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ABSTRACT Herein we report a self-cleaning coating derived
from zwitterionic poly(2-methacryloyloxylethyl phosphorylcholine)
(PMPC) brushes grafted on a solid substrate. The PMPC surface not
only exhibits complete oil repellency in a water-wetted state (i.e.,
underwater superoleophobicity), but also allows effective cleaning
of oil fouled on dry surfaces by water alone. The PMPC surface was
compared with typical underwater superoleophobic surfaces rea-

lized with the aid of surface roughening by applying hydrophilic
nanostructures and those realized by applying smooth hydrophilic
polyelectrolyte multilayers. We show that underwater superoleophobicity of a surface is not sufficient to enable water to clean up oil fouling on a dry
surface, because the latter circumstance demands the surface to be able to strongly bond water not only in its pristine state but also in an oil-wetted state.
The PMPC surface is unique with its described self-cleaning performance because the zwitterionic phosphorylcholine groups exhibit exceptional binding
affinity to water even when they are already wetted by oil. Further, we show that applying this PMPC coating onto steel meshes produces oil—water
separation membranes that are resilient to oil contamination with simply water rinsing. Consequently, we provide an effective solution to the oil
contamination issue on the oil —water separation membranes, which is an imperative challenge in this field. Thanks to the self-cleaning effect of the PMPC
surface, PMPC-coated steel meshes can not only separate oil from oil —water mixtures in a water-wetted state, but also can lift oil out from oil—water
mixtures even in a dry state, which is a very promising technology for practical oil-spill remediation. In contrast, we show that oil contamination on
conventional hydrophilic oil —water separation membranes would permanently induce the loss of oil —water separation function, and thus they have to be
always used in a completely water-wetted state, which significantly restricts their application in practice.
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urface cleaning today relies mainly on

water action because water is the

cheapest, amplest and most environ-
mentally benign solvent. However, water
generally experiences difficulties in clean-
ing up oil contaminants from solid surfaces
compared with dust and polar-organic
ones. This is because oil has stronger adhe-
sion to common solid surfaces than water
due toits smaller surface tension and higher
viscosity.' ~* Thus, effective oil cleaning with
water requires a considerable amount of
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detergents with the help of high mechan-
ical and thermal energy input. The extensive
usage of detergents is a profound environ-
mental concern nowadays.’ Therefore, it
will be of great interest and significance to
develop a surface on which oil contamina-
tion can be cleaned by water alone. To this
end, a straightforward approach involves
displacing oil by water at the oil—solid
interface, which consequently demands
that the surface has exceptional binding
affinity toward water.
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Zwitterionic phosphorylcholine (PC), the headgroup
of phospholipids that are the main lipid components of
cell outer membranes, is reported to be the primary
contributor to the “self-cleaning” characteristic of cer-
tain cell membranes (e.g., outer membrane of red
blood cells), which resist biofouling to keep the mem-
brane surface bioinert.> " It has been experimentally
and theoretically demonstrated that the zwitterions
integrating both positively and negatively charged
units in one group, such as PC, can superiorly bind
water molecules via electrostatically induced hydra-
tion, even compared to those hydrophilic materials
to achieve hydration via hydrogen bond, such as
polyethylene glycol (PEG).">~'® This is proposed to
be the key mechanism for the nonfouling nature of
the outer membranes of red blood cells because the
tightly bound water layer at the membrane surfaces
form a barrier for biofouling.°~'® As a polymer form of
PC, the biomimetic polyelectrolyte, poly(2-methacry-
loyloxylethyl phosphorylcholine) (PMPC), has been
widely used for the fabrication of antibiofouling coat-
ings.3'*'7 Inspired by the discovery that PC groups
endow the outer membranes of red blood cells with
the “self-cleaning” nature attributed to their strong
water-binding affinity, we found that the zwitterionic
PMPC brush surface not only exhibits complete oil-
repellency in a water-wetted state, but also, oil fouled
on the dry PMPC surface can be completely displaced
by water at the oil—solid interface. When an oil-
contaminated PMPC surface isimmersed in water, spon-
taneous, rapid and complete oil dewetting is observed
and subsequently leaves a clean surface behind.

One important technical application of such a self-
cleaning coating is making oil—water separation mem-
branes that are resilient to oil contamination, which is
crucial for those used for practical oil spill remediation.
There have been two types of oil—water separation
membranes reported to date. One is hydrophobic but
oleophilic membranes that selectively permit oil to
pass through,'® 2 while the other one is hydro-
philic membranes that are capable of completely
repelling oil in a water-wetted state (i.e., underwater
superoleophobicity) and thus selectively allow water to
penetrate.?~3° Compared to the former type of oil—
water separation membranes that are easily clogged
by viscous oil and consequently lose their oil—water
separation function,®? the latter type of membranes
are currently more prevailing because they are oil
repellent as long as they are water-wetted. However,
the hydrophilic membranes are easily contaminated
by oil when dry due to their intrinsic high surface
energy.>'*2 The oil contamination is difficult to remove
once adsorbed, because of the strong adhesion of oil,
and thus leads to the loss of their oil—water separation
function as well?>?> Accordingly, these hydrophilic
oil—water separation membranes have to be always
used in a completely water-wetted state and the
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Scheme 1. Schematic Illustration of Grafting PMPC onto a
Gold Substrate Modified with Initiators via SI-ATRP

contact of dry membranes with oil should be strictly
avoided, which significantly restricts their application
in practice. Therefore, dealing with oil contamination is
an imperative challenge for oil—water separation
membranes, yet few effective and practical strategies
are currently available. Herein, self-cleaning oil—water
separation membranes are obtained by grafting PMPC
on top of steel meshes. Oil contamination on the
membranes can be effectively cleaned up by water,
and their oil—water separation function can thus be
easily recovered. Meanwhile, thanks to the described
self-cleaning effect, the PMPC coated meshes can not
only separate oil from oil—water mixtures in a water-
wetted state, but also, oil can be selectively lifted out
from oil—water mixtures even using the dry PMPC-
Mesh, which is a very promising technology for prac-
tical oil-spill remediation. Although other zwitterionic
polyelectrolytes have been used for the fabrication of
oil—water separation membranes with the advantage
of not requiring the fabrication of surface rough-
ness,”” 39 attention was only paid to the underwater
superoleophobicity of the membranes, which enabled
oil—water separation when the membranes were pre-
wetted by water. The issue of oil-contamination on the
as-fabricated dry membranes was never investigated
nor mentioned, despite it being crucial for practical oil
spill remediation. Beyond the extensive study of zwit-
terionic polymer coatings for antibiofouling surfaces,
this is the first known report focusing on their self-
cleaning effect that enables oil cleaning with water and
their application on oil—water separation membranes
that are resilient to oil contamination.

RESULTS AND DISCUSSION

For the proof of concept, a model zwitterionic poly-
mer coating was obtained by grafting PMPC brushes
with film thickness of ca. 20 nm onto gold substrates
via surface-initiated atom transfer radical polymeriza-
tion (SI-ATRP). (Scheme 1 and Figure S1). In agreement
with a previous report,® the PMPC surface is highly
hydrophilic with water contact angle in air (WCA-A) of
only ca. 3°, which is even comparable to the renowned
hydrophilic surfaces of Si wafers that are freshly
cleaned by Piranha solution (Si-OH) and textured
hydrophilic surfaces exampled by steel supported
ZnO nanostructures (Nano-Zn0O)** (Figure 1a and
Figure S2). To preliminarily evaluate the water-binding
affinity of the PMPC surface, it was challenged by oil
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Figure 1. (a,b) Plots of WCA-A (diamonds, a), WCA-O (circles, a) and OCA-W (b) values of various kinds of hydrophilic surfaces.
(c—f) photos of 2 uL water droplets on PMPC (c), PDDA/PSS (d), Si-OH (e), Nano-ZnO (f) surfaces that were immersed in
n-hexadecane. (g) A series of photos taken when the PMPC surface was approaching and leaving a droplet of n-hexadecane
pending on a needle in water. The oil droplet deformed when pressed by the surface but does not attach to the surface (left).
When the surface was retracted, no oil residue was left on the surface (middle and right).

after being immersed into water (Scheme S1a). As
shown in Figure 1b and 1g, when the PMPC surface
was brought and kept in tight contact with a pendant
droplet of n-hexadecane, it exhibited an oil contact
angle in water (OCA-W) of greater than 165°. Intrigu-
ingly, when the surface was retracted, complete oil
detachment was observed and no oil residue was left
on the surface. The PMPC surface is very flat with
root-mean-square (RMS) roughness of only 0.25 nm
(Figure S3), thus the surface roughness effect on the
surface wettability can be ignored. Therefore, the
underwater—oil repellency of the PMPC surface is
solely attributed to the intrinsic hydration of the
zwitterionic PC groups. It has been reported that
zwitterions can superiorly bind water molecules
through ion-dipole interactions between the two
charged-units and water compared to other hydro-
philic species, such as single-charged groups and the
oligo-(ethylene glycol).">~"* Applying sum frequency
generation vibrational spectroscopy (SFG), an ordered
and tightly immobilized interfacial water layer was
detected at the zwitterionic polymer/water inter-
faces,*>3¢ which can well explain the excellent under-
water—oil repellency of the PMPC surface observed in
our work. Recently, we also reported a roughness-
independent underwater—oil-repellent surface de-
rived from a polydiallyldimethylammonium chloride
(PDDA)/poly(styrenesulfonate) (PSS) multilayer film
(PDDA/PSS) (Figure 1b, Figure S4 and Scheme S3),
which is resulted from the hydration of ordered ben-
zenesulfonate groups of PSS in water.?” The Si-OH and
Nano-ZnO surfaces show excellent underwater—oil
repellency as well (Figure 1b and Figure S4), which is
ascribed to the hydration of hydroxyl groups for the
former®” and the combination role of surface rough-
ness and ZnO hydrophilicity for the latter3'3238 |n
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contrast, although PEG is also a widely used material
for antibiofouling surfaces,'* the surface of PEG
brushes obtained via self-assembly of thiol-terminated
PEG onto gold substrate (Au-PEG) can be easily con-
taminated by oil in water (Scheme S3 and Figure S5),
despite it is underwater oleophobic with an OCA-W
of 130.0° (Figure 1b). Additionally, other model hydro-
philic surfaces were also taken for comparison, in-
cluding gold substrates coated with self-assembled
monolayers (SAMs) of 6-mercapto-1-hexanol (Au-OH),
11-mercaptoundecanoic acid (Au-COOH) and cystea-
mine (Au-NH;) (Scheme S3). It is shown in Figure 1b
and Figure S5 that all these surfaces can be contami-
nated by oil in water although they are underwater
oleophobic. To sum up, one can conclude that the
pristine PMPC, PDDA/PSS, Si-OH and Nano-ZnO sur-
faces are unique for their excellent underwater—oil
repellency compared with common hydrophilic sur-
faces, which benefits from their outstanding water-
binding affinity induced by intrinsic surface hydration
or the surface roughness effect.

It can be envisioned that cleaning up oil contamina-
tion fouled on a dry surface by water alone demands
the surface to be able to strongly bind water not only in
its pristine state, but also when they are already wetted
by oil. We here propose the measurement of water
wettability on a given surface immersed in oil in terms
of water contact angle in oil (WCA-O) (Scheme S1b), to
assess the water-binding affinity of the surface in an oil-
wetted state and also the capability of water to dis-
place oil at the oil—solid interface. All the above-
described hydrophilic surfaces can be aggressively
wetted by oil (n-hexadecane) in a dry state with an
oil contact angle in air of ca. 3°. However, as shown in
Figure 1a, these surfaces can be well differentiated by
their equilibrium WCAs-O, especially for the PMPC,
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Figure 2. (a—d) Time-lapse photos taken after immersion of the 60 uL canola oil fouled PMPC (a), PDDA/PSS (b), Si-OH
(c), Nano-ZnO (d) surface into water. The canola oil was labeled with Nile red. (e—g) XPS wide scan spectra of the PMPC
(e), PDDA/PSS (f), Nano-ZnO (g) surface which was first contaminated by Fluorinert FC-70 and then washed by water.
The insets are corresponding high-resolution spectra for F element.

PDDA/PSS, Si-OH and Nano-ZnO surfaces that exhibit
the same oil-wettability underwater. On the PMPC
surface, water droplets can still extensively spread in
oil phase with WCA-O as low as its WCA-A, which is ca.
3° (Figure 1a and 1c). In contrast, the PDDA/PSS surface
is hydrophobic in oil with WCA-O of 100° (Figure 1a and
1d), which is ascribed to the molecular configuration
change of the benzenesulfonate groups at interface
when immersing in oil.>” For the Nano-ZnO surface
immersed in oil, water droplets are completely repelled
with WCA-O above 165° (Figure 1a and 1f), because
ZnO nanostructures can effectively trap oil and thus
repel water,>® which is similar to the repellence of
water or oil in air by textured surfaces with low surface
energy.**~* Although the Si-OH surface is shown to be
hydrophilic in oil, its WCA-O (ca. 21°) is much larger
than its WCA-A (Figure 1a and 1e), revealing that oil is
harder than air, to be displaced by water at the Si-OH
surface. For the cases of Au-PEG, Au-OH, Au-COOH and
Au-NH; surfaces, their WCAs-O are considerably higher
than that of Si-OH surfaces and also their own WCAs-A
(Figure 1a), suggesting the difficulty of displacing oil by
water at their oil—solid interfaces. Therefore, com-
pared to other hydrophilic surfaces, the exceptional
hydrophilicity of PMPC surface in oil phase suggests
that the oil-wetted PMPC surface can still superiorly
bind water, which also hints the feasibility of displacing
oil by water at the oil—solid interface.

HE ET AL.

To confirm this, we studied dynamic dewetting of oil
on a PMPC surface in water. Canola oil that is highly
viscous (viscosity of 57 mPa-s at 25 °C) was used as the
model of oil, PDDA/PSS, Si-OH and Nano-ZnO surfaces
that exhibit the same underwater—oil repellency as
PMPC surface were taken as controls. As shown in
Figure 2a and Movie S1, when the oil-fouled PMPC
surface was immersed into water, the flat oil layer
spontaneously shrank into a single droplet and de-
tached from the surface under 1.2 s. Note that a
thorough drying of the PMPC surface at 100 °C for
72 h did not have any impact on the underwater—oil
dewetting performance. In contrast, immersion of the
oil-fouled PDDA/PSS surface into water only induced
the oil to shrink into a hemisphere with a contact angle
on the surface of ca. 90° (Figure 2b). For the Si-OH
surface, oil dewetting in water caused the oil layer to
shrink into a single droplet within 30s but it was pinned
on the surface without detachment (Figure 2¢), and a
considerable amount of oil was still left on the surface
even after vigorous mechanical shaking. Differently
from the underwater—oil dewetting on PMPC, PDDA/
PSS and Si-OH surfaces, no oil dewetting was observed
when the oil-fouled Nano-ZnO surface was immersed
in water (Figure 2d), indicating that the oil was firmly
trapped by ZnO nanostructures. This result indicates
that the surface roughness is a physical obstacle
for the underwater—oil dewetting (i.e., cleaning oil
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contamination by water) on hydrophilic surfaces. By
comparing the underwater—oil dewetting results of
these surfaces with their WCAs-O, one can clearly find
that the WCA-O of a surface can remarkably implicates
the extent to which oil fouled on the surface can be
displaced by water at the oil—solid interface.

To explain the displacement of oil by water at the
PMPC polymer/oil interface, the following mechanism
is proposed. When the zwitterionic PMPC surface is
wetted by oil, the dominant interaction between
the oil molecules and the polymers is van der Waals
interactions,***% while the zwitterions could strongly
interact with water through electrostatic induced ion-
dipole interactions.'>” ' It is well acknowledged that
ion-dipole interaction is longer-ranged and much
stronger than van der Waals interaction.***® In addi-
tion, it has been reported that a thin precursor liquid
film (i.e., typical thickness between 10 nm and a single
molecular layer) exists at the edge of a macroscopic
liquid drop which spreads out on a solid surface.*” ~*°
Therefore, when water approaches an oil-wetted PMPC
surface, the strong attraction between the PC zwitter-
ions and the water molecules across the thin precursor
oil film at the edge of the oil drop spread on the PMPC
surface could induce the drainage and a gradual dis-
placement of the oil molecules by water starting from
the edge of the oil drop toward the center. The gradual
displacement of oil by water would lead to the com-
plete oil-dewetting and detachment of the oil drop
from the PMPC surface due to the buoyancy. Direct
force measurements using the surface forces appara-
tus and the atomic force microscope coupled with
drop cantilever technique,®' ~>* combined with the
interfacial molecular configuration analysis using
SFG>>3% will provide quantitative information to verify
the proposed mechanism in future work.

The complete oil dewetting on the PMPC surface in
water expressly indicates the reality of cleaning up oil
fouled on top of it by water. We show in Figure S6 that
the PMPC surface which was fully contaminated by Nile
red-labeled canola oil can be thoroughly cleaned by
water washing as evidenced by the absence of Nile red
luminescence under UV light, whereas the oil cannot
be cleaned up at all on the pristine gold surface. The
self-cleaning effect of PMPC surface is irrespective to
the nature of oil. A PMPC surface was fully contami-
nated by the perfluorinated oil (Fluorinert FC-70) and
washed by water (Figure S7), followed by X-ray photo-
electron spectroscopy (XPS) analysis. No signal of
F can be detected from the water-washed sample
(Figure 2e), ascertaining thorough cleaning of the sur-
face by water. In contrast, after the same oil contam-
ination and water washing steps, obvious F signals can
still be detected from the PDDA/PSS and Nano-ZnO
surfaces (Figure 2f and 2g). Therefore, although all the
PMPC, PDDA/PSS and Nano-ZnO surfaces exhibit the
same excellent oil repellency in a water-wetted state,

HE ET AL.

200 9
180 4 ; L g
160

140 -
120
100
80

IS
S/owiL

B0 oo e\
40

WCA-A and OCA-W / °

20+

b
2

T T T T T T T T T =
5 10 15 20 25 30 35 40 45 50
Thickness / nm

Figure 3. Plots of WCA-A (blue open squares), OCA-W (blue
open circles) values and time (red spheres) taken for the
complete dewetting of 60 uL canola oil on PMPC surfaces in
water as a function of the PMPC film thickness. The black
closed square and circle represent the WCA-A and OCA-W
on the surfaces of initiator modified gold substrates (see
Scheme 1), respectively.

while only the PMPC surface enables water to clean oil
fouled on its dry state.

The SI-ATRP allows us to finely control the thickness
of as-obtained PMPC films and thus investigate the
dependence of their self-cleaning effect on the film
thickness. A linear thickness increase of the PMPC film
was observed with ATRP time (Figure S8). We show in
Figure 3 the PMPC surface wettability (OCA-W and
WCA-A) and also the time taken for the complete
dewetting of 60 uL canola oil on the surface in water
as a function of the PMPC film thickness. The PMPC
surfaces with film thickness larger than 0.9 nm ob-
tained from >0.5 h ATRP already exhibit excellent
underwater—oil repellency. Meanwhile, all of these
surfaces enable water to clean up oil fouled atop, as
evidenced by the complete underwater—oil dewet-
ting, despite that is slower on thinner films with
thickness of 0.9 nm (5.5 s) and 5.3 nm (5 s) than on
those with thickness above 9.7 nm (1.2—1.5 s). This is
expected because films formed by shorter polymer
brushes are not as dense as those formed by longer
ones.>* Thus, the hydrophobicity of Br atom would
contribute more to the surface property, inducing
attenuated water-binding affinity, as evidenced by
the higher WCAs-A on the films of 0.9 and 5.3 nm thick
compared to those on films with thickness above
9.7 nm (Figure 3).

The frequently happened oil spill accidents world-
wide have stimulated the boom of developing
effective oil—water separation techniques. Using of
membranes with hydrophilic coatings that are able
to repel oil in a water-wetted state is the prevailing
strategy because water can selectively pass through
the membrane driven by gravity whereas oil is
retained.?°3° However, hydrophilic membranes are
easily fouled by oil in a dry state and thus leads to the
loss of oil—water separation function, especially those

VOL.9 = NO.9 = 9188-9198 = 2015 K@}Nﬁ@i{\j

WWwWW.acsnano.org



Figure 4. (a,b) Photos shot during filtration of the petroleum-water mixtures through the ZnO-Mesh (a) and PDDA/PSS-Mesh
(b), prior to which, the meshes were prewetted by petroleum. (c) Photos shot during filtration of the petroleum-water
mixtures through the PMPC-Mesh which was prewetted by petroleum and washed by water rinsing (see Figure S12c). The
petroleum was labeled by Oil Red O and water was labeled by methylene blue. The apertures of all the meshes are 100 um.

with nanostructures that firmly traps oil but are com-
monly required to make such coatings.?°~>® Herein,
the stainless steel meshes coated with ZnO nanostruc-
tures (ZnO-Mesh) with thickness of ca. 7.8 um or
smooth four bilayers of PDDA/PSS films (PDDA/
PSS-Mesh) are taken as examples for the typical hydro-
philic oil—water separation membranes derived from
textured or smooth underwater superoleophobic coat-
ings, respectively (Figures S9a—d and S11e). As shown
in Figure S10a,b, both the ZnO-Mesh and PDDA/PSS-
Mesh can effectively separate oil (petroleum, Sigma-
Aldrich, product no. 77370) from oil—water mixtures if
they were completely prewetted by water. A detailed
investigation of the dependence of oil—water separa-
tion performance of the water-wetted ZnO-Meshes on
the thickness of ZnO coatings is illustrated in the
Supporting Information (Figures S11 and S12). Differ-
ently from the situation that the ZnO-mesh was pre-
wetted by water, if the ZnO-Mesh was prewetted by oil,
neither water nor oil can pass through (Figure 4a),
because oil trapped in the ZnO nanostructures cannot
undergo any dewetting in water (Figure S13, left
sample) and thus prevent water to flow through.
Subsequently, water will become the barrier layer of
oil owing to its lower density. For the case of PDDA/
PSS-Mesh without nanostructures applied, both water
and oil can pass through the membrane that was
prewetted by oil (Figure 4b). This is because the oil
fouled on PDDA/PSS surface can partially dewet in
water (Figure S13, right sample), and thus the oil layer
supported by the membrane becomes discontinuous,
allowing both water and oil to seep through. Addition-
ally, water washing of the oil-wetted ZnO-Mesh and
PDDA/PSS-Mesh does not help to recover their oil—
water separation function at all (Figure S14a,b).

We grafted PMPC brushes on top of stainless
steel meshes with apertures varied from 25, 35, 50 to
100 #m in order to endow the as-obtained membranes
with self-cleaning effect (Scheme S2, Figure S9e/f,
Figure S15 in the Supporting Information). A set of
oil—water separation tests was first performed on the
water-wetted PMPC-Meshes with different apertures
that were obtained via a 12 h polymerization under the
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same condition as that used for the preparation of
PMPC coatings on gold substrates. The thickness of the
PMPC coating on the mesh is estimated to be ca.20 nm
according to the results measured on the gold sub-
strate (Figure S8). Note that it is difficult to accurately
measure the thickness (i.e., nanometers to tens of
nanometers) of PMPC coatings on the stainless steel
meshes. As expected, after prewetting by water, the
PMPC-Meshes can effectively separate oil (petroleum)
from the oil—water mixtures by selectively permitting
water to pass through (Figure S10c), similar to the
behavior of the ZnO-Mesh and PDDA/PSS-Mesh. The
retained oil by the water-wetted membrane with
underwater superoleophobic coatings is supported
by the continuous water layer held by the hydrophilic
membrane. It has been reported that there is a thresh-
old of pressure (originated from the oil gravity) the
water layer can support, beyond which the oil would
break through the membrane* According to the
theoretical calculation,* the maximum height of oil
the membrane can support (i.e., breakthrough height)
is decided by the membrane aperture if the OCA-W on
the coating of the membrane is the same. As shown in
Figure 5a, the breakthrough height of petroleum the
PMPC-Meshes can support decreases from ca. 60 to ca.
45, 32, and 18 cm with an enlargement of the mem-
brane apertures from 25 to 35, 50, and 100 um. On the
contrary, the maximum water fluxes through the
membranes increase from ca. 616 to ca. 685, 838,
and 880 L m~2 s' with the enlargement of the
membrane aperture from 25 to 35, 50, and 100 um
(Figure 5a). Figure 5b shows the dependence of oil
content in water obtained as the filtrate after the
filtration of mixtures of 200 mL petroleum and
200 mL water through the PMPC-Meshes on the mesh
apertures. The oil content in water obtained from the
oil—water separation through the membrane with an
aperture of 100 um is the highest, but was low as
3.2 ppm, which indicates that all the as-prepared
PMPC-Meshes exhibit very high oil—water separation
efficiency. Furthermore, the oil—water separation per-
formance of the PMPC-Mesh (aperture of 100 um)
obtained via a 3 h polymerization was observed to
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Figure 5. (@) The dependence of the petroleum break-
through height the PMPC-Meshes can support and the
maximum water flux through the PMPC-Meshes on the
mesh apertures. (b) The dependence of oil concentration
in the filtrate obtained after the filtration of petroleum-
water mixtures through the PMPC-Meshes on the mesh
apertures. The PMPC-Meshes with apertures varied from 25,
35, 50 to 100 um were used for the oil—water separation.

have little difference compared to that obtained via a
12 h polymerization, in terms of the oil breakthrough
height, maximum water flux and water (i.e., the filtrate)
purity, though the thickness of the as-prepared PMPC
coating is estimated to be only ca. 5 nm. More im-
portantly, the oil (e.g., canola oil, 30 L) that was labeled
by Nile red and fouled on the dry PMPC-Mesh with
aperture of 100 um underwent complete dewetting
and detachment in only 1.1 s when being immersed
into water (Figure 6a, Movie S2), which enabled a
thoroughly cleaning of the oil fouled on the PMPC-
Mesh by water washing (Figure 6b). The described self-
cleaning effect of the PMPC-Mesh is irrespective to the
mesh apertures. Figure S16 shows the rapid under-
water—oil (canola oil, 30 ul) dewetting and detach-
ment (1.1 s was taken) from the PMPC-Mesh with
aperture of 25 um and PMPC coating of ca. 20 nm
thickness. The PMPC-Mesh with thinner PMPC coatings
of only ca. 5 nm thickness also exhibits the same self-
cleaning effect, though the underwater—oil dewetting
and detachment takes longer time (i.e., 11.4 s for 30 uL
canola oil) (Figure S17), which is in good agreement
with the results observed from the PMPC coatings
prepared on flat gold substrates (Figure 3). Thanks to
this self-cleaning effect, even if the dry PMPC-Mesh is
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t=1.12 s after immersion
_into water

Lwashing

Under UV light

Figure 6. (a) Photos of stainless steel meshes coated with-
out (left sample) and with (right sample) PMPC coatings,
fouled by 30 xL Nile red-labeled canola oil in air, before (left
panel) and after (right panel) being immersed into water.
(b) Photos, taken under visible (left panels) and UV (right
panels) light, of the stainless steel meshes coated without
(left sample) and with (right sample) PMPC coatings, fouled
by Nile red-labeled canola oil in air, before (upper panels)
and after (lower panels) being washed by water alone. It can
be observed that the oil fouled on the PMPC-coated mesh
can be thoroughly cleaned by water washing, as evidenced
by the absence of luminescence of Nile red under UV light.
The apertures of the meshes are 100 um and the PMPC
coating thickness is estimated to be ca. 20 nm.

contaminated by oil, its oil—water separation function
can be simply recovered by water washing (Figures 4c
and S14c, note that the petroleum observed in the
collection beaker in Figure 4c was from that used for oil
prewetting). It is worthwhile to note that hydrophilic
oil—water separation membranes that are resilient to
oil contamination by such a simple and practical treat-
ment have never been achieved before.

In practical oil-spill remediation, the oil—water se-
paration membrane will come into contact with oil first
then water because oil tends to float above water.
Consequently, the oil contamination on the mem-
brane is hardly evited, which limits the application of
conventional hydrophilic oil—water separation mem-
branes that can repel oil only in a water-wetted state. In
this context, PMPC-Mesh can be a solution to the
challenging issue. Figure 7a and Movie S3 show the
mimic of practical oil-spill remediation by using PMPC-
Mesh with an aperture of 100 um and PMPC coating of
ca. 20 nm thickness. Although the PMPC-Mesh that
covers the bottom end of the plastic tube (see inset
of Figure 7a,, Figure S18) can be contaminated when
going across the oil (petroleum) layer, further lowering
the membrane down to the water phase (Figure 7a;)
can cause the oil contamination to be displaced by
water, as illustrated in Figure 6 and Movie S2. Mean-
while, a continuous water layer can be formed in the
membrane as a barrier to prevent oil flow when the
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Figure 7. (a) A series of photos captured during the lifting of petroleum out from a petroleum-water mixture by using a plastic
tube with the bottom end covered with a PMPC-Mesh (see inset of (a,) and Figure S18 in Supporting Information). (a;) The
tube was being inserted into the petroleum-water mixture, comprising of 4 cm height of petroleum (the red part) and 2 cm
height of water (the colorless part). (a;) The mesh reached the water phase. (as) The tube was lifted out from the petroleum-
water mixture. It can be seen that petroleum with height of 4 cm was lifted out and held in the tube. (a;) The tube holding
petroleum shown in (az) was transferred into water. (as) The tube shown in (a;) was lifted out into air. It was observed in (a,)
that water can pass through the membrane and thus jack up the petroleum, and in (as) that petroleum can still be held in the
tube after it was lifted out into air. The graduation labeled on the beaker and plastic tube indicates the height measured from
their bottom. (b) A series of photos captured during the insertion of two plastic tubes with their bottom ends respectively
covered with ZnO-Mesh (left) and PDDA/PSS-Mesh (right) into the petroleum-water mixtures and then being lifted out into
air. (b;) The tubes were being inserted into the petroleum-water mixtures. (b,) The meshes reached the water phases. (bs) The
tubes were lifted out from the petroleum-water mixtures. (b;) The tubes were held in air for a while. It was observed that
neither the ZnO-Mesh nor PDDA/PSS-Mesh can lift petroleum out from the petroleum-water mixture. The petroleum was

labeled by Oil Red O. The apertures of all the meshes are 100 um.

membrane is lifted out, which subsequently enables
the plastic tube to lift oil out from the oil—water
mixture (Figure 7as). Note that the height of oil
lifted out by the PMPC-Mesh-covered plastic tube
(Figure 7a3) is the same as that of the original oil—water
mixture (Figure 7a;). The oil held in the plastic tube is
supported by a continuous water layer can be further
evidenced by the fact that water can freely transport
through the membrane but oil is always retained
(Figure 7a4, 7as, and Movie S3). In addition, the dry
PMPC-Mesh (aperture of 100 um) with the PMPC coat-
ing of ca. 5 nm thickness can also exhibit the same
performance. In contrast, neither the ZnO-Mesh nor
PDDA/PSS-mesh can be effective for lifting oil out from
oil—water mixtures (Figure 7b, Movie S4). For the ZnO-
Mesh, once it is contaminated by oil when moving
across the oil layer, water cannot pass through the
membrane because ZnO nanostructures with trapped
oil will completely repel water (Figure 1f). Subse-
quently, when the membrane is lifted out, oil will
naturally flow out from the membrane driven by
gravity (Figure 7bz and 7b,). In the case of the PDDA/
PSS-Mesh, when the oil-contaminated membrane
immerses into the water phase, water can pass
though because of the partial dewetting of oil in
water implicated in Figure S13. However, the oil
cannot be removed but stays in form of droplets,
which prevents the formation of continuous water
layer in the membrane. Consequently, the oil
cannot be held when the membrane is lifted out,
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it flows out instead (Figure 7bs and 7b,). Further-
more, we show in Movie S5 that the PMPC-Mesh
can also selectively lift crude oil out from crude-oil
seawater mixtures, which illustrates the feasi-
bility of using PMPC-Mesh for practical oil-spill
remediation.

CONCLUSIONS

In summary, we have demonstrated that the zwit-
terionic PMPC surface exhibits not only the self-clean-
ing effect against oil fouling in a water-wetted state,
but also that oil fouled on the dry PMPC surfaces can be
cleaned up by water alone. The exceptional water-
binding affinity of the zwitterionic PC groups in their
pristine and even oil-wetted states gives rise to the self-
cleaning effect of the PMPC surface. This new concept
of self-cleaning provides an alternative to making oil-
repellent surfaces via minimizing oil wetting,*~*
which is generally difficult to be realized in practice.
Applying the PMPC coating onto steel meshes enables
us to create oil—water separation membranes that are
resilient to oil contamination when simply rinsed with
water. In addition, even dry PMPC coated meshes can
selectively lift oil out from oil—water mixtures, which is
a promising remediation for oil spills. Our ongoing
effort is devoted to understand the origin of the super-
ior water-binding affinity of zwitterions and also the
parameters that affects this unique property. This
knowledge will be helpful to generalize and simplify
the preparation of self-cleaning coatings based on the
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zwitterionic species. Thanks to the development
of simple polymerization techniques, especially the
grafting of polymer brushes via ATRP at ambient

EXPERIMENTAL SECTION

Materials. Bis(2-hydroxyethyl) disulfide (90%), 2-bromo-2-
methylpropionyl bromide (98%), triethylamine (99%), 2-bro-
mo-2-methylpropionic acid (98%), N,N’-dicyclohexylcarbodii-
mide (DCC, 99%), 4-(dimethylamino)pyridine (DMAP, > 99%),
(3-aminopropyl)triethoxysilane (APTS) (99%), 2-methacryloylox-
yethyl phosphorylcholine (97%), 2,2"-bipyridyl (BPY, = 99%),
methyl 2-bromopropionate (MBP, 98%), copper(l) bromide
(98%) copper(ll) bromide (99%), dichloromethane (anhydrous,
> 99.8%), 11-mercaptoundecanoic acid (HS-C10-COOH),
cysteamine (HS-C2-NH,), poly(ethylene glycol) methyl ether
thiol (M, of ca. 2000) (HS-PEG), 6-mercapto-1-hexanol (97%)
(HS-C6-OH), Poly(diallyldimethylammonium chloride) solu-
tion (PDDA, 20% in water, M,y 100 000—200 000), Poly(sodium
4-styrenesulfonate) (PSS, My, 70000), zinc acetate dihydrate
(Zn(CH3CO0),;) (=98%), hexadecane (99%), petroleum
(special, ~ 18% aromatics basis), Nile red, Oil Red O, Fluorinert
FC-70, were purchased from Sigma-Aldrich. Ethanol, ammo-
nium hydroxide solution, acetone, and isopropanol, all in AR
grade, were purchased from Chem-Supply, Australia. Canola oil,
produced by Wintercorn Edible, Australia, was purchased from a
local supermarket. Copper(l) bromide (98%) was purified by
stirring in glacial acetic acid, followed by rinsing with ethanol
and drying in a vacuum. Other chemicals were used as received
without further purification. Steel plates were kindly supplied by
the workshop of lan Wark Research Institute, University of South
Australia. Crude oil was kindly supplied by China Petrochemical
Corporation (SHENGLI Oilfields), seawater was collected from
Semaphore beach in Adelaide, South Australia. The water with a
resistivity of >18.2 MQ was used for all the experiments. Si
wafers were purchased from Si-Mat Silicon Materials, Germany.
Gold coated Si wafers were prepared by consecutive electron
beam evaporation of chromium layers of 10 nm thick and gold
layers of 50 nm thick on silicon wafers. Prior to further surface
modification, the gold-coated Si wafers were exposed to ozone
for 30 min in a UV/ozone cleaner at room temperature. Stainless
steel meshes with aperture of 100 um made of Stainless Steel
T316 were purchased from Sefar, Australia.

Synthesis of Bis[2-(2'-bromoisobutyryloxy) ethyl] Disulfide (BEDS). BEDS
was synthesized by acrylation of bis(2-hydroxyethyl) disulfide
with 2-bromoisobutyryl bromide in the presence of triethylamine
by using a procedure described in the literature.>” The obtained
BEDS will be used as initiator for the preparation of PMPC brushes
on gold substrates.

Preparation of PMPC Coatings on Gold Substrates. (i) Initiator
immobilization: The cleaned gold-coated Si wafers were im-
mersed in the ethanol solution of BEDS (1 mM) for 24 h, then
rinsed with ethanol and dried by N, flow. (ii) Preparation of
PMPC brushes on gold substrates via surface-initiated atom
transfer radical polymerization (SI-ATRP): Typically, a 25 mL flask
was charged with 2-methacryloyloxyethyl phosphorylcholine
(1.25 g, 4.23 mmol), 2,2-bipyridyl (0.0309 g, 0.198 mmol) and
3 mL of methanol. The gold substrate with initiator (BEDS)
immobilized was immersed into the reactant solution. 11.6 ulL of
methanol solution of MBP with a MBP concentration of 0.90 M
was added to the flask. The flask was then sealed and degassed
using the freeze—thaw method for 3 cycles and afterward filled
with argon. Subsequently, the sealed flask was opened and a
catalyst containing CuBr (0.0101 g, 0.0704 mmol) and CuBr,
(0.005 g, 0.0224 mmol) was rapidly added into the flask which
was kept in liquid nitrogen. Then the flask was sealed again,
followed by degassing using the freeze—thaw method for
another 3 cycles and finally filled with argon. The flask was then
incubated in a water bath under stirring at 30 °C. The polymer-
ization was terminated by exposing the system to air at desired
polymerization time. The obtained PMPC-grafted gold substrate
was rinsed by ethanol and water, followed by drying with N, flow.
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atmosphere,®>>*® we believe that the self-cleaning

zwitterionic polymer coatings can be readily applied
in practice.

Preparation of Si-OH, PDDA/PSS and Nano-Zn0 Surfaces. (i) Si-OH
surfaces were prepared by immersing silicon wafers into Pir-
anha solution (1:3 (v/v) mixture of 30% H,0, and 98% H,S0.,),
followed by heating until no bubbles were released. Caution!
Piranha solution reacts violently with organic materials and
should be handled carefully. Afterward, the wafers were thor-
oughly rinsed with water, dried with N, flow, and used for
further experiments immediately. (i) PDDA/PSS surfaces were
prepared by alternate deposition of PDDA and PSS on Piranha
solution cleaned Si substrates for 4 cycles.3’ In the PDDA or PSS
solution, the concentration of PDDA or PSSis 1.0 mg/mL and the
concentration of NaCl is 1.0 M. (iii) Nano-ZnO surfaces were
obtained by growing ZnO nanostructures on steel plates
(25 mm x 18 mm) by using the protocol reported in the
literature.>* Typically, the stainless steel plates were first incubated
in HNO;s solution (4 M) at 60 °C for 4h, followed by sonication with
water, 2-propanol and ethanol for 10 min, respectively, and finally
they were dried by N, flow. An aqueous precursor solution was
prepared by dissolving Zn(CH3COO), into water to make the
Zn(CH3COO0), concentration of 0.0125 M, followed by adjusting
the pH of the Zn(CH5COO), solution to 10.35 via dropwise adding
ammonia solution (28%). The precursor solution was then trans-
ferred into a laboratory bottle and the HNOs treated stainless steel
plates were then incubated into the solution. The laboratory
bottle was then sealed and incubated in an oil bath at 95 °C for
5h. Finally, the stainless steel plates were taken out, followed by
thorough water rinsing and drying by N, flow.

Preparation of Au-PEG, Au-OH, Au-COOH, and Au-NH, Surfaces. (i) Au-
PEG and Au-NH, surfaces were prepared by incubation of
cleaned gold-coated Si wafers into aqueous solutions of HS-
C2-NH, (2.5 mM) and HS-PEG (1 mg/mL), respectively, for 24 h at
room temperature, followed by thorough rinsing with water
and drying with N, flow. (ii) Au-COOH and Au-OH surfaces were
prepared by incubation of cleaned gold-coated Si wafers into
the ethanol solutions of HS-C10-COOH (1 mM) and HS-C6-OH
(1 mM), respectively, for 24 h at room temperature, followed by
thorough rinsing with ethanol and drying with N, flow.

Preparation of PMPC Brushes on Si Substrates. (i) Initiator immo-
bilization. The freshly obtained Piranha solution cleaned Si
wafers were further dried at 80 °C for 1 h. The dried silicon
wafers were first modified with APTS via chemical vapor deposi-
tion (CVD) following the previously reported procedures.*® After
rinsing with ethanol and drying with N, flow, the APTS modified
Si wafers were immersed into a solution of anhydrous dichlor-
omethane (10 mL) containing 2-bromo-2-methylpropionic acid
(0.02 M), DMAP (0.005 M). The solution was then cooled to 0 °C
and DCC was added to make a final concentration of 0.025 M.
After DCC was dissolved, the solution was left overnight at room
temperature. The obtained Si wafers were rinsed with toluene
and acetone and dried with N, flow. (ii) Preparation of PMPC
coatings on Si substrates via SI-ATRP. The same procedures
were followed as that used for preparation of PMPC coatings on
gold substrates.

Preparation of Oil —Water Separation Membranes by Using Stainless
Steel Meshes. (i) PMPC-Mesh. PMPC brushes were grafted on
stainless steel meshes following the same procedures used for
the grafting of PMPC on Si substrates. (i) PDDA/PSS-Mesh.
PDDA/PSS multilayers with 4 bilayers were grown on the
stainless steel meshes following the same procedures used for
preparation of PDDA/PSS multilayers on Si substrates. (iii) ZnO-
mesh. ZnO nanostructures were grown on stainless steel
meshes following the same procedures used for preparation
of Nano-ZnO surfaces.

Characterization. Contact angle measurements were com-
pleted on a Dataphysics OCA 20 contact angle system at
ambient temperature using a 2 uL liquid droplet as indicator.
Colorimeter glass cells, purchased from Starna, were used for oil
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contact angle in water (OCA-W) measurements. Atomic force
microscopy (AFM) imaging was performed with a MultiMode 8
AFM from Bruker in a ScanAsyst mode at ambient condition
using Si cantilevers. X-ray photoelectron spectroscopy (XPS)
was carried out on a Kratos Axis Ultra with a Delay Line Detector
photoelectron spectrometer using an Aluminum monochro-
matic X-ray source. The thicknesses of the PMPC films were
determined by using a J. A. Woolham Co. V-VASE spectroscopic
ellipsometer. Three different spots were measured at three
different angles of incidence (65°, 70°, 75°). The thickness of
the polymer brush was determined using the Cauchy layer
model with an assumed refractive index of 1.45. Scanning
electron microscopy (SEM) images were obtained on FEI Quanta
450 operated at 10—20 kV. Oil content in the collected water
after oil—water separation was determined by the Agilent
7890A GC system equipped with an Agilent 5975C Mass
Selective Detector and Agilent 7890A GC equipped with a
Flame lonization Detector. Digital camera images were cap-
tured by using a Canon camera (IXUS100 IS) or a Canon digital
video camera (Legria HF G10). Digital videos were taken by a
Canon digital video camera (Legria HF G10).
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Supplementary Schemes and Figures. XPS analysis of the
PMPC surface on a gold substrate (Figure S1), SEM image of
the Nano-ZnO surface on a steel substrate (Figure S2),
schemetic illustration of the measurement of OCA-W and
WCA-O (Scheme S1), AFM image of the PMPC surface on Si
substrate (Figure S3), schemetic illustration the process of
grafting PMPC brushes onto a Si substrate or a stainless steel
mesh (Scheme S2), schemetic illustration the molecular
structures of PDDA, PSS and all the thiols used in this study
(Scheme S3), study of oil droplet adhesion onto the PDDA/
PSS, Si-OH and Nano-ZnO surfaces underwater (Figure S4),
oil wettability on Au-PEG, Au-OH, Au-COOH and Au-NH,
surfaces underwater (Figure S5), illustration of the effective
cleaning of oil fouled on the dry PMPC surface by water
alone (Figure S6 and S7), thickness increment of the PMPC
film with ATRP time (Figure S8), SEM images of the ZnO-
Mesh, PDDA/PSS-Mesh and PMPC-Mesh (Figure S9), illustra-
tion of the oil—water separation function of the ZnO-Mesh,
PDDA/PSS-Mesh and PMPC-Mesh that were prewetted by
water (Figure S10), SEM images of the ZnO-Meshes with
different ZnO coating thickness (Figure S11), the depen-
dence of oil—water separation performance of the ZnO-
meshes on the thickness of ZnO coatings (Figure S12),
illustration of the oil dewetting when oil contaminated
ZnO-Mesh and PDDA/PSS-mesh were immersed into water
(Figure S13), illustration of the oil—water separation func-
tion of the ZnO-Mesh, PDDA/PSS-Mesh and PMPC-Mesh
that were prewetted by oil followed by water rinsing
(Figure S14), XPS analysis of the PMPC-Mesh (Figure S15),
illustration of the oil dewetting when oil contaminated
PMPC-Meshes with different apertures and different PMPC
coating thickness were immersed into water (Figures S16
and S17), illustration of how to cover one end of a plastic
tube with a coated steel mesh (Figure S18). (PDF)

Movie S1. (AVI)
Movie S2. (AVI)
Movie S3. (AVI)
Movie S4. (AVI)
Movie S5. (AVI)
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