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Abstract: Wetting and spreading of surfactant solutions play an important role in many technical
applications. In printing processes, the size of individual droplets is typically on the order of a few
tens of microns. The purpose of this study is to develop a better understanding of the interaction
between spreading and surfactant transport on these small length and related time scales. Therefore,
numerical simulations based on the volume-of-fluid method including Marangoni stresses and
transport of an insoluble or soluble surfactant are performed. The results for an insoluble surfactant
show competing effects of Marangoni flow on the one hand, and a decreasing surfactant concentration
as the droplet spreads on the other hand. Even in the case of a soluble surfactant, adsorption and
desorption could only partly mitigate these effects, demonstrating the importance of the sorption
kinetics for fast, small scale wetting processes.

Keywords: wetting; spreading; complex fluids; surfactant; computational fluid dynamics;
volume-of-fluid method

1. Introduction

Spreading of micrometer-sized droplets plays an important role in various technical applications,
especially in printing processes. In inkjet printing, for example, the interaction between droplets
and the substrate has an important influence on resolution and print quality [1], as this interaction
determines dot size and shape. Continuous features are formed by consecutively placed droplets.
Therefore, the spreading of single droplets determines the initial state before coalescence or collision
at the substrate. Especially on impermeable substrates, coalescence can cause the so-called ‘mottling’
printing defect [2]. Understanding the spreading of single ink droplets is consequently an important
step towards systematic optimization of the printing process. For pure Newtonian liquids on flat,
impermeable substrates wetting is fairly well understood. A review can be found in [3,4]. However,
typical inks show a more complex behavior due to the presence of the pigments and surface active
substances, so-called surfactants. Harikrishnan et al. [5] studied the spreading of sessile droplets under
the influence of nanoparticles and surfactants, focusing on the interaction between surfactants and
nanoparticles. For both nanocolloidal systems with and without surfactant present, they found a
deviation from Tanner’s Law [6] d « t"*, where d is the wetted diameter and ¢ stands for time. They
observed significantly smaller #n than the expected value of 0.1 for pure liquids and concluded that
surfactant effects dominated the spreading dynamics when surface active substances were present.
Kovalchuk et al. [7] experimentally investigated surfactant enhanced spreading for two surfactants
with different adsorption kinetics. They found that a slower surfactant supply from the bulk towards
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the leading edge leads to a Marangoni flow towards the three phase contact line, resulting in faster
spreading. In their case, the surfactant showed the opposite influence on wetting compared to [5].

Wetting under the influence of surfactants has been investigated theoretically and numerically
before. To study the effect of solutal Marangoni stresses due to an insoluble surfactant on spreading,
lubrication theory has been applied to the contact line region [8,9] or sessile droplets [10-12].
Karapetsas et al. [13] included the effect of solubility as well as surfactant transfer from the liquid-air
interface to the substrate and concluded that the latter plays a crucial role in superspreading.
The lubrication approximation, however, limits the above investigations to the thin film limit.
Numerical methods for two-phase flows such as the phase-field, level-set or the volume-of-fluid
method allow the simulation of wetting phenomena beyond the thin film limit and generally also
allow for topological changes e.g., during droplet impingement, coalescence or collision. The effect of
surfactant transport and corresponding surface tension variation has previously been included into
these methods. Teigen et al. [14] introduced a method for taking into account soluble surfactants
in the diffuse interface context and applied it to various test cases, however not to wetting
scenarios. Lakshmanan and Ehrhard [15] present a method for the description of insoluble surfactants
based on the level-set method and employ it to study the effect of surfactants on the rise of gas bubbles.
For the geometric volume-of-fluid method, numerical methods for the description of soluble [16] and
insoluble [17] surfactants have been presented. However, none of the above considered wetting under
the influence of soluble surfactants on the micrometer length scale.

In the present work, we investigate the influence of insoluble and soluble surfactants on the
spreading of micrometer-sized droplets. Due to their small size, the ratio of interfacial area to the
droplet volume is significantly smaller compared to the typically observed millimeter-sized droplets.
In addition, the capillary time scale for the hydrodynamics of wetting t* = %” with the dynamic
viscosity p and the surface tension ¢ is smaller in the case of micrometer-sized droplets leading to a
higher expansion rate of the interfacial area. We therefore focus on the competing effects of spreading
and surfactant adsorption at the liquid—gas interface while taking the solutal Marangoni effect into
account. A model for soluble surfactants was integrated into the algebraic volume-of-fluid method
based solver InterFoam from the open source CFD library OpenFOAM [18] extended by additional
functionality provided by the interface and contact line library (ICLL) first employed in [19] and
described in more detail in [20].

In the following section, we will first present the governing equations and the numerical method.
Following that, we show verification cases for the sorption model as well as the Marangoni stresses at
the beginning of Section 3. Afterwards, simulation results for spreading droplets with insoluble and
soluble surfactants will be presented, followed by the discussion of the results.

2. Method

In this section, we present the governing equations for the two-phase flow taking into account
surface tension forces, surfactant transport, and the model for the three phase contact line, followed
by a brief description of the numerical procedure. Afterwards, we present the considered parameter
range and model setup for the results shown in Section 3.

2.1. Model Equations

Within the algebraic volume-of-fluid method, the two-phase flow is described by the volume
averaged conservation equations for mass and momentum. The mass balance for two incompressible,
immiscible fluids without slip between the two phases and without phase change then takes the form
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where in our case & represents the volume fraction of the liquid phase and u is the mean velocity
of the two phases. Furthermore, the InterFoam solver employs an artificial compressive velocity
ur = ¢|u|n in order to counteract numerical diffusion, where the interface normal vector is evaluated

fromn = % and c; = 1 in the present study. The momentum balance is given by
dpmu
fg’; +V - (pmua) = V- [pim (Va+ (Va)T) | = Vp+ pmg + £, @)

where pm = ap; + (1 — «)pg and pum = apy + (1 — &) g represent the averaged density and dynamic
viscosity of liquid (¢) and gas phase (g), respectively, and p is the pressure. The capillary forces
include Marangoni stresses and are modeled as a body force through the continuum surface force
model (CSF) [21] by

fo = —oxém + 6;Vyo, (4)

with the surface tension ¢ and the curvature xk = V -n. Vy = (I — nn)V represents the interface
tangential component of the gradient. Transferring the density-scaled CSF model [22] to the
volume-of-fluid method, §; = 2a|Va|. Assuming that the surfactant is soluble only in the liquid
phase, mass conservation in the bulk phase can be described by

%B £V (cgu) + V- (cp(1—a)uy) = V- (DgViep) — V - (%BDBVoc> . )
where we introduced an artificial compression term similar to the term in the advection equation for
the phase fraction counteracting numerical diffusion of the surfactant into the gas phase. However,
note that this term is non-zero only in the interface region, where cg > 0 and a« < 1. cp stands for the
surfactant concentration in the liquid phase, jp is a sink term due to adsorption of surfactant at the
interface and Dy is the diffusion coefficient for the bulk phase. The diffusive term on the right-hand
side is a simplification of the term given by Deising et al. [23] for the limiting case of solubility of the
solute in only one of the two bulk phases. Following Lakshmanan and Ehrhard [15], we also model
the surfactant in the interface region as a volume specific concentration c;. The species transport at the
interface is then described by

% 4V (qu)+ V- (1= 20)uy) = Vs - (DrVsar) + i, ©)
where j; denotes a source term due to adsorption from the bulk and Dr is the diffusion coefficient
along the interface. Similar to [15], a convective compression term is added to confine the surfactant to
the interface region. Note that this term is zero at the liquid-gas interface (i.e., for « = 0.5) and pointed
towards the interface everywhere else. The two fields for surfactant transport in the bulk phase and at
the interface are coupled through a Langmuir-Hinshelwood kinetic model. With an approach similar
to the continuum surface force model, the source terms for the surfactant concentration at the interface
due to adsorption are calculated as

. C1
J1 = kadCBos1 <5c - 1“) — kgecr, @)
m
where . = |Va|, koq and kg, are adsorption and desorption rate coefficients and I'y, is the (area

specific) maximum surface concentration of surfactant. The sub-surface bulk concentration cp_, is
evaluated at a distance of approximately two mesh widths from the interface. The source or sink terms
for the bulk concentration jp are then evaluated by distributing j; into the liquid phase by solving an
inhomogeneous Helmholtz equation for jj, cutting off the smoothed source term field in the interface
region and the gas phase and rescaling the remaining source terms to ensure global mass conservation.
This method approximates the local distribution of source terms, however, in general violates local
mass conservation. It is similar to the procedure for source and sink terms for mass and energy balance
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equations due to evaporation proposed by Hardt and Wondra [24]. Analogous to their evaporation
model, the smoothed source term field should only extend over a few grid cells necessary to avoid
numerical instabilities. Therefore, with increasing mesh, resolution errors in local mass conservation
are expected to decrease.

In order to be able to apply common surface equations of state, relating the surface tension to the
(area specific) surfactant concentration at the interface I', this concentration is evaluated in the interface
region from

r= s ®)

7
5c,s

where the smoothed concentration and interface density fields c;¢ and é.s are obtained from the
solution of inhomogeneous Helmholtz equations. The local surface tension is then in the present work
calculated from the Frumkin equation of state [25]

r
0 =00+ RTTmin (1—), )
I'm
with the surface tension of the pure solvent oy, the universal gas constant R and the temperature T.
The moving contact line is treated by including the Kistler model [26]

04 = fHoft {Cﬂ + fﬁ;ff(ee)} ; (10)

with the Hoffman function

0.706
_ X
fHOff(-X) = COS 1 {1 — 2tanh |}'3].6 (1_‘_1319(099) ‘| } (11)

as a subgrid model for the dynamic contact angle along the substrate, where the capillary number
Ca = uqpu/o is evaluated using the local surface tension. The contact line velocity u is calculated
from the bulk velocity field in the vicinity of the contact line using the procedure presented in [27].

2.2. Numerical Method

Within each time step, first the advection equation for the phase fraction, Equation (1), is solved.
Following this, the surfactant transport Equations (5)—(7) are solved. We iterate over these until the
coupling through the source terms is converged. Afterwards, the interface normal vectors along the
substrate are corrected according to Equation (10) and the surface tension forces are calculated. Finally,
the pressure-velocity coupling is solved using the PISO-Algorithm [28]. The time step is dynamically
adjusted according to the time step criterion

ph | ph®
< r_ . LI
Atpat < max (10 - 0.1 - (12)

suggested for the InterFoam solver by Deshpande et al. [29], where, in the present simulation, the
criterion is evaluated in the vicinity of the liquid—gas interface with py, and pm.

2.3. Parameters for Droplet Spreading

The parameters in the present study are based on typical values in inkjet printing with UV-curable
inks. Droplet diameters in inkjet printing are typically in the range of tens of microns [30]. Here,
we considered droplets with a volume of V = 6pL, corresponding to a diameter of 22.55pm.
The main solvent in these inks are typically mono- or diacrylate monomers [31], the density of
which is approximately 1000 kg m 3. A usual range of the viscosity of inkjet inks is 2 to 50 mPa s [30].
Therefore, we consider here py = 20mPas as an intermediate value within that range. For the gas
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phase, we assume pg = 1.2kg m~3 and g = 19pPas. The surface tension of UV-curable inkjet inks
without surfactant is 0y ~# 35mN m~!. Only limited data regarding the sorption kinetics for typical
surfactants in these systems are available. Bale [32] presented dynamic surface tension measurements
using maximum bubble pressure tensiometry of UV-inks with different silicone additives. These
measurements show a decrease of the surface tension starting on a timescale of 1 ms and it takes the
system several seconds to minutes to reach a stationary equilibrium surface tension veq ~ 23mNm™".
Since we are mainly interested in the qualitative spreading behavior, we assumed k,q = 6 x 10~4ms~!,
kge =11 x 102571, Ty = 6 x 10> molm ™2 [33] and Dg = 5.3 x 107 19m? s~ [34] corresponding to
heptanol in water and adjusted op = 35mN m ™! as well as the initial surfactant concentrations to fit
the initial and equilibrium values of UV-curable ink given by Bale [32]. Even though this can only
be a rough approximation, this system shows a dynamic surface tension behavior similar to typical
UV-curable inkjet inks. Figure 1 shows the dynamic surface tension for the chosen model parameters
over the surface age for an initially surfactant free, planar interface. The surface tension was evaluated
from the surface concentration data obtained with our numerical model and presented in Section 3.1
using the Frumkin equation of state (Equation (9)). Concentration and surface tension data as well as
further data presented throughout this article are also available as electronic Supplementary Material.
With the chosen model parameters and the initial surfactant concentration ceo = 0.941 mol m =3 in the
liquid phase, the system shows a similar behaviour compared to the measurements presented by [32].
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Figure 1. Dynamic surface tension over surface age with the model parameters presented in Section 2.3.

2.4. Numerical Setup for Droplet Spreading

For the simulations presented in Sections 3.3 and 3.4, the droplet is initialized as a hemisphere with
a volume of 6 pL and is initially at rest. We perform 2D axisymmetric simulations taking advantage
of the rotational symmetry of the problem. Figure 2 shows a sketch of the computational domain
including the initial conditions for the volume fraction &, bulk and interface concentrations cg and ¢y,
and the pressure field with py;, = 20/R, where R = 14.20 um is the initial curvature radius. A no slip
and no penetration condition was used and the normal pressure gradient was set to zero along the
substrate. For the inlet/outlet boundaries at the top and side of the computational domain, a zero
gradient condition for the velocity field and a fixed value of p = 0 for the pressure were set. Depending
on the flow direction, the boundary condition for the volume fraction as well as for concentrations
cg and ¢y changes between a fixed value of zero for an inflow and zero gradient condition for an
outflow. The domain is resolved with 105 x 120 cells in axial and radial directions. Grading was used
to increase the mesh resolution towards the axis and towards the substrate resulting in mesh sizes
between 0.09 um and 0.47 pm. The setup is therefore similar to previous work [27], except the fact that,
in the present case, it additionally includes initial conditions for the surface active substance.
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Symmetry axis Inlet/Outlet

~ Substrate

Figure 2. Domain with initial and boundary conditions for droplet spreading simulations.
3. Results

Before presenting the results for spreading droplets, we first show results of two verification cases
for (i) the sorption model in Section 3.1 and (ii) the implementation of Marangoni stresses in Section
3.2. Following that, the results for spreading yum-sized droplets with insoluble (Section 3.3) and soluble
(Section 3.4) surfactant are presented.

3.1. Verification of the Sorption Model

One of the main novelties compared to the convective-diffusive species transport models at the
interface and within the bulk, given in [15,23], respectively, is the coupling of the two fields through
a sorption model. In order to verify our implementation of the said sorption model, we considered
the one-dimensional problem of sorption to a planar interface from the bulk of a liquid. The initial
surfactant concentration within the bulk is assumed to have a constant value of ce = 0.941 molm 3
while the interface is initially free of surfactant (I' = 0). As a reference, we used the two limiting cases
for the mixed kinetic model of (i) diffusion controlled adsorption and (ii) Langmuir-Hinshelwood
kinetics. For the former case, the concentration at the interface can be described by the Ward-Tordai

equation
Y
I'(t) = 2\/2%0 (ﬂ—/o tc|x:0(T)d\/t — T> , (13)

where c|,— is the subsurface bulk concentration [35]. In order to verify our implementation, we
integrated this equation numerically using the C++ code provided by Li et al. [36]. For the latter case,
where the sorption kinetics pose the rate determining step, the sorption process can be described by
the Langmuir-Hinshelwood kinetic model

, kac|y=
[ (t) = kaclxo — ( a;‘x—o +kd> r (14)
m

with a constant subsurface concentration of ¢|y—p = ¢«. The surfactant concentration at the interface is
then given by solution of this ordinary differential equation

_Twkaco  fy ] (Kale
() = Kotw 1 Tk {1 exp [ < T +kd> t] } (15)

For both reference cases, we used the material properties of heptanol in water from the previous
section. Dimensional analysis of the one-dimensional planar adsorption problem leads to two

dimensionless parameters. Similar to Ferri and Stebe [37], we characterize the equilibrium state

through the dimensionless number Il = ,fj—;";. With the material properties and bulk concentration

given above, this leads to I'; ~ 8.55 x 1072, In addition to that, the ratio of kinetic sorption rate to

diffusive transport is described by I, = Dk—,i. For heptanol in water, [T, = 1.62 x 10~!. To compare

against the two limiting cases described, we additionally considered I, = 1072 and I, = 102
The numerical results from the mixed kinetics model were obtained on a one-dimensional mesh with a
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resolution of Ax = 1.875 x 10~7 m. To resolve the concentration gradients at the interface in the early
stages of the diffusion controlled case (II, = 10?), the mesh was locally refined down to a mesh size
of 2.930 x 10~ m. The domain size is 15 h with h = % being the characteristic length scale of the
diffusion controlled adsorption process [37]. The interface position is, just as for the two-dimensional
cases considered in the following sections, implicitly given by the volume fraction of the liquid phase
«. Itis placed at 10 / from the boundary, leaving 2/3 of the domain for the diffusion process. As the
two reference cases consider only diffusive transport and adsorption, respectively, the fluid is assumed
to be at rest. The solution of the momentum balance as well as the advection equation of the phase
fraction a is therefore not necessary in this case. The results are consequently obtained from the
solution of Equations (5)—(8).

Figure 3 shows the results obtained with our numerical model for varying I'l; in comparison with
the reference solutions. For the parameters considered here, the reference solutions indicate a transition
from the adsorption kinetics limited regime to the diffusion controlled regime at approximately
1ms. This transition is also captured by our numerical results with the mixed kinetics model for
IT, = 1.62 x 10~1. Furthermore, with an increased diffusion coefficient (IT, = 10~2), the results from
the numerical model show excellent agreement with the analytical solution given by Equation (15).
In the opposite case of increased adsorption and desorption rate coefficient (IT, = 10?), excellent
agreement with the reference solution of Equation (13) was found.

107>

—_
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N

I' / molm—2
—_
S

—_
3
O

10_10 =TT T A VT R I MV 11 =
10©10°>107*10%10"2101 10° 10!
t/s

- - - Ward-Tordai solution

-+=- Langmuir-Hinshelwood kinetics

—e— Mixed kinetics model (IT, = 1 x 1072)

—=— Mixed kinetics model (IT, = 1.62 x 10~1; Heptanol)
Mixed kinetics model (IT, = 1 x 10?)

Figure 3. Verification of the mixed kinetics model with numerical and analytical reference solutions.

3.2. Verification of the Marangoni Stress Model

To verify our implementation of the Marangoni stresses, we applied our code to a viscous drop
with a fixed surfactant distribution along the interface. This test case has previously been used for the
validation of solutal Marangoni stresses in the diffuse interface context by Teigen et al. [14]. The drop is
initialised as a sphere on an axisymmetric grid. The droplet is kept in its initial shape, i.e., the transport
equation of the phase fraction field Equation (1) (as well as Equations (5)—(7) for surfactant transport)
are not solved in this test case. The solution is therefore obtained from Equations (2)-(4) and (8).
Instead of Equation (9), a linear surface tension model was employed for this test case. For a linear
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increase in surface tension along the rotational axis, a reference solution for the steady state velocity
was given by Young et al. [38]. The surfactant concentration at the interface c; was set accordingly.
Both the droplet and the surrounding continuous phase are initially at rest. Figure 4 shows the mean
velocity inside the droplet normalised with the expected value from analytical solution from [38] over
the pseudo time 7. Even though the terminal velocity is slightly underpredicted, good agreement with
the analytical solution was found.

o o
(@) o
T T

udrop / Uycs
N
o~
T

©
o
T

—e— Drop velocity

0 —— Steady state reference solution
| | | | | | [ ]

0 20 40 60 80 100 120

T

Figure 4. Drop velocity in a linear surfactant concentration gradient in comparison with the theoretical
steady state solution from [38].

3.3. Spreading of Droplet with Insoluble Surfactant

Consider a spreading droplet with an insoluble surfactant adsorbed at the liquid—gas interface.
The fluid properties as well as I', are chosen as described in Section 2.3. The sorption parameters
kaq and kgqe are set to zero. The droplet is initially at rest. Boundary and initial conditions are set
as described in Section 2.4. The initial surfactant concentration at the interface of the hemispherical
droplet Ty = 4.727 x 10~® mol m~2 corresponds to a surface tension of 23mNm~!.

Figure 5 shows the wetted diameter over time for a droplet with insoluble surfactant in comparison
with a spreading droplet with the same initial, yet constant surface tension throughout the simulation.
Starting from the same initial diameter, the droplet with insoluble surfactant spreads initially slower
compared to the droplet with constant surface tension. After approximately 0.1 ms, this dynamics
changes, and now the droplet with a constant surface tension of 23 mN m~! spreads slower compared
to the droplet with insoluble surfactant. This results in both droplets reaching the same wetted diameter
after a few milliseconds. From then on, the droplet with insoluble surfactant continues to spread
slightly faster than its counterpart with constant surface tension and, by the end of the simulation after
10ms, the droplet with insoluble surfactant has reached a slightly larger wetted diameter. At this stage
both droplets have not yet reached their equilibrium diameter corresponding to a contact angle of 12°.

Figure 6 shows the velocity fields for both droplets after 0.1 ms of spreading, i.e., towards the end
of the first stage, where the droplet with insoluble surfactant shows slower wetting compared to the
droplet with constant surface tension. The substrate as well as the droplet contour are displayed as
black solid lines. For the droplet with a constant surface tension of 23 mN m~1 the largest velocities
appear at the liquid—gas interface and are directed towards the three-phase contact line. As could be
expected, due to the no slip condition at the substrate, the velocity decreases towards the droplet base.
The liquid is transported to the contact line mainly along the liquid—gas interface. The velocity field
for the droplet with insoluble surfactant differs from that in several aspects. First of all, the maximum
velocity is clearly smaller compared to the droplet with constant surface tension. Furthermore, the flow
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towards the contact line now occurs mainly in the bulk of the droplet. Close to the position where, in
the previous case, the maximal velocity was found, now the smallest velocity along the interface can
be observed. Clearly, the Marangoni effect plays an important role in this behavior. The velocity field
at the liquid—gas interface during the spreading phase is directed to the contact line. The flow leads to
the transport of the insoluble surfactant located at the liquid—gas interface towards the contact line.
The surface tension at the contact line decreases, inducing Marangoni flow in the opposite direction
towards the droplets’ center. This limits the transport of surfactant towards the contact line and the
corresponding surface tension gradients, resulting in the flow profile shown in Figure 6b.

T T T T T TTTTTT T T T T T T T
60 - .
50 | |

=

= J

~ 407 1/ N

= W7
0| . .

(IR Lol Lol Ll !
10-° 104 10-3 102
t/s

--- 0 =23mNm! = const.
o= f(T) # const., o(t =0) = 23mNm !

Figure 5. Wetted diameter over time for a droplet with insoluble surfactant in comparison with a
droplet with constant, but initially identical surface tension.

u [mm/s] u [mm/s]
000 640 128 192 256 000 640 128 192 256
| g m | g '
(@) 0 =23mNm~! = const. (b) o = f(T') # const., with

o(t=0)=23mNm!
Figure 6. Velocity field in droplet and surrounding gas phase after 0.1 ms for different surface
tension models.

The mean surfactant concentration at the liquid-gas interface and the corresponding mean surface
tension are depicted in Figure 7 for the droplet with insoluble surfactant. Due to the increasing
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interfacial area during droplet spreading a decreasing surfactant concentration is expected. During the
initial spreading stage until t ~ 0.1 ms, only a slight decrease of the mean surfactant concentration can
be observed. Accordingly, also the mean surface tension increases only marginally and remains below
24mNm~!. During the following spreading, the concentration of the insoluble surfactant clearly
decreases and after 10 ms has more than halved. The mean surface tension increases up to about
30mN m~! during that period. This offers an explanation for the increased contact line velocity for the
droplet with insoluble surfactant compared to the droplet with constant surface tension in that stage.
For a given (dynamic) contact angle, an increased surface tension leads to a larger contact line velocity,
as predicted by various contact angle models including the Kistler dynamic contact angle given by
Equation (10). The increase in interfacial area and surface tension can therefore be an explanation for
the increased spreading rate for the droplet with insoluble surfactant compared to the droplet with
constant surface tension observed in Figure 5 in the later stage of the spreading process.

T T T T T T T T T T T T T T T
5[ 130
{28
T4 -
v—E4 _T \\\ a
g - 126 Z
g I \ g
~ S ~
I~ 3| \ I
124
27\\\\\\\\ Lol Lol L \\\HH" 7\22
10-° 104 1073 102
t/s

Figure 7. Mean surfactant concentration at the liquid-gas interface and mean surface tension during
spreading of a droplet with insoluble surfactant.

3.4. Spreading with Soluble Surfactant

In the following, we consider spreading droplets with soluble surfactant with fluid and sorption
properties as described in Section 2.3. Here, we also considered varying initial surfactant distributions
between bulk and interface. The total amount of surfactant was chosen such that, for the hemispherical
droplet of volume 6 pL at equilibrium between bulk and interface concentration, the surface tension is
23mNm~!, similar to the previously presented simulation for an insoluble surfactant. For the soluble
case, this leads us to a surfactant amount of 7 = 1.164 x 10~ 14 mol per droplet. To investigate the
influence of the initial surfactant distribution, the ratios of initial surfactant concentrations at the
interface to the equilibrium value I')/Teq = {0,0.25,0.5,0.75,1} with Teq = 4.727 x 10" molm ™2
were considered. Table 1 shows the corresponding interface and bulk concentrations as well as the
initial surface tensions.

Table 1. Surface tension and surfactant concentrations for different initial surfactant distributions.

[p/Teq 0 0.25 0.5 0.75 1
T in mol mm 2 0 1.182 2363 3.545 4.727
co in mol m~3 1939 1.690 1.440 1.190 0.941
n in107¥mol 1164 1164 1.164 1.164 1.164
o(t=0) inmNm! 35 32.09 2912 26.09 23
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Figure 8 shows the wetted diameter over time for varying initial surfactant concentrations at the
liquid-gas interface. Additionally, the wetted diameter for the case of an insoluble surfactant presented
above is shown. For I'g/T'eq = 1, the droplet spreads similarly to the insoluble case. Even after several
milliseconds of spreading, the droplet spreads only marginally slower than the droplet in the insoluble
surfactant case. With decreasing I'g/Teq, the droplet spreads faster through the initial stage. For later
times (f 2 1ms), however, the droplets with different initial surfactant distributions show a similar
spreading behavior.

T T T T T T T T T T T T T T
60 | |
50 - 5
=
=R
~ 407 B —Fo/reqzo
= —
——T/Teq = 0.25
——T/Teq =05
To/Teq = 075
| N 1—'0/1—‘eq:1
30 - - insoluble
Ll Lol Lol Lol L
10—° 1074 1073 102
t/s

Figure 8. Influence of the initial surfactant concentrations on the wetting behavior.

Figure 9 shows the corresponding mean surface tensions. In agreement with Table 1, the initial
surface tension varies with surfactant concentration at the interface. Similar to the wetted diameter
data, the case with I'j/Teq = 1 agrees well with the data for the droplet with insoluble surfactant.
Even for the soluble surfactant, the surface tension increases over the entire simulated time. However,
for t approaching 10 ms, the increasing influence of solubility becomes evident. The surface tension
increases slower in the case of soluble surfactants, since additional surfactant is adsorbed at the
interface from the bulk of the droplet. Interestingly, all considered cases except the one with an initially
surfactant free interface show in the beginning an increase in surface tension while the droplet spreads.
While this is clearly visible for the higher initial concentrations, it is barely noticeable in the case of
[9/Teq = 0.25. After reaching a momentary maximum, the surface tension decreases in the cases
of Ig/Teq = {0.25,0.5,0.75}. For the initially surfactant free interface, the surface tension decreases
monotonically over the simulated timespan, while, in the case of initial equilibrium between bulk and
interface concentration, the surface tension increases monotonically. Towards the end of the observed
timespan, the difference in mean surface tension between the considered cases has decreased from
initially 122mN m~! to approximately 2mNm™~!. In all cases, the mean surface tension tends towards
the expected equilibrium value 0eq = 28.74mN m~! for the given material properties, surfactant
amount and droplet volume.
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Figure 9. Influence of the initial surfactant concentrations on the mean surface tension. The equilibrium
surface tension veq = 28.74mNm ! as expected for a spherical cap shaped droplet with the given
volume and a contact angle of 12° is indicated by the dotted line.

4. Discussion

The results for the spreading droplet with insoluble surfactant show two competing mechanisms
that change the wetting behavior compared to a droplet with similar, but constant surface tension.
A change in the flow profile due to Marangoni stress at the liquid—gas interface leads in the present
case to a slower expansion of the wetted area. The surface active substance hinders flow along
the liquid-gas interface towards the three-phase contact line, as this would increase surface tension
gradients. This mechanism and the resulting immobilization of the liquid-gas interface during
spreading have previously been described also by Jensen and Naire [11], who considered spreading of
a viscous droplet with insoluble surfactant over a thin liquid film using lubrication theory. Opposed
to this slowing due to the Marangoni effect, the increasing surface tension leads to faster spreading
compared to the constant surface tension case. As the droplet spreads, the area of the liquid-gas
interface increases. The amount of surfactant present in the droplet, however, remains constant. This
leads to a decrease of the surfactant concentration, especially in the case of an insoluble surfactant,
and results in an increase of the surface tension. The Kistler dynamic contact angle model employed in
the present work relates the dynamic contact angle to the capillary number and predicts with increasing
surface tension for a given contact angle also an increasing contact line velocity. Other empirical [39,40]
or theoretical [6,41,42] contact angle models predict a similar behavior. Assuming the equilibrium
contact angle to remain constant, this leads to the observed, more rapid spreading. For partially
wetting systems, such as the one studied here, the equilibrium contact angle would typically be related
to the surface tension through Young’s equation. However, in the case of complete wetting (i.e.,
feq = 0°), a constant equilibrium contact angle is a valid assumption. For hydrophilic substrates, such
as typical printing substrates, this therefore is a realistic scenario. Moreover, hydrodynamic models for
the contact line region including surfactants ([8,9]) predict even further slowing of the contact line for
a given contact angle compared to surfactant free systems due to the Marangoni effect. We expect this
to further enhance the effects discussed above. For the droplet with an insoluble surfactant considered
here, the competing effects of slowing due to Marangoni flow on the one hand, and a higher contact
line velocity due to the increasing surface tension on the other hand cancel each other partly and lead
to almost identical wetted diameters on the timescale of a few milliseconds.

Even in the case of a soluble surfactant, as presented in Section 3.4, the increasing interfacial area
can result in an increasing surface tension during spreading. Mass balance and geometric arguments in
combination with the sorption and surface tension characteristics of the surfactant solution considered
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here alone, i.e., assuming immediate equilibration between bulk and interfacial concentration, lead to
an increase of the equilibrium surface tension by 5.74 mN m~! from hemispherical shape to a spherical
cap with contact angle 12°. Compared to a millimeter-sized drop, the ratio between interfacial area to
volume of the droplet is on the order of 100x larger. Consequently, the amount of surfactant dissolved
in the droplets bulk per interfacial area is significantly smaller compared to larger drops with the
same bulk and interface surfactant concentrations. Another aspect that should be considered in this
context is that a micrometer-sized droplet reaches the same spreading ratio d/dy much faster than
a larger, e.g., millimeter-sized, drop. This results in the interfacial area expanding at a higher rate.
While the sorption process might be fast compared to wetting for a millimeter-sized drop, for the
micrometer-sized droplets adsorption considered here and spreading occur on similar timescales. Even
for initial excess surfactant in the bulk, one can observe the surface tension to increase, before decreasing
towards the expected equilibrium value (I'g/Teq = 0.25 and I'y/T'eq = 0.5, Figure 9), demonstrating
the competing effects of the expanding interface on the one hand and equilibration of bulk and
interface concentration through adsorption on the other hand. For an initially surfactant free interface,
the droplet wets most rapidly compared to the other initial surfactant distributions. This is therefore in
agreement with the two mechanisms of surfactant decelerated spreading described above. For the
surfactant free interface, the surface tension reaches its maximum and, without adsorbed surfactant
at the liquid—gas interface, no solutal Marangoni stresses are present, explaining the more rapid
expansion of the droplet. With an increasing initial amount of surfactant at the interface, the droplets
therefore also spread slower from the beginning. As adsorption starts to equilibrate bulk and interface
concentration during the following spreading, the droplets show a more and more similar behavior.

The surfactant, often used as an additive to improve wettability, in our case actually slows
spreading. For fast processes such as, e.g., industrial inkjet printing or other coating processes,
this might result in smaller wetted areas on the relevant timescales. Somewhat counterintuitively, an
initially high surface tension may lead to faster spreading within the capillary-viscous spreading regime.
On the other hand, a low surface tension leads to better equilibrium wetting for partially wetting
systems. Therefore, the adsorption rate of the surfactant from bulk to the interface and the related
dynamic surface tension properties of the system pose an interesting tuning parameter to optimize the
wetting process. Due to the competition between adsorption and expansion of the interfacial area, we
expect this to be especially relevant to small, micrometer-sized droplets. Moreover, depending on the
application, different spreading dynamics might be desirable. A systematic selection of surfactants
with specific sorption dynamics might therefore be a way to design or optimize technical processes.

While dynamic surface tension data and sorption model parameters for aqueous systems are
available for a large number of surfactants [25,43], only limited data for other solvents are available.
Future works should therefore investigate sorption dynamics of non-aqueous systems, such as,
e.g., energy curable inks used in a wide range of inkjet applications [32]. Our numerical model might
be helpful in finding optimal sorption and surface tension properties for such processes including
droplet impact, collision, or coalescence.

5. Conclusions

We presented a numerical model for two-phase flows with moving contact lines including an
insoluble or soluble surfactant. We briefly presented two verification cases for the sorption model
and Marangoni stresses with good to excellent agreement of our model with the corresponding
reference solutions. Following that, the model was applied to spreading, micrometer-sized droplets
with insoluble and soluble surfactant. In the case of an insoluble surfactant, two competing effects
could be identified: (i) immobilization of the interface due to the Marangoni effect and (ii) an increasing
surface tension due to the expanding interface and the related decreasing surfactant concentration.
Even in the case of a soluble surfactant, these effects could be observed for the present system, while
adsorption from the bulk of the droplet could only partly compensate for the increasing area of the
liquid—gas interface.
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