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Electrokinetic effects offer a method of choice to control flows in micro and nanofluidic systems.
While a rather clear picture of these phenomena exists now for the liquid-solid interfaces, the case
of liquid-air interfaces remains largely unexplored. Here we investigate at the molecular level elec-
trokinetic transport in a liquid film covered with ionic surfactants. We find that the zeta potential,
quantifying the amplitude of electrokinetic effects, depends on the surfactant coverage in an un-
expected way. First, it increases upon lowering surfactant coverage from saturation. Second, it
does not vanish in the limit of low coverage, but instead approaches a finite value. This behav-
ior is rationalized by taking into account the key role of interfacial hydrodynamics, together with
an ion-binding mechanism. We point out implications of these results for the strongly debated
measurements of zeta potential at free interfaces, and for electrokinetic transport in liquid foams.

PACS numbers: 47.61.-k,47.57.jd,83.50.Lh,47.11.Mn

Electrokinetic (EK) phenomena take place in the vicin-
ity of interfaces, where the presence of ionized groups re-
sults in a locally charged layer in the liquid. This electric
double layer (EDL) can be set in motion by an electric
field, eventually inducing through viscosity a flow known
as electro-osmosis. Such EK effects, which also include
streaming current and potential, are not only relevant
in the biological realm [I], where charged or polar lipid
bilayers are ubiquitous, but have also gained in the last
decade major technological importance. Electric driving
of liquids in micro/nano-channels has indeed become the
method of choice in many fluidic applications such as col-
loid or macromolecule separation, or miniaturized energy
conversion devices [2H4].

As a coupling effect between electrostatics and hydro-
dynamics, EK effects, which are quantified by the zeta
potential [5], depend not only on the electrostatic po-
tential at the interface, but also on the boundary con-
dition that applies there for the flow, possibly involving
some slip [6]. Implications have been examined theoreti-
cally [7, 8], as well as characterized experimentally [9, [10]
for the liquid-solid interface. In contrast, the effect of the
hydrodynamic boundary condition in the case of liquid-
gas interfaces remains largely unexplored. Yet, they de-
part in two important ways from their solid counterpart.
First, whereas at solid walls a no-slip boundary condi-
tion usually applies, friction with the gas is very low,
thus allowing for large slip. Secondly, charges are not
fixed to a wall, but carried by species such as surfac-
tants, which are mobile. Both differences point to the im-
portance of a complete characterization of EK phenom-
ena in those systems, widely encountered in industrial
processes such as water purification through electrically
driven bubbles [11], mineral flotation and foam fraction-
ation. These potentially new effects could also be ex-
ploited to control bubble flow in liquid-filled microchan-
nels and to design new self-assembled materials such as
foams stable against drainage [12], which is nowadays a
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FIG. 1. a) Snapshot of a typical system (Ap = 0.57nm, ¢ =
3.0nm™2); water molecules are not represented. b-c) Sketches
of electro-osmosis (EO) and streaming current (SC) numerical
experiments in foam films.

subject of active study [I3] [14]. More fundamentally, as
the sign and magnitude of the surface potential at an air
(or oil)-water interface remains strongly debated [15] [16],
a careful analysis of the relationship between zeta poten-
tial measurements often carried on [I7, 18] and exact
charge borne by these fluid interfaces must be performed.

In order to get a better insight into these questions,
this work investigates EK effects in foam films, where the
surface charge is carried by ionic surfactants. While the
distribution of such mobile surfactants will itself depend
on the flow [19], and may vary according to the specific
experimental setup considered, here we focus on the ba-
sic feature that is common to all situations: the relative
motion between the surfactants and the liquid. Using
molecular dynamics simulations of films of aqueous elec-
trolytes coated with a typical surfactant, we characterize
the zeta potential and find a dependence on surfactant
coverage very different from that expected at a liquid-
solid interface. We show that this behavior can be ratio-
nalized on the basis of simple arguments that account for
the specificity of the liquid-air interface.

We considered water+salt (sodium chloride) films
coated with sodium dodecyl sulfate (SDS) surfactants,
see Fig. [Th. Periodic boundary conditions were used in



the film plane, with box dimensions L, = L, = 4.6nm.
Water molecules, sodium ions and dodecyl sulfate sur-
factants were modeled following Bresme and Faraudo
[20, 2T]. In particular, the SPC/E (extended simple point
charge) model of water was used, for its good dielectric
and hydrodynamic representativity, at reasonably low
computational cost. An additional ingredient with re-
gard to Refs. [20, 21] concerns chloride ions, which were
modeled consistently with sodium ions, using the param-
eters of Dang [22]. Two salt concentrations have been
considered, p, = 0.26 and 0.068 M, with corresponding
Debye lengths (the width of the EDL) Ap = 0.57 and
1.1nm. The height of the films, along the z direction,
was fixed to L, = 10\p, in order to ensure no EDL over-
lap. For each salt concentration, the surface density of
surfactants ¢ was varied from 0.047 to 3.0nm~2, with
a corresponding surface charge ¥ ranging from —7.6 to
—480mC/m?. As a comparison, surface densities up to
2.2nm~2 have been measured experimentally in the ab-
sence of salt [23]. The simulations were performed using
LAMMPS [24]. Simulation details can be found in sup-
plemental material (SM).

Two types of numerical experiments have been per-
formed on these systems (see Fig. -c): streaming cur-
rent (SC) and electro-osmosis (EO). In the former con-
figuration, a Poiseuille flow is induced in the = direction,
and the resulting electric current is measured. To induce
the flow, a gravitylike force, adding up to F', was applied
to the liquid atoms, and a counterforce adding up to —F
was applied to the surfactant atoms. The ionic current
I, was then measured in the surfactants’ reference frame,
and the zeta potential computed from the standard for-
mula: I./A = (e(/n)(—Vp). Here A= L,L, is the film
cross-section, € and n are the permittivity and dynamic
viscosity of the liquid, and —Vp = F/(L,L,L,) is the
force applied to the liquid per unit volume. The vis-
cosity was computed in the same simulations from the
curvature of the Poiseuille velocity profile. As regards
the dielectric constant, we used the tabulated value for
bulk SPC/E water at 300K, e, = 70 [25,26]. EO numeri-
cal experiments were also performed, applying an electric
field in the z direction, and measuring the resulting EO
flow. The applied electric field E, ranged from 0.05 to
0.2Vnm~! depending on the surfactant coverage, to en-
sure that the system response remained linear with the
forcing. We considered the relative motion between the
liquid and the surfactant layers to compute the EO ve-
locity ve, in the middle of the film and obtained the zeta
potential from v.,/E, = (/7. For each situation, we ran
three independent simulations from distinct initial con-
figurations, in order to reduce statistical uncertainties.

Figure [2] presents the evolution of the zeta potential
as a function of the surfactant coverage, obtained for
two Debye lengths and from both EO and SC measure-
ments. Within uncertainties, data from the two ap-
proaches match quantitatively, as required by Onsager’s
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FIG. 2. Zeta potential as a function of surfactant coverage c,
measured from EO and SC simulations, for two Debye lengths
Ap. The solid and dashed lines are predictions from Eq. ,
for Ap = 0.57 and 1.1 nm respectively. The dot-dashed line is
the dilute limit given by Eq. ,

reciprocal relations [27, 28]. The results shown in Fig.
display a number of striking features. First, at high sur-
factant coverage, the zeta potential is much smaller than
what could have been expected from the large surface
charge at stake. Then, when the surfactant concentra-
tion decreases, the zeta potential increases. Finally, the
zeta potential reaches a constant value in the limit of
vanishing coverage.

To understand those results, we start by focusing on
the hydrodynamic boundary condition at the interface,
and quantify the relative motion between the liquid and
the surfactant layer. The latter is revealed more clearly
in the SC case, i.e., when a Poiseuille flow is induced in
the system. In Fig. [Bp we plot the liquid velocity profiles
in the reference frame of the surfactant layers for vari-
ous surfactant coverages. In the central part of the film,
one can observe a characteristic parabolic profile. How-
ever the liquid velocity does not vanish at the level of
the surfactant layers, as it would at most solid surfaces,
where a no-slip boundary condition applies. Instead the
velocity profile displays a plateau that extends across
the surfactant-laden interface. Keeping in mind that we
plotted the velocity profiles in the reference frame of the
surfactants, this plateau value corresponds to a velocity
jump between the liquid and the surfactant layer. This
velocity jump, or slip velocity, will be denoted by v in
the following. One can also define the shear plane, where
the extrapolated parabolic profile reaches v, and whose
position will be denoted by z,. Finally, the observed ve-
locity jump is usually discussed in terms of the so-called
partial slip boundary condition [6], which relates the slip
velocity vy to the shear rate 4(z) = 9,v at the shear plane
(see Fig. Bb): vs = b¥(2s), with b the slip length.

Figure Bp-d sums up our measurements of the shear
plane position z; and slip length b, for both Debye lengths
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FIG. 3. Top: a) Poiseuille velocity profiles in the SC config-
uration (Ap = 0.57nm), for increasing surfactant coverage c
from top to bottom The velocity is measured in the surfac-
tant reference frame, and divided by the normalized applied
force F* = F/F(c = 0.047nm™2) for comparison purposes.
The origin of the z axis is taken at the average position of the
surfactant sulfur atoms. b) Cartoon illustrating the charac-
terization of the hydrodynamic boundary condition. Bottom:
Shear plane position z, (c) and slip length b (d) as a function
of the surfactant coverage, for two Debye lengths Ap. The
slip length is fitted using Eq. (dashed line).

considered and all surfactant densities. As observed and
discussed earlier by some of us [8 29], the hydrodynamic
boundary condition does not depend significantly on the
Debye length. On the other hand, it is strongly affected
by the surfactant coverage. As shown in Fig. B, the
slip length decreases as b o< ¢!, a behavior that can be
rationalized with a simple picture [30]. If the fluid moves
with velocity vs with respect to the surfactant heads,
the total friction force per unit area is F = anRuvsc,
where R is a characteristic size, and « a dimensionless,
geometric factor. Since by definition F = n/bxv; [6], one
gets b = 1/(aRc). While this argument a priori holds
only in the dilute limit, when the contributions from each
surfactant can be added, it describes the simulation data
almost up to the highest surface coverage considered, i.e.
close to saturation. For definiteness, the surfactant heads
are now idealized as half-sphere, for which o = 37, giving

1
b=
3rRc’

(1)

where the hydrodynamics radius obtained by fitting the
numerical results is R = 0.364nm, the correct order of
magnitude expected from the head dimensions. As re-
gards the shear plane position (Fig. ), a monotonic
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FIG. 4. Typical charge density profiles of surfactants and
ions, for Ap = 1.1nm and two surfactant coverages c. The
solid red lines represent the absolute surfactant charge |ps| =
—pys. The dashed green lines represent the ionic charge pe.
The dash-dotted blue lines represent the water density profile.
Each data set is plotted for both the SC and EO simulations.
The origin of the z axis is taken at the average position of
the surfactant sulfur atoms. Inset: Fraction of bound ions 6
versus surfactant coverage ¢, for Ap=1.1 and 0.57 nm (violet
circles and orange squares respectively).

shift toward the film interior is observed upon increasing
the surfactant density. This trend can be qualitatively
understood as detailed in the SM, and plays a significant
role in the zeta potential, as shown below.

We now turn to the ion distribution in the EDL. Fig-
ure [4] displays typical charge and water density profiles
for low and high surfactant coverage, and shows that the
surfactant-laden interface differs from a standard solid
surface in several ways. In contrast to the liquid-solid
case, where charges are fixed to a wall of given geom-
etry, here the surfactant heads carrying the charge can
fluctuate in position with respect to the liquid-air inter-
face, and the entire interface can deform due to capillary
waves [31]. Both effects contribute to the widening of
the charge distribution [32] observed in Fig. 4] Another
striking feature is the nearly complete overlap between
the ionic and surfactant charge distributions at high cov-
erage. Analysis of numerical molecular configurations
(see SM) shows that in that case most ions are bound
to the surfactant heads. The fraction 6 of such bound
ions, shown in the inset, vanishes at low coverage but
approaches unity close to saturation. This ion binding
can be described phenomenologically, as detailed in SM.

Focusing now on the zeta potential, we extend pre-
vious approaches [8, [33 4] to the case of surfactant-
laden interfaces. We consider the SC situation for sim-
plicity but the results are directly transferable to EO,
according to Onsager’s reciprocal relations [27] 28]. The
streaming current I, in the foam film is twice the cur-
rent originating at one surface, which can be written as
the integral over the interface of the electric current den-
sity: I. = 2L, [ pe(2)v(z)dz, where L, is the width of
the interface, p.(z) the ionic charge density and v(z) the
liquid velocity. The velocity profile is approximated as



v(z) = vs +%(2 — 25 ) H(z — z5), where H is the Heaviside
function, vs = b, and ¥ is the shear rate at z;. This pro-
file is the superposition of a plug flow at constant velocity
vg, and a “no-slip” part that neglects the curvature of the
velocity profile at the scale of the EDL. Accordingly, the
zeta potential can be decomposed into slip and no-slip
contributions, ¢ = (lip + Cno-slip- The slip contribution
corresponds to the plug flow of the whole ionic charge
J pedz = =X at velocity v, and writes (uip = Xb/e,
independently of the ionic charge distribution. To eval-
uate the no-slip contribution, as a first approximation,
we neglect the spatial distribution of surfactant and take
ps(z) = X(z). Following traditional approaches [4, [5]
yields Cno-siip = V(2s), where V is the electrostatic po-
tential. The total zeta potential then reads:

b
(= Cslip + Cno—slip = ? + V(Zs). (2)

In the limit of low surfactant coverage, the no-slip
contribution (noslip becomes negligible. Indeed, as we
checked from numerical results by charge density inte-
gration, it approaches the Debye-Hiickel result Y Ap /e,
as soon as ¥ < 30mC/m2. The no-slip contribution
being proportional to the surface charge, it vanishes in
the dilute limit. On the other hand, combining Egs. (1)
and , and taking ¥ = —ec, since ion-binding is negli-
gible at low coverage, one gets

e

Clc—0)= 3R

3)

Interestingly, the surface charge and slip length depen-
dence on the surfactant coverage in the slip contribution
compensate exactly in the dilute limit, and the zeta po-
tential reaches a finite value for vanishing surfactant cov-
erage. Even though saturation of slip length can result in
non-monotonic variation of the zeta potential [29] [35] B36],
a finite value in the limit of vanishing surface charge is
unknown for liquid-solid interface. Furthermore, a nu-
merical estimate of Eq. yields a value of —75mV, in
good agreement with numerical results, see Fig. Im-
portantly, this suggests that even very few impurities on
a bare interface can generate a non-negligible zeta po-
tential, whose magnitude depends on impurity size and
charge. This effect might play an important role in the
understanding of EK measurements of surface charge
near free interfaces [16].

Finally, we use Eq. to estimate the zeta poten-
tial over the whole range of surfactant coverage. In
doing so, we assume that bound ions completely can-
cel the surfactant charge, leading to an apparent charge
Y = —ec(1—0). For the potential V(z), we take the exact
solution to the Poisson-Boltzmann equation for a single
wall. Taking Eq. for the slip length, and the simu-
lation results for z; and 6, yields the theoretical curves
shown in Fig. While they consistently overestimate
the simulation results, they capture the main trend as a

function of coverage and Debye length, with a collapse at
high ¢ induced by ion binding. In view of the crudeness
of the model (see SM for an improved but somewhat ad
hoc description), the agreement is reasonable. This sug-
gests that to recover the unusual dependence of the zeta
potential, the three main ingredients are: the slip length
dependence b o< ¢!, the shift in shear plane position z,
and the ion binding.

As a conclusion, we have characterized at the molec-
ular level electrokinetic effects at a foam film interface,
and its dependence on surfactant coverage. We find a
nontrivial and nonconventional dependence, the zeta po-
tential tending to decrease upon increasing the surface
charge. Strikingly, in the dilute limit, the slippage con-
tribution compensates exactly for the decrease in surface
charge, resulting in a saturation value of the zeta poten-
tial around 75mV in our case. This value is significant
as experimental values for zeta potential typically fall in
the range 0-150 mV. Because they point out the key role
of impurities even at very low density, our findings are
relevant for the understanding of surface potential mea-
surements on free interfaces [16, [37], most notably water
[T, (18], which remain highly debated [15]. Overall, this
study is a first step toward a complete understanding of
electrokinetics near surfactant-laden interfaces. Having
characterized locally the relative motion between liquid
and surfactants, one can now address the situation where
the global surfactant distribution is inhomogeneous, and
induces Marangoni flow. Electrokinetics with surfactants
as mobile charge carriers may induce a variety of effects,
all at play in a liquid foam.
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