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Abstract

Liquid-infused surfaces are rough or patterned surfaces in which a lubricating
fluid, such as oil, is infused, which exhibits various original properties (omniphobicity,
biofouling, drag reduction). Indeed, the outer flow can entrain the oil trapped between
the pattern of the surfaces by shearing the oil-water interface and cause the loss of
the omniphobic properties of the interface. Starting from the theoretical analysis of
Wexler et al.! (Phys. Rev. Lett. 2015, 114, 168301), where a pure aqueous solution is
the outer phase, we extend the predictions by introducing an extraction efficiency
parameter & and by accounting for new dynamical effects induced by surfactants and
aqueous foams. For surfactant solutions, decreasing the oil-water interfacial tension
Yow Not only enhances oil extraction as expected but also modifies the dynamics of

the receding oil-water interface through the variations of the receding contact angle 0



with the capillary number Ca, which is the ratio between the viscous and the capillary
forces at the oil-water interface. For aqueous foams, the extraction dynamics are also
influenced by the foam flow: oil is sheared by the thin film between the bubbles and the
lubricating layer, which imposes a stronger interfacial shear compared to pure aqueous
solutions. In both surfactant and foam cases, the experimental observations show
the existence of non-uniform extraction dynamics related to the surfactant-induced

instability of a two-fluid shear flow.
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Introduction

Liquid-infused surfaces are rough or patterned surfaces in which a lubricating liquid
is infused. They have been studied in recent years for their useful properties, such as
omniphobicity, biofouling and drag reduction? where they interact with an immiscible
liquid droplet or a dynamic fluid environment. Yet, they can lose their properties if
the lubricating layer vanishes. The failure of these surfaces under stress tangent to the
surface has been investigated by Wexler et al.,! who studied the drainage or the retention
of the lubricating liquid under the shear-driven action induced by the flow of a pure
aqueous phase. In this paper, we extend their work by considering aqueous liquids
containing surfactants and foams. This step builds upon earlier work by Jacobi et al., !
who highlighted that traces of surfactants could induce unusual drainage behavior.
Since fluid is removed from cavities during the failure of liquid-infused surfaces under
external shear flow, this configuration can help understand complex problems, such as
oil recovery from a rough surface or soil remediation upon contamination by a liquid

pollutant.'12 In these examples, surfactants and aqueous foams are commonly used. 32



However, due to the high degree of complexity of the soil, simpler configurations, such
as a soil column or a millifluidic porous soil model with a controlled pore size are often
considered. Such studies provide qualitative insight and quantitative results. In all those
studies, the oil is trapped in the volume of the porous media. Our approach and configura-
tion are different since we consider geometries where the oil is trapped in the roughness of
the surface of the material and the processes by which the 0il can be remobilized if not
completely removed. Ideally, there would be great value to predict the efficiency of the
recovery process according to parameters such as roughness size, mean bubble radius and
injection rate. Thus, studying the drainage of oil from liquid-infused surfaces can shed
insight on liquid recovery phenomena from rough porous media.

In the work below, we model and build our system as a single channel connected to
different oil-filled micropores of a textured surface (Fig. 1a). We study theoretically and
experimentally the effects of surfactant solutions and aqueous foams on the extraction
efficiency of different oils trapped within the pores of the textured surface. We develop and
use a mathematical model introduced by Wexler et al.,! and compare theoretical predictions
to experimental results in the case where the external flow consists of a surfactant solution
or an aqueous foam. We define a quantitative parameter, the extraction efficiency, !> as the
percentage of recovered oil, and study the extraction dynamics, which strongly depend on

the physical and chemical properties of the oil-water interface.

Surfactant-driven oil extraction

Experimental section

We choose an array of microfabricated and equally-spaced posts to study the drainage of
liquid-infused surfaces when the external shear flow contains surfactants. The patterned
geometry is imprinted on the upper side of a microfluidic channel, as shown in Fig. 1. The

system mimics a rough surface containing trapped liquid, where the assembly of posts
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Figure 1: Geometry of the microfluidic channel with the liquid-infused micropattern imprinted on the
upper side of the channel. a. Analogy between a real microfracture or a rough surface trapping a liquid
phase and a liquid-infused substrate. b. Top-view of the channel, with the oil fluorescing green-yellow. c.
Side-view of the channel consisting of one wall with an array of posts.

represents a set of oil-filled and connected pores, which is a feature of randomly rough
systems with open pores.

The materials and the microfabrication are the same as those used by Wexler et al.! and
are sketched in Fig. 1b-c. The pattern and the channel, lying on black borosilicate glass, are
molded in an epoxy adhesive (Norland Optical Adhesive 81) by the “sticker technique”.?!
The channels are 7 mm wide, 178 or 89 ym high, and 45 mm long. The channel has two
ports: one inlet port at the upstream end and one outlet port at the downstream end. The
36 mm long and 1 mm wide pattern is located near the centerline of the channel and
aligned with the inlet and outlet ports at a distance of 5 mm from both ports. The pattern
consists of cubic posts (10 ym on a side), which are equally spaced at a distance of 10 ym,
and ends with a 1 mm by 1 mm open well for flow entry (Fig. 1b).

The characteristics of the tested fluids are summarized in Table 1, with the dynamic
viscosities measured in a rheometer (Anton-Paar) with a cone-plate geometry. The outer
fluid is a surfactant solution. We use two types of surfactants: either SDS (sodium dodecyl
sulfate) with different concentrations from 0.1 g/L to 10 g/L (cmc ~ 2 g/L), or a combina-
tion of co-surfactants, CAPB (cocoamidopropylbetaine), SLES (sodium laurylethyl sulfate),

Mac (myristic acid) and 10 wt% glycerol®#?° with different surfactant concentrations from



Table 1: Characteristics of the aqueous solution - oil combinations. Here, 17, (mPa.s) and 7, (mPa.s) are,
respectively, the shear viscosity of water and oil.

Aqueous solution - Oil Hw | "o
CAPB+SLES+MACc+10% glycerol - Olive oil (O) 1.4 | 68.5
CAPB+SLES+MACc+10% glycerol - Silicon oil 1 (PDM-7050 - S1) | 1.4 | 201
CAPB+SLES+MACc+10% glycerol - Silicon o0il 2 (PDM-7040 - S2) | 1.4 | 42.7
SDS - Olive oil 1 | 68.5

0.005 wt% to 2 wt% (cmc ~ 0.1 wt%). The lubricating oils, which initially fill the patterned
substrate, are olive o0il (commercial and Sigma-Aldrich) and two silicon oils (Gelest PDM
- 7040 and 7050) containing a small amount of fluorescent dyes (from Tracerline) (1:100).
In the following, all the interfacial tensions are measured by the pendant drop technique
with a precision of £ 0.5 mN/m. Fig. 2 presents the variations of the equilibrium oil-water
interfacial tension 7., with the surfactant concentration c. As expected, 7y, decreases
when c increases with the cmc ~ 2 g/L in both SDS-olive oil and CAPB-SLES-Mac-olive
oil cases. As explained below, we clear the surfactant solution from the channel at a very
slow velocity (0.002 mL/min) to leave oil trapped in the texture of the surface. Thus, we
give time for the system to equilibrate in terms of surfactant dynamics, which allows us to

use the values presented in Fig. 2.
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Figure 2: Equilibrium oil-water interfacial tension 7,y as a function of the surfactant concentration ¢ for
SDS-Olive oil (O) and CAPB-SLES-Mac-Olive oil (O) combinations. The blue and the red dashed lines are
guide lines. The error margin on the interfacial tension is &= 0.5 mN/m.

At the start of an experiment, the channel is completely filled with oil from the down-



stream port. Then, the entire channel is cleared by the flow of the outer aqueous phase at a
low injection rate (0.002 mL/min), which leaves oil trapped between the posts: the texture
is oil-wet. The oil in excess is evacuated to a reservoir from the outlet port. This procedure
prevents oil extraction from being disturbed by an excess of oil. Once the main channel is
cleared of oil, the outer fluid is injected at a constant flow rate between 0.05 mL/min and 8
mL/min, corresponding to average flow speeds. The experimental observations are made
under UV or blue light (with a yellow filter from Tiffen in front of the camera objective)
to ensure a strong contrast between the black glass background and the fluorescent oil
trapped in the pores.

Snapshots of the oil extraction process are taken every minute. A typical time series
of the oil extraction pattern is shown in Fig. 3. Depending on the flow rate Q and the
oil-water interfacial tension 7, the process shows two different patterns. In one case,
for sufficiently low Q and high 7,,, the draining front advances uniformly, as observed
previously by Wexler et al. with pure aqueous solutions.! We define a retention length
L(t) (t is the time) and a steady-state retention length L., (Fig. 1a). In a second case, for
sufficiently high Q and low 7, the draining front still propagates along the flow direction
but is more irregular, leaving oil patches behind it. Since it is difficult to define a retention
length in this second situation, we introduce the extraction efficiency « to quantify oil
extraction from the porous substrate. Specifically, we define « = V;/V,y which is the ratio
between the volume of extracted oil V; and the initial volume of oil Vj between the posts.
The parameter a varies from 0, when the pores are completely filled, to 1, when they
are completely empty. In the cases depicted in Fig. 3, oil leaves the texture by either (a)
overflow out of the pattern (stain-like oil downstream, as observed in Jacobi et al.1?) (b)
or small filaments with a diameter of the order of the distance between the posts, which
eventually destabilize into tiny droplets.

To measure «(t), we record the fluorescence intensity I in the pattern by using the sum

of grey levels after image processing with Image] software. Neglecting photobleaching that



occurs for a timescale longer than our experimental time, we assume that the fluorescence
level is approximately proportional to the volume of the remaining oil V) — V;, since the
depth of the posts is small. Given that light conditions can change from one experiment to
another, we only have access to o ~ 1 — I/ Iy, where Ij is the initial fluorescence intensity
between the posts for each experiment. In Fig. 4, we report a as a function of time ¢ for the

different liquids.
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Figure 3: Top views of typical oil extractions (olive oil) by a surfactant solution (CAPB - SLES - Mac - 10
wt% glycerol). Fluorescent dyed oil appears green-yellow. The small green-yellow dots correspond to some
oil droplets stuck on the epoxy surface when the channel was initially cleared of oil in the first place. The
flow is from left to right. a. Extraction with a uniform front; Q = 0.05 mL/min and 7o, = 4.2 mN/m, time
interval: 5 h. b. Extraction with an unstable pattern; Q = 5 mL/min and o, = 4.2 mN/m, time interval: 5
min.

Results and discussion

When varying one parameter (Q, Yow, o Or the channel height H) during flow of a
surfactant solution, a follows one typical evolution, as shown in Fig. 4. As time increases,
« increases quickly before slowing down and eventually reaching a maximum value a«, at

long times. For a given time and considering the different possible material properties, we



find that oil recovery is more efficient if interfacial tension is low and the aqueous phase

flow rate is high. Efficiency is also enhanced if the oil viscosity and channel height are low.
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Figure 4: Extraction efficiency a as a function of time ¢ for different draining liquid - oil combinations
with the following variable parameters: a. v, (mMN/m). b. Q (mL/min) (Inset: « as a function of Qt). c. 77,
(mPa.s). d. H (um). S, O and Ca are, respectively, the surfactant type, the oil type and the capillary number
defined in (Eq. 2b). e. Extraction efficiency « as a function of the injected volume Qf for SDS - olive oil
combination, with Ca ~ 0.015 and 0.005.



Next, we report « as a function of the injected volume Q¢ (Fig. 4e). The data is
organized by the capillary number Ca = 17,Q/ (WHYow), where W is the channel width.
The six different data sets in Fig. 4e correspond to two capillary numbers Ca ~ 0.005 and
Ca =~ 0.015. The experimental data, for a given capillary number, collapses on one single

curve, suggesting that & depends on Qt and Ca.

Theory

For experiments with a groove geometry, the extraction dynamics were explained by
Wexler et al. for pure aqueous solutions as the outer phases.! A similar interpretation
can be made here. The ratio between the channel width and height is large, 40:1 or 20:1,
and the channel is much deeper than the pattern (H > h). With the low viscosity ratio
A = 1w/ 1o <K 1 and the no-slip boundary condition, we can consider a parabolic velocity
profile in the outer flow, which corresponds to a planar Poiseuille-like flow?? for which the
shear stress at the oil-water boundary is Ty, ~ 61,Q/(WH?). Gravity is also neglected
because the Bond number Bo = (py — 00)§W?/ Yow ~ 107 is small, where p,, and p, are,
respectively, the water and the oil densities. As sketched in Fig. 1a (right), the external flow
shears the oil-water interface and drags oil downstream out of the pattern. At short times,
the tangential stresses in the water and the oil phase are equal, thus Ty ~ —%dd—%, where h
is the height of the posts. For such short times, we deduce a(t) =1 — L(t)/L, ~ Teyht /1o,
where L, is the length of the pattern (see Fig. 1). Locally, the applied shear deforms the
oil-water interface, as sketched in Fig. 5. When the dynamic contact angle at this pinned
interface reaches the receding contact angle 0, the interface slides to the bottom of the
posts.?

The deformation of the liquid-liquid interface induces a difference of curvature between
the upstream and the downstream ends for longer times. The capillary pressures are Apc =
Pw — Po = Yow/ Tmin upstream (py and p, are, respectively, the pressures in the outer fluid

and the oil phase) and Apc = 0 downstream. The pressure gradient in the aqueous phase



can be written as dp,/dx = —12Q1,/ WH?. Thus, the pressure difference Ap,, between
the inlet and the outlet of the channel of length Lt i Apw ~ —12Q0wLepanne/ WH? ~
4 x 10? Pa for Q = 2 mL/min. This value is small compared to the capillary pressure and
the pressure difference in the oil phase is directly Ap, = Yow /7 min. Thus, the pressure p, in
the trapped fluid is lower upstream than downstream and the pressure gradient drives an
oil counterflow within the liquid trapped between the posts. We assume that the oil layer
percolates through the connected posts. Thus, it is always possible to define a pressure
path within the porous system. Oil is being extracted so long as the shear-driven flux is
higher than the capillary pressure-driven flux. The maximum efficiency aeo =1 — Leo/ Lo
is reached when the shear-driven flux is exactly balanced by the pressure-driven flux.
In terms of stresses, Tvy/h ~ (Yow/Tmin)/Leo and Lo ~ how/ (FminTxy) With 7., the
minimum radius of curvature of the oil-water interface.

Rewriting the complete steady-state solution of Wexler et al.! (Eq. (2)), we find a similar

result:
CphYow
CsTmin Ty Lo

, (1)

aoozl_

where ¢, and c¢; are numerical factors linked to the geometry of the channel. We use
*min = W/ (2 cos B) (with w the spacing between posts).

The details of the comprehensive original time-dependent drainage theory, explained
by the aforementioned scaling laws, are given in the supplementary material of Wexler et

al.! Rewriting the time-dependent theory with a(t) and &« as the main variables, we find:

oo _ bcshiy
a+ (1—ac)log (aoo — a) = WH2e,Lor, (2a)
B cth cos 0
Koo = m ’ (Zb)

where c; is a numerical factor depending on the receding contact angle 6 at the oil-water

interface, and we have introduced the capillary number Ca. For our experiments, w = h.
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Thus, c¢; (see Eq. (9) in the supplementary material of Wexler et al.!) can be expressed as:

"~ 2cosf 2 4 cos? 0 cos @

cg=1 ! (1—1\/1—c0529)+ L csc1< ! ) (3)

Subsequently, we deduce 6 from the confocal microscope measurements of the interface
deflection at different points along the porous substrate, when the pinned oil-water contact
line starts receding. We report the values of 8 with respect to Ca in Fig. 5 and we notice a
systematic variation of 8 between 0° and 90°. Such a variation has been observed when
the contact line is perpendicular to the flow direction and moves streamwise with the

27-30 which relates the variation of

flow: this is the well-known Tanner-Hoffmann law
the dynamic contact angle 6; at an air-liquid interface moving across a solid substrate
with respect to the capillary number with the finding that 6, « Ca'/3. For liquid-liquid
interfaces, Fermigier et al.2® have observed the same kind of variation and use the “Cox
law” 3132 to model the movement of a glycerin-silicone contact line in a capillary tube,
which depends on Ca and the viscosity ratio A = #,,/17,. In our case, it is difficult to apply
the aforementioned model since the contact line recedes transversely to the main flow and
6 is defined in the post and flow cross-section, as sketched in Fig. 5d-e. The velocity profile
in the vicinity of the contact line is unknown and might not be parallel to the motion
of the contact line. However, from our contact angle observations and measurements, a
dependence of 6 on Ca can be similarly reported.

The coefficient c; does not change very much, from 0.893 to 0.993, when 0 varies from
0° to 90°. Considering the small variations of c;, Eqs. (2a - 2b) are in good agreement
with our experimental observations in terms of the dependence in Fig. 4: a depends
on Qt, 1,, the geometry of the channel and Ca. With the measured values of 6 and
the theoretically deduced numerical factors ¢s = 0.0764, ¢, = 0.0573, which enable the
calculation of a« in Eq. (2b) and c; from Eq. (3), we rescale the data sets. In Fig. 6a, we

represent the experimental efficiency a., as a function of g(t) = %Qt, which is the
0

11



Figure 5: a. Measurements of the receding contact angle 6 as a function of Ca for CAPB - olive oil (red
dots) and CAPB - silicon 0il 1 (blue dots) combinations. Oil appears red in the confocal microscope and the
green line is the laser reflection between the glass and the aqueous phase. b. Cross-section of the oil-water
interface. c. Evolution of the numerical factor ¢; with respect to . d. Movement of the A-B interface parallel
to the flow of mean velocity U with the viscosity ratio #p/#4 > 1. e. Movement of the same A-B interface
for our post pattern with the interface receding perpendicular to the main flow of mean velocity U.

right-hand side of Eq. (2a), with CAPB-SLES-Mac as the outer phase and three different
oils as the inner phases. All curves collapse onto a master curve for &y, < 0.4 and
g(t) < 0.5, which suggests that our theory reasonably predicts the linear time dependence

of extraction dynamics at short times. To go further, Fig. 6b shows the collapse between

f@exp) = texp + (1 — aoo) log ( a(}g‘f";ﬂp) and g(t) for the entire time frame. The predictions
of Wexler et al.! account for the observed dynamics if we consider a variation of the
receding contact angle due to the addition of surfactants, which was not observed with

pure solutions.

Extraction instability

As seen in Fig. 3b, the drained front loses its uniformity as Q increases and 7y, decreases,

leaving patches of oil between the posts. Fig. 7a shows the instability for both connected

12
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Figure 6: a. Experimental efficiency a.yp as a function of g(t) for CAPB - olive oil, CAPB - silicon 0il 1 and
CAPB - silicon 0il 2 combinations. b. f(a.xp) as a function of g(t) for different surfactant-oil combinations.
The black dashed line is the theoretical prediction (Eq. (2a)).

posts and independent grooves, indicating that this instability occurs for multiple types of
surface texture. The appearance of these stable and unstable regimes, reported in Fig. 7b,
could be caused by the flow of two superposed layers of fluids of different viscosities (the
aqueous solution and the underlying oil layer trapped in-between the posts). Indeed, it
has been long known that such a two-fluid shear flow can be unstable.3*-% In particular,
when gravity and interfacial tension are neglected, Yih3® and Hooper et al.>* have shown
that the jump in the velocity profile for two fluid layers of different viscosity causes the
development of the instability, in the limit of low Reynolds numbers. Long-wave and
short-wave instabilities appear if 7, > 1, and h < H — h. However, in our case, the

capillary number is low, so we expect that interfacial tension plays a significant role. The

13



destabilizing role of surfactants on the interface recalls the work of Frenkel et al.3® and
Blyth et al.®” who showed that the presence of insoluble surfactants at the interface can
trigger the growth of interfacial waves in a two-layer channel flow, even in the absence of
inertia, provided that shear flow occurs. From their calculations, a surfactant-free system
is stable, which corresponds to the system used by Wexler et al.! where the extracting
front remains uniform along the section of the post pattern. In the two-layer geometry, the
growth rate of the instability increases with the Marangoni number M o C*/+y;,, where C*
and v}, are, respectively, the initial interfacial concentration of surfactants and the initial
oil-water interfacial tension. We also observe that very low capillary numbers can be stable
as the range of unstable wavenumbers is reduced.?” But the instability is amplified for very
low interfacial tension, like in our experimental observations. Thus, this would be the first
experimental observation of the destabilizing role of surfactants in a two-layer channel
flow. Yet, other types of two-fluid instabilities can also be considered, such as the fingering
instabilities3® appearing in the transverse direction to the flow for the displacement of a

thin film by body or shear forces.

Aqueous foam-driven oil extraction

In the previous section, we studied oil extraction when surfactants are added to the external
phase. In this section, we investigate the case where gas is co-injected with surfactants,

thus creating an aqueous foam, which also acts to extract the infused liquid during flow.

Experimental section

We first generate an aqueous foam through a flow-focusing device. The flow-focusing
technique allows control of bubble size by co-injecting nitrogen gas at a given pressure p
and the liquid phase (CAPB - SLES - Mac described for surfactant solutions) at a given flow

rate g through a constriction.?**? To slow down bubble coarsening, gas is blown through a

14
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Figure 7: a. Typical unstable extraction pattern for posts and grooves with the same height and width. The
surfactant solution - oil combination is SDS (2 g/L) - olive oil; Q = 2 mL/min and { = 60 min. Contrast
is enhanced in the snapshots. b. Phase diagram where each point (o, Q) represents an experiment with
the CAPB - olive oil, the CAPB - silicon 0il 1 and the SDS - olive oil combinations. Unstable extraction is
represented by red dots and stable extraction by green dots. The dashed black line defines the stable regime
for pure aqueous solutions - olive oil (the silicon oil 1 case is further to the right of the diagram).
solution of tetradecafluorohexane (CgFy4)*! before entering the device, because fluorinated
gas is insoluble in water. We calibrate the mean bubble radius Ry, as a function of g and
p. Garstecki et al.* have shown that the bubble volume V;, scales as p/ (q1w). Typically,
we generate bubbles with R, ~ 30 ym by setting p = 48.3 kPa and g = 10 uL/s. The
downstream reservoir of the flow-focusing device is connected to a 12 or 24 mL syringe
with a 0.3 mm diameter PTFE tube. Bubbles accumulate in the syringe, which is capped at
its end. Then, the piston is added at the top of the filled syringe. By weighing the syringe
and measuring the foam volume, we deduce the foam liquid fraction € = 0.2 + 0.05.

For the injection stage, we use the pre-generated foam cartridge on the experimental
set-up presented in the first section. We reproduce the same protocol with a range of foam

flow rates Q between 15 puL./min (0.9 mL/h) and 1000 pL/min (60 mL/h). We also use the

same oils in the porous substrates, as well as the same channel geometry.
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Results and discussion

We report a typical time series of the extraction process by an aqueous foam in Fig. 8a. We
observe a non-uniform extraction front for all of our experiments. In Fig. 8c-f, we represent
« as a function of Qt by varying Q, R, and H. In particular, we report a surprising feature:
an increase of flow rate engenders a decrease of « for a given injected volume with all
other parameters constant. In other words, the slower the injection, the more efficient the
oil extraction. Moreover, Fig. 8e shows that the bubble radius has no influence on the
extraction profile. If we compare « in the foam-driven case to the surfactant-driven case
(Fig. 8f), a is higher in the foam case for a given injected volume. This result is all the more
surprising as the injection flow rates Q used for the aqueous foams are one to two orders
of magnitude lower than those used for surfactant solutions.

To understand these results, we note that with aqueous foams, the applied shear stress
is higher than with surfactant solutions. Indeed, as sketched in Fig. 8b, the existence of
a thin film between the foam bubbles and the underlying oil layer creates a higher shear
stress, since the velocity gradient does not apply on the channel height H but rather occurs
over the film thickness D. Owing to their chemical composition, the bubbles have rigid
air-water interfaces? that act as a rigid wall for the oil layer. Thus, we model the shear
stress exerted by the foam on the oil phase as T,J:yo ™ = 1,Q/(WHD). Replacing Tyy in Egs.

(2a - 2b) with Tx;mm, we obtain a new expression for a(t):

Moo csh 1w 1
a+ (1 — ) log (“oo_a) WHDL, 1o ch (4a)
2¢p D h cos®
- _—r== 4b
& 1 ¢cs Low Ca (4b)

In order to use Eqgs. (4a - 4b), we measure 6 and use D as an adjustable parameter.
Again, like for surfactant solutions, § depends on Ca. More precisely, as shown in Fig. 9a,

we can collapse all the angle measurements from surfactants and foams on the same plot
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Figure 8: a. Top-view of olive oil extraction by an aqueous foam with R, = 100 ym and Q = 50 yL/min.
Fluorescent dyed oil appears green-yellow. The flow is from left to right. b. Foam flow in the channel with
D, the film thickness between the substrate and the bubbles. c - f. Efficiency « as a function of the injected
volume Qt for different systems: c. Olive oil extraction by a foam with R; = 30 pm. d. Silicon oil 1 extraction
by a foam with R, = 30 um. e. Extraction for silicon oil 2 and R; = 30, 100 and 200 pm, and H = 179 pm. f.
Comparison between surfactant solutions and foams with a varying channel height (89 or 178 pm). In the
legend, O, Q (uL/min), R (um) and H (pm) are, respectively, the oil type, the injection flow rate, the mean
bubble radius and the channel height.
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by introducing a new capillary number Ca = Ca(H/{) where / is the characteristic length

for viscous dissipation. If / = H for surfactant solutions, then Ca = Ca,and ¢ = D for

foams. Fig. 9b-c compares aeyxp and f(aexp) to G(t) = WIC{%LO Z—Z’%Qt. We are able to obtain

good agreement between Egs. (4a - 4b) and our data sets.

a. 90
[
. )
® ]
60 | °
oh L o™
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Figure 9: a. Measurements of the receding contact angle 6 as a function of Ca. b. Experimental efficiency

texp as a function of G(t) = WﬁISgLD 77—’: éQt for some oils, Q (uL/min) and R;, (um). c. f(aexp) as a function

of G(t) for the same parameters. f(a.yy) = G(t) is represented by the black dashed line.

The fitting parameter D is found to vary between 1 ym and 7 um, as shown in the
inset of Fig. 10a. The values of D are in reasonable agreement with common orders of
magnitude found for a bubble moving across a solid wall.#>4¢ Also, we notice that D
and T,{; "™ do not depend strongly on R, since a(Qt) maintains the same profile when

we increase R by 10 times (Fig. 8e). More precisely, we compare the results for D to the

estimations of film thickness provided by mathematical studies of the liquid meniscus
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at a solid wall. To do so, we introduce the dimensionless film thickness D* = D/ H and

the dimensionless applied shear stress T,{yoam* = T,{yoamH / Yaw by non-dimensionalizing

D and T,{yoam, respectively, by H and by v,,/H. In Fig. 10, we plot D* and T,{;am* as a
function of the outer capillary number Ca* = 1,Q/(WH<aw) that differs from Ca by
replacing 7y, by the air-water interfacial tension <,,. We find a good collapse with the
exact solution for wet foams, made with the combination of surfactants and fatty acids
used in our experiments and developed by Denkov et al.#># in the limit of wet foams. In

their study, they find:
D* = Ca*!/? (5a)

o)™ = 4.63¢(e)Ca*1/? 4 7.35x () Ca*?/? (5b)

where ¢ and ) are functions of the liquid fraction e. Common surfactant-based foams with
poor rigidity and shorter lifetime, such as SDS or TTAB, exhibit the classical Bretherton
theory#’ for D o« Ca*2/3 on a bubble moving in a channel of comparable size. This scaling
can be derived by balancing the pressure gradient in the meniscus at the bubble front
with the viscous dissipation at the wall. In the exact calculations, friction is neglected
in the central area of the film. However, the calculations by Denkov et al. are based on
the assumption of rigid tangentially immobile interfaces, which means that the velocities
of the upper film surface and the wall are different and creates friction. Thus, it gives a
difference of power laws (Egs. (5a - 5b)). While they consider the bubble radius R; and
the capillary pressure in the bubbles 7,/ R} as the rescaling parameters, we use H as the
characteristic length. One possible reason is that the confinement of the bubbles in the
channel sets a different and unique characteristic length, which is the channel height H.
Since D is smaller when Ca* decreases, this explains why smaller flow rates are more
tavourable to drain oil out for a given injected volume (see Eq. (4a)). This result can also
be interpreted as a longer contact time between the foam and the lubricating liquid when

injection is slow.
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Figure 10: a. Dimensionless film thickness D* = D/H as a function of the outer capillary number Ca* for

all data sets with H = 89 or 178 um. Inset: Film thickness D as a function of Ca* for the same data set. b.

Dimensionless applied shear stress Tj{;um* = T{; “"H /aw as a function of Ca* for all data sets. The green

L 43

dashed line represents the values predicted by Denkov et al.*> with H as a rescaling length.

Summary and conclusions

In this paper, we have shown that surfactants in the outer phase have a strong impact
on the standard shear-driven oil extraction and drainage from liquid-infused surfaces.
First, surfactants adsorb at the oil-water interface. Thus, they change the dynamics of the
contact line between the posts that make up the porous substrate. Second, the adsorption
of surfactants can trigger long-wave and short-wave instabilities at the oil-water interface,
leading to the non-uniform propagation of the extraction front.

Furthermore, using aqueous foams (like in most recovery processes) in the outer phase

changes extraction dynamics drastically. The existence of a thin water film between the
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foam and the oil phase increases the shear exerted by the outer phase. Thus, it also
decreases by up to two orders of magnitude the typical injection flow rates required to
extract oil completely out of the channel. The decreasing value of the film thickness when
the outer capillary number Ca* is reduced also means that lower flow rates increase the
efficiency of oil recovery for a given injected volume of foam.

In conclusion, we show that the shear-driven drainage of slippery liquid-infused
surfaces by surfactant solutions and aqueous foams can be understood with the theoretical
arguments developed by Wexler et al. for pure aqueous phases.! However, the chemical
and physical nature of the external flow modifies the dynamics of the receding contact line
and/or the nature of the applied shear stress. In both cases, we account for these interfacial
effects by introducing a modified dependence on the capillary numbers Ca and Ca*. The
failure of the liquid-infused surfaces is enhanced when the interfacial capillary number Ca
is increased for surfactant solutions, especially by the reduction of the oil-water interfacial
tension. In the foam case, decreasing Ca* for a given injected volume of foam enhances

the oil extraction and the subsequent failure.
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