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Fabricating Tunable Superhydrophobic Surfaces Enabled by
Surface-Initiated Emulsion Polymerization in Water

Lu Gong, Wenshuai Yang, Yongxiang Sun, Chengliang Zhou, Feiyi Wu, and Hongbo Zeng*

Fabricating controllable superhydrophobic surfaces remains challenging in
various fields ranging from chemical industries to biomedical engineering.
Conventional methods commonly require volatile organic solvents and the
assistance of special surface deposition and modification equipment, which
are detrimental to environment and limit their applications in micro-devices.
Herein, an equipment-free method is reported to directly transform fluori-
nated monomer micro-droplets into hydrophobic polymer particles on flat
substrate surfaces in water, simultaneously depositing hydrophobic coatings
with tunable surface structures. The as-prepared surfaces show superior
superhydrophobicity and great stability in extreme conditions (e.g., varying
acidity, basicity, and heating conditions), and excellent anti-fouling property.
Meanwhile, surface hydrophobicity can be manipulated by adjusting emul-
sion droplet number density and reaction time. Hence, superhydrophobic
surfaces with tunable hydrophobicity gradients have been successfully fab-
ricated in one pot. This study provides an equipment-free method to facilely
fabricate controllable superhydrophobic surfaces, with great potential in the
development of smart superhydrophobic materials in various engineering and

intensively investigated due to their excel-
lent properties, such as anti-sticking,?
anti-fouling,®l  anti-icing, bubble/drop
manipulation,® self-cleaningl® and anti-
corrosion.l Even though great efforts have
been made to fabricate numerous super-
hydrophobic surfaces for decades, surface
modification techniques fulfilling versatile
fabrication conditions and variable appli-
cation conditions are still in high demand.

Conventional methods to prepare supe-
rhydrophobic surfaces always consist of
two steps: covering the surface with hydro-
phobic materials and constructing surface
microstructure.®l The former step could
be achieved using self-assembly and self-
organization of hydrophobic particles,
such as the chemical deposition,! layer-by-
layer deposition,!'% colloidal assembly,!!
phase separation,” and electrospin-

industrial applications.

1. Introduction

Superhydrophobic surfaces, which show high water contact
angle (WCA) and low contact angle hysteresis in air,!!l have been
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ning.¥l The surface structure would be
fabricated via lithographic and template-
based techniques,!™ etching processes,!"”!
and plasma treatment.'®l However, these
methods are usually complex and require the assistance of
special advanced equipment, such as nanoimprinter, etching
machine, electrospinning apparatus, and so on. In confined
situations of fine chemical engineering, such as the inner sur-
face of a thin tube and the tiny substrate with irregular surface
morphology, the operation conditions of equipment are very
limited, and robust surface superhydrophobicity is difficult to
be fabricated. Besides, volatile organic solvents, which are com-
monly used to dissolve hydrophobic materials, are detrimental
to environment and human health. Meanwhile, the controllable
superhydrophobic surface with designed hydrophobicity gra-
dient becomes more and more important in directional bubble/
drop manipulation, microfluidics, microbiology, and smart
robots,” which is complex and difficult to be prepared using
conventional methods. Therefore, an equipment-free and uni-
versal fabrication technique to fabricate controllable superhy-
drophobic surfaces in water should be developed.

In aqueous solutions, insoluble hydrophobic materials prefer
to aggregate due to the strong hydrophobic interactions,!®l
thus preventing the uniform distribution of hydrophobic mate-
rials. Nevertheless, liquid hydrophobic materials can be easily
dispersed in water and distributed evenly on a substrate sur-
face in the form of emulsions.!'! However, liquid hydrophobic
materials cannot stably stay on a substrate surface and achieve
superior superhydrophobicity.?) Many hydrophobic polymer
monomers are liquid, but corresponding polymers are solid.

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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If heterogeneous polymerization process could be initiated on
a substrate surface, monomer droplets would be transformed
into solid polymer particles and grafted onto substrate sur-
face, which thereby may achieve surface superhydrophobicity
directly without any assistance of surface deposition and modi-
fication equipment.

In this work, we, for the first time, report a new method to
initiate polymerization processes of fluorinated monomer drop-
lets on substrate surfaces to generate hydrophobic particles in
aqueous solutions without any special advanced equipment.
This method can simultaneously deposit hydrophobic materials
on flat substrate surfaces and create surface structure, hence
fabricating superhydrophobic surfaces. As-prepared surface
exhibited a very high WCA of =1677° and low WCA hysteresis
of =0.7°, as well as excellent water drop behaviors, including
sliding, rolling, and bouncing. Great surface stability in extreme
conditions including varying acidity, basicity, high-temperature
conditions, and organic solvents was explored. Besides, anti-
fouling properties were tested via the adhesion with different
foulants (e.g., sodium dodecyl sulfate (SDS), cetyltrimethylam-
monium bromide (CTAB), dopamine hydrochloride (DOPA),
Bovine Serum Albumin (BSA), and humic acid (HA)). Scan-
ning Electron Microscopy (SEM) and Energy Dispersive X-Ray
Spectroscope (EDS) results showed evenly scattered fluorinated
polymer particles on the surface, which could be manipulated
by reaction time and density of emulsion droplets. Hence,
polymerization mechanism and building process on substrate
surfaces were proposed. Meanwhile, a superhydrophobic sur-
face with tunable hydrophobicity gradient was successfully pre-
pared by creating density difference of bulk monomer droplets.
In this work, we have developed the surface-initiated emulsion
polymerization method to fabricate facile and tunable super-
hydrophobic surfaces in water, which not only simultaneously
alters surface wettability and creates surface structure, but
also gets rid of the limitation of organic solvents and special
equipment.

)
A Monomer drop
00 © o
o O O
Dispersion

| | [ |

Substrate Substrate with initiators

Adv. Funct. Mater. 2023, 33, 2214947 2214947 (2 0f10)

:

Figure 1. A) Schematic for preparing superhydrophobic surfaces in this work. B) Optical images of silicon substrate with initiators (left) and as-prepared
substrate after polymerization (right). C) WCA image on substrate surface. D) Advancing (left) and receding (right) WCA images on substrate surface.
The blue arrows show pump-in and pump-out flowing of water via a needle. E) Optical image of the superhydrophobic surface immersed in water.

www.afm-journal.de

2. Results and Discussion

2.1. Characterization of Superhydrophobic Surface

Figure 1A shows schematic image of preparing superhydro-
phobic surfaces via the method combining surface-initiated
radical polymerization and emulsion polymerization. Namely,
fluorinated monomer was first dispersed in water to form
stable emulsion system. Then, monomer droplets would gradu-
ally diffuse to contact substrate surface with initiators, where
polymerization processes could occur. Figure 1B shows the
optical images of silicon substrate before (left) and after (right)
polymerization process. Obviously, before polymerization,
silicon substrate with initiators was quite clean, whereas there
was a layer of grey film on the substrate surface after polymeri-
zation, suggesting that hydrophobic monomer could be trans-
formed into solid particles and grafted on substrate surface via
polymerization reaction. The water contact angle (WCA) in air
was 169.7° + 1.3° as shown in Figure 1C, and the contact angle
hysteresis measured from the difference between advancing
and receding contact angle was 0.7° £ 0.3° as in Figure 1D.
Such extremely large WCA and ultralow contact angle hyster-
esis in air demonstrated the excellent surface superhydropho-
bicity. When immersing a superhydrophobic surface in water
(Figure 1E), the underwater area turned out to be much more
reflective than that in air, indicating that a layer of air could be
trapped on the surface due to the excellent superhydrophobicity.

The surface morphology of prepared superhydrophobic sur-
face was characterized by SEM images as shown in Figure 2A,
which exhibited that substrate surface was covered by numerous
assembled particles. Enlarged SEM image in Figure 2B eluci-
dated that these particles were relatively small in size of several
hundred nanometers, which then aggregated and stacked into
micron-sized particles on surface. On the other hand, silicon
substrate with initiators was quite flat with only several small
nanoaggregates (Figure S1A, Supporting Information). The

OOOO
o oo

Particles

Advancing Receding
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Figure 2. SEM image A), enlarged SEM image B), and corresponding EDS image of fluorine (

) element of superhydrophobic surface. D) Contact

angles of polar and apolar organic solvents on superhydrophobic surface, including glycerol, DMSO toluene, cyclohexane, and heptane.

root-mean-squared surface roughness (Rq) was measured to
be 0.52 nm and the WCA was only =76.3° in air (Figure S1B,
Supporting Information). Hence, generated hydrophobic parti-
cles and confined air among them can make the Cassie—Baxter
state and render the surface with excellent superhydropho-
bicity.?!l Figure 2C shows the surface distribution of fluorine
(F) element on superhydrophobic surface. The bright yellow
area in this figure indicates the high concentration of F, which
matches the scattered particles in Figure 2B. This result dem-
onstrated that the particles could come from fluorinated mon-
omer droplets. Besides, XPS results in Figure S2 (Supporting
Information) show —CH,— peak at 283.5 eV, —CF,— peak at
289.6 eV, and —CF; peak at 291.8 eV, attesting to the presence
of fluorinated polymer on the surface.

To ensure that polymer particles were generated via surface-
initiated emulsion polymerization instead of bulk polymeri-
zation before depositing on substrate surface, a clean silicon
substrate without initiators was placed in monomer-water emul-
sion (including catalyst Cu(I)Br and copper ligand) for 12 h.
Obtained substrate was characterized by AFM surface imaging
as in Figure S3 (Supporting Information). The surface was still
quite smooth with a surface roughness (Rq) of 0.82 nm and
WCA in air of 80.9°. This result demonstrated that no polym-
erization process occurred in bulk. Therefore, prepared supe-
rhydrophobic surface was fabricated via the surface-initiated
emulsion polymerization process of hydrophobic monomer
droplets. Figure 2D shows the contact angle with organic lig-
uids, which is 165.9° for glycerol, 134.3° for dimethyl sulfoxide
(DMSO), 126.5° for toluene, 123.7° for cyclohexane, and 109.2°
for heptane, respectively. These large oil contact angles were
due to the very low surface energy of fluorinated materials.??!
Hence, prepared substrate surface is both superhydrophobic
and oleophobic in air.

2.2. Stability and Water Drop Behaviors of Superhydrophobic
Surface

The stability of as-prepared superhydrophobic surface was
examined by WCA measurement after the superhydrophobic
surface was treated in extreme conditions including a broad pH

Adv. Funct. Mater. 2023, 33, 2214947 2214947 (3 of10)

range from 0 to 14, high salinity of 3 M NaCl, and high tem-
perature of 120 °C in air for 2 h. Measured results are shown
in Figure 3A. It should be noted that even though the superhy-
drophobic surface was treated under these extreme conditions,
WCAs were still larger than 165°, and contact angle hysteresis
was less than 1°, which indicated that the superhydrophobic
surface owned excellent stability.

Figure 3B shows a water drop standing on the superhy-
drophobic surface while the surface was smoothly dragged in
lateral directions (Movie S1, Supporting Information). It was
noted that the contact angle change of =0.8° was quite small
as water drop was sliding on surface, indicating ultralow fric-
tion between water drop and superhydrophobic surface. Since
measured contact angle hysteresis in Figure 1C was 0.7° £ 0.3°,
a water drop could easily roll down on superhydrophobic sur-
face at an inclination angle as small as 1° (Figure 3C; Movie S1,
Supporting Information). Besides, when a water drop fell
from a height of 5 cm to impact the superhydrophobic surface
(Figure 3D; Movie S1, Supporting Information), this water drop
became a pancake shape, and then bounced back as one drop to
the height of =1 cm. During impacting process, most dynamic
energy of a water drop could be dissipated in drop shape
change, and very little energy was consumed in the contact
area change between water and substrate due to the extremely
weak adhesion.”?l The outstanding water drop sliding, rolling,
and bouncing behaviors not only showed the excellent surface
superhydrophobicity, but also demonstrated the good surface
uniformity on a macroscopic scale.

Figure 3E,G show the WCA of 174.5° + 0.8° and 172.1° + 0.7°
on superhydrophobic surface in toluene and heptane, respec-
tively. These very high contact angles were attributed to the
excellent surface hydrophobicity (or low surface energy) and
the buoyance force in organic media. Figure 3F,H show water
drop rolling on superhydrophobic surface at a small inclination
angle of 2° in toluene and heptane, respectively (Movie S2, Sup-
porting Information). The moving velocity was measured to be
3.5 mm s7! in toluene and 8.0 mm s~! in heptane, respectively.
Faster moving velocity in heptane was due to the lower viscosity
of heptane than that of toluene.* Hence, prepared substrate
exhibited the excellent surface superhydrophobicity in both air
and organic media.
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Figure 3. A) WCA and contact angle hysteresis on superhydrophobic surface before and after treated in extreme conditions, including a broad pH range
(0,1, 4,7,10, 13, and 14), high salinity (3 m NaCl solution), and high temperature (120 °C) in air for 2 h. B) Superhydrophobic surface was dragged
laterally to move right and left with a water drop standing on it. C) A water drop was rolling down on superhydrophobic surface at a small inclination

angle of 1°.

D) A water drop was impacting the superhydrophobic surface from a height of 5 cm and bouncing back. WCA in E) toluene or G) heptane

on superhydrophobic surface. Water drop was rolling on superhydrophobic surface in F) toluene or H) heptane.

2.3. Antifouling Performances of Superhydrophobic Surface

The antifouling performance of superhydrophobic surface has
been conducted using water drop washing method. A layer of
kaolin powder was gently pressed on superhydrophobic surface,
followed by being flipped over to remove unstable powder. This
fouled surface was then placed in a disk to form an incline, as
in Figure 4A and Movie S3 (Supporting Information). Water
was continuously dropped from the upper side and smoothly
rolled down due to surface superhydrophobicity. During this
process, kaolin foulants were carried by rolling water drops
to disk, and the surface became clean again. This result sug-
gested the excellent self-cleaning property of superhydrophobic
surface, which was attributed to the stronger adhesion of water
with the foulant (e.g., kaolin powder) than that with superhy-
drophobic surface.?’]

Besides, the antifouling property was explored via meas-
uring surface interactions between superhydrophobic sur-
face and water drops (50 mm PBS buffer, pH 74) dissolved

Adv. Funct. Mater. 2023, 33, 2214947 2214947 (4 Of'lO)

with surfactants (SDS or CTAB) or common bio-foulants
(DOPA, BSA, or HA), as in Figure 4B. Measured force pro-
files are shown in Figure 4C, and normalized adhesion results
are shown in Figure 4D. It was noted that even though great
loading force (=0.3 N m™) was applied to press water drops to
substrate surface, measured adhesion during detachment was
so weak, suggesting that the foulants could be easily removed
from substrate surface. This could be due to the excellent supe-
rhydrophobicity and low surface energy. Adding surfactants or
bio-foulants in water drop slightly enhanced the drop-surface
adhesion (Figure 4D), which may be the presence of van der
Waals (VDW) interaction and hydrophobic attraction of sur-
factants or bio-foulants with superhydrophobic surface.

2.4. Polymerization Mechanism of Superhydrophobic Surface
As shown in Figure 2A, fabricated superhydrophobic surface

was covered by numerous nano-sized fluorinated polymer
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Figure 4. A) Antifouling performance of superhydrophobic surface. B) Illustration image for force measurement set-up. Measured force profiles C) and

normalized adhesion D) between superhydrophobic surface and water drops (PBS buffer) with SDS, CTAB, DOPA, BSA, and HA.

particles, which could be the result of surface-initiated emul-
sion polymerization of fluorinated monomer droplets on
substrate surface in water. To understand polymerization
mechanism and building process, emulsion systems with both
high (2.5 vol.%) and low (0.1 vol.%) monomer content for dif-
ferent reaction times have been exploited. Obtained substrates
were characterized by SEM images and WCA measurements as

shown in Figure 5.

10 pm

Figure 5A—C shows the SEM images of silicon substrate sur-
faces in polymerization systems with high content (2.5 vol.%)
for 2, 4, and 8 h, respectively. Surprisingly, there were some
polymer particles scattering on the surface after polymeriza-
tion process for a short time of 2 h. It was noted that the most
polymer particles were in single form, while only a small part
of them aggregated to form relatively large particles. After

polymerization for 4 h, more polymer particles were assembled

Figure 5. SEM images and WCA in air (inset) of silicon substrates in the polymerization systems with A-C) high (2.5 vol. %) and D—F) low (0.1 vol.
%) monomer content for 2, 4, and 8 h, respectively.
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on substrate surface and the number of large polymer particle
aggregates increased distinctly. After 8 h, most surface area
was covered by polymer particles, and almost all the polymer
particles were in aggregation form and stacked into large
polymer particles with a size of several microns. The WCA in
air on these substrates also increased from 118.0° = 1.7° for 2 h,
to 133.0 ° 1.4° for 4 h, and 161.5 °x 1.1° for 8 h, respectively,
suggesting the significantly enhanced surface hydrophobicity.
Figure 5D-F shows the SEM images after polymerization in
0.1 vol.% for 2, 4, and 8 h, respectively. Similarly, polymer par-
ticles were observed for even 2 h. As reaction time increased,
more and more polymer particles were assembled on sub-
strate surface. However, most particles were still single. Only
very limited polymer particle aggregates were observed after
polymerization for 8 h. The WCA in air also increased from
92.1° £ 0.8° for 2 h, to 111.6° + 1.2° for 4 h, and 1271° +0.9°
for 8 h, respectively, suggesting the slightly enhanced surface
hydrophobicity. Compared with high monomer content cases,
the density of polymer particles on substrate surface was dis-
tinctly decreased, and the size of polymer particle aggregates

Rqg 2 1 9.- nm

Height Sensor

www.afm-journal.de

was much smaller. Obtained substrates in low monomer con-
tent were hydrophobic but not superhydrophobic. The size dis-
tribution of monomer droplets in water after supersonication
for 30 min (Figure S4, Supporting Information) proved that
more and larger droplets could be generated when monomer
content was higher (e.g., 2.5%), which further led to the higher
possibility of monomer droplets attached onto silicon substrate
with initiators. Hence, more polymer particles could be gener-
ated and aggregated. It should also be noted that enough sur-
face density and micron-sized aggregates of polymer particles
were required to achieve excellent surface superhydrophobicity.

The supersonication effect has also been included to inves-
tigate polymerization mechanism. Figure 6A shows the SEM
image of obtained substrate surface after polymerization with
2.5 vol.% monomer for 8 h when applied supersonication
time was only 10 min. There were many particles grafted on
substrate surface, but they did not aggregate into large parti-
cles during polymerization process. The size of single particles
was also relatively larger than that for 30 min supersonica-
tion (Figure 5C). Measured WCA in air was only 100.9° + 1.0°,

Figure 6. A) SEM image of silicon substrate after polymerization for 8 h when the applied supersonication time was only 10 min. The inset image
shows WCA in air. B) Corresponding EDS elemental image for fluorine. C) Enlarged SEM image for the area highlighted by the red rectangular box.
D) AFM topography image of silicon substrate after polymerization for 8 h when no supersonication was applied. E) SEM image of polymer drop
boundary on silicon substrate after polymerization for 8 h when only one drop of 150 uL monomer was carefully placed on the silicon substrate surface
and no supersonication was applied. The inset is the optical image of obtained substrate surface after cleaning and drying. F) Enlarged SEM image of
boundary area of polymer and silicon substrate surface. G) Corresponding EDS image of fluorine element. H) Schematic illustration for polymerization
process at monomer-water interface.
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suggesting that this substrate was hydrophobic but not super-
hydrophobic. The EDS element distribution image in Figure 6B
shows that particles were still composed of fluorinated polymer.
Surprisingly, some strange-shaped polymer particles were
observed on substrate surface. These particles were relatively
large, exhibiting three short ridges connecting with one of their
ends, stretching out in the angle of =120°, and standing on a
round pancake base. Element distribution image in Figure 6B
confirmed that the main element of three ridge-shaped parti-
cles was fluorine, suggesting that they were also the product
of polymerization. The size of some monomer droplets might
be so large after the shot-time supersonication (i.e., 10 min)
(Figure S4, Supporting Information). Hence, the center part of
large monomer droplets could not be consumed in the polym-
erization process due to the absence of catalyst and ligand, thus
remaining liquid form. This part of liquid monomer would be
drained out after polymerization, leaving the hollow polymer
shell collapsed to form three-ridged shape. Based on this result,
it could be speculated that polymerization process would only
occur at monomer-water interface and could continue when
one monomer droplet is attached onto a polymer particle.

To support this speculation, polymerization process was
first initiated with no supersonication and no direct contact of
monomer drop with silicon substrate. AFM surface image of
obtained substrate in Figure 6D shows that surface was flat with
lots of small nano-sized particles and several larger particles,
compared with the AFM surface image of silicon substrate with
initiators (Figure S1, Supporting Information). Small particles
could be the polymerization product of a trace amount of dis-
solved fluorinated monomers in water.?®l Large particles could
be due to the coalescence of dissolved monomers. WCA on the
surface was only 75.9° + 0.7°. Subsequently, only one drop of
150 uL monomer was carefully placed on silicon substrate with
initiators for polymerization of 8 h, and no supersonication
was applied. Obtained substrate is shown in the inset image of
Figure GE. It should be noted that monomer liquid was found
when cleaning the substrate after polymerization process. This
interesting surface with a drop-breaking shape was caused by
surface cleaning and drying procedure. SEM image on the con-
tact line of polymer and substrate is shown in Figure 6E,F. The
left area was polymer while the right area was silicon substrate,
which was then confirmed by EDS element distribution result
in Figure 6G. At boundary area, polymer layer was observed to
graft onto silicon substrate surface through numerous polymer
strands, thus leaving some pores at the contact line. This struc-
ture also suggests that polymerization process could be initi-
ated from the contact line of monomer and substrate, and
propagate at monomer-water interface with the assistance of
catalyst (i.e., Cu(I)) and ligand, as shown in Figure 6H. In sum-
mary, when a substrate surface with initiators was immersed
in monomer-water emulsion, monomer droplets would diffuse
and attach onto substrate surface due to hydrophobic interac-
tion. Subsequently, polymerization process started at the con-
tact line, which turned liquid monomer into solid polymer
strands. Small monomer droplets on substrate surface could
be easily transformed into polymer particles, whereas large
monomer droplets would mostly have polymerization reactions
at monomer-water interface, which could generate a polymer
shell. Polymerization process could continue at the interface of
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another monomer droplet once it contacted a reacting droplet,
which thereby would generate large particle aggregates. These
results have demonstrated that dispersing monomer liquid
into sub-micron-sized droplets could play an important role
in fabrication process of superhydrophobic surfaces. It should
be noted that this surface-initiated emulsion polymeriza-
tion would be expected to occur on any substrate surface with
initiators (including both flat and non-flat surfaces), which
could be achieved via the substrate-independent deposition of
polydopamine.[?’]

2.5. Emulsion Polymerization for Controllable Superhydrophobic
Surface

According to the Boltzmann distribution theories, micro-sized
droplets in a stable emulsion system would have a density dif-
ference under external energy field, such as gravity.?l Namely,
higher droplet density could exist at bottom of an emulsion,
whilst less droplets at top. Hence, it is feasible to fabricate a
surface with controllable hydrophobicity gradient via adjusting
monomer drop density in gravity field. A monomer-water emul-
sion system was prepared via sonication for 30 min and injected
into a glass with the diameter of 2 cm and the height of 10 cm
(Figure 7A). After standing for 24 h, this emulsion system
became stable and the droplet density difference was formed
under the gravity field. Then, a silicon substrate with initiators
was placed vertically in the vial. After polymerization time of
8 h, the substrate was cleaned with water and dried in vacuum.

Figure 7B shows the WCAs on prepared substrate. Five water
drops (5 pL) were separately placed on different spots of the
substrate and measured WCAs exhibited a distinct decreasing
trend from left to right. The left side of substrate, which was
placed at bottom of emulsion system, owned the great superhy-
drophobicity with WCA of 164.7°, whereas the right side placed
at top only showed the WCA of 117.7°. This WCA change indi-
cated the successful fabrication of superhydrophobic surface
with controlled hydrophobicity gradient. The SEM images of
the left and right area of this substrate (Figure 7C) also revealed
the distinct difference in surface structure and particle density,
which led to surface hydrophobicity gradient. Figure 7D shows
the underwater bubble behaviors on this substrate. Air bubbles
were continuously injected at less hydrophobic side in water,
and found to move on the surface from left side to right side
(Movie S4, Supporting Information), which finally detached
due to the buoyance. This indicated that this hydrophobicity-
gradient surface would have potential applications in direc-
tional bubble/drop manipulation.

3. Conclusion

In this research, for the first time, superhydrophobic surfaces
have been fabricated in water via a simple method combining
surface-initiated radical polymerization and emulsion poly-
merization without any assistance of special surface deposition
and modification equipment. Water contact angle measure-
ment results showed that the as-prepared surfaces possessed
superior superhydrophobicity and excellent stability in extreme
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Figure 7. A) Schematic illustration of the emulsion polymerization system for preparing superhydrophobic surface with controlled hydrophobicity
gradient. B) WCA images and optical images of superhydrophobic surfaces with controlled hydrophobicity gradient. C) SEM images of the left and
right end regions of the superhydrophobic surface with hydrophobicity gradient. D) Directional transportation of air bubbles on superhydrophobic

surface with controlled hydrophobicity gradient.

conditions, including varying acidity, basicity, high-temper-
ature conditions, and organic media. Besides, various water
drop behaviors, such as sliding, rolling, and bouncing, were
observed when they interacted with the as-prepared surfaces.
Meanwhile, water-washing processes and surface force meas-
urement results exhibited that these surfaces also had excel-
lent antifouling properties against solids, surfactants, and
bio-foulants. SEM and EDS results elucidated that during fab-
rication process, fluorinated monomer micro-droplets gradually
attached onto substrate surface with initiators, and polymeriza-
tion reaction turned liquid monomer droplets into solid parti-
cles, thus achieving great surface superhydrophobicity. Based
on this polymerization process and the number density differ-
ence of monomer droplets in gravity field, superhydrophobic
surface with tunable hydrophobicity gradient was successfully
fabricated and showed potential applications in underwater
bubble/drop transportation. This work has developed a simple
and equipment-free method to fabricate controllable superhy-
drophobic surfaces in water, which not only paves the way for
development of advanced and environment-friendly surface
modification techniques but also expands the applications of
superhydrophobic surfaces in micro-devices (e.g., micro-flu-
idics and micro-robots).

4. Experimental Section

Materials: The hydrophobic monomer of 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,
10,10 heptadecafluorodecyl methacrylate (HFMA) was purchased from

Adv. Funct. Mater. 2023, 33, 2214947 2214947 (8 of 10)

Sigma Aldrich, Canada. The silicon wafer was purchased from NanoFAB,
University of Alberta, and used as the substrate. Sulfuric acid (H,SO,,
95%, Sigma-Aldrich, Canada) and hydrogen peroxide solution (H,O,,
30%, Sigma-Aldrich, Canada) was used to clean the silicon substrates.
The copper (l) bromide (CuBr), (3-aminopropyl) triethoxysilane (APTES),
2-bromo-2-methylpropionyl bromide (BiBB), triethylamine (TEA), and
2,2"-bipyridyl (bpy) were purchased from the Sigma Aldrich, Canada, and
used in the surface fabrication. All the aqueous solutions were prepared
using Milli-Q water with a resistivity of 18.2 MQecm (BARNSTEAD
Smart2Pure, Thermo Scientific, Canada). Ethanol (CH;CH,0OH, Sigma-
Aldrich, Canada), dichloromethane (DCM, CH,Cl,, Sigma-Aldrich,
Canada), toluene (C;Hg, Sigma-Aldrich, Canada), and heptane (C;Hyg,
Sigma-Aldrich, Canada) were used as received. The hydrochloric acid,
KOH, CaCl,, and K,CO; were purchased from Sigma Aldrich, Canada,
and used as received.

Preparation of Silicon Substrates with Initiators: The preparation
process of the silicon substrates with initiators is shown in Figure S5
(Supporting Information). Silicon substrates (1 x 1 cm) were cut using
the diamond knife and washed using Milli-Q water and ethanol, followed
by drying in pure nitrogen. Piranha solution was prepared by carefully
mixing hydrogen peroxide solution in sulfuric acid with volume ratio of
3:7. Silicon substrates were carefully immersed in Piranha solution, and
temperature was maintained at 80 °C for at least 2 h. Cleaned silicon
substrates were immersed in APTES-in-ethanol solution (0.5 vol.%) for
30 min to own amino groups on surface, followed by being washed with
ethanol and dried in pure nitrogen. Subsequently, the APTES-modified
substrates were immersed in 6 mL DCM solution with 0.37 mol BiBB
and 0.42 mol TEA for 30 min. The substrates were rinsed with ethanol
and DI water, and dried in pure nitrogen. Then, silicon substrates with
initiators were prepared. Figure S1A (Supporting Information) shows the
AFM surface images of the as-prepared silicon substrate with initiators,
which was quite flat with only several small aggregates on the surface.
The root-mean-squared surface roughness (Rq) was measured to be
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0.52 nm. Figure S1B (Supporting Information) shows the WCA of 76.3°
in air. These results demonstrated the successful preparation of the
substrate surfaces with initiators.

Emulsion Polymerization ~ for  Superhydrophobic ~ Surfaces:
Superhydrophobic surfaces were prepared using the method combining
the surface-initiated radical polymerization and the emulsion
polymerization.?’l Fluorinated monomer HFMA was injected into
20 mL deoxygenated water at volume ratio of 2% in a glass vial. Then,
0.08 g Cu(l)Br and 0.16 g bpy were added. The mixture was treated by
supersonication for 30 min to prepare the emulsion. Subsequently,
silicon substrate with initiators was placed in the vial to initiate the
polymerization on the substrate surface. This glass vial was sealed and
left under ambient conditions for 12 h. Finally, obtained substrate was
washed with water and ethanol, and dried in vacuum for 4 h.

Superhydrophobic Sutface Characterization: The surface morphology
and the elemental distribution of the as-prepared superhydrophobic
substrate were characterized by the Scanning Electron Microscopy
(SEM) with Energy Dispersive X-ray Spectroscope (EDS) (Zeiss Sigma
300 VP-FESEM, Germany), and the X- ray photoelectron spectrometer
(XPS).

The water contact angle (WCA) in air was measured using the
goniometer (Ramé-hart Instrument Company, USA). A water drop (5 pL)
was carefully placed on the superhydrophobic substrate, and the angle
value was measured by the software from the image. The advancing or
receding WCA was measured when water was pumped in or out at the
rate of 1 UL s7' via a needle, respectively. The contact angle hysteresis
was determined by the difference between advancing and receding WCA
values.

Antifouling  Performance: The anti-fouling  performances on
superhydrophobic substrates were conducted with the solid foulants
of kaolin powders (Sigma-Aldrich, Canada). First, solid foulants were
forcibly pressed on as-prepared substrate surface. This surface was then
flipped over to remove unstable solids, followed by being placed in a
disk to form an inclination. One milliliter of water was dropped using a
pipet on the substrate to let water drops roll down the substrate. This
process was recorded using a camera.

The antifouling performances on superhydrophobic substrate were
examined by measuring the adhesion between substrate and water drop
(50 mm PBS buffer, pH 7.4) with 2 mg mL™' of different surfactants or
biomaterials, including sodium dodecyl sulfate (SDS, Sigma-Aldrich,
Canada), cetyltrimethylammonium bromide (CTAB, Sigma-Aldrich,
Canada), dopamine hydrochloride (DOPA, Sigma-Aldrich, Canada),
Bovine Serum Albumin (BSA, Sigma-Aldrich, Canada), and humic
acid (HA, Sigma-Aldrich, Canada), using the Force Tensiometer
(Sigma 700, Attension, Biolin Scientific, UK). The measuring process
is shown in Figure S6A (Supporting Information). A custom-made
ring (diameter =4 mm) with 30 uL water drop was hung on the force
sensor of the machine, and the as-prepared substrate was placed on
the sample plate. To measure the interaction force, the substrate was
lifted by the sample plate to approach the water drop at the velocity
of 20 mm s7, till the radical deformation of the water drop reached
1 mm. Then, the substrate was withdrawn to the original place. The
force profile was obtained from the software. Figure S6B (Supporting
Information) shows the measured force profile between water drop
(50 mm PBS buffer) and the as-prepared substrate. A very weak
adhesion of 0.00886 mN was measured, indicating the excellent surface
hydrophobicity.

Statistical Analysis: The averaged contact angle values and
standard deviation was calculated from at least 5 measurements on 2
independently prepared substrates. The averaged normalized adhesion
was from at least 5 measurements.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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ABSTRACT

In chemical and environmental engineering processes, polyelectrolyte surfaces have been widely used and
exploited for their antifouling and self-cleaning properties. Ions widely exist in these processes; however, the
influence of ions has been conventionally over-simplified. Herein, we have investigated the ion-specific effect on
the wetting behaviors on polyelectrolyte surfaces as well as the self-cleaning performance of polyelectrolyte-
functionalized membranes. The underlying nanomechanical mechanisms were characterized by direct force
measurements between water droplets and various polyelectrolyte surfaces in oil (i.e., toluene). Interestingly, the
aqueous anions can significantly modulate the surface interactions through aligning or disordering interfacial
water molecules, which subsequently facilitate or inhibit the water wetting behaviors on polyelectrolyte surfaces,
respectively. The ion-specific effect of different anions coincides with the well-known Hofmeister series. In
contrast, cations show negligible effect. The polyelectrolyte-functionalized membranes show excellent anti-
fouling and self-cleaning performances to oil in KAc and KCl solutions, but relatively poor performance in KSCN
solution, agreeing well with the force measurements. This work provides new insights into the ion-specific
interaction mechanism between water and polyelectrolyte surfaces, with useful implications for the efficient
use of the antifouling and self-cleaning properties of polyelectrolyte-based materials in various chemical and
environmental engineering applications (e.g., membrane filtration, oil/water separation).

1. Introduction

chemical, biomedical and environmental engineering processes, the
polyelectrolyte-based materials have been widely used and exploited for

Polyelectrolytes are ubiquitously found in nature and in biological
systems with negatively and/or positively charged group in molecules,
such as proteins, DNA and enzymes [1-6]. The superior water wetta-
bility and hydration of polyelectrolyte materials endows their surfaces
with excellent properties due to the strong electrostatic attraction be-
tween the polyelectrolytes and nearby water molecules, such as under-
water oil repellence, and lubrication [7-10]. In biological systems, the
firmly bound water molecules have been demonstrated to play a vital
role in the structure and function of various proteins [11-13]. In
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their well-known antifouling and self-cleaning properties, which is also
contributed by their strong interaction with water [14-19]. For
example, during the membrane filtration processes in waste water
treatment and water/oil separation, polyelectrolyte coatings can render
the membranes with strong hydration layer, leading to high water flux
and excellent antifouling and self-cleaning properties [20-26]. Hence,
the membrane service time can be sufficiently prolonged and the
maintenance cost will be greatly reduced. Over the past two decades,
filtration membranes have been applied in increasingly harsh and
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complex working conditions, such as complex water chemistries (e.g.,
salinity, pH, and ion species). Maintaining the superior hydration state
and antifouling/self-cleaning properties of the polyelectrolyte surfaces
under various conditions ensures the excellent performance of
polyelectrolyte-coated membranes in related chemical and environ-
mental engineering applications.

In previous studies, it was found that the hydrophobic oil can readily
spread on the polyelectrolyte surface in air due to the high surface en-
ergy and the re-orientation of the polyelectrolyte molecules [27-29].
When the oil-fouled polyelectrolyte surface was immersed in water, the
strong interaction between water molecules and the polyelectrolyte
molecules across oil could lead to the depletion of the confined oil film
and finally achieve the detachment of the oil in water, thus contributing
to its excellent antifouling and self-cleaning properties [29]. It should be
noted that the interaction forces involving water can be significantly
influenced by the water chemistries (e.g., salinity, pH, and ion species)
[30-32]. Varying the salinity and pH of the aqueous solutions has been
demonstrated to affect the hydration behavior and antifouling perfor-
mance of polyelectrolyte surfaces [33-36]. In the applications of poly-
electrolyte surfaces, the influence of aqueous ion species, which are
practically inevitable, has been conventionally over-simplified [30].
Previous studies have demonstrated that the different ions can adsorb
onto polyelectrolyte surface and competitively interact with the charges
of the polyelectrolytes, thus significantly affecting the molecular
conformation and related performances of polyelectrolytes in aqueous
solutions [27,37-43]. However, the interaction mechanisms of water
with polyelectrolyte surface across surrounding medium (e.g., hydro-
phobic oil), especially under ion-specific effect, still remain unrevealed
[30,44]. Thereby, investigating the underlying nanomechanical in-
teractions between water and polyelectrolyte surfaces across oil with
different aqueous ion species is of both fundamental and practical
importance to reveal the physical mechanisms of ion-specific effect on
surface wetting behavior, and to maintain the efficient antifouling and
self-cleaning performances of polyelectrolyte materials in practical ap-
plications, such as membrane filtration.

In this work, the influence of the ion species on the antifouling and
spontaneous oil cleaning performances of polyelectrolyte surfaces has
been investigated. The nanomechanics between water and poly-
electrolyte surfaces in oil under the ion-specific effect have been sys-
tematically and quantitatively investigated using the drop probe atomic
force microscope (AFM) technique, which reveal the underlying inter-
action mechanisms of the ion-specific effect. Furthermore, the anti-
fouling properties of polyelectrolyte-coated membranes have been
tested to examine the influence of the ion-specific effect in practical
applications of polyelectrolyte materials. Our Results improve the
fundamental understandings on surface wetting behavior, fouling and
antifouling phenomena, and self-cleaning processes of polyelectrolyte
surfaces, and facilitate the development of polyelectrolyte materials for
various engineering applications such as membrane filtration and oil/
water separation.

2. Methods

Preparation of polyelectrolyte surfaces. The silicon substrates
were carefully cut using a diamond knife into proper size. After washed
with DI water and ethanol and dried with pure nitrogen, these silicon
substrates were cleaned by the Piranha solution (HySO4:H202 = 7:3 (v:
v)) in 80 °C for at least 2 h to remove possible organic contaminants on
the surfaces. Then, the substrates were rinsed with a large amount of
distilled (DI) water and ethanol, and dried with pure nitrogen, and
immediately immersed in 0.5 vol% (3-aminopropyl) triethoxysilane
(APTES)-in-ethanol solution for 30 min, followed by being carefully
rinsed with anhydrous ethanol and dried with pure nitrogen. The
APTES-treated substrates were immersed in 10 mL dichloromethane
(DCM) solution with 0.37 mol 2-bromo-2-methylpropionyl bromide
(BiBB) and 0.42 mol triethylamine (TEA) for 30 min. Finally, these

Journal of Membrane Science 634 (2021) 119408

substrates were washed with ethanol and DI water, and dried with pure
nitrogen. The substrates with initiators were prepared for next
experiments.

The polyelectrolyte brush surfaces were prepared using the surface
initiated atom transfer radical polymerization (SI-ATRP) on the silicon
substrates with initiators. The schematic of SI-ATRP process is shown in
Scheme 1. The substrates with surface initiator were placed in a 25 mL
vial with flat bottom, and the air in via was purged with argon. The
polymerization solution was prepared using 10 mL water-methanol
solvent (v:v = 2:1) and 1-2 g monomers in another sealed vial. This
solution was stirred at the speed of 300 rpm using a magnetic bar and the
pure argon was injected in the solution in the form of bubbles for 30 min
to remove the dissolved oxygen. Then, 0.08 g CuBr and 0.16 g 2,2'-
bipyridyl (bpy) were added carefully and the argon was continuously
injected for another 30 min. After that, the solution was pumped into the
25 mL vial with substrates through a connecting pipe to start the poly-
merization. The whole vial was sealed and kept in room temperature for
18 h. The substrates were washed with DI water and ethanol for several
times to remove the unreacted materials and dried with pure nitrogen.
These substrates were immersed in 3 M NaCl solution for at least 48 h to
remove the copper ions on polymer surfaces.

Force measurements using drop probe AFM technique. The
interaction forces between the water drop with different salts and
polyelectrolyte surfaces in toluene were directly measured using the
drop probe AFM technique. A MFP-3D-Bio AFM system (Asylum
Research, Santa Barbara, CA) was exploited in this work. The detailed
experimental process was reported elsewhere [29,45-47].

In a typical force measurement using the drop probe AFM technique,
the water drops were carefully generated using a custom-made glass
pipet in the fluid cell filled with toluene. The glass substrate of the fluid
cell was firstly hydrophobized using the octadecyl (trichloro) silane OTS
(5 mM in ethanol) to render a water contact angle (WCA) of ~90° in air,
which therefore facilitated the immobilization of water drops on the
glass substrate in toluene and the following pick-up process by the AFM
cantilever. After stabilized for 10 min, the custom-made AFM rectan-
gular tipless silicon cantilever (size 400 pm x 70 pm x 2 pm) was
introduced into the toluene and carefully lowered down to pick up one
water drop. Thus, the water drop probe was prepared via anchoring the
water drop on the AFM cantilever.

For the force measurement between the water drop and poly-
electrolyte surface, the as-prepared water drop probe was moved and
positioned just above the polyelectrolyte surface, which was placed near
the immobilized water drops before the AFM cantilever was immersed in
toluene. Voltage was applied on the piezo actuator through the AFM
software to control the deformation of the piezo. The water drop probe
was driven by the piezo actuator to approach the polyelectrolyte surface
from a large separation till water drop jumped off from the cantilever to
the substrate due to strong attraction. The AFM cantilever acted as a
force spring, and the surface interactions between water drop and sub-
strate surface caused the cantilever deflection. After a selected force
measurement was completed, the cantilever was lifted up to the original
position. The moving velocity of the cantilever was set to be 1 pm/s.
Meanwhile, the laser beam, reflected from the tip of the backside of the
AFM cantilever, was pointing on a photo detector. Thus, the cantilever
deflection was detected and recorded. The spring constant of the
cantilever was calibrated using the Hutter-Bechhoefer method [48].
Therefore, the interaction force between the water drop and poly-
electrolyte surface in toluene was measured and obtained from the AFM
software as the function of piezo displacement and time. It should be
noted that the piezo displacement AX in this work is the relative moving
distance of the cantilever driven by the piezo, which is different from the
separation distance between the water drop and polyelectrolyte surface
and from the cantilever deflection.

Theoretical analysis of measured force profiles. To theoretically
describe the measured force profiles, the model combining the Reynolds
lubrication equation and augmented Young-Laplace equation was
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Scheme 1. The process of the SI-ATRP and the chemical structures of polyelectrolyte brush surfaces.

applied here [49-52]. During the AFM force measurement, the relative
motion between the drop and the substrate (in axisymmetric geometry)
could generate hydrodynamic interaction, arising from the flow of the
continuous phase (i.e., toluene) confined between the water drop and
the polyelectrolyte substrate. Since the separation distance (typically
several micrometers or less) is small compared to the size of the drop and
the typical moving velocity was also slow (e.g., 1 pm/s), and the Reynold
number is low, the flow of the confined fluid is mainly in the radial
direction and hydrodynamic pressure only varies in the radial direction
as well. Previous studies have shown that such hydrodynamic drainage
processes can be described by the Reynolds lubrication theory, where
deformable drops are involved, as shown in Equation (1) [50,52-54].

oh 1 09 40p
o 12ur or (rh ar) @

where, h is the thickness of the confined oil film, ¢ is the time, y is the

viscosity of toluene, r is the radical coordinate, and p is the excess hy-
drodynamic pressure. Moreover, the water drop would deform upon the
external pressure including the hydrodynamic pressure and disjoining
pressure, which could be described using the augmented Young-Laplace
pressure, as shown in Equation (2) [52].

o0 [ oh 26
?E(’E) g 1-p 2

where, ¢ is the interfacial tension of the water-toluene interface, R is the
radius of the water drop and /7 is the disjoining pressure. In literatures,
the variation of the interfacial tension of water/oil or water/air interface
due to the presence of the inorganic salts is quite small (<+1.5 mN/m),
even though the salt concentration exceeds 1 M [55-59]. In this work,
the interaction forces between water drop and polyelectrolyte surface
are measured in the organic hydrophobic oil (i.e., toluene), where the
electric double layer (EDL) cannot be created. Thus, according to the
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classic Derjaguin-Landau-Verwey-Overbeek (DLVO) theory, only van
der Waals (VDW) force, which was majorly contributed by the
dipole-dipole interaction between water drop and polyelectrolyte sur-
face in this work, contributed to the obtained force profiles. The VDW
force I1,4, can be calculated in following Equation (3) [30].

An

= ——+=
* 67h’

3)
where, Ay is the Hamaker constant between water and polyelectrolyte
surface across toluene. The total interaction force F was calculated by
integrating the hydrodynamic pressure and disjoining pressure over the
contact area, as shown in Equation (4).

F:2n’/w(p+17)~rdr (4)
0

Preparation of the polyelectrolyte-coated membrane and the
water flux tests. The polyelectrolyte-coated (i.e., poly [2-(meth-
acryloyloxy) ethyltrimethylammonium chloride] (PMTAC)) membrane
was prepared based on commercial hydrophilic polyvinylidene fluoride
(PVDF) membrane (diameter ~ 47 mm, mean pore size ~ 0.22 pm) by
following a reported method [60,61]. Firstly, the PVDF membranes
were treated by the UV ozone for 30 min to active the surface. Then, the
membranes were immersed in 10 mL DCM solution with 0.37 mol BiBB
and 0.42 mol TEA for 30 min to obtain the initiators. Finally, the
polyelectrolyte PMTAC brushes were coated on the membrane surfaces
via the aforementioned SI-ATRP polymerization method. The
polyelectrolyte-coated membranes were cleaned by ethanol and DI
water, dried in pure nitrogen, and immersed in 3 M NacCl solution for at
least 48 h before used in experiments. These polyelectrolyte-coated
membranes were characterized using field-emission scanning electron
microscope (SEM) (Zeiss Sigma 300 VP-FESEM, Germany) coupled with
energy-dispersive X-ray spectroscopy (EDS) at an electron acceleration
voltage of 10.2 keV and Fourier transform infrared (FTIR) spectroscopy
(Thermo Scientific Nicolet, iS50 FTIR) to ensure the successful func-
tionalization on PVDF membranes.

The antifouling property of the PMTAC-coated membranes was
evaluated by water flux tests. Briefly, the prepared membrane was firstly
fouled by dropping 50 pL toluene on the surface, followed by immersion
in pure water or saline solutions (i.e., 100 mM KAc, KClI or KSCN) for 20
min to clean the toluene. Subsequently, the pure water permeability of
the PMTAC membrane was measured using a dead-end filtration setup
under a constant pressure (70 kPa). The effective filtration area was a
round shape with the diameter of ~36 mm. The water flux J was
determined as follows,

()

where V is the volume of the filtrated water, t is the filtration time, S is
the effective filtration area, and AP is the pressure difference during
filtration. For the filtration test of the water-toluene mixture (i.e.,
emulsions), the water-toluene emulsions (70 mL water or aqueous so-
lution and 30 mL toluene) were firstly prepared using a homogenizer at
the speed of 8000 rpm for 5 min, and then separated using the same
filtration setup. The water flux was measured using the same method,
and the oil removal efficiency n was calculated using the following
equation.

my

n=1-— (6)

m,

where, m¢ and m, are the mass of the toluene in the solutions after and
before the filtration process, respectively. The mass of toluene in the
solution after the filtration process was determined using the total
organic carbon (TOC) technique.
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3. Results and discussion

Characterizations of the polyelectrolytes surfaces. The poly-
electrolyte surfaces are prepared using the surface-initiated atom
transfer radical polymerization (SI-ATRP) on silicon substrates (Scheme
1). In Fig. S1, the silicon surface is quite flat and smooth with a very
small root-mean-squared (RMS) surface roughness of 0.11 nm, whereas
the initiator surface has some small particles with the size of tens of
nanometers, which could be due to the aggregation of APTES. The RMS
surface roughness of the initiator surface is slightly increased to 0.17
nm. Fig. la-1c show the AFM surface images of the prepared cationic
poly  [2-(methacryloyloxy) ethyltrimethylammonium chloride]
(PMTAC) surface, anionic poly [3-sulfopropyl methacrylate potassium]
(PSPMA) surface, and zwitterionic poly [2-(methacryloyloxy) ethyl
phosphorylcholine] (PMPC) surface, respectively. It is noted that the
polyelectrolyte surfaces become much rougher than silicon surface and
initiator surface with plenty of fiber-like strands on the surfaces, indi-
cating the successful polymerization processes on silicon surfaces. The
RMS surface roughness of PMTAC, PSPMA, and PMPC surfaces is 0.37
nm, 0.48 nm, and 0.89 nm, respectively. Fig. 1d-1f shows the water
contact angles (WCAs) on PMTAC, PSPMA, and PMPC surfaces in air,
respectively. It is noted that the WCAs in air are very small because of
the polyelectrolytes’ well-known hydrophilicity and wettability for
water. Fig. 1g-1i shows the oil (i.e., toluene) contact angles (OCAs) on
PMTAC, PSPMA, and PMPC surfaces in air, respectively, which are also
quite small. When the hydrophobic oil contacts the polyelectrolyte
surface in air, the polyelectrolyte molecules would alter their orienta-
tion, burying their charged groups inside and exposing the hydrophobic
carbon backbone to the oil [8,28,29,62,63]. Therefore, the hydrophilic
polyelectrolyte surface could turn to be hydrophobic and wetted by oil
in air.

Bulk wetting performances of polyelectrolyte surfaces. The
spontaneous oil cleaning performances of the polyelectrolyte (e.g.,
PMTAC) surface have been conducted. The silicon oil (~15 pL) was
firstly dropped on the PMTAC substrates. When a silicon oil-wetted
PMTAC surface is gently immersed in water (Fig. 1a & Video S1), the
silicon oil drop, which firstly spreads on PMTAC surface in air, turns
back into a spherical drop and finally detaches from the surface in 1.9 s
after immersing in water. When immersed in 100 mM KAc solution, the
oil drop immediately detaches (Fig. 1b & Video S2). In KCl solution, the
oil drop also detaches after 2.8 s (Fig. 1c & Video S3). Surprisingly, in
KSCN solution, the oil drop stably stays on PMTAC surface without
detachment even for more than 5 min (Fig. 1d & Video S4). Therefore,
the addition of KAc can promote the detachment behavior of oil drop on
PMATC surface in water, while the KSCN can effectively inhabit such
behavior, and the KCI shows the influence between these two cases.
During the oil detachment process, the 0il-PMTAC interface is sponta-
neously replaced by the water-PMTAC interface due to the strong
attraction between water and polyelectrolytes [29], which obviously
could be modulated by the dissolved ion species.

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.memsci.2021.119408.

Surface interactions between water drops and PMTAC surfaces
in oil. The surface interaction forces between water droplets and
PMTAC surfaces in oil (i.e., toluene) are quantitatively investigated
using the drop probe AFM technique (Fig. 3), and the measured force
profiles are shown in Fig. 4.

In Fig. 4a, the black force curve shows a sudden “jump-in” behavior
(indicated by the red arrow) when pure water droplet (0 mM) ap-
proaches the PMTAC surface in toluene. It was observed from the mi-
croscope that the water droplet jumped off from the AFM cantilever and
quickly spread on PMTAC surface (Fig. S2a & S2b). In organic solvent (i.
e., toluene), the only effective surface interaction is the van der Waals
(VDW) interaction, which consists of the dispersion interaction and
dipole-dependent induction and orientation interactions [30]. In this
case, the dipole-dependent interactions between polar water molecules
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Fig. 1. The (a—c) AFM surface images, (d—f) water contact angles and (g-i) oil (i.e., toluene) contact angles of cationic PMTAC surface, anionic PSPMA surface, and

zwitterionic PMPC surface.

and large dipoles of polyelectrolytes (positive and negative charges) are
the main contribution and much stronger than the normal VDW inter-
action between two small molecules (e.g., water molecules) [29,64-66].
Hence, the Hamaker constant theoretically estimated from the “jum-
p-in” behavior of the force curve is 4.5 x 1071° J, close to the reported
value [29]. Likewise, the “jump-in” behavior has also been observed
with 10 mM KAc in water. However, as KAc concentration increases to
100 and 1000 mM, the strong attraction with the range of ~300 nm is
detected before attachment. The calculated Hamaker constant increases
from 5.5 x 1071 J for 10 mM, to 13 x 1071° J for 100 mM, and 15 x
1071 J for 1000 mM, respectively. Meanwhile, the calculated confined
oil film thickness before attachment behavior (Fig. 4d) also increases
from 31 nm for pure water case, to 39 nm for 10 mM, 67 nm for 100 mM,
and 71 nm for 1000 mM KAc, respectively. Therefore, the addition of
KAc in water can significantly enhance the attraction between water and
PMTAC surface in toluene, promoting the water attachment behavior.
For the KCl cases in Fig. 4b, even though the concentration in water
increases from 0 to 1000 mM, the measured force curves remain almost
unchanged as well as the calculated Hamaker constant and confined oil
film thickness (Fig. 4e), suggesting the negligible influence of KCIL. In
Fig. 4c, the force curve with 10 mM KSCN in water is close to that of pure
water. However, when KSCN concentration exceeds 100 mM, a small
repulsive force of ~0.5 nN has been measured before attachment
behavior, suggesting that the addition of KSCN in water can remarkably
weaken the attraction between water and PMTAC surface in toluene and
inhabit the water attachment behavior. This repulsion originates from
the hydrodynamic repulsion due to the movement of water droplets. The
Hamaker constant decreases from 4.5 x 107'° J for 10 mM, to 0.8 x
1071° J for 100 mM, and 0.7 x 1071 J for 1000 mM KSCN cases,
respectively. The calculated confined oil film thickness before “jump-in”
behavior (Fig. 4f) also reduces to 32 nm for 10 mM, 20 nm for 100 mM,
and 12 nm for 1000 mM KSCN cases, respectively. It should be noted
that all the force curves measured between the water drop and the
substrate surface in this work are mainly contributed by the attractive
VDW interaction and the repulsive hydrodynamic interaction. Since the
sizes of the water drops (radius ~70 pm) were close and the force
measurements were conducted in the same liquid medium (i.e.,
toluene), the repulsive hydrodynamic force would be similar. For the
KAc case (Fig. 4a), the force curves became more and more attractive
before the jump-in behavior with increasing the KAc concentration, thus

suggesting the dipole-dipole attraction was strengthened. The hydro-
dynamic repulsion was overwhelmed by the strong dipole-dipole
attraction. For the KSCN case (Fig. 4c), the force curves changed from
attractive to repulsive before the jump-in behavior when the KSCN
concentration increased, indicating the dipole-dipole interaction was
weakened. Hence, the hydrodynamic repulsion became dominant. The
force measurement Results demonstrate the enhancing influence of KAc,
almost negligible influence of KCl, and weakening influence of KSCN at
high concentration (e.g., 100 mM) in the dipole-dependent interactions
between water and PMTAC surface in toluene, which agree with the
observations in Fig. 2.

Surface interactions between water drops and PSPMA or PMPC
surfaces in oil. The surface interactions between water droplets and
anionic PSPMA surface or zwitterionic PMPC surface in toluene have
also been investigated and the measured force profiles are shown in
Fig. 5a & 5b, respectively. Similarly, compared with the force curves of
pure water drop, the presence of 100 mM KAc in water can significantly
enhance the attractive interaction between water and polyelectrolyte
surface in oil. While the presence of 100 mM KSCN in water can
remarkably weaken the attraction, and the addition of KCl shows min-
imum influence on the interaction between water and polyelectrolyte
surface. This result demonstrates the universal ion-specific effect on
polyelectrolyte surfaces of various charge properties.

Effect of surfactants on the surface interactions. The surface in-
teractions between water droplets with 100 mM KAc, KCl, or KSCN and
PMTAC surface in toluene have been measured when 0.35 mM surfac-
tants such as sodium dodecyl sulfate (SDS) are present in water. The
result is shown in Fig. 6. Interestingly, all the force curves, even though
different ions have been dissolved in water, still exhibit to be similar
with that of pure water, showing that the ion-specific effect has been
eliminated. This result suggests that the rearrangement of ions and
water molecules due to the interfacially adsorbed SDS molecules and
their negatively charged sulfonic groups could significantly suppress the
ion-specific effect [67-69]. Therefore, the ions at/near the water-oil
interface are critical to the surface interactions between water and
polyelectrolyte surfaces.

Surface interactions in the presence of different anions and
cations. The surface interactions between water droplets with 100 mM
salts of different anions or cations and PMTAC surface in toluene have
been investigated and shown in Fig. 7.
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Fig. 2. The PMTAC surfaces, pre-wetted by silicon oil (colored by Red Oil), are immersed in (a) water, (b) 100 mM KAc, (c) KCl, and (d) KSCN solutions. The volume
of the silicon oil drop is ~15 pL. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Illustration of force measurements using the drop probe AFM technique
between water droplets and polyelectrolyte surfaces in oil.

Fig. 7a and b shows the force curves between water droplets with
100 mM salts of different monovalent or divalent anions and PMTAC
surface in toluene, respectively, including KoHPO4, K2SO4, K2COs3, KAc,

Journal of Membrane Science 634 (2021) 119408

KH,POu, KF, KCl, KBr, KI, and KSCN. Following this sequence, the force
curves gradually turn from the strong long-ranged attraction before
water attachment (e.g., HPO?{, SO%’, CO%’, Ac™ or HyPOy), to the
sudden “jump-in” behavior with no obvious attraction (e.g., F~ and Cl ),
and to the repulsion before attachment (e.g., Br~, I and SCN),
attesting to the significant ion-specific effect. This order as HPOZ ™ ~
SOF ~ CO%™ > Ac™ > Hy,PO3 > F~ > Cl” > Br~ > I~ > SCN~ also
coincides with the famous Hofmeister series [70-72]. Fig. 7c shows the
measured force Results between water drop with different cations and
PMTAC surface in toluene, including BaCl,, CaCly, MgCly, NH4Cl, CsCl,
KCl, NaCl, and LiCl. All the force curves are similar with that of pure
water drop in Fig. 4, indicating that the influence of different cations in
the surface interactions between water and polyelectrolyte is minimum.

Mechanisms of the ion-specific effect on the surface interactions
between water and polyelectrolyte surfaces. In Fig. 7a, the force
curves of KF and KCI are similar with the sudden attachment behavior,
and in Fig. 7b, the force curves of K3SO4, KoCO3 and KAc are also similar
with the strong attraction before the attachment behavior. The F~, CO3~
and Ac™ are the weak acid ions, while CI~ and SO~ are the extremely
strong acid ions. Therefore, the hydrogen or hydroxide ions produced by
the protonation of weak acid ions have negligible influence on the sur-
face interactions between water drop and polyelectrolyte surface. Pre-
vious molecular dynamics simulation and experimental results have
shown that the hydrated anions and cations could be repelled from the
water/air or water/oil interface by image charge effect to possess
different surface propensities with respect to their bulk concentration
[55,65,73,74]. Following Hofmeister series, the anions gradually
become less hydrated [75,76]. Generally, the strongly hydrated anions
(e.g., HPO?{, SO%’, CO%’, or HyPOy ) due to large charge density and/or
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Fig. 6. Measured force curves between water (with KAc, KCl, or KSCN) and
PMTAC surface when 0.35 mM SDS is added in water.

dispersion interaction, known as kosmotropes, are found to be repelled
further away from the interface than the cations (e.g., K), leaving the
cations relatively closer to the interface [55,66,74,77]. As a result, the
orientation of the interfacial water molecules, which preferentially point
their hydrogen atoms to oil at pristine water/oil interface [65,73,74],
could be enhanced by the electric field of cations, which in turn
strengthens the dipole-dependent attraction between water and poly-
electrolyte surface across oil. Nevertheless, Ac™ ions are exceptional and
have great surface enrichment because of the hydrophobic methyl group
[78,79]. The interactions (e.g., electrostatic interaction and hydrogen
bond) between water and highly oriented Ac™ anions can also align
interfacial water molecules and lead to the strong attraction. Besides, the
small nonpolarizable anions (e.g., F~ and C1™) have been discovered to
have the similar surface propensities with K™ cations [73,74]. Hence, the

influence of the electric field generated by cations could be minimized
by that of anions. However, the large polarizable anions (e.g., Br, I
and SCN ™), also known as chaotropes, are weakly-hydrated and able to
get close or even adsorbed to the interface [64,80-82]. They can disrupt
the hydrogen bonding network, lower the number density of water
molecules, and disorder the interfacial water orientation [75,76,83],
thus weakening the dipole-dependent interactions. Moreover, the com-
mon cations are strongly hydrated and their surface propensities could
be in a narrow variation range, which are comparable with that of CI~
anions [59,73]. Therefore, the influence of different cations is neglected.
Attachment test of water drops on polyelectrolyte surfaces in
nonpolar oil. The ion-specific effect can also be observed when water
droplets fall on PMTAC surface in nonpolar organic solvent (i.e.,
cyclohexane). The pure water droplet will spontaneously spread on the
surface in ~0.13 s after contacting (Fig. 8a & Video S5). However, the
immediate attachment of KAc droplet at the moment of contacting
(Fig. 8b & Video S6) shows the enhancing influence of Ac™. The KCI
droplet (Fig. 8c & Video S7) stays on the surface for ~0.20 s, which is
close with pure water droplet case. The KSCN droplet stays on PMTAC
surface for ~0.73 s before attachment (Fig. 8d & Video S8), exhibiting
the weakening role of SCN™. This observation agrees with the above
observations and force measurement results in polar oil (i.e., toluene).
Supplementary video related to this article can be found at .
Characterization of polyelectrolyte-coated membranes and
antifouling tests. The polyelectrolyte PMTAC-coated membranes were
prepared based on the commercial PVDF membranes via the afore-
mentioned SI-ATRP polymerization. Fig. 9a shows the images of water
droplets on the pristine PVDF membrane, initiator-coated membrane
and PMTAC-coated membrane. Obviously, the water drop can be
partially spread on and readily attached to the pristine membrane, but
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Fig. 7. Measured force curves between water with different (a) monovalent anions, (b) divalent anions, or (c) cations and PMTAC surfaces in toluene. The salt
concentration is 100 mM. Hollow circle symbols are experimental data, and red solid lines are theoretical calculation Results. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. Images of (a) pure water droplet or water droplet with 100 mM (b) KAc, (c) KCI and (d) KSCN falling on PMTAC surface in cyclohexane.

stably stand on the initiator-coated membrane surface due to the surface
hydrophobicity and morphology of the functionalized membrane. After
the surface polymerization, the water drop can instantly wet the PMTAC
membrane, indicating the successful deposition of polyelectrolytes on
the membrane surface and their excellent hydrophilicity. Fig. 9b—c show
the SEM images of the pristine membrane and PMTAC-coated mem-
brane, which exhibit similar porous structures for both membranes. The
coated polyelectrolytes on the membrane surface did not damage the
porous structure. Fig. 9d—e show the EDS element mapping images and
the surface weight percentages of C, F and N elements for the pristine
membrane and PMTAC-coated membrane. The C and F elements were
originated from the PVDF membrane materials. The N element could
majorly come from the quaternary ammonium group of the MTAC. The
weight percentages of C, F and N are 52.7%, 44.3%, and 1.1% for
pristine membrane, and 62.5%, 33.3%, and 3.2% for PMTAC-coated

membrane, respectively. It is noted that the increment of C element on
PMTAC-coated membrane was mainly caused by the carbon backbone of
MTAC, while the increment of N element came from the quaternary
ammonium groups of MTAC. The decrease of F element could be due to
the absence of fluorine in MTAC and the replacement of fluorine atoms
from the PVDF chains when grafting the polymerization initiators.
Fig. of shows the FTIR spectrum of PMTAC-coated membrane. The
strong peaks detected at 1731.59 cm ™! and 1180.04 cm ™! were due to
the ester groups of the MTAC segments [84,85]. All these Results
demonstrated the successful deposition of PMTAC coating on the
membrane surface.

Fig. 9g shows the water permeation flux of the prepared PMTAC
membrane in the antifouling tests. The water flux of the as-prepared
PMTAC-coated membrane reached 3367.95 L/(mZOhobar), which was
due to the excellent hydrophilicity of the coated polyelectrolyte PMTAC.
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Fig. 9. (a) Image of water drops on pristine PVDF membrane, initiator-coated membrane, and PMTAC-coated membrane. (b-c) The SEM images of the pristine
membrane and PMTAC-coated membrane. (d-e) The EDS elemental mapping images and the surface weight percentages of C, F and N elements for (d) pristine
membrane and (e) PMTAC-coated membrane, respectively. (f) The FTIR spectrum of PMTAC membrane. (g) Water flux of the as-prepared clean PMTAC membrane,
toluene-fouled membrane, the membrane after immersion in pure water, 100 mM KAc, KCl and KSCN solutions. (h) Water flux and oil removal efficiency of the
PMTAC membrane in separating the water-toluene mixture with pure water, 100 mM KAc, KCl and KSCN solutions.
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However, when fouled by toluene, the water flux of the membrane was
significantly reduced to 1077.17 L/(mznhobar), caused by the attach-
ment of toluene on the membrane surface. After immersed in pure water,
100 mM kA, KCI or KSCN solution for 20 min, the water flux of the
membrane was recovered to 81.8%, 90.3%, 84.1%, and 54.9% of the
water flux of the clean membrane, respectively, exhibiting the anti-
fouling property of the polyelectrolyte PMTAC surfaces. It is also noted
that the best antifouling and self-cleaning performance of the treated
PMTAC-coated membrane was observed for the case of KAc solution,
which was due to the enhanced attraction between water and poly-
electrolyte surfaces in toluene. The KCl solution showed similar influ-
ence on the membrane performance with the pure water. However, the
PMTAC-coated membrane showed weakened antifouling and self-
cleaning performances after cleaned in KSCN solution, which was
caused by the repulsion detected in AFM force measurements between
water (KSCN solution) and PMTAC surface in toluene before surface
attachment. The similar trend of the ion-specific effect was also observed
in the filtration results of the water-toluene mixtures/emulsions (volume
ratio 7:3) prepared using pure water, 100 mM KAc, KCl or KSCN
(Fig. 9h). The KAc and KCl cases showed the similar water flux as the
pure water case, while there was an obvious reduction of the water flux
for KSCN case, which was due to the weakened self-cleaning property of
PMTAC in KSCN solution. For comparison, divalent ions (e.g., 100 mM
CaCly, MgCly or K2SO4) were also used to prepare the water-toluene
emulsions, and the water flux results were close to the pure water case
(Fig. 54), which was due to the negligible influence of Ca®* and Mg?"
cations and the enhancing influence of SO~ anions in the surface
interaction between water and PMTAC surface (Fig. 7). Therefore, the
antifouling and self-cleaning property of the polyelectrolyte-coated
membrane can be affected by the ion species in the aqueous media.
Such results well agree with the AFM force measurements.

4. Conclusions

In this work, the effect of the aqueous ion species on the surface
wetting behavior and self-cleaning performances of polyelectrolyte
surfaces has been investigated, and the underlying interaction mecha-
nisms between water and various polyelectrolyte surfaces across oil
medium under ion-specific effect have been quantitatively characterized
via direct surface force measurements. It was discovered that dissolved
ion species in water could significantly affect the spontaneous oil
cleaning performances of the polyelectrolyte surfaces as well as the
surface interfaces between water and polyelectrolytes across oil film.
The force measurement results revealed that the HPO%’, SO?(, CO%’,
Ac™, and HyPOj4 anions can enhance the dipole-dipole attraction be-
tween water droplets and polyelectrolyte surface in toluene by
enhancing or aligning the interfacial water orientation, hence promot-
ing the water attachment on the polyelectrolyte surfaces. The F~ and C1~
anions may have the similar surface propensity with cations (i.e., K)
and thus show minimum influence on the interfacial water orientation.
In contrast, the Br~, I", and SCN™ anions can get close or even adsorbed
onto interface, break the interfacial hydrogen network, and disorder
interfacial water molecules, which thereby weaken the dipole-dipole
attraction. The specific-ion effect of the different anions follows the
order as HPOZ ™ ~ SO3 ~ CO3~ > Ac™ > H,PO; >F >Cl” >Br >1~
> SCN~, which coincides with the well-known Hofmeister series.
Meanwhile, the cations show negligible influence. Similar ion-specific
effect has been observed in nonpolar oil medium (i.e., cyclohexane).
On the basis of the water flux test results, the antifouling and self-
cleaning properties of the as-prepared polyelectrolyte-coated mem-
branes was also found to be excellent in KAc and KCl solutions and pure
water, but poor in KSCN solution, which was in consistent with the force
measurements. This work has revealed the nanomechanical mechanism
of ion-specific effect on the water wetting behaviors and surface func-
tionalities (e.g., antifouling and self-cleaning) of polyelectrolyte sur-
faces, with useful implications on the efficient applications of
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polyelectrolyte-based materials in diverse engineering processes (e.g.,
membrane filtration, oil/water separation).
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1. Introduction

Hydrophobic (HB) interactions between hydrophobic surfaces
in aqueous solution play a vital role in the applications of
hydrophobic materials ranging from engineering to biomedical
applications, such as mineral flotation [1,2], water/oil separation
[3,4], gas transportation [5], protein folding [6], cell manipulation
[7], and drug delivery [8]. So far, numerous different hydrophobic
materials have been designed and synthesized to satisfy various
and complicated working conditions. They can primarily be chem-
ically categorized into two groups: hydrocarbon materials and flu-
orinated materials [9]. Although both hydrocarbon and fluorinated
materials have exhibited the excellent ability to endow a surface
with great hydrophobicity, their different chemical compositions
and properties should lead to some diversities in hydrophobic
interaction behaviors during applications.

The intrinsic mechanisms of hydrophobic interactions have
been under investigations for decades. Typically, in aqueous solu-
tions, hydrocarbon surfaces (or air bubbles) would repel neighbor-
ing water molecules due to their inability to form hydrogen bonds,
which subsequently could restrict the arrangement of interfacial
water molecules and create a depletion (or vapor) layer [10-12].
Thermodynamically, this system prefers to minimize total surface
energy and exposed interfacial area. Hence, a strong attraction
between hydrophobic surfaces in aqueous solution has been found
to drive the surfaces to contact with each other, which is generally
referred to as “hydrophobic interaction”. However, for fluorinated
surfaces, C-F bond has a larger dipole moment than C—H bond
[9,13,14]. Thus, fluorinated surfaces are expected to form attractive
interactions (e.g., dipole-dipole interactions) with neighboring
polar water molecules and exhibit surface hydrophilicity, which
undoubtedly is inconsistent with the well-known hydrophobicity
of fluorinated surfaces [15,16]. Recently, molecular dynamics sim-
ulations have speculated that a layer of highly ordered water mole-
cules may exist on many solid surfaces, such as metal and diamond
surfaces, which normally could be hydrophilic but become
hydrophobic under special conditions (e.g., high temperature)
[17-21]. It is believed that the hydrogen bonds among ordered
water molecules are confined inside and no hydrogen bond can
be formed with bulk water molecules. Hence, this ordered water
layer acts as a “hydrophobic coating”. Very recent experiment
results by sum frequency generation vibrational spectroscopy
(SFG-VS) have suggested the presence of such water layer on a
polytetrafluoroethylene (PTFE) surface [22]. Therefore, fluorinated
surfaces may have different hydrophobic interaction mechanism
when compared to hydrocarbon surfaces, which should be further
explored.

Previous reported work has demonstrated that the hydrophobic
interaction or depletion layer of a common hydrophobic surface
(e.g., hydrocarbon surface) could be significantly modulated by
adjusting the stability of hydrogen bond network and interfacial
molecular mobility, such as altering surface hydrophobicity, con-
trolling surface phase status (e.g., liquid status or solid status),
and adding chaotropic salts in water [23-28]. However, direct
experimental study on the presence or absence of depletion layer
is very limited. Decreasing aqueous solution polarities, such as
adding ethanol, could improve liquid wettability on hydrophobic
surfaces, which could significantly compress the depletion layer.
Hydrophobic interactions have been measured to be tremendously
weakened in pure ethanol or ethanol-in-water solutions with a
high concentration [29-32]. However, many simulation and exper-
imental results have shown that diluted ethanol (molar fraction
less than 0.1 ~ 0.2) could gradually sabotage hydration shells of
hydrophobic solutes (e.g., alkanes and hydrophobic polymers) in
water, whereas concentrated ethanol stabilizes them [33-36]. This
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interesting phenomenon suggests that ethanol may have variable
influence in solvent-solute interactions, whose underlying mecha-
nisms have not been elucidated yet. Therefore, systematic investi-
gations on hydrophobic interaction behaviors and mechanisms of
hydrocarbon and fluorinated surfaces in aqueous solutions with
different polarities are of fundamental and practical importance.

Herein, the hydrophobic interaction behaviors and mechanisms
of hydrocarbon and fluorinated surfaces have been quantitatively
investigated using the bubble probe atomic force microscopy
(AFM) technique in aqueous solutions. Ethanol at different concen-
trations (molar fraction less than 0.1) was introduced to modulate
solution polarity. 1-decanethiol and 1H, 1H, 2H, 2H-
perfluorodecanethiol have been employed to prepare hydrocarbon
(donated as CH3) and fluorinated (donated as CF3) surfaces,
respectively. This linear alkane and its fluorinated derivative were
used as model hydrophobic systems due to their simple chemical
structure and inability to form other specific interactions (e.g.,
cation-m and anion-m interactions). Ultra-smooth gold surfaces
with root-mean-squared (RMS) roughness less than 0.3 nm were
used to minimize the effect of surface morphology. The experimen-
tal force profiles were analyzed using a theoretical model combin-
ing the Reynolds lubrication theory and augmented Young-Laplace
equation by including disjoining pressure arisen from the
Derjarguin-Landau-Verwey-Overbeek (DLVO) and non-DLVO
interactions (i.e.,, hydrophobic interactions). Obtained results
reveal the different hydrophobic interaction mechanisms of hydro-
carbon and fluorinated surfaces in aqueous solutions with different
polarities, which provide useful guidance in material selections
and applications of hydrophobic surfaces.

2. Materials and methodology
2.1. Materials

1-decanethiol (99 %, Sigma-Aldrich, Canada) and 1H, 1H, 2H,
2H-perfluorodecanethiol (97 %, Sigma-Aldrich, Canada) were used
as received to prepare the hydrophobic hydrocarbon and fluori-
nated surfaces, respectively. Anhydrous ethanol (>99.5 %, Sigma-
Aldrich, Canada) was used as the solvent. Silicon wafers purchased
from NanoFAB, University of Alberta, were used as the substrates.
Aqueous solutions were prepared using Milli-Q water with a resis-
tivity of 18.2 MQecm (BARNSTEAD Smart2Pure, Thermo Scientific,
Canada). Sodium chloride (NaCl, >99 %) was purchased from
Aldrich Sigma, Canada, and used as the electrolytes. The prepared
ethanol in 1 M NaCl aqueous solutions with different molar frac-
tions were degassed via sonication treatment under vacuum before
experiments.

2.2. Preparation of ultrasmooth hydrocarbon and fluorinated surfaces

Ultrasmooth gold surfaces were prepared on silicon substrates
using the template-stripping method [37,38]. Firstly, a gold layer
was deposited onto freshly cleaved molecularly smooth mica sur-
faces via electron beam evaporation (EBE) technique with a thick-
ness larger than 100 nm. This gold layer was directly glued onto a
UV-cleaned silicon substrate using epoxy glue with the mica sur-
face exposed. Then, mica pieces were carefully peeled off from
one side in ethanol, leaving the gold layer strongly bonded to the
supporting substrate. Subsequently, the prepared gold surfaces
were immediately immersed in 50 mM 1-decanethiol or 1H, 1H,
2H, 2H-perfluorodecanethiol-in-ethanol solution for 2 h. The self-
assembled monolayer (SAM) hydrocarbon or fluorinated surfaces
were thoroughly washed with a large amount of ethanol and dried
with nitrogen. The successful surface modification was confirmed
by AFM surface imaging and water contact angle (WCA) measure-
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ments. The thickness of the hydrocarbon and fluorinated surfaces
was measured using spectroscopic ellipsometer (Sopra GESP-5,
France).

2.3. Surface interaction measurements between air bubbles and the
hydrophobic substrate in aqueous solutions.

Surface interactions between air bubbles and hydrocarbon or
fluorinated substrates in 1 M NaCl solutions were directly mea-
sured by the AFM bubble probe technique using a MFP-3D-Bio
AFM (Asylum Research, Santa Babara, USA). The detailed experi-
ment setup was previously reported in literature [24,25,39]. Exper-
iments were conducted at room temperature (23 = 1 °C). Prior to
force measurements, the rectangular AFM tipless cantilever
(400 pm x 70 pm x 2 pm) with a circular gold patch
(diameter ~ 65 um) at the end was firstly hydrophobized in etha-
nol solution with 20 mM 1-undecanethiol for ~ 24 h in order to
pick up air bubbles in the following experiments. The cantilever’s
spring constant was calibrated to be ~ 0.45 N/m using the
Hutter-Bechhoefer method [40]. The glass substrate of AFM fluid
cell was immersed in ethanol solution with 50 mM trichloro(oc-
tadecyl)silane (OTS, >90 %, Sigma-Aldrich, Canada) in order to have
proper hydrophobicity for the immobilization of air bubbles in
water. The schematic illustration of AFM force measurement is
shown in Fig. 1A. The AFM fluid cell was firstly filled with a desired
aqueous solution, and air bubbles with radii of 60-70 pm were
generated on the slightly hydrophobized glass substrate using a
customized sharp glass pipet. The as-prepared hydrophobic hydro-
carbon or fluorinated surface was carefully placed in the fluid cell
near air bubbles. Then, hydrophobized AFM tipless cantilever was
driven to slowly approach one applicable air bubble and pick it
up to make the bubble probe, as shown in Fig. 1B. Subsequently,
this bubble probe was moved above the hydrophobic substrate,
and driven to approach the substrate at a velocity of 200 nm/s until
contact or upon reaching a preset loading force. During movement,
the deflection of AFM tipless cantilever was monitored by a laser
beam reflected at the backside of the cantilever to a quartered
photo detector. Hence, the interaction force between air bubble
and substrate with respect to time was obtained from the AFM
software. For each case, two independently prepared substrates
were used for multiple measurements. In this work, air bubbles
were discovered to detach from the AFM tipless cantilever and
spread on hydrophobic substrates when they were brought to
the substrate during approaching process, as shown in Fig. 1C. Typ-
ically, the bubble probe AFM force measurement for one approach-
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separation cycle can be completed within a few minutes; thus, the
influence of ethanol evaporation and bubble size change can be
neglected (Fig. 1C & D).

2.4. Theoretical analysis of measured force profiles

The measured force profiles were analyzed using a theoretical
model combining Reynolds lubrication theory and augmented
Young-Laplace equation [41,42]. When an air bubble was driven
to approach a substrate, the aqueous solution film confined
between bubble and substrate was drained out of contact area
due to the applied pressure. The drainage behaviors of the confined
aqueous film was described by Reynolds lubrication theory, as
shown in Equation (1) [41,42].

oh 1 0 /[ ,30p
(rh E)

ot~ Tz or

In this equation, h is the thickness of the confined aqueous film,
t is the time, p is the aqueous solution viscosity, r is the radical
coordinate, and p is the excess hydrodynamic pressure. Air bubbles
are soft materials, which could deform to respond to external pres-
sures. In this work, the deformation behavior of the air bubble dur-
ing force measurements was described by augmented Young-
Laplace equation (Equation (2)) [41,42],

g o r@ 20
o)

Tar R

where, ¢ is the surface tension of the aqueous solution, R is the
radius of the air bubble, and 1 is the disjoining pressure. The sur-
face tensions of 1 M NaCl aqueous solutions with different ethanol
contents were directly measured using the pendant drop shape
method with agoniometer (Ramé-hart Instrument Company,
USA) [43]. Measured results were shown in Figure S1, which were
consistent with reported values [44]. DLVO interactions (i.e., van
der Waals (VDW) interaction and electric double layer (EDL) inter-
action) and non-DLVO interaction (i.e., hydrophobic (HB) interac-
tion) were applied to describe the surface interactions between
air bubbles and hydrophobic surfaces (i.e., hydrocarbon and fluori-
nated surfaces) in aqueous solutions [45]. A very high salinity of
1 M NaCl was applied in aqueous solutions, which could signifi-
cantly compress the electric double layer (Debye length ~ 0.32 n
m) and result in negligible EDL interaction [45]. Hence, VDW pres-
sure llypy and HB pressure 155 were the major contributors to dis-
joining pressure Il. The thickness of hydrocarbon and fluorinated
SAMs was so thin (less than 2 nm) that its influence on the VDW

(1)

Im-p 2)

Fig. 1. (A) Schematic illustration of AFM force measurement between an air bubble and hydrophobic substrate (i.e., hydrocarbon or fluorinated surface) in aqueous solutions.
(B) Optical images of an air bubble anchored on rectangular AFM tipless cantilever. (C-D) An air bubble detached from AFM cantilever and attached onto a substrate surface

when approaching the substrate in aqueous solutions.
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interaction could be ignored [24]. Since ethanol concentration in
1 M NaCl aqueous solution was very low (molar fraction less than
0.1), the effect was also negligible, which was demonstrated by the
interaction forces between two air bubbles (Figure S2). Thereby,
the Hamaker constant of this air/water/gold system was adopted
in theoretical analysis based on the Lifshitz theory [24,45]. In ther-
modynamics, the free energy of HB interactions per unit area could
be derived from surface energy change of an air bubble attaching
onto hydrophobic surface, which has been discovered to decay
exponentially with surface separation [25,46,47]. Hence, the
VDW interaction and HB interaction could be calculated using
Equation (3) and (4), respectively.

Ay
Mypw = ——H 3
Y enh+T) ®
_ C h,  o(1-cos0) h
My = Do eXP(—D—O) = 7 Db, XP(—D—O) (4)

Here, Ay is the Hamaker constant between air and gold in water,
T is the thickness of the hydrocarbon and fluorinated SAMs, 0 is the
water contact angle in air, C is the pre-exponential factor of HB
interaction determined by the surface energy change incorporated
with Young-Laplace pressure (C = a(1 — cos 0)), and Dy is the char-
acteristic decay length. The decay length is commonly used to
characterize the influence strength of HB interaction. The overall
interaction force between air bubble and hydrophobic substrate
in aqueous solution was then calculated by integrating hydrody-
namic pressure p and disjoining pressure 1, as shown in Equation
(5) [41,42].

F(t):Zn/Om[p+H]~rdr (5)

3. Results and discussion

3.1. Characterization of hydrophobic hydrocarbon and fluorinated
surfaces

The as-prepared hydrocarbon and fluorinated SAM surfaces
were characterized by AFM surface imaging and water contact
angle (WCA) measurements. Fig. 2A-C show AFM surface images
of a bare gold surface, hydrocarbon (donated as CH3) surface,
and fluorinated (donated as CF3) surface in 1 M NaCl solution,

Bare gold surface

2.0 nm

-2.0 nm

Rq 0.25 nm

Height Sensor

1.0 pm

Height Sensor

CH3 surface

100°+1°
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respectively. It is noted that all the surfaces are ultrasmooth with
root-mean-squared (RMS) surface roughness less than 0.3 nm.
Meanwhile, there is no nano-bubble detected on surfaces. There-
fore, the effects of surface morphologies and nano-bubbles could
be neglected in following surface force analysis [48]. Fig. 2D-F
show water contact angles (WCA) in air of bare gold surface, CH3
surface and CF3 surface, respectively. The bare gold surface has
an extremely low WCA of less than 5° due to its high surface
energy [49,50]. After surface modification using hydrophobic thi-
ols, CH3 and CF3 surfaces exhibit the WCA of 100°t1° and
102°+1°, respectively, which suggests the successful grafting of
hydrocarbon and fluorocarbon thiols on gold surfaces [51,52].
The thickness of CH3 and CF3 SAMs was determined by spectro-
scopic ellipsometer to be 1.2 + 0.2 nm and 1.3 + 0.2 nm, respec-
tively. The similar thickness was attributed to the same carbon
number of hydrocarbon thiol and fluorocarbon thiol, which could
minimize the influence of film thickness and surface nanoscale
structure. Besides, the contact angles of 1 M NaCl aqueous solu-
tions with different ethanol molar fractions (denoted as X) were
also measured on both CH3 and CF3 surfaces in air. In Fig. 3 and
Figure S3, the solution contact angle on CH3 surface monotonically
decreases from 100°x1° for no ethanol to 54°+1° for ethanol molar
fraction of 0.1, indicating that adding ethanol in aqueous solutions
could facilitate wetting behaviors on hydrophobic hydrocarbon
surface [53,54]. It should be noted that the addition of ethanol in
aqueous solutions could lead to the significant reduction of liquid
surface energy (Figure S1), as ethanol molecules prefer to stay at
water/air interface [55,56]. Hence, the decreasing WCA is expected
[57]. The similar decreasing contact angle with the increasing etha-
nol content was also observed on CF3 surface. Besides, it should be
noted that for the same ethanol concentration, the contact angle on
CF3 surface was larger than that on CH3 surface as the conse-
quence of relatively lower surface energy of fluorinated surface
[58,59]. This may also imply that fluorinated surface owns stronger
hydrophobicity than hydrocarbon surface.

3.2. Interaction forces between bubbles and hydrocarbon surface in
1 M Na(l solutions

The interaction forces between air bubbles and CH3 surface in
1 M NaCl solutions with different ethanol molar fractions were
directly measured using bubble probe AFM technique. Obtained
force results are shown in Fig. 4 and analyzed using theoretical
model.

CF3 surface

2.0 nm 2.0nm

-2.0 nm <20 nm

Height Sensor

1.0 pm 1.0 ym

Fig. 2. AFM surface images in 1 M NaCl solution and water contact angles (WCA) in air of (A, D) bare gold surface, (B, E) hydrocarbon (CH3) surface, and (C, F) fluorinated (CF3)
surface. At least five independent contact angle measurements have been conducted in each case.

276



L. Gong, F. Wu, W. Yang et al.

110

1004
904

80+

70+

Contact angle (")

60

—o0—CH3
—0—CF3

504

1E-4  1E-3  0.01

Molar fraction of ethanol, X

0.1

Fig. 3. Contact angles of 1 M NaCl aqueous solutions with different ethanol molar
fractions (X) on hydrocarbon (CH3) and fluorinated (CF3) surfaces in air. At least
five independent contact angle measurements have been conducted in each case.

Fig. 4A shows the measured surface force between the bubble
and CH3 surface in 1 M NacCl solution. As the air bubble was driven
to approach CH3 surface, a maximum repulsion of ~ 4.1 nN was
detected at the moment when the bubble immediately detached
from AFM cantilever and attached onto the substrate surface (as
shown in Fig. 1C and D). In such high salinity (e.g., 1 M NaCl),
the electric double layer is significantly compressed (Debye
length ~ 0.32 nm) to the point where the EDL interaction could
be ignored [45]. Meanwhile, the VDW interaction becomes repul-
sive due to the negative Hamaker constant of the air/water/gold
system [45,50]. Therefore, this sudden attachment behavior is
attributed to the strong hydrophobic attraction between bubble
and CH3 surface [48]. In theoretical analysis, the HB interaction
decay length Dy was determined to be 1.59 + 0.02 nm. This is con-
sistent with values reported in literature [48,60]. The confined
aqueous film thickness profile before attachment, the contributed
surface interactions, and the disjoining pressure involving VDW
interaction and HB interaction have been reconstructed in Fig-
ure S4 based on theoretical results, which demonstrate that the
HB attraction plays dominant role in bubble attachment onto
CH3 surface. Fig. 4B shows measured force profiles between air
bubble and CH3 surface in 1 M NaCl solution with ethanol molar
fraction X = 0.0001. Similar force profile with a sudden attachment
behavior was observed, however the maximum repulsion became
larger (~5.2 nN) than that without ethanol (Fig. 4A). Since the
ethanol concentration is so low, the VDW repulsion would be
regarded as unaltered (see Supporting Information section 2).
Hence, this increased maximum repulsion before bubble attach-
ment is mainly attributed to weakened hydrophobic attraction
between air bubble and CH3 surface. In theoretical analysis, the
HB interaction decay length Dy is fitted to be 1.54 + 0.02 nm, which
is smaller than that without ethanol. Hence, adding ethanol in
aqueous solution at such diluted concentration could still result
in a weakened HB interaction. As ethanol molar fraction increases
to 0.0005 and 0.001 (Fig. 4C and D), the maximum repulsion before
bubble attachment increased to ~ 6.5 nN and ~ 10.3 nN, respec-
tively. Analogously, the HB interaction strength was gradually
reduced as ethanol molar fraction increased. Fitted HB interaction
decay length Dy is also decreased to 1.36 + 0.02 nm for X = 0.0005
and 1.24 = 0.02 nm for X = 0.001. This result demonstrates that
adding ethanol in aqueous solutions could gradually inhibit
hydrophobic interactions between bubbles and CH3 surface [61].
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When ethanol molar fraction increases to 0.005 (Fig. 4E), the
maximum repulsion no longer increases, but decreases (~9.2 nN)
compared with that at ethanol molar fraction of 0.001 in Fig. 4D,
suggesting that HB interaction between bubbles and CH3 surface
is strengthened. As ethanol molar fraction increases to 0.01 and
0.05 (Fig. 4F and G), the maximum repulsion becomes further
decreased to ~ 7.4 nN and ~ 6.9 nN, respectively, indicating that
HB interaction was strengthened with the increasing ethanol con-
tent. Fitted HB interaction decay length Dy is gradually increased to
1.34 + 0.02 nm for X = 0.005, 1.48 + 0.02 nm for X = 0.05, and 1.
57 + 0.02 nm for X = 0.05,respectively. As ethanol molar fraction
increases to 0.1 (Fig. 4H), the maximum repulsion before attach-
ment behavior rises to ~ 19 nN, indicating that the HB interaction
is weakened again. However, fitted HB interaction decay length D,
is 1.55 £ 0.02 nm, which is only slightly smaller than that with
ethanol molar fraction of 0.05. Such significant weakening in force
profiles could be the consequence of the great decrease of liquid
surface energy and contact angle at high ethanol molar
concentration ~ 0.1 (Fig. 3A and Figure S1), which lead to vigorous
reduction in the pre-exponential factor of HB interaction (i.e., C in
Equation (4)).

The HB interactions between bubbles and CH3 surface in 1 M
NaCl solutions with increasing ethanol content have been recon-
structed based on theoretical analysis in Fig. S5A and B. It is noted
that HB interaction gradually becomes weakened when ethanol
molar fraction increases from 0 to 0.001, but then turns to be
strengthened as X continuously increases from 0.001 to 0.05. The
HB interaction becomes slightly weakened again as X increased
to 0.1. This interesting varying behavior of HB interaction with
ethanol content seems contradictory with the monotonic decreas-
ing of WCAs on CH3 surface (Fig. 3A) and surface energy (Fig-
ure S1). It should be noted that the HB interaction between
bubbles and hydrophobic surface in aqueous solutions is not only
related to the free energy change of bubble attachment (i.e., sur-
face energies), but also affected by the stability of interfacial
hydrogen bond network and molecular mobility [23-28]. Hence,
this varying phenomenon also implies that ethanol at different
concentrations may play variable roles in interfacial hydrogen
bond network and/or molecular mobility.

3.3. Interaction forces between bubbles and fluorinated surface in 1 M
Nadl solutions

Surface interactions between air bubbles and fluorinated (CF3)
surfaces in 1 M NaCl solutions with ethanol molar fraction increas-
ing from O to 0.1 have been quantified and theoretical analyzed in
Fig. 5.

In Fig. 5A, measured interaction force between the bubble and
CF3 surface in 1 M NaCl solution exhibits the maximum repulsion
of ~ 3.0 nN before attachment behavior, which is weaker than that
for CH3 surface (Fig. 4A). Since different SAMs have negligible
influence in VDW interaction, this weaker repulsion could indicate
a stronger HB interaction with CF3 surface than that with CH3 sur-
face. Fitted HB interaction decay length D, for CF3 surface is 1.71
+ 0.02 nm, which is greater than that of CH3 surface. The greater
hydrophobicity of fluorocarbons over hydrocarbons has been
explained by relatively larger excluded volume per fluorocarbon
molecule in water, which thereby leads to a higher surface free
energy penalty as surrounded by water molecules [62]. Namely,
fluorocarbons are relatively “fatter” than hydrocarbons in water.
Fig. 5B-H show measured surface interactions between bubbles
and CF3 surface in 1 M NaCl solutions with ethanol molar fraction
of 0.0001, 0.0005, 0.001, 0.005, 0.01, 0.05 and 0.1, respectively. The
maximum repulsion gradually increases from ~ 4.0 nN to ~ 48 nN
as ethanol content increases. However, fitted decay length Dy is
discovered to firstly decrease from 1.68 + 0.02 nm for ethanol
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Fig. 4. Measured surface interactions between bubbles and hydrocarbon (CH3) surface in 1 M NaCl solutions with ethanol molar fraction of (A) 0, (B) 0.0001, (C) 0.0005, (D)
0.001, (E) 0.005, (F) 0.01, (G) 0.05, and (H) 0.1, respectively. The black circles are experiment data and the red lines are theoretical results. The arrows indicates the attachment
of bubbles onto the substrates. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

molar fraction of 0.0001 to 1.26 + 0.02 nm for ethanol molar frac- 0.1, respectively. Namely, the HB interaction between the bubble
tion of 0.01, but then increase to 1.37 + 0.02 nm for ethanol molar and CF3 surface becomes weakened firstly and then turns to be
fraction of 0.05, and to 1.50 £ 0.02 nm for ethanol molar fraction of strengthened with increasing ethanol content, which is similar to
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Fig. 5. Measured surface interactions between bubbles and fluorinated (CF3) surface in 1 M NaCl solutions with ethanol molar fraction of (A) 0, (B) 0.0001, (C) 0.0005, (D)

0.001, (E) 0.005, (F) 0.01, (G) 0.05, and (H) 0.1, respectively.

the tendency of CH3 surface. For surface interactions with ethanol
molar fraction of 0.05 and 0.1 (Fig. 5G and H), the strengthened
maximum repulsion should suggest the weakened HB interactions,
but the larger decay length Dy indicates the strengthened HB inter-
actions. This discrepancy can also be attributed to the vigorously
decreased liquid surface energy and contact angle on CF3 surface
with the presence of ethanol (X = 0.05 and 0.1) (Fig. 3B and Fig-
ure S1), which subsequently lower free energy change of bubble
attachment behavior on CF3 surface (i.e., the pre-exponential fac-
tor C of HB interaction in Equation (4)).

HB interactions between bubbles and CF3 surface in 1 M NaCl
solution with different ethanol content have also been recon-
structed in Fig. S5C and D. It is noted that the HB interaction is
gradually weakening when ethanol molar fraction increases from
0 to 0.01, and then becoming strengthened as the fraction contin-
ues to increase to 0.1. This varying tendency of the HB interactions
with the increasing ethanol concentration is similar with that of
CH3 surface.

3.4. Hydrophobic interaction mechanisms on hydrocarbon and
fluorinated surfaces

Fig. 6 summarizes measured liquid contact angles in air and fit-
ted HB decay length D,y of CH3 and CF3 surfaces as ethanol molar
fraction increases from 0 to 0.1. Liquid contact angles on both
CH3 and CF3 surfaces decrease monotonously with the increasing
ethanol content. This result agrees with practical observation that
ethanol could promote the wetting phenomena on hydrophobic

279

surfaces. Besides, CF3 surface owns larger liquid contact angle than
CH3 surface, which is attributed to its relatively lower surface
energy. Conventionally, hydrophobic substrate surface with larger
water contact angle in air is expected to have stronger hydrophobic
attraction [45]. However, a recent work has revealed that
hydrophobic surfaces with similar water contact angles in air could
show different hydrophobic interactions with air bubbles in aque-
ous solutions, which could be attributed to interfacial water mole-
cules’ mobility in the vicinity of hydrophobic surfaces [24]. The HB
decay length Dy of both CH3 and CF3 surfaces shows decreasing
tendency with the addition of ethanol at very low concentration,
but then turning into increasing trend as ethanol concentration
continuously increases, suggesting that addition of ethanol in
aqueous solutions could firstly weaken HB interaction, but then
strengthen it. This interesting varying behavior could be explained
by the presence of ethanol affecting the hydrogen bonding network
of water molecules [63-65]. Previous experiment and simulation
results have demonstrated that water molecules at water-
hydrophobic surface (or air) interface would sacrifice some hydro-
gen bonds to minimize contact area during wetting process, hence
creating some free polar hydroxyl (OH) groups at the interface
(Fig. 7A) [66-69]. These free dangling OH groups prefer to point
towards hydrophobic surface (or air), thereby generating the
strong dipole-dipole attraction between two hydrophobic surface,
namely hydrophobic interaction [27,70-73]. There are two kinds of
water molecules at interface: water molecules with a free dangling
OH group, and water molecules having hydrogen bonds with other
molecules. Ethanol molecules, having both hydrophilic hydroxyl
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Fig. 6. Measured liquid contact angle in air and fitted HB decay length D, of
hydrocarbon (CH3) and fluorinated (CF3) surface with ethanol molar fraction
increasing from 0 to 0.1. At least five independent contact angle measurements
have been conducted in each case.

group and hydrophobic ethyl group, could accumulate at water-
hydrophobic surface (or air) interface [74-76] and form hydrogen
bonds with interfacial water molecules: (1) directly forming
hydrogen bonds with the free OH groups of the water molecules,
or (2) breaking the water-water hydrogen bond to form a new
hydrogen bond with one of the water molecules and generating
one free OH group. At very dilute ethanol concentration, the former
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nol [29,61,80]. Meanwhile, it is possible that ethanol molecules
could be embedded between carbon chains of CH3 and CF3 sur-
faces to increase surface hydrophilicity, thus weakening the
hydrophobic interactions.

It’s also noted that the hydrophobic interaction decay length
reaches its minimum at ethanol molar fraction of ~ 0.001 for
CH3 surface and ~ 0.01 for CF3 surface, respectively (Fig. 6), indi-
cating that CH3 surface is more sensitive to ethanol than CF3 sur-
face. This result may be attributed to different hydrophobic effects
of hydrocarbon and fluorinated surfaces. The strong attractive dis-
persion force between the hydrocarbons and ethyl groups of etha-
nol across depletion layer could promote the accumulation
behavior of ethanol at interface [45,81,82]. However, the presence
of ordered water layer on fluorinated surface could prevent direct
contact with ethanol, and the VDW interaction between fluorocar-
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Fig. 7. Schematics of interfacial hydrogen bonding network on (A) hydrocarbon and (B) fluorinated surface.

bons and ethanol across water layer is repulsive according to Lif-
shitz theory [45,83-85], which could inhibit the adsorption behav-
ior of ethanol at interface (Fig. 7B). Conclusionally, CH3 surface
exhibits a more ethanol-sensitive behavior than CF3 surface.

4. Conclusions

In this work, for the first time the hydrophobic interaction
mechanisms between air bubbles and hydrocarbon and fluorinated
surfaces in aqueous solutions have been quantitatively and sys-
tematically characterized. Ethanol was introduced to aqueous
media to modulate the solution polarity. It was found that increas-
ing the ethanol content in an aqueous medium could monotoni-
cally reduce the contact angles on hydrocarbon and fluorinated
surfaces due to the decreased surface energy of aqueous medium.
Larger contact angles were detected on fluorinated surface than
that on hydrocarbon surface, suggesting higher hydrophobicity of
fluorinated surface. Surface force measurements revealed that
the hydrophobic interactions of air bubbles with hydrophobic sur-
faces (i.e., hydrocarbon and fluorinated surface) were firstly weak-
ened and then strengthened when increasing the ethanol content
(with its maximum molar fraction less than 0.1) in aqueous solu-
tions, even though the contact angles were monotonically
decreased. This ethanol-dependent behavior of hydrophobic inter-
actions is attributed to the presence of ethanol affecting the hydro-
gen bonding network of water, which could firstly consume free
dangling OH groups of water molecules in aqueous solutions with
low ethanol content, and then break interfacial hydrogen bond net-
work to generate more free OH groups under the conditions with
relatively larger ethanol content. Meanwhile, hydrocarbon surface
exhibited a higher sensitivity to ethanol content than fluorinated
surface, which was attributed to the protective layer of ordered
water molecules on fluorinated surface and repulsive VDW force
of fluorocarbon with ethanol across water layer. These results have
demonstrated that adjusting solution polarity could be a feasible
way to modulate surface interactions between hydrophobic sur-
faces, and the hydrocarbon and fluorinated surfaces possess differ-
ent hydrophobic interaction behaviors.

In previous studies, the influence of several factors such as sur-
face hydrophobicity [25], surface chemical heterogeneity [24,85],
nano-bubbles [86], temperature [6] and salts [26] on hydrophobic
interactions were experimentally investigated. Simulation meth-
ods have also been employed to explore arrangement of water
molecules on hydrophobic surfaces [87-89]. Nevertheless, the
effects of material chemistry and solution polarity on hydrophobic
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interactions have not been fully understood. This work has
advanced the field by providing new insights on the fundamental
surface interaction mechanisms of two major types of hydrophobic
substrates (e.g., hydrocarbon and fluorinated surfaces) in aqueous
solutions, which provides useful implications for material separa-
tion, mineral flotation, bubble/drop manipulation, micro-devices,
and so on. Future work on water structures in the vicinity of vari-
ous hydrophobic surfaces of varying surface chemistry under dif-
ferent conditions (e.g., water chemistry, temperature) will further
advance the fundamental understanding of hydrophobic interac-
tion mechanisms.
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ARTICLE INFO ABSTRACT

Keywords: Fouling phenomena are commonly observed in oil production processes, which have caused many challenging
F"“h“g_ issues. Many previous studies focused on fouling in aqueous environment. However, the characterization of
EN coating foulants and underlying interaction mechanism in organic media still remain limited, which is of fundamental
AFM colloidal probe . . . . . .

Adhesi and practical importance. In this work, the foulants on slotted liner samples were characterized, which have

esion . . . . . . .

Asphaltenes served in an oil wellbore based on steam-assisted gravity drainage (SAGD) operation for about six months. The
Adsorption foulants were demonstrated to be fine mineral solids (e.g., silica) and organic materials (e.g., asphaltenes).

Atomic force microscope (AFM) colloidal probe technique was employed to quantify the interaction forces of
silica particles or asphaltenes with carbon steel (L80) substrates with or without electroless nickel-phosphorus
(EN) coating in organic media. The results demonstrated that the corrosion on L80 surface could significantly
enhance the adhesion with silica particles and asphaltenes, aggravating the fouling phenomena; while the EN
coating could effectively eliminate the corrosion and show good antifouling property. Quartz crystal microbal-
ance with dissipation monitoring (QCM-D) technique was applied to investigate the dynamic adsorption be-
haviors of asphaltenes on iron (a major component of L80) and EN coating surfaces. The QCM-D results showed
that much less asphaltenes were adsorbed on EN coating than that on iron, which agrees well with the force
measurements. This work provides useful insights on the fouling processes and fundamental surface interaction
mechanisms of fine solids, asphaltenes and substrates in oil, with implications on developing effective antifouling
strategies (e.g., functional coatings) in oil production.

1. Introduction

Fouling problem has been one of the greatest challenges in engi-
neering and industries, especially in oil and gas industries [1-6]. The
steam-assisted gravity drainage (SAGD) technique has been widely used
as the environment-friendly extraction method of crude oil for decades
in Alberta, Canada [7-12]. In SAGD operation, two horizontal parallel
wells are drilled, and completion tools with sand control devices such as
slotted liners are installed in these wells [13,14]. Stream of high tem-
perature and high pressure is continuously pumped into the formation
through the upper well to heat the crude oil and liquidize it by reducing
the oil viscosity. Subsequently, the complex mixture of steam, water,
crude oil, and fine solids is pumped out via the lower well. The slotted
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liners with proper sizes allow the passage of the production fluids and
some of the fine solids but prevent the influx of sand particles larger than
the liner slots. Obviously, the efficiency of bitumen extraction using
SAGD operations significantly depends on the performance of the slotted
liners. The undesired foulants deposited on the liner surfaces could
cause serious plugging issues [15-22]. Once the slots are plugged, the
collection rate of bitumen would be lowered and the service life of
slotted liners could be reduced [23-26]. Besides, cleaning foulants from
the liner surfaces is technically challenging and also significantly in-
creases the operation costs [27-29]. In other oil production processes,
the detrimental fouling and plugging problems due to the deposition of
various organic/inorganic foulants can also cause undesired damages to
pipelines and other equipment. Therefore, investigating the fouling
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phenomena and developing efficient anti-fouling strategies are of
fundamental and practical importance. To achieve these tasks, it is
rational to firstly identify the components of foulants, determine the
driving forces for the attachment of foulants on surfaces, and study the
dynamic adsorption processes for the following fouling development.

Carbon steel is commonly applied as the construction material in oil
wellbores and pipelines due to its low price, great constructive ability,
and excellent extensive property [30-35]. However, millions of tons of
pipes are consumed every year around the world due to the poor resis-
tance of carbon steel to corrosion, abrasion and fouling, especially under
the conditions of high temperature and high pressure during SAGD op-
erations [3,36]. Over the last few decades, the electroless nickel-
phosphorous (EN) coating on carbon steel has caught much attention
due to its excellent anti-corrosion performance, wear resistance, uni-
form thickness, and great hardness [37-39]. Recently, the EN coated
pipe surfaces show much less fouling phenomena than those without the
coating [40-42]. The previous studies investigated the fouling behaviors
of asphaltenes, fine solids, oil-in-water emulsions and water-in-oil
emulsions on various substrates and the antifouling performance of
EN coating in aqueous solutions [40,43-46]. The results demonstrate
that the attractive van der Waals (VDW) force accounts for the fouling
processes, while the repulsive electric double layer (EDL) force mainly
contributes to the anti-fouling behavior of EN coating. The EDL repul-
sion can be significantly weakened in aqueous solutions with high
salinity, acid pH and presence of divalent ions.

Asphaltenes are generally defined by the solubility in organic media,
which can be well dissolved in good solvents (aromatic solvents, such as
toluene), but aggregate and precipitate in poor solvents (e.g., heptane)
thus inducing the instability of water-in-oil emulsions and leading to
aggravated fouling problems in oil production [47-51]. In organic
media, with the absence of electric double layer, many of the surface
interactions of fine solids, asphaltenes and various substrates have not
been systematically studied and the mechanistic understanding still re-
mains limited. Investigating the interaction and adsorption behaviors of
fine solids (e.g., silica) and asphaltenes on pipe surfaces and evaluating
the antifouling performance of functional coating (e.g., EN coating) can
improve the fundamental understandings of the underlying mechanism
of fouling and antifouling phenomena, and facilitate the development of
efficient antifouling strategies.

In this work, the foulants on the surface of slotted liners, which have
served in the oil wellbore of the SGAD operation for about six months,
were firstly characterized using the scanning electron microscopy (SEM)
and energy dispersive X-ray spectroscopy (EDS) to identify the compo-
nents of the foulants and their distributions. Then, the surface in-
teractions of silica particles or asphaltene-coated silica particles with
both carbon steel L80 and EN coating surfaces in organic media were
quantitatively measured using the atomic force microscope (AFM)
colloidal probe technique. Toluene (good solvent of asphaltenes), hep-
tane (poor solvent of asphaltenes) and heptol (the mixture of toluene
and heptane with certain volume ratios) were used as the model organic
media. The measured force profiles during both approach and retraction
processes were analyzed and correlated to the fouling phenomena.
Finally, the dynamic adsorption processes of asphaltenes on both iron
(major component of L80 carbon steel) surface and EN coating surface
were investigated using the quartz crystal micro-balance with dissipa-
tion monitoring (QCM-D) technique. Our results improve the funda-
mental understanding of the adsorption behaviors and interaction
mechanisms of fine solids and asphaltenes on liner surface and func-
tional coatings in organic media with useful implications for the
development of antifouling approaches in oil production.

2. Materials and experimental methods
2.1. Materials

L80 carbon steel substrates (8 mm x 8 mm x 5 mm) were supplied by
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RGL Reservoir Management Inc. (RGL, Canada). Asphaltenes were
extracted from Athabasca bitumen by following a reported procedure
[52]. Toluene (C;Hg, 99.9%, HPLC grade, Sigma-Aldrich, Canada) and
Heptane (C7Hi6, 99.9%, HPLC grade, Sigma-Aldrich, Canada) were used
as the organic solvents in this study. Heptols were prepared by mixing
toluene and heptane with the toluene volume ratios of 0.2, 0.5 and 0.8.
The asphaltenes solution with the concentration of 10,000 ppm was
prepared by firstly dissolving asphaltenes in pure toluene, followed by
sonicating for 30 min. Then, this solution was sealed as the stock solu-
tion and stored in the refrigerator. Before the experiments, the asphal-
tenes solution was prepared by diluting the stock solution to desired
concentrations with pure toluene and sonicated for 30 min. Silica
microsphere aqueous suspension (5% solids, microsphere diameter 5
pm, Sigma-Aldrich, Canada) was used to model fine solids. Silicon wa-
fers with 0.5 pm thermal oxide layer were purchased from NanoFAB,
University of Alberta (Canada). Ethanol (99.5%, anhydrous, ACROS
Organics, Canada) was used as received.

2.2. Preparation of liner substrates

The slotted liner, provided by the RGL Inc. (Canada), has been served
in a SAGD wellbore of Athabasca region for at least 6 months, which is
operated under the temperature of ~250 °C and the pressure of ~4 MPa
[42,53]. The liner substrates were prepared from the slotted liner using
the thin section technique. Briefly, the small liner pieces with fouled
slots were firstly cut using a diamond saw from the slotted liner, as
shown in Fig. 1. One side of a liner piece was mounted on a glass slide
using the epoxy glue for protection. The other side was polished with
sandpapers to make the surface smooth and appropriate for the
following SEM and EDS characterizations.

2.3. Electroless nickel-phosphorus (EN) coating on L80 substrates

In this work, the L80 carbon steel was used as the substrates for EN
coating. The L80 substrates were firstly washed using toluene, acetone,
ethanol and DI water, and dried by pure nitrogen. Subsequently, these
substrates were immersed in 10 wt% sodium hydroxide solution and
heated to 70 °C for 20 min to remove possible organic contaminants. The
cleaned substrates were activated by immersed in 2 wt% hydrochloric
acid for 30 s and washed with DI water. The EN coating bath solution
contained 25 g/L NiSO4-6H30, 16 g/L NaH3PO3-H0, 40 g/L NH4CI,
10 g/L CH3COONa, 15 g/L citric acid, and 20 mg/L lactic acid. The pH
was adjusted to 8.5 using the ammonium hydroxyl solution and hy-
drochloric acid. The bath solution was heated to 80 °C and stirred at 250
rpm. The EN coating process started by immersing the activated L80
substrates in the bath solution. After 60 min, the substrates were cleaned
with DI water and ethanol. The success of EN coating on L80 substrate

Fig. 1. Schematic of the sample preparation of liner substrates.
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was confirmed by the AFM surface image, SEM image and X-ray
diffraction (XRD).

2.4. Preparation of silica probe and asphaltene-coated silica probe

The silica probes were prepared before force measurements. A silica
microsphere with the diameter of ~5 pm was carefully glued to the top
position of the NP-O10 AFM tipless cantilever (Bruker, Santa Barbara,
CA) using two-component epoxy glue (EP2LV, MasterBond). Then, the
probes were placed in ambient conditions for at least 24 h. Asphaltene-
coated silica probes were prepared by immersing the UV-treated silica
probes in 20 ppm asphaltenes-toluene solution for 2 days. Then, these
probes were gently and repeatedly (at least three times) washed by pure
toluene, ethanol and water for several seconds, followed by drying in
pure nitrogen.

2.5. Force measurements using AFM colloidal probe technique

The interaction forces between silica probe or asphaltene-coated
silica probe and L80 or EN-L80 substrate in organic media were
directly and quantitatively measured using the AFM colloidal probe
technique with a Dimension Icon AFM (Bruker, Santa Barbara, CA)
[44,54,55]. The spring constant of the prepared probe was firstly cali-
brated using the Hutter and Bechhoefer method [56]. In a force mea-
surement, both the probe and the substrate were immersed in the
organic solvent with the probe placed above. This probe was driven by a
piezo actuator to approach the substrate at the speed of 1 um/s till a
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maximum loading force of 10 nN was reached, and then retract to
original position, as shown in Fig. 2A. During the movement, the
deflection of the cantilever was detected by the optical laser reflection
system and the force was calculated using Hooke’s Law. The data con-
taining the separation and force profile between the particle and sub-
strate was obtained from the AFM software. In the force measurement,
multiple measurements (at least 50 times) have been conducted at the
different locations on the substrate in the organic media and two inde-
pendently prepared substrates have been tested under the same exper-
imental condition, to ensure the repeatability and the accuracy of the
adhesion results. The SEM image of a silica probe is shown in Fig. 2B.
L80 substrates were polished with sandpapers just before immersed in
organic solvent to avoid the effect of oxidation on L80 substrate.

2.6. Adsorption behavior of asphaltenes using QCM-D

The dynamic adsorption processes of asphaltenes on both iron and
EN coating surfaces were investigated using quartz crystal microbalance
with dissipation (QCM-D) monitoring technique. The iron sensor was
prepared on the commercial gold sensor using the electron beam
evaporation (EBE) technique. The Cr layer with the thickness of 10 nm
and the Fe layer with the thickness of 90 nm were deposited on a gold
sensor to prepare the iron sensor. The Cr layer was applied here to
enhance the stability of iron layer on sensor surface. The EN sensor was
prepared on iron sensor using the above EN coating process. Prior to
QCM-D experiments, the iron or EN sensor was firstly cleaned by
toluene, acetone, ethanol and DI water, and dried with pure nitrogen.

Fig. 2. (A) Schematic of the AFM colloidal probe technique to measure the surface interactions between the silica probe and a substrate in the organic medium. (B)
SEM image of the prepared silica probe. The diameter was measured to be ~5 pm. (C) Schematic of the QCM-D monitoring technique to investigate the dynamic

adsorption process of asphaltenes on the sensor surface.
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The cleaned sensor was installed in the QCM-D chamber and driven to
oscillate at a series of specific frequencies by the machine. When the
pure toluene was pumped in the chamber at a volume velocity of 350
pL/min, the baseline was established, where the signals of both fre-
quency change and dissipation energy change of the sensor were defined
as zero. Then, as-prepared asphaltene solution was pumped in the
chamber at the volume velocity of 350 pL/min and the adsorption of
asphaltenes on sensor surface started, which resulted in the negative
change in frequency signal and the positive change in dissipation energy
signal. The schematic of QCM-D monitoring technique is shown in
Fig. 2C. After the adsorption reached its equilibrium, pure toluene was
finally pumped in the chamber to wash away the unstably adsorbed
asphaltenes on sensor surface. The frequency change Af and dissipation
energy change AD were recorded. Since the adsorbed asphaltenes layer
was quite thin and rigid, the Sauerbrey equation was used to calculate
the adsorbed mass per area Am of asphaltenes on the sensor surface, as in
Eq. (1) [57].

am=—Sar 8
n

where, C equals 17.1 ng/(Hz-cm?) for a 5 MHz quartz crystal sensor, and
n is the overtone number (n = 1,3,5,7...).

Ca
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3. Results and discussion
3.1. Characterization of fouled liner slot

The as-prepared liner substrate containing a slot, which has been
filled with foulants during oil production, has been characterized using
SEM and EDS., as shown in Fig. 3.

In Fig. 3A, the SEM image shows that the slot is between the white
continuous area in the top and bottom parts of the image, and has been
filled with foulants, which are indicated as the black spots and non-
continuous white spots. Besides, the upper and lower edges of the
liner are in jagged shape, which indicates the serious damages of the
liner material. This is possibly caused by the abrasion and/or corrosion
during oil production. The EDS element mappings have been conducted
in the chosen white rectangular box in Fig. 3A and the spatial distri-
bution of detected elements including carbon (C), silicon (Si), oxygen
(0), iron (Fe), sulfur (S), calcium (Ca), aluminum (Al), and zinc (Zn) are
shown in Fig. 3B-I. Different colors have been assigned to different el-
ements and a higher concentration of element resulted in a brighter
color in these figures. It is noted that carbon element (yellow color)
covers most part of the slot as in Fig. 3B, which mainly comes from the
crude oil (e.g., asphaltenes). The bright yellow area is the concentrated
organic materials, while the light-yellow area could be other materials
with a few crude oil. Fig. 3C shows the distribution of silicon element in
the slot, which represents fine solids (e.g., silica) from the ground.

C

Al

Fig. 3. (A) SEM image of the as-prepared liner substrate containing a slot with foulants. The white box in the image shows the area chosen for EDS element mapping.
(B-I) EDS mapping results of the as-prepared liner substrate. The elements of carbon (C), silicon (Si), oxygen (O), iron (Fe), sulfur (S), calcium (Ca), aluminum (Al),

and zinc (Zn) have been detected. The scale bar in Fig. 3B-I is 250 pm.
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Similarly, the bright green area indicates the presence of silicon at high
concentration, which is the bulk solids. Interestingly, the carbon and
silicon mappings seem to match with each other. The high carbon
content area shows low silicon concentration, while the low carbon
content area exhibits high silicon concentration. This suggests that the
foulants in the slot are mainly composed of crude oil and silica particles.
Fig. 3D shows the presence of oxygen element. Since both crude oil and
fine solids contain oxygen element, its distribution in the slot is rela-
tively even. The iron element (Fig. 3E) is mainly from the liner material,
and the sulfur element (Fig. 3F) mainly comes from the crude oil. The
bright blue area in Fig. 3F indicates the distribution of concentrated
sulfur, which could be the deposited asphaltene material and/or
corrosion products. The calcium, alumina and zinc elements (Fig. 3G, H
and I) mainly come from the fine solids.

A L80

Height Sensor

1.0 um
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Conclusionally, the major components of the foulants in the slotted
liner are the organic materials (e.g., asphaltenes), and fine solids (e.g.,
silica). Hence, the silica particles and asphaltenes are used as the model
foulants to investigate the fouling mechanisms in the following work. It
is noted that, because of the different geological conditions and
extraction techniques applied in oil production, the organic foulants
could contain other crude oil components, such as naphthenates and
resins [58], and the inorganic foulants could also include different
mineral particles [59]. The methodologies applied in this work can be
readily extended to characterize the foulants and the fouling mecha-
nisms of other related systems in oil production.

Height Sensor

Intensity, | (a.u.)

30 40

T 1

50 60

Degree, 20

Fig. 4. The AFM surface images of (A) L80 substrate and (B) EN-L80 substrate. The SEM images of (C) L80 substrate and (D) EN-L80 substrate. (E) The XRD results of

L80 and EN-L80 substrates.
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3.2. Characterization of L80 and EN-L80 substrates

Fig. 4A and B show the AFM surface images of L80 and EN-L80
substrates, respectively. The L80 surface after polishing is quite
smooth with a root-mean-square (RMS) roughness of 1.71 nm. However,
the EN-L80 substrate shows a much rougher surface (RMS 5.06 nm)
containing nodules with the sizes ranging from several nanometers to
serval hundred nanometers. Fig. 4C and D show the SEM images of L80
and EN-L80 substrates. The L80 substrate is very smooth with a few
scratches on the surface, which could be originated from the polishing
process. The EN-L80 substrate has a large number of aggregates on the
surface, which confirms the successful deposition of nickel and phos-
phorus. Fig. 4E shows the XRD results of L80 and EN-L80 substrates. The
diffraction peak at 45° indicates the crystal structure of carbon steel L80,
while the broadened diffraction peak at 40-50° indicates the amorphous
matrix of EN coating.

3.3. Surface interactions of silica probe and L80 or EN-L80 substrate

The interaction forces between silica probe and L80 or EN-L80 sub-
strate in toluene, heptane and heptols have been quantified using the
AFM colloidal probe technique. The measured force profiles during
approach are shown in Fig. 5. All the force profiles have been normal-
ized by the radius of the silica probe.

Before force measurements with L80 and EN-L80 substrates, silica
probe was firstly applied to interact with clean silica substrate in
toluene, heptane and heptols ( is the volume ratio of toluene, ® = 0.2,
0.5, or 0.8), as shown in Fig. 5A. All the force curves during approaching
show strong attraction when the separation distance becomes less than
10 nm, which is due to the dominant van der Waals (VDW) attraction

0.05
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between the silica probe and silica substrate in these organic media [60].
It is noted that the attraction in toluene is much weaker than that in
heptane, which suggests that the VDW force between the silica probe
and silica substrate in toluene is weaker than that in heptane. Decreasing
o, the volume ratio of toluene in heptol, leads to the enhanced attraction
between silica probe and silica substrate, indicating the strengthened
VDW force.

The measured interaction forces can be analyzed by the theoretical
model. Here, the VDW force Fq,, is calculated using the following Eq.
(2) [60].
dew _ AH

R~ 6D?

®))

where Ay is the Hamaker constant for the silica probe and the silica
substrate interacting in organic medium, R is the radius of spherical
silica probe (~2.5 pm), and D is the separation distance. The Hamaker
constant can be calculated using the combining relation, as shown in Eq.
(3) [601].

A132:(\/A_“7\/A_33)<\/A_227\/A_33> 3)

where Aj3; is the Hamaker constant between probe 1 and substrate 2 in
medium 3, and A;7, Az, and Agg are the Hamaker constants of probe 1,
substrate 2 and medium 3, respectively. In literatures, the Hamaker
constant of silica is 6.6 x 10720 J [60,61]. The Hamaker constants of
toluene and heptane are calculated to be 5.4 x 10720 Jand 4.5 x 10720
with their dielectric constant and refractive index using the Lifshitz
theory [62,63]. Therefore, the Hamaker constants between silica probe
and silica substrate in toluene and heptane are calculated to be 0.6 x
1072 Jand 2.0 x 10721 J, respectively. The theoretical force curves are
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Fig. 5. Measured force profiles during approach of silica probes with (A) silica substrate, (B) L80 substrate and (C) EN-L80 substrate in toluene, heptane and heptols
(w is the volume ratio of toluene, ® = 0.2, 0.5, or 0.8). Solid line curves are the theoretical force curves.
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plotted as the red lines in Fig. 5A. The experimental data and the
theoretical lines agree well with each other, which confirms the vali-
dation of the model. This theoretical model has also been applied to fit
the measured force profiles in heptols and the correlated Hamaker
constants of heptols with @ of 0.2, 0.5 and 0.8 could be calculated as
4.7 x 10720 J, 4.9 x 1020 J, and 5.2 x 10720 J, respectively. These
values will be used in following work.

The interaction forces of silica probe with L80 and EN-L80 were also
measured in toluene, heptane and heptols, which are shown in Fig. 5B
and C. The attractive VDW force dominates the surface interactions
when the silica probe approaches the L80 or EN-L80 substrate. Similarly,
increasing the toluene volume ratio in the organic media results in the
weakened attraction between the silica probe and L80 or EN-L80 sub-
strate. Comparing the force profiles in Fig. 5B and C, the attractive VDW
forces measured with L80 substrate are much stronger than with EN-L80
substrate in the same medium. The force profiles have also been theo-
retically analyzed and the fitting curves are shown as the red lines in
Fig. 5B and C. The Hamaker constants of L80 and EN-L80 substrates are
calculated to be 20.0 x 102° J and 6.0 x 1020 J, respectively, which are
within the reported value range [43,44,60,61]. As the attractive VDW
force is the major driving force for silica particles approaching substrate
surface, the much smaller Hamaker constant of EN coating indicates the
significantly lower possibility for the attachment of silica particles on
the surface.

3.4. Surface interactions of asphaltene-coated silica probe and L80 or EN-
L80 substrate

The surface interactions between the asphaltene-coated silica probe
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and L80 or EN-L80 substrate during approaching in toluene, heptane
and heptols (w = 0.2, 0.5, or 0.8) were measured, as in Fig. 6.

Similarly, asphaltene-coated silica probe has been firstly applied to
interact with a clean silica substrate in toluene, heptane and heptols, as
in Fig. 6A. It is noted that the interaction forces are repulsive in toluene
and heptols (w = 0.5 and 0.8) when the separation distance is less than
10 nm. The forces are growing stronger while the asphaltene-coated
probe is brought closer to the silica substrate. In heptol (w = 0.2) and
heptane, the obtained force curves show a weak attraction when the
separation is less than 7 nm. However, when the separation distance is
less than 2 nm, the forces rapidly become repulsive, which is due to the
structural repulsion between the rigid surfaces of the probe and the
substrate [60,64]. Hence, decreasing the toluene content in organic
solvent leads to the interaction force change from strong repulsion to
weak attraction. This result is quite different from the force result in
Fig. 5A. It has been reported that in a good solvent (e.g., toluene),
asphaltenes adsorbed on the substrate surface could partially stretch
into the bulk solvent with some functional groups anchoring at the
substrate surface, which is very similar to polymer brushes [65-68].
These asphaltene “brushes” could prevent the approach and contact of
other surface (e.g., silica surface) via the steric repulsion. As the solvent
becomes poor (e.g., heptol), the adsorbed asphaltenes tend to aggregate
on substrate surface. The steric repulsion originated from the stretched
asphaltene “brushes” would be gradually weakened. In poor solvent (e.
g., heptane), the aggregation of the adsorbed asphaltenes is so signifi-
cant that the steric repulsion could be negligible. Thus, the attractive
VDW force dominates in heptane, and the measured force curve turns to
weak attraction. In this work, the steric repulsion Fg can be calculated
using Eq. (4) [69].
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Fig. 6. Measured force profiles during approach of asphaltene-coated silica probes with (A) silica substrate, (B) L80 substrate and (C) EN-L80 substrate in toluene,

heptane and heptols (w = 0.2, 0.5, or 0.8).
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Fye kpTL, D
R’ =50-2 Oexp<—2ﬂ—> (4)

53 Ly

where kg is the Boltzmann constant, T is the temperature, L is the
characteristic length of adsorbed asphaltene “brushes” on the surface,
and s is the average distance between two adsorbed asphaltene
“brushes”. Since there is only a very thin layer of asphaltenes adsorbed
on the silica probe, the attractive VDW force could be treated as the
same between silica probe and silica substrate at relatively large sepa-
ration [60,70]. The characteristic length Ly and the average grafting
distance s of asphaltenes adsorbed on silica surface in different organic
media can be fitted and the results are listed in Table 1. These values are
in consistence with the reported values [63,67]. It is noted that
asphaltenes have the longest characteristic length Ly in toluene since
toluene is a good solvent. In heptols, decreasing the toluene content
makes the solvent worse to asphaltenes, thus leading to the decreasing
characteristic length Ly of asphaltene “brushes”. Therefore, the steric
repulsion gradually becomes weakened. In poor solvent (i.e., heptane),
the steric repulsion can be ignored since asphaltenes are so significantly
aggregated. The schematic of characteristic length Ly of asphaltenes
adsorbed on silica surface in toluene, heptane and heptols is shown in
Fig. 7.

The force measurements between asphaltene-coated silica probes
and L80 or EN-L80 substrates in toluene, heptane and heptols were also
conducted as in Fig. 6B and C. It can be noted that in the case of L80
substrate (Fig. 6B), the force profile is repulsive in toluene and heptols
(w = 0.5 and 0.8) and attractive in heptol (w = 0.2) and heptane, when
the separation distance is less than 10 nm. In the case of EN-L80 sub-
strate (Fig. 6C), the measured force is repulsive in toluene and heptols
(w = 0.2, 0.5 and 0.8), and turns to be attractive in heptane. These re-
sults indicate that both VDW attraction and steric repulsion contribute
to the surface interaction between L80 or EN-L80 substrate and
asphaltene-coated silica particle, and the steric repulsion becomes
strengthened as the toluene content in organic solvent increases.
Meanwhile, the force curve between asphaltene-coated silica particle
and L80 substrate is more attractive than that between asphaltene-
coated silica particle and EN-L80 substrate in the same medium due to
the much greater VDW attraction, suggesting less possibility for the
asphaltenes approaching and attaching on the substrate surface in
organic media (e.g., toluene, heptane and heptols).

3.5. Adhesion between silica or asphaltene-coated silica particle and L80
or EN-L80 substrate

The adhesion between silica or asphaltene-coated silica particle and
L80 or EN-L8O0 substrate in toluene, heptols and heptane has also been
recorded in the force measurements during retraction. The normalized
adhesion is shown in Fig. 8. It is noted that the adhesion between silica
particle and L80 or EN-L80 substrate becomes stronger as the toluene
content in the organic medium decreases, which is attributed to the
enhanced VDW attraction. The adhesion between asphaltene-coated
silica particle and L80 or EN substrate is stronger than that of silica
particles. When the toluene content in the organic medium decreases,
the reduced steric repulsion and the enhanced VDW attraction can result
in the strengthened adhesion between asphaltenes and substrates.

Table 1
The fitted characteristic length Ly and average grafting distance s of asphaltenes
“brushes” on silica surface in toluene, heptane and heptols.

Solvent Lo/nm s/nm
Toluene 6.5 23
Heptol (0 = 0.8) 4.5 21
Heptol (w = 0.5) 3.0 20
Heptol (w = 0.2) 2.5 19
Heptane - -
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During the force measurements, the actual contact of asphaltenes and
substrate surface could lead to the formation of the shot-ranged in-
teractions including hydrogen bond, acid/base interaction, and so on
[44,65,67]. These short-ranged interactions combined with VDW
attraction contribute to the measured adhesion between asphaltenes and
substrate surfaces (i.e., L80 and EN surface). It is noticed that the
measured adhesion F,q for all the cases is unexpectedly very weak (Fpq/
R < 0.005 mN/m), especially for the cases of L80 substrates. This seems
to be contrary to the occurrence of serious fouling phenomena in oil
industries. Here, this weak adhesion could be the consequence of the
polishing treatment of L80 substrates before each force measurement,
which erases the corrosion products from the surfaces. Corrosion prod-
ucts, such as oxides and sulfides of metals on liner surface could change
the physical and chemical properties of the surface and provide
numerous interaction sites for the development of fouling layers. In
practical oil production, the corrosion of liner surface is inevitable,
especially under extreme conditions (e.g., in SAGD operations). The
presence of salinity, Oy, CO9, and H,S could significantly promote the
corrosive reaction and cause damages to liner material [71]. The
corrosion phenomena have also been detected by the EDS element
mapping results of liner substrate in Fig. 3.

Herein, AFM force measurements between the silica or asphaltene-
coated silica probe and L80 substrates at corroded and uncorroded
area have been conducted accordingly to demonstrate the influence of
corrosion. A newly polished L80 substrate was immersed in 100 mM
NaCl solution for 6 h at ambient conditions and the corrosion on this L80
substrate was observed from the optical image shown in Fig. 9A. The
black areas on the surface are the corrosion products. Two positions
highlighted by the red circles have been chosen for the force measure-
ments. The Position I is the corroded area, while the Position II is the
uncorroded area. The measured force profiles with the silica probe or
asphaltene-coated silica probe at Position I and Position II in toluene are
shown in Fig. 9B-E.

In Fig. 9B and C, the strong adhesion has been measured between
silica probe or asphaltene-coated silica probe and corroded L80 sub-
strate in toluene, which is ~2.3 mN/m for silica probe and ~3.5 mN/m
for asphaltene-coated silica probe, respectively. However, in the force
curves on uncorroded L80 substrate, the measured force curves exhibit
extremely low adhesion (F,q/R < 0.005 mN/m), which agrees with the
previous results. This results demonstrate that the corrosion products on
L80 substrate could significantly enhance the adhesion between silica
particle or asphaltene-coated silica particle and L80 substrate in organic
media (e.g., toluene), hence leading to serious fouling phenomena. In
literatures, iron oxides and sulfides due to the corrosive reaction could
introduce the oxygen and sulfur atoms to iron surface, which could
create strong attraction (e.g., hydrogen bonding and acid-base interac-
tion) with silica particles or asphaltenes [72-74]. This result suggests
that preventing the occurrence of corrosion on steel surface can effec-
tively inhibit the fouling phenomena. In turn, the measured strong
adhesion between the foulants and the steel surface could also indicate
the occurrence of corrosion on the steel surface. Hence, determining the
fouling phenomena via surface force measurements could be an alter-
native method to understand the corrosion processes of the steel surface,
such as the influence of deposited asphaltenes and the corrosion in-
hibitors in the corrosion processes of the steel surface.

In Fig. 8, the adhesion of the silica or asphaltene-coated silica probe
with L80 substrate is stronger than that with EN-L80 substrate, which
suggests that silica particles and asphaltenes may be more difficult to be
removed or cleaned from L80 surface than from EN coating surface.
Previous work has reported that the larger surface roughness can lead to
the enhanced fouling phenomena due to the relatively larger contact
area and higher contacting possibility of foulants on the surface [75,76].
However, the EN coating surface, even though having a rougher surface
(RMS roughness 5.06 nm) than the L80 substrate (RMS roughness 1.71
nm), still shows the relatively weaker adhesion with the foulants (e.g.,
silica particles and asphaltenes). The nonmetal phosphorus atoms in the
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Fig. 7. Schematic of characteristic length Ly change of asphaltenes on silica surface in toluene (left), heptols (middle) and heptane (right).
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Fig. 8. Normalized adhesion between silica or asphaltene-coated silica probe
and L80 or EN-L80 substrate in toluene, heptols and heptane.

EN coating could give rise to the amorphous structure of the coating,
leading to the lower surface energy, while the metal nickel atoms have
less chemical reactivity than iron atoms, endowing the surface with the
anti-corrosion property, which subsequently limits the foulant adhesion
[77,78]. Therefore, the EN coating shows the great antifouling property.

3.6. Dynamic adsorption behaviors of asphaltenes on iron and EN coating
surface

The above force measurements have elucidated the surface interac-
tion mechanisms of fouling phenomena of silica particles and asphal-
tenes on L80 surface and EN coating surface in organic media. After the
first layer of foulants is deposited on the substrate surface, the contin-
uous adsorption process of asphaltenes and solids would finally lead to
the serious fouling phenomena. Hence, the quartz crystal microbalance
with dissipation (QCM-D) monitoring technique has been applied to
study the dynamic adsorption behaviors of asphaltenes on iron (major
component of L80) and EN coating surfaces. The adsorption results of
frequency change Af and dissipation energy change AD are shown in
Fig. 10.

Fig. 10A shows the dynamic adsorption process of 10 ppm
asphaltene-toluene solution on iron surface. The frequency curve drops
to negative when the asphaltenes solution is pumped to flow on the iron
sensor surface, which suggests the adsorption of asphaltenes on iron
surface. Even though the steric repulsion between asphaltenes and the
substrate surface in toluene prevents the attachment of asphaltenes on
sensor surface, the VDW attraction, hydrodynamic interaction by the
flowing fluid and thermal motion of asphaltenes can overcome this
repulsion and lead to the contact of asphaltenes on sensor surface. Once
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heptol heptane

the contact occurs, the adhesion between asphaltenes and sensor sur-
face, contributed by interactions such as VDW, hydrogen bonding, and
acid/base interaction [44,65,67], will prevent the detachment of
asphaltenes from sensor surface, hence resulting in the observed
adsorption behavior. The more the frequency curve drops, the more the
asphaltenes are adsorbed on iron surface. Meanwhile, the dissipation
energy curve becomes positive and increases as asphaltenes are adsor-
bed on iron surface. This is due to the fact that asphaltenes are relatively
soft and the oscillation energy generated by QCM-D machine could be
dissipated. After about 1200 s, both frequency curve and energy dissi-
pation curve tend to be linear with only a little variation, suggesting that
the adsorption process has reached its equilibrium, where the iron sur-
face has almost been fully covered by asphaltenes and there are still
limited asphaltenes continuously adsorbed on the surface at a very slow
rate. This continuous adsorption is caused by the interactions between
asphaltenes, such as VDW interactions, hydrogen bindings, and n-7 in-
teractions [79]. Then, pure toluene is used to replace the asphaltene
solution. A very small increase of frequency curve and a decrease of
energy dissipation curve have been observed, which indicates that only
limited unstable asphaltenes are washed away. In Fig. 10B and C, the
concentration of asphaltene solution has been increased to 100 and 500
ppm, respectively. Similar changes of frequency and energy dissipation
curves have been observed. However, the frequency curve drops faster
and the energy dissipation curve increases more rapidly in higher
asphaltene concentration, indicating the quicker rate of asphaltenes
adsorption. Besides, increasing asphaltene concentration also leads to a
more negative value of frequency curve and a limited increase of energy
dissipation curve at the equilibrium, suggesting more asphaltenes can be
adsorbed on the iron surface. When introducing pure toluene, the fre-
quency curve increases and energy dissipation curve decreases, indi-
cating that the unstable asphaltenes are washed away. Moreover, the
dynamic adsorption processes of asphaltenes on EN coating surfaces
have also been investigated and the results are shown in Fig. 10D, E, and
F. Similar adsorption process and trend of frequency curve and energy
dissipation curve have been observed.

It is noted that the frequency change at the equilibrium on iron
sensor is —35 Hz, —46 Hz, and —48 Hz for the asphaltene concentrations
of 10, 100, and 500 ppm, respectively, while the frequency change on
EN sensor is —18 Hz, —25 Hz, and —29 Hz, respectively. This suggests
that more asphaltenes could be adsorbed on iron surface than on EN
coating surface. Using the Sauerbrey equation [57,80-82], the adsorbed
mass per area of asphaltenes on both iron and EN coating surface has
been calculated and shown in Fig. 10G. It is noted that more asphaltenes
could be adsorbed on the surface when the bulk concentration increases,
and much less asphaltenes are adsorbed on EN coating surface than on
iron surface, which is attributed to much weaker adhesion between
asphaltenes and EN coating than that between asphaltenes and iron
surface in toluene.
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Fig. 9. (A) Optical image of a polished L80 substrate after immersed in 100 mM NacCl solution for 12 h. The red-circle Position I is the corroded area, while the red-
circle Position II is the uncorroded area. (B-C) Measured force profiles with (B) silica probe and (C) asphaltene-coated silica probe at Position I in toluene. (D-E)
Measured force profiles with (D) silica probe and (E) asphaltene-coated silica probe at Position II in toluene. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

4. Conclusions

In this work, the foulants on slotted liners, which have served in an
oil wellbore for six months, have been characterized using SEM and EDS.
The results show that the fine solids (e.g., silica) and organic materials
(e.g., asphaltenes) are the major components of the foulants in the slot.
The fouling mechanism of silica particles and asphaltenes on L80 and the
antifouling property of EN-L80 substrates in organic media (e.g.,
toluene, heptane and heptols) have been investigated using the AFM
colloidal probe technique. The measured force profiles show that in the
case of silica particles, the attractive VDW force dominates the surface
interactions and contributes to the attachment of silica particles on L80
and EN-L80. In the case of asphaltene-coated silica particles, both
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attractive VDW force and repulsive steric force contribute to the surface
interactions. In a good solvent (i.e., toluene), adsorbed asphaltenes
would extend to the bulk solvent, hence leading to the strong steric
repulsion between asphaltene-coated silica particle and substrate sur-
face. The steric repulsion becomes weaker when the toluene content in
organic medium decreases. In a poor solvent (i.e., heptane), the signif-
icant aggregation of adsorbed asphaltenes accounts for the much
weakened steric repulsion. The force measurements also demonstrate
that the corrosion on L80 substrate surfaces could significantly aggra-
vate the adhesion with silica particles and asphaltene particles, leading
to the fouling phenomena. In contrast, the EN coating can effectively
enhance the corrosion resistance of substrate surface, thus preventing
the attachment of foulants on the surface. The dynamic adsorption of
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Fig. 10. QCM-D response, i.e., changes in frequency Af and dissipation energy AD for the adsorption of asphaltenes on (A-C) iron and (D-F) EN coating surfaces in
toluene. The asphaltene concentration is 10, 100, and 500 ppm. (G) The calculated mass per area of asphaltenes adsorbed on iron and EN coating surfaces.

asphaltenes on both iron and EN coating surface has also been studied
using the QCM-D technique. The higher asphaltene concentration in the
bulk could result in more and faster adsorption of asphaltenes on the
surface. Less asphaltenes have been detected on EN coating surface than
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on iron surface. These results demonstrate that the EN coating possesses
good anti-fouling property in oil media. Our work sheds useful insights
into the fundamental understanding of fouling phenomena of fine solids
and asphaltenes in organic media and associated surface interaction
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mechanisms, with implications on the development of efficient anti-
fouling strategies (e.g., functional coatings) in oil and gas industries.
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ABSTRACT

Fouling is a critical issue faced by the chemical and oil industries in various operation processes, which has
negative impact on the operational efficiency and generates significant economic losses, technical and en-
vironmental challenges. Investigating the interaction mechanisms between foulants (e.g., fine solids, asphal-
tenes) and different substrates is of both fundamental and practical importance in understanding the fouling
mechanisms in chemical/petroleum engineering processes and developing antifouling strategies. In this work,
atomic force microscope (AFM) colloidal probe technique was employed to directly quantify the interactions
between silica or asphaltenes and selected substrates (i.e., carbon steel L80 and L80 with electroless nickel-
phosphorus (EN) coating) in aqueous solutions. The effects of salinity, pH and presence of divalent ions (e.g.,
Ca®™) on the surface interactions were investigated. The obtained force profiles showed that the interactions
between silica or asphaltenes and L80 surface were more attractive than that between silica or asphaltenes and
EN coating, in NaCl solutions. Bulk fouling tests in silica and asphaltenes-coated silica suspensions revealed that
significant fouling of silica and asphaltenes were found on L80 substrates, while EN coating exhibited excellent
antifouling performance. Our results provide useful insights into the fundamental understanding of the fouling
mechanism of fine solids and asphaltenes, and the development of novel effective antifouling coatings in che-
mical and oil industries.
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1. Introduction

Fouling, defined as the adsorption and build-up of undesired ma-
terials on the surfaces of related substrates or equipment through
physical or/and chemical interactions [1-3], has caused significantly
challenging problems to the chemical engineering and oil industries.
The unexpected depositions of various materials on substrate surfaces
in industrial operations result in negative impacts on the operational
efficiency and generate significant economic losses.

Steam-Assisted Gravity Drainage (SAGD) technique is the most
widely used in-situ recovery method to extract bitumen from the
Canadian oil sands [4]. In the SAGD operations, fouling on facilities
such as pipelines and heat exchangers can lead to plugged liners, in-
creased pressure drop, enlarged heat resistance and reduced bitumen
extraction efficiency [5-7]. Meanwhile, it costs billions of dollars for
industries in the world to shut down and clean or replace related fa-
cilities [8]. Disposal of the fouled devices and the related foulants could
also lead to potential negative impacts on the environment. Therefore,
it is important to characterize the foulant components and understand
the fouling mechanisms in related industrial processes.

In previous studies, it has been reported that the major components
of plugging foulants identified in SAGD operations include corrosion
products (e.g., iron oxide), clay particles (e.g., kaolinite), fine solids
(e.g., silica) and organics (e.g., bitumen, asphaltenes) [1,9-11]. Among
these foulants, asphaltenes are the heaviest molecular fractions of crude
oil with complex ring structures, which are insoluble in alkane solvents
(e.g., heptane), but soluble in aromatic solvents (e.g., toluene) [12-15].
Asphaltenes are considered to be one of the major causes for the fouling
issues in oil production [16-20]. It was well known that asphaltenes
can easily deposit on various surfaces, such as silica and iron surfaces,
via the van der Waals force, hydrogen bonds, cation/anion-rt interac-
tions and so on [21,22]. Additionally, the aggregations of asphaltenes
could act as the precursor for the coke formation, and the coke can lead
to stronger fouling problems in oil production [23-27]. Fine solids,
originated from the reservoir ground or oil sands [28,29], were often
presented with asphaltenes in bitumen extraction [30,31]. Thus, the
adsorption of fine solids (i.e., silica) and organics (e.g., asphaltenes)
contributes significantly to the fouling in oil production processes.

L80 carbon steel is one of the commonly used materials in pipe and
joints for oil and gas industry [32-34]. However, the limited corrosion
and fouling resistance of L80 carbon steel makes antifouling treatments
requisite for its service under harsh environment in industrial opera-
tions [34-36]. Over past decades, various protective coating techniques
on steels have been developed to extend their applications in different
industrial processes [37-42], such as plasma enhanced chemical vapor
deposition, polymer coatings and electroless deposition [43-48].
Among them, the electroless nickel-phosphorus (EN) coating shows
great potential applications for its remarkable properties, such as high
corrosion resistance, high wear resistance, great hardness, uniform
thickness, and good lubricity [49-51]. The EN coating on steel sub-
strates could protect the steel during service under harsh operation
environment [49]. Meanwhile, other materials, such as TiO,, Al;Os,
SiC, and ZrO,, have been added in the EN coating to improve its per-
formances (e.g., corrosion resistance) [52-56]. However, the evaluation
and understanding of the antifouling property of EN coating in che-
mical and oil industries still remains very limited, which is one of the
major focuses of this work.

In this study, for the first time, the fouling and antifouling behaviors
and the interaction mechanisms of silica and asphaltenes on L80 carbon
steel and L80 with EN coating in aqueous solutions have been in-
vestigated via quantitative force measurements using the atomic force
microscope (AFM) colloidal probe technique and bulk fouling tests. The
effects of salinity, pH and divalent ions (i.e., Ca®") were also in-
vestigated. Our work studies the fundamental fouling and antifouling
mechanisms of fine solids and organics on selected metal surfaces in
chemical and oil industries, with implications for the development of
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2. Materials and methodology
2.1. Materials

L80 carbon steel (L80) substrates were supplied by RGL Reservoir
Management Inc. (RGL, Alberta, Canada). Silica microsphere particles
(diameter 5 pm, Sigma-Aldrich, Canada) were used as fine solids in the
force measurements. Asphaltenes were extracted from Athabasca bi-
tumen by following a procedure reported previously [57]. Toluene
(C,Hg, 99.9%, HPLC grade, Sigma-Aldrich, Canada) was used as the
solvent to dissolve asphaltenes. Silica wafers with 0.5 pm thermal oxide
layer purchased from NanoFAB, University of Alberta, were used in
force measurements for the force calibration of AFM probes. Sodium
chloride (NaCl, =99.5%, Sigma-Aldrich, Canada) was used to prepare
the aqueous solutions. Calcium chloride dihydrate (CaCly2H,0, ACS
reagent, =99%, Sigma-Aldrich, Canada) was used as the source of
Calcium ions to investigate the effect of divalent cations on fouling.
Sodium hydroxide (NaOH, ACS reagent, =97%, Sigma-Aldrich, Ca-
nada) and hydrochloric acid (HCI, certified ACS Plus, Fisher Scientific,
Canada) were used as pH modifiers. Aqueous solutions were prepared
using Milli-Q water with a resistivity of 18.2MQ-cm (BARNSTEAD
Smart2Pure, Thermo Scientific, Canada). Silica particles (size
0.5-10 pm, Sigma-Aldrich, Canada) were used to prepare the silica
suspensions for fouling tests. Ethanol (99.5%, anhydrous, ACROS Or-
ganics, Canada) was used for washing and cleaning of the substrates.

2.2. Preparation of electroless nickel-phosphorus (EN) coating

The nickel-phosphorus (EN) coating used in this study was prepared
by electroless deposition onto L80 carbon steel substrates from a piece
of slotted liner using reported EN coating plating process [58,59]. First,
the bare L80 steel was soaked in NaOH solution (20 wt%) at 70 °C for
15min to remove all cutting fluids, grease and oil from the surface.
Then, it was washed by DI water and ethanol, and dried using pure
nitrogen. A solution of 10 wt% hydrochloric acid was used to activate
the L80 surface for the plating process. The details of bath compositions
and reaction conditions are listed in Table 1.The activated L80 sub-
strates were placed in the electroless plating solution for EN coating.
After the coating process was completed, the substrates were rinsed
with DI water and ethanol, and dried using pure nitrogen.

2.3. Preparation of silica and asphaltenes probes

The silica probe was prepared using two-component epoxy glue
(EP2LV, MasterBond, USA) to attach a silica microsphere (radius
~2.5um) to the end of a tipless AFM cantilever (NP-O10, Bruker, Santa
Barbara, CA). This glued silica probe was placed at room temperature
(23°C) for at least 24 h for epoxy curing. Before force measurements,
the silica probe was treated in a UV-Ozone cleaner for 15 min to remove

Table 1
Bath compositions and reaction conditions for EN
coating deposition.

Composition Concentration
NiSO46H,0 25¢g L1
NaH,PO,H,0 30gL7!
Citric acid 20gL7!
Lactic acid 20mL L™*

Reaction Conditions:
pH: 6.0
Temperature: 85 °C
Agitation: 250 rpm
Time: 30 min
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Fig. 1. Schematic of AFM colloidal probe technique in aqueous solution. The
inset shows the SEM image of a typical silica probe (Scale bar: 5 pm).

the possible organic contaminants, and then rinsed with DI water and
ethanol, followed by drying with pure nitrogen. Asphaltenes probe was
prepared by immersing the cleaned silica probe in 20 ppm asphaltenes-
in-toluene solution for 2 days. Fig. S1 shows the scanning electron mi-
croscopy (SEM) images of silica probe and asphaltenes-coated silica
probe, demonstrating the successful deposition and full coverage of
asphaltenes on the probe. Prior to force measurements, the asphaltenes
probe was washed using toluene and dried with pure nitrogen.

2.4. Force measurements using colloidal probe technique

The force measurements between silica or asphaltenes-coated silica
probe and different substrates (i.e., L80, L80 with EN coating) in NaCl
solutions were conducted with a Dimension Icon AFM (Bruker, Santa
Barbara, CA, USA) using the colloidal probe technique, as illustrated in
Fig. 1. The details of experimental setup were reported elsewhere
[7,60-66].

During the force measurements, the substrate was firstly immersed
in the aqueous solution. A silica or asphaltenes probe was installed in
the tip holder of the AFM and then placed in the aqueous solution. The
piezo sensitivity was calibrated from the linear regime of the force
curves between the probe and a clean silica surface, and the spring
constant of this probe was calibrated using the thermal tune method
[67]. During each force measurement, the silica or asphaltenes probe
was driven by a piezo to approach the substrate at a velocity of
1ums~! until a loading force of 10 nN was reached, and then it was
retracted from the substrate. The deflection of the probe was detected
by an optical laser beam detection system, and the interaction forces
were calculated using the Hooke's law. The corresponding force profiles
between the probe and the substrate were recorded by the AFM soft-
ware. To obtain reproducible results, multiple force measurements were
conducted with the probe on different positions (more than 50) of the
same substrate, and two independently prepared substrates were tested.
The measured force curves were analyzed and the average adhesion
between the probe and the substrate was determined.

The force-separation profiles between the probe and substrate in
NaCl solutions were measured and recorded by the AFM software. To
theoretically analyze the measured interactions, the classical Derjaguin-
Landau-Verwey-Overbeek (DLVO) model coupled with hydrodynamic
interaction has been applied to fit the measured force data. The in-
cluded van der Waals force (F,q,) and electric double layer force (F.q4)
are given by Egs. (1) and (2), respectively [68,69].

AHR
Baw = =% )
Ea = ——[(0} + 03)(e ™ + 2xD — )¢~
ggoK
+ dopog(e™P + kD — 1)e*P] 2)
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where Ay is the Hamaker constant, R is the radius of silica microsphere,
D is the separation distance between the microsphere and flat substrate,
¢ is the relative permittivity of medium, ¢, is the vacuum permittivity, «
is the Debye length, oj, is the surface charge density of colloidal probe,
o5 is the charge density of the flat substrate, kg is the Boltzmann con-
stant, T is the temperature, C is the bulk concentration of ions, N, is the
Avogadro’s number, e is the elementary charge, and ¥ is the surface
potential. In addition to the DLVO interactions, the hydrodynamic force
(Frq) was also included to analyze the measured force profile as given
by Eq. (4) [70].

67nR?

Fy=— u, as— -0
hd R

@
where # is the fluid viscosity (0.001 Nm~2, 20°C), and u is the ap-
proaching velocity of microsphere (u = 1yms~* = 1.0 x 10" °ms™ ).
Therefore, the total forces (F) can be given by Eq. (5).

F = EKaw + Fa + Fpa ()

2.5. Bulk fouling tests

The bulk fouling tests of L80 and EN coating in silica and asphal-
tenes-coated silica suspensions were conducted to evaluate their fouling
and antifouling performances. Asphaltenes-coated silica particles were
prepared by soaking silica particles (0.5 ~ 10 um) in 20 ppm asphal-
tenes in toluene for 2days. Then the liquid was removed after cen-
trifugation. The solids were thoroughly washed by pure toluene and
dried at room temperature (23 °C). Silica or asphaltenes-coated silica
suspensions were prepared by dispersing 0.1 g particles in 100 mL NaCl
solutions with different water chemistries (e.g., salinity, pH and Ca®*
ions) using an ultrasonic bath for 1h. L80 and EN substrates were se-
parately immersed in the silica or asphaltenes-coated silica suspensions
with a stirring speed of 300 rpm for 24 h at room temperature (23 °C).
Then the treated substrates were washed with DI water and dried with
pure nitrogen, and characterized using optical imaging, Scanning
Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy
(EDS). The intensity signal of silicon element in the EDS spectra was
determined to show the fouling of silica particles, and that of carbon
element was examined for the fouling of asphaltenes-coated silica
particles. It is noted that although EDS characterizations could not
quantify the total amount of foulants adsorbed on substrates, they
provide useful data for direct comparison of antifouling performance of
different substrates under same experimental condition.

3. Results and discussion
3.1. Characterization of EN coating

Fig. 2 shows the SEM and EDS results of EN coating on L80 sub-
strate. The typical nodular structure of electroless nickel phosphorus
[58] was detected on the flat substrate. The EDS element results of the
EN coating show the presence of nickel and phosphorus elements, de-
monstrating the successful deposition of EN coating on L80 substrate.
Fig. 2c shows the SEM image of the cross section of EN coating, and
Fig. 2d—f show the EDS element mapping of iron, phosphate and nickel
at the cross section. The thickness of the EN coating layer was de-
termined to be ~ 15 pm. Fig. 3 shows the topographic AFM images of
the EN and L80 substrates, which have root-mean-square (rms)
roughness of 21.9 nm and 12.5 nm, respectively.

3.2. Effect of electrolyte (NaCl) concentration

The effects of electrolyte concentration on the surface interactions
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Fig. 2. (a) SEM image of EN coating deposited on L80. (b) EDS spectrum of EN coating. (c) SEM image of the cross section of the EN coating. (d, e, f) EDS elemental

mapping of the cross section of EN coating for elements Fe, P and Ni.

were investigated. The interaction forces between silica or asphaltenes-
coated silica probe and L80 or EN substrates were measured in NaCl
solutions of varying concentration: 1, 10, and 100 mM at natural pH of
5.8. The force results are shown in Fig. 4.

Fig. 4a shows the normalized force profiles between silica probe and
L80 substrate in 1, 10 and 100 mM NacCl solutions. Pure repulsive forces
were measured between silica probe and L80 substrate in 1 mM NaCl.
At low salinity (i.e., 1 mM), the Debye length is about 9.6 nm, and the
electrical double layer (EDL) interaction contributes significantly to the
long-range repulsion. In 10 mM NacCl solution, the long-range repulsion
disappeared and repulsion was detected only at very short distances of
D < 2nm. At high salinity condition (i.e., 100 mM NacCl), no notice-
able repulsion was detected during approaching, while attraction was
measured and an obvious “jump-in” behavior was observed at distance
less than 10 nm. According to the classical DLVO theory, both the van
der Waals (VDW) and electric double layer (EDL) interactions con-
tribute to the surface interaction between the silica probe and L80
surface in NaCl solutions. Under high salinity (i.e., 100 mM) condition,
the electric double layer was significantly compressed with a Debye
length less than 1 nm, thus the VDW attraction dominates the interac-
tion and leads to the “jump-in” behavior during approaching [68]. The
inset in Fig. 4a shows the normalized adhesion F,q/R measured during
the separation between the silica probe and L80 substrate under dif-
ferent NaCl concentration conditions, which were all around 0.8 mN
m~ ! and did not change significantly with salt concentration.

To better understand the interactions between silica probe and L80

20um

Height Sensor

substrate in NaCl solutions, the experimental data was theoretically
analyzed based on the DLVO theory, as shown in the solid red curves of
Fig. 4a. For calibrating the surface property (i.e., surface potential) of
silica, firstly, the interaction forces between silica probe and flat silica
substrate were measured in 1, 10 and 100 mM Nacl solutions, as shown
in Fig. S2a, which were fitted with the DLVO theory. The Hamaker
constant between silica surfaces in NaCl solution was calculated as
6.28 x 10721 J using the Lifshitz theory and assuming the dielectric
constant and reflective index of silica and water [68,71,72]. It is found
that the experimental data in 100 mM NaCl reasonably agrees with
theoretical calculations based on the dominating VDW interactions,
which validates the calculated Hamaker constant. Fitting the measured
force curves between silica surfaces in 1 and 10 mM NaCl solutions
using the DLVO theory gives the surface potentials of silica surface in 1
and 10 mM NaCl as —28.0 and —22.0 mV, respectively. The obtained
surface potentials of silica fall within the value range reported pre-
viously [61,73,74], as in Table S1. The Hamaker constant and fitted
surface potential values of silica were further applied to fit the mea-
sured force curves between silica probe and L80 surface in 1, 10 and
100 mM NacCl solutions. The fitted Hamaker constant between the silica
probe and the L80 substrate in the 100mM NaCl solution was
2.13 x 1072°J based on the measured force curves. The reported Ha-
maker constants of silica, steel and water are 6.3 x 1072°J,
3.0 x 1077, and 3.7 x 10~ 2%, respectively [68,75]. The Hamaker
constant between silica and steel in aqueous solution was calculated as
2.08 x 1072°J based on the combination relation which is very close
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Fig. 3. Topographic AFM image of (a) EN coating and (b) L80 substrate. The root-mean-square (rms) roughness is 21.9 nm for EN and 12.5 nm for L80.
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Fig. 4. Normalized surface interaction forces during approaching in 1, 10 and 100 mM NacCl solutions for (a) silica probe vs. L80 substrate, (b) silica probe vs. EN
substrate, (c) asphaltenes-coated silica probe vs. L80 substrate, and (d) asphaltenes-coated probe vs. EN substrate.

Table 2
The Hamaker constants and surface potentials of silica, asphaltenes, L80 and EN
in 1, 10 and 100 mM Nacl solutions.

Hamaker constant Ay

Silica probe-water-L80 substrate 2.13 x 10720J
Silica probe-water-EN substrate 3.3x107%J
Asphaltenes probe-water-L80 substrate 2.31 x 1072
Asphaltenes probe-water-EN substrate 3.5x 10721
Surface potentials ¥

1mM 10 mM 100 mM
Silica —28.0mV —22.0mV -
Asphaltenes —55.0mV —18.0mV -
L80 —-5.5mV -3.0mV -
EN —9.5mV —6.0mV -

to the fitted value. The surface potentials of L80 in 1 and 10 mM NaCl
solutions were further fitted and calculated as —5.5 and —3.0mV,
respectively, as shown in Table 2, also close to the reported values
[76,77]. It is noted that the surface potentials of silica and L80 surfaces
in NaCl solutions become less negative when the solution salinity in-
creases [68].

Fig. 4b shows the measured force curves between silica probe and
EN substrate in 1, 10 and 100 mM Nacl solutions. Similar trend was
observed as that in Fig. 4a that the measured forces changed from the
repulsion to attraction when the salinity increased from 1mM to
100 mM. This tendency was also due to the compressed electric double
layer interaction under high salinity condition. The inset in Fig. 4b
shows the normalized adhesion between silica probe and EN coating
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surface measured during separation, which was all around 0.2 mN m ™.

Comparing the force curves in Fig. 4a and b, the interaction forces
during approaching between silica probe and EN substrate are less at-
tractive in 100 mM NaCl and more repulsive in 1 mM NaCl compared to
those of the L80 substrate. Meanwhile the adhesion forces measured
during separation are also much weaker. These results indicate that
silica particles are more difficult to attach on EN coating than on L80 in
NacCl solutions.

The measured force curves between silica probe and EN substrate in
1, 10 and 100 mM NacCl solutions were also theoretically analyzed using
a similar approach used to obtain Fig. 4a, and are shown by the solid
curves in Fig. 4b. The Hamaker constant between silica and EN sub-
strate was determined to be 3.3 x 102! J from the force results under
high salinity condition (i.e., 100 mM). This value was much smaller
than the Hamaker constant between silica and L80 substrate, indicating
that the VDW attraction between silica and EN substrate in NaCl so-
lutions was weaker than that between silica and L80 substrate. The
surface potentials of EN coating in 1 and 10 mM NaCl solutions were
fitted to be —9.5mV and —6.0mV, respectively. These surface po-
tentials were more negative than those of L80 substrate in NaCl solu-
tions, demonstrating that the EDL repulsion between silica and EN
substrate was stronger than that between silica and L80 substrate. The
EN coating has nickel atoms and phosphorus atoms on its surface,
which could attract more hydroxyl groups in aqueous solutions.
Therefore, the more negative surface potentials, as well as the stronger
EDL repulsions between EN substrate and silica probe, could be ob-
tained.

Fig. 4c and d show the measured force curves and theoretical fit-
tings for interactions of asphaltenes probe with L80 and EN substrate in
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1, 10 and 100 mM NacCl solutions, respectively. Under low salinity (i.e.,
1 mM NaCl), the force curves were repulsive due to the strong EDL
repulsion. Under high salinity (i.e., 100 mM NacCl), the force curves
became attractive because of the dominant role of VDW attraction. The
measured adhesion between asphaltenes and L80 (around 2.7 mN m ™ D)
was much stronger than that between asphaltenes and EN coating
(around 0.25 mN m™ '), suggesting that the asphaltenes was more dif-
ficult to attach to EN coating surface.

The measured force profiles were also theoretically analyzed based
on the classic DLVO theory which is shown in the solid red curves of
Fig. 4c and d. For calibrating the surface property (i.e., surface poten-
tial) of asphaltenes-coated silica probe, the interaction forces between
asphaltenes-coated silica probe and silica substrate were measured in 1,
10 and 100 mM NacCl solutions, as shown in Fig. S2b. The Hamaker
constant between asphaltenes and silica in NaCl solution was found
through fitting to be 6.55 x 10~ 21 J from the force curve at high sali-
nity (i.e., 100 mM), which is close to the reported values [78,79]. Then,
fitting the force curves at 1 and 10 mM NaCl solutions gives the surface
potentials of asphaltenes surface as —55.0mV and —18.0 mV, respec-
tively, as in Table S1. The obtained surface potentials of asphaltenes
were within the reported value range [73,80]. The Hamaker constant
and fitted surface potentials were further used in the theoretical ana-
lysis of measured force curves between asphaltenes-coated silica probe
and L80 or EN substrate. The Hamaker constants between asphaltenes-
coated silica probe and L80 or EN substrates in NaCl solution were also
found through fitting to be 2.31 x 10~2°J and 3.5 x 102! J, respec-
tively. Based on the measured interaction forces at high salinity (i.e.,
100 mM). The smaller Hamaker constant between asphaltenes-coated
silica and EN substrate indicated a weaker VDW attraction than that
between asphaltenes-coated silica and L80 substrate. With the fitted
surface potentials of asphaltenes, L80 and EN substrates, it is noted that
the experimental force curves between asphaltenes-coated silica and
L80 or EN substrate in 1 and 10 mM NacCl solutions agree well with
theoretical calculations based on the classical DLVO theory. These re-
sults further validate the fitted Hamaker constants and surface poten-
tials.

3.3. Effect of pH

The effect of solution pH on the surface interactions was also in-
vestigated. The interaction forces between silica probe or asphaltenes-
coated silica probe and L80 or EN substrate were measured in 1 mM
NaCl solution at pH of 5.5, 8.0 and 10.5. The force results are shown in
Fig. 5.

Fig. 5a shows the normalized interaction forces between a silica
probe and L80 substrate in 1 mM NacCl solutions at different pH of 5.5,
8.0 and 10.5. The long-range repulsive forces were detected at pH of 8.0
and 10.5. At pH of 5.5, the “jump-in” behavior was observed at distance
less than 10 nm and attraction was measured. At alkaline pH (i.e., pH
10.5), more OH™ ions in the bulk solution could induce more adsorp-
tion of OH™ ions on the surface or promote the deprotonation of related
surface chemical groups, which makes the substrate surface more ne-
gatively charged [68]. Therefore, alkaline pH of the NaCl solution in-
duced stronger EDL repulsion between silica probe and L80 substrate.
The inset in Fig. 5a shows the normalized adhesions F,s/R between
silica probe and L80 substrate in 1 mM NaCl solutions at pH of 5.5, 8.0
and 10.5. The normalized adhesion F,4/R decreases from 0.78 mN m ~*
at pH 5.5 to 0.60 mN m ~* at pH 8.0 and finally to 0.58 mN m ™! at pH
10.5, indicating that the alkaline pH leads to weaker adhesion between
silica and L80 substrate. Thus, the solution pH has an influence on the
adhesion between two surfaces. Fig. 5b shows the normalized interac-
tion forces between silica probe and EN substrate in 1 mM NaCl solu-
tions at pH of 5.5, 8.0 and 10.5. A similar trend as in Fig. 5a was ob-
served. The measured normalized adhesions decreased from 0.17 mN
m~! at pH 5.5 to 0.11 mN m ™! at pH 10.5, which was also due to the
alkaline pH. It was noticed that the adhesion forces between silica

193

Fuel 252 (2019) 188-199

probe and EN substrate were weaker than those between silica and L80
substrate in NaCl solutions, indicating that it would be more difficult
for silica particles to attach to EN surface.

Fig. 5¢ and d show the normalized interaction forces between as-
phaltenes-coated silica probe and L80 or EN substrate in 1 mM NaCl
solutions at pH 5.5, 8.0 and 10.5. The obtained force curves are re-
pulsive, except for the case of asphaltenes-coated silica probe and L80
substrate in 1 mM NacCl solution at pH 5.5, which showed a “jump-in”
behavior at distances less than 4 nm. It was observed that the interac-
tion forces between asphaltenes-coated silica probe and EN substrate
were more repulsive than those between asphaltenes-coated silica
probe and L80 substrate. This result was also due to the more negatively
charged asphaltene surface at alkaline pH. Moreover, the normalized
adhesion between asphaltenes and L80 or EN substrates became weaker
at alkaline solution (i.e. pH 10.5), as shown in the insets of Fig. 5¢ and
d. Additionally, the adhesion between asphaltenes and EN coating was
much weaker than that between asphaltenes and L80, suggesting the
higher possibility for asphaltenes to adsorb on L80 surface.

The measured force profiles were also theoretically analyzed using
the similar approach, as shown by the solid red curves in Fig. 5. For
calibrating the surface property (i.e. surface potential) of silica and
asphaltenes-coated silica, the interaction forces between silica probe or
asphaltenes-coated silica probe and silica substrate in 1 mM NaCl so-
lution at pH of 5.5, 8.0 and 10.5 were measured, as shown in Fig. S3.
Since the Hamaker constants between silica probe or asphaltenes-
coated silica probe and silica substrate in NaCl solution were known,
the surface potentials of silica and asphaltenes were fitted and the re-
sults were listed in Table S2. These values were within the value ranges
reported previously [68,73,78,80]. Afterwards, the surface potentials of
silica and asphaltenes were applied in the theoretical analysis of the
measured interaction forces between silica probe or asphaltenes-coated
silica probe and L80 or EN substrate. Thus, the surface potentials of L80
and EN substrates were fitted, as shown in Table 3. It was noted that the
surface potentials of L80 and EN substrates became more negative when
the solution pH turned to be alkaline, and the surface potentials of EN
substrate were more negative than those of L80 substrate, suggesting a
stronger EDL repulsion between silica or asphaltenes and EN substrate
in NaCl solutions.

3.4. Effect of calcium ion

Previous studies show that the presence of divalent ions could in-
fluence the aggregation behaviors and conformations of asphaltenes
adsorbed at the oil-water interfaces, which would further impact the
emulsion stability [81-83]. The effect of divalent ions (i.e., calcium
ions) was also investigated. The interaction forces between silica probe
or asphaltenes-coated silica probe and L80 or EN substrate in 1 mM
NaCl at pH = 8.0 with the addition of 0, 1 and 10mM Ca®* were
measured, and the force results are shown in Fig. 6.

Fig. 6a and b show the normalized interaction forces between the
silica probe and L80 or EN substrate in 1 mM NaCl solution with the
addition of 0, 1, and 10mM Ca®" ions. The measured force profiles
exhibited a tremendously weakened repulsion with the addition of
Ca®* ions, which could be due to the significantly compressed electrical
double layer force. Divalent calcium ion has the stronger charge-
shielding effect than monovalent sodium ions, which results in the more
neutralized surface potentials and the weaker EDL repulsion [84]. It
was also noted that the force profiles between the silica probe and L80
substrate in 1 and 10 mM Ca?* ions were more attractive than those
between silica probe and EN substrate, which was due to the stronger
VDW attraction between silica and L80. Fig. 6¢ and d show the nor-
malized interaction forces between asphaltenes-coated silica probe and
L80 or EN substrate in 1 mM NacCl solutions with the addition of 0, 1,
and 10mM Ca®* ions. Similar trend of the force profiles with silica
probe cases could be observed. The insets in Fig. 6 show the normalized
adhesions F,4/R between silica probe or asphaltenes-coated silica probe
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Fig. 5. Normalized surface interaction forces during approaching in 1 mM NacCl solution at pH of 5.5, 8.0 and 10.5 for (a) silica probe vs. L80 substrate, (b) silica
probe vs. EN substrate, (c) asphaltenes-coated silica probe and L80 substrate, and (d) asphaltenes-coated silica probe and EN substrate.

Table 3
The surface potentials of silica, asphaltenes, L80 and EN in 1 mM NacCl solutions
at pH of 5.5, 8.0 and 10.5.

pH=55 pH = 8.0 pH = 10.5
Silica —25.0mV —32.0mV —39.5mV
Asphaltenes —52.0mV —63.0mV —68.5mV
L80 -3.0mV —6.0mV —6.5mV

EN —7.0mV —18.0mV —19.0mV

and L80 or EN substrate in the presence of 0, 1 and 10 mM Ca* ions.
The increased adhesion with the addition of Ca®* ions demonstrates the
significant influence of divalent ions (i.e., Ca2" jons) in the surface
interactions. The increased adhesion with the addition of Ca®>* ions
demonstrates the significant influence of divalent ions (i.e., Ca" ions)
in the surface interactions as the result of the strong shielding effect to
weaken electric double layer interaction and bridging effect of Ca®*
ions between two negatively charged surfaces [83]. The relatively
smaller adhesion between silica or asphaltenes and EN substrate than
those between silica or asphaltenes and L80 substrate suggests the
greater possibility to lower the fouling of silica and asphaltenes on EN
coating surface.

The measured force profiles were also analyzed by the theoretical
approach discussed above, as shown by the solid red curves in Fig. 6.
The surface potentials of silica probe and asphaltenes-coated silica
probe in 1 mM NaCl solutions with 0, 1 and 10mM Ca®* ions were
firstly calibrated via force measurements with the silica substrate, as
shown in Fig. S4. Based on the classical DLVO theory, the surface po-
tentials of silica and asphaltenes were fitted and listed in Tables S3 and
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4. Then, the surface potentials of L80 and EN were fitted from the
measured force profiles and the results are also listed in Table 4. It is
noted that the surface potentials became less negative when Ca®* ions
were added to the NaCl solution. The surface potentials of EN substrate
was more negative than L80 substrate, suggesting a stronger EDL re-
pulsion between EN coating and silica probe or asphaltenes-coated si-
lica probe in NaCl solutions.

3.5. Bulk fouling tests in silica and asphaltenes-coated silica suspensions

To examine the fouling and antifouling performances of L80 and EN
substrates in NaCl solutions, bulk fouling tests in silica and asphaltenes-
coated silica suspensions were conducted under the effects of salinity,
pH and Ca®™ ions. The optical images of L80 and EN substrates before
the bulk fouling tests are shown in Fig. S5.

Fig. 7a and c show the bulk fouling test results of L80 substrates in
silica and asphaltenes-coated silica suspensions with 1, 10 and 100 mM
NaCl, respectively. After performing the fouling tests, the L80 substrates
showed increased corrosion and fouling products (yellow and black
domains) on the surface with increasing solution salinity, indicating
that the fouling of L80 substrate by silica particles and asphaltenes was
aggravated under higher salinity conditions. Therefore, high salinity
(i.e., 100 mM NaCl) promoted the fouling of silica and asphaltenes-
coated silica particles on L80 surface. Fig. 7b and d show the optical
images of EN substrates after the bulk fouling tests in silica and as-
phaltenes-coated silica suspensions with 1, 10 and 100 mM NaCl. Un-
like L80 substrates, there was no obvious fouling on EN substrates,
suggesting that EN coating may possess an excellent antifouling prop-
erty compared to L80.
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Table 4
The surface potentials of silica, asphaltenes, L80 and EN in 1 mM NaCl solutions
at pH 8.0 with the addition of 0, 1 and 10 mM Ca®™*.

To evaluate the fouling phenomena, SEM and EDS were conducted
to characterize L80 and EN substrates after the bulk fouling tests in
silica and asphaltenes suspensions with 100 mM NaCl, and the results
are shown in Fig. 8. The SEM images of L80 substrates (Fig. 8a and e)

0 1mM 10 mM
showed that there were particles adsorbed on the substrate surfaces,
Silica —32.0mV —15.0mV —5.0mV and the EDS results (Fig. 8b and f) confirmed the presence of silicon
‘:;ghalte"es :23:)'?11“\‘]‘/ :i%?nn\}v :;%(:n“\}v element. It was noted that no silicon signal was detected from the EDS
EN —18.0mV —6.0mV —3.0mV result of L80 substrate before fouling tests (Fig. S4c). Thus, the fouling
of silica and asphaltenes-coated silica occurred on L80 surfaces. Fig. 8c
and g show the SEM images of EN substrates after bulk fouling tests.
The EDS results (Fig. 8d and h) show that only a very limited amount of
Fig. 7. Optical images of L80 and EN
(@) (Nacj1mm 10 mM 100mM  (b)[NaCll1mM 10 mM __1oomm et bt fouling. teats

= -

(€) (Nac]1mM  10mM 100 mM
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silica and asphaltenes suspensions
with 1, 10 and 100 mM NaCl. (a) L80
substrates in silica suspensions. (b)
EN substrates in silica suspensions.
(c) L80 substrates in asphaltenes-
coated silica suspensions. (d) EN
substrates in asphaltenes-coated silica
suspensions. (The size of substrates
8 X 8 X 3mm.)
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Fig. 8. SEM and EDS results of L80 and EN substrates after bulk fouling tests in silica and asphaltenes suspensions with 100 mM NacCl. (a, b) L80 substrate in silica
suspensions. (c, d) EN substrate in silica suspensions. (e, f) L80 substrate in asphaltenes suspensions. (g, h) EN substrate in asphaltenes suspensions. (Scale bar:

25 pm).
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silicon could be detected on the EN surfaces. The SEM and EDS results
were consistent with the optical images in Fig. 7. Therefore, these re-
sults demonstrate that the EN coating possesses a much better anti-
fouling performance than L80 in silica and asphaltenes suspensions
with different salinities. It is noted that EN coating (RMS roughness
21.9 nm) has the rougher surface morphology and lower surface energy
than L80 substrate (RMS roughness 12.5nm) [77]. Previous reports
demonstrated that large surface roughness and high surface energy
could aggravate fouling phenomena [85,86]. With relatively high sur-
face roughness and low surface energy, EN coating shows much better
antifouling property than L80.

Fig. 9a and c show the optical images of L80 substrates after the
bulk fouling tests in silica and asphaltenes suspensions with 1 mM NaCl
and pH of 5.5, 8.0 and 10.5. It was observed that all the L80 substrates
displayed yellow and black domains on the surfaces, indicating fouling
occurrence. The fouling aggravated when the solution pH decreased to
5.5, suggesting that low acidic pH promoted the fouling of silica and
asphaltenes-coated silica particles on L80 surface. Fig. 9b and d show
the optical images of EN substrates after the bulk fouling tests in silica
and asphaltenes suspensions with 1 mM NaCl and pH of 5.5, 8.0 and
10.5. No obvious change was observed on EN surfaces. Therefore, EN
coating possesses a better antifouling performance than L80 in silica
and asphaltenes suspensions at different pH.

Fig. 10a and c show the optical images of L80 substrates after the
bulk fouling tests in silica and asphaltenes suspensions in 1 mM NaCl
solutions with 0, 1 and 10 mM Ca®* ions. Fouling was visually detected
on L80 surfaces and aggravated fouling could be detected when more
Ca®* ions was added in the NaCl solutions. Thus, the presence of Ca®*
ions promoted the fouling of silica and asphaltenes particles on the L80
surfaces. Fig. 10b and d show the optical images of EN surfaces after the

(a) [ca*] 0

1mM

10 mM (b) [ca 0

1 mM 10 mM (d) [ca*10
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Fig. 9. Optical images of L80 and EN
substrates after bulk fouling tests in
silica and asphaltenes suspensions
with 1 mM NacCl solution and pH of
5.5, 8.0 and 10.5. (a) L80 substrates
in silica suspensions. (b) EN sub-
strates in silica suspensions. (c) L80
substrates in asphaltenes-coated silica
suspensions. (d) EN substrates in as-
phaltenes-coated silica suspensions.
(The dimensions of substrates are:
8 X 8 X 3mm.)

8.0

bulk fouling tests. Similarly, no obvious fouling was observed on the EN
surfaces. Thus, EN coating shows a better antifouling performance than
L80 in silica and asphaltenes suspensions in the presence of Ca>* ions.

4. Conclusions

In this work, the fouling mechanisms and antifouling property of
silica and asphaltenes-coated silica on L80 and EN substrates in NaCl
solutions were directly quantified using the AFM colloidal probe tech-
nique. The effects of solution salinity, pH and presence of Ca®>* ions
were investigated. The measured force curves were theoretically ana-
lyzed using the classic DLVO theory. The force results indicate that the
attractive VDW interactions between silica probe or asphaltenes-coated
silica probe and L80 or EN substrate in NaCl solutions contribute to the
fouling phenomena, and the repulsive EDL interactions play an im-
portant role in their antifouling property. The surface force measure-
ments also demonstrated that the EDL repulsion became weakened
under high salinity condition, at low acidic pH and with the presence of
divalent ions (i.e., Ca®*). Compared with the L80 substrate, EN coating
surface showed weaker VDW attraction and stronger EDL repulsion
with silica and asphaltenes-coated silica in NaCl solutions. EN coating
has nickel atoms and non-metal phosphorus atoms on its surface, which
could adsorb more hydroxyl ions to carry more negative surface po-
tential. Therefore, the stronger EDL repulsion, as well as the weaker
VDW attraction, led to the excellent antifouling properties of EN
coating. Furthermore, bulk fouling tests of L80 and EN substrates in
silica and asphaltenes suspensions were also conducted to evaluate
their fouling and antifouling performances. The bulk fouling results
agreed well with the surface force measurement results, which de-
monstrated that EN coating possessed excellent antifouling property.

Fig. 10. Images of L80 and EN sub-
strates after bulk fouling tests in silica
and asphaltenes suspensions in 1 mM
NaCl solution with 0, 1mM and
10mM Ca?™ ions. (a) L80 substrates
in silica suspensions. (b) EN sub-
strates in silica suspensions. (c) L80
substrates in asphaltenes-coated silica
suspensions. (d) EN substrates in as-
phaltenes-coated silica suspensions.
(The dimensions of substrates are:
8 X 8 X 3mm.)

1mM

10 mM
|

10 mM
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Our work has improved the fundamental understandings of the fouling
mechanisms of silica particles and asphaltenes on bare and EN-coated
L80 surfaces in NaCl solutions, which provides useful insights on the
antifouling behaviors of the EN coatings and the development of anti-
fouling strategies for chemical and petroleum industries.
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ABSTRACT: Zwitterionic groups have been widely used in antibiofouling
surfaces to resist nonspecific adsorption of proteins and other biomolecules. The
interactions among zwitterionic groups have attracted considerable attention in
bioengineering, whereas the understanding of their nanomechanical mechanism
still remains limited. In this work, the interaction mechanisms between two
zwitterionic groups with opposite dipoles, ie., phosphorylcholine (PC) and
sulfobetaine (SB), have been investigated via direct force measurements using an
atomic force microscope (AFM) and dynamic adsorption tests using the quartz
crystal microbalance with dissipation monitoring technique (QCM-D) in aqueous
solutions. The AFM force measurements show that the adhesive forces between
contacted zwitterionic surfaces during separation in both symmetric and
asymmetric configurations were close, mainly due to the enforced alignment of
opposing dipole pairs via complementary orientations under confinement. The

solution salinity and pH had almost negligible influence on the adhesion measured during surface separation. The QCM-D
adsorption tests of PC-headed lipid on PC and SB surfaces showed some degree of adsorption of lipid molecules on the SB
surface, whereas not on the PC surface. The different adsorption behaviors indicate that because the outermost negatively
charged sulfonic group on the SB faced the aqueous solution, this configuration could facilitate it to form an attractive
electrostatic interaction with the PC head of lipid molecules in the solution. This work shows that in addition to hydration and
steric interactions, the zwitterionic dipole-induced interactions play an important role in the adhesion and antifouling behaviors
of the zwitterionic molecules and surfaces. The improved fundamental understanding provides useful insights into the

development of new functional materials and coatings with antifouling applications.

B INTRODUCTION

Functional materials with zwitterionic groups, inspired by the
bioinert nature of the cell membrane surface, have received
considerable attention because of their effective nonfouling
capability to resist nonspecific protein adsorption in aqueous
solutions."™* The developed zwitterionic materials, with
excellent antibiofouling and biocompatible properties,”™""
have been utilized in different bioengineering areas such as
antifouling coatings and biomedical devices.'””'® Much effort
has been devoted to the experimental and theoretical
understandings of the protein resistance properties of
zwitterions or zwitterionic surfaces in aqueous solutions,'’~"?
which is considered mainly due to the hydration repulsion
associated with surfaces.'”™*'

Zwitterions or zwitterionic groups can be generally divided
into two types. (1) The first type has a structure like
phosphorylcholine (PC) with a positively charged choline

group facing the surrounding aqueous medium and a

W ACS Publications © 2019 American Chemical Society 2842

negatively charged phosphate group linked to the main body
of the molecule or the substrate. (2) The second type shows
reversed dipole moment as the first type such as the
sulfobetaine (SB) group with the negatively charged sulfonic
group directly facing the medium.””**~** Zwitterionic polar
head groups of lipid molecules can influence the properties of
the lipid membrane, such as protein adsorption, ion binding,
and membrane fluidity.””**™° Many previous studies have
investigated the interactions between both types of zwitterionic
groups and the surrounding molecules such as proteins and
other biomolecules. However, the understanding of interaction
mechanisms among the zwitterionic groups still remains very
limited. Thus, understanding the interactions between the
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Figure 1. Schematic illustration of (A) the AFM tip probe technique and (B) the AFM bubble probe technique for measuring surface forces. (C)

Schematic illustration of MPC and DMAPS surfaces on the gold substrate.

zwitterions with opposite dipoles is of both fundamental and
practical importance.

In this work, for the first time, the interactions between two
zwitterionic groups carrying the opposite dipoles (i.e., PC and
SB groups) in aqueous solutions have been quantified using
atomic force microscope (AFM) force measurements and the
quartz crystal microbalance with dissipation monitoring
(QCM-D). The influences of solution salinity and pH were
also investigated. To this end, a small molecule with the PC
group and the thiol group (MPC-SH) was synthesized from 2-
methacryloyloxyethyl phosphorylcholine (MPC) and 1,6-
hexanedithiol, whereas a small molecule with the SB group
and the thiol group (DMAPS-SH) was synthesized from 3-
[dimethyl(2-methacryloyloxyethyl)Jammonium ]propane sulfo-
nate (DMAPS) and 1,6-hexanedithiol. Zwitterionic PC and SB
groups were grafted on gold surfaces through the Au—S bond.
The force measurements between the zwitterionic groups were
conducted in both symmetric and asymmetric configurations
to elucidate the interaction mechanisms with the opposite
dipole. The surface charge properties of MPC and DMAPS
surfaces in aqueous solutions were quantitatively probed using
the AFM bubble probe technique. Besides, the dynamic
adsorption behaviors of PC-headed lipids on the zwitterionic
PC and SB surfaces have been explored using the QCM-D.
Our work provides useful insights into the fundamental
understanding of the intermolecular interactions of zwitterions
and the related fouling/antifouling behaviors, with implications
for developing new functional materials and coatings with
antifouling applications.

2843

B MATERIALS AND METHODS

Materials. Sodium chloride, potassium chloride, and potassium
hydroxide were purchased from Sigma-Aldrich, Canada. Milli-Q water
with a resistivity of 182 MQ cm (BARNSTEAD Smart2Pure,
Thermo Scientific, Canada) was used to prepare aqueous solutions.
Gold wafer was purchased from Sigma-Aldrich and used as received.
Sodium hydroxide (ACS reagent, Sigma-Aldrich, Canada) and
hydrochloric acid (certified ACS Plus, Fisher Scientific, Canada)
were used to adjust solution pH. 2-Methacryloyloxyethyl phosphor-
ylcholine, 3-[dimethyl(2-methacryloyloxyethyl)ammonium ]propane
sulfonate, methanol, and diisopropylamine were purchased from
Sigma-Aldrich, Canada. 1,6-Hexanedithiol (SH(CH,),SH) and
hexane was purchased from Fisher Scientific, Canada.

Synthesis of MPC-SH and DMAPS-SH. The chemical synthesis
of MPC-SH and DMAPS-SH followed a reported procedure.’’ The
typical synthesis for MPC-SH was shown as follows. 2-Methacryloy-
loxyethyl phosphorylcholine (1.8 g) and 1,6-hexanedithiol (1.2 uL)
were dissolved in S0 mL methanol (Sigma-Aldrich, Canada) and the
solution was degassed using pure nitrogen for 30 min. With the
addition of SO uL diisopropylamine (Sigma-Aldrich, Canada), the
reaction was kept at room temperature overnight. The solution was
then dried at 50 °C with a rotary evaporator and the white solids
obtained were washed with hexane (Fisher Scientific, Canada) several
times to remove the excess 1,6-hexanedithiol and diisopropylamine.
After drying in a vacuum desiccator overnight, the MPC-SH solids
were collected and stored in a glass vial. According to the reported
results, the product efficiency of the reaction reached almost 88 mol
9%.>' The DMAPS-SH was synthesized using the same procedure
except that 3-[dimethyl(2-methacryloyloxyethyl)ammonium]propane
sulfonate was used. The successful synthesis of MPC-SH and
DMAPS-SH was confirmed using '"H NMR analysis.

MPC-SH 'H NMR spectrum (400 MHz, in DMSO-d). § =
(ppm): 1.12—-1.14 (3H, —CH,), 1.32—1.49 (8H,
—CH,CH,CH,CH,-), 248 (9H, —N(CH,),), 2.53-2.69 (6H,
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—SCH,—; 1H, —-CH-COO-), 3.11 (2H, —CH,—N-), 3.48—3.50
(2H, —COO—-CH,—), 4.00—4.13 (4H, —CH,—PO,—CH,—).

DMAPS-SH 'H NMR spectrum (400 MHz, in DMSO-dy). § =
(ppm): 1.20-1.22 (3H, —-CH,), 1.35-1.57 (8H,
—CH,CH,CH,CH,—; 2H, —CH,—CH,-S0,), 2.41-2.46 (6H,
—SCH,—; 1H, —CH-COO-), 248 (9H, —N(CH,),), 3.34—3.43
(4H, —CH,—N-CH,—), 3.79 (2H, ~COO—CH,—), 4.03—4.10 (4H,
—CH,—S0,-).

Preparation of the Surfaces with Zwitterionic PC and SB
Groups. The surfaces with zwitterionic PC and SB groups were
prepared on gold wafers. First, MPC-SH and DMAPS-SH solutions
were prepared by dissolving the solids in methanol to prepare S mM
solutions. Gold wafers were washed using Milli-Q water and ethanol
and dried with pure nitrogen. Then, the cleaned gold wafers were
treated in UV ozone for 15 min prior to use. MPC and DMAPS
surfaces were prepared by immersing gold wafers in S mM MPC-SH
and DMAPS-SH solutions for 12 h at room temperature (23 °C). It
should be noted that the excess 1,6-hexanedithiol was washed and
removed using pure hexane, and the side product, 1,6-hexanedithiol
with MPC or DMAPS at both ends, cannot adsorb on the gold surface
due to the absence of the thiol group. Only MPC-SH or DMAPS-SH
could graft onto the gold substrate to prepare the zwitterionic
substrates.”’ Thereafter, the wafers were washed using Milli-Q water
and pure ethanol, and dried using pure nitrogen. The PC and SB
surfaces were kept in a vacuum desiccator before other experiments.
The scheme of PC and SB surfaces are shown in Figure 1.

Cyclic Voltammetry (CV) for Determining MPC or DMAPS
Graft Density. The electrochemical experiments were performed to
determine the surface density of MPC and DMAPS on the substrates
using a CHI 920c scanning electrochemical microscope (CH
Instruments Inc., Austin TX). The detailed experimental setup has
been reported previously.>' ">* The three-electrode cell was
constructed using a platinum wire as the counter electrode, an Ag/
AgCl/3.4 M KCI microelectrode as the reference electrode, and the
prepared MPC or DMAPS substrate as the working electrode. The
electrochemical experiments of CV were conducted in the solution of
0.5 M KOH and 3.3 M KCl within the range of —0.2 and —=1.3 V at a
scanning speed of 0.5 V/s. The solution was first purged using pure
nitrogen for 30 min. The CV curves were then obtained. The
reduction peaks at —0.8 to —1.0 V in the CV profiles were attributed
to the transformation of charges from the electrode to the thiol during
the reductive adsorption. The number density of alkanethiol was
calculated using eq 1

_ QSAM ><I\’A

F (1)

where ¥ is the surface number density of alkanethiol, Qg,y is the total
surface charge density determined by the reductive peak area, scan
speed and electrode surface area, N, is the Avogadro constant, and F
is the Faraday constant.

Force Measurements between MPC and DMAPS Surfaces in
Aqueous Solutions. The interactions between MPC and DMAPS
surfaces in aqueous solutions were investigated using an atomic force
microscope (AFM) tip probe technique in symmetric and asymmetric
configurations, as illustrated in Figure 1A. The force measurements
were conducted using an MFP-3D-BIO AFM (Asylum Research,
Santa Barbara, CA). The detailed force measurement procedures have
been reported previously.>> Before experiments, the gold AFM probes
(NPG-10, Bruker, Santa Barbara, CA) were immersed in 5 mM MPC
or DMAPS solutions for 12 h to prepare the PC and SB surfaces,
respectively, followed by a thorough washing with Milli-Q water and
ethanol. The spring constants of these AFM probes were calibrated
using the thermal tune method.

In each force measurement, both the AFM probe and the prepared
MPC/DMAPS substrate were first immersed in the aqueous
solutions. The AFM probe was driven by a piezo to approach the
substrate at a velocity of 1 ym/s until a maximum loading force of §
nN was reached and then retracted from the substrate. The
interaction force was measured via detecting the deflection of the
cantilever and recorded as a function of the surface separation. For
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each case, force measurements were conducted at 20 different spots
on a selected substrate and at least two independently prepared
substrates were tested.

Surface Potentials of MPC and DMAPS Surfaces in NaCl
Solutions. The surface potentials of PC and SB surfaces in NaCl
solutions were quantified using the bubble probe AFM technique, as
illustrated in Figure 1B. The detailed experimental setup has been
reported previously.’*™*' Briefly, prior to the experiments, a circular
glass slide of the AFM fluid cell was immersed in 5 mM
octadecyltrichlorosilane in ethanol solution for ~1S s to obtain a
slight hydrophobicity of ~50° water contact angle (WCA), which was
suitable to attach an air bubble on the substrate in aqueous solutions.
A custom-made rectangular silicon AFM cantilever with a gold patch
was also hydrophobized to allow it to pick up the air bubble. The
spring constant of the AFM cantilever was calibrated and determined
using the thermal tune method in the aqueous solution before the
bubble loading. An air bubble was carefully generated in the aqueous
solution on the hydrophobic glass slide using an ultra-sharp glass
pipet. The prepared MPC/DMAPS substrate was carefully immersed
in the fluid cell and placed near the air bubble. The hydrophobized
cantilever was moved to pick the air bubble off the glass slide to
generate a bubble probe and then moved over the substrate for force
measurements in aqueous solutions.

During force measurements, the bubble probe was driven by a
piezo to approach the substrate at a velocity of 1 ym/s until a certain
deflection of 1 um was reached and then the cantilever was lifted up.
The moving velocity of 1 ym/s was set to reduce the hydrodynamic
effects. The deflection of the cantilever was monitored using an
optical laser beam detection system. Therefore, the time and force
profiles were obtained and recorded, which were further analyzed
using a theoretical model described below.

To quantitatively analyze the surface potentials of MPC and
DMAPS surfaces in NaCl solutions, a theoretic model based on the
Reynolds lubrication theory and augmented Young—Laplace equation
was used to fit the AFM force profiles. To describe the shape
deformation of the bubble responding to the external pressure, such as
hydrodynamic pressure and disjoining pressure, the augmented
Young—Laplace equation given by eq 2 was applied.**

zi[,%)zl_o_n_p
or

r or R 2)

where o is the interfacial tension between the bubble and aqueous
solution, r is the radical coordinate, & is the thickness of the confined
liquid film between the bubble and the solid substrate, R is the radius
of the bubble, II is the disjoining pressure, and p is the excess
hydrodynamic pressure. To describe the drainage phenomena of
confined fluid between the bubble and the substrate, Reynolds
lubrication theory shown in eq 3 was applied.*”

hg_p) 3)

Here, t is the time and y is the viscosity of the aqueous solution. The
overall interaction force between the bubble and the substrate F(t)
was calculated from the integration of the hydrodynamic pressure and
the disjoining pressure based on the Derjaguin approximation given
by eq 4.

Lo
ot 12ur or

F(@®) =27 [ Ip(r, 6) + TG, D17 dr
0 (4)

Dynamic Adsorption of PC-Headed Lipids on MPC and
DMAPS Surfaces. The dynamic adsorption behaviors of PC-headed
lipid, i.e., 1,2-dipalmitoyl-sn-glycerol-3-phosphocholine (DPPC), on
MPC and DMAPS surfaces in aqueous solution were studied using
the QCM-D (Biolin Scientific, Sweden). Before the experiments,
gold-coated quartz sensors were cleaned using Milli-Q water and
ethanol and dried with pure nitrogen, and then treated in UV ozone
for 30 min. Thereafter, the treated sensors were placed in the $:1:1
solution of Milli-Q water, ammonia (25%), and hydrogen peroxide
(30%) at 75 °C for 15 min. Finally, these sensors were treated with
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Figure 2. (A—C) Water contact angle (WCA) and AFM topographic images of bare gold (A), MPC (B), and DMAPS (C) surfaces in air. The
WCAs of bare gold, MPC, and DMAPS surfaces are <5°, 10.2° = 0.8°, and 18.4° + 0.7°, respectively. The root-mean-square roughness (rms) of
bare gold, MPC, and DMAPS surfaces are measured to be 0.9, 1.55, and 1.49 nm, respectively. (D, E) Cyclic voltammetry (CV) curves of MPC

(D) and DMAPS (E) substrates on gold substrates.

UV ozone for another 10 min. The MPC and DMAPS surfaces were
prepared by immersing the cleaned gold sensors in 5 mM of MPC-SH
and DMAPS-SH solution, respectively. The PC-headed DPPC
solution was prepared in 1 mM NaCl solutions with a concentration
of 20 ppm. In the experiments, the DPPC solution was driven using a
pump to flow onto the MPC or DMAPS sensor mounted in the
QCM-D chamber at a rate of 350 yL/min. Meanwhile, the changes of
frequency (Af) and energy dissipation (AD) were simultaneously
monitored as a function of time by the QCM-D controller and
recorded by the Q-sense software.

B RESULTS AND DISCUSSION

Characterization of MPC and DMAPS Surfaces. Figure
2A—C show the water contact angles (WCAs) and AFM
topographic images of bare gold, MPC, and DMAPS surfaces
in air, respectively. The WCAs of bare gold, MPC, DMAPS
surfaces were measured to be <5°, 10.2° + 0.8°, and 18.4° +
0.7°, respectively. The AFM topographic images in Figure 2
show that the root-mean-square roughness (rms) of bare gold,
MPC, and DMAPS substrates are 0.95, 1.55, and 1.49 nm,
respectively. The changes of the WCAs and surface
morphologies of the substrates indicate the successful
deposition of the MPC and DMAPS on gold substrates.

The surface densities of MPC and DMAPS on gold wafer
were determined using the cyclic voltammetry (CV)
method.”** Figure 2C,D show the measured cyclic
voltammetry curves of MPC and DMAPS surfaces in the
solution of 0.5 M KOH and 3.3 M KCI. The reduction peaks
indicate the electron transferring due to the desorption process
of the thiol group on the gold surface, which were determined
at around —0.95 V in the first scan. The surface densities of
MPC and DMAPS on the substrates were then calculated from
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these reduction peaks to be 3.2 and 2.8 chains/nm?
respectively, which are very close to the reported values.’

Force Measurements between PC and SB Groups in
Aqueous Solutions. Prior to the force measurements, MPC
and DMAPS were deposited on both AFM probes and gold
substrates. The force measurements between PC and SB
groups were conducted in both symmetric and asymmetric
configurations in 1 mM NaCl solutions (natural pH 5.6) and
the results are shown in Figure 3.

Figure 3B shows the measured force curves in a symmetric
configuration in 1 mM NaCl solution, where the MPC probe
interacts with the MPC substrate and the DMAPS probe
interacts with the DMAPS substrate. Repulsive forces were
detected during approaching (or tracing) for both cases.
According to the classical Derjaguin—Landau—Verwey—Over-
beek theory, the van der Waals (VDW) force and electric
double layer (EDL) force contribute to the interactions
between the two surfaces in aqueous solutions. Since the VDW
force was attractive for the symmetric system here,” the
detected repulsion was mainly attributed to the repulsive EDL
interaction. Generally, the zwitterionic group is stoichiometri-
cally neutral. However, the previous study demonstrated that
both PC and SB groups are negatively charged in electrolyte
solutions, due to the different binding abilities of the positively
charged group and the negatively charged group of the
zwitterionic groups to the surrounding counterions.”* The
positively charged quaternary ammonium group possesses a
stronger binding ability with anions (such as Cl-, OH™) than
that of the negatively charged phosphate group or the sulfonate
group with cations (such as Na®, H').* Therefore, the
repulsion measured in 1 mM NaCl mainly arise from the EDL
interaction between the negatively charged MPC and DMAPS
surfaces. Figure 3B also shows that the repulsion between two

DOI: 10.1021/acs.langmuir.8b04091
Langmuir 2019, 35, 2842-2853



Langmuir

4-

a a4 MPCtoMPC
3 o o DMAPS to DMAPS
2+ 1mM NaCl pH=5.6

symmetric system

Force, F (nN)

Separation, D (nm)

Symmetric

Asymmetric

&
o

MPC to DMAPS
DMAPS to MPC

1mM NaCl pH=5.6
asymmetric system

Force, F (nN)

———
Retrace

40 50

Separation, D (nm)

Figure 3. (A) Schematic illustration of the interactions between zwitterionic groups in both symmetric and asymmetric configurations in AFM
force measurements. (B) Measured force curves in symmetric configurations (i.e., MPC vs MPC and DMAPS vs DMAPS) in 1 mM NaCl solution.
(C) Measured force curves in asymmetric configuration (i.e, MPC vs DMAPS) in 1 mM NaCl solution.

A, B ..
& A&  MPCto MPC a4 a  MPC to DMAPS
34 o o DMAPS to DMAPS] 34 o o  DMAPS to MPC
Z 5] 500mM NaCl pH=5.6 z . 500mM NaCl pH=5.6
f symmetric system f asymmetric system
o 'y
e 2
] o
w e
—
Retrace Retrace
1= ! , T T -1 T T T r
0 10 20 30 40 50 0 10 20 30 40 50

Separation, D (nm)

Separation, D (nm)
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DMAPS surfaces is stronger than that between two MPC
surfaces, indicating that the DMAPS surface has more negative
surface potential than the MPC surface.

During the retraction process (Figure 3B), adhesion has
been detected in both MPC and DMAPS symmetric systems
with a similar force magnitude. The measured adhesion is most
likely originated from the attractive electrostatic interactions
between the zwitterionic groups aligned during contact (Figure
3A). During the force measurement, the MPC and DMAPS
layers on the substrate could be interpenetrated by the
opposing MPC or DMAPS molecules on the AFM probe,*
leading to close contact of the zwitterionic groups. Therefore,
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the contacted zwitterionic groups with the same dipoles could
be forced to align in an antiparallel orientation showing that an
attractive electrostatic interaction occurs.”® Since the dipole
momentums of the PC and SB groups are very close to each
other,”” similar adhesion was measured for the two symmetric
cases. It should be noted that the type of ions has been
reported to affect the behaviors of the zwitterionic groups in
aqueous solutions and also their dipole momentum.***
Stronger binding affinity of the zwitterionic groups with the
surrounding counterions results in the greater screening effect
and weakened electrostatic attraction between the positive
charge and the negative charge of the zwitterionic group, which
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leads to the changes of the dipole momentum. Therefore, the
interaction behaviors between zwitterionic groups could be
affected by the ion types in the aqueous solutions. In this work,
only NaCl was present in the aqueous solutions to investigate
the effects of salinity and pH.

Figure 3C shows that the measured force curves in
asymmetric configurations, where the MPC probe interacts
with the DMAPS substrate and the DMAPS probe interacts
with the MPC substrate in 1 mM NaCl solution. Both force
curves appear to be almost the same. Similar to the symmetric
system, repulsion was detected during approaching, which was
mainly due to the electrostatic repulsion of the negatively
charged MPC and DMAPS surfaces in 1 mM NaCl solution.
Adhesion was measured during the retraction process, which
was almost the same for the two measurements (Figure 3C). In
the asymmetric system, the opposing zwitterionic groups with
opposite dipoles could be forced to induce alignment shown in
Figure 3A, resulting in the adhesion measured.

Effect of Salt Concentration on the Interactions
between PC and SB Groups. As discussed above, the
repulsive EDL force plays an important role in the measured
interactions during the approaching of zwitterionic surfaces in
aqueous solution of low salinity (i.e., 1 mM NaCl). It is well-
known that high salinity conditions could significantly
influence the interfacial interactions by compressing the
electrical double layer.*” Thus, the interactions between
MPC and DMAPS surfaces have been also investigated in
500 mM NaCl solution and the force profiles are shown in
Figure 4.

Figure 4A shows the measured force curves of symmetric
systems in 500 mM NaCl solution. Under such high salinity
conditions, the Debye length is reduced to be less than 1 nm
and the repulsive EDL force is negligible, which agrees with the
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short-range repulsion measured during approaching (Figure
4A). The short-range repulsion at <3 nm could be mainly
attributed to the hydration repulsion between the zwitterionic
surfaces, which is considered as the major reason for the
antibiofouling properties of zwitterionic surfaces. Adhesion was
measured during surface retraction, which was close to the
adhesion measured in dilute solution (i.e, 1 mM NaCl) and
caused by the interactions between the aligned zwitterionic
groups with the same dipoles. Figure 4B shows the measured
force curves of the asymmetric system in 500 mM NaCl
solution, which are similar to that for the symmetric system.
The hydration repulsion contributes to the short-range surface
repulsion of the measured force profiles, whereas the adhesion
measured during surface separation are caused by the aligned
zwitterionic groups with opposite dipoles during contact.

Effect of pH on the Interaction Forces between PC
and SB Groups. The pH of aqueous solution generally plays
an important role in the interactions of two charged surfaces in
aqueous solutions. Adjusting solution pH could result in
changes of the surface potentials, which thereby strengthens or
weakens the EDL interactions between the two surfaces.* To
better understand the interaction behaviors among zwitterionic
groups, the interactions between MPC and DMAPS surfaces
have also been investigated in 1 mM NaCl solutions under
acidic (pH = 3) and alkaline (pH = 10) pH conditions, and the
force profiles are shown in Figure S.

Figure 5A shows the measured force curves of the symmetric
system in 1 mM NaCl solution with acidic pH (pH = 3). It is
noted that no repulsion was detected during surface
approaching in symmetric configuration compared to the
force profiles in 1 mM NaCl solution with pH 5.6 (Figure 3A).
Under acidic conditions (ie, pH 3), negatively charged
zwitterionic PC or SB surfaces would be mostly neutralized by
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10.

protons (H') from the bulk solution,”>' leading to less
negative surface potentials, thus the repulsive EDL interaction
would be weakened. Therefore, the attractive VDW force
would become dominant during the approaching process
which led to “jump in” behavior as shown in Figure SA,B. Since
the adhesion measured in both symmetric and asymmetric
configurations in acidic pH is close to that measured under
natural pH (Figure 3A,B), lowering the pH of the solution
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would not significantly affect the enforced complementary
alignment of the zwitterionic groups.

Figure SC,D show the measured force curves of symmetric
systems (i.e, MPC vs MPC and DMAPS vs DMAPS) and
asymmetric systems (i.e., MPC vs DMAPS), respectively, in 1
mM NaCl solution with alkaline pH (pH = 10). Different from
the force curves measured at pH 3, stronger repulsive forces
have been detected at pH 10, indicating the strengthened
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repulsive EDL forces between two zwitterionic surfaces.”’ In
the presence of such strong EDL repulsion, MPC and DMAPS
surfaces would not be able to contact with each other and
attractive dipole—dipole interactions of the zwitterionic PC
and SB groups would not be achieved. Thus, no adhesion was
detected during the retraction process.

Surface Potentials of MPC and DMAPS Surfaces in
Aqueous Solutions. The above force measurements show
that the MPC and DMAPS surfaces in NaCl solutions become
more negatively charged with increasing pH of aqueous
solutions, which is consistent with previous reports.””>* The
AFM bubble probe technique has been applied to quantify the
surface potentials of MPC and DMAPS surfaces in aqueous
solutions. This method has been widely used to investigate the
interfacial interactions and surface properties of minerals,
polymer surfaces, bubbles, and drops.****** The force profiles
between the air bubble and MPC or DMAPS surface in NaCl
solutions have been measured, as shown in Figure 6, which
were analyzed using the theoretical model based on the
Reynolds lubrication theory and augmented Young—Laplace
equation. Using the reported surface potentials of air bubbles
in NaCl solutions of different salinities and pH conditions
(Table 1),>>*”*° the surface potentials of MPC and DMAPS
surfaces were determined. The experimental (black dots) and
theoretically calculated (red line) force curves are shown in
Figure 6.

Table 1. Hamaker Constants (for Air Bubble—Water—
Substrate) and Surface Potentials of Air Bubble and MPC/
DMAPS Surfaces in NaCl Solutions

1 mM NaCl
substrate  Hamaker constant (J)  pH = 3 pH = 5.6 pH =10
bubble —1 mV —28 mV —50 mV
MPC —2.0 X 107 —SmV ~ -11mV  -19mV
DMAPS —1.6 x 107 —-SmV ~ -18mV  —-27mV

Figure 6A shows the measured force profile between the air
bubble and MPC substrate in 500 mM NaCl solution. Under
such high salinity, electric double layer is significantly
compressed and the repulsive EDL force is negligible.
Therefore, only van der Waals force is considered and the
Hamaker constant (for air bubble—water—substrate) was
calculated to be —2.0 X 107*° J (Table 1). The negative
Hamaker constant between the air bubble and the MPC
surface in 500 mM NaCl solution indicates that the VDW
interaction in this case was repulsive, which is in consistent
with the fact that the MPC substrate is superhydrophilic and
the air bubble is repelled from the substrate. Figure 6B—D
show the measured force profiles between the air bubble and
MPC substrate in 1 mM NaCl solutions with pH 5.6, 3 and 10,
respectively. The surface potentials of the MPC surface in the
NaCl solutions of pH 3, 5.6, and 10 were determined to be —35,
—11, and —19 mV, respectively (Table 1). It is noted that the
surface potential becomes more negative with increasin%
solution pH, which is consistent with previous reports.””’
Figure 6E—H show the measured force curves between the air
bubbles and DMAPS substrate in 500 mM NaCl solution and
1 mM NaCl solutions with pH 5.6, 3 and 10, respectively.
Similarly, the Hamaker constant between the air bubble and
DMAPS substrate in 500 mM NaCl solution was first
calculated to be —1.6 X 1072° J (Table 1). The surface
potentials of DMAPS surface in 1 mM NaCl solutions with pH
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of 3, 5.6, and 10 were determined to be —5, —18, and —29 mV
(Table 1), respectively. The above results indicate that the
DMAPS surface are more negatively charged than the MPC
substrate under the same aqueous solution conditions, which is
consistent with previous reports.57_59

Dynamic Adsorption Behavior of Zwitterionic Lipids
on MPC and DMAPS Surfaces in Aqueous Solution. To
better understand the interaction and adsorption behaviors
between zwitterionic groups with opposite dipoles, zwitterionic
PC-headed lipid, 1,2-dipalmitoyl-sn-glycerol-3-phosphocholine
(DPPC), has been employed to investigate its dynamic
adsorption on MPC and DMAPS surfaces using the quartz
crystal microbalance with dissipation monitoring technique
(QCM-D), as shown in Figure 7A. The DPPC lipid is one of
the most common phospholipids in biological organisms,
which consists of two hydroophobic tail chains and a
zwitterionic PC head group,6 having the same dipole
orientation with MPC and the opposite dipole orientation
with DMAPS.

Figure 7B shows the frequency change and energy
dissipation change associated with the adsorption of DPPC
on the MPC surface in 1 mM NaCl of pH 5.6. When 20 ppm
DPPC solution was introduced into the QCM-D chamber, the
frequency slowly decreased with time, indicating the
adsorption of DPPC molecules on the MPC surface,
approaching a plateau at ¢ ~ 7200 s. The background solution
1 mM NaCl without DPPC was then introduced and the
frequency change recovered back to about —$ Hz, indicating
that the adsorption of DPPC on MPC was weak and the lipid
molecules were almost all washed off by the background
solution. Figure 7C shows the changes of frequency and energy
dissipation associated with the adsorption of DPPC on the
DMAPS surface. Similarly, the frequency slowly decreased with
time and did not reach a plateau even after 8200 s, upon the
introduction of 20 ppm DPPC solution, indicating the
adsorption of DPPC lipid molecules on the DMAPS surface.
However, after introducing the background solution 1 mM
NaCl without DPPC, the frequency change only recovered
slightly (AF ~ —40 Hz), indicating that most adsorbed DPPC
molecules remained on the DMAPS surface.

The different adsorption behaviors of DPPC lipids on MPC
and DMAPS surfaces could be mainly attributed to the
different interaction behaviors of the zwitterionic PC head
group of DPPC with the zwitterionic PC groups on MPC and
the SB groups (with the opposite dipole orientation as PC
groups) on the DMAPS surface. The negatively charged
sulfonic group of the SB group on DMAPS faces the aqueous
solution, which would allow it to relatively more easily form an
attractive electrostatic interaction with the PC head (with the
opposite dipole orientation as SB) of the DPPC lipid molecule
in the aqueous solution. From the first glance, the QCM-D
results do not seem to directly agree with the approaching
force curves measured in Figure 3A,B. However, it should be
noted that the interactions between the dissolved individual
DPPC molecules and DMAPS or MPC in QCM-D measure-
ments have some difference with the interaction configurations
of DMAPS and MPC surfaces in AFM force measurements.
The AFM force measurements in this work detected the
surface—surface interactions (functionalized AFM tip surface
vs substrate surface) which demonstrated (1) the collective
behaviors of the zwitterionic dipoles during surface approach-
ing as well as (2) the enforced alignment of the zwitterionic
dipoles under confinement (Figure 3C) between the AFM tip
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Figure 7. (A) Schematic illustration of dynamic adsorption of DPPC lipid on the zwitterionic surface in aqueous solution (1 mM NaCl, pH 5.6)
using QCM-D. (B) Dynamic adsorption results (i.e., changes of frequency and energy dissipation with time) of 20 ppm DPPC lipid on the MPC
surface in 1 mM NaCl solution. (C) Dynamic adsorption results (ie., changes of frequency and energy dissipation with time) of 20 ppm DPPC

lipid on the DMAPS surface in 1 mM NaCl solution.

and the substrate, thus leading to adhesion during surface
separation, whereas during QCM-D measurements, individual
dissolved DPPC molecules would diffuse to the vicinity of the
zwitterionic SAM surfaces and the adsorption of the individual
DPPC molecule would be largely influenced by the interaction
of the single PC group and the zwitterionic PC or SB groups
on the sensor surfaces, but without any confinement. Thereby,
the QCM-D results that DPPC molecules show higher
adsorption on DMAPS with the opposite dipole orientation
actually agree well with the AFM force results in both Figure
3AB that adhesion was measured during surface separation
due to the enforced alignment of opposing dipole pairs via
complementary orientations as illustrated in Figure 3C.
Implication of Interactions between Zwitterionic
Groups with Opposite Dipoles. In previous reports,
zwitterionic MPC and DMAPS surfaces show excellent
antibiofouling performance,'”>**' =% a5 illustrated in Figure
8A. The previous research studies reported protein adsorption
results of fibrinogen and lysozyme on zwitterionic PC-headed
and SB-headed self-assembled monolayer surfaces in aqueous
solutions using surface plasmon resonance spectroscopy.” The
results demonstrate that there are limited proteins adsorbed on
the zwitterionic surfaces. It is reported that under higher
alkaline pH, the protein adsorption for fibrinogen and
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lysozyme on both zwitterionic SAM surfaces decreased,
which could be due to the strong hydration effect and
strengthened surface potential at higher pH conditions. The
protein adsorption results of fibrinogen and lysozyme on
polymeric PMPC and PSBMA brush surfaces in aqueous
solution have also been reported.”* Very limited protein
adsorption was detected on these zwitterionic polymer brush
surfaces. It is also reported in these previous studies that the
protein adsorption decreases with increasing polymer layer
thickness (<65 nm) of the zwitterionic polymeric brush
surfaces, indicating the important contribution of steric
interaction associated with hydration interaction of the
hydrophilic polymer brushes in antifouling performance
compared to zwitterionic SAM surfaces.”* "% The antifouling
properties of zwitterionic surfaces (e.g, MPC and DMAPS)
are mainly attributed to the collective hydration interaction of
many zwitterions on the surfaces.

Figure 8B shows the QCM-D adsorption results of DPPC
lipids on PC (with the same dipole orientation) and SB (with
the opposite dipole orientation) surfaces in aqueous solution,
with more lipid adsorption detected on the SB surface than on
the PC surface. The QCM-D results are consistent with the
adhesion results detected during separation in the AFM
measurements (Figures 3, 4, and S) that under confinement,
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Figure 8. (A) Schematic illustration of the adsorptions of proteins
and lipids on zwitterionic PC-headed and SB-headed SAM surfaces in
aqueous solutions. (B) The adsorption results of DPPC lipid on MPC
and DMAPS surfaces in aqueous solution using QCM-D in this work.

aligned zwitterionic group pairs with opposite dipoles could
lead to intermolecular attraction. It is noted that many
proteins, lipid molecules, and other types of biomolecules
generally carry various zwitterionic groups with different dipole
orientations, some of which may result in the adsorption or
fouling behavior on zwitterionic surfaces. For example, in
recent reports, the C-reactive protein (CRP), a nonspecific
plasma protein produced by hepatocytes in the liver, has been
discovered to specifically bind with the PC head groups in the
presence of calcium ions.°”°® This specific CRP—PC
interaction suggest the potential applications of zwitterionic
groups as a biosensor to monitor CRP protein levels.”” The
findings in this work, together with the aforementioned
previous reports, imply that the aligned zwitterionic groups
with opposite dipoles can contribute to the attractive
interactions of the lipid molecules, other biomolecules and
related surfaces. These results further imply that the
zwitterionic dipole-induced interactions together with other
intermolecular interactions (e.g., hydration, electrostatic, and
steric interactions)’””" play an important role in the adhesion
and antifouling behaviors of the zwitterionic molecules and
surfaces, providing useful insights into the development of new
antifouling surfaces.

Bl CONCLUSIONS

In this work, the interaction mechanisms between the
zwitterionic groups with opposite dipole orientations (i.e.,
PC and SB groups) in aqueous solutions have been
quantitatively investigated via direct force measurements
using AFM and adsorption tests using QCM-D. The effects
of solution salinity and pH on the interactions of the
zwitterionic surfaces were investigated. The AFM force
measurement results showed that the adhesion measured
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during separation between PC and SB groups in both
symmetric and asymmetric configurations were close, mainly
due to the attractive electrostatic interactions between the
aligned zwitterionic groups. The solution salinity and pH did
not significantly influence surface adhesion. QCM-D tests were
conducted to monitor the dynamic adsorption of PC-headed
lipid DPPC on PC and SB surfaces, which showed that the
adsorption of DPPC could be detected on the SB surface,
whereas not on the PC surface. The different adsorption
behaviors could be because of the fact that the outmost
negatively charged sulfonic group of the SB group on DMAPS
faced the aqueous solution, which would facilitate it to form an
attractive electrostatic interaction with the PC head of DPPC
lipid molecules in the solution. Our results indicate that the
adhesion behaviors are mainly due to the alignment of
opposing dipole pairs via complementary orientations under
confinement (ie, in AFM force measurement). Without
enforced confinement, the electrostatic interaction of the
outermost charged group of individual hydrophilic zwitterionic
molecules (e.g., zwitterionic lipid) with the opposing
zwitterionic surface would play an important role in their
interaction behaviors. The excellent antifouling performance of
zwitterionic surfaces or zwitterionic polymers to biomolecules
is mainly attributed to the strong hydration and steric
interactions of the grafted chains carrying zwitterionic groups
collectively on the substrates. This work shows that the
zwitterionic dipole-induced interactions contribute signifi-
cantly to the adhesion and antifouling behavior of the
zwitterionic molecules and surfaces, which should be taken
into consideration in the development of effective antifouling
materials and coatings in related engineering and bioengineer-
ing applications.
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ABSTRACT: Polymer materials have been widely used in
industrial, agricultural, engineering, medical, electronic, and bio-
logical fields because of their excellent and diverse properties (e.g.,
mechanical, optical, electrical, and adhesive properties). The
adhesion of polymer materials can affect the stability, alter the
surface chemistry, change the surface structure, and influence the
performance of the materials. It is of both fundamental and practical
importance to understand the adhesion behaviors and interaction
mechanisms of polymer surfaces and thin films for the development
of new functional polymers and their applications. In this article, the
fundamentals of surface energy, adhesion energy, and classical
contact mechanics models are presented first, and the commonly
used nanomechanical techniques for quantifying the intermolecular
and surface interactions of polymers, including the surface forces

apparatus (SFA) and atomic force microscope (AFM), are introduced. The advances in the adhesion of surfaces and thin films
of various polymers (e.g., elastomers, glassy polymers) are reviewed. The effects of various factors, including the molecular
weight, temperature, separation rate, and surface roughness, on the adhesion behaviors of these polymer surfaces and thin films
are discussed. Their liquid- to solid-like behaviors during approach and detachment processes are shown. Several commonly
applied methodologies used to modulate polymer adhesion are also introduced. Some recent applications based on polymer

adhesion, remaining challenging issues, and future perspectives are also presented.

1. INTRODUCTION

Polymer materials ubiquitously exist in our everyday life and
have been extensively exploited in industrial, agricultural,
engineering, medical, electronic, and biological fields, taking
advantage of their low cost as well as diverse and excellent
properties.~* Every year, an uncountable number of polymers
with various molecular structures and on-demand properties
are synthesized along with the exploration of their applications
in novel fields. Many studies have been conducted to test their
outstanding performance and investigate their correlated
properties, including adhesive, biocompatible, conductive,
optical, and mechanical properties.” '’ Among all of these
properties, the adhesive properties have become more and
more important and have attracted much attention because the
adhesion between polymer surfaces and thin films can affect
the stability of polymer materials on the substrates, the surface
structure and chemistry of the deposited polymer films, and
the related performance when applied."' ™"

The adhesive phenomena between two surfaces are usually
categorized into two configurations. When the two contacting
surfaces are different, the force needed to separate them is
usually identified as the “adhesion”. On the contrary, if the two
adhering surfaces are the same, then the separating force is
generally referred to as “cohesion”. In some situations, both
adhesion and cohesion exist simultaneously.'*™'® For example,
when a liquid glue is applied to stick two surfaces together, the
polymer molecules in the glue tend to graft onto the target

W ACS Publications © XXXX American Chemical Society

substrate surfaces upon coating and interact with each other
during the following drying process. The excellent gluing
performance depends not only on the strong adhesion between
the polymer molecules and target surfaces but also on the
strong cohesion among the glue polymer molecules.'” In this
review, “polymer adhesion” involves both the adhesion of
polymer—substrate and the cohesion between the same
polymer surfaces.

With the increasing number of applications of various
polymer materials under complicated and varied conditions,
polymers with controllable adhesive properties have aroused
great interest in recent years for the development of the
“smart” materials, especially in biological and biomedical
engineering.”’~>* For example, the formation and dissociation
of drug-loaded polymer capsules can be modulated by
adjusting the adhesion of polymer molecules, leading to
controlled drug delivery systems.”>”>° On the basis of the
previous studies, it is well accepted that the adhesive behaviors
of the polymer materials can be facilely adjusted by parameters
such as the polymer properties (e.g, molecular weight,
molecular chemistry, and viscoelastic properties), surface
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Figure 1. (A) Cohesion energy of two identical surfaces separated in vacuum. (B) Adhesion energy of two different surfaces separated in a medium.

(C) Contact angle of liquid 2 on substrate 1 in medium 3.

properties (e.g., surface nanostructure and surface wettability),
external loading conditions (e.g, loading force and loading/
unloading rate), temperature, electromagnetic field, and
Iight.27_36 Hence, investigating the adhesive properties of
polymers and revealing the adhesion mechanisms under
different effects can pave the way for the rational design of
new polymer materials and their novel applications.

In previous work, the intra- and intermolecular interactions
of polymer surfaces and thin films have been quantitatively
measured to characterize the polymer adhesive behaviors.>’~*
Different types of interactions have been identified to
contribute to the polymer adhesion. For example, the strong
electrostatic attraction between negative charges from one
polymer and positive charges from another one plays a major
role in the formation of some polymeric hydrogels.*®
Hydrogen bonding could contribute to the self-assembly and
cross-linking of polymer structures.””**The hydrophobic
interaction between polystyrene (PS) surfaces results in strong
cohesion in aqueous environments.””*”*° Weak attraction and
even repulsive interaction have also been investigated and play
important roles in the applications of polymer materials. For
example, the weak interaction between water drops and the
lotus leaf surface due to the surface structures plays a critical
role in the drop-rolling and self-cleaning phenomena and has
inspired numerous methods of fabrication of structural
surfaces.”’ —>* Hydration repulsion between zwitterionic
polymers and protein molecules in aqueous solutions makes
it difficult for proteins to adhere to the zwitterionic surfaces,
contributing to their nonbiofouling property.”>~>" Therefore,
understanding the adhesion behaviors and interaction
mechanisms of polymer surfaces and thin films is of both
practical and fundamental importance to the development of
new functional polymers.

In this article, the fundamentals and advances in the
understanding of adhesion mechanisms of polymer surfaces
and thin films are presented and discussed. First, we introduce
the fundamentals and classical contact mechanics models,
followed by the commonly used experimental techniques for
quantifying the surface forces and adhesion of polymers. We
then discuss the adhesion and fracture behaviors of various
polymers (e.g., elastomers, glassy polymers) and the influence
of molecular weight, temperature, separation rate and surface
roughness. We have also presented the typical strategies for the
strengthening or weakening of polymer adhesion, several
applications of polymer adhesion, some remaining challenges,
and future perspectives.

2. ADHESION ENERGY AND CONTACT MECHANICS
MODELS

2.1. Surface Energy and Adhesion Energy. Adhesion
plays an important role in the separation processes of two
polymer surfaces, which is very common in our daily life and in
industrial production. The minimum force required for the
detachment of two surfaces is referred as the adhesion force
F,4 and the free-energy change during the process is denoted
as the adhesion energy W,y Typically, the adhesion between
two surfaces is determined by the interactions between the
molecules on the two surfaces, the number density of the
molecules, and the contact area.'>*>” Surface energy y, which
is defined as the energy change dW with the surface area A
increasing by dA in vacuum (eq 1),"" has become one of the
most fundamental and important parameters in polymer
science.”’

_aw
T dA (1)

When two identical surfaces with surface energy y, are
separated in vacuum (Figure 1A), the cohesion energy Wi,
per unit area can be calculated by the creation of two surfaces,
which is presented in eq 2."

Wi =2p ()

In the case of separating two dissimilar surfaces 1 and 2 in

medium 3 as indicated in Figure 1B, the adhesion energy W3,

is related to the interfacial energies y,,, 713, and 7,3, as shown in
11

eq 3.

Wi =Vt h;—hy (3)

Several methods have been employed to measure or calculate
the surface energy of a polymer substrate, among which the
contact angle (CA) prediction is dominant.”*”®* As depicted
in Figure 1C, once the contact angle 6 of one drop of liquid 2
on substrate surface 1 in medium 3 is determined, the adhesion
energy Wis, can be quantitatively derived from the surface
energies (i.e., 715, 713 and y,3) and contact angle following the
Young—Dlgggi equation (eq 4) can be derived from Young’s

eq (eq 5).%
Wisy = 15(1 + cos 6) (4)

Vi3 = Nyt 1y cos O (s)

Generally, the surface energy of a substrate is regarded as
consisting of polar y? and apolar ! components, where y” is
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Figure 2. Schematic of contact angles of the (A) Wenzel model, (B) Cassie model, and (C) Cassie—Baxter model.

contributed by electron donor y~ and electron acceptor y*
parts, as described in eq 6.°°7

r=ritri=yt oyt ©)
According to the Lifshitz—van der Waals/acid—base approach,
the surface energy of a substrate S can be calculated by
measuring the contact angles of three different probe liquids
(L1, L2, and L3) with known surface energies, as shown in eq
7.°° 1t should be noted that the property of the probe liquids,
the preparation process of the substrates, and the specific
interactions between liquids and surfaces have a considerable

influence on the measured values of the surface energy.ss_71
d ¥ =
21y 2y 2V \/}’_Sd ¥, (1 + cos 0;)
20rs 2Jnh 2drs s | = (a1 + cos 6r)
q = [ F % (1 + cos 0;)
2yns 2 }/I:; 2Ns ¥s v -
(7)

In practical terms, the prepared surfaces are rarely perfectly
flat or chemically homogeneous. Therefore, the apparent
contact angle (6*) of a liquid measured in experiments would
be different from that on the ideal surfaces. In 1936, Wenzel
discussed the effect of surface roughness on the value of the
measured contact angle (Figure 2A), which is known as the
Wenzel model.””

cos(0*) = f cos(0) (8)

Here, 0 is the contact angle calculated from Young’s equation
on the ideal surface, and f, the surface roughness ratio, is
defined as the ratio of the real surface area to the apparent
surface area. For a smooth surface with chemical heterogeneity,
the apparent contact angle of a liquid is determined by the
composite materials, which was reported by Cassie in 1948.
When the flat surface is composed of two different materials
(Figure 2B), the contact angle can be described using Cassie’s
model by eq 9.7

cos(0*) = o, cos(6,) + ®, cos(6,) 9)

Here, 6, and 0, are the contact angles of the particular liquid
on the flat surfaces consisting of pure materials 1 and 2,
respectively, and @, and ¢, are the area fractions of materials 1
and 2 over the whole surface area, respectively. In some cases,
the surface is so rough that the liquid cannot wet all of the
grooves with air trapped on the surface, resulting in both a
rough and heterogeneous surface, such as a lotus leaf. The
Cassie—Baxter equation derived in 1944 is commonly used to

describe the synergic influence of both surface roughness and
heterogeneity in this case of Figure 2C, as shown in eq 10.”>7*

cos(60*) = fp cos(0) + ¢ — 1 (10)

Here, f is the surface roughness ratio of the wet surface, and ¢
is the fraction of the surface area wet by the liquid.

2.2. Contact Mechanics Models. Numerous experimental
and theoretical studies have been conducted to elucidate the
adhesion mechanics or contact mechanics of two surfaces over
the past century. In 1882, Hertz investigated the deformation
of two elastic spherical surfaces in contact under an applied
load force,” assuming that there was no adhesion between the
two surfaces. Hence, when two spheres with radii R, and R, are
pressed into contact by a force F, the radius r of the contact
area can be described by eq 11.

K (11)

Here, R = R;R,/(R, + R,), and K is the equivalent elastic
modulus which is related to Young’s moduli E; and E, and
Poisson’s ratios v; and v, of the interacting materials by eq 12.

K 4

2 2
1_31—V1+1—Vz
El E2

(12)

Although Hertz contact mechanics is not directly applicable to
many practical cases, particularly for polymer systems showing
strong adhesion with other substrates, it has been utilized to
investigate various tribological phenomena.”®””*

In 1971, Hertz’s theory was modified by Johnson, Kendall,
and Roberts (JKR) with a consideration of the surface energies
of the contacting surfaces.”®”® It is noted that, in the JKR
model, surface adhesion was treated to only occur within the
contact region, while the surface forces outside the contact area
(e.g., at very small surface separation) were still ignored. When
two spheres of radii R; and R,, equivalent elastic modulus K,
and adhesion energy W are pressed together under external
force F, the radius r of the contact area can be given by eq 13.

R
I E[F + 37RW + \6ZRWF + (3nRW)2]

2
= B \/F + éﬂRW + \/iﬂRW
K 2 2

(13)

The adhesion force F 4 or pull-off force is correlated to the
adhesion energy W by eq 14, where W = 2y if the two surfaces
are made of identical material.

DOI: 10.1021/acs.langmuir.9b02123
Langmuir XXXX, XXX, XXX=XXX



Langmuir
3
E; = —aRW
M7 (14)

In 1975, Derjaguin, Muller, and Toporov (DMT) proposed
a model by employing the contact profiles of the Hertz model
and taking surface interactions into account.””*" Therefore,
when two spheres (radii R; and R,, equivalent elastic modulus
K, and adhesion energy W) are brought into contact under
external force F, the radius r of the contact area can be given by
eq 1S.

R
3

> = =(F + 22RW
K( ) (15)

Upon separation, the adhesion force is given by eq 16.
Eq = 27RW (16)

The classical Hertz, JKR, and DMT models are usually
applied to describe the surface deformation and adhesion
between two elastic surfaces.””*> Generally, the JKR model is
suitable for soft materials with high surface energy and a large
contact area, and the DMT theory is applicable in the cases of
small and rigid surfaces with low surface energy.'"** It is noted
that although glassy polymers are commonly so rigid that the
JKR model cannot be directly applied to analyze the measured
adhesion, when the polymers are deposited as thin films on
elastic substrates (e.g., mica), the systems comply with the JKR
model.*>**

Most polymer materials are viscoelastic. The loading and
separating processes during contact mechanics tests of polymer
surfaces are normally irreversible, which is due to the
significant bulk deformation and the complex interactions
(e.g., interpenetration and entanglement) of polymer chains
across the contact interface.”>~ For interactions between two
polymer surfaces of the same material, the adhesion hysteresis
Ay describing this irreversibility and the energy dissipation is
defined in eq 17.

Ay = (= 1) (17)

Here, yg is the so-called receding surface energy during
separation and y, is the advancing surface energy on loading.
For the reversible adhesion process without hysteresis, the
adhesion hysteresis Ay is zero, and yy = 7, is the equilibrium
thermodynamic surface energy y. For viscoelastic polymers, the
loading and unloading processes are irreversible, and the
adhesion hysteresis is Ay > 0. It is noted that the effects of
surface (i.e., surface-energy-dependent) and bulk (i..,
modulus-dependent) hysteresis are often difficult to distin-
guish. Therefore, the effective surface energy 7. is usually used
to describe the hysteretic adhesion property of viscoelastic
polymers based on the adhesion force measured, as shown in
eq 18.

Fa

.= —4
# 32R (18)
When an elastic sphere (radius R and modulus K) is in
contact with a flat surface under loading force F with a contact
area of radius r, the strain energy release rate G is often used to
quantitatively analyze the unloading process, as shown in eq
19.

_ (F‘ *) _(F-Ly)

67RLyy (19)

Here, Ly = Kr’/R is the so-called Hertz load for a contact
radius r without surface adhesion (Hertz model). When the
loading and separation processes (or loading—unloading cycle)
are in equilibrium and no adhesion hysteresis exists, G is equal
to the adhesion energy or work of adhesion W,4. For the case
in which the two contacting surfaces are made of the same
materials, G = W4 = 2y.

In 1975, Gent and co-workers investigated the adhesion of
viscoelastic polymers with glass using peel and tear tests under
the effects of different peeling rates and temperatures.”””" The
Williams—Landel—Ferry (WLF) model was applied to describe
such effects, as given by eq 20.”

8.86(T — T, — 50)
1016 + T — (T, + S0) (20)

log(ar) =

Here, a; is the WLF temperature shift factor, T is the
temperature, and T, is the glass-transition temperature of the
polymer. On the basis of the results, the strain energy release
rate G at a given peeling rate V can be empirically related to

the thermodynamic adhesion energy W using eqs 21 and
29,9396

G =W+ ¢(a;V)) (21)

G= Go[l + (1))
v (22)

@(arV) is a dimensionless dissipation function used to
describe the viscoelastic property of the polymer system,
which has an empirical relation with the interfacial crack
propagation velocity V during peeling, G, is the intrinsic
adhesion energy (also referred to as the threshold toughness)
when the peeling velocity is zero, and V* is a characteristic
critical velocity for crack propagation during peeling. Polymer
toughness G is one of the most important mechanical
properties of polymer materials and describes the ability of
the polymer to withstand the applied loading force before
fracture occurs.”’ """ Tt is dependent on the geometry of the
polymer material, environmental conditions (e.g., temperature
and pressure), loading rate of the applied force, and intrinsic
properties of the polymer including the molecular weight,
polydispersity, bonding force between polymer chains, and
packing structure. On the basis of the equation, the threshold
toughness G, of a polymer material can be measured at the
sufficiently low velocity (the so-called threshold
rate).**1991%0 The value of G, could be higher than the
thermodynamic adhesion energy, which is caused by the
rearrangement of polymer chains at the interface and some
physical and/or chemical interactions between polymer chains,
such as hydrogen bonding."”*~'**

It should also be noted that when the interfacial crack
propagation velocity during peeling is quite small (V < V*),
the un-cross-linked polymer chains across the contact interface
can be separated directly with zero dissipation in the adhesion
energy. However, when the velocity is high (V > V*), the
pulling-out behavior of polymer chains at the interfacial crack
tip is viscous and time-dependent, and significant energy
dissipation could occur. For cross-linked polymers or
elastomers, the pulling-out process of polymer chains around
the interfacial crack propagation tip is also viscous, and the
energy dissipation is practically viscoelastic and time-depend-
ent. If chain scission is not involved at V < V* then the total
energy for crack propagation would be equal to the
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Figure 3. (A) Schematic of a typical experimental setup using a surface forces apparatus (SFA) to quantify the interaction forces between two
surfaces. (B) Typical fringes of equal chromatic order (FECO) associated with the contact of two mica surfaces. (C) Selected experimental
configurations (e.g., symmetric polymer—polymer case and asymmetric polymer—substrate case) used to measure the surface forces and adhesion

in air and aqueous media.

thermodynamic adhesion energy value, with W4 = 2y for the
interactions of the same materials.'**~*’

3. ADHESION MEASUREMENT TECHNIQUES

In the early 1950s, Derjaguin and co-workers measured the
surface interaction between a hemispherical glass surface and a
flat glass substrate in vacuum, which was proven to be due to
attractive van der Waals forces.'”'” Since then, various
experimental techniques have been developed and applied to
quantify the interaction forces between different molecules and
surfaces in vapors and liquid media, such as the surface forces
apparatus (SFA), atomic force microscope (AFM), optical
tweezers, magnetic tweezers, total internal reflection micros-
copy, and JKR apparatus.''~""* Among these techniques, SEA
and AFM are probably the most widely used tools for
measuring the intermolecular and surface forces of different
material systems, as demonstrated by high force sensitivity and
distance resolution.

3.1. Surface Forces Apparatus. The SFA was originally
developed by Tabor, Winterton, and Israelachvili to
quantitatively evaluate the van der Waals (VDW) forces
between molecularly smooth mica surfaces in air and
vacuum.'>™'"7 Since then, significant advances have been
achieved in improving the SFA technique by Israelachvili and
co-workers, which have been widely employed to quantify a
variety of intermolecular and surface forces including VDW
forces, the electrostatic force, the hydrophobic interaction,
biological-specific ligand—receptor interactions, and nano-
tribological forces (eg friction or lubrication forces under
nanoconfinement).''>""*7"** SFA is able to monitor the
absolute separation distance between the two interacting
surfaces, the thickness of the confined thin film, and the
deformation of the interacting surfaces in situ and in real time
on the basis of multiple beam interferometry (MBI) by using
fringes of equal chromatic order (FECO).

Figure 3A shows a schematic of the typical setup of SFA
experiments,' '’ which mainly consists of a light source,
spectrometer, camera, SFA main chamber with a main stage,

micrometer, upper disk holder, and lower disk holder attached
to the force spring. In a typical SFA experiment, two back-
silvered (thickness ~50 nm) mica sheets (thickness 1—5 ym)
are glued onto two cylindrical silica disks with radius R (1 to 2
cm), followed by mounting them into the upper and lower disk
holders in the SFA chamber in a crossed-cylinder config-
uration. In a typical force measurement, the two surfaces are
first brought into contact for a certain time, followed by a
separation process, during which the interaction region is
simultaneously monitored by using the FECO fringes for the
determination of surface deformation and their separation
distance. The interaction forces are calculated by the deflection
of the force spring following Hooke’s law

F = kAX (23)

where F is the measured force, AX is the spring deflection, and
k is the spring constant. The interaction between two crossed
cylindrical surfaces with radius R is locally equivalent to that of
a sphere of the same radius against a flat surface when their
separation is D < R on the basis of the Derjaguin
approximation, which correlates the force F(D) between the
two curved surfaces with the interaction energy E(D) per unit
area between two flat surfaces as shown in eq 24."'

F(D)

E(D) = 2R

(24)

The adhesion energy per unit area W,4 between two flat
surfaces was usually related to the adhesion force F,4 between
the two curved surfaces by the JKR model for soft elastic
polymer materials with strong adhesion and a large contact
area.’”'”* Mica has served as the most commonly used
supporting substrate for SFA experiments because of its
transparent nature and molecularly smooth basal plane. The
surface modification of mica can be realized via the deposition
of a thin layer of other materials such as metal, metal oxides,
polymers, lipid layers, and proteins.'*>'*° When the interacting
substrates in the SFA experiments show multilayer structures
consisting of the deposited material, mica, glue, and a silica
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Figure 4. (A) Schematic of the typical experiment setup using an atomic force microscope (AFM) for force measurement. (B) Asymmetric
experimental configuration used to probe the surface interaction between an AFM tip and a polymer film in air and aqueous solution. (C)
Symmetric experimental configuration for the investigation of the interaction between two polymer films/polymer brushes in air and aqueous

solution.

disk, the effective bulk modulus of the substrate is affected by
the mechanical properties of the layers.

Over the past four decades, various interactions between
polymer surfaces in air, vapor, and aqueous and nonaqueous
media have been quantified using SFA.'' The oscillatory
solvation force, which plays an important role in polymer
applications involving tribology, rheology, and adhesion
properties, has been determined using an SFA to arise from
the confinement of fluids between substrate surfaces.'”’~"*"
The interaction forces and adhesion between polyelectrolyte
brushes have been measured by SFA, and the results suggest
that both the type and concentration of ions can remarkably
affect the brush structure and adhesion behavior."**~"** The
rheological properties of confined water films and polystyrene
(PS) films have been characterized using SFA.!3915¢ X-ray
scattering and fluorescence imaging have been coupled with
SFA to allow the simultaneous characterization of the
structures of confined molecules and thin films during force
measurements.">’~'** Electrochemical modulation and exter-
nal field (e.g., electric field) can also be coupled with SFA to
tune and measure surface potentials and interfacial electro-
chemical reactions associated with force measurements and to
investigate the influence of the external field on both normal
and lateral forces."”"*'~'** Despite the high resolution of <0.1
nm in the vertical displacement direction, it is noted that SFA
is not an imaging technique and it is operated mostly with
transparent or semitransparent materials with limited lateral
resolution. The molecular orientation and composition of the
confined thin films between interacting surfaces generally are
not directly detected but can be characterized by coupling SFA
with other techniques such as X-ray scattering and fluorescence
imaging.

3.2. Atomic Force Microscope. The first atomic force
microscope (AFM) was developed in 1982 by Binning and
Rohrer to investigate the substrate surface on the atomic
1451% Since then, this technique has been widely used for
applications such as surface imaging, force measurement, and
molecular manipulation.'**'*” Here, we briefly introduce the
typical force measurement methodologies using AFM.

scale.

Figure 4A shows the schematic of the experiment setup for
measuring the interaction forces between an AFM probe and a
substrate surface using an AFM.** Commonly, the AFM probe
is a sharp tip on the cantilever spring, as shown in Figure 4B.
During the force measurement, the AFM probe is driven by a
piezo to move toward and away from the substrate surface.
The interaction between the tip and substrate could induce the
bending of the cantilever. The deflection of the cantilever is
monitored through the position displacement of a laser beam
reflected from the back side of the cantilever using a position
sensor (e.g,, quartered photodiode). The spring constant of the
AFM cantilever is usually determined using the Hutter and
Bechhoefer method.'*® Thus, the interaction force between the
AFM tip and substrate surface is obtained from the deflection
of the cantilever and its spring constant using Hooke’s law.

Except for the sharp AFM tip, the colloidal probes, which are
prepared by attaching microsized particles (e.g, silica spheres,
gold particles, and polymer spheres) to the AFM tipless
cantilevers (as in Figure 4C), have also been exploited to
measure the interaction force between the colloidal particle
and the substrate surface."'"'*’ For example, the AFM probe
with a PS microsphere has been utilized to investigate the
adhesion mechanisms between the PS polymer and other
substrates including silicon, mica, and polyurethane surfa-
ces."”” The impacts of the applied load, contact time, and
surface roughness on the adhesion property of various
polymers (e.g., polystyrene, poly(ethylene glycol), and
polypropylene) with substrate surfaces (e.g., glass, metal, and
silica) were also studied using the AFM colloidal probe
technique.'>' ~"** Typically, the radius of an AFM probe ranges
from several nanometers to micrometers. Thus, the contact
area between the AFM tip and the substrate surface is much
smaller than that in an SFA experiment, which lowers the
possibility of contamination during measurements. It is noted
that the preparation of feasible AFM probes, such as the
polymer-grafted silica probe, usually requires multiple steps.
AFM can measure the forces of molecules and surfaces on the
piconewton (pN) scale. The surface separation between the
probe and substrate is determined by the displacement of the
probe and the deflection of the cantilever, which might deviate
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Figure 5. (A) Schematic of crack propagation at the polymer—polymer interface with the occurrence of crazing. (B) Schematic of the
interpenetration, interdigitation, and entanglement of polymer chains across the contact interface.

from the actual separation distance between the surfaces,
especially when the surfaces are soft and their deformation is
not negligible.

4. ADHESION MECHANISMS OF POLYMER
SURFACES AND THIN FILMS

The adhesion properties of polymer surfaces and thin films
have been investigated for decades, and significant progress has
been achieved in understanding the adhesion mechanisms. The
adhesive interaction between a polymer surface and another
identical or different substrate surface is largely determined by
the physical (e.g, VDW) and/or chemical interactions (e.g,
disulfide bond) of the polymer chains across the contact
interface. The molecular weight, temperature, contact time,
detachment velocity, and surrounding media have been found
to play important roles in determining the adhesion properties
of polymers. In this section, the advances in understanding the
adhesion mechanisms of elastomers and glassy polymers and
the influence of various parameters are reviewed.

4.1. Adhesion of Elastomers and Glassy Polymers.
Under external tensile stress, the fracture of bulk polymers and
the separation of two polymer surfaces and thin films (ie.,
elastomeric and glassy polymer) generally initiate from the
occurrence of a crack on the microscale (Figure SA). As the
applied tensile stress increases, the crack would propagate.
Eventually, the growth of the crack leads to material failure.
For glassy polymers, crack propagation could also be
associated with the formation of crazing. Crazing commonly
refers to the formation of a network consisting of stretched
polymer fibrils and the void space between these fibrils under
tensile stress. For elastomeric polymers, it has been found that
the measured adhesion energy between two polymer surfaces
greatly depends on the crack propagation velocity V. Increasing
the propagation velocity during the surface fracture leads to
enhanced adhesion energy and fracture toughness.'>*'>> The
adhesion can also be enhanced by physical and/or chemical
interactions of interfacial polymer chains and connecting
diblock polymers associated with the interdigitation, inter-
penetration, and entanglement of polymer chains across the
contacting surfaces (Figure SB).ISG’157

A previous study by Gent and co-workers showed that the
intrinsic adhesion energy (threshold toughness G,) between
two elastomeric polymer sheets increased linearly with the
number of chemical bonds across the contacting interface with
a fixed cross-linking density of each polymer film.”"">*">® This
result demonstrated the important role of chemical interlinking

between the polymer surfaces in enhancing the adhesion
energy. His following study showed that at the threshold rate,
adding the component with no cross-linking bond created in a
cross-linked elastomer could not affect the cohesion energy,
which on the other hand could be significantly enhanced when
increasing the crack propagation velocity.”””'®" At the
threshold rate, the pulling-out process of the un-cross-linked
polymer chains was supposed to have almost no energy
dissipation and thus could not influence the adhesion energy.
However, when the crack propagation velocity was higher than
the threshold rate, the pulling out of these un-cross-linked
polymers would make a contribution to the adhesion energy
between cross-linked elastomeric polymer surfaces and thin
films.

A couple of models have been developed to describe the
relation of the pulling-out process of polymer chains to the
interfacial adhesion between contacting polymer surfaces, and
most of the models are based on two assump-
tions, [S# 19158161164 mivot there is a threshold stress at the
polymer interface below which the pulling-out process of
polymer chains and surface separation could not happen.
Second, when applied stress at the interface increases to be
higher than the threshold stress, pulling-out rates of chains as
well as the measured adhesion energy would increase.
However, in different models, the properties of the partially
pulled-out polymer chains are proposed differently."**'®" If the
polymer chains that are partially pulled out are treated as
straight chains, then the scale of the crack tip should be the
same as that of these partially pulled-out chains, and the
propagation of the crack is allowed. Thus, under a certain crack
propagation velocity, the pulling-out process of chains would
be relatively slow, and the critical propagation velocity V* for
the corresponding threshold toughness is relatively high. If the
partially pulled-out polymer chains are supposed to collapse,
then with the same crack propagation velocity the pull-out
process would be relatively fast and the critical propagation
velocity V* would be slower. de Gennes and co-workers
assumed that the polymer chains during the partial pulling-out
process could form chain fibrils in the craze region to achieve
the lowest surface energy and stretching energy of the polymer
chains.'>'% Thus, the threshold toughness G, is proposed to
be approximately related to the thermodynamic adhesion work
W (W = 2y) as demonstrated in eq 25.

Gy — W~ yNa’Z » k;TNZ (25)
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Here, y is the surface energy of polymer chains, N is the degree
of polymerization of the connecting chains, a is the length of
the monomer, and X is the areal density of connecting chains.
If the polymer chains are straight and fully stretched, then the
critical propagation velocity V* and threshold tou%hness Gy
can be expressed as in egs 26 and 27, respectively.’

V¥ x E
3gNT (26)
G, ~ yNa’Z (27)

Here, E is Young’s modulus of the polymer material, and { is
the monomer friction coeflicient. It can be observed that the
threshold toughness G, increases linearly with the areal density
of connecting polymer chains X. If the partially pulled-out
chains collapse, then the critical propagation velocity V*
should be modified with multiplication by a*X

A different model was proposed by Brown to describe the
threshold toughness G, and thermodynamic adhesion work W
as in eq 28.1°°

Gy — W~ hf*E (28)
kyT

* g BL

SR (29)

Here, h is the maximum height of the crack zone, which is
proportional to the pulled-out polymer chain length, and f* is
the minimum force for the existence of a fibril. If the pulled-out
polymer chains are assumed to be completely extended (i.e., h
= Na) and f* is approximated using eq 29, then eq 27 can be
transformed to be the same as eq 25 in de Gennes’ model."’
However, the limitation for the application of de Gennes’
model is that the density of the connecting polymer chain at
the interface X should be low because high X can interfere with
the free interpenetration of connecting polymer chains across
the interface. So far, a feasible model for describing the
adhesion property and chain behavior at the crazing zone
between contacting polymer surfaces over the whole range of
connecting polymer chain density remains to be developed.

For glassy polymers, the pulling-out process and/or chain
scission at the crack tip could also contribute to the adhesion
energy, which is quite similar to that of elastomeric polymers.
However, the different properties (e.g., viscosity and elasticity)
of glassy polymers and elastomers lead to different strengths of
noncovalent interactions between polymer chains and
dissimilar energy dissipation during the pulling-out process.
Thus, the adhesive property of glassy polymers is different
from that of elastomers.

4.2. Adhesion of Polymers from the Glassy State to
Viscoelastic and Viscous States. Chain scission and
disentanglement are usually believed to be involved in the
surface fracture of glassy polymers.”®'?%'“%!¢7~17! Because of
the breaking of polymer chains during chain scission, the
generated fragments are supposed to carry terminal radicals
and react with other nearby polymer molecules and form cross-
links. Although numerous experiments and simulations have
been conducted, the understanding of the intrinsic mechanism
of polymer fracture involving chain scission remains incom-
plete, 103 104167171=173 A (Jagsical model was developed by
Lake and Thomas to describe the chain scission phenomenon
of elastomer and obtained threshold toughness G, by
calculating the energy of breaking all of the connectin
polymer chains present at the interface as shown in eq 30."

G, = ZNnU (30)

Here, n is the number of main chain bonds in a single
monomer, and U is the dissociation energy needed for each
main chain bond. In this model, it is worth noting that at low
crack propagation velocity, the viscoelastic contribution to the
adhesion energy has been ignored.

In the bulk of glassy polymers, entanglements of polymer
chains can transfer most of the endured stress. It has been
found that when the average polymerization degree N of the
polymer molecules is less than twice the average number of
monomers involved in the entanglements N, the polymer
chains can be pulled out easily instead of forming a craze and
the disentanglement makes almost no contribution to the
fracture toughness. When N/N, is greater than 2, as revealed
by theoretical simulation results, a stable craze zone starts to
form, indicating the contribution of polymer entanglements to
adhesion energy.'”>'”> Simulation results also suggested that
most of the work dissipated during the crazing and surface
fracture was mostly converted to heat because of the polymer
chain friction. In the case of PS, the temperature of the fracture
surface was estimated to be around 150—368 °C."”* It was also
found that when N/N, was increased to beyond 8, the behavior
of interfacial PS chains during fracture could change from
pulling-out behavior to chain scission. In a previous study, the
changing from chain pulling-out to the occurrence of crazing
was observed at the interface between immiscible PS and PVP
surfaces with connecting block polymer PS-b-PVP and
tethered chains at the interface for reinforcement.”®'”® Thus,
the entanglements of polymer chains can significantly enhance
the polymer material toughness.

Xu and co-workers have studied the behavior of interfacial
polymer chains between two contacting homopolymer surfaces
reinforced by a diblock polymer (e.g, PS/PVP/PS-b-PVP
system).'”" Figure 6 shows the failure mechanism map of
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Figure 6. Map of failure mechanisms on different polymer chain
behaviors with different normal tensile stress o and areal chain density

2.

different polymer chain behaviors under different normal
tensile stress o and areal chain density X. Here, o, is the
constant stress for the polymer system under which craze
propagation could occur in the polymer. It has been discovered
that when the polymer degree N is greater than o,/
Frmonomer=c(Zc = Ocraze/f1), chain scission can happen when X <
. With X > X, the craze will be formed during the fracture.
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Here, foonomer IS the static friction force needed to pull one
monomer out of the polymer bulk, and f, is the force needed
to break one C—C bond of the polymer backbone. When N is
intermediate (o-craze/fmonomerzsat < N < Gcraze/fmonomerzc’ Where
5% = 6400/ fmonomerN), the interfacial polymer chains exhibit
pulling-out behavior during surface fracture with X < Z*, while
craze will be formed with £ > ¥* X is the maximum areal
chain density when the saturation of connecting block polymer
chains at the contacting interface is achieved. When N is lower
than 6,.,e/fmonomer2say the behavior of the interfacial polymer
chains is being pulled out. It has been found by Creton and
other researchers that when N > 6,,¢/fmonomerssev the plastic
zone precedes the crack at two homopolymer interfaces
reinforced by diblock copolymers.”®'°"'”® Meanwhile, the
relation of interfacial toughness G and areal chain density X
has been found to transit from G « X to G o X%

When there is no connecting diblock copolymer at the
interface between two homopolymers, a similar transition of

the fracture mechanism can still happen because of the
entanglements of the two homopolymers. Typically, the static
interface width (a;) of the entangled interfacial region is used
to describe the degree of entanglement of two polymers (i.e.,
the equilibrium width of the interface with the two entangled

Sy 168,177—180
polymers present), which is given by eq 31.

2 2
a,” +a
alzz #
12y

(31)

Here, a, and a, are the monomer lengths of polymers 1 and 2,
respectively, and y is the Flory—Huggins interaction parameter.
The characteristic entanglement number N, and the
entanglement length L., of polymers are given by eqs 32
and 33.

LSVE (32>
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Figure 8. Effects of (A) molecular weight, (B) contact time, and (C) UV/ozone treatment on the adhesion energy between PS polymer and the
mica surface. Optical images of concentric ring patterns of PS polymer residues on (D) the mica surface and (E) the PS surface after the surface
fracture with the PS surface. (F) Schematic of the adhesive detachment of the mica surface and the PS polymer surface after UV/ozone treatment.

Reprinted from ref 185. Copyright American Chemistry Society.

nent, i

= q
6

‘ent,i (33)
Here, L,,. is the average entanglement length of the polymer
pair interacting with each other, n,,; is the degree of
polymerization of the entanglement in the polymer, and i
stands for the polymer species (i.e., 1 or 2). The characteristic
number of entanglements can then be expressed as in eq 34.

2(‘112 + “22)

){alal nent, lnent,l

(34)

Brown and co-workers developed a model that was
substantiated by the experiment results of Creton, Macosko,
and co-workers. According to this model, the surface toughness
G of the contacting interface of two homopolymers is

proportional to N,,> when N/N, > 6 to 8. Then eq 35 can
be obtained as follows.

2(a* + a,%)
)(ala2\/ nent,lnent,Z (35)

This model was examined with experiments by Creton,
Schnell, Macosko, and other researchers by using the
asymmetric double cantilever beam (ADCB) method.'**'®!
Various kinds of polymers were employed in the polymer tests,
such as PS, poly(ethylene oxide) (PEO), polyethylene (PE),
and polycarbonate. For the interactions at the interface of PS—
PS and PS-modified PS (i.e., poly(bromostyrene—styrene) or
poly(p-methylstyrene)) with varied Flory—Huggins parameter
, three reééimes with different static interfacial widths a; were
detected.®>'*” When a; increased from regime I (a; < 6 nm)
to regime II (6 nm < a; < 11 nm), the behavior of polymer
chains changed from pure pulling out to chain scission and the
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interfacial toughness G increased significantly with the
increasing interfacial width. When a; was increase to regime
II (a; > 11 nm), the craze was formed during the surface
fracture.

In recent publications, it has been found that the areal
density of chain ends across the contacting interface, the bulk
viscoelasticity indicating polymer chain mobility, and the
specific physical and/or chemical interactions between
polymer chains can affect the polymer entanglements at the
interface and thus govern the adhesive 1properties between
polymer surfaces and thin films. 2333172182183 g example,
Israelachvili and co-workers investigated the interactions
between the PS polymers (e.g,, MW 2 000 000) with different
treatment.'” It was found that treating a PS surface with
ultraviolet (UV) radiation in an inert gas (i.e., nitrogen) could
induce the cross-linking of polymer chains on the surface and
thus reduced the density of chain ends. The adhesion between
PS surfaces after the treatment was relatively weak. On the
contrary, UV treatment in air (in the presence of oxygen) for
PS polymers resulted in chain scission, and the density of chain
ends could be increased. Thus, adhesion between the as-
treated PS surfaces was significantly enhanced, as shown in
Figure 7A. For PS polymers with low molecular weight or at
temperature higher than or equal to T, (e.g, molecular weight
of 1300, temperature of S1 °C), which could increase the
mobility of polymer chains, strong adhesion between PS
surfaces and significant adhesion hysteresis were observed, as
shown in Figure 7B.*>'** The T, of PS polymer with a
molecular weight of 1300 was reported at around 45 °C. For
PS polymers with a high molecular weight (280 000—
2000 000), for which T, was higher than room temperature,
the adhesion energy was measured to decrease with increasing
molecular weight at room temperature.'®> Zeng and co-
workers also studied the separation velocity (V) effect on the
adhesion between PS surfaces (molecular weight of less than
10 000) at a temperature of around Tg.33 It was found that
there was a critical separation velocity. When the separation
velocity V| was lower than the critical velocity, the surface
energies (yg) of PS exhibited a velocity-independent property.
However, when the separation velocity was higher than the
critical value, the surface energies of PS were enhanced with
increasing detachment velocity, which showed a power law
dependence of yr « V," and n = 0.15—0.36.>> Such a scaling
correlation could be compared with the reported values in the
range of 0.1—0.8 by Muller, Li, Barthel, and Roux,” 86,187

The schematics of temperature, separation velocity, and
molecular weight effects on adhesion hysteresis Ay between
two polymer surfaces are shown in Figure 7C—E. For glassy
polymers with high molecular weights (for testing temperature
T < T,), the relaxation time of the polymer chains is long.
Thus, the behaviors of the polymer surfaces are “solid-like”
without significant involvement of bulk flow. Moreover,
polymer loops are exposed at the surface with the relatively
small density of short chain ends, leading to a very limited
interdigitation or interpenetration between two surfaces, which
results in a low adhesion hysteresis Ay during separation. The
adhesion forces can be determined using the equation of F,; =
3Ry according to the JKR theory. When the polymer
molecular weight is low and/or the testing temperature is T
> T, the polymers are liquid-like, with a low bulk viscosity and
a short relation time of the polymer chains. The large surface
deformation that arose from the macroscopic flow of polymer
during approach and separation fails to be explained by the

JKR theory. Thus, thermodynamic parameter y is used to
determine the adhesion through the equation F,q4 = 47Ry for
the case of a liquid bridge between two surfaces under a low
separation velocity. For a certain polymer (e.g., PS), the largest
adhesion hysteresis Ay can be obtained when the temperature
is around the glass-transition temperature, T,. At zero or low
load, the peak of adhesion hysteresis is at T, or slightly below
T,, while the peak will shift to the position above T, for several
degrees at high loads. It is noted that the T, for a polymer thin
film may be higher or lower than the T, for bulk polymer
according to previous studies.'®*

The adhesion and detachment mechanisms between
polymer and solid substrate surfaces have also been
investigated using SFA, and the asymmetric PS—mica system
was selected as a model system.'® The PS molecular weight,
contact time, and polarity-enhancing UV/ozone treatment
were found to significantly influence the adhesion between PS
and the mica surface, as shown in Figure 8A—C. The adhesion
between PS and the mica surface was mainly due to the polar
interactions between the phenyl rings of PS and the polar
—Si—OH and —Si—O-Si— groups on the mica surface. PS
with a low molecular weight (T, close to the experimental
temperature to maximize the contribution of viscous forces)
with high chain-end density and chain mobility could promote
the rearrangement of polymer chains to facilitate the formation
of more polar interactions between PS and mica surface, which
thereby enhances the adhesion. A longer contact time could
allow more effective polar interactions to be developed
between rearranged polymer chains and the mica surface,
leading to the enhanced adhesion property. UV/ozone
treatment could increase the polarity of PS, strengthening its
polar interactions with the mica surface and increasing the
adhesion. Interestingly, the polymer material transfer was also
observed during the separation of the UV/ozone-treated PS
films (MW 1 M or 1 000 000). As shown in Figure 8D,E, the
concentric ring polymer fracture pattern was on the mica
surface and the opposing PS surface, revealing that the fracture
occurred within the PS film. Such a fracture was discovered to
occur locally (i.e., at different radial position in the “contact
zone”), resulting in a “stick—slip” detachment. This phenom-
enon was mainly ascribed to the UV/ozone-induced chain
scission and the enhanced polar interactions between PS
chains/segments and the substrate surface, resulting in chain
transfer and leading to the concentric ringlike polymer residues
left on mica (Figure 8F).

4.3. Polymer Adhesion and Fracture from Liquid- to
Solid-like Behavior. The fracture mechanisms of polymer
thin films have been investigated using an SFA coupled with
visualization techniques by Zeng and co-workers, suggesting a
continuous process from liquid-like snapping to solid-like
failure on the micro- and nanoscales.*”">”"**~""! Fingering
instabilities and cavities were observed upon the separation of
confined thin films (thickness 10—1000 nm) of viscous PS
with low molecular weight (i.e., 800 and 590) or glassy PS
around the glass-transition temperature, which was in good
agreement with the phenomena detected by macroscopic
peeling or probe-tack tests for relatively thick adhesive films
(0.01—1 mm).">7'¥1997192 The Saffman—Taylor (ST) model
was exploited to describe fingering instabilities of viscoelastic
materials, with the prediction of the wavelength of fingering
patterns.'”>~"”> When a liquid with shear viscosity 7, is gently
introduced to a more viscous liquid with shear viscosity 7,,
patterned fingers with a wavelength larger than the critical
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Figure 9. (A, B) Top-view microscopy images during the detachment between two PS thin films (molecular weight 590) after (A) keeping in
contact for 10 min at 0.5 ym/s and (B) keeping in contact for 30 min, with the first separation for 25 s, followed by waiting for 42 s and then
separating again at a velocity of ~3 ym/s. (C—F) SEM and AFM images of the formed neck structure after the surface fracture of PS polymers
(molecular weight 1390) at room temperature. Reprinted from ref 189. Copyright American Chemistry Society.

finger wavelength A are §enerated by the interfacial instability,
which is given by eq 36."%'%

Ac = 2ab\Jy/12V(n, — n,) (36)

Here, b is the gap height between the parallel plates, y is the
interfacial tension, and V is the fluid interface velocity.

The typical fingering patterns between two PS (molecular
weight 590) melt thin films during the separation process are
shown in Figure 9A,B."*” With a short contact time (10 min)
and low detachment velocity (0.5 um/s) (Figure 9A), the
pattern changed from the smooth and round fingering shape to
the sharp tips before failure, exhibiting a transition of the
fracture process. When the contact time was enhanced to 30
min and the separation velocity was increased to 3 um/s
(Figure 9B), cavities appeared in the center of the neck, which
expanded outward as cavity fingers before rupture.

The fracture pattern of glassy PS (molecular weight 1390)
films was also examined by SEM and AFM, displaying parallel
bands and sharp cracks as presented in Figure 9C—F.'*’
Compared to the radial fingers of the viscous/viscoelastic
polymers, the linear fracture bands are most likely attributed to
the rapid propagation of the originated nanocracks along the
direction of the crack tip. According to the definition, the
viscosity of a material can be presented by the ratio of shear
stress ¢ to shear rate V/b, and the ST equation is further

expressed as eq 37, where the critical wavelength is contributed
by the surface tension, thickness of the polymer film, and shear
stress rather than the viscosity and pulling velocity.'®
Experimental results of the failure of elastic and fully cross-
linked PDMS films are in agreement with this relation.'”®
Therefore, the continuous process of the failure of polymer
thin films from the viscous liquid-like state to the elastic solid-
like state can be described by the ST fingering equation.

Ac = an\/LV—/b = Zﬂ:\/ﬂ
12V o 120 37)

It is noted that the polymer films tend to deform during the
approach process between both symmetric polymer—polymer
surfaces and asymmetric polymer—substrate surfaces.”**'"
For viscous and viscoelastic polymers, the mobility of polymer
chains can facilitate the deformation of surfaces, leading to the
coalescence of symmetric polymer films and the spreading of
polymers on a certain substrate. Zeng et al. reported the
formation of highly ordered surface fingering patterns during
the adhesive contact of two viscous or viscoelastic polymer
films (e.g, PS, PDMS, and polybutadiene (PBD)), and the
transient fingering instability could disappear after a certain
time.*> The schematic formation of fingering patterns and the
associated macroscopic image, AFM image, and FECO fringes
are shown in Figure 10. When the two surfaces approached
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Figure 10. Schematic of adhesion junction and contact zone and the corresponding adhesion and coalescence of two viscoelastic polymers. (A)
Microscopy image of the radical fingering patterns in the xy plane. (B) AFM three-dimensional topographic image of a typical fingering pattern.
(C) Schematic of two polymer surfaces 1 and 2 approaching and interacting with each other in medium 2. (D) Typical FECO fringe for the
concentric ripples propagating away from the contact zone. Reprinted from ref 85. Copyright American Chemistry Society.

each other below a critical rate, the appearance of fingering
patterns was not affected by the approach velocity. For
symmetric polymer—polymer coalescence, the average radius r
of the fingering pattern was proportional to ¢, and the value of
n varied in the range of 0.15—0.3 associated with the
viscoelastic properties of the materials. The lifetime 7 of the
fingering patterns was dependent on the polymer properties,
such as film thickness and viscosity, showing a maximum value
at a certain film thickness and increasing with the polymer
viscosity # as 7 « 1", where n was determined to be 1.6 + 0.2
for polymer—polymer adhesion and 2.1 + 0.2 for polymer—
substrate adhesion. For example, at a thickness of 200 nm, the
fingering patterns generated by PBD films with a viscosity of
~5 Pa-s disappeared within 1 s, whereas the PS film with a
viscosity of ~2900 Pa-s could form fingering patterns lasting
for longer than 2 h. Moreover, for glassy polymers at the glass-
transition temperature, the lifetime could be extended several
days or even weeks.”” The effect of applied loading force on
the adhesion property and contact dynamics of viscoelastic
polymers (e.g, PS with a molecular weight 900) was

investigated. When the applied loading force was gradually
increased to around 30 mN and then kept unchanged for 1
week, a round contact boundary was first observed. But in 2 h
highly ordered fingering patterns started to appear and became
distinguishable in ~24 h.

It was proposed that the fluid mechanics coupled with the
intermolecular and surface forces (e.g., VDW force) could be
the interaction mechanism for the transient fingering patterns
and interfacial instabilities. As shown in the schematic of
Figure 10, during the growth of the contact area of the polymer
thin films, the polymer melt outside the contact meniscus is
driven by the Laplace pressure to move toward the contact
zone. In this situation, air with low viscosity is introduced into
the polymer melt with high viscosity in a local “trough” region
outside of the contact meniscus where the polymer film thins.
The transient fingering patterns could be induced by this
indirect ST mechanism. The interaction forces between two
surfaces (symmetric polymer—polymer case and asymmetric
polymer—substrate case), including the attractive VDW force,
repulsive surface tension, and elastic force, also contribute to
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the surface deformation of polymer thin films. The attraction
induces the formation of trough structure, while the repulsion
prevents the formation. When the attraction is stronger than
the repulsion, the surface deformation is aggravated, resulting
in the formation and growth of the fingering patterns and
instabilities. Otherwise, the surface deformation will be
diminished. This type of adhesion behavior and transient
fingering phenomenon may generally exist for a wide range of
soft materials.

4.4. Surface Roughness on Polymer Adhesion. In
practical applications, the surfaces of the polymer materials are
barely atomically smooth, and the surface roughness can
dramatically affect the adhesion properties of the polymeric
materials in both positive and negative ways depending on the
properties of the materials and the actual contact phenomenon.
On the basis of the fundamental understanding of the classical
contact mechanics in Section 2.1, various models have been
developed by including the effect of roughness on the adhesion
of a polymer surface with another surface of the same material
or a different substrate.

Greenwood and Williamson investigated the contact
behavior between a plane and a flat surface consisting of
many uniformly distributed asperities with spherical summits
of the same radius."”® The contact of each asperity with the
plane was assumed to be independent, and the real contact
area was found to be enhanced by the increase in the normal
loading force between the nonadhesive surfaces. In 1975,
Fuller and Tabor studied the adhesion between a smooth
rubber sphere and hard flat surfaces with different surface
roughness.l99 The results indicated that the surface roughness,
which was very small compared to the deformation within the
contact area, could weaken the adhesion force even to a
negligible value because of the decreased real contact area.
Generally, for nonadhesive elastic or plastic surfaces, the real
contact area between rough surfaces is much smaller than the
apparent contact area, which tends to increase with increasing
applied normal loading force due to surface deforma-
tion.ZOO_ZO6

Benz and co-workers measured the adhesion properties of
both randomly rough and patterned surfaces.””” The surfaces
with random roughness ranging from 3 to 220 nm were
prepared using poly(vinylidene fluoride-trifluoroethylene)
(P(VDF-TrFE)), whereas the patterned surfaces were
fabricated from poly(styrene-b-2-vinylpyridine) P(PS-PVP).
For the randomly rough surfaces, the measured adhesion
between identical polymer surfaces decreased slightly with
increasing surface roughness and was enhanced by the
increased loading force. Interestingly, the adhesion between
the patterned surfaces dramatically decreased with higher
surface roughness. Zappone and co-workers investigated the
adhesion between the polymer surfaces (i.e., polyurethane
(PU) and poly(vinyldine fluoride) (PVDF)) with different
roughnesses and the smooth, bare mica surface both in air and
in lubricating oil (Cargille).””® When the surface roughness
was within the range of several nanometers (~7 nm), the
measured adhesion in air decreased remarkably with the
increasing roughness because of the reduced real contact area.
As the roughness continued to increase, the influence of
roughness became less significant because of the deformation
of the asperities on polymer surfaces. Besides, the presence of
lubricating oil between the surfaces could eliminate the
adhesion by reducing the real contact area between the

major asperities of the rough polymer and smooth mica
surface.

Surface roughness can also enhance the adhesion between
two surfaces. The polymer surfaces with gecko-inspired
hierarchical fibrillary structures can significantly increase the
adhesion with other surfaces, which is generally believed to be
due to the VDW attraction and increased real contact
area.””’™*"? However, because of the limitation of effectively
fabricating the specific surface structure or surface roughness, it
still remains a challenge to establish a thorough understanding
of the effect of surface roughness on polymer adhesion.

4.5. Common Strategies to Modulate Polymer
Adhesion. Because the adhesion between polymer surfaces
and thin films not only depends on the chemical and physical
properties of the polymers but also is affected by surface
roughness and environmental conditions, various methods
have been developed to modulate the adhesion between two
surfaces, and some commonly employed strategies are briefly
introduced.

To increase the adhesion strength between two hard, solid
surfaces, the most widely used strategy is to modify the
substrates with a layer of relatively soft polymers, which results
in an increased contact area between the two surfaces owing to
the deformation of polymers during contact and compression.
Moreover, the interactions between polymer chains including
the physical interactions and chemical bonds can make a direct
contribution to the enhancement of adhesion. Modulating the
polymer entanglements at the interface while controlling the
density and the mobility of the polymer chains can also tune
the adhesion between two surfaces. When two polymer films
are in contact, the flexible polymer chains on one surface can
diffuse into the opposite one and entangle with the polymers
on the other surface, yielding a significant enhancement of the
adhesion strength. By adjusting the environmental conditions,
such as temperature and UV radiation, the diffusion of polymer
chains can be well-regulated and can lead to tunable adhesion
between polymer surfaces. To effectively increase the polymer
adhesion, specific physical and/or chemical interactions
between polymer chains, such as the hydrophobic interaction
between long carbon chains, hydrogen bonds, and dynamic
chemical bonds (e.g, the Schiff-base bond), are commonly
introduced into the systems.

Besides the direct coating and grafting of polymers, a
pseudobrush layer of polymers can be established on the
substrate by adsorbing polymer molecules from polymer melts
or semidilute solutions.”'* For example, a pseudobrush layer of
PDMS was formed on a silica surface by pressing bulk PDMS
on the solid surface for more than 24 h,>'® and the bound
PDMS layer could improve the adhesion of the silica substrate
to other surfaces. It should be noted that the pseudobrush layer
is different from the polymer brush grafted through specific
chemical bonds because the polymer molecules in the
pseudobrush layer can form multiple interaction points with
the substrate, resulting in a restricted conformation of the
polymer chains.

The design and modification of the molecular architecture
have been recognized as an interesting and promising method
for modulating the polymer adhesion. Previous studies on
polymer adhesion are mainly focused on linear polymers.
Recently, the effect of molecular architecture (ie. linear,
grafted, bottle-brush, branched, and highly branched) on the
adhesion between the polymers and the substrates has been
examined.”'®*'” It was found that for mobile polymers without
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Figure 11. Design and development of polymeric materials for engineering and bioengineering applications. (A) Design of polymer-based tough
bioadhesives containing an adhesive surface (green) and a dissipative matrix (light blue). (B) Schematic of supramolecular conductive PANI/PSS-
UPy hydrogel for flexible bioelectronic application. (C) Development of polymeric binders of the silicon anode featuring a self-healing capacity
based on the reversible ion-dipole interaction in lithium rechargeable batteries. Reprinted from refs 227, 240, and 24S. Copyright American
Association for the Advancement of Science, American Chemical Society, and John Wiley & Sons.

specific binding to the substrate, the adhesion was hardly
affected by the side chains or molecular architecture; however,
when the mobility of the polymer decreased and specific
interactions (e.g., hydrogen bonds) were involved, the
significant increase in the polymer adhesion was detected
with the introduction of side chains, which was ascribed to the
synergistic effect of the enhanced polymer entanglement and
the increased real contact area.”'® The fabrication of polymer
loops with both ends of a polymer chain anchored on the

substrate surface has been demonstrated to be a more effective
strategy for reducing the polymer adhesion compared to the
linear polymer brushes by hindering the penetration and
interpenetration of the polymer with other components.”"**"

Recently, the gecko-inspired patterned adhesive surfaces
have attracted considerable attention because of their robust
and reversible adhesion on various surfaces, great adaptability
to rough surfaces, excellent stability in both dry and wet
environments, and good self-cleaning property.””**°~*** The
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gecko-inspired adhesive surfaces possess hierarchical structures
typically consisting of micro-/nanofibrils, which can enhance
the adhesion with other surfaces by increasing the real contact
area and dispersing the applied stress.”'>*** It is believed that
the strong adhesion strength between the hierarchical surfaces
and substrate surfaces is dominated by the van der Waals force
and other interactions.”'”*** By applying peeling or shearing
forces, the attachment and detachment processes can be
reversible as well as controllable.”'**** Because of their
universal adhesion and versatility, gecko-inspired patterned
surfaces have been applied to various applications such as
climbing robot feet and grippers, adhesive gloves in space,
flexible wearable devices, and medical skin patches.”**~*°

5. APPLICATIONS

5.1. Hydrogels. Hydrogels, as three-dimensional polymer
networks with high water content, have served as promising
candidates for many established and emerging applications in
engineering and bioengineering, such as wound dressings,227
tissue scaffolds,”*® bioelectronics,”*’ and soft ionotronics,**°
because of their flexibility, biocompatibility, and stimuli-
responsiveness. The mechanical properties of the as-fabricated
hydrogel and its adhesion capability to various materials not
only depend on the physical/chemical interactions but also are
affected by the topolo§y of networks and the energy dissipation
mechanism.”””***"*** On the basis of the fundamental
understanding of the adhesion between polymer surfaces and
thin films, a series of hydrogels with desirable mechanical
properties and adhesion behaviors have been developed via the
rational design of molecular interactions and topologies.”*”~**

The strong and robust bonding between the adhesive
hydrogels and human tissues is a prerequisite for wound
dressing applications. Recently, Mooney et al. reported a family
of tough adhesives showing high adhesion energies to wet
biological tissues via a two-layer strategy.””” The adhesive
surface consisting of bridging polymers (e.g., chitosan,
polyallylamine, polyethylenimine, collagen, and gelatin) was
utilized to stably and firmly adhere to the tissues, and the
tough double-network hydrogel matrix consisting of a
covalently cross-linked polyacrylamide network and ionically
cross-linked alginate network was employed to dissipate energy
upon deformation. As presented in Figure 11A, when the
hydrogel was separated from the substrate, the energy could be
significantly dissipated via the breakage of alginate and calcium
complexation at the tip of the crack, preventing the
propagation of the crack.

The development of multifunctional hydrogels is also
facilitated by the modulation of interactions between polymer
chains, holding great promise for advanced bioelectronic
devices. By introducing 2-ureido-4[ 1H]-pyrimidinone (UPy)
groups as cross-linking points into the polyaniline/poly(4-
styrenesulfonate) (PANI/PSS) network, Zeng and co-workers
developed a conductive hydrogel with outstanding stretch-
ability and a rapid self-healing capability for wearable
bioelectronics, as depicted in Figure 11B.*** The dynamic
and reversible multiple hydrogen bonding of UPy endows the
hydrogel with stretchable and self-healing properties due to the
formation of complementary hydrogen bonding, and the
electrostatic interaction between the interpenetrated polymers
can not only enhance the mechanical properties but also
improve the conductivity of the hydrogel, leading to the
fabrication of highly sensitive strain sensors.

5.2. Polymer Binder. Polymer binders play a critical role
in maintaining the structural integrity and original capacity of
the silicon (Si) anode, contributing to the high capacity of
next-generation Li ion batteries.”"’ The pulverization of Si is
fatal to batteries with Si anodes, and even with the addition of
polymer binders, the batteries still suffer from chronic capacity
fading. The volume expansion of Si during charging can easily
break the chemical/physical bonds between the polymer and Si
as well as between polymers, leading to the undesired void
formation around Si after the volume shrinkage during the
following discharging, which thereby severely impairs the
electrochemical performance.242 Therefore, the improvement
of the mechanical stability of the electrode through the
polymer binder is essentially dependent on the adhesion
between the polymer and Si particles as well as the cohesion
between polymer chains,”***** and the strong and reversible
interactions such as specific noncovalent bonds and dynamic
covalent bonds can be exploited in the binders to improve the
cycling performances of the batteries. By copolymerizing S-
methyl-S-(4-vinylbenzyl) Meldrum’s acid (M), styrene (S),
methyl methacrylate (M), and lithium 2-methyl-2-(4-
vinylbenzyl)malonate (C), Coskun and co-workers designed
a self-healing polymeric binder featuring noncovalent ion—
dipole interactions, as shown in Figure 11C.** The lithium
ions on polymer chains could form reversible ion—dipole
interactions not only with the dicarboxyl groups on polymers
but also with the silanol moieties on the Si particle surface,
which facilitated the recovery of the binder—Si and binder—
binder interactions, repairing the voids and maintaining the
structural integrity of the electrode over a long cycling period.

5.3. Surface-Modification Technique. A surface-mod-
ification technique has been widely applied to modulate the
surface properties (e.g., wettability) of a substrate through both
physical and chemical approaches. A rational surface-
modification technique by functional polymers has been
commonly exploited in membrane engineering, oil—water
separation, and bioengineering. Polydopamine, as a mussel-
inspired polymer, is drawing increasing attention in surface
modification because of its universal adhesion on diverse
surfaces and its simple preparation processes.”**>*" In spite of
numerous studies on polydopamine-based polymers and their
applications, it is still under debate whether the structure of
polydopamine is a true polymer or a supramolecular assembly,
which is mainly due to the auto-oxidation of dopamine and the
following complex chemical reactions to form polydop-
amine.”>**** Owing to the insolubility of polydopamine in
both aqueous solutions and organic solvents, it is challengin
to experimentally determine the structure of polydopamine.”

The adhesion between a polydopamine surface and the
substrates with varying wettability has been measured using an
AFM.”> The substrate surfaces were prepared by grafting
—OH groups or —CHj groups on gold surfaces via thiol—Au
bonds. The results indicated that the polydopamine could
deposit on all of the substrate surfaces, attributed to the
hydrogen bonds and hydrophobic interactions provided by the
catechol groups. Besides, the removal of the trapped air/vapor
layer on the hydrophobic surface enhanced the adhesion
between the polydopamine surface and the substrate, which
was contributed by the strengthened hydrophobic attraction.

On the basis of the universal adhesion of polydopamine, a
polyelectrolyte—polydopamine coating was developed to
modify the surface properties of different substrates.”*®
Zwitterionic poly(3-[dimethyl(2-methacryloyloxyethyl) am-
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monium] propanesulfonate) (PMAPS) was utilized as the
functional coating material, and polydopamine was used to
facilitate the coating process on both the silica substrate and
polyurethane (PU) sponge. The obtained superoleophobic
surface was successfully employed for water—oil separation and
possessed an underwater self-cleaning property against heavy
oil fouling. Moreover, the amine-modified catechol group has
been designed as the anchoring ligand associated with the 2-
methacryloyloxyethyl phosphorylcholine (PC) moiety for the
surface modification of a variety of substrates includin% mica,
glass, polypropylene (PP), polystyrene (PS), and TiO,.”” This
facile, robust, and substrate-independent anchoring strategy
endowed the surfaces with hydrophilicity and an bioantifouling

property.
6. SUMMARY AND FUTURE PERSPECTIVES

Significant advances have been achieved in unraveling the
adhesion mechanisms of polymer surfaces and thin films in the
last few decades, and both fundamental and practical insights
have been provided for the development of novel polymer
materials for various applications such as hydrogel adhesives,
polymer binders, and surface coatings. However, several
challenges remain for the establishment of complete and
comprehensive understanding in this field.

First, the impact of surface roughness on the adhesion
between polymer surfaces is not systematically studied, and the
precise modulation of adhesion via the control of surface
roughness is still limited. Studying the adhesion mechanisms
between surfaces of both random roughness and designed
patterns could broaden our understanding of the surface
structure with respect to the adhesion property and behavior
and facilitate the development of surface-modification
techniques using specific surface structure. Second, adhesion
mechanisms of polymeric systems under extreme conditions
(e.g., at extremely high or low temperature, in air or vacuum,
and in extremely acid or alkaline solutions) are rarely reported.
Such extreme conditions are expected to induce the variation
of the physical/chemical properties of polymers and lead to
distinct adhesion behaviors in both polymer—polymer and
polymer—substrate systems, which is essentially important in
the performance improvement of polymer materials. Third, the
adhesion mechanisms of biomaterials and biological systems
mostly remain to be systematically investigated in related
biological processes or bioengineering applications. Investigat-
ing and mimicking the structure and property of biomaterials
and biological systems is one of the most efficient strategies for
developing new functional polymers and enhancing their
properties. Fourth, the adhesion behavior of “smart” polymer
materials with stimuli-responsive properties requires more
characterization. Understanding the variation in polymer states
and corresponding adhesion behavior under external stimuli
provides fundamental insight into the dynamic mechanisms of
polymer adhesion. Finally, with the development of theoretical
methodologies and experimental techniques, the molecular
mechanisms and nanomechanisms underlying the adhesion of
polymer surfaces and thin films could be further elucidated,
which facilitates the improvement of theoretical models and
provides fundamental guidance for the evolution and
application of polymer materials.
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ABSTRACT: Surface interactions between emulsion drops and
substrate surfaces play an important role in many phenomena in
industrial processes, such as fouling issues in oil production.
Investigating the interaction forces between the water-in-oil
emulsion drops with interfacially adsorbed asphaltenes and various
substrates is of fundamental and practical importance in under-
standing the fouling mechanisms and developing efficient
antifouling strategies. In this work, the surface interactions between
water drops with asphaltenes and Fe substrates with or without an
electroless nickel—phosphorus (EN) coating in organic media have
been directly quantified using the atomic force microscope drop
probe technique. The effects of asphaltene concentration, organic
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12 3 a4 65 6 7

Piezo displacement, AX (um)

solvent type, aging time, contact time, and loading force were investigated. The results demonstrated that the adhesion between
water drops and the substrates was enhanced with higher asphaltene concentration, better organic solvent to asphaltenes, longer
aging time, longer contact time, and stronger loading force, which was due to the growing amount and conformational change of
asphaltenes adsorbed at the water/oil interface. Meanwhile, the adhesion between the water drop and the EN substrate was much
weaker than that with the Fe substrate. The bulk fouling tests also showed that EN coating had a very good antifouling performance,
which was in consistence with the force measurement results. Our work sheds light on the fundamental understanding of emulsion-
related fouling mechanisms in the oil industry and provides useful information for developing new coatings with antifouling

performances.

Bl INTRODUCTION

Surface interactions between emulsion drops and substrate
surfaces are involved in many processes and issues in various
industries, such as water or oil drop collection in chemical
engineering and fouling problems in oil and gas industries. The
interactions between water-in-oil emulsion drops and a
substrate surface would induce the drop attachment on the
substrate and potentially cause fouling problems during oil
production.' " The crude oil components (e.g, bitumen or
asphaltenes), mineral particles (e.g, silica and clay), and
corrosive products (e.g., iron oxide) have been found to be the
main compositions in the foulants.””'' The undesired
deposition of these foulants on the facility surfaces can further
lead to the plugging and breaking-down issues in oil
transportation, storage, and refinery processes,”'””'® which
will eventually result in damages of pipelines, malfunction of
production facilities, reduction of the efficiency in oil
production, and thereby, increase the oil production
cost.'”'” Thus, it is critical and urgent to find a solution to
mitigate or even solve the fouling problems.

In the past decades, much attention has been focused on the
investigation of surface fouling mechanisms along oil
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production. It is commonly believed that the interface-active
asphaltenes, as the heaviest component in crude oil, have
played an important role in the initiation and growing
processes of fouling.'®™** Asphaltenes are defined as a
solubility class, which is soluble in aromatic solvents (e.g.,
toluene) and insoluble in alkane solvents (e.g., heptane).'”*>**
Hence, toluene is commonly regarded as a good solvent for
asphaltenes, and heptane is treated as a poor solvent. In the
Yen—Mullins model, a typical asphaltene molecule consists of a
polyaromatic core with peripheral alkyl chains and functional
polar groups containing nitrogen, oxygen, and sulfur
atoms.”>”® The strong intra- and inter-molecular interactions
between the aromatic rings, alkyl chains, and functional groups,
including 7—7 stacking, van der Waals (vdW), acid—base, and
hydrogen bond interactions, could induce the instinctive
aggregation behavior of asphaltenes.””””~*" Therefore, it is
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generally inaccurate to use one specific molecular structure to
describe asphaltenes and analyze their physical and/or
chemical properties. Instead, the bulk properties of asphaltene
solution, such as solubility and distribution of asphaltene
aggregation sizes, are usually used.'” Experiments have been
designed and conducted to study the adsorption behaviors of
asphaltenes onto various surfaces, including both solid surfaces
(e.g., silica, steel, and gold) and water/oil interfaces (e.g.,
water/toluene interface).’™*° It was found that the
asphaltenes could irreversibly adsorb to the water/oil interface
and form a protective layer to enhance the stability of the
emulsion drops.zg’%_39 Meanwhile, the strong intermolecular
interactions between asphaltenes could induce the agglomer-
ation and flocculation of the water—oil emulsion systems,"*~*
which would form a complex mixture and finally lead to fouling
problems. So far, the fouling mechanisms of water-in-oil
emulsions with interfacially adsorbed asphaltenes on iron-
based surfaces, as one of the most commonly used materials for
pipelines and reactors in chemical engineering and oil
industries, have not been thoroughly studied.

Electroless nickel—phosphorus (EN) coating has been used
to protect the facility surfaces (e.g, iron surfaces) from
abrasion in different industries because of its excellent
properties of uniform hardness and great resistance to
corrosion**™* since the rediscovery of this coating technique
by Brenner and Riddell in 1946.*” Meanwhile, numerous
studies have been conducted in order to improve the
anticorrosion and antiabrasion performances of the EN
coating.**™>* However, limited studies are available on the
fouling phenomena of water-in-oil emulsions with asphaltenes
on EN coating as well as the interaction mechanisms involved.

Over the past few years, the surface interactions between
deformable bubbles or drops and various substrate surfaces in
aqueous solutions or organic media have been quantitatively
measured using the bubble/drozp 6probe atomic force
microscopy (AFM) technique.'®**>*7>° The obtained results
described the surface deformation of the bubbles or drops,
deciphered the drop attachment process on hydrophilic or
hydrophobic substrates, and revealed the stability mechanisms
of emulsion drops and the contributions of various interactions
(e.g., vdW, electric double layer, and hydrophobic and steric
interactions). It has been demonstrated that the asphaltenes at
the water/oil interface could induce strong steric repulsion
between water drops during surface approaching and interfacial
adhesion during their separation, which is responsible for the
stability and flocculation behavior of water-in-oil emulsions.'®
It is expected that the interactions between asphaltenes at the
water/oil interface and substrate surface could affect the
stability and attachment behavior of water-in-oil emulsions on
the substrates. To the best of our knowledge, the direct
quantification of interaction forces between water-in-oil
emulsion drops with asphaltenes and substrate surfaces has
not been reported.

In this work, the surface interactions between water drops
with interfacially adsorbed asphaltenes and Fe substrate with or
without EN coating were directly measured in organic media
(i.e., toluene, heptols, and heptane) using the drop probe AFM
technique. The effects of asphaltene concentration, solvent
type, aging time, contact time, and loading force were
investigated. Bulk fouling tests of Fe and EN substrates in
water-in-oil emulsions stabilized with asphaltenes were also
conducted to evaluate their fouling and antifouling perform-
ances. Our work quantifies the interaction forces between
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water-in-oil emulsion drops with interfacial asphaltenes and
selected substrates (i.e., Fe and EN substrates) in organic
media, which helps to elucidate the fundamental mechanisms
in the fouling phenomena and facilitate the development of
efficient antifouling strategies in related industrial applications.

B MATERIALS AND EXPERIMENTAL METHODS

Materials. Asphaltenes were extracted from Athabasca bitumen by
following the procedure reported elsewhere.”” Asphaltene stock
solution (10000 mg/L) was prepared by dissolving asphaltenes in
pure toluene (HPLC, Fisher Scientific, Canada) and sonicated for 30
min to ensure complete dissolution. Prior to the experiments,
asphaltene solutions with different concentrations were prepared by
diluting the stock solution with pure toluene and sonicated for 15
min. Milli-Q water with a resistivity of 18.2 MQ-cm (Barnstead
Smart2Pure, Thermo Scientific, Canada) was used throughout the
experiment. To explore the effect of organic solvent to asphaltene
stability and solubility, the heptols prepared by mixing toluene and
heptane (HPLC grade, Fisher Scientific, Canada) with desired volume
ratios have been used as the organic media in the following
experiments. Octadecyltrichlorosilane (OTS) was purchased from
Sigma-Aldrich and used as received.

Preparation of Fe and EN Coating Substrates. The Fe
substrate was prepared by depositing a layer of iron with the thickness
of 90 nm on a pretreated silica wafer using the electron beam
evaporation technique, which has been reported previously.”® A layer
of chromium with the thickness of 10 nm was deposited between iron
and silica to enhance the adhesion and stability, as shown in Figure
1A. The EN-coated substrate was prepared on an Fe substrate using

Figure 1. (A) Preparation of Fe and EN substrates. (B) Schematic of
drop probe AFM technique. The AX shows the piezo displacement.
(C) Microscopic image showing a water drop anchored on the tipless
AFM cantilever in toluene for the force measurements.

the electroless bathing method as reported previously.”>*” The
electroless bath solution was prepared following the compositions
shown in Table 1 and the pH of the solution was adjusted to around
8.5. Then, the solution was heated to 85 °C with the agitation of 250
rpm. The EN coating process started when the cleaned Fe substrate
was immersed in the prepared bath solution. After 30 min, the
prepared substrate was washed with deionized (DI) water and ethanol
and dried using pure nitrogen. The successful deposition of EN
coating on the Fe substrate was confirmed using the AFM surface
image, scanning electron microscopy (SEM), and energy dispersive X-
ray spectroscopy (EDS).

AFM Force Measurements. The surface interaction between a
water drop with asphaltenes adsorbed at the water/oil interface and
Fe or EN substrate in various organic media were quantitatively
measured to investigate the fouling and antifouling mechanisms using
the drop probe AFM technique based on a MFP-3D-Bio AFM system

https://dx.doi.org/10.1021/acs.langmuir.9b03498
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Table 1. The Compositions of the Bath Solution for EN Coating

composition NiSO,-6H,0

25 g/L

NaH,PO,-H,0
16 g/L

concentration

citric acid
15 g/L

NH,Cl
40 g/L

CH,COONa
10 g/L

(Asylum Research, Santa Barbara, CA). The detailed experimental
procedure was reported in previous studies."**>*

For each force measurement, the AFM fluid cell was first filled with
asphaltene solution, and water drops were generated in the cell using a
custom-made ultrasharp glass pipette. These water drops sponta-
neously settled down to the glass substrate of the fluid cell because of
the relatively higher density of the water. The glass substrate was
slightly hydrophobized in S mM OTS solution to obtain a water
contact angle (WCA) of ~90° prior to the experiments, which
facilitates the immobilization of the water drops on the glass substrate
as well as the pick-up of water drops later. The water drops were aged
in the asphaltenes solution for 5 min unless specified elsewhere.
Afterward, the asphaltenes solution was replaced by a large amount of
organic solvent (e.g, toluene, heptane, or heptol in this work) several
times to wash off all free asphaltenes in the surrounding solution and
the pure solvent was used for force measurement. Thus, only the
asphaltenes adsorbed at the water/oil interface were left and
contributed to the measured interfacial interactions. A custom-made
rectangular tipless silicon AFM cantilever (400 X 70 X 2 um) was
used to pick up a water drop with asphaltenes in the pure solvent to
create the water drop probe, as shown in Figure 1C. Then, this drop
probe was moved and placed above the Fe or EN substrate for the
force measurements. A schematic illustration of the experimental
setup is shown in Figure 1B. During the force measurement, the water
drop anchored cantilever was driven by a piezo actuator to approach
the substrate at a velocity of 1 um/s till a certain maximum loading
force was obtained. This loading force was kept at 4 nN unless
specified elsewhere. Then, this probe was driven to retract. The spring
constant of the AFM cantilever was calibrated using the thermal tune
method in the solvent before picking up the water drop, and an
optical laser beam system was used to monitor the deflection of the
cantilever. Thus, the force was determined through the Hooke’s law.
For each experimental condition, at least 10 force measurements were
conducted at different positions of each independently prepared
substrate. To investigate the effect of contact time, the water drop
probe was kept in contact with the substrate for a certain time after
the maximum loading force of 4 nN was reached. The force profiles
with respect to the piezo displacement, AX were obtained from the
AFM software. The adhesion force data was collected and normalized
by the radius of the water drop. In this work, the adhesion between
the water drops with interfacial asphaltenes and Fe or EN substrate
describes the difficulty for water drops and asphaltenes to be removed
from the substrate surface. When the adhesion is strong, the removal
process is difficult, which indicates the fouling phenomena. When the
adhesion is weak, the removal process will be easy, which suggests the
antifouling property. Thus, the antifouling property can be evaluated
via the measured adhesion.

Bulk Fouling Tests. The experimental setup for bulk fouling tests
is shown in Figure 2. The emulsion solution was prepared by mixing

homogenizes Feor EN

subsirate

- waber-in-all

amulsion

oll-n-water
amylsion

e bulk fouling tesd

emulsions

Figure 2. Schematic of bulk fouling tests for Fe and EN substrates in
water-in-oil emulsions with asphaltenes.
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100 mg/L asphaltene/toluene solution and DI water with the volume
fraction of 7:3 using a homogenizer. The as-prepared emulsion was
settled for 1 h. After the settlement, two phases were observed and the
water-in-oil emulsion on the upper phase was transferred to 20 mL
vials. Then, Fe and EN substrates were separately placed in the
emulsions for 24 h at room temperature. The Fe and EN substrates
after the bulk fouling tests were cleaned using DI water and ethanol,
dried with pure nitrogen, and characterized with optical microscope,
AFM surface imaging, and SEM—EDS characterization.

Bl RESULTS AND DISCUSSION

Characterization of Fe and EN Substrates. The AFM
topographic images of the silica substrate, Fe substrate, and EN
substrate are shown in the Supporting Information in Figure
S1A-C, respectively, which exhibit that the silica surface is
featureless and flat, whereas both Fe and EN substrates are
much rougher with aggregate particles. The root-mean-square
(rms) roughness for the silica surface, Fe substrate, and EN
substrate were 0.45, 1.33, and 4.22 nm, respectively. Moreover,
Figure SID—G shows the SEM images and EDS element
mapping results, demonstrating the presence of iron element
on the Fe substrate and nickel and phosphorus elements on the
EN substrate. These results prove the successful deposition of
EN coating on Fe substrate. The thickness of the EN coating
was measured to be about 1.6 ym from the SEM image from
the cross-section view (in Figure STH).°" As shown in Figure
3, the oil (i.e., toluene) contact angles (OCAs) in DI water for

30.3°+13 B

21.1°£0.9°
D silica  E Fe E
64.0°+0.7° 556°+1.1°

4 L

Figure 3. OCAs in water for (A) silica substrate, (B) Fe substrate, and
(C) EN substrate. WCAs in oil for (D) silica substrate, (E) Fe
substrate, and (F) EN substrate.

silica, Fe, and EN substrates were measured to be 130.3° +
1.3° 121.1° + 0.9° and 146.3° + 1.5° respectively. The
WCAs in oil (i.e., toluene) for silica, Fe, and EN substrates
were also measured to be 64.0° + 0.7°, 55.6° + 1.1° and
108.6° + 1.0°, respectively. The OCA and WCA for the EN
substrate are bigger than those for the Fe substrate, which
suggests the possible antifouling property of the EN coating.
Effect of Asphaltene Concentrations. Figure 4 shows
the measured force profiles between the water drops and Fe
substrate in pure toluene, after the water drops were aged in
asphaltene solutions with different concentrations for 5 min. It
should be noted that the piezo displacement, AX here, is the
relative movement of the AFM cantilever, not the true surface
separation between the water drop and the Fe substrate.
Figure 4A shows the measured interaction between a water
drop without asphaltenes and the Fe substrate in pure toluene.

https://dx.doi.org/10.1021/acs.langmuir.9b03498
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Figure 4. Measured force profiles between a water drop and Fe substrate in toluene after aging in (A) 0 and (B) 10 mg/L asphaltene solutions for S
min. The open dots are experimental data. The arrows show the movements of water drops.

The obtained force curve was attractive as the water drop
approached the substrate. When the water drop moved closer
to the substrate, this attractive force became stronger till a
sudden “jump-in” behavior was observed, indicating that the
water drop jumped into contact with the Fe substrate. From
the optical microscope, it was directly observed that the water
drop detached from the AFM cantilever and attached onto the
Fe substrate. This behavior was attributed to the strong vdW
attraction between the water drop and Fe substrate in
toluene.”"**

Figures 4B and S2 show the measured force results between
water drops and the Fe substrate in toluene after the water
drops were aged in asphaltenes solutions with different
concentrations of 10, 20, 50, 100, 200, and 500 mg/L. For
all cases, attraction was detected during approaching of water
drop to the Fe substrate and water drop jumped into contact
with the Fe substrate because of the vdW attraction, but no
drop detachment from the cantilever was observed. Mean-
while, strong adhesion was measured when the water drop was
retracted. A previous work showed that asphaltenes could
irreversibly adsorb at a water/oil interface and form a
protective layer to enhance the stability of water drops in an
organic medium.***® The measured adhesion was due to the
attractive interactions between the interfacially adsorbed
asphaltenes and iron surface, which was in consistence with
the reported results that asphaltenes could interact with various
metal surfaces, such as gold and stainless steel, via hydrogen
bonding, vdW force, coordinate interaction, and so on.847%

Comparing the adhesion measured at different asphaltene
concentrations, it could be noted that with increasing the
asphaltene concentration, the adhesion between the water drop
and Fe substrate became stronger. However, the measured
adhesion was almost the same at the asphaltene concentrations
of 200 and 500 mg/L. The adhesion change should be caused
by the different amount of asphaltenes adsorbed at the water/
toluene interface. At relatively lower asphaltene concentration
(<200 mg/L), increasing asphaltene concentration in the
solution induced more asphaltenes adsorbed at the water/
toluene interface. The increased amount of asphaltenes at the
interface created more active sites to interact with the opposing
Fe surface during force measurements, resulting in stronger
adhesion. However, as the asphaltene concentration kept
increasing (>200 mg/L), the water/toluene interface could be
fully covered by asphaltenes during the aging time, forming a
protective layer. Thus, active sites on the interfacial asphaltene
layer did not obviously increase with further increasing the
asphaltene concentration, so the adhesion showed relatively
weak dependence on the concentration (>200 mg/L).

Figure S3 shows the measured force profiles between the
water drops and EN substrate in toluene after being aged in
asphaltene solutions with different concentrations. Figure S3A
shows that the interaction force between pure water drop and
the EN substrate had no obvious change when the water drop
approached the substrate in toluene, till a sudden “jump-in”
behavior was also observed, indicating the contact of water
drop and EN substrate. From the optical microscope, the
detachment of the water drop from the AFM cantilever and the
following attachment on the EN substrate were also directly
observed, which was similar with the force measurement
between pure water drop and Fe substrate in Figure 4A. This
behavior could also be contributed by the vdW attraction
between the water drop and EN substrate in toluene. However,
the force profile for the EN substrate did not show obvious
attraction before the “jump-in” behavior occurred, suggesting
that the vdW attraction between the water drop and EN
substrate was relatively weaker than that between the water
drop and Fe substrate.

Figure S3B—G shows the measured force profiles between
the water drops with asphaltenes and the EN substrate in
toluene after aging in asphaltene solutions at concentrations of
10, 20, 50, 100, 200, and 500 mg/L, respectively. For all curves,
attractive interaction force during approach was observed. The
tendency that the adhesion measured during retraction
increased along with the increasing asphaltene concentration
was also noticed. Similarly, the adhesion did not change
significantly when the concentration was greater than 200 mg/
L. The adhesion between the water drops with asphaltenes and
Fe or EN substrates are compared as shown in Figure S. It is
obvious that the normalized adhesion between the water drop
and EN substrate was much weaker than that with the Fe
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Figure S. Normalized adhesion of a water drop on Fe substrate and
EN-coated substrate in toluene after aging in asphaltene solutions
with different concentrations.
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surface, suggesting that asphaltenes on the EN substrate could
be more easily removed than those on the Fe surface. It is
noted that the EN substrate has a higher surface roughness
(rms roughness 4.22 nm) than the Fe substrate (rms roughness
1.33 nm). In reported literature, the increased surface
roughness could enhance the adhesion between two rough-
soft surfaces because of the large contact area, which thus led
to the aggravated fouling phenomena.”~”® However, despite
the relatively higher surface roughness of EN substrates,
weaker adhesion has been measured between the water drops
with interfacial asphaltenes and the EN substrate than that
with the Fe substrate, which further suggests better antifouling
property of the EN coating.

Effect of Solvent Type. The interactions between the
water drop with asphaltenes and the Fe or EN substrate were
also investigated in heptols (i.e, mixtures of toluene and
heptane) and heptane. Here, heptols with different volume
fractions of toluene, that is, 75, 50, and 25% (denoted as 75%
heptol, 50% heptol, and 25% heptol) were used. In the
experiments, after aging in the 100 mg/L asphaltene-in-toluene
solution for S min, a large amount of heptol or heptane was
used to replace the asphaltene-in-toluene solution and wash off
the free asphaltenes before the Fe or EN substrate was placed
in the organic solvent. Because of the irreversible adsorption of
asphaltenes,®*®”" it was expected that the amount of
asphaltenes at the water/oil interface for each water drop
was almost the same, and the influences of asphaltenes
dissolved in the solution or adsorbed on the substrate surface
during the force measurements could be negligible.

Figure S4 shows the force results between the water drops
with asphaltenes and Fe substrate in heptols (with toluene
volume fraction of 75, 50, and 25%) and heptane. Similar to
the force curve in pure toluene (Figure S2C), attraction was
observed during approach and strong adhesion was measured
during retraction. It was evident that the adhesion was
weakened by decreasing the volume fraction of toluene in
heptol. As heptane is a poor solvent to asphaltenes,*>%”%*70~7?
the addition of heptane could enhance the solvophobic
interaction and induce the strong aggregation between
asphaltene molecules at the interface. The self-association of
the active functional groups of aggregated asphaltenes could
lead to less molecular mobility and lower amount of exposed
active functional groups for surface adhesion. Therefore, the
adhesion between the water drop with interfacial asphaltenes
and substrate became weakened. In pure heptane (Figure
S4D), the measured interaction force between the water drop
and Fe substrate was attractive and growing stronger while
approaching. Finally, the “jump-in” behavior was observed,
suggesting the contact of water drop on the Fe substrate. This
distinctive “jump-in” behavior could be possibly due to the
significantly enhanced aggregation of asphaltenes and their
reduced molecular mobility in pure heptane than in heptols,
which led to disruption of the protective asphaltene layer at the
oil /water interface.”*

Figure SS shows the measured force curves between the
water drops with asphaltenes and EN substrate in heptols
(with toluene volume fraction of 75, 50, and 25%) and
heptane. Similar force results with Fe substrates in Figure S4
were observed. In heptols, the measured adhesion also became
weakened with the decreasing volume fraction of toluene,
which was due to the molecular mobility of interfacial
asphaltenes and their exposed active functional groups. In
pure heptane, the “jump-in” behavior was also observed. The
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normalized adhesion between the water drop and Fe or EN
substrate is summarized in Figure 6. It was noticed that the

0.6

Fe substrate
EN substrate

Adhesion/Radius, F_ /R (mN/m)

Toluene 75% Heptol 50% Heptol 25% Heptol
Solvent type

Figure 6. Normalized adhesion of a water drop on Fe substrate and
EN-coated substrate in toluene and heptol.

adhesion between the water drop with interfacial asphaltenes
and EN substrate was weaker than that for the Fe substrate,
suggesting that the asphaltenes on the EN substrate could be
more easily removed than those on the Fe substrate in different
organic solvents.

Effect of Aging Time. The effect of aging time was also
investigated here. Before force measurements, water drops
were aged in 100 mg/L asphaltene solution for 1, 2, S, 10, 20,
and 30 min, respectively, and 50% heptol was used to replace
the solution. The obtained force profiles are shown in Figure
S6. All measured force profiles exhibited adhesion during
retraction, which was normalized and is summarized in Figure
7A.

It was noticed that longer aging time resulted in stronger
adhesion between the water drop with interfacial asphaltenes
and the Fe or EN substrate, which was caused by more
asphaltenes adsorbed at the water/oil interface during aging
time. However, the adhesion did not obviously change when
the aging time was longer than 20 min for both Fe and EN
substrates, which could be the consequence of the saturated
adsorption of asphaltenes at the water/oil interface. To
demonstrate this statement, the adsorption behavior of
asphaltenes (100 mg/L) at water/50% heptol interface was
investigated by measuring the dynamic interfacial tension using
the pendant drop shape method, and the result is shown in
Figure 7B.”> The obtained result showed that the interfacial
tension of the water/50% heptol interface decreased sharply
within 15 min, indicating the rapid adsorption of asphaltenes at
the interface. Then, the decrease of the interfacial tension
gradually slows down at 18—22 min, suggesting the lowered
adsorption rate due to the limited interfacial area and steric
hindrance of adsorbed asphaltenes.”> After ~22 min, the
interfacial tension reached a plateau, suggesting the saturated
adsorption of asphaltenes at the water/50% heptol interface.
Furthermore, Figure 7A also shows that the adhesion between
water drops with interfacial asphaltenes and the EN substrate is
much weaker than that for the Fe substrate.

Effect of Contact Time. The contact time effect was
investigated by measuring the force profiles between water
drops with interfacial asphaltenes and the Fe or EN substrate
in 50% heptol, after aging in 100 mg/L asphaltenes solution for
S min. The water drop probe was driven to approach the
substrate till the maximum loading force of 4 nN was reached.
Then, this cantilever was held for the contact time of 1, 2, 5,
and 10 s, respectively, followed by retraction from the
substrate. The obtained force profiles are shown in Figure

https://dx.doi.org/10.1021/acs.langmuir.9b03498
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dissolved.

S7. The normalized adhesion for both the Fe substrate and
EN-coated substrate is shown in Figure 8A. Obviously, much

b
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Figure 8. (A) Normalized adhesion between a water drop and Fe or
EN substrate in 50% heptol after aging in 100 mg/L asphaltenes
solutions for 5 min with the contact time of 0, 1, 2, 5, and 10 s,
respectively. (B) Schematic of conformational change of confined
asphaltenes during contact with the substrate.

weaker adhesion between the water drop and EN substrate in
the presence of interfacial asphaltenes was detected than that
for the Fe substrate under varying contact time. The results
also showed that the adhesion was strengthened with longer
contact time, which was most likely due to the conformational
changes of confined asphaltenes thus leading to stronger
adhesion with the substrate, as illustrated in Figure 8B.
Effect of Loading Force. The effect of the loading force
was investigated between the water drop and Fe or EN
substrate in 50% heptol after aging in 100 mg/L asphaltene
solutions for 5 min with the loading force of 1, 2, 4, 10, 20, and
40 nN, respectively. The measured force profiles are shown in
Figure S8. Figure 9 shows the normalized adhesion between
water drops and the Fe or EN substrate, which becomes
stronger as the loading force increases. The strengthened
adhesion is due to the enlarged contact area under the higher
loading force, which facilitates stronger interactions between
more confined asphaltenes and substrates. Figure 9 also
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Figure 9. Normalized adhesion between the water drop and Fe or EN
substrate in 50% heptol after aging in 100 mg/L asphaltenes solutions
for 5 min under the loading force of 1, 2, 4, 10, 20, and 40 nN,
respectively.

demonstrates that the EN coating showed weaker adhesion
with the water drop in the presence of asphaltenes than the Fe
substrate under different loading conditions.

Bulk Fouling Tests. To further evaluate the antifouling
performances, the bulk fouling tests were conducted with both
Fe and EN substrates. The obtained results are shown in
Figure 10.

Figure 10A shows the optical images of Fe and EN
substrates before and after the bulk fouling tests. Before bulk
fouling tests, both Fe and EN substrates were flat and clean.
After bulk fouling tests, obvious aggregates were found on the
Fe substrate, indicating that Fe substrate could be easily fouled
in the water-in-oil emulsion with asphaltenes. However, the
EN substrate remained relatively clean with only some grey
remnants on the surface. The AFM surface images in Figure
10B,C further show that there are a large number of aggregates
deposited on the Fe substrate, suggesting the severe fouling
phenomenon in the emulsions; whereas the EN substrate
showed much less deposits. The rms roughness of the Fe and
EN substrates after bulk fouling tests was found to increase to
23.7 and 6.4 nm, respectively. Furthermore, the SEM—EDS
characterizations have been conducted and the obtained results
show that much higher weight percentage of carbon element
on the Fe substrate has been detected than that on the EN
substrate (as shown in Figure S9). The above bulk fouling tests
demonstrate that the EN coating exhibits good antifouling
performance in water-in-oil emulsions, agreeing well with the
adhesion results from the force measurements.

https://dx.doi.org/10.1021/acs.langmuir.9b03498
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Figure 10. (A) Optical images of Fe and EN substrates before and
after bulk fouling tests. AFM surface image of Fe (B) and EN (C)
substrate after bulk fouling tests.

B CONCLUSIONS

In this work, the drop probe AFM technique was used to
directly measure the surface interaction forces between water
drops with asphaltenes adsorbed at the water/oil interface and
Fe or EN substrate in organic media. The effects of asphaltene
concentration, solvent type, aging time, contact time, and
loading force were investigated. For bare water drops, the force
results revealed that the drops could easily jump into contact
with the Fe or EN substrate while approaching in oil media
because of the strong vdW attraction. For water drops in the
presence of asphaltenes, the asphaltenes could form a
protective layer at the water/oil interface. The functional
groups of the interfacial asphaltenes could interact with the
substrate, contributing to the measured adhesion during
retraction. It was also noted that the higher asphaltene
concentration and longer aging time during the aging process
could result in more asphaltenes adsorbed at the water/oil
interface, which then lead to stronger adhesion between the
water drop and the substrate. The addition of a poor solvent
(i, heptane) in the organic medium could cause strong
aggregation of asphaltenes, thus lowering the molecular
mobility of interfacial asphaltenes and preventing the
interactions between the functional groups of asphaltenes
and the substrate. Consequently, the weaker adhesion was
measured. In pure heptane, the aggregation of interfacial
asphaltenes was so strong that the protective layer of interfacial
asphaltenes would be disturbed and direct water—substrate
contact could occur. Hence, “jump-in” behavior of the water
drop on the substrate was observed. The longer contact time
during the force measurements could allow interfacial
asphaltenes to change their conformation and have stronger
interaction with the substrate. The stronger loading force could
enlarge the contact area of the water drop on the substrate and
include more interfacial asphaltenes within the contact area,
which thereby strengthened the adhesion between the water
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drop and substrate. Meanwhile, much weaker adhesion was
measured between the water drop with interfacial asphaltenes
and the EN substrate than that for the Fe substrate, suggesting
that asphaltenes on the EN substrate could be more easily
removed than those on the Fe substrate. Furthermore, the bulk
fouling tests in water-in-oil emulsions also demonstrated that
more significant fouling phenomenon was detected on the Fe
substrate than that on the EN substrate, which agreed well with
the force measurement results. This work improves the
fundamental understanding of the surface interactions between
water-in-oil emulsions with asphaltenes and iron substrate or
EN coating, demonstrates the antifouling properties of the EN
coating, and provides useful information on the intermolecular
and surface interactions contributing to the fouling phenomena
in oil production. Such information helps the design and
selection of coating materials and facilitates the development of
new efficient coatings with antifouling performances in related
industrial applications.
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