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ABSTRACT: Liquids in contact with chemically and physically heterogeneous surfaces are ubiquitously encountered, yet little is
understood about how those surface heterogeneities affect the dewetting dynamics of thin liquid films. Variations in the local contact
line mobility cause nonuniform dewetting, and our working hypothesis was to decouple those heterogeneities to explain the role of
each on the local contact line mobility of a viscous liquid. Thin liquid film recession was measured on roughened surfaces that were
either clean or contaminated by clustered macromolecules. Atomic force microscopy was used to characterize the surface features
(peaks and troughs) before and after droplet dewetting. Surfaces were initially wetted by the highly viscous liquid in air before
flooding with water. On roughened uncontaminated surfaces, a pattern of smaller micron-sized droplets dispersed around the
receded primary droplet remained on the surface. On chemically contaminated surfaces those micron-sized droplets were only seen
on the roughest surfaces, and on smoother surfaces, secondary daughter droplets were formed but were much larger and less in
number. The larger droplets formed due to the chemical heterogeneity. The smaller micron-sized droplets formed due to variations
in the local contact line velocity which occurred at surface pits due to the changing apparent contact angle. Hence, the size of
daughter droplets corresponded to the size of the surface pits. For roughened surfaces, the effect of chemical heterogeneity was less
significant than the physical roughness which had more of an influence on modulating the local mobility of the receding contact line.

1. INTRODUCTION
Droplet-surface interactions and the associated dynamics are
critical to the performance of numerous processes, for example
self-cleaning surfaces,1,2 the recovery of crude oil3−5 and inkjet
printing.6 Many interesting phenomena can be observed when
liquids interact with solid surfaces, and by understanding the
governing scientific principles of those interactions, it is then
possible to manipulate them to produce fascinating behaviors/
features such as patterned surfaces,7,8 enhanced mixing of
droplets,9,10 accelerated wetting dynamics,11 and many more.
Dewetting is the process of a liquid reducing its contact area

on a surface, and the driving force for droplet recession is
governed by the balance of interfacial energies between the
three contacting phases. Droplet dewetting on uniform
surfaces is well described but is more complex and less well
understood on surfaces that include both chemical and
physical heterogeneities. For smooth surfaces with chemical
heterogeneity, we have shown that highly viscous oil droplets

undergo discontinuous dewetting which leads to the formation
of small daughter droplets.12 Those smaller droplets form due
to the uneven motions of the local contact line, with the
contact line moving slower on hydrophobic patches than the
hydrophilic substrate. Droplet separation can also occur on
uniform surfaces. Podgorski et al.13 observed the dynamics of a
droplet running down an inclined smooth plate due to gravity
and showed that the shape of the moving droplet was
independent of the droplet size and depended only on the
capillary number (Ca). The shape of the droplet changed from
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a rounded drop to a pearling drop with increasing Ca, in order
to keep the velocity constant within the fluid, and finally,
pearling drop and small daughter droplets were formed above a
critical Ca.
For surfaces that are chemically homogeneous but rough,

the equilibrium contact angle is described by a modified
contact angle, known as the Wenzel contact angle, where
water−wet surfaces appear more hydrophilic when roughened,
and oil−wet surfaces more hydrophobic.14−16 The condition
for Wenzel wetting is met when a rough surface is fully wetted
by the liquid droplet.17 While the Wenzel angle describes the
equilibrium-state, the effect of the surface roughness induced
wetted-state on the droplet dewetting dynamics is rarely
studied. Using grid-patterned surfaces, Hu et al.18 observed the
spreading of water droplets immersed in viscous oils that
Wenzel-wetted the surface. As the water droplet advanced
across the surface, small oil droplets were formed in the grid
cavities. The authors attributed the formation of oil droplets to
the cavity dimension, showing through a simple geometry
calculation that when s/h (where s is cavity length and h the
pillar height) is less than tan θA (advancing contact angle),
small oil droplets remain.
For chemically heterogeneous surfaces, the equilibrium

contact angle is described by the Cassie model, cos θc = f
cos θyd1

+ (1 − f) cos θyd2
, where f is the fractional surface area of

component 1, and θyd1
and θyd2

are the Young’s contact angles on
both components.19,20 While the equilibrium-state is under-
stood, droplet dynamics on such surfaces are less so. Using
hydrophilic−superhydrophobic patterned surfaces, Chang et
al.21 studied the mobility of water droplets on Cassie-wetted
surfaces. Dragging the droplet over the patterned surfaces the
authors observed preferential wetting on hydrophilic patches,
with small daughter droplets formed on those patches. The
authors stated that daughter droplets form because of a
pinning force, F = Lγ (cos θr − cos θa), where L is the pinning
width, γ is the water−gas interfacial tension and θa/r are the
advancing/receding contact angles.
The Cassie−Baxter model describes heterogeneous surfaces

that are roughened (porous, pillared), with the heterogeneity
resulting from an inability of the droplet to wet into the pores.
The equilibrium contact angle is described by the Cassie−
Baxter angle, cos θCB = f(cos θy + 1) − 1.22,23 Droplet

dynamics on Cassie−Baxter surfaces can vary with changes in
surface topology even though f is constant.24 Jiang et al.25

studied water droplets advancing and receding on pillared and
porous surfaces. For the same f, the advancing and receding
contact angles differed between the pillared and porous
surfaces, with the relative contributions from the liquid−solid
and liquid−gas interfacial energies changing. This led to
different pinning forces, and for the same f (0.13), the authors
observed droplet separation as a water droplet receded on the
pillared surface but not on the porous surface.
A transition from an apparent Cassie−Baxter state to the

stable Wenzel state is often seen for liquid droplets that are
deposited on roughened surfaces in air.26,27 Murakami and co-
workers studied this wetting transition for water droplets
deposited on pillar-patterned hydrophobic surfaces.28 Vertical
penetration of the water into grooves on the textured surfaces
occurred when the interfacial energy of the Wenzel state (

= +( )E 1 h
xW 2 3 SL, where

h
x
is the substrate aspect ratio, γSL

is the solid−liquid interfacial tension) was lower than that of
t h e C a s s i e − B a x t e r s t a t e (

= + + +( )E f f f(1 ) 1 h
xCB SL LG 2 3 SG, where f is

the corresponding fractional liquid/solid interface, γLG and
γSG are the liquid−gas and solid−gas surface tensions,
respectively).
The current study considers the spontaneous dewetting of

highly viscous oil films on smooth and roughened surfaces that
are either pristine and hydrophilic, or chemically contaminated
and hydrophobic. While much effort is given to understanding
thin oil film dewetting on roughened chemically contaminated
surfaces, reference is also made to our previous study12 where
we evaluated the dewetting of viscous oil films on smooth
chemically heterogeneous surfaces. The latter is needed to
provide a comprehensive assessment of the two factors,
chemical and physical heterogeneities, each of which influence
dewetting dynamics. The objective is to better understand the
critical role of each heterogeneity, chemical and physical, on
the droplet dewetting dynamics. Most real surfaces exhibit
both heterogeneities and to determine the effect of each they
must be mutually studied.

Figure 1. Schematic of the experimental setup used to observe the dewetting processes of viscous oil films. It is noted that the contact angle (θ) is
measured through the aqueous phase and not the droplet. This is to maintain convention with the Young’s theory.
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2. MATERIALS AND METHODS
For all tests a Colombian heavy crude oil was used which had a fluid
viscosity of 0.4 Pa s at 60 °C. Other physical properties of the oil are
provided in our previous publication.12 Milli-Q water (Merck
Millipore, USA) with a resistivity of 18.2 MΩ·cm was used as the
aqueous phase at pH 5.5 ± 0.5. Two solvents, toluene and n-heptane
(Fisher Scientific, UK) had a purity of >99% and were used without
further purification.
2.1. Substrate Preparation. The test substrates were borosilicate

glass (>80% SiO2, Fisher Scientific, UK). The glass slides were
cleaned with excess Milli-Q water, dried with a gentle flow of nitrogen
gas, and exposed to UV/Ozone (Procleaner, Bioforce Nanosciences,
USA) for 20 min to remove any residual organics before storing the
surfaces in a desiccator prior to use. All test substrates were prepared
fresh and used the same day to minimize contamination by dust and
other organics.
A grinder−polisher (Ecomet 250, Buehler, Germany) operating for

10 min at 150 rpm and with an applied force of 25 N was used to
roughen the glass slides. Three sandpapers of various grit size (P240,
P400 and P2500) were used to generate surfaces of different
roughness. After polishing, the roughened surfaces were sonicated in
2% Decon solution for 10 min, before following the same surface
cleaning procedure previously described.
Test substrates were either pristine (uncontaminated surfaces) or

contaminated by soaking them for 24 h in 5 g/L heavy crude oil in
Heptol 1:1 (heptane/toluene, 1:1 vol/vol). The contaminated
surfaces were washed with Heptol 1:1 to remove any loosely bound
deposits, before drying the glass slides in a fume hood for 24 h. The
solvent Heptol 1:1 was used as it is below the asphaltene precipitation
limit, hence the deposits formed are comparatively smoother than the
physical roughening of the surfaces.
2.2. Oil Droplet Dewetting. We have previously studied the

effect of temperature on the droplet dewetting rate, showing that the
rate of dewetting corresponds to the viscosity of the heavy oil which
depends on the system temperature.29,30 Based on our previous
findings we selected 60 ± 1 °C as the test temperature since it
provides optimal dynamics for data capture. A 10 ± 1 μL oil droplet
was deposited onto the test substrate using an Eppendorf pipette. The
test fluid was preheated to 80 °C to lower its viscosity so that a small
volume droplet could be deposited. Once deposited on the surface the
droplet spread to its steady-state, with the temperature of the droplet
then equilibrated to the environment, 60 °C.

The experimental setup is shown in Figure 1. After the oil droplet
had spread, Milli-Q water at 60 °C was gently poured into the test cell
to fully submerge the oil film. As the water interface rose beyond the
test substrate, the oil film began to recede and this process was
captured at 2 fps using two cameras, see Figure 1. To keep convention
with the Young’s theory, the contact angle is measured through the
aqueous phase, such that for contact angles <90° the surface is
hydrophilic and for contact angles >90° the surface is hydrophobic.
Further details about determining the initial condition and subsequent
image processing is provided in our previous publication.12 Each
experiment was repeated with the data provided in Figure S3 of the
Supporting Information.
The experimental dimensionless parameters (Bo, Re, We and Ca)

are discussed in Section S1 of the Supporting Information. The basis
for the calculation is for a droplet dewetting on an unmodified
(unpolished and no contamination) hydrophilic glass substrate, since
the contact line mobility on roughened surfaces cannot be accurately
measured. As such, those values are an approximation of those for the
roughened and contaminated surfaces.
2.3. Receding Contact Angle. The receding contact angle of a

heavy crude oil droplet on the different test surfaces was measured by
withdrawing the heavy crude oil at a constant rate using a 22-gauge
hooked-needle (C210-22, Hamilton, Switzerland), see Figure S1a of
the Supporting Information. To do this, the heavy crude oil droplet
had to be first deposited on the test substrate, and this was done
following the method previously described. The hooked needle was
submerged into preheated (T = 60 °C) Milli-Q water in the test cell
and heavy crude oil was dispensed from the needle at 0.1 μL/s until
the droplet volume was 1 μL. The test substrate with the deposited oil
droplet was then inverted and gently submerged in the Milli-Q water.
This caused the oil droplet to recede to its new equilibrium-state, and
once stable, the oil droplet on the hooked needle was aligned to the
receded oil droplet and slowly moved into contact to coalesce the two
droplets. The oil droplet was then withdrawn at a rate of 0.1 μL/s
(Figure 1b). All images were processed using the instrument software
(OneAttension), and the receding angle was taken as the average of
the left and right contact angles. All experiments were conducted at 60
± 1 °C and repeated at least 3 times.
2.4. Topographical Imaging. The test substrates were imaged at

two length scales using atomic force microscopy (AFM) and confocal
laser scanning microscopy (CLSM). A detailed explanation on the
methods is provided in our previous publication.12 In brief, multiple

Figure 2. Surface topologies characterized by AFM tapping mode of (a) water−wet clean glass surfaces and (b) oil contaminated surfaces with
different roughness. I, II, III, IV represent unpolished surface, surface polished by sandpapers with grits of P2500, P400 and P240, respectively.
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locations on the test surfaces were scanned over an area of 35 μm2

using an Innova AFM (Bruker) operated in tapping mode with an
amplitude set point of 0.6 V. All measurements were carried out at
ambient conditions. A monolithic silicon cantilever (Tap300AI-G,
Budget Sensors) with a force constant of ∼40 N/m and resonance
frequency of 300 kHz was used for imaging. The cantilever tip had a
radius of 10 nm and so any distortion of the line profile due to tip
shape is considered to be negligible.31 For image processing, all
images were flattened using a first-order polynomial, before

determining the areal root-mean-square roughness (Rq‑AFM = Z
n

i
2
,

where n is the number of sampled points in a frame of 256 × 256 scan
lines and Zi is the height at point i). For the CLSM measurements,
larger scans (3.3 mm2) were made, see Figure S2 of the Supporting
Information, and the Rq‑CLSM values determined following the
standard image processing method.
2.5. Numerical Simulations. To complement the experimental

observations and illustrate dewetting dynamics near localized
topographical features, numerical simulations were conducted using
the lattice Boltzmann method. The in-house code used in our
previous dewetting study was extended to include 3D topographies
representing surface roughness.12 Since the oil droplet is very large
compared to the length scale of the roughness, the droplet was
modeled as a segment of an infinitely long liquid bead aligned along
the z axis direction, with periodic conditions applied at each end. A
lattice of 151 × 85 × 101 nodes (in x, y and z directions respectively)
was used, with dewetting occurring in the negative x direction, and y
representing the vertical direction. The topographical features of
interest here are pits in the surface. These were created by first
assigning the bottom 20 layers of nodes to be solid, then creating a
focal pit with a specific size, shape and position by assigning nodes
within the pit to be fluid nodes. Finally, smaller surface pits of random
size were positioned randomly over the whole solid surface to create a
rough surface.
The fluid and phase interaction parameters were the same as in our

previous study12 and further details of the underpinning multiphase
model can be found in ref 32. Note that since the solid surface is now
rather complex, the geometric boundary condition used previously for
controlling the contact angle is difficult to implement. Instead, the
wettability of the solid surface is here determined by specifying an
artificial fluid density ρs = ρw + η(ρo − ρw) on the solid surface, where
ρo and ρw are the densities associated with the oil and water phases
respectively, and η ∈ [0,1] is a normalized “wetting parameter”.33

Setting η = 0 corresponds to a steady-state contact angle θ = 0
(measured through the aqueous phase) and η = 1 corresponds to θ =
180°. Since the purpose of the simulations here is to explore the effect
of topography independently of chemical heterogeneity, the same
value of η was specified over the whole solid surface.

3. RESULTS AND DISCUSSION
3.1. Surface Characterization. All surfaces without and

with oil contamination were characterized using AFM, see
Figure 2. As seen in Figure 2a, the surface is increasingly
roughened when using sandpaper of a larger grit size. Using the
AFM, each surface was imaged over an area of 35 μm2 and the
surface roughness (Rq) was found to increase from 0.009 μm
(±0.1%) to 0.301 μm (±1.5%) from the unpolished to P240
surfaces, respectively (Table 1). Following oil contamination,
clustered deposits of different sizes were seen on the smoother
surfaces [Figure 2b(I,II)], with those deposits less easily
identified on the rougher surfaces, possibly because they are
similar in size to that of the surface asperities. Those clustered
deposits were previously shown to be asphaltenes,12 which is
reasonable since the heavy crude oil has a very high asphaltene
content, ∼39.5 wt % as measured by the SARA analysis
method.5

For oil-contaminated surfaces the measured Rq values were
higher than those of the untreated surfaces, confirming the
deposition of clustered asphaltenes on all surfaces. The same
approach was also used to measure Rq values over a larger scan
area (3.3 mm2) using the CLSM (Figure S2). The general
trends agreed with the AFM analysis, although the Rq values
tended to be higher than those measured by AFM, with those
differences more apparent for the oil contaminated surfaces.
While the two techniques show consistent trends, the Rq values
by AFM have been used to further interpret the droplet
dynamics on the different substrates, see discussions below.
These values were used since AFM provides a direct measure
of surface roughness (via contact mode imaging), rather than
the noncontact method of CLSM.
3.2. Droplet Dewetting on Smooth and Roughened

Surfaces (without Oil Contamination). Measuring the oil
droplet contact angle on the uncontaminated surface, the
change in the Gibbs free energy ( = cosG

A OW ) as the
system moves from solid−oil−air to solid−oil−water is
calculated to be −11 mN/m, confirming the heavy crude oil
film spontaneously dewets when immersed in Milli-Q water.
The dewetted steady-state of the heavy crude oil droplet on the
4 surfaces is shown in Figure 3a, with a comparison of the
steady-state contact angles provided in Figure 3b. The general
behavior is in good agreement with the Wenzel interpretation
for roughened surfaces, where hydrophilic surfaces (θ < 90°)
become increasingly hydrophilic with increased roughness, as
described by cos θw = R cos θy, where R is the roughness ratio
which is the total surface area to the projected surface area.
An observation following droplet dewetting was the

presence of a “halo” pattern on the dewetted surfaces of
P400 and P240 (Figure 3a, side view images). The droplet
“halo” was more visible (greater contrast to the test substrate)
on rougher surfaces, with the presence of daughter droplets
becoming increasingly less visible on the P2500 surface and
unobservable on the unpolished surface, thus confirming a
higher frequency of micron-sized daughter droplets are formed
on surfaces of increasing roughness. Further analysis of the
P240 surface revealed a more prominent “halo” pattern toward
the edge of the initial wetted perimeter, with the pattern
becoming more diffuse further away from that boundary. A
region within the “halo” was imaged by AFM and revealed
features similar to a hemispherical cap (Figure 4a). Profile line
analysis of one of these hemispherical caps was used to
approximate its size, determining its major and minor axes to
be ∼15 and ∼10 μm, respectively, and with a height of ∼1.5

Table 1. Roughness Characteristics of the Four Surfaces
with and without Oil Contamination

surface without oil
contamination oil contaminated surface

Rq‑AFM (μm)
roughness ratio

(r)a Rq‑AFM (μm) r

unpolished 0.009
(±0.1%)

1.001 (±0.1%) 0.011
(±0.1%)

1.012
(±0.2%)

P2500 0.048
(±0.5%)

1.008 (±0.4%) 0.042
(±0.7%)

1.023
(±1.7%)

P400 0.098
(±0.9%)

1.026 (±1.3%) 0.146
(±0.8%)

1.060
(±1.0%)

P240 0.301
(±1.5%)

1.076 (±4.5%) 0.356
(±5.5%)

1.137
(±6.5%)

a =r total surface area
projected surface area

.
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μm. From the AFM image analysis, it is confirmed that these
features are due to micron-sized oil droplets embedded within
the roughened surface. Further evidence of these micron-sized
droplets is provided in the Supporting Information (Figure
S4a). It is thought that these micron-sized droplet are able to
form because the oil fully wets the surface pits as it spreads on
the surface in air.
It is thought that the formation of micron-sized droplets on

roughened surfaces occurs because the deposited thin liquid-
film in air Wenzel wets the surfaces. However, to verify the
initial wetting condition, the approach of Zhang et al.34 was
followed, where the Gibbs free energy for Wenzel wetting is
described by

= [ ] × [ ×
× ]

G F r( ) 2 2cos sin

cos
W W

2/3
W

2
W

Y (1)

where cos θW = r × cos θY, r is the roughness ratio which is the
total surface area to the projected surface area, and θY is the
Young’s angle of the oil droplet on the unpolished surface. And
the Gibbs free energy for Cassie−Baxter wetting, which
describes partial wetting caused by the thin liquid-film
nonwetting into surface pits, is described by

= [ ] × [

× + + × ]

G F

f f

( ) 2 2cos sin

( 1 cos )
CB CB

2/3
CB

2
CB

s s Y (2)

where cos θCB = −1 + fs × (1 + cos θY), and fs is the fraction of
the wetted surface. F(θ) for each wetted state is defined by
F(θX) = 2 − 3 cos θX + cos3 θX, where θX is θW or θCB. The
difference in energies of the two wetted states is then given by

= G GG CB W (3)

To determine the preferential wetted state, the parameter r
was varied between 1 and 2 (with 1.137 being the maximum r
value reported in Table 1) and fs between 0.01 and 0.9. Figure
S5 of the Supporting Information shows that for all conditions,

GCB > GW, and confirms that the initial wetted state of the oil
droplet on the roughened surfaces in air is Wenzel wetting,
hence when deposited in air the oil droplet wets into the
surface pits.
With the oil film fully wetted on the roughened surface, once

immersed in water the oil film spontaneously recedes, see Step
1 to Step 2 [Figure 4b(i)]. Step 2 shows the three-phase
contact line at the incipient point of a surface pit (Point A2). At
A2 the mobility of the contact line changes because of a change
in the apparent contact angle, which at Point A2 is given by, θAd2

= θapp − β, where θapp is the apparent contact angle measured
by the tensiometer [Figure 4b(i)], and β is the slope which is
approximated to be 80.9 ± 4.5° from AFM imaging (Figure
4a).35,36 Taking θapp to be the first measured contact angle
during droplet dewetting, which is θapp = 145.2 ± 3.1° (P240
surface), then θAd2

is approximated to be 64.3°. The velocity of
the contact line can be approximated according to the Cox−
Voinov spreading law37,38

=
( )

U
( )

9 ln R
L

OW
3

eq
3

(4)

where the γOW is the oil−water interfacial tension, θ is the
dynamic contact angle, θeq is the equilibrium contact angle, μ is
the viscosity of the oil droplet, R is the radius of the droplet
and L is the microscopic cutoff length, taken to be ∼1 Å.
With a difference in the apparent contact angles on the test

substrate and at Point A2, the contact line velocity on the test
substrate is 61 times larger than that of the local contact line
velocity at Point A2 ( = 61U

U
bulk

A
). As such, the three-phase

contact line at Point A2 appears almost pinned relative to the
bulk movement of the oil droplet. This relative difference
between the two contact line velocities leads to an increasing
contact angle as the contact line moves from Point A2 to Point
A4, see Figure 4b lines 2, 3, and 4. As the three-phase contact
line slowly migrates toward Point C in the surface pit, the

Figure 3. Side-view and top-view images of the oil droplet rest on the uncontaminated surface of varying roughness (a); the corresponding
apparent steady-state contact angle (θ) measured through the aqueous phase (b). The steady-state contact angle is an average of the left and right
contact angles, with the difference between the two contact angles within 2°. The oil retained on the surface in the dewetted region is highlighted
by the dashed box.
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thickness of the liquid film at Point B begins to thin.
Eventually, and as a consequence of the attractive van der
Waals forces (Hamaker constant of water−oil−solid is
calculated to be −2.85 × 10−21 J), the liquid film is destabilized
at a critical film thickness causing separation of a daughter
droplet.12,37,39 The liquid in the surface pit continues to dewet
and forms a spherical cap as shown in Figure 4a (measured)
and 4b(iii). Clearly, the potential of forming daughter droplets
depends on the relative motion of the localized contact line
mobility to the bulk droplet mobility (velocity ratio), and the
pathway length (size of surface pits) over which the velocity
ratio is maintained. Hence, smaller and narrower pits are
unlikely to form daughter droplets.
The above dewetting and film rupture process can be seen in

the 3D visualizations of the numerical simulations in Figure 5
where the simulated surface is only roughened but chemically

homogeneous. The initial configuration corresponds to an oil
droplet at equilibrium on a dry substrate, with a contact angle
of ∼155° measured through the surrounding air. To mimic
what happens when the oil droplet is immersed in water, at t =
0, the substrate wettability is set to η = 0.3, which corresponds
to a contact angle of ∼60° (measured through the water). This
triggers a rapid retraction of the contact line toward the oil
phase, and advancement of the water phase from right to left. A
short distance behind the initial contact line is a distinct
surface pit, larger than the small pits covering the whole solid
surface. It is deeper in its center and shallower to the sides and
is intended as an idealized representation of the part of the
substrate shown in the AFM images in Figure 4.
The contact line is able to move rapidly and recede cleanly

over the small pits and shallow parts of the main pit, but as
noted in Figure 4, it becomes pinned on the relatively sharp

Figure 4. AFM imaged surface topography of P240 after oil droplet dewetting (a). The scanned area was chosen to identify the surface features
within the apparent “halo” region as seen in Figure 3a. The white dashed box and its 3D-image highlights an area of interest that was analyzed by
several line profiles: line (i) to line (vi). Additional line profiles perpendicular to the direction shown here are provided in Figure S4a of the
Supporting Information. From the line profile analysis it is concluded that the “halo” region is many micron-sized droplets that are retained on the
surface as the heavy crude oil film dewets. β is the inclination of the surface pit approximated from the line profiles [line (ii) to line (iv)]. Further
AFM images on the same surface are provided in Figure S4b of the Supporting Information. The mechanism by which micron-sized daughter
droplets are retained on the surface is schematically shown in (b), with each step further discussed.
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edge of the central part of the pit, unable to move down the
interior of the pit because of the Gibbs criterion. The
continued recession of the contact line either side of the pit
results in the formation of a neck and the ultimate rupture and
detachment of a microdroplet that remains within the pit.
Postrupture, the highly curved section of the contact line
accelerates to catch up with the rest of the contact line. Since
the wettability of the simulated solid is uniform everywhere,
the observed behavior is entirely due to geometrical rather
than chemical heterogeneity.
3.3. Droplet Dewetting on Smooth and Roughened

Surfaces (with Oil Contamination). Figure 6a shows the
dewetting dynamics of a heavy crude oil droplet initially
deposited on an unpolished oil contaminated surface. With a

steady-state contact angle of, θ = 88.7 ± 13.1° (averaged left
and right contact angles), the change in the Gibbs free energy
is −0.52 mN/m, confirming again that the oil film will
spontaneously dewet when immersed in water. The difference
between the left and right contact angles (∼20°) suggests that
the surface is nonuniform, with localized surface properties
dictating the behavior of the three-phase contact line, see
Figure 6b. Our previous study confirmed that the method used
to contaminate the surfaces produces smooth but chemically
heterogeneous surfaces due to the asphaltene deposits
(hydrophobic patches),12 see also Figure 2b(I). Those
hydrophobic deposits hinder the mobility of the local three-
phase contact line which leads to localized differences in the
relative velocity of the contact line around the droplet

Figure 5. Lattice Boltzmann simulations of dewetting on a chemically homogeneous but topographically nonuniform surface. The oil droplet is
modeled as a segment of an infinitely long bead of liquid, with an initial contact angle of 155° (through the surrounding aqueous phase). The
substrate has a uniform wettability η = 0.3, corresponding to a (water) contact angle of approximately 60°, leading to spontaneous dewetting. A
distinct surface pit lies behind the initial contact line and features a shallow outer region and deeper central pit. Contact-line pinning on this feature
slows local dewetting and ultimately leads to separation and microdroplet formation. Time is indicated as the number of (constant) time steps of
the simulation.

Figure 6. Receding dynamics of a thin oil film on an unpolished oil contaminated surface (a). Contact angles are measured through the aqueous
phase with both the left and right contact angles reported due to the nonuniformity of the droplet perimeter during dewetting (b). Line (i) to line
(iv) in (b) represent the line profiles of the droplet perimeter at different time intervals.

Energy & Fuels pubs.acs.org/EF Article

https://doi.org/10.1021/acs.energyfuels.4c02756
Energy Fuels 2024, 38, 16114−16124

16120

https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c02756?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c02756?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c02756?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c02756?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c02756?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c02756?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c02756?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.4c02756?fig=fig6&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.4c02756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


perimeter. We used the lattice Boltzmann method to show that
the formation of daughter droplets depends on the patch size
and receding angle on the patch. For smaller hydrophobic
patches, the critical receding angle to form daughter droplets is
larger than that on larger hydrophobic patches, as a greater
disparity in receding dynamics, on and off the hydrophobic
patch, is needed to establish a liquid neck that eventually
collapses. However, the droplets formed on these surfaces
(Figure 6a) tend to be larger than those formed on roughened
surfaces, likely due to smaller differences in the localized
receding contact angle compared to that on roughened
surfaces, see previous discussion. Further discussion on the
mechanism elucidated by LBM simulations is provided in our
previous publication, see Jiang et al.12

Changes in the steady-state contact angles on oil
contaminated surfaces of varying roughness (Figure 7a) are
consistent with those seen without contamination (Figure 3b),
although the contact angle values are slightly higher due to the
distribution of hydrophobic patches on the hydrophilic surface.
Furthermore, the apparent receding rate increases with higher
surface roughness (Figure 7b) as the surface energy becomes
more unfavorable, see Figure 7a.29 For oil contaminated
unpolished surfaces, discrete millimeter-sized daughter drop-
lets are found to be randomly distributed in the region of the
initial wetted boundary (Figure 7c, l.h.s. image). As previously
discussed, differences in the relative velocities of the local
contact lines on adjacent hydrophilic and hydrophobic patches
can lead to forming large daughter droplets. However, for
rougher surfaces those large daughter droplets disappear,
although residual oil is still retained on the dewetted surface
but as smaller micron-sized droplets, see Figure 7c (r.h.s.
image) and the AFM line profile analysis which confirms
micron-sized droplet to be buried within the roughened
surface. The top view images in Figure 7c reveal a dense and

uniform distribution of these micron-sized droplets on the
roughest oil contaminated surface, such that the dewetted
region appears as a “halo” around the primary oil droplet.
The transition between the dominant surface characteristic,

either chemical or physical, and the influence of each on
forming daughter droplets changes with increasing surface
roughness, see Figure 8. Only on unpolished chemically

heterogeneous surfaces (Figure 8c) are discrete millimeter-
sized daughter droplets formed. While on roughened surfaces
(Figure 8b,d) and independent of chemical heterogeneity, a
dense pattern of micron-sized droplets remains as the primary
droplet recedes. Daughter droplets form due to variations in
the local contact line mobility around the droplet perimeter,

Figure 7. Apparent steady-state contact angles of oil droplets on oil contaminated roughened surfaces (a), with the inset image showing the left and
right contact angles on the P240 oil contaminated surface. Apparent initial droplet receding rates on the same surfaces (b). Side and top views of
the receded droplets on surfaces of increasing roughness: unpolished → P240 (c). AFM image of the P240 surface with several line profiles [line (i)
to line (iv)] confirming the retention of micron-sized oil droplets on the roughened surface. Additional line profiles perpendicular to the direction
shown here are provided in Figure S4a of the Supporting Information. Further AFM images on the same surface are provided in Figure S4c of the
Supporting Information.

Figure 8. Phase-map of daughter droplets formed on physically and
chemically heterogeneous surfaces. Side and top view images of
dewetted oil droplets at steady-state showing the effects of physical
and chemical heterogeneity. Surface properties include: unpolished
and uncontaminated surface (a); P240 surface without oil
contamination (b); unpolished oil contaminated surface (c); P240
surface with oil contamination (d).
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which for unpolished chemically heterogeneous surfaces is
caused by the chemical patch changing the droplet-substrate
adhesion and modifying the critical receding angle (θr).12 With
the receding contact angle being similar on both the
unpolished and roughened (P240) chemically heterogeneous
surfaces (Figure S1c) the contribution from surface adhesion
alone cannot describe the formation of both millimeter and
micron-sized droplets. The formation of micron-sized droplets
is attributed to the changing apparent contact angle of the
contact line within surface pits, slowing its migration relative to
the bulk fluid. The reduced effect of chemical heterogeneity on
roughened surfaces and the absence of millimeter size droplets
is likely attributed to the small size of the chemical patch, with
the patch size being more disrupted by the surface asperities.

4. CONCLUSIONS
Droplet dewetting on surfaces where both chemical and
physical heterogeneities coexist is rarely studied but is often
encountered in practice.40−42 On smooth surfaces with
chemical heterogeneity we have shown large daughter droplets
form as an oil film recedes.12 These droplets form due to the
uneven motion of the local contact line, with the contact line
of the oil droplet moving slower on hydrophobic patches
relative to that on the underlying hydrophilic substrate.
Although the deposited hydrophobic patches (chemical
modification) slightly roughen the surface (nanoscale rough-
ness), its effect on the dewetting behavior was found to be
negligible. Those same surfaces have been considered in the
current study, but the surfaces were physically roughened so
the effect of surface roughness with and without chemical
modification can be better understood.
For roughened uncontaminated surfaces, micron-sized

droplets were formed as the oil droplet receded, with those
droplets appearing as a “halo” around the dewetted droplet.
AFM imaging revealed those micron-sized droplets to be
trapped in the surface pits. Those droplets formed because of
differences in the local contact line mobility which becomes
significantly retarded in a surface pit due to the higher apparent
contact angle relative to the direction of droplet dewetting.
This leads to drainage of the thin liquid film over a surface pit
and eventual rupture, leaving behind a micron-sized droplet.
The same residual pattern of droplets was also seen on the
chemically contaminated surfaces, but only for the roughened
(microscale) surfaces. The study showed that for rough
surfaces, droplet dewetting behavior is strongly influenced by
the physical roughness and less so the chemical heterogeneity,
although the latter does become more important on smoother
(nanoscale) surfaces where the size of discrete chemical
heterogeneities (surface patches) can be much larger as they
are undisturbed by the physical roughness.
The importance of thin liquid-film dynamics on surfaces

impacts a range of processes from cleaning to oil recovery.43−45

Understanding how surface heterogeneities contribute to
contact line dynamics of a receding thin liquid film, and
being able to predict different behaviors, is only possible when
studying thin film dynamics at the micron length scales. These
new insights are beginning to provide an understanding as to
how these complex systems behave, with impact potentially
broader than the traditional engineering problems, for example,
understanding how viral aerosols are retained on surfaces.46,47
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