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The dynamics of wetting and dewetting is largely determined by the velocity field near the contact lines.
For water drops it has been observed that adding surfactant decreases the dynamic receding contact
angle even at a concentration much lower than the critical micelle concentration (CMC). To better
understand why surfactants have such a drastic effect on drop dynamics, we constructed a dedicated
setup on an inverted microscope, in which an aqueous drop is held stationary while the transparent
substrate is moved horizontally. Using astigmatism particle tracking velocimetry, we track the 3D
displacement of the tracer particles in the flow. We study how surfactants alter the flow dynamics near
the receding contact line of a moving drop for capillary numbers in the order of 107%. Even for
surfactant concentrations ¢ far below the critical micelle concentration (c « CMC) Marangoni stresses
change the flow drastically. We discuss our results first in a 2D model that considers advective and
diffusive surfactant transport and deduce estimates of the magnitude and scaling of the Marangoni
stress from this. Modeling and experiment agree that a tiny gradient in surface tension of a few uN m~!
is enough to alter the flow profile significantly. The variation of the Marangoni stress with the distance
from the contact line suggests that the 2D advection—diffusion model has to be extended to a full 3D
model. The effect is ubiquitous, since surfactant is present in many technical and natural dewetting pro-
cesses either deliberately or as contamination.

the substrate. This contact angle hysteresis gives rise to a lateral
adhesion force that has to be overcome to make a drop move.?

The wetting and dewetting of a solid surface by a liquid are
fundamental processes of many natural phenomena and tech-
nical applications. Examples include drops gliding down a
window glass or being blown across a windscreen as well as
drop and bubble motion in coating, painting, printing and
flotation. Drops on a substrate are surrounded by a contact
line, i.e., a line where substrate, liquid and gas meet. The Young
relation predicts a specific contact angle 6 as a function of the
surface tensions at the liquid-gas, liquid-substrate and sub-
strate-gas interface.” For all practical purposes, the contact
angle at non-moving contact lines is limited between the static
advancing and receding contact angle due to imperfections of
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When the contact line is moving, the contact angle is velocity
dependent. For simple liquids, the dynamics of wetting, ie., the
velocity dependent advancing and receding contact angle, are well
described by hydrodynamic modeling and molecular kinetic
theory.*® Essentially, the hydrodynamic energy dissipation is con-
centrated near the moving contact line, because of the apparently
diverging shear rate at the moving contact line. The connection
between the dissipation at the contact line and the macroscopic
wetting dynamics near contact lines has been described using the
Navier-Stokes equation. As Huh and Scriven pointed out, without
further approximations, the dissipation near the receding contact
line diverges.’ To circumvent this kind of unphysical singularities
various ways of introducing cutoff lengths or slip boundary condi-
tions on the solid substrate are discussed.”® An additional
approach in describing the dynamics of wetting are thin film
models that include precursor films in front of advancing or behind
receding contact lines.'>** In typical substrates the length scales
where these effects become relevant are nanoscopic, ie., inacces-
sible with optical measurement techniques."

As soon as the strong assumption of simple liquids (only one
component, Newtonian viscosity, constant surface tension, etc.)

This journal is © The Royal Society of Chemistry 2021
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is left, the modeling is much more complex."* Important work
is done on advancing contact lines, especially in the framework
of lubrication modeling approaches,'>'® where the authors
show an influence of surfactants on the spreading dynamics
of drops. Similarly, gradient dynamics models'”"'® are devel-
oped to describe advancing and receding contact lines also for
more complex wetting situations, like forming deposits behind
receding contact lines'® or on brushes."”® When considering
localized heterogeneities in the surfactant concentrations,
surfactant-induced (i.e. Marangoni induced) flow can be
observed and modeled at fluid-fluid interfaces®**" and in thin
liquid films.*” In quasi-static situations surfactants change the
surface tensions and consequently the contact angles of sitting
drops. Under constant flow conditions, the presence of surfac-
tants can change the boundary conditions on free liquid-gas
interfaces. This is essentially due to the fact that surface
dilation or contraction due to hydrodynamic flow induces
gradients in the surfactant surface concentration and conse-
quently the surface tension. These gradients in surface tension,
or Marangoni stresses, counteract the delating or contracting
surface flows, i.e., modify the stress-free boundary condition at
free surfaces. This is nicely illustrates in rising bubbles in
surfactant solutions, which form stagnant caps even at very low
concentrations,”* ™ i.e., the boundary condition becomes effec-
tively non-moving. These stagnant caps change the rise velocity
and flow field in and outside the bubble. A similar process is
observed in the coalescence dynamics of drops®®~>° with liquid
pools. In evaporating drops, the natural convection due to
thermal Marangoni effects®® is modified for drops containing
more than one component,® e.g., additional surfactants,®*3?
particles,** or salt.*

Landau-Levich films form above a critical speed, when
plates are being pulled out of a liquid pool. The properties of
these films and the hydrodynamic flow field in the pool depend
on the surfactant concentration in the liquid.**”® When a
continuous motion of the contact line is enforced, ie., at
speeds below the critical speed for film formation, different
scenarios have been observed. The presence of insoluble sur-
factants can induce an unsteady motion of the contact line*”
and structured deposits on the substrate.*°

The situation can change qualitatively for soluble surfac-
tants. Studies with a rotating drum setup show that even small
amounts of soluble surfactants strongly reduce the dynamic
receding contact angle.*'** By adding surfactant at a concen-
tration between 5-30% of the critical micelle concentration
(CMC), the critical velocity for film formation reduces by one
order of magnitude. In contrast, the dynamic advancing contact
angle changes only very little.’ This strong decrease in the
receding contact angle was attributed to surface tension gra-
dients (Marangoni effect) near the receding contact line, where
continuously a new surface was assumed to be created. A
previous study by some of us varied systematically charge and
CMC of the used surfactants.”® One major result of this study
was that the dominating parameter controlling the dynamic
receding contact angle at a given velocity is the surfactant
concentration measured in percent of CMC, Fig. 4 of ref. 43.
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The charge of the surfactant has no clear influence on the
dynamic receding contact angle.

Measurements of the three-dimensional flow pattern of
surfactant solutions near receding contact lines would shed
light on the true mechanism behind this strong influence of
small surfactant concentrations on the dynamic receding con-
tact angle. For pure water, such measurements had been
carried out by Kim et al. using a Tomographic PIV setup.*>*®
Qian et al. measured the liquid velocities near the substrate in
the vicinity of the contact lines using particle image velocimetry
and flood illumination.”” Since surfactants change the hydrody-
namic boundary condition at the liquid-gas interface of
liquids,***”*® surface velocimetry has been carried out. Studies using
plates withdrawn from a liquid pool with surfactant solutions reveal
a strong impact of the contact line velocity on the surface flow.*>*° A
recirculation flow on the surface was observed in dynamic wetting
experiments of drops with insoluble surfactants.”" Yet, the internal
dynamics can only be approximated indirectly with these methods.
Other studies measured the internal flow during dewetting
macroscopically.*®** Due to resolution limits, these studies were
not able to resolve the area near the contact line and liquid-gas
interface.

In this work we compare quantitatively measured flow profile
near receding contact lines in surfactant solutions to modeling
considerations of 2D models. In the following section, we describe a
advection-diffusion model for receding contact lines and explore
some consequences thereof on the surface-tension gradients. The
advection-diffusion model gives important predictions on the
magnitude and scaling of the surface-tension gradients. We then
report measurements of the flow profile and deduce the surface
tension gradient close to receding contact line from these measure-
ments. The comparison of the modeling part to the experiments
leads us to the conclusion that a purely 2D approach is not
compatible with the experimental data. Our results show that (i)
minute concentrations can influence the dynamics surfactant laden
drops significantly and (ii) the dynamics of surfactant laden drops is
a non-local process in which, most probably, the flow in the entire
drop has to be considered.

2 Relevant mechanisms
2.1 2D advection-diffusion model

2.1.1 General idea. In a simple model that takes into
account various previous studies,262731384174448°52 5 tyyo.
dimensional model can be used as a working hypothesis
(Fig. 1): at the receding contact line new liquid-gas interface
is created and thus the liquid surface is expanded. This
expanded surface is less covered with surfactant than the liquid
surface in equilibrium at the given surfactant concentration.
Surfactants reach this interface in two ways: (1) surfactants,
that were adsorbed at the solid-liquid interface, can be directly
transferred to the new liquid surface at the contact line.
Otherwise, they remain on the solid interface. (2) Surfactants
diffuse from the bulk solution towards the new surface, sup-
ported by advection due to the bulk flow. The equilibrium
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Contact

line (CL)
Fig. 1 Simple 2D model to explain the Marangoni stress in the case of a
receding contact line for aqueous surfactant solutions. A new liquid—gas
interface is created at the contact line. Hence, the liquid surface is
expanded. This expanded interface is initially less covered with surfactants
(small dots with tail) than the surface in equilibrium. Below the dashed line,
advection transports surfactant towards the contact line. Surfactants reach
the expanded surface either by advection and diffusion away from the
contact line or by direct transfer from the solid-liquid interface to the
liguid—gas interface at the contact line. Part of the surfactants remain
absorbed on the solid interface after the contact line passed. This leads to
a concentration gradient, i.e.,, a Marangoni stress along the liquid—gas
interface, which opposes the surface flow.

Moving substrate

surfactant concentration in the vicinity of the solid is trans-
ported with the bulk flow towards the contact line. This
equilibration process leads to a gradient in surface tension
and thus a Marangoni stress along the interface. The Maran-
goni stress is directed towards the three-phase contact line and
counteracts the flow along the liquid-gas interface. Higher
surfactant concentrations should lead to higher Marangoni
stress. The surface activity of the surfactant influences the
Marangoni effect. Based on previous results by some of
us,*"**** we proposed that the Marangoni effect scales with
the relative concentration, as measured in percent of the CMC.

2.1.2 Typical diffusion distance. The wedge geometry has no
intrinsic length scale. So the characteristic length scales of the
system have to be deduced by the from the sample properties.

To derive a characteristic diffusion distance, we compare the
surface excess of the surfactants to their bulk concentration.>
Using a linear dependence of the equilibrium surface excess

I on the bulk concentration ¢*'*2

I =oc. (1)

The parameter « has the dimension of a length. We note that
eqn (1) is only valid for small concentrations. In equilibrium,
the length o is the thickness of a liquid layer underneath the
liquid-gas interface that contains as many surfactant mole-
cules as the liquid-gas interface, Fig. 2. To connect relation (1)
to measurable quantities, a suitable adsorption isotherm
should be used. As shown in a recent review,’* the Gibbs
adsorption isotherm is in good agreement with experimental
data on surface tension and surface excess for concentrations
below CMC. For this reason, the length o can be calculated by
using the Gibbs adsorption isotherm

o dy
=~ RTdc 2)
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Fig. 2 Sketch of the area close to the moving three-phase contact line.

Here, R is the ideal gas constant and T is the absolute
temperature. Fig. 2 defines the orientation of the length «. By
integrating the Gibbs adsorption isotherm between ¢ = 0 and
CMC of the surfactant, one gets the length o
Yo —7
o= e (3)

Here, y, is the surface tension of pure water (72.4 mN m ™) and
y is the equilibrium surface tension of the surfactant solution at
CMC. Since the liquid layer with the thickness o contains as
many surfactant molecules as the surface, o is a good measure
of a typical diffusion length in the simple 2D advection-
diffusion model above. For surfactants that give a similar
surface tension y at very different absolute concentrations, i.e.
for surfactants with strongly different CMC, the length scale
o can vary significantly.

2.1.3 Typical advected distance. In the 2D advection-
diffusion system described above, the transport across o is purely
diffusive. This allows us to estimate first a diffusion time ¢,

=55 @

with the diffusion constant of the surfactant D.

To estimate the advected distance during this diffusion
time, we use the velocity of the liquid—-gas interface Ui, in
the surfactant-free case as derived by Moffatt.> As mentioned in
the introduction, the nanoscopic differences between the dif-
ferent models of contact line motion are not accessible to our
optical method.

sin @ — 60 cos 0

int = A 5
Ui UO—sm()cos() 5)
Consequently, the advected distance is given by

Xadv = tDUint- (6)

As the estimates given in Table 1 indicate, different surfactants
can have huge differences in these characteristic length scales.
We will check these dependences experimentally in the later
sections of this work.

2.2 Gradients along the liquid—gas interface in a 2D flow

A first hint that this simple 2D advection-diffusion model
might have to be extended came from a set of experiments in

This journal is © The Royal Society of Chemistry 2021
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Table 1 Critical micelle concentration (CMC), surface tension at CMC y, diffusion coefficient D at 25 °C,** the characteristic diffusion () and advection

distances (x,qy) Of two typical non-ionic surfactants

Surfactant Formula CMC [mM] y [mN M 1] D[m?s™ o [um] Xady [Hm]
Octyl triglycole CsE; 7.5 27.3 4.6 x 107" 2.5 1.2
Dodecyl pentaglycole CyoEs 0.07 30.7 2.9 x 1071 244 6900

the rotating drum setup.*” The absolute magnitude of the
changes in the dynamic contact angle depends strongly on
the possible transport mechanism of the surfactant between the
receding and the advancing contact line. For example, blocking
the transport along the liquid-gas interface between the advan-
cing and the receding contact line changes significantly the
magnitude of the change in the dynamic contact angles.**

Further limitation of this simple model becomes apparent,
when considering the stress balance at the free surface close to
the receding contact line. The surface tension gradient Vy due
to the adsorption of the surfactants on the freshly formed
liquid-gas interface has to be balanced by the viscous stress
of the hydrodynamic flow t = uV | v, with v, the flow compo-
nent parallel to the liquid—gas interface u the viscosity of the
liquid and V| and V ; the gradient parallel and perpendicular
to the liquid-gas interface

T= [JVLTJP = VH"/ (7)

To get an estimate of the upper bound of the gradients in
surface tension, we assume that a gradient is strong enough to
stop the surface flow at the liquid-gas interface completely.
Such situation is solved analytically by Taylor in what is
typically called a scraping flow.>>® The tangential stress along
the liquid-gas interface needed to stop the flow is given by®”

2uUsin 0 — Ocos 0
02 —sin” 0

A (8)

Xint
where 6 is the contact angle in radiants and x;,,, the distance to
the contact line (Fig. 2). Integrating this from infinity to the a
finite distance from the contact line gives an upper bound for
the expected differences in the surface tension needed to
completely stop the surface flow away from the contact line

sinf — 0 cos 6

Ay = —2uU In x;
S A T in? 0

)

Importantly, in this 2D case the change in surface tension
has only a weak logarithmic dependence on the distance from
the contact line. To get an estimate of the expected changes, we
enter typical values for the experimental parameters into
eqn (9) (U =200 pm s ', u =1 mPa s, 0 = w/4, and Xj,; =
50 um), see also the experimental part below. With these
numbers, we get a surface tension difference in the order of
~5 uN m™ . This extremely small value is essentially due to the
low viscosity of water.

2.3 Dimensionless numbers

Besides the estimates of characteristic length, time and surface
tension scales as given above, we use dimensionless numbers
to choose a good set of experimental settings. In the present

This journal is © The Royal Society of Chemistry 2021

case, several dimensionless numbers are connected to the
problem. The Laplace number La measures the ratio of the
capillary forces to the inertial forces in a fluid flow. The Laplace
number is also the ratio of the Reynolds Re and the capillary
number Ca. Both numbers give dimensionless velocities. The
Reynolds number relates the fluid inertia to the viscous dis-
sipation. It is often used to characterize the crossover from
laminar to turbulent flow. The capillary number give the ratio
of viscous forces to surface tension forces. The Laplace number

La is closely related to the Ohnesorge number Oh = 1/+/La.
L Re

L'd /_42 = a (10)
Re = % (11)
Ca= “—;‘ (12)

In these definitions p is the mass density, L a characteristic
length scale, and u a characteristic velocity.

Additionally, one further dimensionless number could play a
role: the Damkéhler number." This is given by the ratio between
the diffusion time to the interface and the adsorption time at the
interface. However, previous studies have shown that the overall
effect on the dynamic receding contact angle is independent on
the charge and molar mass of the surfactant.*** These studies
concluded that the rate limiting step is not the adsorption to the
liquid-gas interface but the transport to the interface. We follow
this result and assume in this work that the adsorption process of
the surfactant from the subsurface to the surface is fast compared
transport process to the (sub)surface.

The typical numbers given in Table 2 show important char-
acteristics of the flow of surfactant solutions close to receding
contact lines. The flow is laminar (Re « 1) and dominated by
capillary effects (La > 1 and Ca « 1). These relations stay valid, if
the length o is taken as a characteristic length.

2.4 Questions to the experiments

The above considerations give a couple of non-trivial predic-
tions on the characteristics of the flow field in surfactant

Table 2 Estimates of typical dimensionless numbers: Laplace number La,
Reynolds number Re, and Capillary number Ca, with a characteristic
length L of 50 um, the viscosity of water u = 1 mPa s, the density of water
p = 1000 kg m~3, and a characteristic velocity of 200 pm s~*

Surface tension (mN m™") La Re Ca
72 3600 0.01 2.8 x 10°°
40 2000 0.01 5.0 x 107°

Soft Matter, 2021,17,10090-10100 | 10093
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solutions close to receding contact lines that can be checked microParticles GmbH (PS-FluoRed: Ex./Em. 530 nm/607 nm).
experimentally: (i) close to the receding contact line, a region To avoid sedimentation of the particles a 1:1 mixture of water
with a slowed down or stagnated surface flow should be (H,O, Arium®611 or Arium®pro VF/UF & DI/UV ultra-pure
observed. (ii) The size of this region should depend strongly water systems, Sartorius, resistivity of 18.2 MQ) and deuterated
on the type of the surfactant, especially, its values of the water (D,O purchased from Sigma-Aldrich, purity 99%) was
characteristic length o. (iii) The absolute value of the change used. Previous experiments have already demonstrated that
in surface tension needed to produce these effects is very small, these particles can faithfully follow the internal and interfacial
in the range of several uN m™". (iv) The surface tension should flow of droplets.***® Precision cover glasses (No. 1.5H,
vary slowly with a logarithmic dependence on the distance to 24 x 60 mm?) were mechanically cleaned with acetone, iso-
the contact line. propanol, ethanol using cleanroom wipes. Afterwards, the cover
To test these modeling observations experimentally, we glasses were hydrophobized with trichloro(1H,1H,2H,2H-
varied two important parameters: (i) the characteristic length  perfluorooctyl)silane (Sigma-Aldrich) via the gas phase. The
a by choosing two surfactants with different CMC (or the cover glasses were placed side by side with two 10 pL drops
absolute surfactant concentration at comparable surface ten- of the silane in a desiccator for 2 min. A magnetic ventilator
sions) and (ii) by changing the concentration of these surfac- ensured a homogeneous distribution of the silane in the
tant to test for a possible dependence on the Laplace number gas phase.
(or the concentration relative to CMC).

3.2 Experimental setup

3 Material and methods To image the moving contact line for a long time and with high
resolution, the drop was pinned to a prism while the substrate

was moved smoothly back and forth (Fig. 3(a)) by a piezoelectric
We study solutions of nonionic surfactants, to avoid charge motor (LPS-45, Physik Instrumente, Germany). We placed this
effects. The surfactants dodecyl pentaglycole (C;,E5) and octyl setup above the objective lens of an inverted fluorescence
triglycole (CgE;), purchased from Sigma-Aldrich, were used microscope. Thus, the moving contact line was stationary as
without further purification. The properties of the surfactants seen by the microscope. The distance between the prism and
are listed in Table 1. the measurement area was at least a factor of 30 larger than the

To track the flow motion we use fluorescent polystyrene measurement area. Therefore, we assumed that the measured
particles (diameter 2 pm or 4 pm) dispersed in the aqueous flow fields are independent of any influence of the prism. In
surfactant solutions. The particles were either synthesized in this work, we considered receding contact lines with a constant
house (rhodamine B: Ex./Em. 550 nm/600 nm) or bought from  velocity of 200 um s, i.e., the drop was pulled away from the

3.1 Sample preparation

60 ZZLETTEN N riaa e
(a) 2717008 1A vanas
Frltrtinaay sy oon o5 5
40 1t [ RN S N SN T E
T 1t AN RS RN £
s L1 11 7108 s 8 S oM S
= P i 8 AR SR g
N20 [ R S O P S kel
PN~ 0053
(g )
il
0 A - 0
0 20 40 60 80 100
X [um] Moving substrate

Objective

Prism [

Prism

.

Base line

v

Substrate movement Substrate movement

Fig. 3 (a) Sketch of the experimental setup. The shown flow field for pure water was measured close to the receding three-phase contact line and is
shown in the co-moving frame of the contact line. The measured particle velocities within a volume around each grid point were averaged. The liquid
close to the substrate has the highest velocity, directed parallel to the moving substrate and decreasing with increasing distance from the substrate. When
getting closer to the contact line the flow is directed upwards. Contact line velocity: 200 pm s™%; receding contact angle: (78 + 3)°. (b and c) Side view
imaging of the drop in typical experimental situation. The scale bar in both panels is 500 um. For this sideview images, we conclude that the bending of

the liquid—air interface can be neglected on the length scale of the flow-field measurement.
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prism (Fig. 3). A stable steady-flow condition was achieved 5 s
after starting the substrate motion and could be held for more
than 60 s.

3.3 Astigmatism particle tracking velocimetry

Three-dimensional particle trajectories were measured by astig-
matism particle tracking velocimetry (APTV). APTV is a single-
camera method that uses a deliberate astigmatic aberration of
the optical system, obtained by introducing a cylindrical lens in
front of the camera sensor.>™®' Fig. 4 shows a sketch of the
used APTV setup. The working principle of APTV is shown in
Fig. 4(b). The optical configuration of an APTV system has not
one, but two principal focal planes (F,, and F,,). The reason for
that is the cylindrical lens in front of the camera chip, which
introduces a controlled astigmatic aberration. The particle
image deformation depends on the relative distance of the
particle to the focal axes. In the example in Fig. 4(b), particle 1
is on the F,, plane and therefore it is focused in x direction
(x diameter small) and defocused in y direction (y diameter
large). On the other hand, particle 3 is on the F,, plane and
therefore it is focused in y direction and defocused in x
direction. If the x and y diameters of particle images at different
axial positions are plotted together, they collapse on a single
curve as a function of the axial particle position (Fig. 4(c)).

(@ (b)

View Article Online
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This curve can be obtained by a calibration procedure per-
formed on reference particle images at known axial positions.
The axial position of a measured particle image is then deter-
mined by comparing its x and y diameters with the calibration
curve. In our analysis we follow the APTV procedure as
described in ref. 60 and 61.

For the APTV measurements, we used a 40x microscope
objective in combination with a 150 mm cylindrical lens.
Images were acquired with a rate of 50 Hz. The maximum
measurement volume of the setups was around 400 x 450 x
60 um® with uncertainty in the particle position determination
of less than 4+0.25 pm in the lateral direction and 1 pm in the
axial direction. Detailed information about the setups and data
processing can be found in the ESLt

The velocity fields were obtained from an average of
3 experiments for each fluid solution. In each experiment, an
average of 168 tracer particles were tracked and the respective
positions and velocities measured with APTV. The position and
inclination of the substrate was determined experimentally
from the trajectories of particles stuck on the substrate or
trapped at the contact line. All data are shown in a coordinate
system in which the plane at z = 0 corresponds to the substrate.
The position of the contact line was also identified in each
image and used to correct the stream-wise coordinate x, so that

Sample 1
i A ! ' |
Objecti
Ve 1 Field , 2
lens . 2
Filter| 4. 3
cube | N\ -1- o —@— v 3 =
| Cylindrical ‘
N7 lens é X
Objective
(c)
100
® Data
.g Fit
5 80
ko
©
£ 60
R
7
> 40
ey
©
S 20
0

0 10 20

30 40 50 60

Particle x-diameter [um]

Fig. 4

(a) Sketch of an APTV setup with a cylindrical lens in front of the camera chip. (b) Working principle of APTV. The image of a fluorescent labelled

particle changes depending on its distance to the objective lens, i.e., the z position. (c) The scatter plot of x and y extensions of particle images at different
z positions collapses on a single curve that is dependent on the axial variable z. This curve is obtained by a calibration procedure on reference particle
images. The calibration curves are used to calculate the z position of measured particle images.
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the final x coordinate measures the distance of particles from
the contact line (with x = 0 corresponding to the contact line).
Finally, all data points were projected on the xz plane. The
measured particle velocities within a volume around each grid
point were averaged with an average number of 13 particle
velocities for each grid point.

4 Measured characteristic of the flow
field

4.1 Velocity and deviation fields

To compare experimental flow profiles (e.g. Fig. 5(a-c)) to
hydrodynamic calculations, we assume a simplified geometry
near the contact line: Rather than treating the full three-
dimensional dewetting problem, we take a two-dimensional
wedge geometry, because we do not observe significant trans-
verse flow within the resolution of our measurements. For this
geometry, hydrodynamic flow is known for simple liquids, like
water.>””” These theories provide an analytical solution for the
region very near the three-phase contact line (inner solution)
and the bulk flow (outer solution). Due to the size of the tracer
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particles, we could not resolve experimentally the flow in the
inner region. Therefore, we compare our measurements only to
the outer theoretical solution, which is the same for all these
theories. We use the theory of Moffatt® for stress-free liquid-gas
interface and constant contact line velocity. Fig. 5(g) depicts the
deviation field between measurement (a) and theory (d) for
pure water. This deviation field does not show a flow field but
the normalized velocity difference between measurement and
theory as calculated by:

Ug = Um — Uy Wq = W — Wy, (13)
el Vud +wd
Sg=5 ="—F———. (14)
[¥] u? + wi

Here, u and w are the mean local velocity components in x and z
direction at a given (x, 2) position. The indices indicate deviation d,
measurement m and theory t. The relative strength of the deviation
S4 is represented by the color code and the length of the arrows, the
angular deviation by the orientation of the arrows. The deviation
field of water (Fig. 5(g)) has a randomly distributed angular devia-
tion and its magnitude is <30%. Due to this randomness and the
small absolute deviation, measurement and theory agree very well.
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Fig. 5 Direct comparison between the measured velocity fields (a—c), the analytical solution of Moffatt® (d—f) and the corresponding deviation fields
(g—i). Each column represents one measurement solution and the contact line velocity is always 200 um s~ The first column is the measured flow field
of pure water (a), (d) is the corresponding analytical solution and (g) is the calculated deviation field between (a and d). The second column shows the
measured flow field for a 30% CMC Cy,Es solution (b) and the calculated deviation field (h). The third column shows the results for a 30% CMC CgEz
solution. The comparison between the measured flow fields and the analytical solution shows that in the case of surfactant solutions, the flow at the
interface between liquid and air is reduced. This is shown clearly by the deviation fields (h and i).
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The random noise shows that no bias errors are present. At the
liquid-gas interface, little deviation occurs. As expected, the liquid-
gas interface is stress-free.

In the presence of surfactants (30% CMC), the receding
contact angle at a velocity of 200 um s~ * decreased from 78°
(pure water) to 54° (C1,Es, 0.38 ppm) and 25° (CgE3, 40 ppm).
Because of this change in contact angle, it is impossible to
directly compare the measured flow fields of surfactant solu-
tions to those measured in pure water. No hydrodynamic theory
is available to describe the flow of surfactant solutions near
moving contact lines. As shown above, the water measurements
match the hydrodynamic theory for water. So, we can compare
the surfactant measurements with the hydrodynamic theory for
pure water® at the respective contact angle.

For both surfactants, the region near the liquid-gas inter-
face has a reduced velocity; the deviation field points towards
the contact line (Fig. 5(h) and (i)). The surface flow is slower
than in pure water. The surface velocity is reduced in the entire
observation volume near the free surface. As will be shown in
the next section, this reduction in surface velocity results from
a Marangoni stress caused by gradients in surfactant concen-
tration, which opposes the surface flow.

If we consider the shown fluid volume of Fig. 5(h) as a
control volume, we can apply the conservation of mass. Fluid
enters the volume at x = 100 pm from the right and leaves the
volume at z = 60 pm parallel to the liquid-gas interface. Since
the outflow of the fluid near the free surface is reduced due to
the Marangoni stress, the inflow of the fluid into the volume is
also reduced to fulfil mass conservation; the deviation field
points to the right at x = 100 um. The same general qualitative
behavior is observed for surfactants with very difference «,
showing this does not depend on the characteristic length
scale o but is a generic feature.

4.2 Deduced changes in surface tension

To quantify the gradient in surface tension and surface excess,
i.e., the surface concentration of surfactant molecules, along
the free surface, we use the already mentioned eqn (7). We first
calculate the shear stress from the measured velocity profiles.
Since any tangential stress occurring at a liquid-gas interface
originates from a surface tension gradient, we calculate the
surface tension gradient along the free surface Vy from the
shear stress © = uV  V, in the flow profile just under the free
surface,” eqn (7): © = uV v, = V. The velocity v, is the
velocity component parallel to the free surface.

To calculate the velocity derivative, we fit the velocity in the
direction normal to the free surface by a cubic polynomial. We
differentiate the polynomial function to calculate the shear
stress 7. We use the viscosity of water 4 = 1 mPa s to calculate
the stress for the different solutions. Due to the scattering of
the experimental data the uncertainty of the calculated stress is
around 20%. Since the statistical error becomes too large closer
than 20 pm to the contact line, we exclude this region from
further analysis. The surface tension gradient Vy is integrated
from right to left to obtain the change in surface tension Ay

(Fig. 6).

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 (a) and (b) show the calculated change in surface tension Ay for
different concentrations of Ci,Es and CgE3 along the free surface x. See
Fig. 2 for the axis direction. The data was fitted with an exponential
function and the dotted lines are the corresponding prediction bounds.

For all measured concentrations, a clear surface tension
gradient was measurable. Far away from the contact line
(>70 pum) the surface-tension gradient vanishes. At this dis-
tance the gradient in surface concentration is too small to
produce measurable effects, i.e., we consider the surface ten-
sion to be close to constant. When approaching the contact
line, the surface tension deviates from its equilibrium value.
For both surfactants the magnitude in surface tension differ-
ence Ay increases with increasing surfactant concentration,
Fig. 6. Although the change in surface tension for the 5%
CMC solutions is small, it is significantly larger than our
resolution limit that is given by the apparent surface tension
gradient for water, see ESL % We quantify this range of the
increased surface tension by a decay length Ly over which Ay
reduces to a fraction of 1/e of its initial value. The decay lengths
of the surface tension gradient differ by less than a factor of two
between the used surfactants and concentrations, Table 3.
Additionally, there is no clear tendency of how the decay length
depends on the characteristic length o, i.e., on the type of the
surfactant, or on the Laplace number La, i.e., on the balance of
the surface forces to the viscous forces in the liquid. So neither
molecular nor local dynamic properties seem to play a dom-
inating role in defining the hydrodynamic flow close to the
receding contact line in these surfactant solutions.

Although the surface tension near the contact line is only
increased by 1-2 uN m™", the gradient in surface tension, ie. the
Marangoni stress, is around 70-130 pN m 2 This increase in
surface tension corresponds to a decreasing surface concentration,
more precisely surface excess, of surfactant near the contact line.

5 Comparing experimental data to the
modeling ideas
5.1 Gradients in surface tension

The measured flow fields and absolute values match to some
extend the expected values. As discussed in Section 2.2, the
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Table 3 Solution parameters: relative concentration in %CMC, absolute concentration in the bulk c in parts per million, equilibrium surface tension y,
equilibrium surface excess I', surface area per molecule Ano. length « and decay length Ly for different surfactant concentrations

Name [%CMC] ¢ [ppm] 7 [mN m™'] I' [mol m™?] Amor [nm?] o [um] Ly [um]

CpEs 5 0.06 58.2 0.9 x 10°° 1.9 244 17.5 + 3.9
Cy,Es 15 0.2 47.5 2.6 x 10°° 0.7 244 12.4 + 1.6
CypEs 30 0.4 40.2 51 x 10°° 0.3 244 15.8 + 2.1
CyEs 5 6.8 53.2 0.9 x 10°° 1.8 2.5 17.4 + 4.8
CyE; 15 20.3 43.4 2.8 x 10°° 0.6 2.5 15.9 + 5.5
CgE3 30 40.7 35.4 5.6 x 107° 0.3 2.5 23.3 £ 6.0

magnitude of the change in surface tension is in the order
of uN m™". This is actually expected due to the close relation
between the magnitude of this gradient and the viscosity of the
liquid. For the same reason, the surface excess near the contact
line is only around 0.01% lower than the equilibrium surface
excess. These small changes of surface excess strongly influ-
ence the flow profile and the apparent receding contact angle
(Fig. 5) at very small absolute concentrations of the surfactants
at 30% CMC of only 0.38 ppm and 40 ppm for C;,E5 and CgE3,
respectively. This observation indicates that even minor con-
tamination or small amounts of additives may strongly influ-
ence the flow near contact lines.

Our experimental results give clear data on the flow field close
to the contact line and consequently on the gradients in surface
tension and surface excess. We can, however, draw no conclusions
on the amount of surfactant transferred from the solid-liquid
interface to the liquid-gas interface directly at the moving contact
line, because we lack data in the last ~20 pm. Our data shows
that the surface is also expanded in our observation region. The
surface velocity is increasing with increasing distance from the
contact line over a distance that is roughly given by the decay
length Lp, Fig. 5. Since we lack data very close to the receding
contact line, we are unable to quantify the true surface generation
directly at the receding contact line.

There are some substantial differences of the experimental
data to the modeling expectations. (i) The decay in surface
tension is much faster than the logarithmic decay predicted by
the simple 2D model. (ii) For all concentrations and both
surfactants, the decay lengths Ly, of the surface tension gradi-
ents are almost the same (Table 3). (iii) This measured decay
length matches none of the expected advected lengths x,q,. For
CgE; the decay length is much larger than the advected length
Xadv < Lp, for C1,Es the inequality is inverted X,q, > Lp. For a
precise comparison one would have to take the actual surface
velocities in calculating the advected length. However, this does
not resolve the discrepancies because changing the surface
velocity by maximum a factor of three over a few tens of
micrometers does not change the advected distance to the
amount needed to identify it with the decay length Lp,.

These discrepancies clearly show the limitations of the 2D
modeling considerations in Section 2. Especially, neither the
properties summarized in the characteristic length « (molecu-
lar properties of the surfactant) nor the Laplace number La
(characteristic of the dynamics close to the receding contact
line) seem to have major effect.

10098 | Soft Matter, 2021,17, 10090-10100

From this we conclude that one of the essential approximation
of the simple model has to be dropped. The advection-diffusion
approach is a simple consequence of mass conservation and has a
strong basis. In contrast the 2D approximations has a much weaker
basis and has already be shown to have some limitations.*> In the
following we explorer possibilities beyond this 2D approximation.

5.2 Beyond the 2D approximation

As shown in a previous study,’” the surface transport of the
surfactant has an important influence on the dynamic receding
contact angles. When taking the entire drop into account, also a
fully 3D contribution becomes apparent. Close to the receding
side of the drop, the generation rate for new liquid-gas inter-
face is highest and the liquid surface is measurably expanded,
Fig. 5. At the side of the drop, between the advancing and
receding end of the drop, there is a region in which the surface
flow in the drop is parallel to the contact line, as sketched in
Fig. 7. The further the liquid-gas interface is away from the
receding contact line, or the “older” this surface is, the closer
the surface concentration is to the equilibrium surface concen-
tration. Thus, at the sides of the drop, where no fresh liquid-
gas interface is generated, the surface concentration of

=
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Fig. 7 Sketch of the three-dimensional Marangoni stress around the
drop’s surface (purple arrows). The black arrows in the drop indicate the
surface flow. At the sides of the drop, between the areas of the advancing
and receding contact lines, no liquid—gas interface is generated and thus
the surface tension is closer to equilibrium and higher than close to the
receding contact line. We measure that the surface tension close the
receding side is reduced (Fig. 6). Hence, a surface tension gradient along
the drop’s surface exists that can drive surface transport of surfactant from
the sides of the drop to the receding end of the drop. Note the different
length scales. The width of the drop is several mm and the region with
lower surface tension close to the receding contact line has an extension
in flow direction of several tens of um.
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surfactant is higher than close to the receding contact line.
Correspondingly, there is a surface tension gradient, a large
scale Marangoni stress, parallel to the contact line that can
drive surface transport of surfactant from the drop sides to the
receding end of the drop. This Marangoni stress can modify the
overall flow profile in the drop, leading to an additional
transport of surfactant to the region close to the receding
contact line. In this 3D model, the spatial distribution of
surface excess of surfactant is also determined by the entire
flow profile in the drop and not by the local processes close to
the receding contact line, ie., thus a fully 3D flow allows to
resolve the discrepancies described in the previous section.

6 Summary and conclusion

We have analyzed the flow field in the vicinity of the receding
contact line of a water drop with and without surfactant. The
measured flow profiles support the idea that receding contact
angles decrease even at low surfactant concentration because of
a Marangoni effect. Near the receding contact line the concen-
tration of surfactant is reduced leading to a Marangoni stress,
i.e., gradient in surface tension.

Two system parameters are important in a 2D model consider-
ing advective and diffusive transport of surfactant to the free
surface. (i) The ratio between surface excess and volume concen-
tration of the surfactant give a characteristic diffusion length o. (ii)
The dimensionless Laplace number La gives the ratio between
capillary forces and inertial forces. The characteristic numbers o
and La are varied by using different surfactants and different
concentrations. The 2D advection-diffusion model gives some
strong predictions on the characteristics of the flow field, namely
the order of magnitude of the surface tension gradient and its
dependence on the distance to the contact line. The flow velocity
and viscosity of the aqueous drops studied only leads to a very
small gradient in surface tension and surface excess in the
observed volume. The experimentally measured flow fields allow
to check these predictions. The magnitude of the measured
surface tension gradient fits nicely in the predicted range of a
few uN m~ . In contrast, the spatial dependence does not match
the 2D advection-diffusion model, but decays much faster and
does not depend on o and La. To resolve this, we propose a 3D
flow field that is beyond the 2D approximation initially assumed.
This conclusion is supported by the fact that the range of the
surface tension gradients seems to be independent of the type of
the surfactant and its concentration, i.e., of « and La.

The dynamics of surfactant laden drops shows a strong
coupling of the internal hydrodynamic flow and the surfactant
dynamics at the liquid-gas interface. This coupling can limit
the applicability of 2D approximations significantly. Our results
imply that even small pollutions or additives may play a major
role in dynamic dewetting processes.
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