the upper surface with the polar base
having a higher concentration than the equilibrium value which plays an important role
in the stability of the foam. Additionally, as the bubble arrives at the interface, a thin film
is produced on top of the bubble. The lifetime of this thin film and the probability of
producing foam depend on numerous factors such as the surfactant concentration,
drainage rate, surface tension gradient, surface diffusion, external disturbances, etc.
Larger bubbles and higher production rates can be obtained by using greater gas flow
rates, such that the viscous forces play a role in the bubble formation and surface tension
becomes less important. Even larger bubbles can be obtained by placing the nozzle under
a plate to reduce its effective buoyancy and the bubble size can be controlled by
changing the angle of the plate.

As the bubble stream rises a foam layer is produced at the surface of the column. This
can produce monodispersed samples if the gas flow rate is small and constant (e.g. by
using an air pump), but if the flow is increased, the bubble emission process bifurcates
to produce a variety of bubble sizes. This is the first step toward chaotic behavior
that occurs at high flow rates and causes polydispersed foams. In fact, bubble production
by use of a single nozzle has been used as a very simple demonstration of chaotic
dynamics (17). The transition from regular to irregular flow is mostly determined by the
flow rates, and at slow flow rates the bubbles are periodic and widely spaced.
At increasing flow rates the spacing between bubbles is reduced and the creation of
each individual bubble can be influenced by the presence of the previously created
bubble. As the flow rate is increased the spacing decreases and the formation of each
bubble may have an influence on the presence of the previous one. Bubbling modes have
been observed and the different process regimes characterized as periodic, periodic
doubled and chaotic. Period doubling was found to lead to chaotic behavior.

5.6.2 Growing bubbles using frits

The process of injecting a gas at a constant flow rate into a liquid through fine orifices
in a porous disc is known as “sparging” and is frequently used in industry and in the
laboratory. As the bubble stream rises, a foam layer is produced at the surface of the
column. The flow rate, the pore size of the frit, the vessel size and shape and also the
quantity of solution are important parameters that determine the amount of foam
produced. On a small scale, this method is widely used in academic studies by
means of controlled bubbling. It is advantageous in that it can distinguish between
dynamic and static foaming regimes which are dependent on gas flow rates. At low gas
flow rates, the volume of foam generated is directly related to the gas flow rate, but at
high flow rates, this relationship breaks down since the surface-active foamer does not
have sufficient time to reach equilibrium adsorption coverage on the bubble surface
causing starvation and coalescence. In Fig. 5.22, the results are shown from sparging
experiments carried out in a cylindrical column to compare the foaming performance
of fresh and aged surface-active nano-sized silica particles dispersed in water and
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weak electrolyte solution. Each system shows a liner relationship between the foam
volume and the gas flow rate in the low gas flow regions, but at gas flow rates greater
than 4 ml/s this relationship breaks down particularly in the case of the 0.1 NaCl, fresh
system, due to insufficient particles reaching the bubble interface, resulting in some
coalescence. In this study it was shown that the partially hydrophobic silica nanopar-
ticles acted as weaker surface active foamers on aging.

5.6.3 Co-injection

Co-injection is the process of simultaneous injection of a gas and foaming solution into
a porous material or injection tube. The size of packing in the porous material plays an
important role in controlling the type of foam. The method is commonly used in the
cosmetic industry for generating shaving creams, and Gillette uses specialized formula-
tions consisting mainly of an aqueous solution of mixed surfactants (stearic acid and
triethanolamine). This solution is supersaturated with hydrocarbon gases (isobutene,
propane and butane) and, upon releasing the contents from a container, the gases are
released from the solution, producing bubbles stabilized by the surfactants. Many
different types of devices to generate fire-fighting foams also employ injection
strategies.

5.6.4 Monodispersed bubbles and microfluidic foams

Over the past 10 years, there has been a considerable interest in producing small
agglomerates of monodispersed, micron-sized bubbles and microfluidic foams.
Microfluidics is the science and technology of systems that process or manipulate
small amounts of fluids through restricting small channels with sizes in the range from
tens to hundreds of microns. Discrete microfluidics employs droplets, bubbles or foams,
with applications on the larger than micron scale. Microfluidic devices have shown to
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Fig. 5.22 The foam volume versus gas flow rates for foams stabilized by partially hydrophobic silica
nanoparticles: (a) no salt (6.4s); (b) 0.1 M NaCl, fresh; and (c) 0.01 M NaCl, aged 17
weeks. From ref (18).
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have a wide range of novel applications associated with high throughput screening,
protein crystallization and ultrasonic contrasting.

Several different types of microfluidic systems have been developed and most have
been based on the co-injection of gas and liquid simultaneously at constant pressure or
constant flow rate into narrow hydrophilic channels. The gaseous phase fragments into
small monodispersed bubbles under laminar flow conditions. Depending on the geome-
try of the channels, one can distinguish between different types of systems which may be
classified as confined co-flow, flow-focusing or cross-flow. In Fig. 5.23, three different
types of systems are shown (c, d, e) which are compared with the traditional methods of
preparing monodispersed bubbles (a, b). In the generation of microfluidic foams, the
gaseous phase break-up process is characterized by three distinct regimes which can be
classified as (a) squeezing, (b) dripping and (c) jetting. Essentially, the bubble size is
controlled by the magnitude of several physical parameters (i.e. the channel dimensions,
flow rate and pressure) and chemical parameters (i.e. type and concentration of the
surfactant).

In 2013 Colosi and coworkers (20) used a microfluidic foaming technique to
generate highly monodispersed gas bubbles which were used as a template to man-
ufacture poly(vinyl alcohol) (PVA) scaffolds with an ordered and homogeneous
texture. Aqueous solutions of PVA containing a cationic surfactant (cetyl trimethyl
ammonium bromide) and argon gas were simultaneously injected at constant flow
rate into a flow-focusing device to produce monodispersed bubbles and foams
which were frozen in liquid nitrogen, freeze dried and then cross-linked with glutar-
aldehyde to give a porous material. A comparison between this scaffold and one
produced from PVA using a traditional foaming technique revealed that the
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Fig. 5.23 Preparation of small monodispersed bubbles by (a) traditional bubble through nozzle, (b) bubbling
under an inclined surface to generate large bubble, (c) mini/microfluidic techniques in which
the liquid and gas are injected at constant flow rates (Ql and Qg respectively) causing the
formation of a thin gas thread which breaks up into monodispersed bubbles. One generally makes
a distinction between (c) symmetric and asymmetric confined co-flow (d) flow-focusing and
(d) cross-flow (or T-junction). From ref (19).
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microfluidic-manufactured scaffold had a more uniform porosity and a narrower pore
size, as shown in Fig. 5.24.

In 2004, Garstecki and coworkers (21) described a microfluidic bubble generator
(Fig. 5.25) based on a flow-focusing device incorporated directly into a microfluidic chip
which was capable of delivering bubbles from a single orifice at very high frequencies (up
to several hundred thousand bubbles per sec) with a low polydispersity index. Using this
generator, the size and volume fraction could be controlled independently and a variety of
regular structures were generated. It was suggested that in the outlet channel, the bubbles
interact by elastic shape-restoring forces when colliding with each other and indirectly by
affecting the liquid flow field. Bubbles were forced to distort their circular shape and the
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Fig. 5.24 Overlapped normalized histograms of the pore diameter of two PVA scaffolds, the darker
represents the microfluidic foaming and no shade represents the gas foaming. From ref (20).
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Fig. 5.25 The microfluidic flow-focusing device (top view). The cross-sections of the channels are
rectangular. The widths of the inlet channels were set to Wℓ = 250 µm and Wg = 200 µm for the
liquid and gas, respectively. Several widths of the orifice and outlet channel were used, and all
devices had the same height, h = 28 µm. (b) Illustration of a bubble in the outlet channel. Bubbles
are squeezed between the top and bottom walls and have a disc-like geometry. From ref (21).
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flowing lattice become a dynamic assembled foam as shown in Fig. 5.26. The dynamics of
break-up in flow focusing cannot be explained by the competition between the shear stress
and the interfacial tension, but an alternative idea was suggested based on a balance between
the Laplace pressure pulling the tip upstream of the orifice where it has a lower curvature.

5.7 Nucleation of gas bubbles

From a fundamental viewpoint, nucleation of gas from the liquid may occur by either
a homogeneous or a heterogeneous nucleation process. Homogeneous nucleation
occurs in the absence of nucleation agents and requires high supersaturation pres-
sures, whereas heterogeneous nucleation occurs in the presence of different types of
nucleation agents, such as small particulate impurities or pre-formed bubbles and at
much lower supersaturation conditions. According to the Young–Laplace equation,
gas molecules in the vapor phase inside bubbles are in equilibrium with gas dis-
solved in the surrounding liquid, and the pressure difference across the gas/liquid
spherical interface relative to a planar interface is related to the surface tension of the
solution and the size of the bubble. Due to the curvature effect, the solubility of a gas
in a liquid above a small bubble is much higher than the solubility in a liquid
above a large bubble. For example, for a gas bubble of radius r = 1 mm (106 nm),
ΔP has a value of 14.6 kPa, whereas for a smaller bubble with r = 10 nm, it is ΔP =
1.46 × 104 kPa, and as the bubble size is further reduced the pressure difference

(a)

500mm

(b)

(c)

(d)

(e)

Fig. 5.26 Examples of the flowing lattices formed by the bubbles in the outlet channel. The outlet
channel width is Wout = 750 µm, the orifice width Wor = 30 µm, and the pressure is set to
a constant value of p = 27.6 kPa. The liquid flow rates were as follows: (a) 0.2, (b) 0.14,
(c) 0.0278, (d) 0.0056 and (e) 0.0028 µL/ s. From ref (21).
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increases toward an infinite value. Therefore, in order for homogenous nucleation to
occur, according to the above reasoning, extremely high pressures are required to
push out the gas from the solution, and for the smallest nuclei to form spontaneously
(in the range of 2 nm) a pressure of about 1.46 × 105 kPa (or 103 bar) would be
required. Clearly, this is impossible to achieve in bulk solution.

However, heterogeneous nucleation readily occurs at lower oversaturation levels
and this take place in beverages such as beer and sparkling wines. In these drinks, it
is the yeast and sugar which cause fermentation, and carbon dioxide is solubilized
in the wine under an external pressure which builds up to a maximum value of
8 bar. Alcohol is also produced, and this reduces the surface tension to about
45–50 mN m−1 at room temperature. In such beverages, heterogeneous nucleation
can occur by different methods, for example, by the entrapment of bubbles during
the transfer of the pressurized liquid to another container. Another possibility
discussed by Lyklema (22) concerns the presence of remnants of air bubbles that
have been shrunk by Oswald ripening until the surface is fully covered by solid
particles (impurities) that have become attached and stabilize the bubbles.
Particulate impurities can also be suspended in solution or freely floating on the
liquid surface. Heterogeneous nucleation can also occur from gas pockets which
remain in crevices in the walls of glass or ceramic containers. However, this can
occurs only under special circumstances, since the entrapment and release of the gas
bubble is critically dependent on the size and geometry of the cavity in the container
and the surface tension of the liquid. In fact, a key parameter is the radius of the
pre-existing gas cavity on the walls of the vessel or on the suspended particulate,
and this must exceed a critical value so that it overcomes the energy barrier and the
build-up of pressure, thus enabling the bubble to grow.

The wetting and curvature of the liquid in the cavity can be defined by Young’s
equation (23), shown below, which can be used to describe the wetting of a solid surface
by a bubble and relates the contact angle θ between gas, water and solid surface to the
three interfacial tensions γgas/solid, γliquid/solid and γgas/ liquid.

γliquid=solid ¼ γgas=sol þ γgas=liquidcos θ ð5:6Þ

Provided the contact angle with air is fairly small, very small quantities of air can
become trapped in pits or crevices of the solid. In this case, the Laplace pressure will be
negative (negative curvature) and, upon coming into contact with the saturated liquid,
the gas starts to diffuse from the bulk solution into the pocket and bubbles start to form
and grow. After the bubble reaches a critical size, it is dislodged due to buoyancy, but
small pockets remain so that one small air pocket can produce numerous bubbles.
The mechanism of homogeneous cyclic nucleation is shown in Fig. 5.27.

5.7.1 Nucleation of bubbles in champagne and other beverages

In recent years there has been an intense effort to understand the underlying principles in
the production and release of bubbles in champagne and to define the main physical
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chemical parameters which control the size and flow of bubbles in a glass flute.
Essentially, these studies have been focused on three important steps: (a) the nucleation
process, (b) the bubble assent and (c) the bubble collapse at the free surface of the
beverage. A great deal of work has been carried out in France by Liger-Belair and
coworkers (24, 25, 26) at the University of Reims. Both champagne and sparkling wine
contain supersaturated carbon dioxide, but the taste is quite different from still non-
effervescent wine, and this is mainly due to the larger number of bubbles released which
continuously rise in the beverages. Although it is generally accepted that the ascending
bubbles in champagne are visually appealing, it is thought that the effervescence goes
beyond esthetics, and these drinks actually taste different from still non-effervescent
wine. In fact, it has been suggested that the huge numbers of bubbles which are released
and continuously ascend through the liquid plays an important role in the flavor-
releasing process. When bubbles reach the surface and burst via complex hydrodynamic
processes, tiny droplets are released into the air, and the aroma (which comes from the
organic surfactant components) is transferred into the vapor phase that is collected in the
nose and mouth.

It was clearly shown in these studies that the heteronucleation of bubbles occurs in
champagne at pre-existing cavities on the surface of the glass and from vapour and gas
trapped inside hollow and minute submerged cellulose fibers. The tiny fibres appear as
roughly cylindrical hollow threads about 100 microns in length with a cavity mouth of a
few microns. These fibers or lumen are usually deposited as residuals after wiping the
glass with a towel and probably adhere to the flute wall by electrostatic forces.
In addition to fibers, natural effervescence may arise from gas pockets trapped inside

CO2 molecules diffuse through the
meniscus of the gas pocket as long
as its radius of curvature rb exceeds
the critical radius rb

Formation and growth of a bubble
anchored on its nucleation site

Bubble detachment

Fb =

Fc = 2 pLγ sin q

Cycle of period

T = 1/f

4

r
L

3
πτ3

θ

θ

beg

Fig. 5.27 The mechanism of cyclic nucleation of gas bubbles from a gas pocket. Fb is the buoyancy and
Fc is the capillary force attaching the bubble to the cavity. From ref (24).
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tartrate crystals precipitated on the glass wall during evaporation after rinsing the glass
with tap water. From detailed observations, it was found that when the gas pocket
reaches the tip of the fiber, a bubble is ejected but a portion of the gas remains inside
the lumen, as shown in Fig. 5.28. Later, the gas pocket shrinks back to its initial position.

Careful optical analysis of the site characteristics enabled these workers to
indirectly deduce the radii of curvature of the menisci in the cavity which act as
nucleation sites. In addition, further analysis of the frequencies of the bubble
formation and bubble growth rates in bubble trains enabled the length scale of the
microscopic sites to be quantified. It was also reported that the rising bubbles grow
by continuously absorbing carbon dioxide molecules from the liquid matrix and also
that some fluid drains during their ascent to the free surface. Based on these

100 μm

Fig. 5.28 Six particles acting as nucleation sites in a glass poured with champagne. Gas pockets
entrapped inside the particles appear, and when a bubble is ejected a portion of the gas remains
inside the particle. From ref (24, 25).
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observations it was possible to model the repetitive bubble nucleation process from
a cellulose fiberm and the theoretical dependence of the bubbling frequency could
be related to temperature and pressure. A constant release of bubbles from cellulose
fiber can result in very complex rhythmical bubbling regimes. After pouring cham-
pagne into the flute the bubble trains rising toward the liquid surface show abrupt
transitions from a few seconds to several minutes. This causes the bubble produc-
tion to occur in cycles following a certain induction time period, as shown in
Fig. 5.29, until it eventually stops due to lack of dissolved gas.

In addition to natural heterogeneous nucleation, artificial bubble nucleation can occur
due to imperfections that were created intentionally by the glassmaker to replace
a naturally occurring nucleation site (defect). Brewers have also experimented with
the deliberate introduction of such pit-like defects in the glass surface in order to achieve
better control of the process which otherwise depends on the age and conditions of the
glass. Sandblasting or laser engraving the surfaces causes more vigorous and chaotic
bubble nucleation than bubbling produced by tiny cellulose fibres.

5.7.2 Dissolved air and column flotation

Dissolved air flotation (DAF) involves the pre-saturation of water with air at high
pressures. This is then fed through a needle valve or special orifices, causing
a reduction in pressure and the nucleation of clouds of fairly small bubbles (about 50
to 80 microns in diameter). The process has a wide range of applications; for example, in
the clarification of wastewater, the separation of solids in drinking water, the separation

(b)(a)

1 2

Time

3 4

Fig. 5.29 (a) For many champagne connoisseurs, smaller bubbles streaming like chains of pearls is
a measure of quality. This diagram shows the evolution of the bubble stream over time.
(b) Close-up of bubble trains in motion in the champagne bulk.
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of biological flocs, the removal and treatment of ions, the treatment of ultrafine minerals,
the removal of oils and organics and the removal of algae and humic acids. It has been
established that the size of the bubble generated in DAF is dependent on several
parameters such as the air saturation pressure, the pressure reduction at the constriction,
the nozzle design and the inlet water injection pressure (27). DAF has also been used to
float hydrophilic particles such as quartz, which are easily coagulated by the hydrolyzing
metal ions (iron and aluminum). Kitchener and Gochin (28) showed that the floatability
of metal hydroxide precipitates was also sensitive to organic impurities which formed
insoluble hydrophobic soaps that provide sites for bubble adhesion.

In recent years, DAF flotation in columns has been proved to be an important
advancement in flotation (29), and the first effective columns were commercialized
in 1979 to recover phosphate minerals. In column flotation, the bubbles are generated
in the base of the column; at the upper part there is a pulp distributor to disperse the
mineral particles and an elution device. Different types of bubble generators such as
external bubble generators and in-line static mixtures have been introduced to the
designs. The pulp (conditioned with reagent) is fed at a level of about two-thirds of the
column height and becomes evenly distributed in the column. As the particles sink,
they collide with the rising swarm of bubbles. The hydrophobic particles adhere and
are transported to the froth layer, but the hydrophilic non-floatable particles continue
to sink and are removed from the base of the column. Entrained less hydrophobic
particles are washed back into the pulp by a downward flow of water in the column.
Also, washing water from the elution device helps in reducing the contamination
in the concentrate. The bubble size and concentration have an important influence on

Fig. 5.30 The Microcel flotation column. From ref (29).
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the flotation performance, and it is these parameters that increase the collision rate
(collection rate) and the throughput of the process.

Yoon and coworkers (30) at Virginia State University successfully developed flotation
columns fitted with microbubble generators to produce clean coal from high clay content
refuse streams derived from the coal industry. In Fig. 5.30, aMicrocel flotation column is
depicted. It is through this column that microbubbles were generated by liquid cavitation
in which a fast-moving stream of liquid is forced through a venturi to which air is
injected at the point of lowest pressure. A microfoam (consisting of microbubbles with
average diameter 25 microns) is produced after repeated cavitation and recirculation of
a surfactant solution using this type of column.

New developments have been achieved in column technology by including external
gas spargers which operate with and without surfactant or chemical frothing agents.
Column flotation is used in many new application areas such as in the treatment of
industrial effluents, oil removal in production of water and in the recovery of heavy
metals.

5.8 In situ generation of foams by chemical reactions

Thermoplastic and polymer foams are commonly fabricated by chemical-blowing
agents that decompose and release gas which dissolves in the melt under pressure.
The melt is passed through a manufacturing dye during which the pressure is reduced,
generating foam. Lower-density foams utilize chemical liquid- or gas-blowing agents
(physical blowing gases) which are often injected into the molten plastic. The gas must
be soluble at high pressures and temperatures, and must also become partially soluble
as the pressure is reduced so that nucleation is initiated. During the foaming process,
the type of gas, gas content, processing conditions and foaming dynamics all affect the
final structure and morphology of the foam. Unfortunately, the process has been
developed mostly by trial-and-error testing, and the physical/chemical principles are
yet not fully understood. However, there are several publications which serve as
a useful guides to comprehend the physics, chemistry and engineering involved in
the process.

Although foamed materials can be manufactured fairly easily at low cost, the manu-
facturing steps are complex and very sensitive to external influences. Slight changes in
environment, such as thermal, pressure, wetting and interfacial properties, can cause
changes in the processing conditions. These may cause changes in the bubble expansion
rate, diffusion, drainage and coalescence. If this occurs before loss of movement and
solidification (quenching), then dramatic changes in the final foam structure may result.
The type of polymer, the type of foaming or blowing agent, the expansion process and
the post foam-curing can all influence the final product.

There has also been considerable effort aimed at understanding the relationship
between final structure and interfacial processing in order to improve established
manufacturing processes and generate new materials. The challenge is to identify
the optimal processing conditions and steps which will generate the desirable
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structures. The formation and preservation of the cell structure is an important step in
processing the polymer. If bubbles are sparsely distributed in the foam, they will
occur as spherical cells since this is the shape with the lowest surface energy. If the
foam is less dense, then the cell will move toward a tetrahedral shape, with the wall
stability being achieved by careful control of the factors that influence the membrane
thinning. During processing, capillary action and drainage cause thinning, while an
increase in the viscosity of the fluid reduces the drainage effects. Viscosity increases
can result from chemical reactions that increase the molecular weight through
polymerization or cross-linking or by temperature reduction. Ultimate bubble
stabilization occurs as a result either of chemical reactions which continue to the
point of gelation or from the physical effect of cooling.

Foaming agents are important additives in foamed thermoplastics. Such (“physical”)
foaming agents are low-boiling point liquids (pentane or isopropyl alcohol) that remain
liquid when the melt is under pressure, but where the foaming agents change from liquid
to vapor when the pressure is reduced. Other types of foaming agents include inert gases
such as CO2 or N2. Chemical foaming agents utilize a chemical that decomposes to
produce a gas or gases which then act similarly to physical foaming agents. It is also
preferable that blowing agents are environmentally friendly and non-flammable. Gases
with low diffusivity values produce stable foam structures. Pentane and butane gases
have been used at room temperature but are flammable and have a high diffusivity
through molten polyolefins, but more recently newmethods of using pentane and butane
have been developed. The diffusivity of close cell foams to gas or liquid can be related to
foam structure. A selection of commercially used chemical foaming agents is given in
Table 5.1.

Table 5.1 Examples of commercially used chemical foaming agents

Common name Chemical name endo-/exo-
Decomposition
temperature (°C)

Gas evolution
(cm3/g)

Main
foaming gas
evolved

Citric acid/
Sodium
bicarbonate

– endo- 160–210 120 CO2

ADCA Azodicarbonate exo- 205–212 220 N2

OBSH p. p0-Oxybis(benzene) sulfonyl
hydrazide

exo- 158–160 125 N2

TSH p-Toluene sulfonyl hydrazide exo- 110–120 115 N2

TSS p-Toluene sulfonyl
semicarbazide

exo- 228–235 140 N2

DNPT Dinitrosopenta
methylenetetramine

exo- 190 190 N2

5PT 5-Phenyltetrazole exo- 240–250 220 N2

SBH Sodium borohydride endo- –a 2000 H2

a SBH is chemically activated by exposure to water.
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In typical systems, such as polyurethane, the foam is produced by the polymerization
of polyols with isocyanates, but it is necessary to provide “cell-openers” to obtain an
open foam structure that does not shrink on cooling. In the manufacture of cold-
hardening urea–formaldehyde foam plastics, an alkylnaphthalene acid derivative is
used as a foam generation agent, although polyurethane products are also widely
produced. During the processing of this foam, water reacts with the chemical isocyanate
groups and produces carbon dioxide gas, which thus causes bubble expansion and
occupies over 95% of the volume of the product. In the final stages, cell rupture occurs
producing an open cell structure which solidifies. The different stages of the foaming
process are shown in Fig. 5.31.

In addition to polymers and plastic foam systems, bubbles and foams are also
produced by a range of chemical reactions in a wide range of industries. For example,
disinfectant solutions that generate foams are prepared. Foams are also produced by
chemical reactions, and frequently this can be detrimental in some industries; for
example, slag foams are generated in electric arc furnaces, basic oxygen steelmaking
and ladle processing in the steel industry. Although some slag foam is desirable in
such processes for heat transfer, excessive foaming slows down production
rates. The effects of bubble size and chemical reaction on slag foaming have been
documented (32).

5.9 Gas generation by electrolysis

Gas-evolving electrodes are used in water hydrolysis, corrosion, electroflotation and
metrology. Methods of bubble generation by electrolysis are usually more expensive

(a) (b)

(d) (c)

Fig. 5.31 Macroscopic views of the different stages during polyurethane foaming: (a) bubble generation
and growth, (b) packed bubble network (bubble expansion), (c) urea microphase separation
(polymer stiffening) and cell opening, and (d) final curing. From ref (31).
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than more conventional methods due to energy requirements. Most processes have been
based on the electrolysis of water, with the cathode and anode reactions indicated as

CATHODE 2H2O↔ 2Hþ þ 2OH� 2Hþ þ 2e↔H2ðgÞ ð5:7Þ
ANODE 4 OH� ↔ 2H2Oþ O2 þ 4e� ð5:8Þ

Hydrogen bubbles are created at minute defect sites on the electrodes, hydrogen at the
cation and oxygen at the anode and, as the bubbles become detached, they rise to the
surface of the cell increasing in size. The main parameters which control the size and
number of electro-generated bubbles are current density, pH and electrode material.
A typical electrochemical cell and bubble collector are shown in Fig. 5.32.

Interestingly, it has been demonstrated that very fine bubbles can be generated using
electrolytic techniques compared to mechanical methods such as rotor stirrers, but the
generation process is limited in that only oxygen and hydrogen can be produced.
The empirical distribution of bubbles with respect to size was found to decrease with
the density of the applied current, which also increased the number of bubbles
generated (Fig. 5.33).

Industrial processes which utilize electrolysis for small-size bubble generation have
been mostly employed for the separation of effluent and mineral particles. The technique
has been applied to many different types of mineral systems such as sulfides, clays, fine
diamond tailings and quartz with varying degrees of success. Several different types of
flotation cells were developed in the former USSR for flotation of minerals. The cells
need to operate at high current densities, preferably with low levels of gas released.
However, a major disadvantage is that corrosion of the electrodes occurs after a period of
time; this can be avoided to some extent by using electrodes consisting of, for example,
Si-Fe, platinized titanium wire or Pt/Ir alloys.

Fig. 5.32 Single-cell electro-bubble generation cell. From ref (9).
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A range of alternative electrochemical cell architectures have been examined, for
example, horizontal perforated sheets consisting of stainless steel and graphite, grid-
expanded mesh and bipolar cells with vertical plates and membrane-separated electrode
cells. These cells have been tested for the separation of a range of different types
of minerals. In the United States, King (33) patented an electrolysis apparatus that
produced good quality foam in tubes and channels using specially spaced electrodes
of opposite polarity, enabling the bubbles to only escape from the surface of the cell.
The apparatus was used for the treatment of pollutants, and the addition of surfactant to
the cell was found to boost foam production.

Bubble growth during photoelectrochemical and electrolytic conversion processes
has also been well studied (34, 35). It has been established that the size of a bubble grown
from a surface in an electrolytic system can be expressed as rb = βtɑ, where rb is the
bubble size and t is the time and β and ɑ are constants. However, it is usually difficult to
control the process, and several studies have indicated that the surface area of the
solid dominates the mechanism. The dynamics of the formation of a hydrogen single
bubble at a platinum microelectrode was studied by Eckett and coworkers (36). Acid
electrolytes were favored in contrast to alkaline which gave highly periodic rather than
erratic bubble formation cycles. In 2014, Fernandez and workers (35) carried out
a detailed study on the growth of hydrogen bubbles and their detachment from
a platinum microelectrode using high-speed photography and over-potential frequency
spectrum (noise) analysis. The periodic release of fairly large bubbles <800 µm, was
recorded, and the release frequency was correlated with the bubble size and hydrogen
production rate. In cases, the coalescence of bubbles at the electrode surface was
inhibited chemically by surfactant or ethylene glycol or by hydrodynamically magneti-
cally induced convection, and it was found possible to generate swarms of smaller
bubbles of about 50 µm in aperiodic streams. The transition from periodic- to aperiodic-
released bubbles appeared to be critically dependent on the surface tension, and it

Fig. 5.33 The size distribution of gas bubbles generated in an electrolysis cell at a range of current densities.
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occurred when the surface tension of the solution was lower than 70 mNm−1.
The controlled release of hydrogen gas bubbles from microelectrodes of pre-designed
size and distribution could have potential applications in particle separation and ultra-
sonic imaging techniques.
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