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Soap-film membranes for CO,/air separation

Céline Hadji, Benjamin Dollet, Benoit Coasne, and Elise Lorenceau*®

Univ. Grenoble Alpes, CNRS, LIPhy, 38000 Grenoble, France

E-mail: elise.lorenceau@univ-grenoble-alpes.fr

Abstract

Thin liquid films are a potential game changer in the quest for efficient gas sep-
aration strategies. Such fluid membranes, which are complementary to their solid
counterparts involving porous materials, can achieve complex separation by combining
permeability /adsorption mechanisms in their liquid core and at their surface. In ad-
dition, unlike porous solid membranes which must be regenerated between separation
steps to recover a gas-free porosity, thus preventing continuous operation, liquid mem-
branes can be regenerated using continuous liquid flow through the fluid film. Here,
building up on the self-sustained mobile film technique, we propose a simple experi-
mental setup allowing direct quantitative assessment of the gas permeability of soap
films stabilized by different surfactant types. Using a simple prototypical example in-
volving O9/Ny mixtures, the measurement principle is first presented to establish a
proof of concept. As the gas solubilities and diffusivities are known, the results of
such experiments can be compared with microscopic models to disentangle the liquid
core and surface permeabilities from a direct macroscopic transport response of the
film subjected to a gas concentration difference. The same dynamical experiments per-
formed for air enriched in CO3 indicate that the permeability of the soap film varies
with the molar fraction in the gas compartment, a feature not observed for Os/Nj.
These experimental findings pave the way to design novel separation technologies in

fields and situations where porous solid membranes are of limited efficiency.



Introduction

Gas separation, which encompasses purification and partition operations to obtain single or
multiple primary components, is central to applications such as greenhouse gas abatement,
air quality control, and filtration from biomass decomposition.! While mature technologies
are available for large/complex compounds, efficient separation of small molecules such as
Ns, Oy, CHy, CO5, and H, remains challenging as they involve weak and rather unspecific
interactions together with light weights — therefore rendering common kinetics or interaction-
driven separation of limited efficiency.?

Swing adsorption — where one pressurizes and depressurizes a gas stream through a porous
solid — is efficient as gases are separated according to their permeability /adsorption prop-
erties. Yet, even with the advent of nanoporous materials with tunable chemistry /porosity
(e.g. metal-organic frameworks, grafted silica/doped zeolites, and functionalized polymers),?
such integrated techniques still exhibit limited efficiency for light or weakly interacting
species and the design of optimal materials is largely hindered by the unavoidable selec-
tivity /permeability trade-off; large pores lead to efficient transport but poor selectivity and
vice-versa for small pores.*® Moreover, regeneration of the separating host requires costly
and complex cycling optimization to recover gas-free porosity between separation steps.

In this context, thin liquid films — suspended,®?® flowing®%!° or bubbled onto a solid
frame!!— are promising candidates, as efficient separation can be achieved by combining com-
plex permeability /adsorption mechanisms in the liquid core and at its surface.'*'3 Moreover,
owing to their fluid nature, continuous liquid flow in such films allows permanent regenera-
tion by maintaining the gas concentration low and compensating for the small surface area.
Among liquid membranes, the use of surfactant-stabilized films such as soap films for gas
separation remains largely unexplored despite several ingenious sparse studies. !4 Yet,
surfactant-stabilized soap films offer the following advantages over pure liquid films: (1) im-
proved mechanical stability (2) limited aging due to reduced evaporation'® (3) sub-micron

liquid thicknesses and therefore high permeabilities!” (4) possibility of destroying/reforming



the film for complete regeneration.

To go beyond the proof of concept and separate gases by soap films, the efficiency of
the process and therefore the permeability of the soap films to all gaseous species considered
must be known. In general, permeabilities are measured globally by following the evolution of
an overpressurized gas volume containing the gas of interest separated from the atmosphere

7,12,13,16-27

by a soap film. This technique has been used in the geometry of a bubble or or

of a cylinder with a vertical film.%1%2829 The permeabilities deduced using this method,

16,23

which have been found to depend on temperature,?’ surfactant size/concentration and

242530 are often only qualitative as film thickness is often heterogeneous and not

gas type,
controlled. Tock and coworkers also used a vertical film formed in a tube, but subjected to
a gas concentration difference rather than a pressure difference. %! By using a mobile film,
the pressure on either side of the film is equal at all times so that the film is flat and the
gas transfer only occurs because of the gas partial pressure difference with a permeability
given by the film displacement as a function of time. Yet, the permeability for a given gas
showed unexpected variations — by a factor of up to 10 — depending on the nature of the
second gas (despite the use of ideal mixtures). Such deviations are thought to be due to
large film thickness variations during the measurement arising from film gravity drainage
with this vertical geometry. Permeability measurements from the local thickness profile of
the film between two microbubbles of different volumes have also been carried out recently
using an AFM.'7 A good agreement between global and local permeability measurements is
reported for microbubbles in simple liquids. However, for liquids containing surfactants or
polymers, subtle physicochemical effects of exacerbated solubility or interface permeability
are highlighted!” .

Measuring the permeability of a soap film to a gas can therefore be a delicate operation.
In this work, we report a simple experimental procedure that enables accurate and robust

permeability measurement of self-sustained soap films to various gases without requiring the

use of an AFM. This approach is reminiscent of the mobile film technique,'*' but with



a horizontal film of a known thickness h and with limited kinetic drainage. Moreover, as
the permeability of the same film to two different gases can be measured simultaneously,
this setup makes it possible to establish a quantitative comparison with microscopic models
in which the soap film is represented as a central liquid layer of thickness sandwiched by
two surfaces constituted by surfactant monolayers. To establish a proof of concept, we first
consider below thin liquid films stabilized by three surfactant types in contact with O,/N,
mixtures of different compositions on either side. For this simple system, the liquid core
and surface contributions to the permeability can be inferred readily, as the film thickness
and gas solubilities are known. As expected for parallel layers, the liquid core and surface
permeabilities add up. To illustrate potential applications of such thin liquid membranes, we
also consider a more practical situation in which the same films are subjected to air enriched
in COq. In contrast to O,/N, mixtures, there is a deviation from the expected permeability
corresponding to the sum of the constant contributions from the liquid core and the surface.
This discrepancy probably reveals the subtlety of the interactions between COy and the dif-

ferent elements of the film.

Results

Permeability and solubility of soap films. The gas permeability of a flat horizontal soap
film separating two gaseous compartments is measured using the experimental set-up shown
in Fig. 1(a). In all experiments, the two compartments are filled with the same gas mixture
— either Oy/Ny or COq/air — but with different compositions. To realize an experiment,
we proceed as follows. First, the soap film is generated in air by withdrawing a 50 mL
Hamilton glass syringe (syringe 3 in Fig. 1(a)) from a foaming solution containing water and
a surfactant. For the surfactants, we either used SDS (surfactant sodium dodecyl sulfate), or

TTAB (tetradecyltrimethylammonium bromide) or Fairy which is a commercial surfactant.



The compositions of the different foaming solutions are given in section SI Materials and
methods. The soap film is then brought to the top of syringe 3 by withdrawing the air above
the film using syringe 2. Last, syringe 3 is placed vertically with its lower end immersed in
a tank containing the soap solution. At this stage, both the bottom and top compartments
separated by the soap film in this syringe — referred to as compartments 1 and 2, respectively
— are filled with air at ambient pressure. Syringe 1 is used to modify the gas composition
in compartment 2 by injecting either pure N, in case of O,/N, mixtures, or CO, in case of
CO,/air mixtures. Before filling compartment 2, the film is kept at rest to ensure that the film
has reached its equilibrium thickness, which occurs in 100 s (see SI). Then, compartment
2 is set in contact at a time ¢ = 0 with the soap film by opening the valve and pushing
syringe 1. The vertical film displacement £(¢) within syringe 3 induced by the gas transfer is
monitored with a CCD camera recording 1 frame/s and 10 frames/s for O, /N, and CO,/air
experiments, respectively. All details can be found in SI.

By assuming Fickian gas transfer, ideal gas behavior, and neglecting viscous friction along
the syringe as justified in the Material and method section, the film permeability kg to a
given gas G = A or B of a mixture A/B can be inferred from the film displacement ¢ as
follows. As illustrated in Fig. 1(b,c), at a given time ¢, the volume, the number of moles,
the concentration and the molar fraction of gas G in compartment [ are respectively V;(t),
neg(t), cau(t), xa,(t), while vg i, (t) corresponds to the total volume of gas G transferred
from compartment [ to compartment m, after a time t.

In the framework derived below, &,kq, Vi,ai, Vi(t), ngi(t), cai(t), xqi(t), vai—m(t) are
variables, which depend on t. Yet, for sake of clarity, we do not write explicitly this tem-
poral dependency in the following. Also, when referring to variables taken at the beginning
(t — 0) and at the end (t — o0) of the experiment, the superscripts 0 and oo are used.
The experiment can be considered as isothermal (thermodynamic equilibrium is reached in-
stantaneously) and isobaric (the pressure remains identical in the whole system during the

experiment as evidenced by (i) the shape of the film that remains flat and (i7) the level of
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Figure 1: (a) Experimental setup used to prepare the two gas compartments and the soap
film in syringe 3. Syringe 1 is used to prepare the gas sample B injected into the upper
compartment (compartment 2) while syringe 2 is used to generate and move the soap film
prior to gas injection into compartment 2. (b) Zoom on syringe 3 where the gas compartments
1 and 2, separated by a liquid membrane composed of water and surfactants, have different
compositions. As a result of the gas transfer tending to equilibrate the compositions, the
soap film moves up or down. V” and V3 denote the initial volumes of compartments 1 and
2, respectively. (c) Graphical definition of v412(), the volume of gas A transferred from
compartment 1 to 2, of vgo;(f) the volume of gas B transferred from compartment 1 to
2, and vy_,5(t), the total volume of gas transferred from compartment 1 to 2. The latter is
directly linked to &, the film displacement, which is
the only experimentally measurable variable.

liquid in syringe 3 that remains constant), and the ideal gas approximation will be used at all
times t: vg; = ngRT/P where P, T and R correspond to the constant pressure, constant
temperature, and ideal gas constant.

Within the linear response theory, the liquid membrane permeability k4 defined from the

relationship between the concentration difference and the gas transfer rate across the film!?

writes:

d

T2 = kaS(ean — ean): 1)
t

where 141,92 is the number of moles of gas A diffusing through the liquid membrane of

constant area S from compartment 1 to compartment 2, and cs, 1 —ca, 2 is the concentration

difference of gas A in compartments 1 and 2, assumed instantaneously equilibrated, hence



uniform in each compartment. With this definition, the permeability k4 (¢) has the dimension
of a velocity and, therefore, differs from the permeability in surface area units often used
for fluid transport in porous media. Using the ideal gas law, na10 = Pvai12/RT and
introducing the molar fraction of gas A in compartment 1, 241 = nai/(na1 + np1), the
concentration difference across the two compartments can be expressed as Acq = ca1 —
cap = (P/RT) x Axs with Azy =241 — 4. With these considerations, Eq. (1) becomes
dvai—e/dt = kaSAxs. Because this last equation also applies to gas B with kp and Axp =

rp1 — Tz, the total gas transfer v;_,, can be expressed as:

dvi—9 dvai-o dvp 12
= : : = kusSA kpSAxg.
dt i dr APBTA T+ KBS ATE

Finally, by noting that Az4(t) = —Axzp(t) because the overall number of molecules is
constant and dvy_,o/dt = —dV; /dt = dV5,/dt with Vi (t) and V5(t)) the volume of compartment

1 and 2, Eq. (2) can be rewritten as:

dvi  dv

The last equation is very important as it provides a means to measure at each time the
difference of permeabilities kg —k4 from the initial evolution of the film displacement d/dt =
(1/5)dV;/dt (we recall that S is the section area of the film). In what follows we assume
constant permeabilities kg, k4 during the experiment. The validity of this assumption will
be discussed below. Then, the permeability ratio k4/kp can be determined from the final
film position, as detailed in the Materials and Methods section. Then, knowing the difference
and the ratio of k4 and kg, the two permeabilities are quantified for each experiment.

To improve the accuracy of our data analysis, we interpolate the entire () curves by a
theoretical equation obtained by writing mass conservation for both gases and the equation
of state for perfect gases as explained in the Materials and Methods section. A typical £(t)

curve is displayed in Fig. 2(a) for the experimental measurements corresponding to Oy/N.



The displacement kinetics is initially very fast but then slows down until the film stabilizes
at a given stationary position after ~ 20 min (as will be discussed later, much faster kinetics
are observed for CO,/air mixtures with characteristic times of a few minutes only). The data
&(t) can be used to extract the final displacement £ by averaging the ten last data points
and calculating V> = V?—v{°,, with v§°,, = S (see SI). Assuming constant permeabilities
over time, we can then calculate kp/ks. Once it is known, £(¢) can be fitted to determine
ka—kp (see SI). This procedure yields the fitted dashed curve in Fig. 2(a), which accurately
matches the experimental data. These data can also be used to infer the evolution of the
partial pressure or molar fraction for each gas in the two compartments. As expected, such
data displayed in Fig. 2(b) show that the system evolves until the partial pressures of the
two gases match in the two compartments. All experiments reported in this paper were
repeated three times to get average permeabilities with an error bar corresponding to the

statistical dispersion between the data sets.
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Figure 2: (a) Time evolution of the position £(t) for a horizontal soap film separating two
compartments filled with Oy/Ny mixtures but with different molar fractions. Our model
(black line - see SI for its analytical expression) provides an accurate description of the
experimental results shown as red dots. Initially, compartment 2 is filled with 40 mL of
Ny while compartment 1 is filled with a mixture of O5/Ny corresponding to air. (b) Time
evolution of the N, and O, molar fractions in compartments 1 and 2. The initial conditions
are V) = 40 mL, Vi’ = 40 mL and V}, = 30 mL. The mole fractions evolve through N,
and O, transfers which drive the system to equilibrium. (c¢) O, (red symbols) and N, (blue
symbols) permeabilities k£ of a common black liquid film for various surfactants (from top to
bottom: SDS, TTAB and Fairy) as a function of the N, initial molar ratio x%ﬁ.

N,/O,: Surface versus core permeabilities. In this section, compartment 2 is filled



Table 1: Oy and Ny permeabilities of thin soap films stabilized by different foaming solutions.
For each gas, the permeability given in cm/s and their ratio o= are obtained using the
procedure described in the text.

| TTAB | SDS | Fairy
kx, (cm/s) | 0.0058 £ 22% [ 0.0060 + 10% | 0.0053 + 18%
ko, (cm/s) | 0.0131 + 9% | 0.0133 + 8% | 0.0113 £ 13%
a ' =ko,/kn, | 237 £037 | 222+0.10 | 2.21 £0.30

with a mix of air and N, of varying proportions, giving an initial N, molar fraction z%, , be-
tween 0.78 and 1 while compartment 1 is filled with air only, i.e. 2%, , = 0.78). The N, and
O, permeabilities for the three different foaming solutions are measured as described before
and gathered in Fig. 2(c). No significant dependence on T}, 2, the initial N, concentration in
compartment 2 is observed. This validates a posteriori the use of a linear relationship in the
definition of permeability given in SI. This also shows that there is a limited accumulation
of N, and O, molecules in the liquid core or within the surfactant layers (as large solubil-
ities would affect the transport properties of these different elements). The permeabilities
kn, and ko, averaged over different initial N, concentrations are summarized in Table 1.
For a given gas, the permeability barely depends on the nature of the surfactants despite
the significant differences between the foaming agents (in particular, SDS and TTAB carry
opposite electrostatic charges). This result can be rationalized by the fact that O, and N,
molecules do not have dipole moments and are, therefore, only weakly sensitive to surfactant

charges.

The soap films considered here are common black films (CBF) as they have thicknesses
e > 50 nm.3! Thus, they can be pictured as a central liquid layer of thickness e sandwiched
by two surfaces composed of surfactant monolayers. 3161 With such a geometry, the film

permeability k for a given gas can be expressed as a combination in series of these different

1 1 (e 2
E:E(B+W)’ ®)

layers:



where H is Henry’s coefficient characterizing the dissolved gas concentration C' as compared
to its concentration c in the gaseous compartment: C = Hc, while D /e, also denoted k™€ so
that k'C = D/e, is the liquid core permeability — merely a consequence of the gas diffusivity
D through the thickness e of the liquid — while ¥M% is the surface permeability due to the
surfactant monolayers. The equation 3 allows us to justify a posteriori the hypothesis of
constant permeability which implies that e the thickness of the film, D the diffusion coefficient
and H the solubility of the film are all constant. This is a reasonable hypothesis for e, since
the thickness of the film stabilizes in around a hundred seconds which corresponds to the
waiting time before starting the experiment, and for D which has little reason to vary. This
is less obvious for H, which corresponds to the ratio of liquid and gas phase concentrations
as discussed in the last section of this work.

To go one step further, we compare the values obtained above with the predictions

EME  yet measurements of this parameter

of Eq. (3). This requires knowing the value of
are rare. By adding salt to the foaming solution to vary the ionic strength and therefore
the thicknesses of the films, Krustev et al showed that the monolayer permeability of SDS
common black films to air is gigantic, constant, and in the order of 0.15 m/s. Note that
the definition of k™’ used in this work differs by a factor H from that of Krustev et al,
which explains why the values mentioned here are not directly comparable with those of
their articles.?™?? The formalisms are equivalent and we have chosen the definition initially
proposed by Princen. '3° For comparison, a typical value of the whole permeability of CBFs
is in the order of k ~ 1073 m/s.2522 More recently, a simultaneous comparison of the overall
bubble deflation rate and film thickness using an AFM showed a monolayer resistance equal
to zero, which also corresponds to a gigantic value of k. We thus first neglect the surface
contribution (1/kMY = 0) and look at the contribution of the liquid core only. We also
recall that the two permeability values are obtained in the scope of the same experiment;

this implies that the film thickness e in the expression given in Eq. (3) is identical for

the two gases. Then, Eq. (3) yields ko,/kn, = (Ho,/Hx,) X (Do,/Dx,) = 2.2 using the

10



available values from the literature. This is only slightly less than that measured for the
three surfactants: on average, we measure kos/kno = 2.26 £ 0.26. (see Table 1). This shows
that when O, and N, are separated by a soap film stabilized by TTAB, SDS, or Fairy, the
resistance to gas flow in the geometry of our set-up is mainly provided by the liquid core
(2/kML < e/D). However, as we systematically obtain a value of koy/kxo slightly higher
than the theoretical value for all our experiments, we interpret this systematic deviation by
comparing k" and kg via a Taylor expansion of ko, and using Eq. (3) in the limit where

2/kML < e/D and then calculate ko, /kn,:

1 ( Hx2Dnokoo _ Dno [ 1 Doy 1
L (HnaDwskor 4 _ _ . (@)
2 \ Ho2Do2kno e kf%j Do kg‘j

Table 2: Henry and diffusion coefficients for different gases. For O,, N, and CO,, values
were taken from the literature.3%3% For air, we use a mean value calculated using the molar
percentage of N, and O, in air.

Jég D
(1) | (1077 m?/s)
O, [32-102 2.1
N, | 1.6-102 1.9
CO, | 84-107" 1.9
Air [ 1.9-1072 1.9

Our measurements of ko, /kn, are systematically higher than (Ho,/Hx,) X (Do,/Dx,) =
2.2, thus the left-hand side of Eq. (4) is always positive. Using the value of Dgs/Dys in Table
2, we therefore obtain for the three surfactants: k%[QL < k%\)/[j . This systematic behavior, also

observed in other works,!2:24:30

is thought to stem from structural differences between the
two molecules. Neither N, nor O, bears charge or dipolar moment, yet their diameters and
quadrupolar moments are slightly different. A smaller size should logically promote greater
permeability because the probability of opening a cavity and allowing a passage through the

surfactant layer is increased. Yet, since the diameter of O, is slightly larger than the one of

N,, the measured differences in permeability are probably due to differences in quadrupolar

11



moments. N, having a greater quadrupolar moment than O, will interact more with the
charged surfactants, therefore reducing the transfer kinetics despite its smaller diameter.
This interpretation, which must be confirmed using numerical simulations, for instance,
illustrates the good sensitivity of our experiment. In particular, our setup yields precise
quantitative estimates of the permeability of a single molecule, while avoiding difficulties

linked to the influence of thickness on permeability.
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Figure 3: (a) Time evolution of the absolute value of the position || for a horizontal soap
film separating two compartments filled with COs/air mixtures but with different molar
fractions. Like for O/Ny mixtures in Fig. 2, our model (black line - see SI for the analytical
expression) provides an accurate description of the experimental results shown as red dots.
Initially, compartment 2 is filled with 20 mL of air and 20 mL of CO5 while compartment 1 is
filled with air only. (b) CO, and air permeabilities, k, as a function of the initial CO, molar
fraction in compartment 2 x%02’2. The results are shown for films stabilized using the three
surfactants considered in this study. The permeabilities of air, which are given as a reference,
are not permeabilities per se but a combination between the N, and O, permeabilities.

CO,/air

The upper compartment 2 is now initially filled with a mix of air and CO, and the bottom
compartment 1 with air only. We then observe that the soap film moves upwards rather
than downwards, resulting in negative values of £&. This suggests that the permeability of
CO2 in the film is greater than that of air. As for the mixtures of N, and O, studied in
the previous section, we extract the permeabilities to CO, and air — considering air as an

effective gas by itself — for the three studied surfactants from data such as those of Fig. 3

12



(a). Fig. 3(b) shows the permeability to CO,, kco2 and air k. of soap films as a function of
T30, (i-e. the initial molar fraction of CO, in compartment 2). The order of magnitude of
kair is ~ 0.01 cm/s. This value lies between those measured for pure O, and N, as expected
since air is mainly composed of these two gases. In contrast, kcos, which ranges between
0.045 to 0.095 cm/s is much larger. This is mostly due to the high solubility of CO, in water
as compared to those of O, and N, (see Table 2). This high permeability, which ensures
a large concentration of dissolved CO, in the liquid core, also explains why equilibrium is
reached after a few minutes instead of about one hour in the case of mixtures of N, and
O, (see Figs. 2(a) and 3(b)). As for O,/N,, the permeability of the soap films to CO, or
air does not depend on the nature of the surfactants. Fig. 3 also reveals that contrary to
O, /N, mixtures, the permeability to CO, depends on the initial conditions: it increases as
the initial molar fraction x’éOQ’Q of CO, in compartment 2 increases.

To go one step further, we compare the contribution of the liquid core only neglecting the
influence of the surface permeability (1/kMY = 0) as previously done for O,/N,. Eq. (3) and
the values in Table 2 give kco,/kair = (Hco,/Hai)(Dco,/Dair) = 44.2. Contrary to what
was observed for O, /N,, this value is much higher than that obtained experimentally. Indeed,
averaging over all our data (regardless of the surfactant and initial molar fraction x¢,, ), we
find a smaller value kco,/kair = 10.1 £ 8.69. To conclude, two points are worth noting for
CO,/Air: (i) the ratio of experimental permeabilities is 4 times smaller than expected and

(77) the measured values are highly dispersed as evidenced by a standard deviation of 8.69.

Discussion

The data obtained in this work are of two kinds. Firstly, for O,/N,, the measurements are
surprisingly reproducible and in good agreement with theory. The quantitative comparison
of the data with the sandwich model corresponding to Eq. (3) suggests that the transfer

kinetics for these two gases is limited by diffusion through the aqueous core of the soap
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film (in other words, the contributions of the surfaces to the permeability are of second
order). This ensures that the permeability measurement method described in this work
is robust and consistent for O, and N,. For COy/air, the permeability to air, kq; also
gives a reasonable value — albeit somewhat small. The deviations from theory may be due
to the fact that air is a mixture mainly composed of O, and N, whose transfer kinetics
through the soap film are not equivalent. It may appear that the fastest gases —i.e. Oy —
contribute the most to the kinetics of transfer as also observed for bubbles degassing inside
a hydrogel.?® A second explanation could come from a limitation of the kinetics by diffusion
of the gas itself within the compartment. We have assumed that gas concentrations near
the membrane are exactly those initially imposed in the compartments. This is true for
the very first instants, but the transfer of molecules on either side of the membrane quickly
induces inhomogeneous concentration in the gas compartment. As a result, on the one
hand, the concentration of CO, in compartment 2 in the vicinity of the membrane is smaller
than expected; on the other hand, its concentration in compartment 1 in the vicinity of the
membrane is higher than expected. Overall, the driving gradient Ax,; would be smaller,
thus leading to slower kinetics and an apparent smaller value of k. This phenomenon —
known as concentration polarization effect — is well known in membrane technologies with
liquids, which are used to separate ions from a liquid for water desalination or to recover
osmotic energy from concentration gradients. For gases, this effect must be less limiting
since the order of magnitude of molecular diffusion in a gas is 10* times higher than in a
liquid — D§92 ~ 107° m?/s > D$?? ~ 107° m?/s. Using the data in Figures 2 and 3,
a quick estimation of the order of magnitude can be done: for O,/N,, the diffusion will
homogenize concentration gradients over a size of 0.5 cm (corresponding to the displacement
of the membrane in Fig. 2) in 2.5 s, which is much less than the total time of the experiment
(of the order of 1000 s). For Air/CO,, the displacement of the membrane is twice larger,
thus the typical time for homogenization by diffusion in the gas compartment is 10 s while

the experiment lasts typically 100 s. The diffusion in the gas may well contribute to the
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slowing down of the general kinetics, which would lead to an apparent decrease of k.

The measurements of kco,, the permeability of the soap films to CO,, are more surprising.
First, the data are systematically lower (by a factor of the order of 4) than predicted by
the model. We recall that the model simply takes into account solubility and diffusion in
the aqueous core of the film for the three considered surfactants. This could be due to a
kinetic limitation induced either by the polarization of the gas concentration in the two
compartments (as already discussed for air) or by the reaction time of solubilization of CO,
in water. Indeed, the pH of the soap film, initially 7, is acidified by the CO,. For pH<7,
dissolved CO, is mainly in the form of H,CO5; and HCO; ", and the associated dissociation
reactions can be slow with typical reaction time of 25 5.343% Second, we observe a surprising
permeability dependence on the initial molar fraction of CO,, which is not observed for air.
These variations can either be due to surface contributions to permeability which would
no longer be negligible here. The permeability increase with the initial molar fraction is
probably a signature of an interaction between CO, molecules and surfactant molecules in
the bilayer. Such specific interactions were observed on the same set-up with fluorinated gases
insoluble in the aqueous core of the film.3%3% However, for fluorinated gases, the opposite
trend was observed: permeability decreases with the initial molar fraction of gas, due to
greater adsorption of the gas onto the film the higher the initial mole fraction.?' Several works
in the literature, reporting interactions between CO, molecules and self-organizing bilayers,
provide evidence for complex physico-chemical interactions between CO, and self-assembled
membranes. Tuning the CO, concentration in the solution can indeed induce transitions
between lamellar and micellar phases of AOT surfactant,®” enhance water solubility in alkane
by controlling the stability of reverse micelles of Triton X-1003® or change the membrane
fluidity of liposome system.3? From these works, two mechanisms can be thought of to explain
our observations. First, pH modification associated with the increase in dissolved CO, in

the liquid core can modify the permeability of the membrane via a change in the interaction

between the charged surfactant heads. Then, since CO, molecules are small and very soluble
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in hydrocarbons, they can accumulate in between the hydrocarbon tails of the surfactants
and, hence, modify the organization of the self-assembled structure. This hypothesis has
recently been confirmed numerically for AOT lamellar bilayer in water.4® Anyhow, in the
two cases, the average area per surfactant molecule would increase, therefore increasing in

turn the monolayer permeability.

Conclusion

The simple device described in this paper allows quantitative measurements of the gas per-
meability of soap films , which is a necessary step for dimensioning membrane made from
a soap film. We obtain robust results for Oy/Ny, which highlight that the permeability for
these two gases is limited by the diffusion in the aqueous core (the contribution of the sur-
factants is found to be of second order). Thanks to a Taylor expansion, we also infer that
O is more likely to interact with the dense layer of surfactants due to a larger quadrupolar
moment. The equivalent thickness measurements are also consistent with the drainage ki-
netics of the film. The robustness of the results obtained for O, and N, therefore makes it
possible to go a step further and work with more complex gases such as COy and to simul-
taneously measure the permeability of the gas of interest and the thickness of the film via
the permeability of the reference gas. In the present paper, this is tested with CO,/air — air
being our reference gas. The permeabilities of the reference gas (air) and the gas of interest
(CO,) are both lower than expected, presumably due to gas diffusion limitations. However,
there is also a variation in COy permeability with the initial molar fraction of gas, which is
likely a signature of an interaction of this gas with the monolayer.

Such physicochemical interactions between molecules in the gas phase and the liquid-air
interface have been observed via sophisticated techniques such as X-ray or neutron scattering.
In particular, hexane molecules from the vapor phase can adsorb on a gas/liquid interface

stabilized by film surfactants reaching a ratio of adsorbed alkane per surfactant molecules
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between 0,5 and 6, depending on the nature, concentration, hydrophobic tail length of the
surfactant.*! To our knowledge, such measurements have not been carried out with COs,.
This would make it possible to obtain additional reliable and quantitative data on the in-
teraction between COy molecules and an air/liquid interface. However, these techniques are

not easily accessible and counting times are often long to obtain reliable data.

Supporting Information

Additional information includes the chemical composition and origin of the aqueous solu-
tions and gases used, film thickness measurements, the procedure used to limit drainage,
the theoretical expression used to describe the curves, and a discussion of why friction is

negligible.
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