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spontaneously displaced by water on a micron size spherical glass surface. By controlling wettability
of the substrate and chemistry of surrounding aqueous solution, the displacement dynamics of three
phase contact lines over a wide range of capillary numbers were studied. The rates of spontaneous oil
displacement showed a strong dependence on fluid viscosity and interfacial properties of the system. The
observed wetting dynamics were modeled using hydrodynamic and molecular-kinetic theory. Energy
dissipation in the immediate neighborhood of the contact line was shown to determine the wetting

Keywords:
Wetting dynamics
Dynamic contact angle

Micropipette dynamics of our micron scale experiments, even when capillary numbers were well above 10~4 in which
Molecular kinetic model hydrodynamic flow regime could be usually expected for conventional macroscopic systems.
Hydrodynamic dissipation model © 2016 Elsevier B.V. All rights reserved.

1. Introduction

Many industrial processes and life sciences involve liquid-
liquid displacement from solid surfaces. This includes cleaning
detergency, mineral flotation, bitumen extraction and fluid flow
in microfluidics encountered in life science, material fabrica-
tion and enhanced oil recovery [1-3]. Here, one liquid displaces
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Fig. 1. Typical images showing oil displacement by water from a solid microsphere. The apparent contact angle 6 is measured from the aqueous phase.

another until an optimal configuration is reached, which is nor-
mally described by contact angle of liquid-liquid interface on a
solid surface. The process is often aided with the addition of chem-
icals, which modify interfacial properties of the system. Thus, in
order to provide scientific directions to design systems that opti-
mize conditions for relevant practical applications, understanding
the mechanisms of liquid-liquid displacement and the parameters
that control the rate of displacement can be crucial.

The majority of previous work in wetting dynamics focused on
liquid/gas/solid systems. A typical example would be the spreading
of aliquid drop of several millimeters in size on a smooth, homoge-
neous, flat surface in air. To describe the underlying physics behind
the process, either molecular-kinetic or hydrodynamic approach,
which differ mostly in consideration of dominant energy dissi-
pation mechanisms, are largely adopted. Both models are widely
applied to describing numerous liquid-gas experiments, and sev-
eral thorough reviews [4-6] are available. In contrast, liquid-liquid
displacement has been investigated sparsely, and even less so
for the droplet recession on the micrometer sized solid surfaces,
despite its great scientific and practical importance.

Some of the early liquid-liquid displacement experiments were
analyzed using hydrodynamic approach. Foister [7] investigated
spontaneous displacement of one liquid by another from smooth
and flat solid surfaces. Immiscible liquids of wide viscosity range
were used. The viscosity ratio was found to have a significant
effect on the rate of displacement. Foister tied the experimental
observations with hydrodynamic theory of Cox [8], where lig-
uid viscosity ratio plays a critical role. Essentially hydrodynamic
approach assumes that three-phase contact line is driven by capil-
lary forces while excess energy is lost through viscous dissipation
in either liquid. However, Fermigier and Jenffer [9] pointed out
that purely hydrodynamic model systematically underestimates
dynamic contact angles when carefully compared with the exper-
imental results. In fact, Sheng and Zhou [10] suggested another
dissipation mechanism that might play an important role, espe-
cially for the systems below certain capillary number range.

At low capillary numbers, viscous dissipation in liquid bulk
becomes negligible and contact line displacement rate is controlled
by adsorption/desorption processes described in molecular-kinetic
theory of Blake and Haynes [11]. This approach suggests that
majority of energy dissipation takes place in immediate vicinity
of contact line, and the displacement rate depends on the nature
of liquid-solid interactions. Ramiasa et al. [12] investigated slow
displacement of water by millimeter size dodecane droplets from
the flat thiol-coated gold surfaces. Immiscible liquid phases in their
study were kept constant, while substrate wettability was altered
by applying varying degrees of thiol coating. Ramiasa et al. were
able to demonstrate experimentally that whenever molecular-
kinetic approach was applicable, wetting line energy dissipation
changed exponentially with work of adhesion.

Fetzer et al. [13] suggested that it is possible to decide based
on capillary number range whether molecular-kinetic or hydrody-
namic mechanisms control the rate of wetting line displacement.
The authors established that molecular-kinetic approach describes
liquid-liquid displacement from solid surfaces very well, as long
as associated capillary numbers are below 2 x 104, In the range
of capillary numbers above 2 x 1074, Fetzer et al. recommended
hydrodynamic models although unrealistic fitting parameters were
produced. The discrepancy was explained by possible inertial dete-
rioration of contact line displacement at high displacement rates.
It should be emphasized that majority of existing studies on liquid-
liquid displacement dynamics, as described above, are limited to
the so-called macroscopic systems where flat solid substrates and
liquid droplets with over 1 mm in size are usually used. Most
recently, Lin et al. [14] (our research group) investigated dynamic
dewetting of a solid microsphere by individual emulsion liquid
droplets, where inertial effects could be safely neglected. It was
found that in certain cases both molecular-kinetic and hydrody-
namics based models produce good fit to the experimental data.
This finding suggests that there might be a range of experimen-
tal conditions where both adsorption/desorption mechanisms and
hydrodynamic dissipation in liquid bulk have a comparable impact
on liquid-liquid displacement rates.

In this communication, we report the reverse
process,—spontaneous wetting of an immiscible viscous oil
droplet by water from micron size spherical glass surfaces (Fig. 1).
System parameters that include surface treatment of solid, charac-
teristics of oil, water chemistry (pH and electrolyte concentration),
and temperature were tuned to investigate their effects on the
microscale displacement dynamics of liquid-liquid wetting line.
This system is of special interest, since the associated gravitational
and inertial effects are negligibly small (Bond number less than
10-5, Weber number less than 10-19) and the distortion of liquid
droplet profile at the three-phase contact line could be therefore
ruled out. Most importantly, by controlling the system’s important
physicochemical properties including solid wettability, interfacial
tension, and viscosity of immiscible liquids, capillary numbers of
the system can be varied widely as desired. As a result, we are able
to examine how well the available models describe microscale
three-phase contact line displacement dynamics over a wide range
of capillary numbers. Molecular-kinetic model was found to fit
experimental data at capillary numbers well above 10~4, which is a
cross over region between thermally activated and hydrodynamic
flow regimes suggested in literature [6,13].

2. Materials and methods
The present experiments were performed using a setup

modified to what we reported previously [14], where detailed
description on fabrication of micro-spherical tips was given.
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Fig. 2. Scanning electron microscope image of freshly fabricated micron size spher-
ical glass surface. The root-mean-square surface roughness was determined to be
1 nm. The nanometer scale features in the image were due to the pre-coated gold
film of nanometer thickness on sputtering tool, required to obtain high quality SEM
images.

However, oil displacement experiments were carried out in this
study as follows: first each micron size solid surface was coated
with a thin meniscus of viscous oil in air, and then immersed in
aqueous electrolyte solutions of controlled pH and ion concentra-
tion at a given temperature. Spontaneous relaxation of oil droplet
as water advanced on solid surface was monitored using an opti-
cal microscope (Zeiss Axiovert 200). The resulting images (Fig. 1)
were analyzed to obtain the temporal evolution of water advanc-
ing contact angle, i.e., the angle between two tangent lines drawn
at three-phase contact point measured from the aqueous phase. A
video clip demonstrating the displacement process is given in the
supporting information.

Any real surface has a degree of heterogeneity associated with
it, and it was our goal to reduce the scale of roughness on our sub-
strates. Atomic scale smoothness is characteristic for liquid surfaces
[15], and thus by solidifying molten glass in a clean environment
one can produce very smooth substrates. This phenomenon is in
fact utilized in a production of floated glass, where glass flows on
liquid tin surface and liquid-like smooth substrates are generated
[15].

Much like floated glass fabrication process, our micron size
spherical glass substrates were melted next to hot platinum wires
and allowed to solidify in clean laboratory environment. The root-
mean-square surface roughness of our glass substrate was found
to be about 1nm, as illustrated by the image of scanning elec-
tron microscope in Fig. 2. The surface can be considered smooth
(note that it was essential to coat a nanometer scale layer of gold
for scanning electron microscope imaging of our non-conducting
substrates, with the nanometer scale features in Fig. 2 being likely
produced by gold sputtering).

Effects of solution pH and CaCl, concentration on viscous oil
relaxation were examined on freshly fabricated micron size spher-
ical tips at room temperature. Aqueous solutions were prepared
from deionized water, to which certain amounts of salts were
added. A baseline solution contained 100 ppm of NaHCO3 and
500 ppm of NaCl, with pH being controlled at 8.0 by the addition of
NaOH. This solution was further modified by either adding CaCl; or
increasing pH (Table 1). Viscous oil used in this study was coker-
feed bitumen (CFB) provided by Syncrude Canada. The viscosity ()
of bitumen changes exponentially with temperature, which was
measured using a rotational rheometer (TA Instruments AR-G2). In
contrast, the change in bitumen-water interfacial tension (y) could
be considered negligible if there is any over the temperature ranges
studied [16-23]. Instead, the significant change of bitumen-water

interfacial tensions could be readily achieved through the change of
aqueous electrolyte ion concentration and pH [16,17,20,21,24-27],
which was measured using emulsion drop-shape recovery tech-
nique developed by Moran et al. [24]. In this novel technique, the
bitumen-aqueous phase interfacial tension was determined from
characteristic time of shape recovery of elongated emulsion drops,
with the known fluid viscosity of the droplets determined indepen-
dently using the above-mentioned rheometer.

As shown in Table 1, the trends and magnitudes of the mea-
sured interfacial tension in alkaline solutions (pH 8-11) at ambient
conditions in this study were consistent with those reported pre-
viously on bitumen from Athabasca oil sands [16,17,20,24-26] and
Utah tar sands [21,27]. Silicon oils (SO) with a range of viscosities
(denoted as s12 to s97) measured by the AR-G2 rheometer and
interfacial tensions measured by a conventional Kruss K-12 pro-
cess tensiometer were also used in a few control tests. Due to their
great difficulties for direct measurements and very slight impact
of temperature, bitumen-water interfacial tensions at higher tem-
peratures (50 °C and 70 °C) were estimated via linear extrapolation
using a temperature coefficient of —0.013 mN/(m- deg) as suggested
by Drelich [16].

Effect of solid wettability on three phase contact line displace-
ment velocity was investigated by controlling the affinity of micron
size glass surface to water. This was achieved by controlled hydroly-
sis of the freshly prepared micron size spherical glass tips immersed
in the baseline aqueous solution for a period of time prior to oil
coating and displacement experiments. The longer the glass tip was
exposed to water, the higher its affinity to aqueous phase and hence
the water wettability.

In each of the displacement experiments, the dynamic water-
advancing contact angle was observed to reduce rapidly at early
stages and the change slowed down when it is approaching a static
(constant) value. Wetting line displacement velocity showed a
strong dependence on surface wettability of the micron size sphere,
chemistry of aqueous solution and viscosity of oil. By adjusting
these parameters we were able to cover a wide range of cap-
illary numbers, and thus test applicability of hydrodynamic and
molecular-kinetic models to liquid-liquid displacement dynamics
from solid surfaces.

3. Dynamic displacement models

Hydrodynamic (HD) model of wetting line displacement typi-
cally involves solving creeping flow equation in the vicinity of the
contact line. Huh and Scriven [28] were among the first to take this
approach when investigating flow near simple wetting line wedge.
Taking a conventional no-slip boundary condition between a lig-
uid and a solid, they found that hydrodynamic solution results in
unbounded stresses at the wetting line [28]. This unbounded stress
is a common problem to all hydrodynamic solutions of dynamic
wetting, and it is normally attributed to rheological anomalies and
breakdown of the continuum assumption at the contact line. One
way around this problem is to relax no-slip boundary condition in
the immediate neighborhood of the wetting line; hence a typical
hydrodynamic solution would include a phenomenological slip-
length parameter Lp,.

One of the most complete hydrodynamic solutions of liquid-
liquid displacement on the solid surface was developed by Cox
[8,29]. In his model, wetting line neighborhood was divided into
inner, intermediate and outer regions, and the matched asymptotic
expansions were used to link apparent contact angle with the wet-
ting line displacement velocity. We should note that in our system,
oil viscosity is many orders of magnitude greater than viscosity of
water, and viscous dissipation dominantly occurs in the core of oil



B.K. Primkulov et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 497 (2016) 336-343 339

-\r/?sbcl:si]ties (W) of viscous oils and oil-water interfacial tensions (y) of systems used in displacement tests.
Denote Qil CaCl, (ppm) pH v (mN/m) W (Pass)
baseline CFB 0 8.0 13.9* 1040.0
Cal00 CFB 100 8.0 143" 1040.0
Ca200 CFB 200 8.0 15.2% 1040.0
pH10 CFB 0 10.0 7.9* 1040.0
pH11 CFB 0 11.0 4.9% 1040.0
T50 CFB 0 8.0 13.6° 66.7
T70 CFB 0 8.0 13.3* 8.5
s12 S012 0 8.0 44.0! 12.2
529 S029 0 8.0 38.0! 29.2
s58 S058 0 8.0 40.6! 58.4
s97 5097 0 8.0 30.8! 97.3

#Measured by drop-shape recovery method.
$Estimated by linear extrapolation suggested by Drelich [16].
IMeasured by K12 process tensometer.

Table 2
Optimal fitting parameters of experimental results to hydrodynamic (HD) and molecular-kinetic (MK) models.
0 Lm 95% CI I A
Denote D -
(deg) (m) (m) €W} (nm)
baseline 79 5x 10% 2x10°% 1 x 10% 3.6+0.3 1.54+0.01

pH10
pH11
Cal00
Ca 200
T50
T70
s12
s29
s58

s97

74

63

87

94

80

59

95

94

101

106

3x 10°!
5x 100
6x 107110
Ay Ty
2x 104
2 5% 107
2x 1022
3x 10718
2x 10

3x 10

1x10%;8x 108

2x 1075 1 x 1014
2x 10?2 x 108
8 x 10'% 5x 10°%°
1x10%%3x 108
1x 107%; 2 x 107'%
3x102%; 1 x 108
4x 1028 2x 10148
3x101%:1x 10

5x107%7;3x 107

0.28+0.2 223+0.01

51+7 1.36+0.05

0.36+0.2 1.94+0.01

0.27+0.2 2.02+0.01

60+3 1.62+0.01

912+94 1.20+0.03

1.2+0.6 2.10+0.07

0.7£0.2 2.63+0.06

3.8+0.3 225+0.02

232202 3.09+0.03

droplet rather than in water. Thus, Cox’s solution takes its simplest where U is the wetting line displacement velocity, 0 is the
form, resulting in the following governing equation [5].

U=

y[n—053—n—93]

,for0>m/4

9uIn L/,

dynamic water-advancing contact angle with (m—8) being
the dynamic contact angle measured from oil phase, 05
) is the static contact angle, v and W are oil-water inter-
facial tension and viscosity of oil, respectively, L and Ly
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are macroscopic and microscopic length scales of the
system. Essentially, in hydrodynamic solution, capillary forces
drive the droplet toward the equilibrium shape while viscous dissi-
pation in the droplet bulk retards the wetting line displacement. It
is important to note that microscopic length scale Ly, is not known
a priory, and it is often used as a fitting parameter to experimental
observations. This slip length is not expected to be smaller than
molecular length scale [4], and thus applications with smaller
fitted values of Ly, could be governed by other mechanisms.

Molecular-kinetic (MK) approach[11] suggests that wetting rate
can be controlled by adsorption-desorption processes at the wet-
ting line on the solid. It assumes that solid surface has a large
number of identical adsorption sites. Liquid molecules can attach
to or detach from these sites, and there are energy barriers asso-
ciated with this process. In the case of oil droplet displacement,
the difference between the static and dynamic contact angles
alters corresponding energy barriers. The new energy barrier makes
water adsorption to glass more favorable, forcing the oil to recede
from the solid surface. Molecular-kinetic solution involves two
key parameters: typical distance between adsorption sites \, and
frequency k° of adsorption/desorption events at equilibrium. The
relationship for the wetting line velocity is given by

y [cos (7‘[ - 6) — cos (n’ - 65)] A2
ZkBT ’

U = 2k%\sinh (2)

where kg is the Boltzmann constant, and T is the absolute tempera-
ture. Typical distance between adsorption sites A, and frequency
of adsorption/desorption events k° are normally used as fitting
parameters. These two parameters can be combined into a coef-
kgT
KO3
energy losses due to molecular processes at the contact line. In
molecular-kinetic theory, energy is dissipated at the contact line,
and viscous dissipation in liquid bulk is considered negligible.

Fitting parameters are inevitable in both models of dynamic
displacement. In hydrodynamic solution of wetting/dewetting,
parameter Ly, is often referred to as cutoff or slip length, and itis a
necessary tool for removing the unbounded stresses at the contact
line.

At the same time it is not well understood how the value of
the slip length depends on the physical properties of the system.
de Gennes suggested that the slip length of a fluid flowing over
a smooth solid surface should be comparable to a the scale of
molecules [4]. However when the flowing fluid is a polymer melt,
the values of the slip length can be significantly greater than the
nanometer scale [4]. Similarly, there is no definitive way to pre-
dict the values of molecular kinetic parameters \ and k°. While A
is expected to be of molecular scale, the frequency of displacement
events k° is known to vary greatly [5].

As a result, theoretical models of displacement dynamics are
normally fit to the experimental data using k° and \ or L, as fitting
parameters [5,12,13,20,30]. In our work we optimized the values
of either Ly, (HD model), or k° and N\ (MK model) to produce the
best fit to experimental curves with least square errors. The fitting
was done by utilizing bounded trust region approach [31,32] with
maximum number of function evaluations set to 5000 and abscissa
and ordinate tolerances set to 10~39, Estimates of 95 percent confi-
dence intervals were obtained for each fitting parameter from the
residuals and the Jacobian of nonlinear fitting.

The fundamental difference between the two models is the
source of energy dissipation. While hydrodynamic model assumes
that the excess energy is lost due to viscous dissipation in liquid
bulk, molecular-kinetic model assumes that energy is dissipated in
the immediate neighborhood of the contact line.

ficient of wetting line friction ({ = ) which is a measure of
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Fig. 3. Effect of micron size spherical glass wettability on liquid-liquid displacement
velocity at ambient temperature. See Table 2 for fitting parameter values.

4. Results and discussion
4.1. Effect of solid wettability

Wetting line velocity exhibited a strong dependence on sub-
strate wettability: oil droplets receded faster on more hydrophilic
surfaces. Fig. 3 shows the faster contact angle evolution with
increasing the degree of substrate hydrophilicity from (a) to (e).
Since the chemistry and temperature of water and oil phases were
kept constant from one experiment to another, the only factor that
changed was the strength of solid-liquid interactions at the contact
line.

Theoretical fitting of the experimental data with hydrodynamic
model (Eq. (1)) generates unrealistically small values of the slip
length Ly, for curves (a) to (d) in Fig. 3. All of these experiments
have associated capillary numbers below 0.12. On the other hand,
the fit of the hydrodynamic model is improved for curve (e),
where parameter L, is of nanometer scale. Fig. 3 also displays the
molecular-kinetic curve fitting to wettability data. While parame-
ter A remains within the nanometer scale for all the experiments,
the frequency parameter k° increases sharply from (a) to (e). Since
the only condition that changed from one experiment to another
was the substrate wettability, we find that the frequency of adsorp-
tion/desorption events at equilibrium k° strongly depends on the
strength of solid-liquid interactions.

Overall, we observe a qualitative transition from molecular-
kinetic model to hydrodynamic model as the capillary number
increases. While molecular-kinetic model produces a good fit to
the experiments with capillary numbers below 0.12, hydrodynamic
curve has a closer fit to experiment (e) in Fig. 3.

4.2. Effect of pH

It is believed that changes in aqueous solution pH affect both
oil-water and glass-water interfaces. Higher pH values aid ioniza-
tion and accumulation of natural surfactants at oil-water interface
[33]. This reduces oil-water interfacial tension vy, which was ver-
ified with our drop shape recovery tests (Table 1). At the same
time, increased concentration of the OH~ group in aqueous solu-
tion also triggers higher degree of deprotonation of hydrolyzed
substrate surface [33]. The glass surface accumulates additional
negative charges [33], which makes the surface more hydrophilic
[34].

As illustrated in Fig. S1, the initial displacement rates of vis-
cous oil from the untreated glass microsphere in ambient aqueous
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solutions decreased from (a) to (b), and then increased from (b)
to (c) as solution pH increased from 8.0 to 10.0, and 11.0. At a
higher aqueous pH, the glass surface becomes more hydrophilic,
and thus oil should be displaced faster from the glass surface. How-
ever, higher values of pH also reduce oil-water interfacial tension
(Table 1). Smaller values of vy reduce the numerators in govern-
ing equations of hydrodynamic and molecular-kinetic models (see
Egs. (1)-(2)), and hence reduce the driving force for the displace-
ment of three phase contact line. As a result, there is a competing
effect between the more hydrophilic substrate and smaller driving
force for oil displacement as the aqueous solution pH increases from
8.0 to 11.0. Results in Fig. S1 demonstrate a closer fit to molecular
kinetic model, while hydrodynamic fitting produces Ly, parameter
well below the scale of molecules. This finding suggests that the
oil displacement in above experiments is governed by energy dis-
sipation mechanisms at the contact line rather than hydrodynamic
viscous dissipation in the liquid bulk.

4.3. Effect of CaCl,

Much like the effect of solution pH, the presence of Ca%* ions
modifies both oil-water and glass-water interfaces. Compared with
the effect of pH, however, the changes are in the opposite direc-
tion. Ca* ions reduce the concentration of natural surfactant at the
oil-water interface [33], and thus slightly increase oil-water inter-
facial tension, as shown in our interfacial tension measurements
(Table 1). Moreover, at solution pH of 8.0 and above, calcium mono-
hydroxy ions (CaOH*) adsorb on hydrolyzed silica surfaces (Si0~)
forming covalent SiOCa linkage, which reduces the overall nega-
tive charge of the substrate [33,35]. As a result, the glass surface
becomes less hydrophilic.

Fig. S2 shows experimental displacement velocity profiles on
the untreated solid surface in ambient aqueous solutions of dif-
ferent CaCl, concentrations. As the concentrations of the divalent
salt increased from (a) to (c), the corresponding oil displacement
rates decreased. The experimental results of the displacement
dynamics at different CaCl, concentrations are closely matched by
molecular-kinetic model. The frequency parameter k° is smaller
on less hydrophilic substrate surfaces, while A\ remains within the
nanometer length scale.

4.4. Effect of viscosity

In aforementioned experiments, the system'’s interfacial proper-
ties were modified and oil viscosities were kept constant. However,
reducing the liquid viscosity can be another powerful tool to aid oil
displacement. In our experiments oil viscosity was reduced expo-
nentially with increasing its temperature.

Fig. S3 shows the temporal contact angles of oil droplets at 25 °C,
50°C, and 70°C. It is interesting to note from Fig. S3 a close fit
of experimental data by molecular-kinetic model. Parameter k°
increases for experiments with less viscous oil, which confirms
the inverse relation between k° and fluid viscosity, as suggested
by Blake [5].

It is important to note that when the silica surface is not fully
hydrolyzed, which was the case in our micropipette experiments,
high temperature of aqueous phase could accelerate hydrolysis and
deprotonation of the substrate. As a result, the solid surface would
become more hydrophilic, and static contact angle would decrease,
which was observed in our droplet displacement experiments at
70°C.

The above set of experiments was supplemented with the tests
using pure silicon oils with the results shown in Fig. S4. In this case,
natural surfactants were not present in silicon oil and in the system,
which resulted in higher oil-water interfacial tensions (see Table 1).
Silicon oils had a range of viscosities, and their displacement

12~
[ Baseline
O Caeffect
10+ /A pH effect
v T effect
8. <> Wettability effect
<] Silicon oil
—_
3
SECE \
£
4-
2.

04 02 00 02 04 06 08 10
cos(6,)

Fig. 4. Relation between the normalized wetting line friction coefficient and cosine
of the static contact angle.

velocity profiles were more closely matched by molecular-kinetic
rather than by hydrodynamic model.

4.5. Discussion on wetting line friction

Overall, we observed strong dependence of the rates of sponta-
neous liquid-liquid displacement on the final (static) contact angle
in all of our experiments. In fact, Blake and Coninck proposed based
on a group of experimental studies that the wetting line friction
coefficient depends linearly on viscosity and exponentially on work
of adhesion, a measure of energy needed to separate oil from the
substrate immersed in an aqueous phase, as shown in Eq. (3) [36]:

g‘%/"LvLexp(Wakz) , 3)

A3 ksT

where v is volume of flow unit, and W, equals y(1—cosfs).
The above equation can be rearranged to become In (%) A
In(3%) + % - %cos@s. Hence, in a system where molecular-
kinetic description of wetting applies, plotting experimental values
of In({/w.) versus cosOs leads to a straight line.

Molecular-kinetic fitting parameters k° and A are combined into
the wetting line friction coefficients, and In({/) is plotted against
cosine of static contact angle (6s) in Fig. 4. The wetting line fric-
tion coefficient has the same units as the fluid viscosity and can be
used as a measure of resistance to flow at the contact line. From the
slope of the straight line in Fig. 4, we can deduce that the molec-
ular jump length \ is about 1.12 nm (see Eq. (3)). It appears that
the jump length A remains close to the calculated value in each
case where the MK model is applicable to our systems. A typical
flow volume vy in our set of experiments can be obtained from a
known value of \ and the intercept value in Fig. 4, and it is esti-
mated to be 5.1nm3. These two parameter values are in a good
agreement with the molecular nature of the MK model [5]. Most
importantly, Fig. 4 shows that the wetting line friction { for our
two-liquid systems increases in proportion with viscosity of the
wetting liquid p, and it increases exponentially with increasing
system’s static contact angle, as predicted. It is also worth not-
ing that although the jump length N\ appears nearly unaffected
by the viscosity, the jump frequency ke varies inversely with the
viscosity, since { has a linear relation to . Therefore, lower viscos-
ity results in a lower value of the friction coefficient and hence
higher frequency. Our results of the solid/liquid/liquid displace-
ment provide further evidence that whenever viscous interactions
with neighboring fluid molecules remain significant in the wetting
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Fig. 5. Correlation of molecular-kinetic model fitting parameters to substrate wettability.

line friction and interfacial destruction/creation process, molecular
adsorption/desorption at contact line may be the underlying mech-
anism of dynamic wetting. It is reinforced from our results that
both viscosity and interfacial tension are critical physicochemical
parameters in the molecular kinetic theory [14,36,37].

4.6. Surface heterogeneity

Alternatively, adsorption/desorption events (molecular jumps)
of the molecular-kinetic model can be viewed as a stick-slip
propagation of the interface on a substrate with small surface het-
erogeneities [6]. Therefore, the wetting line friction coefficient can
be interpreted as dissipation at the contact line due to energy barri-
ers associated with surface imperfections. In fact, molecular-kinetic
equation of wetting is found to provide effective description on con-
tact line displacement in the presence of surface imperfections [6].
In this case A and k° represent the length scale and frequency of
stick/slip events. Hence, one can expect that the length A of these
stick/slip events is similar in scale to surface heterogeneities. In
fact, parameter A remains in the range of few nanometers in all
of our displacement experiments (Fig. 5), which is consistent with
the estimates the scales of our system’s surface heterogeneity fea-
tures (Fig. 2). It is interesting to note that both \ and k° vary with
the degree of solid wettability (static contact angle) in Fig. 5. This
dependence means that the scale and the frequency of the stick/slip
events are correlated to the variations in the substrate nanoscale
wettability. In other words, changes in substrate wettability can be
responsible for altering the scale of surface imperfections or energy
barriers associated with the stick/slip events.

In search for an alternative explanation on our dynamic
wetting characteristics, we fitted our experimental results to
hydrophilic/hydrophobic lattice (HHAL) model developed by Liu
et al. to quantify specifically the surface dynamic behavior of
polymers [38]. As shown in Fig. S5 given in the supplementary
information, the model fitted very well with our experimen-
tal results. However the fitted model parameters given in Table
S1 of the supplementary information were orders of magnitude
different from the values presented by Liu, et al. This is not
surprising as our substrate is not a polymer. In our case, the con-
tact line displacement dynamics are not governed by diffusional
migrations of hydrophobic moieties from substrate to liquid bulk.
This is because the glass substrate in our study is hydrophilic
throughout the dynamic displacement process of oil droplet as a
result of spreading a layer of viscous oil on hydrophilic glass sur-
faces. In our case, the displacement of the contact line is driven
toward equilibrium shape by uncompensated interfacial forces
(F =y [cos ( - 6) —cos ( — 65) ).

5. Conclusions

Overall, this work presents an important advance in providing
experimental data and physical outlook of micron scale liquid-
liquid displacement on solid surfaces over a wide range of capillary
numbers in the absence of gravity and inertial effects. It has been
demonstrated that at micron scale both viscosity and interfa-
cial properties of the system can be used to adjust the rates of
spontaneous liquid-liquid displacement. The rates of liquid-liquid
displacement were defined by energy dissipation mechanisms in
the immediate vicinity of contact line at low capillary numbers,
while viscous dissipation defined dynamic wetting of higher cap-
illary numbers. In our experiments, the qualitative transition from
one model to another did not take place at 10~%, but occurred at
higher values of capillary number. This finding suggests that even
nanometer scale surface heterogeneities can significantly shift the
cross-over region between the hydrodynamic and wetting line fric-
tion dominated flows in micron scale droplets.
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