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Abstract

In this paper, we investigate the thinning dynamics of evaporating surfactant-stabilised surface bubbles by
considering the role of the physical-chemistry of solutions used in the liquid bath. We study the impact of the
surfactant concentration below and above the cmc (critical micelle concentration) and the role of ambient humidity.
First, in a humidity-saturated atmosphere, we show that if the initial thickness depends on the surfactant concen-
tration and is limited by the surface elasticity, the drainage dynamics are very well described from the capillary
and gravity contributions. These dynamics are independent of the surfactant concentration. In a second part, our
study reveals that the physical-chemistry impacts the thinning dynamics through evaporation. We include in the
model the additional contribution due to evaporation, which shows a good description of the experimental data
below the cmc. Above the cmc, although this model is unsatisfactory at short times, the dynamics at long times
is correctly rendered and we establish that the increase of the surfactant concentration decreases the impact of
evaporation. Finally, the addition of a hygroscopic compound, glycerol, can be also rationalized by our model. We
demonstrate that glycerol decreases the bubble thinning rate at ambient humidity, thus increasing their stability.

1 Introduction

The study of surface bubbles have raised a large research
interest due to the broad range of applications. For in-
stance, we can cite industrial applications such as the
flavor of fizzy drinks [1], or the understanding of the dis-
persion of pollutants above swimming pools [2]. In ad-
dition, understanding the bubble bursting phenomenon
is crucial for modelling the climate, as the process is in-
volved in the quantification of the gas exchange between
the ocean and the atmosphere [3, 4].

In presence of surfactants, the bubble lifetime is pri-
marily fixed by the thinning velocity [5], which in turn
is due to two mechanisms, the drainage, and the lig-
uid evaporation. Indeed, the film surrounding surface
bubbles has been proven to thin down to a few tens of
nanometers, the thickness at which bursting occurs. To
understand and to be able to predict the lifetime of these
bubbles, it is therefore necessary to consider their thin-
ning dynamics [6].

In absence of evaporation, the drainage is driven by
the competing effects of capillary suction [7] and gravity
[5]. This process is limited by the flow through a pinch
developing at the bottom of the surface bubbles, in the
vicinity of the meniscus [8]. Such a description has been
verified experimentally, either in a saturated atmosphere,
i.e. in absence of evaporation [5] or at a short time, when
evaporation is negligible over the drainage [7, 9.

Nevertheless, evaporation must be taken into account

for thicknesses typically lower than one micrometer [10].
To describe the thinning rate in presence of evaporation,
a constant evaporation rate can be added to the mass
conservation. Such consideration provides a successful
description of the data available in the literature [9, 5].

A noticeable consequence of this description lies on the
role of the liquid composition, which is expected to mod-
ify the thinning process, and thus the bubble lifetime,
only through the liquid viscosity, density, and surface
tension. This observation conflicts to the common intu-
ition and daily observations that the choice of the soapy
solution recipe is fundamental to control bubbles stabil-
ity [11], whereas viscosity, density, and surface tension
are slightly modified.

Hence, the aim of the paper is to identify the role
of physical-chemistry on surface bubble thinning, and
in particular to precise separately the specific effects on
drainage and on evaporation. To make this distinction,
we performed experiments in a saturated atmosphere
to identify the role of the surfactant concentration on
thinning dynamics, without any evaporation phenomena.
Then, additional experiments are presented in an atmo-
sphere controlled in humidity to investigate the role of
evaporation.



v P n
system (mN/m) (kg/m®) (mPas)
TTAB 0.5 cmc 50.2 998 1.00
TTAB 1 cmc 38.2 998 1.00
TTAB 5 cmc 35.9 998 1.00
TTAB 10 cmc 35.7 998 1.00
TTAB 20 cmc 35.2 998 1.00

TTAB/Gly 0.5 cmc 42.3 1047 1.74
TTAB/Gly | 20 cmc 23.4 1047 1.74

Table 1: Surface tension v measured for TTAB solutions
at different concentrations noted c in the table, at 20 °C
(at £0.2 mN/m). TTAB used for the solutions at 0.5 and
1 times the cmc have been recrystallized. The denomi-
nation "TTAB/Gly" corresponds to solutions containing
a mass concentration of glycerol of 20 %.

2 Experimental setup

2.1 Material

In this study, we use TTAB (Tetradecyl Ammonium Bro-
mide, purchased from Sigma-Aldrich) as well as glycerol
(purity < 99.5 % purchased from VWR) diluted in ultra-
pure water (resistivity = 18.2 MQ-cm). The TTAB solu-
tions are prepared for several concentrations between 0.5
and 20 times the critical micelar concentration (cmc =
3.6 mmol-L~!). Since impurities in surfactant solutions
have a noticeable effect on surface properties below the
cme, TTAB used 0.5 and 1 times the cmc is recrystallized
prior to the preparation of the solutions [12].

To investigate the impact of glycerol on the stability
of surface bubbles, solutions with TTAB are made by
replacing ultrapure water with a mixture of ultrapure
water and glycerol with an initial glycerol concentration
Cgo = 20 wt%.

The surface tensions v of our solutions are measured
with a pendant drop commercial apparatus (Tracker,
Teclis) and the results are reported in Table 1. The vis-
cosity n and the density p of the solutions containing
TTAB in water are assumed to be identical to the pure
water properties. The viscosity and density of solution
containing glycerol are estimated from data on water-
glycerol mixtures available in the literature [13, 14].

2.2 Bubble generation and thinning
measurement

The experimental setup is schematized in Fig. 1. Bub-
bles are generated on the surface of a cylindrical Plex-
iglas tank of 4.0 cm diameter and 4.6 cm depth, filled
with a solution up to the rim. To inject air in the solu-
tion, a PTFE tubing with an external diameter of 0.56
mm (from Cole-Parmer) is inserted at the base of the
tank. This extremity of the tube is beveled and placed
just below the surface of the solution. To circumvent
the flexibility of the PTFE tubing, the later is inserted
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Figure 1: A container with the solution of interest is set
in a humidity-controlled chamber. To generate the bub-
ble, air is injected by a syringe pump. The film thickness
at the apex of the surface bubble is measured by white
light spectrometry.

in a glass capillary tube. The opposite extremity of the
PTFE tubing is then connected to a flexible tube of 6 mm
diameter, and about 80 cm long connected to a 50 mL
syringe. The syringe is placed on a syringe pump (AL-
1000 from WPI), such that the airflow rate @) and the in-
jected volume Q,;, are perfectly controlled. In this study,
we choose to keep the injected volume ,;, = 1.50 mL
constant, as it has already been varied in a previous
study [5]. The the flow rate @ = 15 mL-min~! is also
kept constant, such that the bubble radius of curvature
R =1.03+0.08 cm is also constant.

The temperature is monitored and ranges between 20
and 23 °C. The whole device is enclosed in a chamber of
size 40 x 40 x 50 cm3. The humidity is controlled through
a humidity regulator [15]. For experiments conducted at
100 % humidity, a humidifier (Bionaire BU1300W-I) and
wet towels are also used to saturate the box with water
vapor.

The thickness h of the film at the apex of the bubble
cap is measured using a UV-VIS spectrometer (Ocean
Optics Nanocalc 2000), whose wavelengths are between
450 and 800 nm, associated with a 200 um diameter op-
tical fiber. The spectrometer must be positioned verti-
cally, precisely at the apex to allow the spectrometer to
be perpendicular to the film. The tank containing the
solution is thus placed on a xy-translation plate. The
thickness is extracted from the spectrum of the reflected
light using the Oospectro [16] library written in Python
[5, 17]. The temporal evolution of the film thickness is
measured two or three times for each experimental con-
dition. As the measurements are perfectly reproducible,
the results presented will correspond systematically to
two or three repetitions of the same experiment condi-
tion and for better readability, the symbols will be the
same. The initial time (¢t = 0) corresponds to the end of
the bubble generation.



3 Impact of physical-chemistry on
thin film drainage
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Figure 2: Variation of the initial thickness of surfac-
tant solutions as a function of the TTAB concentration.
The error bars correspond to the estimated accuracy of
0.2 um on the determination of the initial thickness. The
inset shows the Gibbs-Marangoni elasticity of the film ob-
tained from hg using Eq. 1. The dashed line is a power
law fit: £ = 0.10¢7°2°, The initial thicknesses plotted
correspond to those obtained by leaving hg as an ad-
justable parameter when we compare Eq. 2 to our data,
shown in Fig. 3.

3.1 Initial thickness

In this Section, we consider the experiments performed
in a saturated atmosphere, so that we expect the thin-
ning to be due solely to drainage since no evaporation
occurs. Once the bubble is inflated at the surface of the
surfactant solution, after the 6 seconds of generation, the
thickness of the bubbles at the apex is referred to as the
initial thickness and is noted hg. The measurements of
ho extracted from our drainage curves are presented in
Fig. 2, which shows a decrease of the initial thickness
with the surfactant concentration.

To understand the variation of hg with the surfactant
concentration, a first approach is to adopt the descrip-
tion of the film generation based on a Frankel-type mech-
anism [18]. In this model, the thickness is set by a bal-
ance between the capillary suction in the meniscus and
the viscous dissipation in the thin film, characterized by
the capillary number Ca = nV/v with the entrainment
velocity V. The Frankel description leads to an initial
thickness ho ~ £, Ca?/3, where ¢, = v/7v/(pg) is the cap-
illary length, with g the gravitational acceleration.

In the present study, all bubbles are generated with
the same flow rate, i.e. the same entrainment velocity V.

Additionally, the surfactant concentration affects mainly
the surface tension  (table 1). The difference of surface
tension between TTAB at 0.5 and 20 cmc is of 15 mN/m.
This leads to a difference of 0.4 pym for hy, much lower
than what is measured. As a consequence, this model
predicts a nearly identical initial thicknesses for all bub-
bles based on Frankel’s mechanism. This prediction is in
contradiction with the observations presented in Fig. 2.
In previous experiments, performed at similar injection
rates, the initial thickness of surface bubbles was shown
to be rather independent on the flow rate [10].

Therefore, we conclude that the soap film generation
is not driven by a viscous flow, but rather by elasticity
[19, 20]. In an elasticity-dominated regime, the thickness
is limited by the surface elasticity F, i.e. by the ability
of the surface to sustain surface concentration gradients
and thus surface tension gradients.

In this regime, the balance between the capillary suc-
tion and the Marangoni stress due to surfactant surface
concentration inhomogeneities at the interfaces leads to a
thickness independent on the generation velocity [19, 20]:

E
ho ~ Lo~ 1
0 - (1)

With this prediction, the initial thickness is expected
to depend on the surfactant concentration through the
surface elasticity £. Here, we propose to apply the same
model to the surface bubbles, although there is likely
so existing refinements from the geometry and deduce
the surface elasticity from the initial thickness measure-
ments and comment the result. The accordance with the
experiments performed on flat films show that this model
still holds for surface bubbles. From our data hg(c) and
Eq. 1, we plot in the inset of Fig. 2 the predicted sur-
face elasticity. We obtain a decay of the surface elastic-
ity with the surfactant concentration, which we describe
with a power law model. Such decrease is expected since
a larger surfactant concentration allows a faster repopu-
lation of the interfaces and thus a smaller surface elas-
ticity [21]. The measurement of surface elasticity is deli-
cate and rare in the literature. In our study, the order of
magnitude of the surface elasticity is 0.1 mN/m, which is
lower but in agreement with those measured by Cham-
pougny et al. [19] (C12Es), which are between 0.15 and
0.59 mN/m. This non-ionic surfactant is much less solu-
ble that TTAB. In such a situation, the surface elasticity
is expected to be slightly higher, in agreement with our
experiment. In the literature, one can also find higher
values [22, 23, 24, 25] for the surface elasiticity. Nev-
ertheless, a direct comparison can be hazardous since
this parameter is expected to depend drastically on the
physical-chemistry and on the characteristic time of so-
licitation. Our observation is that the values measured
here are comparable to surface elastic moduli measured
with similar systems and a similar solicitation.
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Figure 3: Film drainage in a saturated environment for
bubbles stabilized by different concentrations of TTAB
ranging in 0.5-20 cmc. The continuous lines correspond
to Eq. 2. The same graph is represented in inset in
logarithmic scale.

3.2 Thinning dynamics

Now that the initial thickness is described, we focus our
attention on the thinning dynamics. All the drainage
curves obtained for the different TTAB concentrations
are presented in Fig. 3. Remarkably, the thinning pro-
cess appears to be nearly independent on the surfactant
concentration, besides the initial thickness described in
the previous paragraph.

In the following, we compare these thinning dynamics
with the drainage model described in the introduction,
in which the flow is limited by the presence of a pinch
in the vicinity of the contact line [7, 9, 5]. The thinning
rate is therefore the combination of capillary-driven and
gravity-driven flows, which reads [5]

5/2 3
8hy<h/+h>’ 2)
ot n \R5/2  R(?

Indeed, the gravity-driven drainage is relevant in our
situation because the Bond numbers Bo comparing the
effect of gravity and surface tension (Bo = pgR?/v) cor-
responding to our bubbles are between 20 and 44. To
solve this differential equation we used the odeint func-
tion from the scipy module [26] in Python. The initial
thickness of the bubbles hg is left as an adjustable pa-
rameter for the integration of Eq. 2, via the use of the
curve_fit function of the scipy module [26]. This thick-
ness is plotted as a function of TTAB concentration in
Fig. 2. We have chosen to leave it as an adjustable pa-
rameter in order to be able to describe the long time dy-
namics of all our systems in the presence of evaporation,
as we will see later. Fig. 3 shows that the experimental
data agree with this theoretical prediction (solid lines).
Note that an implicit solution to the Eq. 2 can be de-

termined analytically. The calculation and the result are
given in S.I.

Finally, our first conclusion is that, in absence of evap-
oration, the concentration in TTAB does not impact the
drainage dynamics. This is confirmed by the results of
Poulain et al [9] for bubbles of radius R = 4.8 £ 0.1 mm
with another surfactant, SDS (Sodium Dodecyl Sulfate).
The only impact of the physical-chemistry is a short-
time effect. The liquid composition changes the initial
thickness through the variation of the surface elasticity.
After a few tens of seconds, which is short compared to
the bubble draining time, all the dynamics becomes in-
dependent of the TTAB concentration. We thus expect
a negligible impact on the bubble lifetime.

4 TImpact of physical-chemistry on
thin film evaporation

4.1 Control of evaporation via the atmo-

spheric humidity

To explore the impact of physical-chemistry on evapora-
tion, we now measure the thinning dynamics at relative
humidity values RH equal to 39 and 55 %.

As expected, the dynamics is much faster in presence
of evaporation so that the bubble lifetime is more than
5 times shorter. Additionally, in conditions for which
evaporation proceeds, the thinning dynamics for differ-
ent surfactant concentrations do not collapse in a single
curve as shown in Fig. 4. This observation contrasts
with the results in a saturated atmosphere obtained in
the previous Section. Thus, although the surfactant con-
centrations studied in this article have a little impact
on the drainage dynamics, this concentration affect sig-
nificantly the thinning of the bubbles when evaporation
proceeds.

To describe the thinning dynamics, we add an evapo-
ration rate[9, 5] to the former drainage Eq. 2. For this,
we can consider a diffusive evaporation rate [27], which
is proportional to the difference in pressure between the
saturation vapour pressure at the interface pg,; and in the
surrounding environment p.,. We write the contribution
of the evaporation on the film thinning as k.(1 — RH),
where k. has the dimension of a velocity. This coefhi-
cient, contains the geometry of the system, kept constant
in this study, the diffusion coefficient of water in air, and
the saturated vapor pressure of the chemical solution.
This leads to the thinning rate

% v h5/2 h3
ot n

_ . R@) ~ ok (1—RH). (3)

The model describes very well the data for TTAB con-
centration smaller or equal to the cmc for both RH = 39
and 55 %. For the solutions containing TTAB above
the cmc, the proposed model does not allow to account
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Figure 4: Film thinning at the bubble apex in a environ-
ment of controlled humidity of (a) RH = 55 +4 % and
(b) RH = 39 £ 1 %, for bubbles stabilized by different
concentrations of TTAB ranging in 0.5-20 cmc. The con-
tinuous lines correspond to Eq. 3 using k. (given in (c))
as a fitting parameter. For ¢ > cmc, the fit was made
from ¢t = 18 s: the extrapolation to the first instants is
indicated by a dotted line.

for the beginning of the thinning curves. We observe
that, in presence of evaporation, the thinning dynamic
is delayed at the beginning for these concentrations, es-
pecially for the highest concentration (20 times the cmc)
where a plateau, marked by a black arrow, can be ob-
served. Thus, a fit for these "high" concentrations is
proposed only at times greater than 18 seconds (Fig. 4
(a) and (b)). In this case, there is a good agreement be-
tween our model and the experimental data. It can be
noted that for concentrations above cmc, the higher the
TTAB concentration, the slower the evaporative thinning
dynamics, as indicated by the measured k. constant val-
ues given in the Fig. 4 (c).

Our second result is thus that the variation of the
TTAB concentration affects the thinning dynamics of
surface bubbles through the evaporation rate. A sim-
ple model, in which a constant evaporation flux is added
to the drainage dynamics allows describing the data in
the first order. This is actually a simple model, which
cannot capture the entire thinning dynamics. Indeed, at
high concentration, the variation of h with time is poorly
described by our model. Our strong result is that the
physical chemistry affects the thinning dynamics mainly
through evaporation and not through drainage. Simi-
lar behaviour has already been observed by Poulain et
al]2]. Nevertheless, the exact mechanism behind this
observation will deserve more investigation in the future:
capturing the evaporation mechanisms in a single param-
eter, which is the evaporation rate is actually a simplified
model. Indeed evaporation can also lead to temperature
gradients, surfactant bulk and surface concentration gra-
dients, which can lead to Marangoni stresses at the in-
terface and affect the thinning dynamics.

4.2 Control of evaporation via the addi-
tion of an hygroscopic component

In the following, the surface bubbles studied are gener-
ated at RH = 55 £ 5 % in water-glycerol mixtures for
two concentrations of the TTAB solution (equal to 0.5
and 20 times the cmc).

The thinning curves obtained for bubbles stabilized by
TTAB/glycerol /water solutions, with an initial glycerol
concentration ¢y, = 20 wt.%, are plotted in Fig. 5. Com-
paring these results to those obtained with TTAB/water
only, we can see that the addition of glycerol stabilizes
the bubbles by decreasing their thinning rate at long
times (in particular for the concentration corresponding
to 20 times the cmc). We also note that the bursting
thickness is still high, around 1.5 pm in Fig. 5 (a).
It has been demonstrated that the lifetime can have a
wide distribution since the mechanism behind is partially
stochastic [7]. Thus, this is not necessarily a robust fea-
ture that the bubbles burst at such high thickness but
the thinning dynamics holds in any case.

To rationalize this observation, we propose to take into
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Figure 5: Time evolution of the film thickness h at the
bubble apex in a environment of controlled humidity
(55 +5 %) for bubbles stabilised with or without an ini-
tial glycerol concentration ¢y, = 20 wt.%, for fixed TTAB
concentrations: (a) 0.5 cmc and (b) 20 cme. The data
in the absence of glycerol and the corresponding colour
adjustment correspond to those shown in Fig. 4. For
the data in the presence of glycerol, the black dotted line
corresponds to the Eq. 5 with a constant concentration
cg = Cq4,- The black solid line corresponds to this equa-
tion taking into account the variation of ¢, with time, by
combining Eq. 6, 7 and 5. The inset shows the variation
of ¢, and V. for these two cases.

account the addition of glycerol in the thinning dynam-
ics. Glycerol is a hygroscopic component, known to af-
fect the solution activity[28] and thus, its evaporation
rate [29, 30]. The saturation vapour pressure psa(cy) at
the evaporating interface is modified by the presence of
glycerol in the solution and can be written as [29]:

1—¢4

14+c¢4(a—1) )

psat(cg) = psat(cg = O)
with a = 0.248 [31, 29].

As in Eq. 2, the drainage caused by the capillary suc-
tion and gravity remains unchanged. Only the evapora-
tion term is modified by taking into account the change
in saturation vapour pressure at the interface given by
Eq. 4, which leads to writing the thinning rate such as

5/2 3
= _7<h/ +h>—ke (1_09—RH>.
n \ R%/2  R(? 1+cg(la—1)

(5)
The thinning rate corresponding to evaporation, the sec-
ond term on the right hand side of this equation, can
therefore be positive or negative, which means that in
the presence of glycerol, the water can either evaporate
(positive term) or condense (negative term). This de-
pends on both the glycerol concentration and the relative
humidity.

In this section, we will not consider any adjustable
parameter to integrate the Eq. 5: the initial thickness
hg corresponds to the experimentally measured value and
the evaporation constant k. to the value determined in
the previous paragraph, in the absence of glycerol. The
prediction of Eq. 5, for a constant glycerol concentration
¢q(t) = cgy, is shown in black dotted lines in Fig. 5.

on
ot

However, the mass concentration c, varies over time
and we can attempt to quantify this effect. To inte-
grate Eq. 5, the time evolution of the glycerol concen-
tration c4(t) must be precised from the exchanges with
the bath and the atmosphere. We consider that the bub-
ble has a spherical cap of volume Q(t) = 2/3w(3R?h(t) +
3Rh(t)+h(t)?), for which the liquid composition is homo-
geneous. The weight of glycerol in the bubble is defined
as my(t) = cg(t)pQ(t). From the definition of the glyc-
erol concentration cg(t) = mgy(t)/(mg(t) + my(t)), we
have my,(t) = (1 —c4(t)) pQ2(t). The time variation of
the glycerol weight in the spherical cap is due to drainage
of velocity Vy[h(t)] = v/n (R°/?/R>/* + h?/(R(?)), which
gives

dmg
dt

= —pgValh()] 5P (1), (6)
where S = 27R? is the surface area of the hemispher-
ical cap and ®4(t) = (1+ py/pw(1/cy(t) — 1))~ is the
volume concentration of glycerol. Similarly, for the wa-
ter content, the variations is due to the drainage ve-
locity Vg but also the evaporation velocity Ve[cy(t)] =



ke (1 —c¢g)/(1 4 cg(a—1)) — RH), such that

dmy,

T —puwVa[h(t)]SPy(t) — (7)

puwVelcg()]S.

We solve equations 5, 6 and 7 for the following ini-
tial conditions, using an Euler-type method: ¢4, = 0.2,
mwo = (1 — ¢g,)pQ0 and mgo = cg,p80 with Qp =
2/3n(3R?ho + 3Rho + h3) the volume of the liquid in
the bubble cap at t = 0. Note that the measured surface
tension of water/glycerol mixtures in presence of TTAB
remains almost constant up to ¢, = 0.4, so we used the
value given in the Tab. 1.

The results of this integration are shown in Fig. 5 with
black solid lines, describing relatively well the temporal
evolution of the measured thickness for the two concen-
trations. They show a weak effect, to first order, of tak-
ing into account the variation of ¢, with time. The inset
shows the evolution of the glycerol concentration and the
evaporation rate during the thinning of the bubbles. As
time goes by, the glycerol concentration increases, which
leads to a decrease in the evaporation rate and therefore
the bubble thinning rate. We attribute the enhanced sta-
bility of these bubbles at longer times to the reduction
of the thinning rate.

5 Conclusion

In absence of evaporation, physical-chemistry has no im-
pact on the thinning dynamics of surface bubbles. It
affects only the initial thickness, which can be explained
by a surface elasticity depending on the surfactant con-
centration. In presence of evaporation, the thinning dy-
namics is affected by the TTAB concentration. This ef-
fect can be explained at the first order by an evaporation
flux depending on the TTAB concentration. Neverthe-
less, a more precise description of this dynamic probably
requires a better understanding of the role of surfactants
on evaporation. This role can be due to a barrier ex-
erted by the surfactants to evaporation [32], which could
explain the variation of the evaporation rate with the
surfactant concentration. Evaporation could also gener-
ate additional solutal or thermal surface tension gradi-
ents, which could add a stabilizing or destabilizing liquid
flow [9, 33]. Additionally, the water evaporation could
lead to a variation of the local concentration in surfac-
tants, which can also affect the flow and/or evaporation
rate. This work thus opens new questions, which shall
be answered in a future work and will benefit from the
exploration of a wider range of chemical systems. Fur-
thermore, we observed that the addition of glycerol slows
down the thinning dynamics. Even if we know that nu-
merous potential mechanisms at stake due to evaporation
in presence of surfactants or surfactants/glycerol solu-
tions can occur [34, 35, 36], the simple model presented
in this article allows a good description of the data. The

effect of the addition of glycerol can be described by con-
sidering both the modification of the saturation vapor
pressure in the presence of glycerol and the increasing
glycerol concentration in time due to water evaporation.

We have enlightened that the description of surface
bubbles thinning dynamics requires a better understand-
ing of the effect of physical-chemistry on evaporation.
This effect can come from different mechanisms (i) the
concentration of non volatile components along time [31]
(ii) the existence of a barrier to evaporation due to the
presence of surfactants at the interface, which can affect
the evaporation flux [32] or the apparition of solutal or
thermal surface tension gradient [9, 33], which can lead
to additional liquid velocities.
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