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Abstract

Dewetting phenomenon of a liquid film in the presence of surfactant exists in various natural, industrial, and
biomedical processes, but still remains mysterious in some specific scenarios such as pulmonary surfactant therapy.
Here, we investigate the dewetting behavior of water films initiated by surfactant-laden droplet impacting and show
that the maximum dewetting diameter can even reach more than 50 times of the droplet size. We identify the S-type
variation of the dewetting area and demonstrate its correlation to the dynamic surface tension reduction. From a
viewpoint of energy conversion, we attribute the dewetting to the released surface energy caused by the surfactant
addition, and establish a linear relation between the maximum dewetting and the surfactant concentration in the
film, i.e., dmax> * cfim, Which agrees well with the experiments. These results may advance the physics of liquid
film dewetting triggered by surfactant injection, which shall further guide practical applications.

Main Text

The Corona virus SARS-CoV-2 has affected more than 100 million confirmed patients since 2019 and this
COVID-19 pandemic is still unstoppable [1]. SARS-CoV-2 may specifically destroy the type II alveolar cells [2-5],
which produce protective lung surfactants to reduce the alveoli surface tension, thereby maintaining basic
morphology and function of the alveoli and facilitating breathing [6-8]. In addition to the development of vaccine
and treatment for COVID-19, various aspects about disease transmission and therapy have been studied including
revealing the spreading mechanism of respiratory fluid droplets [9-11], fabricating robust self-cleaning objects or
surfaces to repel virus [12,13], and improving some physical treatments such as UV irradiation [14,15] and
surfactant therapy [16,17]. Here, we devote efforts to address some physical issues behind the pulmonary surfactant
therapy which has been considered to have biological feasibility to alleviate or even cure COVID-19 associated
acute respiratory distress syndrome [18-20].

Surfactant therapy is the medical administration of exogenous surfactant [21,22]. Surfactants are typically
instilled directly into the trachea or aerosolized to be inhaled. In neonates with respiratory distress syndrome,
surfactant therapy has proven to be efficacious, but unfortunately, in adults with acute respiratory distress syndrome
it fails to demonstrate obvious beneficial effect [23,24]. From the clinician's perspective, several factors may
influence the surfactant response, such as composition or dose of surfactant, technique of instillation, and timing of
administration [25]. While from the view of physics, we infer that the stability of the liquid film after surfactant
input is one of the key factors that determines the clinical efficacy of the surfactant therapy. As a kind of typical
instability behavior, the possible dewetting phenomenon in pulmonary liquid film after surfactant instillation may
have adverse effects by destroying the integrity and uniformity of the liquid film, which means, it is better to avoid
the dewetting phenomenon. It is therefore critical to understand the dewetting mechanisms.
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In the past decades, intensive attention has been paid on the film dewetting in the presence of surfactant with
a variety of advances made by such as Grotberg and his co-workers and Matar and his co-workers [26-36]. However,
due to the highly complex hydrodynamics, along with coupled and susceptive influencing factors, many internal
physical mechanisms regarding the surfactant-caused liquid film dewetting have yet to be addressed. For instance,
for the dewetting of a water film initiated by surfactant-laden droplet impacting, under what conditions will
dewetting happen and what is the dewetting capability of a surfactant-laden droplet? These questions are closely
related to the administration of surfactant therapy. In this work, we build an experimental system that allows a
surfactant-laden droplet to impact a water film, and investigate the dewetting phenomenon induced by the
surfactant-laden droplet by changing the surfactant concentration. We also conduct energy analysis on the dewetting
mechanism and establish a linear relation between the maximum dewetting and the surfactant concentration in the
film. We expect that these results could not only deepen the understanding on the physics of the film dewetting, but
also provide fundamental guidance for surfactant therapy and promote its clinical application.

The surfactant used here is a soluble anionic surfactant Dipotassium dodecyl phosphate (Molecular Formula:
Ci2H250PO3K>) with a critical micelle concentration (CMC) of 2.58 mmol/L. Its structure and basic properties can
be seen in Supplemental Materials [37]. Aqueous solutions with the surfactant concentration varying from 0.5 to
140 CMC are used to form droplets via an injector equipped with a thin needle. A droplet with a controlled diameter
(2.1 or 3.4 mm here) falls from a certain height (5-20 cm) and collides on the surface of the water film. The water
film is pancake-shaped with a fixed diameter of 252 mm, and its thickness varies from 0.4 to 1.0 mm in our
experiments. See detailed experimental system and conditions in Supplemental Materials [37]. Under the present
droplet impacting and water film conditions, the Weber number of the droplet is from 28 to 188 approximately and
the ratio of the film thickness to the droplet diameter is from 0.1 to 0.5. Considering the condition of droplet
splashing on liquid films established by Cossali et al. [38], no splashing would occur. This has also been verified by
the following experimental observations.

When a pure water droplet falls into a water film, impact crater forms first and then capillary waves travel
along the crater sidewall until they disappear [39,40]. For the impacting of a surfactant-laden droplet, we observe
that the water film exhibits three different behaviors, including non-dewetting, unstable dewetting, and stable
dewetting, depending on the surfactant concentration in the droplet (carop) and the water film thickness (H) (see
Video S1-S3 in Supplemental Materials [37]). As shown in Fig. 1(a), if carwop is very small (0.57 CMC) and H is
moderate (0.7 mm), almost no obvious difference is detected compared with the pure water droplet impacting, which
is noted as “non-dewetting”. When carop s increased 10 times to 5.7 CMC (H=0.7 mm), dewetting occurs after the
impact crater formation, as shown at 54 ms in Fig. 1(b), and the dewetting area expands outwards until reaches a
maximum diameter; thereafter, the dewetting area begins to decrease until completely vanishes. This circumstance
of the water film is termed as “unstable dewetting”. When further increasing carop, While reducing H, i.e., carop=68
CMC and H=0.4 mm, as shown in Fig. 1(c), the dewetting area in the water film spreads further. When it reaches
the maximum dewetting diameter, the dewetting area may slightly retract, it does not, however, disappear. This is
termed as “stable dewetting”. We find that, in the stable dewetting cases, the maximum dewetting diameter could
even reach more than 100 mm, which is 50 times of the droplet diameter (see an example of stable dewetting with
125 mm dewetting diameter in Supplemental Materials [37]).
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FIG. 1. Three behaviors of water films after surfactant-laden droplets impacting. a) Non-dewetting (cdrop=0.57
CMC and H=0.7 mm): impact crater forms after droplet impacting, and then capillary waves propagates outwards
until disappear. b) Unstable dewetting (cdarop=5.7 CMC and H=0.7 mm): dewetting occurs and expands outwards,

but after reaching a maximum dewetting area, rewetting happens and repairs the water film. c) Stable dewetting

(carop=68 CMC and H=0.4 mm): the dewetting area does not disappear and the maximum dewetting diameter is

rather large compared to the impacting droplet size. In Fig. 1, all surfactant-laden droplets have diameters of 2.1
mm and impacting heights of 10 cm. The scale bars in Fig. 1 are all 10 mm.

To be more comprehensive, we show a phase diagram in Fig. 2 illustrating three behaviors of the water film
after surfactant-laden droplet impacting. The x-axis in the phase diagram is the dimensionless surfactant
concentration in the droplet, cx=cdropVarop/Veap (Varop 1 the droplet volume, Veap is the volume of a droplet whose
diameter is the capillary length, Leap=(yeme/pg)’>, Where yeme is the surface tension of the aqueous mixture at CMC).
The y-axis is a modified Bond number, Bo=pgH?/Aycmc, as a function of the water film thickness H and the surface
tension difference Ayeme = Yo— Yeme (Yo 1S the surface tension of pure water). From Fig. 2, we conclude that when the
conditions move toward the lower right corner of the phase diagram, the water film behavior changes from “non-
dewetting” to “stable dewetting”, i.e., with larger ¢+ and smaller Bo, the dewetting effect on the liquid film becomes
stronger. Furthermore, the boundaries between different behaviors seem to be straight lines, implying the
competition between the Marangoni stress and hydrostatic forces during dewetting. It should be noted that, to trigger
dewetting behaviors on a water film via surfactant-laden droplet, the water film should not be too thick. In other
words, the Bond number, Bo, should be less than one to ensure the surface tension difference dominates in the
process; otherwise, the phase diagram in Fig. 2 is no longer applicable.
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FIG. 2. Phase diagram illustrating three behaviors of water film after surfactant-laden droplet impacting as a
function of dimensionless surfactant concentration in the droplet, cx=Cdrop Vdrop/ Vcap, and the modified Bond
number, Bo=pgH?/Ayeme. The phase diagram shows results from two groups of original experiments with one
group uses surfactant-laden droplets of 2.1 mm diameter (circular symbols) and the other 3.4 mm diameter (star
symbols). Each behavior of the water film is marked by a kind of symbol (crossed symbol, semi-solid symbol, or
solid symbol) and the background colors assigned are meant as a guide to the eye.

We attempt to set up a physical model, as described in Fig. 3, to elucidate the water film dewetting phenomenon
triggered by surfactant-laden droplet impacting. The droplet penetrates into the liquid film via impacting and then
the surfactant molecules in the droplet begin to diffuse due to the concentration gradient, which is governed by the
Fick's second law. Simultaneously, the diffused surfactant molecules adsorb onto the liquid-air interface from the
bulk liquid, resulting in surface tension gradient, or called the Marangoni stress, to drive the dewetting phenomenon.
However, we have to point out that this dewetting is not “perfect” dewetting. There is still a thin film adhering on
the solid substrate in the dewetting area. We prove the existence of the thin film and roughly estimate its thickness
to be on the order of 10 um (see Supplemental Materials for details [37]). Experiments by lasella et al. also support
our estimation [41]. Thus, in the model illustration Fig. 3(c) and (d), we have drawn a thin water film remains in
underneath the dewetting area, but the volume of this residual thin film can be ignored compared to the total liquid

volume.
Vdrop: Cdmp
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FIG. 3. Schematic of the water film dewetting after impacting of a surfactant-laden droplet. a) Initial state of the
droplet and the water film. b) Diffusion and adsorption of surfactant molecules in the water film. ¢) Marangoni
stress drives Marangoni flows inside the water film, causing apparent dewetting phenomenon. d) The state when

reaching the maximum dewetting diameter.

We also extract the variations of the square of the dewetting diameter (d?) with time under different csim before
reaching the maximum dewetting. We use crim here to describe the experimental condition for convenience, and
crilm represents the average surfactant concentrations in the water film after infusing with the surfactant-laden droplet
(¢film = CdropVarop /TD*H, where D is the water film diameter). As shown in Fig. 4(a) and its subfigure, the curves of
d* under different crim are all S-type with their slopes first increasing and then decreasing. This kind of changing
trend is different from other dewetting characteristics such as evaporation-induced dewetting [42-44]. As mentioned
above, the Marangoni stress is the driving force that plays the key role during the dewetting process. Since the
surface tension on the liquid-air interface decides the Marangoni stress, we infer that the dynamics of the dewetting
closely relates to the dynamic surface tension. According to a series of papers by Hua and Rosen [45-47], the
dynamic surface tension curves could be empirically modelled by Eq. (1), which is on a logarithmic time-scale,
regardless of surfactant concentration or type.

_ A max

A)/ = Aymax T3 t/tg)P (1)
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where Ay is yo—y which means the real-time surface tension reduction after addition of surfactant, and Aymax is Yo—
Yeq meaning the final surface tension reduction at cfiim (Yeq is the equilibrium surface tension); # is a constant with
time dimension, and p is a dimensionless constant. Coincidentally, when we change the x-axis from ¢ to Ay, and
replot the variations of @2, we see that the original curves, which are scattered in Fig. 4(a), all collapse onto a single
line in Fig. 4(b). This result proves our inference that the dynamic surface tension reduction correlates the dewetting

dynamics.
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FIG. 4. Variations of the square of dewetting diameter (¢?). a) Time-varied > under different surfactant
concentrations in the water film (cfim) before reaching the maximum dewetting. The subfigure shows data at
earlier times more clearly. b) Replotting the variations of @*> with the dynamic surface tension reduction, Ay.

Curves under different crim collapse onto one single line (the background color assigned is meant as a guide to the
eye). Error bars in the figure display the standard deviations of parallel measurements.

Mechanically, the dewetting phenomenon is governed by the Marangoni stress, the viscous force and the
gravity. The dewetting takes place when the Marangoni stress overcome the latter two forces. From another view of
energy conversion, the essence of the dewetting could be described as that the reduced surface energy due to the
addition of surfactant is converted into the gravitational energy of partial water film (those water in the shadow box
in Fig. 3(d)) after overcoming the viscous dissipation. It should be noted that the sum of the kinetic energy and the
surface energy of the impacting droplet is calculated to be at least two orders of magnitude smaller than the surface
energy of the water film and then can be neglected. Based on this viewpoint, an energy conversion model is
established more straightforwardly, which is described by AEsu= G + Eyis or kAEsw= G, where AE, is the reduced
surface energy of the water film due to the addition of surfactant, G is the increased gravitational energy of partial
water film, E.is is the viscous dissipation, and & represents the energy conversion rate from AEs, to G. Considering
the “imperfect” dewetting that there is still thin fluid layer in the dewetting area, when the maximum dewetting is

reached (Fig. 3(d)), the surface energy reduction of the water film, AEs., can be calculated as

nD? (YO_qu)
4

AEg, = X DZAymax )
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The increased gravitational potential energy, G, caused by the rise of the water level is given by

_ npgDiH?dF s D2H?d% 4

G - 8(D2_d12nax) Dz_drznax (3)
Base on the energy conversion principle, kAEq= G, we have
H? dfax
KO Yimax ¢ e )

The energy conversion rate £ can be obtained from experiments, and we are pleasantly surprised to find that & is
proportional to the square of H, regardless of other experimental conditions, as shown in Fig. 5(a). Therefore,
Equation (4) becomes AYmax < dmax>/(D*~dmax?). In our experiments, D? is at least an order of magnitude larger than
dmax’, and considering the constant D, we get dmax” < Aymax. Actually, in Fig. 4(b), if let ¢ to be infinitely large to
reach dimax, We can also get the same conclusion, dmax®°< AYmax.
Combining Gibbs isotherm and Langmuir isotherm yields
AVmax = NRTT In(1 + begipm) 5)
where [ is the saturated surface excess of a surfactant, 7' is Kelvin temperature, R is gas molecular constant, and N
and b are constants. If the surfactant type and the temperature are determined, all these parameters keep unchanged.
Under the conditions that the surfactant concentration is very low (e.g., in our experiments cfim is normally less than
0.01 CMC), Equation (5) could be simplified as Aymax°<cgim. Thus, we obtain
diax % Cfitm (6)
The data points in Fig. 5(b) validate Eq. (6) very well. However, deviations from the scaling of Eq. (6) appear for
crilm exceeding 0.01 CMC, which are mainly attributed to two reasons. First, Equation (4) cannot be simplified, as
dmax’ is not small anymore compared to D?. Second, the simplification of Eq. (5) is not appropriate for relatively
large cfim. In addition, as shown in Fig. 5(b), within our experimental conditions, the impacting height of the
surfactant-laden droplet, S, does not have obvious influence on the result, because such impacting heights cannot
cause droplet splashing on water films [38]. We infer that with serious droplet splashing, the maximum dewetting
does not satisfy the scaling of Eq. (6) anymore, which needs further investigation.
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FIG. 5. a) Experimentally obtained proportional relation between the energy conversion rate (k) and the square of
water film thickness (H?). b) Theoretically deduced proportional relation between the square of the maximum
dewetting diameter (dmax”) and cfim, and its validation. The background color assigned are guides to the eye. Error
bars in the figure display the standard deviations of parallel measurements.
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In summary, we investigate the water film dewetting initiated by surfactant-laden droplet impacting, determine
the dewetting capability of the surfactant-laden droplet, and elucidate the underlying physical mechanisms. Three
behaviors of the water film after a surfactant-laden droplet impacting are characterized, including non-dewetting,
unstable dewetting, and stable dewetting, with a phase diagram drawn to distinguish them. For the dewetting
behaviors, S-type variations of the dewetting area are identified, which is demonstrated to be closely related to the
dynamic surface tension reduction. A linear relation between the maximum dewetting and the surfactant
concentration in the film is also established based on the energy conversion from surface energy to gravitational
energy, and the energy conversion rate linearly relates to the square of the water film thickness. We expect that these
results pioneer in understanding the principle of water film dewetting initiated by surfactant, which could further
guide practical applications such as the pulmonary surfactant therapy.

This work was supported by the National Natural Science Foundation of China (No. 51876007), the Fundamental
Research Funds for the Central Universities (No. FRF-BD-20-09A), and the Integrated Projects utilizing the Space
Environment on ISS and CSS supported by CMSA and ESA (No. TGMTYY00-RW-03). The authors also
acknowledge fruitful discussions with Dr. Yaxing Li from Physics of Fluids group, University of Twente.
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