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Fouling on submerged surfaces is a major limiting factor for membranes, heat exchangers, and marine vessels as it
induces mass and heat transfer resistances that increase operating costs and lead to system failures. While the role
of surface roughness on fouling has been extensively studied, the specific effect of surface roughness on fouling is
debated in literature. In this study, we employed force spectroscopy based on atomic force microscopy with two
model colloidal probes to elucidate the role of surface roughness on foulant-surface interactions. Specifically, we
quantified the strength and characteristic lengths of the interactions between the colloidal probes and hydrophilic
and hydrophobic surfaces with and without surface texture. We found that hydrophilic surfaces are generally less
prone to foulant adhesion than hydrophobic surfaces and that increasing roughness of a hydrophilic surface
mitigates foulant adhesion. In comparison, we found that increased roughness of a hydrophobic surface increases
the attractive foulant-surface interaction, and thus, its fouling propensity. Based on the results from this study,

the implications for developing surfaces with fouling resistance are also examined.

1. Introduction

Fouling is a phenomenon that may potentially occur where colloids
and organics adsorb to submerged surfaces such as membranes, marine
structures, and heat exchangers. Membrane fouling is detrimental as
the adsorption of foulants blocks membrane pores, compromising mem-
brane performance and significantly increasing operating costs [1-3].
Heat exchanger fouling is detrimental as the adsorption of foulants adds
heat transfer resistance between the two working streams [4,5]. Ad-
ditionally, fouling on submerged marine surfaces, such as ship vessel
hulls, may lead to inferior hydrodynamics, reducing fuel efficiency and
increasing overall maintenance costs [6-8]. Because fouling is a major
limiting factor for practical applications of membrane technologies, heat
exchangers, and marine vessels, the mechanisms and mitigation thereof
have been extensively studied [9-18].

Previous studies have investigated the specific behavior of common
foulants, including natural organic matters (NOMs), oils, and inorganic
colloidal particles [19-24]. Experiments have been performed to elu-
cidate the influence of surface properties, including charge, pore size,
and roughness (texture), on the fouling mechanisms in membrane pro-
cesses [25-31]. However, the effect of surface roughness on fouling in
membrane separations is debated. For example, the kinetics of colloidal

fouling on reverse osmosis (RO) and nanofiltration (NF) membranes has
been shown to positively correlate with membrane surface roughness
[32-34]. On the other hand, several studies claim that surface roughness
improves the fouling resistance of the membrane by reducing the inter-
action between foulants and the membrane surface [35-38]. Likewise,
there is also debate on the effect of surface roughness and wettability on
fouling of vapor-gap membranes (i.e., water does not transport through
the membrane in liquid form) such as those used in membrane distilla-
tion (MD) and membrane contactors (e.g. for ammonia or methane re-
covery). For example, humic acid fouling has shown to decrease with in-
creasing hydrophobicity (increased roughness and decreased surface en-
ergy) [39-42], while oil fouling can be mitigated altogether by increas-
ing membrane hydrophilicity (increased roughness and surface energy)
[43-46]. On the other hand, studies claim that increasing hydrophobic-
ity may slightly increase humic acid fouling [47,48] and oil fouling can
be mitigated by increasing membrane hydrophobicity [41].

For marine structures, such as ship vessel hulls, and heat exchang-
ers, particularly those used for seawater cooling and in the food & bever-
age industry, biofouling is particularly common. Formation of a biofoul-
ing layer is predated by the adsorption of soft matter such as bacteria,
NOMs, proteins, and oils that serve as precursors for additional foulant
attachment [17,49,50]. As such, the fouling behaviors of these species
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and the surface properties that influence the kinetics and strength of
their attachment have been extensively studied in these fields [6,51].
However, there is no consensus on the effect of surface roughness and
wetting property on the specific fouling behavior of certain organic
foulants such as oils, humic substances, or bacteria. For example, in-
creased surface roughness has shown to increase surface area for foulant
attachment and increase foulant adhesion for marine vessels or heat ex-
change surfaces [51-54], while other studies suggest that increased sur-
face roughness may inhibit strong organic foulant attachment depending
on the length scale of the surface texture features [55,56]. Likewise, in-
creased surface hydrophobicity (increased roughness and decreased sur-
face energy) has shown to limit organic foulant surface density [57,58],
while other studies claim smooth, hydrophobic (low surface energy),
surfaces lead to less fouling [59] or that low surface energy surfaces
alone (regardless of roughness) mitigate foulant deposition and attach-
ment [60].

To date, no systematic and comprehensive study has been performed
to elucidate the combined effect of texture and surface energy on sub-
merged surface fouling. The objective of this study is to systematically
investigate the interactions between colloidal probes that mimic rep-
resentative foulants and model substrates with different morphologies
and surface energies, aiming to provide insights for designing fouling-
resistant surfaces. To achieve this goal, we constructed smooth and tex-
tured silicon dioxide surfaces then grafted them with poly(ethylene gly-
col) (PEG) and a fluoroalkylsilane (FAS), to obtain smooth and textured
hydrophilic and hydrophobic surfaces, respectively. We characterized
the surfaces in terms of surface morphology and wetting properties,
then performed atomic force microscopy (AFM) force spectroscopy mea-
surements in water with a hydrophilic carboxylate coated polystyrene
(C-PS) colloidal probe and a hydrophobic polyethylene (PE) colloidal
probe. The maximum adhesion forces and rupture distances between
the colloidal probes and surfaces are analyzed to extract insights for de-
veloping a framework for fabricating robust fouling resistant surfaces.
We note that the study is not intended to focus a specific application, but
rather to provide broadly applicable understanding of the dependence
of fouling propensity on foulant and surface properties.

2. Experimental section
2.1. Fabrication of surfaces with roughness

Quartz microscope slides (VWR, Radnor, PA) were utilized in this
study as the substrate subject to surface modification. To obtain tex-
tured surfaces, the slides were rinsed with DI water, followed by son-
ication, first in ethanol, and then in DI water, each for 10 min. After
being dried in air, the slides were immersed in an aqueous dispersion
of silica nanoparticles (SiNPs, diameter ~ 200 pm), synthesized using
Stober method [61], with 30 min of sonication. Upon complete evapo-
ration of water in the aqueous solution, slides with surface coated with
multiple layers of SiNPs were obtained. The SiNPs-coated slides were
then heated at 600 °C for 1 h and purged with pressurized air to remove
unassociated impurities. These surfaces were used as the model rough
surfaces for further modification.

2.2. Functionalization of surfaces to impart different surface energies

Intrinsic hydrophilicity was imparted to both the smooth and tex-
tured surfaces via grafting of poly(ethylene glycol) (PEG) using silane
chemistry. Before PEG-grafting, each slide was cleaned by sonication in
ethanol and then DI water, each for 10 min, followed by room temper-
ature drying in air, and lastly 5 min of ozone plasma treatment. The
cleaned slide was then submerged in a toluene solution with 10 mM
HCl and 1 mM 2-[Methoxypoly-(ethyleneoxy)-propyl]trimethoxylsilane
(Gelest, Morrisville, PA) for 19 h at room temperature. The modified
slides were then rinsed with toluene, ethanol, and DI water, respectively,
and dried in an oven at 80 °C for 5 min [62].
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Surface hydrophobicity was imparted to both smooth and textured
substrates with surface grafting of fluoroalkylsilane (FAS). Similar to
grafting of PEG, each slide was sonicated in ethanol and water then
treated by ozone plasma. After plasma treatment, the slide and 150 uL
of FAS (1H, 1H, 2H, 2H-perfluorodecyltriethoxysilane, Sigma Aldrich,
St. Louis, MO) were placed in a Petri dish. The covered Petri dish with
the slide and FAS was placed in a vacuum oven at 90 °C for 24 h for
vapor deposition. The modified slides were then heated at 80 °C in air
for 3 h [63].

2.3. Characterizations of morphology and wetting property

The surface morphology of the smooth and textured model sur-
faces was observed using both scanning electron microscopy (5 kV, HE-
SE2 secondary electron detector, SEM, Merlin, Zeiss, Thornwood, NY),
and AFM-based force spectroscopy (ScanAsyst mode, Dimension Icon,
Bruker, Billerica, MA). The static liquid contact angles (CAs) of the sur-
faces were measured with water in air and with mineral oil underwater.
All CAs were measured with an optical tensiometer (TL100, Attension,
Finland). The in-air CA measurements were performed using sessile drop
method, while the underwater oil CA measurements were conducted fol-
lowing captive bubble method with the air bubble replaced by a mineral
oil droplet. For each sample, the CAs were measured at five different lo-
cations on the surface and averaged with standard deviation reported.

2.4. Colloidal probe force spectroscopy

Force spectroscopy was used to measure the interfacial forces be-
tween functionalized colloidal probes (Novascan, Ames, IA) and model
surfaces using an AFM (Fig. 1). Two different types of colloidal probes
were used, including polyethylene (PE) colloidal probe and polystyrene
colloidal probe functionalized with carboxyl groups (C-PS). The PE
probe is made of a soft and hydrophobic PE colloidal particle that mim-
ics the behavior of deformable hydrophobic colloidal foulants (e.g. oil
droplets and proteins), while the C-PS probe has been used to study
the fouling by organic matter that is typically rich in carboxyl groups
(e.g. humic acid and algae) [31,64-67]. The diameters for the PE probe
and C-PS probe were 5 ym and 4.5 um, respectively. Force measure-
ments were conducted in 10 mM aqueous solution of NaCl following
previous studies [33,68-70]. Other solution chemistries could be used,
which would mostly affect the electrical double layer (EDL) interaction.
The effects of electrolyte type and concentrations on particle-surface
interaction has been extensively studied and well understood [71-73],
and thus would not be the focus of this investigation. The trigger force,
ramp size, and ramp rate were 5 nN, 2.5 ym, and 1 Hz, respectively.
The raw force data was collected by the AFM during the extension (ap-
proaching) and retraction regimes of the experiment. For each sample,
force spectroscopy was conducted at 300 different positions within a
25 pm? area near the center of the surface to obtain interaction force
curves that were analyzed using NanoScope Analysis 1.5.

3. Results and discussion
3.1. Morphologies of the surfaces

The morphology of smooth and textured surfaces are drastically dif-
ferent (Fig. 2A & 2B, respectively). Specifically, the presence of SiNPs
renders the modified surface significantly rougher than the pristine sur-
face without SiNPs. The deposited SiNPs multi-layer coalesced upon sin-
tering at 600 °C and formed a continuous surface with texture (Fig. 2B).
Such a sintering effect also immobilizes the SiNPs so that they do not
detach from the surface or move laterally as the colloidal probe interacts
with the surface in the force spectroscopy experiments.

The surface morphology of the smooth and textured surfaces was
also measured via AFM (Fig. 2C and D, respectively). Similar to the
SEM images, the AFM images show that the surface deposited with
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Fig. 1. Schematic diagram showing AFM-based colloidal probe force spectroscopy, featuring representative extension curve (red) and retraction curve (blue). Two
colloidal probes were used: a polyethylene (PE) probe that mimics a soft hydrophobic colloidal foulant such as an oil droplet and a carboxylated polystyrene (C-PS)
probe with the carboxyl groups representing moieties commonly found in natural organic matter. Model surfaces consisted of hydrophilic poly(ethylene glycol)
(PEG) grafted surfaces and hydrophobic fluoroalkylsilane (FAS) grafted surfaces, each with a smooth version and rough version textured with silica nanoparticles.
(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. 2. SEM images of the surfaces of (A) the smooth, pristine, microscope slide
and (B) the rough, SiNPs surface multi-layer, slide. The corresponding AFM im-
ages of the surfaces (C) the smooth, pristine, slide and (D) the rough SiNPs
surface coated slide.

SiNPs (Fig. 2D) is much rougher than the bare, smooth surface (Fig. 2C).
Specifically, the measured average roughness (R,) and root mean square
roughness (Ry) of the rough surface are 62.2 and 79.7 nm, respectively,
nearly, two orders of magnitude larger than those of the smooth surface
(R, = 0.8 nm, Ri=1.0 nm).

3.2. Wetting properties of the smooth and rough surfaces

The PEG-grafted smooth surface has an in-air water CA of 38.0 + 0.3°
(Fig. 3). In comparison, the in-air water CA of the PEG-grafted rough sur-
face was not detectable, suggesting the surface was rendered superhy-
drophilic. The CA reduction of a PEG-grafted surface by increasing sur-
face roughness can be explained via Wenzel’s theory [74]: if the rough-
ness ratio of the surface, defined as the ratio of actual surface area over
the projected surface area, is r, the apparent CA of a rough surface, 6,,
deviates from the intrinsic CA of a smooth surface with the same surface
tension, 6, following the equation below [75]:

1

The Wenzel’s theory suggests that increasing surface roughness will
amplify the hydrophilicity of an intrinsically hydrophilic surface and
render the surface superhydrophilic.

For the FAS-grafted surfaces, the in-air water CAs of the smooth and
rough surfaces were 109.2 + 0.2° and 134.5 + 0.8° (Fig. 3), respectively.
The introduction of roughness to the surface enhanced the apparent CA
of the hydrophobic surface. However, due to the roughness imparted on
the rough FAS-grafted surface, the water droplet exists in a Cassie-Baxter
state, where the droplet is supported by not only the FAS-grafted surface,
but also air pockets within the surface roughness features [76,77]. In a

cos B, = rcos b
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Fig. 3. (Blue) In-air water contact angles of the smooth PEG grafted surface,
the rough PEG grafted surface, the smooth FAS deposited surface, and the rough
FAS deposited surface. In-air water contact angle images displayed above each
respective contact angle value. (Orange) Underwater oil contact angles of the
smooth PEG grafted surface, the rough PEG grafted surface, the smooth FAS de-
posited surface, and the rough FAS deposited surface. Underwater oil contact
angle images displayed above each respective contact angle value. (For inter-
pretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Cassie-Baxter state, the apparent CA, 6,, relates to the intrinsic CA, 6,
by the following equation:

cosf, = f(cosfy+1) —1 2)

where f is the areal fraction of water-solid contact and thus (1 — f) is
the areal fraction of water-air contact. If we assume the roughness on
the FAS-grafted silica surface without SiNPs deposition to be negligible,
then 6 is 109.2 + 0.2° and f is calculated to be ~0.54.

The FAS-grafted rough surface, with a CA of 134.5 + 0.8°, is not
qualified as a superhydrophobic surface which typically requires an ap-
parent CA higher than 150° In previous studies using surfaces modified
with fluorinated SiNPs, superhydrophobicity can be readily achieved
[78-84]. Here, sintering SiNPs changed the morphology of deposited
SiNPs layer, smoothing the interconnections between SiNPs, and con-
sequently reducing f and reducing the mean curvature of the “surface
protrusions”. We choose to use such a sintered surface for adhesion force
measurement even though it is not superhydrophobic, as we want to pre-
vent, to the greatest extent possible, the potential lateral movement or
detachment of SiNPs during the adhesion force measurements. The key
feature of the rough surface we want to achieve for comparison with a
smooth surface is not a super-high apparent CA, but rather the presence
of air pockets that lead to Cassie-Baxter contact between the textured
hydrophobic surface and a hydrophobic colloidal probe.

The underwater CAs measured with mineral oil are also presented
in Fig. 3. The PEG-grafted smooth surface, which is in-air hydrophilic,
is underwater oleophobic with an underwater oil CA of 117.0 + 2.0°
The PEG-grafted rough surface, which is in-air superhydrophilic, is
underwater superoleophobic with an ultrahigh underwater oil CA of
171.3 + 3.3° The oleophobicity (or superoleophobicity) of the PEG-
grafted surface is attributable to the hydration force [72,85,86]: for
an oil droplet to spread over the PEG-grafted surfaces, the hydrophilic
(or superhydrophilic) surfaces have to first be dehydrated. The dehy-
dration of a highly hydrophilic surface submerged in water is thermo-
dynamically unfavorable. In comparison, the FAS-grafted smooth and
rough surfaces are both underwater oleophilic due to the attractive
hydrophobic-hydrophobic interaction between the oil droplet and the
FAS-grafted surface [87-90]. The surface roughness enhanced the un-
derwater oleophilicity of the FAS-grafted surface, reducing the under-
water oil CA from 66.4 + 0.7° to 47.9 + 0.8° Assuming the system to be
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in a Cassie-Baxter state (which is consistent with previous experimen-
tal observation [1]), f is calculated to be 0.55, very close to the f value
estimated using in-air water CA.

3.3. Colloidal probe force spectroscopy

3.3.1. Force curves characteristic of different interactions

The force measured via AFM-based colloidal probe force spec-
troscopy regards the interaction between the colloidal probe and sub-
strate surface at different separation distances (Fig. 4). Each force curve
comprises two regimes, with the colloidal probe approaching the sub-
strate surface in the first regime (extension) and pulling off from the
substrate surface in the second regime (retraction). In the absence of
interaction between the colloidal probe and the substrate surface, the
baseline interaction force was zero in the initial stage of the extension
regime and the final stage of the retraction regime. As the probe ap-
proached the surface in the extension regime and pulled off from the
surface in the retraction regime, force curves of different shapes were
observed with different combinations of colloidal probes and substrate
surfaces. The representative extension and retraction curves are pre-
sented in Fig. 4. Due to the large number of scenarios Fig. 4 covers,
we will first focus on comparing the extension force curves (in red) for
different scenarios, then move on to compare the retraction force curves
(in blue).

3.3.2. The extension curves

PE probe with PEG-grafted surfaces For the PE colloidal probe, which
represents a soft, hydrophobic, colloidal particle such as an oil droplet
or protein, a small and relatively short-ranged attraction was observed
for interaction with the smooth and rough PEG-grafted surfaces (red
curves in Fig. 4A and B). This relatively short-ranged attractive interac-
tion results from a stronger attractive van der Waals (vdW) interaction
as compared to the repulsive electrical double layer (EDL) interaction
throughout the range of separation [91-93]. The magnitude of the at-
tractive interaction, however, was very small. In both cases, the max-
imum net attractive force was lower than 1 nN. In addition, repulsive
force, if there was any, was also negligibly small in either case.

PE probe with FAS-grafted surfaces The interactions between the PE
colloidal probe and the FAS-grafted surfaces (red curves in Fig. 4C and
D) in the extension regime strongly depend on the surface roughness.
With a smooth FAS-grafted surface, the interaction was qualitatively
similar to that with a smooth PEG-grafted surface for being attractive
and relatively short-ranged (red curve in Fig. 4C). However, the magni-
tude of the interaction was an order of magnitude higher, possibly due
to hydrophobic interaction [89,94]. The interaction of the PE colloidal
probe with a rough FAS-grafted surface was drastically different from
those with PEG-grafted surfaces.

With an FAS-grafted textured surface, the attractive interaction was
long-ranged and orders of magnitude stronger (red curve in Fig. 4D).
One possible explanation is that sub-micron scale air films might be
present on the rough hydrophobic surface that sustains a Cassie-Baxter
state [95-97]. The contact between the approaching colloidal probe
and such air films, which occurred at a significantly longer range than
that for vdW interaction, resulted in capillary force that was signifi-
cantly stronger than the what would have been predicted by the clas-
sic Derjaguin-Landau-Verwey-Overbeek theory considering the van der
Waals (vdW) and electrical double layer (EDL) interactions [67,89,98—
100].

C-PS probe with PEG-grafted surfaces The carboxylated polystyrene
(C-PS) colloidal probe behaved slightly differently from the PE colloidal
probe in the extension regime when interacting with the PEG-grafted
surfaces (red curves in Fig. 4E and F). A discernable force barrier was
detected when the C-PS probe approached the smooth PEG-grafted sur-
face, likely due to the stronger repulsive EDL interaction and hydration
force (red curve in Fig. 4E). Although the PE colloidal probe can pos-
sibly acquire surface charge via ion adsorption [101-103], its surface
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Fig. 4. Representative AFM force curves of polyethylene (PE) colloidal probe interacting with (A) a smooth hydrophilic PEG grafted surface, (B) a rough hydrophilic
PEG grafted surface, (C) the smooth hydrophobic FAS grafted surface, and (D) a rough hydrophobic FAS grafted surface, respectively. Representative AFM force
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charge/potential should be substantially lower than that the C-PS probe
that is functionalized with abundant surface carboxylate groups [104].
Thus, the PE probe is hydrophobic and weakly charged, whereas the
C-PS probe is hydrophilic and highly negatively charged. As a result,
stronger repulsion from EDL interaction and hydration force leads to a
discernable force barrier in the interaction between C-PS probe and the
smooth PEG-grafted surface, which was hardly observed with the PE
probe. When it comes to the rough PEG-grafted surface, the interaction
was entirely repulsive and no net attractive force was observed, which
can possibly be explained by the stronger hydration force due to the en-
hanced contact area for interaction with a rough surface (red curve in
Fig. 4F).

C-PS probe with FAS-grafted surfaces The interactions of the C-PS
probe with the smooth and rough FAS-grafted surfaces (red curves in
Fig. 4G and H) were similar to that with the PE probe (red curves in
Fig. 4C and D). Compared to the interaction between PE probe and
the smooth FAS grafted surface (red curve in Fig. 4C), the attractive
force between the C-PS probe and the smooth FAS-grafted surface (red
curve in Fig. 4G) was slightly weaker and shorter-ranged without the
hydrophobic-hydrophobic interaction. Furthermore, with the interac-
tion between the C-PS probe and the smooth FAS-grafted surface (red
curve in Fig. 4G), a more appreciable attractive force was observed com-
pared to that observed with the smooth PEG-grafted surface (red curve
in Fig. 4E), possibly due to the lack of hydration layer on the FAS-grafted
surface. When it comes to interacting with the rough FAS-grafted surface
(red curve in Fig. 4H), the C-PS probe experienced a very long-ranged
and strong attractive interaction (>100 nN), similar to that observed
with the PE probe (red curve in Fig. 4D). Similar to the interaction be-
tween PE probe and the rough, FAS-grafted surface, the submicron sized
air film formed on a rough hydrophobic surface is responsible for this
long-ranged and strong attractive interaction of capillary nature.

Overall, during the extension regime in AFM-force spectroscopy ex-
periments, the interactions measured between colloidal probes and sub-
strate surfaces were dramatically different depending on the physico-
chemical properties of the probe and the substrate, and the substrate
morphology. In general, the differences result from the interplay be-
tween several possible interactions, including: EDL repulsion, vdW at-
traction, short-ranged repulsion from hydration force, the relatively
short-ranged attractive hydrophobic interaction, and the very long-
ranged attractive interaction due to capillarity. While the specific inter-
actions at hand depend on the physico-chemical properties of the probe
and substrate, roughness was generally found to enhance the interaction
force, whether attractive or repulsive, compared to that of a smooth sur-
face of the same surface chemistry. We note that the experimental results
from the extension force curves correspond well to the previous foul-
ing experimental studies. For the hydrophobic surfaces, the increase of
roughness would increase the attraction force between foulants and the
surface, and thereby facilitate fouling [32-35,105,106]. However, the
roughness increased on hydrophilic surfaces would increase the repul-
sive force between foulants and the surface, and consequently improve
the fouling resistance [36-38,43-46,54,105,107,108].

3.3.3. The retraction curves

PE-probe with PEG-grafted surfaces For the interaction between PE
colloidal probe and the smooth and rough PEG-grafted surfaces, a small
(<20 nN) and relatively short-ranged attraction was observed during the
retraction regime (blue curves in Fig. 4A and B). The short-ranged at-
tractive forces attributed to vdW interaction were interestingly stronger
and longer-ranged on the smooth PEG-grafted surface (blue curve in
Fig. 4A) than they were with the rough PEG-grafted surface (blue curve
in Fig. 4B). Such a difference is attributable to the differences in con-
tact area between the soft PE colloidal probe and the two PEG-grafted
surfaces with different morphologies. More probe-surface contact area
is expected with the smooth PEG-grafted surface compared to the rough
PEG-grafted surface at the beginning of the retraction regime, as the
size of the probe (5 um) is substantially larger than the “pores” on the
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SiNPs-constructed rough surface. Consequently, the larger area of con-
tact between the PE probe and the smooth, PEG-grafted surface led to
stronger and longer-ranged attraction in the retraction regime.

PE-probe with FAS-grafted surfaces As in the extension regime, the
interactions of the PE colloidal probe with the FAS-grafted surfaces
in the retraction regime strongly depend on the surface morphology
(Fig. 4C and D). However, the interaction was closer in magnitude than
it was in the extension regime. In general, the interaction between the
PE colloidal probe and the smooth FAS-grafted surface was less attrac-
tive and shorter-ranged than that with the rough FAS-grafted surface,
which further confirms the presence of long-range capillary interaction
caused by the presence of the air film on the rough hydrophobic sur-
face that sustains a Cassie-Baxter state [95-97]. Furthermore, we note
the interactions between PE colloidal probe and FAS-grafted surfaces
were two orders of magnitude stronger and around one order of mag-
nitude longer-ranged than that with the PEG-grafted surfaces, due to
the relatively long-ranged hydrophobic-hydrophobic interaction with
the smooth FAS-grafted surface and the very long-ranged capillary in-
teraction with the rough FAS-grafted surface.

C-PS probe with PEG-grafted surfaces The interaction between the car-
boxylated polystyrene (C-PS) colloidal probe was similar to that of the
PE colloidal probe in the retraction regime, when interacting with the
PEG-grafted surfaces (blue curves in Fig. 4E and 4F). For example, the
interactions were small (<5 nN) and relatively short-ranged regardless
of the surface morphology, but were comparatively stronger and longer-
ranged with the smooth PEG-grafted surface (blue curve in Fig. 4E) than
with the rough PEG-grafted surface (blue curve in Fig. 4F). The stronger
interaction with a smooth surface is again attributable to the larger con-
tact area between the C-PS colloidal probe and the smooth, PEG-grafted
surfaces.

C-PS probe with FAS-grafted surfaces The interactions of the C-PS
probe with the smooth and rough FAS-grafted surfaces in the retrac-
tion regime (blue curves in Fig. 4G and H) qualitatively resemble that
of the PE probe (blue curves in Fig. 4C and D). However, the attrac-
tive interaction between the C-PS probe and the smooth FAS-grafted
surface was slightly weaker and shorter ranged than the interaction be-
tween PE probe and smooth FAS-grafted surface without the presence of
the hydrophobic-hydrophobic interaction. Furthermore, a more appre-
ciable attractive force was observed with the interaction between the
C-PS probe and the smooth FAS-grafted surface (blue curve in Fig. 4G)
compared to that observed with the smooth PEG-grafted surface (blue
curve in Fig. 4E) due to the lack of hydration layer on the FAS-grafted
surface. As for the interaction with the rough FAS-grafted surface (blue
curve in Fig. 4H), the C-PS probe experienced a very long-ranged and
strong attractive interaction (>200 nN), similar to that observed with
the PE probe (blue curve in Fig. 4H). Again, we attribute this strong and
long-ranged interaction of capillary nature to the presence of submicron
sized air film on the rough hydrophobic surface.

In general, the interactions measured between the colloidal probes
and substrate surfaces in the retraction regime were more attractive
and longer-ranged in nature than those measured during the extension
regime. However, the magnitudes of the attractive forces and the range
of interactions differed among the specific colloidal probe-substrate sur-
face pairings. On the hydrophilic PEG-grafted surfaces, roughness was
generally found to decrease the attractive interaction compared to that
of the smooth surface, likely due to a decrease in probe-surface contact
area. While on the hydrophobic FAS-grafted surfaces, roughness was
generally found to increase the attractive interaction compared to that
of the smooth surface, likely due to capillary forces because of the pres-
ence of an air film at the rough hydrophobic surface. These capillary
forces result in a nonlinear retraction force curve which is likely due to
a capillary bridge that forms between the surface and probe, changing
in geometry and changing the degree of dewetting as it moves away
from the surface [65,89]. The interactions measured in the retraction
regime suggest that removal of foulants would be easiest for textured
hydrophilic surfaces.
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C-PS Probe

Fig. 5. Distributions of max adhesion force (Fy,,) and rupture distances (Dyypre, insets) measured at 300 different positions on the sample surfaces. Adhesion
statistics of polyethylene (PE) colloidal probe interacting with (A) the smooth hydrophilic surface, (B) the rough hydrophilic surface, (C) the smooth hydrophobic
surface, and (D) the rough hydrophobic surface, respectively. Adhesion statistics of carboxylated polystyrene (C-PS) colloidal probe interacting with (E) the smooth
hydrophilic surface, (F) the rough hydrophilic surface, (G) the smooth hydrophobic surface, and (H) the rough hydrophobic surface, respectively.

3.4. Adhesions between the colloids and the surfaces

The discussion in Section 3.3 is based primarily on representative
force curves, each chosen from hundreds of repetitive force measure-
ments at different locations on the model surface. The retraction regime
of each force curve yields two key characteristic parameters, the max-
imum adhesion force, and the rupture distance. The maximum adhe-
sion force is the maximum force measured while retracting the colloidal
probe from the substrate surface. This adhesion force is directly related

to the net adhesion energy (Wyg) between the probe (P) and substrate
(S). In the three-phase system consisting of water (L), substrate, and
probe, the balance of interfacial energies (Vij) and contact-area between
the probe and substrate (Apg) tends to an energy minimum according
to:

Wps = Aps(rsL +71pL = ¥ps) 3

Rupture distance is the maximum distance where the interaction be-
tween the colloidal probe and the substrate surface is no longer present
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Table 1
Adhesion force statistics of the polyethylene (PE) and carboxylate coated
polystyrene (C-PS) colloidal probes interacting with the smooth and rough hy-
drophilic PEG-grafted surfaces and smooth and rough hydrophobic FAS-grafted
surfaces.

Maximum Adhesive ~ Rupture Distance

Probe Surface Type Force (nN) (nm)

PE PEG (Hydrophilic) Smooth 18 +4 283 + 56
Rough 3 +2 75 + 41

C-PS Smooth 4.1 + 0.3 43 + 4
Rough 0.7+ 04 26 + 11

PE FAS (Hydrophobic) Smooth 346 + 35 1157 + 160
Rough 440 + 31 2036 + 198

C-PS Smooth 93 + 45 163 + 38
Rough 241 + 30 1374 + 142

[109,110]. Strong attractive interactions between the colloidal probes
and the substrate surfaces generate larger maximum adhesion forces and
larger rupture distances, and vice versa. For each probe-substrate sur-
face pairing, the force curves were measured at 300 locations on the
surface, and the distributions of maximum adhesion force and rupture
distance were calculated for each pairing (Fig. 5). The mean maximum
adhesion forces and mean rupture distances are summarized in Table 1.

For the interactions between colloidal probes and hydrophilic sur-
faces (Fig. 5A, B, E, and F), the adhesion force is substantially weaker,
and the rupture distance is significantly shorter as compared to the in-
teraction with hydrophobic surfaces (Fig. 5C, 5, G, and H). With the
same colloidal probe, the maximum adhesion forces and rupture dis-
tances measured with the rough hydrophilic surfaces (Fig. 5B and F)
are considerably less than those measured with the smooth hydrophilic
surfaces (Fig. 5A and E). The hydrophilic surfaces favor contact with
water (i.e. surface hydration, yp; < yps and yg; < ypg), SO retracting
the colloidal probe from the surface and replacing the area Apg with
the substrate-water interface, minimizes the net interfacial energy of
the three-phase system [72]. According to Eq. (3), yg, 7pr, and ypg are
identical for the rough and smooth hydrophilic surfaces in contact with
the same colloidal probe. Because the interfacial area, Apg, between the
probe and rough hydrophilic surface is less than that with the smooth
hydrophilic surface, there is less net adhesive energy, and thus lower
max adhesion force that must be overcome to remove the probe from
the surface. Likewise, with the same morphology of the hydrophilic sur-
faces, the maximum adhesion forces measured with the C-PS colloidal
probe is smaller than that measured with the PE colloidal probe. This
is likely caused by two reasons. Firstly, the PE probe is slightly larger
(5 um diameter) and softer (Young’s Modulus ~ 500 MPa) than the C-PS
probe (4.5 pm diameter and Young’s Modulus ~ 3000 MPa), meaning
the interfacial area between the PE probe and substrate (Apg in Eq. (3))
is always greater than that of the C-PS probe for the same surface, re-
sulting in lower maximum adhesive force [72]. Secondly, is the higher

degree of hydration of the C-PS probe as compared with the PE probe
(vpL, ¢ - ps < 7pr, pE)> caused by the negatively charged carboxyl groups
on the C-PS probe that form hydrogen bonds with water. The hydration
of the C-PS probe renders its contact with the hydrophilic substrate en-
ergetically unfavorable as it increases the net interfacial energy, and its
detachment from the hydrophilic substrate energetically highly favor-
able.

In general, strong adhesive forces and large rupture distances were
observed with rough hydrophobic (FAS-coated) surface regardless of
type of colloidal probe (Fig. 5D and H). These strong and long-ranged
interactions are attributable to the capillary interaction between the par-
ticles and the air-film anchored to the textured hydrophobic surface in
the Cassie-Baxter state [89,94,98-100,111]. In particular, the interac-
tion was the strongest between the textured hydrophobic surface and
the hydrophobic PE probe (Fig. 5D). However, surface texture is not a
pre-requisite for strong and long-ranged attractive interaction which has
also been observed between the hydrophobic PE probe and the smooth
hydrophobic surface due to the hydrophobic-hydrophobic interaction
(Fig. 5C). Specifically, the retraction of the PE colloidal probe from the
hydrophobic surface would increase the interfacial area between water
and the hydrophobic surfaces and reduce the overall interfacial entropy
of the system, rendering a thermodynamically unfavorable state [72].
Such an effect is considerably smaller for interaction between a smooth
hydrophobic surface and a C-PS probe that is less hydrophobic than the
PE probe (Fig. 5G). The comparison of the average maximum adhesion
forces between these different scenario is also summarized in Fig. 6.

4. Conclusions

Using AFM force spectroscopy, we elucidate the role of surface tex-
ture and surface energy on the interaction between model foulants and
surfaces with different morphology and surface energy. We found that:
(1) submerged hydrophilic surfaces are generally less prone to foul-
ing than is a submerged hydrophobic surface, which is relatively well
known; (2) compared to a smooth hydrophobic surface, a rough hy-
drophobic surface increases not only the strength but also the char-
acteristic length of the attractive interaction; and (3) compared to
a smooth hydrophilic surface, a rough hydrophilic surface reduces
not only the strength but also the characteristic length of the attrac-
tive interaction. In other words, the surface roughness/texture am-
plifies the intrinsic interaction between the foulants and a substrate
surface, which is similar to how it amplifies the surface wetting
properties.

The implications gleaned from this study provide significant in-
sight for fabrication of anti-fouling surfaces used membrane separations,
heat exchangers, and marine structures. In general, mitigation of or-
ganic fouling, should it be oil or natural organic matter, prefers super-
hydrophilic surfaces characterized by high surface energy and large
roughness. If hydrophobic materials must be used for specific processes,
the presence of surface roughness (texture) would result in strong adhe-
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sion of hydrophobic foulants due to capillarity, which is unfavorable for
mitigating organic fouling. We note that such suggestions apply specif-
ically to organic fouling and that the mitigation of mineral scaling may
follow completely different rules.
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