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Stabilization of foams by the combined effects of
an insoluble gas species and gelation

Houda Bey,*®® Frgdgric Wintzenrieth,? Olivier Ronsin,® Reinhard Hghler® and
Sylvie Cohen-Addad**“

Liquid foams are unstable due to aging processes such as drainage, coalescence or coarsening. Since
these processes modify the foam structure, they can be a severe limitation to the elaboration of solid
foams with controlled structures inherited from their liquid precursors. Such applications call for a
thorough understanding of foam stabilization. Here we study how coarsening can be inhibited by the
combined effects of a mixture of gas containing a species insoluble in the foaming solution and of
gelation of the foaming solution. We present experiments with model ordered liquid foams and hydrogel
foams. They allow us to identify the underlying physical mechanisms of stabilization and their governing
parameters, namely the bubble radius R,, the foam shear modulus G and the number 5, of insoluble
trapped gas molecules per bubble. We propose a scaling model that predicts the stability diagram of an
ideal monodisperse perfectly ordered foam as a function of R,, G and 1, in qualitative agreement with
our data. We show that the domain of stable foams is governed by a characteristic elasto-capillary

radius set by the ratio of surface tension to storage modulus.

1 Introduction

Solid foams are cellular materials constituted of dense packings
of gas cells in a solid matrix. They are made of a wide variety of
materials including metals, glass, (bio-) ceramics or polymers.'~
Their low density combined with their cellular structure
considerably extends the range of physical, mechanical and
thermal properties achievable for solid materials compared to
that of dense solids and makes them sought after in many
applications." For instance, they are used as packaging or
construction building materials due to their thermal, acoustic
and electrical insulating properties as well as their light weight.
Solid foams are also used in chemical engineering applications
as filters, carriers for chemical species or microporous mem-
branes such as artificial skin." Foams made with hydrogels
are beneficial to applications that require biocompatibility to
elaborate absorbable sponges for wound dressing® or scaffolds
for tissue cell engineering®” for instance, and they have potential
applications in green chemistry or green engineering such as
surface decontamination processes.®
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Solid foams are elaborated from precursor liquid foams from
whom they inherit their morphology. The final solid foam structure
results from aging processes’ such as coalescence, drainage and
coarsening that alter the liquid foam in the course of solidification.
Therefore, stable liquid precursors, where aging is slowed down or
even better arrested,'®™ are crucial to design solid foams with
controlled bubble sizes, gas volume fraction and packing structure.
Drainage can be arrested when using for instance a concentrated
particle suspension as the continuous phase where the particles
are jammed in the liquid interstices.">'* Moreover, drainage and
coalescence can be slowed down by using a foaming liquid®'""?
with either large bulk viscosity or specific interfacial rheological
properties™'® that provide large surface viscosity or surface elastic
modulus. Stable highly ordered monodisperse solid foams have
been obtained combining a milli-fluidic generator and a gelifying
liquid phase.'”'® The conditions under which the dissolution of an
isolated bubble in an elastic infinite matrix can be stopped have
been analyzed theoretically.'® If the shear modulus of the matrix
is large enough, its deformation that goes along with the bubble
deflation or inflation generates elastic stresses large enough
to counteract the effect of the capillary pressure. However, the
elastic properties of the continuous phase minimally required
for foam stabilization have so far not been clarified, and no
physical model of this process is available.

Coarsening kinetics can be slowed down using different
methods:

- a geometrical one, which consists of using monodisperse
bubbles arranged in highly crystalline structures where the



Laplace pressures in neighbouring bubbles are to a good
approximation the same.** However, such structures generally
present defects which act as nucleation sites for coarsening.*!

- a physicochemical one, where a foaming solution containing
fatty acid co-surfactants is used. The dense surfactant monolayer
adsorbed at the liquid-gas interface decreases the gas perme-
ability of the liquid film.>* Alternatively, nanoparticles adsorbed
at the interfaces can arrest coarsening as they form an elastic
skin able to oppose mechanical resistance to the deformation
of the interfaces.""*?

- another physicochemical method makes use of a gas mixture
containing a small amount of a species which is insoluble in
water. If the soluble gas diffuses out of a bubble that thus
becomes smaller than its neighbours, the concentration of the
insoluble species in this bubble increases, leading to the build up
of an osmotic pressure that is opposed to the Laplace pressure.
2D numerical simulations on a dry disordered polydisperse foam
structure (soap froths) have shown that coarsening can indeed be
arrested by an insoluble species in the gas mixture, leading to a
very heterogeneous stable structure.>* This effect is analogous
to the inhibition of Ostwald ripening in a dilute emulsion by
trapping in the droplets a molecular species insoluble in the
continuous phase.”>*® Several experiments with liquid foams
have shown empirically the efficiency of such gas mixtures to
slow down coarsening,”?”*® but the criterion for foam stabili-
zation has not been established yet.

In this paper we study experimentally how coarsening of
an initially monodisperse liquid foam can be inhibited by the
combined effects of an insoluble gas species and gelation of the
continuous phase, as a function of three control parameters:
the bubble size d, the partial pressure of the insoluble species
P, and the elastic modulus of the solid foam G. We identify a
mechanism of stabilization based on the competition between
the capillary pressure, the elastic stresses in the gel and the
osmotic pressure due to the insoluble species. As a reference
case, we first study the stabilisation solely due to the insoluble
gas species. Then we show that, in gelled foams, in qualitative
agreement with our data, the onset of coarsening is governed by
a critical elasto-capillary bubble radius, set by the ratio of surface
tension and foam shear modulus. We determine a semi-empirical
criterion predicting for what bubble sizes, insoluble gas partial
pressure and solid foam elasticity a foam is stable.

2 Experimental section
2.1 Materials

As a foaming agent, we use the nonionic surfactant Triton
X100 (Sigma-Aldrich). Gelatin from porcine skin (type A) is
purchased from Sigma-Aldrich. It has an average molar mass of
90 kDa and its isoelectric point is in the range of pH ~ 7-9.
Sodium azide from Sigma-Aldrich is used as an antibacterial
agent in the gelatin solution. Perfluorohexane is obtained from
ABCR. All chemicals are used as received. Aqueous solutions
are prepared using Ultrapure water (Millipore). Concentrations
are defined as weight fractions.

2.2 Foaming solutions

Liquid foam samples are made from a foaming solution con-
taining 0.45 wt% (=35 cmc) of Triton X100 dissolved in water.

Gelatin foams are prepared from aqueous foaming solutions
containing gelatin, sodium azide and Triton X100 as a surfactant.
We vary the concentrations of Triton X100 and gelatin, denoted
by C and C,j, respectively, keeping constant their ratios. First, a
stock solution containing 9 wt% of Triton X100 in water is
prepared, as well as a stock solution of sodium azide at 3 wt%.
Then gelatin powder, stock Triton solution and stock sodium
azide solution are added to water heated at 60 °C in quantities
necessary to achieve the final concentrations: C = 0.45 wt% with
Cgel = 5 Wt%, or C = 0.90 wt% with Cge) = 10 wt%. The sodium
azide concentration is fixed at 0.036 wt%. The solution is
homogenized under gentle stirring at T = 60 °C for 2 hours. It
is stored at 4 °C and heated at 50 °C just before use. The pH of
these gelatin solutions is 5.3.

We measure the surface tension y of the foaming solutions
using a Wilhelmy plate tensiometer. In the absence of gelatin,
for both Triton X100 concentrations, we find y = 31.3 mN m ™'
at T=21 =+ 1 °C, a value consistent with previous results,* and
7=30.2 mN m ' at T= 45 °C. For both gelatin foaming solutions,
we measure y = 30.2 mN m™ " at 7 = 45 °C. This indicates that
gelatin has no impact on the surface tension of the liquid-gas
interface in the studied ranges of Triton X100 and gelatin
concentrations, consistently with previous work.>> We assume
that our gelatin gels at T = 21 °C have the same interfacial
tension as that of a liquid solution with the same Triton X100
concentration at the same temperature, namely y =31.3 mN m ™"
atT7=21+1"°C.

2.3 Gas mixtures

To slow down foam coarsening, which rapidly develops in
foams containing nitrogen only, we use a mixture of nitrogen
gas and perfluorohexane (C¢F,4) vapor that has an extremely
low solubility in water. The solubility is characterized by the
Henry’s law solubility constant, H = ¢/P, where ¢ is the concen-
tration of the dissolved gas in a bulk liquid at partial pressure P.
We use the indices o and 5 to distinguish the soluble (nitrogen)
and the quasi-insoluble (C¢F,4) gas species. At 25 °C in water,
we have®® H, ~ 6.4 x 10~° mol m™> Pa~'. This is four orders of
magnitude larger than H, =~ 5.4 x 10" "* mol m* Pa™". The gas
mixture is prepared with a controlled partial pressure of CgFg,
denoted as P,, using the setup®"** schematically shown in the
red dashed frame in Fig. 1. A mixing chamber of volume V. =1L
is evacuated to a pressure of ~0.5 mbar. A given volume v
of liquid CgF;4 is then injected through a septum into
the chamber. Finally, nitrogen gas is added until the total
pressure reaches P. = 2 bar. The gas mixture is homogenized
for several minutes using a fan placed inside the chamber.
The molar volume of liquid C¢F,4 at room temperature 7'is vy, =
2.02 x 107" m?. Upon foam generation, the gas expands
isothermally and its pressure drops to the atmospheric pressure
P,. The final composition of the gas mixture is characterized by
its C¢F14 partial pressure P, = (Po/P.) (v/vm) (RT/V.), where R is
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Fig. 1 Schematic diagram of the setup used to prepare gas mixtures (shown in the red dashed frame) and the setup to generate foam in a thermostated
chamber. The gas mixture is prepared by injecting a given volume of liquid CgF14 through a septum (labelled S) into a chamber that has been previously
evacuated using a pump. Then the chamber is filled with nitrogen until the total pressure reaches P. = 2 bar. Finally, the mixture is homogeneized for 15
minutes using a fan inside the chamber. Monodisperse bubbles are produced using a milli-fluidic T-junction. A syringe pusher injects the foaming
solution into the junction with a controlled flow rate Q, while the gas mixture is injected at an imposed flow rate Qg using a mass flow controller. Bubbles
are collected in the sample cell, and the gas volume fraction is adjusted by evacuating the appropriate amount of liquid towards the liquid collector. The
T-junction, the syringe containing the foaming solution and the sample are all placed in an air-thermostated chamber at T = 44 °C. The temperature is
measured close to the T-junction using a PT100 platinum resistance temperature sensor. Once the cell is filled, it is rotated along a horizontal axis using a

clinostat (not shown) located inside the thermostated chamber.

the ideal gas constant. The range of P, we use, between 1.2 and
180 mbar, remains below the vapor pressure of C¢F;4 which is
~0.3 bar at 20 °C.

2.4 Experimental setup and protocol

The foam samples are generated using the setup schematically
represented in Fig. 1. Monodisperse bubbles are produced
using a T-junction. For bubble diameters smaller than 1000 pm,
the dimensions of the channel are 800 um width and 400 pm
depth, while for larger diameters they are 1600 pm width and
800 pm depth. The foaming solution heated at 50 °C is injected at
a flow rate Q, controlled by a syringe pump through one of
the inlets of the T-junction. A mass flow controller (Bronkhorst
EL-FLOW Select) injects through the second inlet the gas mixture
prepared as described in Section 2.3. The T-junction outlet is
connected to the inlet of the sample cell made of polycarbonate
(internal dimensions: 16 mm width x 27 mm length x 5.3 mm
thickness) where the bubbles are collected within a few minutes,
while excess liquid is drained through an outlet toward a liquid
collector. The bubbles in contact with the top and bottom faces of
the transparent cell can be observed by videomicroscopy.

The average initial diameter of the bubbles, d = 2R, is con-
trolled by the imposed flow rate ratio Q,/Q, and it can be chosen in
the range between 250 pm and 1500 pm. The gas volume fraction
value @, determined by weight measurements, is (80 £+ 2)%. The
typical initial bubble diameter polydispersity calculated as the ratio
of the standard deviation to the average diameter is 5-10%.

The syringe containing the foam liquid, the T-junction and
the sample cell are all placed in a chamber thermostated at
T =44 °C by an air flow. At this temperature, the foaming solution
is above the gelation point and its viscosity is sufficiently low for
operating the Tjunction foaming device (¢f Section 2.5).

Once the sample cell is filled with foam at the targeted gas
volume fraction, it is disconnected from the T-junction circuit
and closed hermetically. This instant defines the initial foam
age t = 0. To homogeneize the liquid content throughout the
foam, the cell is then placed on a clinostat inside the thermo-
stated chamber and slowly rotated along an horizontal axis for
20 minutes. After that, the cell is taken out of the thermostated
chamber, fixed in a horizontal position and allowed to stand to cool
down to room temperature. The foam temperature is measured
using a PT100 platinum resistance temperature sensor as a
function of aging time ¢ This thermal history is plotted in
Fig. 2. Photographs of the top and down surfaces of the sample
are regularly taken during the foam aging, from ¢ = 0 h and
typically until £ = 16 h to check that the structure is not
modified by drainage before gelation sets in.

2.5 Rheological characterization

We use a rheometer (Anton Paar MCR501) equipped with a
sand blasted cone-plate geometry (50 mm diameter, 2° cone
angle) and a Peltier device to control the temperature. The
sample is protected against water evaporation by a paraffin oil
rim. At the temperature T = 44 °C where the foam is produced
and homogeneized for 20 minutes, the gelatin solutions are
liquid. We measure their viscosity at two steady shear rates:
0.5s "and 1 s " and find Newtonian response with a viscosity
of 7 mPa s for Cye| = 5 Wt% and 20 mPa s for Cge) = 10 Wt%.
At a temperature close to 30 °C, gelatin molecules undergo a
coil-to-helix transition. It leads to the formation of triple helices
that constitute physical cross-links between molecules.*® Thus,
when the temperature of the gelatin solution is decreased to
room temperature (21 + 1 °C), the solution is slowly trans-
formed into a physical gel, leading to a progressive increase of



both the elastic and loss shear moduli G’ and G,". However,
these moduli are known to depend on the precise gel thermal
history.** Using the rheometer and the cone-plate geometry
described above, we apply a sinusuoidal shear strain of 1%
amplitude at a frequency of 1 Hz and measure the complex
shear modulus Gg* = G’ +iG,”, for the same thermal history as
in the coarsening experiments described below, up to a sample
age of 20 hours. Note that G,' of gelatin is quasi frequency
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Fig. 2 Thermal and mechanical histories of the gelled foams with Triton
X100 C = 0.45 wt% and gelatin concentrations: (a) Cgei = 5 Wt%, (b) Cyel =
10 wt%. The instant t = O corresponds to the end of the sample production
when the cell is filled at the targeted gas volume fraction. During the first
20 minutes, the liquid content of the foam is homogenized at the
temperature of the thermostated chamber (44 °C). Then the sample is
allowed to cool down to room temperature. The temporal evolution of the
foam temperature (see the axis on the right) during aging is plotted as a
black continuous line. The storage and loss shear moduli G5" and Gg” of
the gelatin foaming solutions are measured with a rheometer where they
are subjected to the same thermal history as the foam in the coarsening
experiments. These bulk gel moduli (see the axis on the left) are plotted
versus aging time. Note that on long time scale when the temperature
is stabilized to its final value, the storage modulus G4’ increases logarith-
mically with time.

independent® in the range 10~ *-10 Hz. Using these data, we
identify the gelation point as the instant when G,’ = G,". Fig. 2
shows the evolutions of G,' and G,"” with aging time for both
investigated gels. For the less concentrated gelatin solution
(Cge1 = 5 Wt%), we observe that, given our protocol, when the
temperature decreases below about 26 °C, reaching a foam
aging time ¢ = 54 min, G, starts to increase (cf. Fig. 2a). For
this gel, the gelation point is observed at ¢, s = 65 min when
G, = G Pa. Then G, increases strongly with time. After
15 hours, G,/ = 1000 Pa, which is about 30 times larger than G,".
For the more concentrated gelatin solution (Cgej = 10 Wt%), we made
similar observations (c¢f Fig. 2b): the onset of gelation corre-
sponds to the aging time tye|1o = 48 min. G, reaches 3700 Pa
after 15 h. At this age, G,/G,” = 35. As already well
documented,** gelation occurs earlier and the storage modulus
grows with increasing gelatin concentration. The mechanical
response is predominantly elastic and the storage modulus
increases logarithmically on long time scales when the tem-
perature is stabilized at its final value. These observations are
consistent with previous measurements of a complex shear
modulus of gelatin solutions of similar gelatin concentrations
without any surfactant.’>*>

3 Mechanisms of foam stabilization by
an insoluble gaseous species and
gelation of the continuous phase

As a model system, we consider an ideal monodisperse per-
fectly ordered foam, constituted of bubbles with an initial
radius R,, and a continuous phase made of a soft elastic solid.
The gas volume fraction @ is a fixed parameter that can take any
value between the wet and the dry limits. Each bubble is filled
with a mixture of two ideal gases with different solubilities.
Following the notations introduced in Section 2.3, we call o the
gas that is weakly soluble in the liquid phase, and 7 the insoluble
one. Each bubble contains the same fixed number of molecules
of the insoluble species 7,. The total amount of gas in the foam
is kept constant as in our experiments. This is a difference
between our model and a previous one only valid for dry foams
where it is supposed that the bubbles can exchange gas with an
infinite reservoir.>

To derive a stability criterion for such an ideal foam, we
consider that, due to some fluctuation, one anomalous bubble
has a radius R slightly different from all the other ones of radius
R,. The capillary pressure differences drive a diffusive gas
exchange between neighbouring bubbles, and we study how R
evolves as a small amount of gas is transferred between this
bubble and its neighbours. Since their number (12 for a fcc
structure or 14 for a Kelvin one) is large, we neglect the
variation of their radii compared to the one of the anomalous
bubble. The change of R induces an elastic deformation of the
matrix around the anomalous bubble, and an elastic stress that
tends to restore the initial unstrained structure. Whether the
volume of a bubble increases or decreases, this elastic response
always tends to bring the bubble back to its initial volume.



The matrix elasticity thus stabilizes the foam structure and can
counteract the effect of capillary pressure. Moreover the osmo-
tic pressure due to the insoluble trapped gas species tends to
establish a uniform concentration of the insoluble species.
Since 7, is fixed, this osmotic effect works against any variation
of the bubble size. It can balance the capillary pressure and
stabilize the foam.

We assume that the ensemble of bubbles is dispersed in the
bulk liquid containing an initial uniform concentration of the
soluble species o, C.,, which corresponds to the saturation at
the atmospheric pressure P,. We have C., = H,P,, where H, is
the Henry’s law constant as in Section 2.3 and P, , is the partial
pressure of the species o in the atmosphere. For the soluble
species « to be in equilibrium, its chemical potentials in the gas
and in the liquid must be equal. This is satisfied when the
concentration of the dissolved species o around a bubble of
radius R, is C, = CoPy(R,)/P,,, Where P,(R,) is the partial
pressure of the species o in a bubble. As shown in the Annex,
since the solubility of the species « is assumed to be small, the
number of moles of gas that must be transferred from one
phase to the other to reach C, is very small compared to the
number of moles of « inside a bubble. Thus this small mass
transfer does not significantly change the initial bubble size
R, and we neglect it. This feature is a major difference between
our model and previous work where coarsening of droplets
dispersed in a liquid reservoir was analyzed, depending on its
saturation with gas.”®

First, we consider a spherical bubble, of initial radius
R,, immersed in a homogeneous continuous isotropic elastic
medium (initially unstrained) which models the surrounding
foam, and we determine the relation between the pressure in the
bubble p and a small radius variation R — R,,. Furthermore, we
assume that the elastic deformations remain small so that the
matrix elasticity is well described in the linear Hookean limit.

To calculate the displacement field u at distance r from the
bubble center, Navier’s equation must be solved.*® We consider
boundary conditions at the limits of the foam sample in a
geometry that can be analyzed analytically: the foam is
assumed to have the shape of a spherical shell of inner radius
R, and outer radius L, subjected to a pressure p at the inner
shell surface. This boundary condition for the radial normal
stress 1., thus is written as

Tw=—p at r=R, (1)

where 7;; denotes the Cauchy stress tensor. We assume that the
foam is contained in a closed rigid box, so that the displace-
ment at the outer surface of the foam must be equal to zero:

u,=0 at r=1L (2)

Because of the spherical symmetry, the displacement field
is radial and only depends on the distance r. Solving
Navier’s equation yields a radial displacement u, of the form:*®
u, = Ar + B/r?, where the constants A and B depend on the two
Lamé’s coefficients of the material 1 and u. Using the boundary
conditions, eqn (1) and (2), we determine the radial displace-
ment u, in the shell. In the limit where L >»> R,, the radial

displacement at the bubble surface ©,(R,) is given to third order
in (Ro,/L) by

4 3
w(Ry) = R— Ry = fi: _3pRo(A+2) (’%) 3)

The first term is independent of the box size L, and the
second term rapidly fades away as (1/L%). In the case where
(Ro/L)? « (4/3)u/(2 + 2p), it is negligible and the relation
between the pressure inside the bubble and the relative radius
variation is linear at order zero in (R./L):

R—R,
R,

P =—Tu(Ro) = 4p (4)
The Lamé coefficient u is equal to the shear modulus G of the
gelled foam matrix:*® i = G. The Lamé coefficient / is related to
G and to the Poisson’s ratio v by 4 = 2Gv/(1 — 2v). Thus the
above condition for neglecting the compressibility of the matrix
around the bubble is independent of the matrix elasticity G and
can be simply written as (R,/L)* « 2(1 — 20)/3(1 — v). Eqn (4) is
consistent with a previous result derived for small deforma-
tions of an isolated bubble contained in a infinite neo-Hookean
elastic gel of infinite extent.?”

Eqn (4) gives the pressure inside a bubble surrounded by a
stretched or compressed elastic matrix where the deformation
arises from a small variation of the bubble size around R,
corresponding to the reference unstrained state. If the radius R
decreases, the matrix around is stretched and exerts on the
bubble surface an outward elastic restoring force that tends to
bring back the radius to its initial value. An opposite elastic force
is induced if R increases. The elastic response of a real gelled
foam is more complicated than that of a homogenous medium
due to the details of the microstructure such as shape and
elasticity of films, Plateau borders and vertices. Therefore, we
expect eqn (4) to give the appropriate scaling of the normal stress
up to a constant dimensionless prefactor, which we denote as g
and we write the normal stress as the following scaling law:

R— R,

0

Te(Ro) = —4¢G (5)
We now study the stability of an ideal foam where the
continuous phase is made of an elastic gel, and we take into
account the effect of an insoluble species in the gas mixture.
The anomalous bubble mentioned above contains the same
number of insoluble molecules 7, as all the others since
the foam is initially monodisperse. However due to its slightly
different size R, it has a different partial pressure of the
insoluble gas species P,(R), given by the ideal gas law:

 3nkT R.\’
e = (o) () )

where k is the Boltzmann constant. The total gas pressure in the
bubble is the sum of P,(R) and the partial pressure of the
soluble species P,(R):

Py(R)

P(R) = P,(R) + P,(R) )



The capillary pressure P.(R) is defined as the difference between
the pressure in the bubble R and the pressure P, in the
surrounding liquid. It is a function of bubble size, gas volume
fraction @ and surface tension 7:

P(R) = 1/ () ®)

where the ®-dependent factor f(®) is related to the osmotic
pressure of foam.*® For the monodisperse fcc foams studied
here, the ¢-dependency of this osmotic pressure is known,*
and we calculate that the factor f(®) ~ 2.0 for ¢ = 0.8. Since
both the interfacial tension and the matrix elasticity contribute
to the pressure difference between the bubble and the outside
matrix, the partial pressure of the soluble species is

P(R) = P, + P(R) — t:(R) 9)

Combining eqn (5)-(9) yields the partial pressure of the soluble
species in a bubble of radius R:

R—R, R,

. —muw(;)} (10)

Eqn (10) shows how the capillary pressure, the osmotic pres-
sure due to the insoluble trapped species and the elastic
stresses compete. To analyze the stability of an anomalous
bubble of radius R, slightly different from the one of the
surrounding bubbles R,, we compare the pressures P,(R) and
P,(R,) predicted using eqn (10). A pressure imbalance induces a
flux of the soluble gas between the anomalous bubble and its
neighbours depending on the variation of P, with R. If, in
the vicinity of R,, P,(R) is an increasing function of R, then
a small increase of R above R, will induce an overpressure
P,(R) — P,R,) > 0 driving an outwards flux of the soluble
species. The anomalous bubble will thus shrink. Conversely,
a small reduction of R below R, will lower the pressure in
the bubble. Since P,(R) — P,(R,) < 0, it will suck soluble
gas from its neighbours and grow. Thus, any bubble size
fluctuation around R, will be damped. Such an ideal foam is
stable. Reciprocally, if P,(R) decreases with R close to R,, then
any size fluctuation will be amplified and the foam will be
unstable. Thus, the criterion for a foam to be stable can be
expressed as

P.(R) = Py + %f‘(dﬁ) 1 4G

dP,(R)
dR

>0 (11)

For a liquid foam, in the absence of elasticity in the
continuous phase (G = 0), eqn (10) shows that, at fixed initial
partial pressure of the insoluble species, P,(R) goes through a
maximum for the bubble radius Ry

(@)
Ry = 3P,(R,)

(12)

Ry gives the minimum stable bubble radius as a function of
P,(R,). In practice, P,(R,) is often the experimental control
parameter. Empirical foam stabilization by gas mixtures are
qualitatively consistent with this prediction.”*"*”® Alternatively,

using eqn (6), Ry can be expressed as a function of the number
of insoluble molecules per bubble, 7,:

nokT
mf (P)

3
Ry = 3 (13)

According to the stability criterion, eqn (11), foams with
bubble radius R, < Ry will be stable, for a given surface tension
and gas volume fraction. Indeed, the osmotic pressure, which
tends to establish a uniform concentration of the insoluble
species, and scales as 1/R? is the dominant contribution
to the pressure P,(R) for small R. Conversely, at large bubble
radii R, the capillary pressure that scales as 1/R and drives
coarsening, dominates the pressure P,(R). Thus, at fixed 7,
foams with small bubbles tend to be more stable than foams
with large ones. Note that this effect is consistent with that
predicted in dilute emulsions containing an insoluble species
trapped in the droplets:>® for a fixed number of insoluble
species molecules per droplet, the emulsion does not ripen
if the droplet radius is small enough for the Laplace pressure
to be smaller than the osmotic pressure,”® the critical stable
droplet radius having a scaling with surface tension and n,
similar to that of eqn (13).

We now analyze the foam stability in the case of combined
gelation (G # 0) and insoluble gas species. To study small
variations of R around R,, we set R = R,(1 + ¢) and linearize
eqn (10) in &:

(14)

_ @) AT
e = Pa(o) + (-2 4 a6 4 1)

The stability criterion (eqn (11)) corresponds to 1, > nem With

_4nR’ (1f (@)
Nom = 9kT< R —4gG

(15)

In the absence of any insoluble species in the gas mixture
(om = 0), coarsening due to capillary pressure differences can
then be counterbalanced only by the elasticity of the continuous
phase. Eqn (15) shows that the minimum radius for which a
bubble can be stable is given by the elasto-capillary radius:
Rec = % (16)

Note that Rgc can be simply derived using a scaling argument
according to which the surface energy ~7yRyc> must be overcome
by the elastic energy ~GRgc’ to deform a bubble. This radius is
similar to the elasto-capillary length characteristics of mechanical
problems involving fluid interfaces at sub-millimetric scales:>® if
the length scale of the interface is smaller than the elasto-capillary
length, then the elastic forces are too weak compared to the
capillary forces to deform the interface. Eqn (15) can be simply
recast in terms of Rg¢ as

_ 16ngGR,

= Rgc — R
Hom kT ( EC 0)

(17)

According to the stability criterion eqn (11), the ideal foam is
stable if (dP,/de),-o > 0. Thus, at a given modulus G and surface
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Fig. 3 (a) Schematic stability diagram (R., 1o) of a gelled foam for a given

surface tension y and a given elastic modulus of the foam G, at a fixed gas
volume fraction @. The number of insoluble gaseous trapped species, in a
bubble of radius R., is .. The elasto-capillary radius Rec is defined using egn (16).
In the absence of any insoluble trapped species (when 7, = 0), Rec sets the
minimum bubble radius to obtain a stable foam. The continuous curve (in red)
represents 5om given by egn (17) and (18) for fixed g, G, y and @. Its maximum #g
is defined in the text. According to our stability criterion, the domain of the stable
foam corresponds to 17, > #om. (b) Schematic 3D stability diagram (Ro, G, o) of a
gelled foam of given surface tension y and gas volume fraction @. The stable
domain lies above the surface whose equation is given by egn (17) and (18).

tension 7, if the bubbles are large enough such that R, > Rgg,
this condition is always fulfilled: the gelled foam is stable for

any number of insoluble trapped molecules 7, as illustrated
schematically in Fig. 3a. For small bubbles with R, < Rgc, the
stability condition is satisfied only for sufficiently large 1, > 1om.
For fixed modulus G and surface tension 7y, the curve Ry(1jom)
goes through a maximum given by 1S = n)°f(®)*/(243kTe*G?). A
foam with 5, > g will be stable for any bubble radius. We note
that the scalings of Rgc and 55 with y and G are not the same.
This means that the knowledge of the elasto-capillary radius Rgc
or the ratio /G is not sufficient to predict the shape of the stable
domain in the parameter space (R,,G,1,). This constitutes a
strong constraint when comparing the data to the predicted
stability diagram. In this parameter space, the equation of the
surface separating stable and unstable domains is

0
No =
Hom

The shape of the surface is shown in Fig. 3b. The unstable
domain is located below the surface. As expected, in the limit
when the shear modulus G — 0 (or Rgc — ), the frontier of
stability predicted by eqn (15) is identical to that predicted by
eqn (13) for liquid foams with the parameters (R, and 7).

if R, > Rgc

(18)
if Ry < Rgc

4 Results

4.1 Liquid foams

As a reference case, we first study the stability of liquid foams
without gelatin, depending on the initial bubble diameter d = 2R,
and the initial partial pressure P, = P,(R,) of the insoluble gas
species CgF44. Initially the foam structures are ordered with large
crystalline domains at the surface as shown in Fig. 4 and 5.
In the absence of C¢Fy4, for all of the investigated bubble
sizes, we observe foam destabilization by coarsening after typi-
cally ~1 hour of aging: bubbles much larger than the initial
size as well as structural disorder appear, as shown in Fig. 4.

Liquid foams without gelatin with pure N, gas

T
1h

Fig. 4 Photographs of two liquid foams (@ = 79%) without gelatin and with pure N, gas, at different ages as indicated, for two initial bubble diameters:
(a—c) d = 325 um; (d—f) d = 994 um. For a given sample, the views are taken at the same place. The scale bars are 2 mm.



For a given bubble size the aging time where coarsening
becomes visible varies slightly from one sample to another
due to the differences in their structures: crystalline domain
walls and structural defects that act as nucleation sites for
coarsening are not identical for different samples. Thus, we see
that 1 hour is a typical time scale of coarsening due to nitrogen
diffusion for our liquid foam samples in the absence of CgFy,.
Videomicroscopy observations of the top and the bottom
surfaces of the samples did not show any evidence of drainage
or coalescence on this time scale of observation. We choose the
following stability criterion: as long as clusters of more than
50 bubbles with the initial size remain after 1 hour aging, we
consider that a foam with such given d and P, is a stable one.

The kinetics of gas transport through a liquid film between
two bubbles is controlled by the product DH where D is the gas
molecular diffusion coefficient in water and H is Henry’s law
constant.’ The ratio of the diffusion coefficients*® of C¢F,4 to
that of nitrogen, D,/D, is ~0.3. Thus, we have H,D,/(H,D,) =
2 x 107°. Therefore the effect of the finite solubility of C¢Fy4
should have an impact on coarsening only on timescales several
orders of magnitude larger than that of nitrogen, and we do not
expect to observe it. Moreover effects due to the solubility of CO,
would be expected on timescales of the order of a few tenths of

seconds just after foam production, which is several orders of
magnitude shorter than the time scales of our experiments.*!

To characterize the impact of insoluble species on coarsening,
we observe the structure of foams with different bubble sizes and
partial pressures of C¢F,,. For instance, the foam in Fig. 5(a—c)
is an “unstable” one since after 1 h of aging its structure
is modified: the bubble sizes become polydisperse. After 2 h of
aging, only small bubble clusters with the initial bubble diameter
remain. The liquid foam as in Fig. 5(d-f) is a “stable” one. Its
structure is not modified after 1 h of aging. Fig. 5 also shows the
impact of varying the bubble diameter d at constant partial
pressure. For P, = 0.12 bar and d ~ 300 pm, Fig. 5(d-f) shows
that after 16 hours of aging, some bubbles much larger than d
are present. However, large clusters of more than 50 bubbles
with the initial diameter are still present. Therefore, we consider
this foam as ‘“stable”. For the foam with larger initial bubbles
d ~ 1000 pm (Fig. 5g-i), structural changes are even smaller
than for d = 300 um over the same laps of time.

We analyze the bubble size distributions on photographs
taken at the aging times ¢ =0 h, ¢ = 8 h and ¢ = 16 h. Inspection
of the photographs taken from above and below the cell show
that the bubble sizes and the liquid fraction are identical
on both sides of the cell (¢f. Fig. 6). Based on a population of

Liquid foams without gelatin

T
20 min

T
1h
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Fig. 5 Photographs of three liquid foams without gelatin, at age t = 20 min (just after homogenization, cf. Section 2.4) and at later ages, with different initial
bubble diameters and partial pressures P, of CgF14: (a—c) d = 336 um, P, = 0.0065 bar; (d—f) d = 316 um, P, = 0.12 bar; (g—i) d = 1000 um, P, = 0.12 bar.
All the foams have the same gas volume fraction ¢ = 79%. The structure of the foam in photos a, b, and c considerably evolves in 1-2 hours: it is an unstable
foam that coarsens on this time scale due to nitrogen diffusion between bubbles. In photos d, e, and f, the foam is stable since large bubble clusters with
the initial size d can be seen. On this time scale coarsening due to nitrogen diffusion is inhibited by the presence of the insoluble CgF14 molecules. In
photos g, h, and i, the foam is stable. Only a few bubbles with different sizes appear. For a given sample, the views are taken at the same place. All scale

bars represent 3 mm.



Fig. 6 Photographs taken on top (a) and bottom (b) of the cell showing
that the foam structure is similar after 16 hours aging, in the absence of
gelatin (bubble diameter d = 1000 um, P, = 0.12 bar, @ = 0.80). The scale
bars represent 1 mm.

500 bubbles at each age, we measure the normalized probability
density of the bubble diameters, the average bubble diameters
and the standard deviations. Fig. 7 shows the evolution of the
average diameter with foam age for three different initial bubble
sizes, at a given partial pressure P,. At this pressure, the average
diameter slightly increases for the two smallest bubble sizes
(d ~ 300 pm or 600 pm) while it remains constant for the larger
ones d ~ 1000 pm. At the same time, there is a net increase of
the standard deviation for the smallest diameters. This is con-
sistent with the evolution of the bubble size distributions shown
in Fig. 8. After 16 h of aging, in the case d ~ 300 pm (Fig. 8a),
the proportion of large bubbles increases, building up a tail in
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Fig. 7 Evolution of the mean bubble diameter as a function of foam age
for liquid foams without gelatin, having different initial bubble diameters d:
(@) 320 um, (M) 620 pm, and (®) 1000 pum. The bars represent the
standard deviations. The CgFy4 partial pressure is P, = 0.12 bar, as in Fig. 5.
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Fig. 8 Probability density of the bubble diameter for liquid foam without
gelatin for different foam ages as labeled. The initial bubble diameters are:
(@) d = 320 um, and (b) d = 1000 pm, with P, = 0.12 bar (same data as
in Fig. 7). The lines are guides to the eye.

the distribution, while no significant evolution of the distribu-
tion is detected in the case d ~ 1000 pm (Fig. 8b).

To summarize, by systematically varying the initial bubble
size d and the partial pressure P, of C¢Fy4, we observe that the
smallest bubble size for which stability can be achieved
decreases as P, increases. This is consistent with previous
observations.”?"*”*® In Section 5.1, we compare the observed
domain of the stability of such foams to that predicted above
for ideal foams (cf. Section 3).

4.2 Gelled foams

We investigate the aging of gelled foams as a function of
the bubble size d = 2R,, the gelatin concentration Cg in the
foaming solution and the partial pressure P, = P,(R,) of the
insoluble species CgFy, in the gas mixture. Initially the foam
structures are ordered with large crystalline domains as for
the liquid foams. We recall that during the first 20 minutes of
aging, the sample is still placed inside the thermostated
chamber at 44 °C and the continuous phase does not yet exhibit
a measurable shear modulus (¢f. Fig. 2). Moreover, the onset of



gelation corresponds to the instants ty. 5 = 65 min and Zgej 10 =
48 min for the respective gelatin concentrations Cge = 5 Wt%
and Cge = 10 Wt% (cf Fig. 2). Thus, it is only after these aging
durations that elastic forces can be generated by the gelation
of the continuous phase and potentially counteract bubble
deformation induced by gas exchanges between neighbouring
bubbles.

Our observations show that extremely stable foams can be
obtained if the bubble size d, the partial pressure P, or the
gelatin concentration Cq are sufficiently large. On the contrary,
if one of these parameters is too small, coarsening is observed.
Similarly to the case of liquid foams, crystalline domain walls
and structural defects act as nucleation sites for coarsening in
gelled foams. We determine the age ¢,,x when we observe the
last cluster of at least 50 bubbles with the initial diameter d,

Gelled foams

Cgei = 5% g/g

and we consider that a foam with such d, P, and the storage
modulus of the continuous phase evaluated at ¢, using the
data in Fig. 2 is “stable”.

As an illustration, Fig. 9 shows the evolution of gelled foams
with the same P, = 0.06 bar, but different d or Cgej. With Cge) =
5 wt% and d = 330 um (Fig. 9a and b), we observe that at 12 h,
the foam structure exhibits clusters with an initial bubble size
d surrounded by regions with heterogeneous bubble sizes.
Inspection of the photographs at ages beyond 12 h reveals that
the clusters become smaller than about 50 bubbles. Thus,
in this case, we have t,,,, = 12 h. At this instant, the modulus
of the gel is G,/ = 930 Pa (c¢f. Fig. 2a), and we deduce that a
foam with the set of parameters d = 330 um, P, = 0.06 bar and
G, =930 Pa is stable. With the same gelatin concentration and
larger bubbles d = 1026 pm, we observe in Fig. 9c and d that the

Cge1 = 5% 9/g
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Fig. 9 Photographs of three monodisperse gelled foams with the same partial pressure of CgFi4, P, = 0.06 bar, at age t = 20 min (just after
homogeneization) and at later ages as indicated, with different gelatin concentrations and initial bubble diameters: (a and b) Cge = 5 Wt%, d = 330 um;
(cand d) Cye = 5 wt%, d = 1030 um; (e and f) Cge = 10 wt%, d = 890 um. All foams have the same gas volume fraction @ = 79%. For the foam in (a and b),
bubble clusters of at least 50 bubbles perdure up to an age of tnax = 12 h. Beyond this age the clusters become smaller. tox is the age limit of foam
stabilization after which the coarsening due to nitrogen diffusion dominates over the gel elasticity. The foams in (c and d) and (e and f) are stable up to at
least tmax = 16 h. They are stabilized against coarsening by the gel elasticity. The storage moduli of the foams are evaluated at ty.x Using the measured
values of the storage modulus of the continuous phase shown in Fig. 2 and eqgn (19). For a given sample, the views are taken at the same place. The scale

bars represent 3 mm.



foam is stable up to tmax = 16 h. At this age, we have G’ = 1000 Pa.
Consistently, increasing the gelatin concentration to Cye = 10 wt%
while keeping a similar bubble size (¢f Fig. 9e and f) yields a foam
that is stable up to 16 h. At this age, G,' = 3700 Pa (cf. Fig. 2b).
A fortiori, these three foams are also stable at t = 1 h < tge5, Le.
during the period preceding gelation when G,' = 0 Pa, which is
consistent with our observations of liquid foams (cf Section 4.1).

Fig. 10 shows the evolution of foams with similar bubble
sizes and gelatin concentrations as in Fig. 9 but with a larger
partial pressure of C¢F14, P, = 0.12 bar. We see that the foam
with Cge; = 5 wt% and the smallest bubble size d = 330 pm is
now stable up to #,.x = 16 h. We compare the bubble size
distributions of this foam at the ages ¢t = 0 h and ¢ = 16 h.
We measure the normalized probability density of the bubble
diameter based on a population of 500 bubbles at each age. The
average bubble diameter and the standard deviation are constant
over time and we do not detect any significant evolution of the

distribution as shown in Fig. 11. Moreover, we expect foams
with the same P, and a larger bubble size or gelatin concen-
tration to be stable up to at least 16 h. This is indeed the case as
illustrated by the comparison between Fig. 10a-f.

Furthermore, we observed that gelled foams with a suffi-
ciently large bubble size can be stable beyond 16 h if the C¢Fy4
partial pressure is large enough to stabilize the foam until the
gelation starts. For Cge = 5 Wt%, no structural changes are
observed during at least the next 4 days if the bubble diameter
exceeds a characteristic value ds ~ 1000 um. For instance,
structures such as those in Fig. 9c, d and 10c, d indeed perdure
for several days. We made similar observations for Cge = 10 wt%
and found that foams with d larger than d;, ~ 300 pm are
stable for several days.

To summarize, there are three parameters that govern the
stabilization of gelled foams: the bubble diameter, the partial
pressure of the insoluble species and the storage modulus of

Gelled foams ’
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Fig. 10 Photographs of three monodisperse gelled foams, with the same partial pressure of CgF14, P, = 0.12 bar at age t = 20 min (just after
homogeneization) that are stable up to at least tmax = 16 h, with different gelatin concentrations and initial bubble diameters: (a and b) Cge = 5 Wt%,
d =330 um; (c and d) Cge; = 5 wt%, d = 980 um; (e and f) Cye = 10 wt%, d = 870 pm. All of the foams have the same gas volume fraction ¢ = 79%. The
storage modulus of the foam is evaluated at tax Using the measured values of the storage modulus of the continuous phase shown in Fig. 2 and eqgn (19).
For a given sample, the views are taken at the same place. All scale bars represent 3 mm.
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Fig. 11 Probability density of the bubble diameter for a gelled foam with
Cget = 5 Wt% and CgFy4 partial pressure P, = 0.12 bar, for two ages as
labelled. The initial bubble diameter is d = 330 um with standard deviation
equal to 20 um. After 16 h, the diameter is 340 um and the standard
deviation is 21 pm (Data from Fig. 10a and b). The distributions are
determined from a sampling of 500 bubbles at each age. No tail appears
in the distribution indicating that the gelled foam is stable. The lines are
guides to the eyes.

the continuous phase. In Section 5.2, we compare our results to
the stability diagram predicted for ideal foams (cf. Section 3).

5 Discussion
5.1 Liquid foams

In Fig. 12, we plot the initial radius R, of the bubbles as a
function of the quantity /i, to compare our data for stable and
unstable foams to the stability diagram predicted for ideal
foams. We recall that the frontier between stable and unstable
ideal foams is predicted by Ry (eqn (13)). Our data show that
the observed stability frontier can indeed be described by a
straight line in qualitative agreement with eqn (13), of the form:
R* = CR\ with C ~ 0.29. Thus, the coefficient C is 3.3 times
smaller than that predicted. The inset of Fig. 12 shows the same
data where the initial bubble radius R, is plotted as a function
of the initial partial pressure P, of the insoluble C¢F;, species.
The observed line separating the stable and unstable domains
is consistent with the frontier observed in the (R,, /7,)
diagram. The consistency between the observed scaling and
the predicted one shows that the parameters that control the
stability of the foam are indeed R, and /7, or P,. In addition
our results show that the observed stability domain is less
extended towards large bubbles than expected for an ideal
foam. We presume that the discrepancy is due to the disorder
of the real foams. Our samples exhibit a small bubble size
polydispersity as illustrated by the measured size distributions
(¢f Fig. 8 and 11) as well as topological disorder due to
structural packing defects such as grain boundaries (¢f. Fig. 5,
9 and 10). In such a disordered region, the bubble surfaces are
distorted and the bubbles have a surface curvature different
from that of a bubble in the ordered packing, and therefore a
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Fig. 12 Diagram showing stable (@) or unstable (red M) liquid foams
without gelatin depending on their initial bubble radius R, and number 1,
of moles of insoluble CgF14 gas per bubble. The stability of the foams is
observed after one hour of aging. The width of the error bars is estimated
from the standard deviation of the bubble radius. The continuous straight
line corresponds to the stability frontier predicted for an ideal foam by Ru
(eqn (13)) with @ = 0.8, f(®) = 2.0, 7 = 0.0313 N m~%, T = 295 K. The dashed
straight line represents the observed frontier: R* = CR with C =~ 0.3. Inset:
Same data (with the same symbols) plotted as a function of the initial
partial pressure of CgF14. The continuous line represents Ry (eqn (12))
whereas the dashed line corresponds to the radius R* = ;-f((D)/(SCZP,,) with
C = 0.29. The parameters are the same as in the main graph.

different capillary pressure. In the extreme case of a disordered
structure, previous experiments have shown that the local osmotic
pressure can vary by a factor of 5 in a given packing,*” leading to
local fluctuations of capillary pressure. This is a strong indication
that, due to structural effects, the stability limit can become fuzzy.
A quantitative study of the impact of disorder on the limit of
stability deserves more theoretical work that is beyond the
scope of the present work.

5.2 Gelled foams

To compare our prediction, eqn (17), of the stability domain
of ideal gelled foams to our data, we need to estimate the shear
modulus of the studied foams G. Previous acoustic measure-
ments on similar ordered gelatin foams show that they behave
as solid foams with closed cells, and that in this range of gas
volume fraction @, the contribution of the films to the elastic
response is negligible compared to that of the Plateau borders.*?
The foam storage shear modulus G is related to the storage
shear modulus of the continuous gelled phase G, and to ¢ by

the semi-empirical formula for closed cell foams:"*?
9 ,
G= §Gg (1—-9) (19)

For our foams, we have ¢ = 0.8 and thus G ~ 0.045G,’. In
addition, these acoustic measurements** show that the Poisson’s
ratio of our foams is equal to v = 0.498 £ 0.001. With this value
of v, the linearization assumption leading to eqn (3) becomes



(Ro/L)* « 0.005 i.e. R, « 0.2L. The largest investigated bubble
radius is R, = 750 pm. For the smallest lateral cell dimensions
(16 mm), we have R,/L < 0.05. The depth of the cell is 5.3 mm
which implies: R,/L < 0.14. Thus the linearization in eqn (3) is
justified, and the effect of matrix compressibility can be
neglected at first order.

Our results show that the gelled foams are stable beyond
16 h, and remain so for a few days, if the bubble radius R, is larger
than the characteristic value Rgc* ~ 500 um for Cge = 5 Wt%
and Rgc* =& 150 pm for Cge = 10 wt%. We deduce that in these
gelled foams the elastic stresses generated by the deformation
of the bubbles are strong enough to oppose a change in bubble
size due to interbubble diffusion of nitrogen. Thus we identify
each one of these radii to the elasto-capillary radius that is
characteristic of a foam with a surface tension y and a matrix
elasticity G evaluated at ¢,,,x = 16 h for each gelatin concen-
tration. The specific choice of this age is not crucial since
on such long time scales, the evolution of the gel storage
modulus G,' is logarithmic (¢f. Fig. 2). We have G,' = 1000 Pa,
thus G = 45 Pa for Cge = 5 Wt% and, G’ = 3700 Pa, thus G = 166 Pa
for Cgel = 10 Wt%.

The study of liquid foams (G = 0) shows that the radius at
the limit of stability is of the form: R* = CRy with C =~ 0.29
(¢f Section 5.1). Consistently, the partial pressure of the soluble
species in a bubble (eqn (14)) must be rewritten as

W (®) IMkT
C?R, 4nR3 )"

+4gG +

P,(e) = Py(Ro) + < (20)
Indeed, for G = 0, the stability criterion yields R* = CRy;, and
for G # 0, the limit of stability P,(¢) corresponds to 7, = no*
such that

. 16mgGRy .
o =g (Rec” = Ro) (21)
with the elasto-capillary radius
Rec = (@) 22)

T 4gC2G

Thus, from eqn (22), we deduce the relation: g = yf{(®)/(4C*>GRgc*).
We recall that the parameters y = 0.031 N m ™" and f(®) = 2.0 are
identical for all studied foams. For Cg = 5 wt%, we have G = 45 Pa
and Rgc* & 500 um, which yields g & 7.7. For Cge = 10 wt%,
we have G = 166 Pa and Rgc* ~ 150 um, which yields g ~ 7.0.
Both estimations of the factor g are close to each other and the
factor gC? is of the order of one as expected for an ideal foam
Rec* ® Rgc. In the following, we take: g = 8. With this value and
eqn (21), we predict the surface delimiting the stable foam
domain in a 3D phase diagram where the space parameters are
(Ro, G and 1,). Then, all of our data points corresponding to
unstable foams should lie below this surface, and those for
stable foams should be located above it. To test this conjecture,
we plot all of our data for both liquid and gelled foams in such
a diagram in Fig. 13a. Fig. 13b shows a zoom of the region
for small G and 7, As can be seen, the surface 1,*(R,, G)
delimitates the frontier between stable and unstable foams.
This result demonstrates that our model based on an ideal
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Fig. 13 (a) 3D phase diagram showing stable (blue @) or unstable (red @)
gelled and liquid foams as a function of the initial bubble radius R, the
number of moles 75, of insoluble CgF14 gas molecules per bubble, and
the foam storage modulus G. The continuous surface represents eqn (21)
with egn (22), C = 0.29 and the factor g = 8 (see text). The unstable region
is located below the surface. (b) Zoom of the phase diagram to show the
region of small 7, and G. The equation of the surface is the same as in (a).
The experimental parameters are @ = 0.8, f(®) = 2.0, y = 0.031 mN m™,
and T = 295 K.

foam structure captures the underlying mechanisms of foam
stabilisation by the combined effects of coarsening inhibition
by an insoluble gaseous species and elasticity of the continuous
phase. Numerical simulations would be of great interest to take
into account the details of the foam microstructure and to
quantitatively predict the prefactor g.

6 Conclusions

By elaborating monodispersed gelled foams with controlled gas
mixtures, we are able to investigate the combined effects of a
gas species trapped inside the bubbles and of gelation on foam
stabilization. We identify the underlying physical mechanisms
that lead to coarsening inihibition: the osmotic effect due to the
partial pressure of the insoluble species tends to stabilize foams
with small bubbles as it damps bubble size fluctuations, in
contrast to the capillary pressure that tends to amplify them.
Restoring elastic stresses generated by bubble deflation or infla-
tion can counteract the capillary pressure differences between
bubbles and stabilize the foam. We predict the stability diagram
of an ideal monodisperse ordered foam as a function of the
bubble radius R,, the number of insoluble molecules per bubble
1, (or the partial pressure of the insoluble species P,), and the
storage shear modulus of the gelled foam G.

Liquid foams solely stabilized by the presence of the inso-
luble species are studied as a reference case. This allows us
to identify the domain of stable foams in the parameter space



(Ro, /11,) OF (Ro, P,)). The comparison between our data and this
prediction shows that the bubble radius at the stability frontier
does scale as /1, or 1/P, as expected based on scaling argu-
ments. However, real foams appear to be less stable than ideal
ones: for a given R,, more insoluble gas is required to stabilize
our real foam than an ideal one. It is likely that this difference
is due to the disorder in polydispersity and topology. Further
theoretical work is needed to modelize the impact of disorder
on foam coarsening inhibition.

Gelled foams are prepared from gelatin solutions at high
temperature, and then quenched at room temperature where
physical cross-links progressively form an elastic network. The
storage modulus of the gelifying solution is measured indepen-
dently as the solution undergoes the same thermal history as
that in the quenched foam. We map our data on a stability
diagram where the control parameters are (R,, 7, and G). We
show that coarsening can be inhibited for the bubble radius R,
larger than a critical elasto-capillary radius (eqn (22)) set by the
ratio of surface tension to foam storage modulus. Despite the
presence of structural defects, the observed elasto-capillary
radius is of the same order of magnitude as that of an ideal
ordered structure. Foams with smaller bubbles can be stable in
the presence of an insoluble species if the number of trapped
molecules in a bubble 7, is large enough as given by eqn (21).
The qualitative agreement between our data and the diagram
predicted for an ideal foam demonstrates that the underlying
physical ingredients are well captured by our scaling model.
Numerical simulations and further theoretical modelization
would be useful to take into account foam polydispersity
or more realistic details of the foam microstructure in the
coarsening process and in the elastic response accompanying
changes of bubble volumes in order to capture the key struc-
tural parameters at play. Modelization and simulations of the
kinetics of the bubble size evolution under the combined
effects of the trapped gas species and gelation would be
interesting future developments.

To conclude, this work should be useful to elaborate stable
foams where coarsening is inhibited either by the presence of a
trapped gaseous species insoluble in the foaming liquid or by
elastic stresses in the matrix, or by both effects. This will be
useful for many applications in materials science, in particular,
for the elaboration of solid foams from liquid precursors.

Appendix

Annex: transfer of the weakly soluble species o between the gas
and the liquid phases

The foam is produced using water that is initially saturated
with air at atmospheric ambient pressure P,. The partial
pressure of o (nitrogen in our case) in the atmosphere is
denoted as P,,. Thus the initial concentration of the species
o in the liquid is C., = H,P, ,, where H, is Henry’s law constant
(cf: Section 2.3). In the foam, the chemical equilibrium requires
that the chemical potentials of the species o are equal in the
gas and liquid phases. This condition is fulfilled when the

concentration of « in the liquid around a bubble of radius R, is
given by

(23)

where P,(R,) is the partial pressure of the species « in a bubble
of radius R, as given by eqn (10).

When C, # C.,, there is a transfer of the species o between
the gas phase and the liquid in order to establish the equili-
brium concentration of « in the liquid. In a volume V of foam
with gas volume fraction @, the bubbles must lose or gain a
number of molecules An, ,:

Ang,g = |Co — Co|(1 — @)V (24)

The number 7, , of molecules available in the gas phase in the
same foam volume V is

DVP,(R,)

T (25)

Nyg =
where k is the Boltzmann constant and 7 is the temperature.
Combining eqn (23)-(25), we deduce the relative variation of
the number of « molecules in a bubble:

Anyg 1—@

= kTHa;'l -
Nyg )

Py
Py(Ry)

(26)

Thus, the amount of transferred gas remains small since
Henry’s solubility constant H, of the species o is small.

In our experiments, we have the parameters: P, , = 0.8 bar,
& =0.8 H,=6.4 x 10 ®*mol m > Pa' and T = 22 °C. In the
range of investigated P, and R,, P,(R,) varies between extremal
values that are close to P,, and P,. According to eqn (24), we
have in this range: An,,/n,, < 0.001. Thus, the amount of
transferred gas is indeed very small and we neglect the variation
of the bubble radius it induces.
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