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Low Gas Permeability of Particulate Films slows down
the aging of gas marbles

Yousra Timounay,a, Even Ou,a Elise Lorenceau,a and Florence Rouyer b

Including solid particles in liquid films drastically change their properties: "gas marbles" can resist
overpressure and underpressure without deforming contrary to their pure liquid counterparts, also
known as soap bubbles. Such gas marbles can therefore prove useful as gas containers able to
support stresses. Yet, as their liquid counterparts, they can undergo gas transfer, which can re-
duce the scope of their applications. However, their permeability have never been characterized.
In this paper, we measure the gas permeability of gas marbles through dedicated experiments.
Our results show that particulate films are less permeable to gas than their pure liquid counter-
parts. We attribute this limited overall gas flux to the particles that reduce the surface area through
which gas diffuses.

Liquid droplets or bubbles are promising tools to encapsulate
small volumes of gas or liquid which can prove useful in vari-
ous fields. For example, spray drying, where fine powders are
produced by the rapid drying of aerosol droplet, has become the
method of choice for manufacturing large quantities of pharma-
ceuticals1. In biology, aphids have developed an efficient way
of handling their excreted honeydew droplet. By encapsulating
them with a secreted powdery wax, they are able to convert the
droplets into liquid marbles, that can be rapidly and efficiently
moved2. Such liquid marbles, which can be self-propelled by
electric, magnetic or gradients of surface tension open a diversity
of microfluidics applications3,4. In this spirit and inspired by the
way nature encapsulates liquids, a start-up came up with an inno-
vative way of packaging drinkable water by encircling water in an
edible elastic membrane made of algae. These large drops have
the convenience of plastic bottles while limiting the environmen-
tal impact (see http://oohowater.com/). In all these applications,
bubbles/droplets must be stabilized under coalescence and meet
specific features such as high mobility or sensitivity to an external
field to induce controlled delivery5. As a common feature of sub-
millimetric bubbles and drops is that they are governed by capil-
larity, hence an efficient way to modify their global properties is
to tune their surface properties. To do so, additives of different
sizes have been successfully incorporated to bubbles and drops
interfaces. This has been proven useful to modify the mechanical
properties of additive laden interfaces. At the molecular scale,
macromolecules (such as proteins) or surfactants adsorbed at the
interface delimiting a bubble/drop lower its intern overpressure
(Laplace pressure) by lowering the surface tension, while droplets
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coated by solid micrometric particles, known as liquid marbles,
exhibits unusually high mobility6. The sensitivity to gas transfer
processes is also modified in the presence of surface additives. At
the molecular scale, the mass transfer of gas through foam films is
modified by the presence of molecular surfactants. The common
view is that when an additive is spread onto a quiescent liquid,
an additional interfacial resistance to gas transfer arises from the
adsorption of the surfactants onto the interfaces7,8. Therefore,
the resistance to gas transfer of a single foam film constituted of
an aqueous core sandwiched between two adsorbed monolayers
of surfactant is the sum of the resistance of the monolayers and
the resistance of the central liquid layer, which is proportional
to the film thickness and the diffusion coefficient of the gas in
the liquid phase9–11 . At a nanoscale, adding nanoparticles or
macromolecules at a fluid-fluid interface has been shown to in-
duce surface elasticity that can stop coarsening following Gibbs
criteria as highlighted at the scale of 2 bubbles12 or of the whole
foam13. At a larger microscale, particulate bubbles can sustain
non-spherical shapes14 or negative relative pressure in the order
of Laplace pressure before collapsing. Their dissolution can even
be stopped in degassed liquids15–18.

Despite these unusual properties, the permeability of liquid
films decorated by solid particles has barely been investigated.
This is mainly due to experimental difficulties. Indeed, most of
the particle laden systems mentioned above are constituted of a
single particle laden interface with inner and outer phases of dif-
ferent nature (a liquid inner phase and gaseous outer phase for
drops or a gaseous inner phase and liquid outer phase for bub-
bles). Thus, particles are commonly only present at a single in-
terface and such systems do not constitute liquid films. In this
paper, we fill this gap by considering genuine particle laden bub-
bles also named gas marbles, where a gas volume is separated
from the outer gaseous atmosphere by a particulate thin liquid
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film. Our particulate membrane consists in a monolayer of mi-
crometric particles bridging the two interfaces of the thin liquid
film. Such gas marbles have barely been investigated so far, yet,
they exhibit interesting mechanical features due to the cohesion
in the shell induced by the attractive interactions between the
particles19. Consequently, such objects can sustain a significant
overpressure before inflating and their collapse pressure is higher
(∼ 10 times greater) than the collapse pressure reported for bub-
bles/drops delimited by one interface. Moreover, at equilibrium,
gas pressures inside and outside the gas marble are equal which is
equivalent to a bubble with zero surface tension. Gas marbles are
thus ideal candidates to transport gas as they are not subjected
to coarsening since their inner pressure is not fixed by Laplace
pressure. However, if the compositions of the inner and the outer
gas are not the same or if a pressure difference between the inner
and outer gas is imposed (out of equilibrium), the gas molecules
may diffuse through the liquid phase of the thin particulate film,
thus inducing the aging of the gas marble. In the present work,
we study the diffusion of air through the particulate film delimit-
ing a single gas marble and deduce its gas permeability. We show
that particulate membranes are much less permeable to air than
pure liquid films and we attribute this property to the particles
that reduce the liquid/air interfaces area of films they are part of.

The liquid used to create gas marbles is an aqueous solution
of Sodium Dodecyl Sulfate (SDS) at the critical micelle concen-
tration (0.2%w/w)20. This concentration is chosen because it
is a good compromise between the gas marble stability and the
hydrophobicity of the particles. Indeed an increase of the SDS
concentration would result in a more stable film but it would also
decrease the hydrophobicity of the particles in contact with the
solution and vice versa. The liquid’s volumetric mass density is
equal to 1000 and its surface tension is equal to 36. The particles,
in turn, are monosized polystyrene beads (Dynoseeds from Mi-
crobeads) with a volumetric mass density equal to 1050. Particles
with two different diameters Dp are used: 250 and 590. To mod-
ify their wetting properties, the particles have been immersed
for 45 minutes into an octane solution containing dissolved
silane (1H,1H,2H,2H-Perfluorododecyltrichlorosilane, 97% from
Sigma) at a concentration of 1 g/L. After the silanization, the
contact angle between the particles and the SDS solution at the
CMC is equal to 95 ˚ ±10 ˚ making them slightly hydrophobic. To
create gas marbles, we immerse and withdraw a frame made of
chrome wires of 60 diameter from a container filled with the SDS
solution with a dense raft of particles on its interface. The frames
we use are rectangular with a few millimeters length and width.
The formation of the gas marble results from the destabilization
of the particle laden interface initially driven by the frame. Due
to its mass, the particle laden interface detaches from the frame
and closes over itself creating a bubble. Gas marbles we generate
using this technique are thus air bubbles in air environment and
they are highly covered in particles (see figure 1-a and b).
To characterize the permeability of particulate films, we first
increase the inner pressure of gas marbles delimited by those
films by a few millibars. Then, we follow the spontaneous
evolution of the inner pressure as a function of time. To do so,
we use the set-up shown in figure 1-c, where the gas marble is

connected to a syringe and to a pressure sensor. To increase the
inner pressure of the gas marble quasi-statically, we decrease
the volume of the syringe using a syringe pump. For all of
our experiments, the flow rate Q imposed by the syringe pump
remained constant and equal to 0.06. We also follow the shape
of gas marbles during the experiments thanks to two cameras
placed above and on the side of the gas marble.

Fig. 1 a and b are side and top views of a gas marble (Dp = 250) and c
shows the experimental set up used to study the behavior of gas
marbles in air during inflation or deflation. d and e are sketches of the
particle shell at the scale of the particles adapted from 19.

Figure 2 shows an example of a plot of the pressure inside a
gas marble relative to the atmospheric pressure ∆P = P−Patm as
a function of time. t = 0 corresponds to the moment when we
stop decreasing the volume of the syringe connected to the gas
marble. For t < 0, the pressure inside the bubble increases lin-
early with time (cf. inset of Figure 2). Applying ideal gas law
to the gas reservoir composed of the gas inside the syringe, the
gas marble and the connecting tubes we can write the following:
∆P = Patm[Vi/(Vi +Q · t)− 1] with Vi is initial volume of the gas
reservoir. Knowing that Vi ∼ 3 and Q · t ∼ 0.03, ideal gas law can
be simplified to the following linear expression matching thus the
experimental result: ∆P ∼ PatmQ · t/Vi. As previously said, starting
from t = 0, the volume is kept constant (V = cst and Q = 0) un-
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Fig. 2 Relative pressure inside a gas marble as a function of time with
DP = 250. The red curve is as fit of equation 2 to the experimental data.
The inset is a zoom on the relative pressure curve at the very first
moments of the experiment during which the gas marble is pressurized
by reducing the syringe’s volume at a constant flow rate Q. The line
corresponds to a linear approximation of the ideal gas law.

til the end of the experiment. Yet, we observe that the pressure
inside gas marbles decreases spontaneously. Recalling that the
volume is constant during the decrease of ∆P and knowing that
our experimental set-up is tight, we impute the spontaneous evo-
lution of the relative inner pressure of gas marbles to gas diffusion
through the film delimiting them. The permeability of particulate
films can be characterized by a coefficient k defined as the follow-
ing9:

dC
dt

=−kA
V

(C−Ca) (1)

with A the surface area of the particulate film through which
the gas diffuses and ∆C =C−Ca the difference between the molar
concentration of gas inside and outside the bubble.

Integrating equation 1 leads to: C −Ca = (C0 −Ca)e−
kAt
V with

C0 the initial molar concentration inside the gas marble. Using
the ideal gas law yields to the time-dependent equation for the
relative pressure:

∆P = ∆P0e−
kAt
V (2)

with ∆P0 the relative pressure inside the gas marble at t = 0.
Using the method of least squares, we fit equation 2 to experi-

mental pressure curves with the characteristic time τ = V
kA as an

adjustable parameter. An example is presented in figure2. Re-
peating such experiments for different gas marbles and particle
diameters (Figure3), we show that gas diffuses through the per-
meable particulate film that delimits the bubble and that relative
pressure decreases with time following equation 2. The measured
characteristic times typically varies from 250 to 400 for slightly
different gas marbles.

To go one step further, we determine the gas marble aspect

Fig. 3 Normalized relative pressure inside gas marbles as a function of
time normalized by the characteristic time τ. Circles correspond to gas
marbles with 250 particles and triangles to 590 particles. Different colors
indicate different experiments. The inset is a plot of V/A as a function of
τ and the line corresponds to a linear fit.

ratio V/A. In our experiments, air diffuses through the cap delim-
iting the bubble in contact with the atmosphere. This cap is not
perfectly spherical as gas marbles deform slightly under their own
weight. The exchange surface area A is thus computed from the
radius and the height of the spherical cap that we deduce from
the images taken by the cameras. Note that the gas marbles we
consider, do not deform during diffusion experiments. The height
and the radius are thus constant for a given experiment. On an-
other hand, we consider that V ∼Vi with Vi the sum of the volume
of the gas marble, the volume of the syringe at t = 0 and the vol-
ume of the connecting pipes. We deduce the numerical value of
V from the pressure dependance upon time during the inflation
step (inset 2). In the inset of figure 3, we plot V/A as a function
of the characteristic time τ. Assuming a linear fit, we deduce the
permeability of particle laden films k = (0.069±0.009).10−3.

The values of air permeability we deduce do not depend on
the size of the particles and are ten times smaller than the per-
meability to air of a bare SDS soap film of equivalent thickness
which is typically ∼ 10−3 9,11,21,22. The permeability value of bare
soap films typically arises from the contribution of the two sur-
factants monolayers and the inner aqueous layer9. Adding solid
particles in this sandwiched structure can have different conse-
quences. First, it can modify the organization of this three-layer
sandwich system due to the menisci that can appear at the con-
tact line. Yet, in our system, the contact angle is around 90◦ thus
the liquid air interfaces are mainly flat as sketched in Fig. 1-d.
Then, the values of k we present are computed after assuming
that air diffuses through the totality of the surface of the partic-
ulate film delimiting the marble in contact with the atmosphere.
In reality, the diffusion area is much smaller. It corresponds to
the area of the liquid film between the particles. Top and side pic-
tures of gas marbles show that the particles are highly packed.
They even reach the hexagonal packing as we can see in figure
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1-a and b. The surface fraction of the particles on the films de-
limiting gas marbles is thus ∼ 0.91. Considering this value of
particles surface fraction and neglecting the additional surfaces
induced by the menisci in between the particles, the exchange
area through which air diffuses from inside gas marbles is the
area of the thin liquid films (light blue in 1-e) and corresponds to
∼ 0.1A rather than A. The new value of the permeability, noted
k f = (0.69±0.09).10−3 and thus qualitatively agree with the val-
ues of the permeability of soap films reported in the literature9.
In this range of particle diameter and contact angle, the particles
merely consist in reducing the exchange surface area.

We now discuss whether this ten-fold increase of the effective
permeability can quantitatively explain the remarkable stability
of aqueous foams stabilized by nanoparticles13,23–25. Cervantes
et al.13 measured the temporal evolution of the average bubble
radius of 3D foams stabilized by nanoparticles at different par-
ticles concentration from light transmission in multiple diffusion
regime13. They use Mullin’s expression26 to fit the average ra-
dius of dry foam R2(t) = R2

0 (1+(t − t0)/τc), where R0 is the value
of the average bubble radius at t0 and τc the characteristic time of
coarsening. At relatively short time scale (i.e. for 0 < t < 10000s)
and for aqueous foams stabilized by a dilute dispersion of silica
nanoparticles at a concentration of 0.1 % in weight, τc ∼ 330 s,
while τc ∼ 20000 s for foams stabilized by dispersion at 1 % in
weight. This τc ∼ 20000 s value, determined from the fit of the
data provided by Cervantes et al. is 50 times smaller than the
value provided in the original article due to the limited time-scale
t < 10000s we considered. Indeed, at larger time scales, the liquid
fraction of the particle laden foam turns out to be extremely small
due to gravity drainage thus increasing the concentration of parti-
cles at the interface. In this regime, coarsening is totally inhibited
by surface elasticity of the particle laden interfaces as shown in13.
To understand whether these 330 s and 20000s coarsening time
scale values can be explained by the difference in surface parti-
cle coverage, we recall that in Mullin’s expression, τc is inversely
proportional to the film permeability, and proportional to the film
thickness and a structural foam correction factor which depends
on the initial bubble radius and the liquid fraction of the foam.
Thus, the observed 20000/330 = 60-fold increase in coarsening
timescale can be partially explained by our findings as a 10-fold
decrease in the exchange area between the two foams induces a
decrease of 10 on the effective film permeability.

To conclude, gas marbles have a low gas permeability due to
the reduction of liquid film area by the particle coverage because
gas exchange occurs through the liquid phase. In the present case
of high particle packing of the shell, gas permeability is reduced
by a factor of 10. Such results would explain the slow down of
coarsening for foam stabilized by particles, before coarsening is
stopped at very large particle concentration due to surface elas-
ticity of the interfaces.
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