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ABSTRACT: We first report here mussel-inspired, hybrid coatings
formed in a facile manner via simultaneous polymerization of mussel-
inspired dopamine and hydrolysis of commercial tetraethoxysilane in
a single-step process. The hybrid coatings can firmly adhered on
hydrophobic polyvinylidene fluoride (PVDEF) substrate, and the
hydrophilicity of the coating can be tuned by adjusting silane
concentration. The reason for the changed hydrophilicity of the
coating is disclosed by a series of characterization, and was applied to
rationally design optimized hybrid coatings that transform = !
commercial PVDF microfiltration (MF) membrane hydrophobicity

Ethanol

Membrane

o8 ~ —
—— —
=y E P
. " Substrates )
______________________________________________ | W50n s siica |
(e V' Oil CA in water

1 B>

into high hydrophilicity with excellent water permeability and underwater superoleophobicity for oil-in-water emulsion
separation. The PVDF MF membrane decorated with optimized coatings has ultrahigh water flux (8606 L m™> h™" only under
0.9 bar, which is 34 times higher than that of pristine membrane), highly efficient oil-in-water emulsion separation ability at
atmospheric pressure (filtrate flux of 140 L m™ h™") and excellent antifouling performance. More importantly, these membranes
are extremely stable as underwater superoleophobicity are maintained, even after rigorous washings or cryogenic bending,
disclosing outstanding stability. The simplicity and versatility of this novel mussel-inspired one-step strategy may bridge the
material-induced technology gap between academia and industry, which makes it promising for eco-friendly applications.
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1. INTRODUCTION

Oily emulsion separations are crucial for tackling environmental
and economic problems brought by the ever-increasing oily
wastewater discharges from industries and oil spills.'"~® Thus,
desirable materials that can efficiently separate oil from water
are urgently needed.® Porous filters like porous polymer
membranes, and inorganic/metal meshes with special wett-
ability have attracted extensive interest for their excellent
separation selectivity, efficiency and recyclability in oil/water
separation.”'! Such filters are typically categorized into “oil-
removing” and “water-removing” filter materials.'> “Water-
removing” filter materials are usually highly hydrophilic or even
superhydrophilic, and underwater superoleophobic with low oil
adhesion, endowing such (membrane or mesh) materials with
favorable antifouling properties, performance longevity, and
recyclability of both oil and filter materials."*™'® More
importantly, “water-removing” filters can also be deployed for
gravity driven separation processes that consumes less energy,
which is more attractive for industrial applications.'>'”~"?
Therefore, it is of great significance to develop “water-
removing” filter materials for eco-friendly separations of oil
from water.
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For metal or inorganic mesh, dip-coating method is a facile
and effective approach, and many kinds of “water-removing”
filter materials had been fabricated by constructing highly
hydrophilic coatings on metal mesh or inorganic filter through
dip-coating approach.”"® Compared with metal or inorganic
mesh, porous polymer membranes possess many exceptional
advantages such as low cost, good processability and high
flexibility, differentiating them from their inorganic or metallic
counterparts.”*">* However, for porous hydrophobic polymer
membranes, most dip-coating methods are ineffective because
of the poor adhesion or interactions between the coating layers
and hydrophobic polymer membrane surface;*>** thus, special
and complicated methods are usually needed to transform them
into “water-removing” filter materials, diminishing the advan-
tages of porous polymer membrane. Therefore, endowing
hydrophobic polymer membranes with stable and high
hydrophilicity and underwater superoleophobicity with low
oil adhesion via a facile method are particularly promising for
oily wastewater treatment.”®
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Scheme 1. Illustration for the Immobilization of Hybrid Coatings on PVDF Substrates
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Recently, mussel-inspired coating approach with dopamine
(DA) has been widely utilized to modify various materials for
its stability, simplicity, and versatility,”* ™ although the exact
polymerization and interaction mechanism of the adhesive pDA
layer was kept unknown so far.*' ~>* Different from traditional
coating strategies, the mussel-inspired coating protocol involves
an oxidative polymerization process,***>*® yielding polydop-
amine (pDA) coatings that adhere to virtually all types of
substrates with high binding strength 637 However, it remains
difficult to obtain “water-removing” porous filter for oil/water
separation by pure pDA coating because of the inherent and
limited hydrophilicity of pDA.>*** Subsequent modifications
on the pDA layer that are usually time-consuming and
complicated have to be adopted to further improve hydro-
philicity of substrates.”>*’ Therefore, mussel-inspired one-step
methods have been attracting more attention because rof their
higher efficiency compared to common two-step methods. In
mussel-inspired one-step methods, molecules with special
functional groups dissolved with dopamine can be immobilized
onto various surfaces during the pDA formation via hydrogen
bonding, entanglement of molecular chain, or chemical
reaction.””*"* These molecules are usually limited to polar
organic molecules, polymer with ultrah1§h molecular weight, or
molecules with amine/thiol groups,®®**** and most of them are
expensive and difficult to obtain such as dextran with ultrahigh
molecular weight or zwitterionic peptides, restricting the
extensive application. We found that some molecules such as
tetraethoxysilane (TEOS) have been ignored because of their
absence of hydroxyl group, amine/thiol groups, or ultrahigh
molecular weight. Note that TEOS can gradually hydrolyze and
condense under an alkaline environment, and form silica with
abundant hydroxyl group. These hydrophilic nanoparticles may
be fixed by pDA during the formation of pDA layer on
substrates and thus form hybrid and highly hydrophilic coatings
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with favorable stability. Moreover, TEOS is inexpensive and
easily obtained. All these make TEOS a potential and promising
candidate for mussel-inspired one-step method.

Herein, we utilized commercially available and low-cost
TEOS in this mussel-inspired one-step method (Scheme 1) to
form hybrid coatings that can be firmly deposited on
hydrophobic PVDF substrate. The wettability of the hybrid
coatings can be well tuned by adjusting TEOS content. The
reason for the improved hydrophilicity of the coatings are
disclosed by a serials of characterization, and was applied to
rationally design optimized hybrid coatings that transform
membrane hydrophobicity into high hydrophilicity and under-
water superoleophobicity with low oil adhesion for oil-in-water
separation. The oily emulsion separation performance and
antifouling property of the modified PVDF microfiltration
membrane has been evaluated. Furthermore, the stability of the
obtained PVDF microfiltration membrane is examined by long-
term water washing and even being bent repeatedly in
cryogenic conditions.

2. EXPERIMENTAL SECTION

2.1. Materials. PVDF powder was obtained from Inner Mongolia
3FWanHao Fluorine Chemical Co. Ltd. The commercial PVDF
microfiltration membranes are purchased from Membrane Solution
(USA). Dopamine hydrochloride and tris (hydroxymethyl)-
aminomethane (Tris) were provided by Sigma-Aldrich (USA) and
Aladdin (China), respectively. Carbon fibers are obtained from Toray
Industries, Inc. Tetraethoxysilane (TEOS), N-methyl pyrrolidone
(NMP), ethanol, chloroform, hydrofluoric acid (HF), Tween-80, and
glycol were purchased from Tianjin Kermel Chemical Reagent Co.,
Ltd. (China).

2.2. Fabrication of Homemade PVDF Substrates. To
investigate the inherent properties of the possible formed coatings,
we fabricated homemade PVDF membranes with few pores as
substrates to avoid the interference of porous structure. In a typical
approach, the casting solution of PVDF membrane was prepared by
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Figure 1. Characterization of the DA/TEOS-treated PVDF membranes. (A) SEM images and (C) water contact angles of (a) pristine PVDF
substrate, PVDF substrate treated by (b) DA solution (2.0 mg mL™"), and (c—e) DA/TEOS solution containing (c) 1.5, (d) 3.0, and (e) 6.0 mg
mL™ TEOS and 2.0 mg mL™" DA for 9 h. The insets are corresponding photo images of pristine and modified PVDF substrates. (B) EDX mapping
of (a) pristine PVDF substrate, and PVDF substrates treated by (b) 2.0 mg mL™" of DA and 1.5 mg mL™" TEOS and (c) 2.0 mg mL™" DA and 6.0
mg mL™" TEOS for 9 h. Green, blue, and pink dots indicate elemental N, O, and Si, respectively.

dissolving 16 g of PVDF in 84 g of N-methyl pyrrolidone (NMP). The
solution was sealed and stored at 60 °C for more than 12 h to remove
air bubbles, and casted on a glass plate using a doctor blade. Then the
membrane was immediately immersed in a coagulant bath containing
pure water at room temperature. After complete coagulation, the as-
cast membrane was placed in a deionized water bath for solvent
exchange. Subsequently, the homemade membranes (PVDF sub-
strates) were carefully stored in water before usage.

2.3. Reaction Coating on Homemade PVDF Substrates. In a
typical experiment, 0.2 g of dopamine hydrochloride was dissolved in
100 mL of HCI-Tris buffer solution (pH 8.5, SO mM). After that, 25
mL of ethanol containing different amounts of TEOS (0.00, 0.15, 0.30,
and 0.60 g) were added to the dopamine solution. Then PVDF
substrate (membrane) (10 cm X S cm) was immediately immersed
into the above solution for different durations (6, 9, and 12 h) at room
temperature. Finally, the modified membrane was fully washed with
deionized water and ethanol separately, and dried under vacuum.

2.4. High Hydrophilic Modification of Commercial Porous
PVDF Microfiltration (MF) Membrane. We optimize the one-step
process, and the reaction duration was decreased to 6 h and the
amount of TEOS was increased to 0.9 g Commercial PVDF
microfiltration membrane with plentiful micropores was dealt with
the optimized process for oily emulsion separation. The DA/TEOS-
decorated porous membrane was fully washed with deionized water
and ethanol separately, and dried under vacuum. In addition, we also
prepared a DA-decorated porous MF membrane without adding
TEOS for comparison.

2.5. Characterizations. Surface morphologies and the element
mapping of pristine and modified PVDF substrates, as well as the
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PVDF MF membrane and carbon fiber with coatings before and after
etching by HF, were characterized using scanning electron microscopy
(SEM, $-4500, Hitachi, Japan) and energy-dispersive spectroscopy
(EDS), respectively. (Note that it is very difficult to break up the
commercial PVDF MF membrane by repeatedly bending in liquid
nitrogen, thus the cross section of the MF membrane was obtained by
torn through a gap in liquid nitrogen). Surface roughness was obtained
by atomic force microscopy (Solver P47 AFM, Russia) in a tapping
mode in the range of scanning area of 4 uym X 4 um. The
morphologies of pDA nanoparticles and hybrid nanoparticles before
and after etching by HF were performed on transmission electron
microscopy (Tecnai G2 F30, USA). The ATR-FTIR measurements
were performed using a Spectrum One instrument (PerkinElmer,
USA). XPS measurements were performed on an AXIS ULTRA DLD
spectrometer (SHIMADZU, Japan). The weight ratio of silica and
pDA in hybrid particles was determined with a thermal gravimetric
analyzer (QS00, TA Instruments, New Castle, DE, USA) over a
temperature range from room temperature to 1000 °C at a heating
rate of 10 °C min™" under atmosphere. The water contact angle and
underwater—oil (chloroform) contact angle of pristine and modified
surfaces were characterized by a contact angle measuring system
(SL200 KB, USA). Deionized water and glycol were utilized to
evaluate the surface energy (SE). The contact angle value was
calculated by averaging over more than eight contact angle values at
different sites. In each measurement, an approximate 2 yL droplet was
dispensed onto the substrates. SE is the sum of polar and disperse
parts. SE and its components are calculated by eq 1**
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Figure 2. (A) XPS spectra and (B) AFM images of (a) pristine PVDF substrate, PVDF substrate treated by (b) DA solution (2.0 mg mL™") and (c—
e) DA/TEOS solution containing (c) 1.5, (d) 3.0, and (e) 6.0 mg mL™" TEOS and 2.0 mg mL ™" DA for 9 h. The scanning area of every sample is 4

pm X 4 pm.

Table 1. Elemental Composition of Different PVDF Substrates As Determined by XPS

composition (at %)

atomic ratio

membrane C F (¢} N Si N/C o/C Si/C O/Si

pristine PVDF S1.0 49.0

PVDF/pDA 734 0.7 19.1 6.8 0.09 0.26

PVDE/(DA-TEOS 0.15) 73.8 1.0 18.1 6.7 0.4 0.09 0.25 0.01 49.81
PVDE/(DA-TEOS 0.30) 57.7 1.1 27.2 4.9 9.1 0.09 0.47 0.16 2.96
PVDE/(DA-TEOS 0.60) 58.3 0.6 29.2 4.6 10.3 0.08 0.53 0.19 2.82

( 0) 4y 4rby? 3. RESULTS AND DISCUSSION
¥(1 + cos ) =

! AR A A A (1) PDA layers have been shown to form firmly on PVDF

where y refers to surface energy, the subscripts 1 and s refer to liquid
and solid, and the superscripts d and p refer to dispersive and polar
components, respectively. 8 refers to contact angles between ordinary
liquids (H,O or glycol) and the substrates.*

2.6. Emulsion separation experiments. Twenty milliliters of
chloroform was added into 980 mL of deionized water with 15 mg of
Tween-80 as emulsifier; the solution was then stirred under 1000 rpm
for 3 h. The droplet sizes are in the range of 4 to 14 ym under optical
microscopy observation. Pure water flux, oil-in-water emulsion
separation and antifouling experiments of porous PVDF MF
membrane was tested by a vacuum driven filtration system at 0.09
MPa (vacuum degree —0.09 MPa). Besides, we also test the flux of oil-
in-water emulsion driven solely by gravity (about 120 mm emulsion
column). The flux of the porous PVDF MF membrane was obtained
by eq 2

flux = v

At ()

Where flux is the pure water or filtrate flux (L m™ h™'), V is the
permeate volume measured (L), A is the membrane active area (m?),
and ¢ is the permeation time (h). The active area of porous membrane
is 17.34 cm’.

2.7. Long-Term Stability Test. The highly hydrophilic and
underwater superoleophobic stability of the modified MF membrane
was investigated by long-term washing treatment with water and
repeated bending tests in liquid nitrogen. (It is very difficult to break
up the commercial PVDF MF membrane by repeatedly bending in
liquid nitrogen. Thus, we can determine the stability of the decorated
MF membrane by repeated bending in liquid nitrogen.) Both water
CA and underwater—oil CA of the decorated MF membrane were
obtained by a contact angle measuring system (SL200 KB, USA) to
evaluate stability of the membrane.
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substrates.2%**** However, coating formation on PVDF
substrates in the presence of DA and TEOS remains unknown.
To investigate the inherent properties of the possible formed
coatings, homemade PVDF membranes with few pores were
fabricated as substrates to avoid the interference of porous
structure. Images in Figure 1A show the color change between
pristine and modified PVDF membranes. The colors of DA/
TEOS and pure DA-treated membranes are similar, implying
the possible formation of pDA coatings on PVDEF substrates
treated by DA/TEOS mixtures. Moreover, after being treated
by either DA or DA/TEOS, nanopores on the surface of
pristine PVDF substrates disappeared, which may due to the
possible coating formed on those PVDF substrates.

EDX mapping and ATR-FTIR of modified PVDF substrates
shown in Figure 1B and Figure S1 in the Supporting
Information, respectively, reveal homogeneous dispersion of
N, O, and Si elements across the surfaces of DA/TEOS-treated
PVDEF substrates. These results confirm the formation of
coatings on the DA/TEOS-treated PVDF membranes. The
presence of N and O elements was ascribed to pDA, whereas Si
and O elements were derived from the hydrolysis product of
low-cost TEOS (Figure S1 in the Supporting Information).
Interestingly, these coatings formed with different content of
TEOS did not show obvious differences in SEM images and
EDX mappings. Nevertheless, the drastic decline in water
contact angle (CA) from 42.6 to 22.0° denoted different
properties of these coatings (Figure 2C). The water CAs of the
coatings formed in DA/TEOS solution were much lower
compared to pure pDA coatings (52.1°), and attributed to
drastic improvements in hydrophilicity of PVDF substrates.
Hydrophilicity of these coatings could also be controlled by
adjusting the TEOS concentration. Higher TEOS content
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gradually reduced the water CA of substrates and rendered
them tunable wettability toward high hydrophilicity. Without
DA, the water CA of TEOS-treated PVDF substrate remained
similar to those of pristine substrates, demonstrating the crucial
role of DA in immobilizing TEOS hydrolysis products on
porous PVDF substrates. Therefore, both TEOS and DA are
mandatory in our strategy for overcoming the inherent
hydrophobicity of PVDF to achieve high hydrophilicity and
underwater superoleophobicity.

XPS and AFM were performed to further examine the cause
of such tunable hydrophilicity, which is crucial for the elegant
designing of novel hybrid coatings toward high hydrophilicity.
For DA/TEOS-treated PVDF membranes, all F 1s peaks of
original PVDF materials disappeared due to the coatings.
Instead, new peaks (O 1s, N 1s, Si 2s, and 2p peaks) were
observed, and the N/C ratio is about 0.8—0.9 consistent with
the values of pDA reported by others,* demonstrating the
coatings are composed of pDA and silica (Figure 2A, Figure S2
in the Supporting Information, and Table 1). As shown in
Table 1, the silica content on the surface of organic—inorganic
coatings is different and could be controlled by adjusting the
amount of TEOS in DA/TEOS solution. For example, Si
content on the surface of organic—inorganic coatings could be
significantly enhanced by more than 2300% by doubling TEOS
content in DA/TEOS solution, while water CA correspond-
ingly decreased from 42.6 to 27°. Further increment of TEOS
content slightly improved Si content on the surface and
reduced water CA. These results attributed the drastic
improvement of hydrophilicity to the higher silica content on
the top surface of organic—inorganic coatings. The influence of
silica content on hydrophilicity is further elucidated by surface
energy characterizations (Table 2). Compared with pure pDA

Table 2. Contact Angles and Surface Energy of PVDF
Substrates Modified with Varying Amounts of Dopamine
(DA) and TEOS for 9 h

surface-energy

contact angle (deg) components (m] m™2)

samples water glycol 7L 7 7
PVDF 79.7 £ 0.7 S1.1 + 0.6 332 7.0 26.2
PVDF/DA S52.1 + 0.6 23.0 £ 2.1 47.5 31.2 16.3
PVDF/TEOS 0.60 80.1 +£ 0.5 50.8 + 0.8 33.6 6.5 27.1
PVDF/(DA-TEOS 42.6 + 0.8 182 + 2.0 55.9 454 10.5
0.15)

PVDF/(DA-TEOS 270+ 09 13.1 + 2.8 73.1 68.7 44
0.30)

PVD6F)/(DA-TEOS 220 £ 1.5 104 + 2.9 77.8 74.4 3.5
0.60

coating, the organic—inorganic coatings possessed higher total
surface energies that gradually increased with silica content.
The most drastic increase lies in the polar component of
silica,* highlighting the vital role of silica location within
organic—inorganic coatings for tuning surface hydrophilicity.
Besides, with the increase in TEOS amount, there is only a
slight increase in surface roughness for these coatings,
indicating that the significant improvement of hydrophilicity
is mainly due to the incorporation of hydrophilic silica (Figure
2B). The water contact angles of DA/TEOS-treated membrane
with different reaction coating duration are also demonstrated
in Table 3. Note that the water contact angle gradually increase
with the reaction coating duration, and finally a water contact
angle similar to that of DA-treated membrane was obtained.
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Table 3. Water Contact Angles of PVDF Substrates Modified
with Varying Amounts of Dopamine (DA) and TEOS for
Different Reaction Coating Duration

content water contact angle (deg)
DA (3  TEOS (g) 6h 9h 12h
0.20 0.00 61.0 + 0.5 52.1 + 0.6 40.6 + 0.7
0.15 29.3 +£ 0.7 42.6 + 0.8 40.0 +£ 0.9
0.30 203 £ 1.5 27.0 £ 09 317 £ 1S
0.60 185 + 1.8 220 £ 1.5 309 + 1.0

The various hydrophilicity of these coating may result from the
different distribution of hydrophilic silica which is important for
us to further disclose the nature of the coatings. The
distribution of silica in these coatings should be similar to
that in nanoparticles formed in the same mixed solution. Thus,
thermo gravimetric analysis (TGA) and TEM images of the
nanoparticles formed in DA/TEOS solution are shown. TGA
results of nanoparticles formed in situ in DA/TEOS solutions
(Figure 3) showed that the silica content in nanoparticles

120
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Figure 3. TGA and SEM images (inset) of (a) pure pDA particles and
(b—d) hybrid particles formed in DA/TEOS solution containing (b)
1.5, (c) 3.0, and (d) 6.0 mg mL~" TEOS and 2.0 mg mL™"' DA for 9 h.

gradually improved with the increase of TEOS content, which
is consistent with the previous results of organic—inorganic
coatings. The TEM images of pDA nanoparticles and
nanoparticles formed in different DA/TEOS solution are
shown in Figure 4A. It seems that there is no obvious
difference between those nanoparticles, and it is difficult to
observe the distribution of silica in the nanoparticles via these
images. Thus, hydrofluoric acid (HF) is utilized to etch those
nanoparticles for clarify the silica distribution, and the TEM
images of these nanoparticles after HF etching are shown in
Figure 4B. According to the TEM images of the nanoparticles
before and after HF etching, we can further confirm the
nanoparticles are hybrid and are composed of pDA and silica.
Interestingly, these nanoparticles exhibit entirely different
distribution of silica when varying the TEOS amounts in
DA/TEOS solution. The structure of the nanoparticles changes
from core—shell structure to dandelion structure with the
increase in TEOS amount in DA/TEOS solution. For the
nanoparticles with core—shell structure formed at the lower
TEOS amount, the core should be silica that had been etched
by HF, whereas the shell should be a pDA layer that can not be
etched by HF. This indicates that most silica is in the inner of
these hybrid particles if the amount of TEOS is low. Note that

DOI: 10.1021/acsami.5b00894
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Figure 4. TEM images (1, before HF etching; 2, after HF etching) of (a) pure pDA particles and (b, c) hybrid particles formed in DA/TEOS
solution containing 2.0 mg mL™" DA and (b) 1.5 and (c) 6.0 mg mL™" TEOS and for 9 h.

the surface of these nanoparticles become rough after HF
etching, indicating there is still a little silica on the surface of
these nanoparticles although most silica are in the inner of
these hybrid particles as the core. It explains the only slight
improvement of hydrophilicity for the PVDF membrane
treated by DA/TEOS solution at the lower TEOS content.
For the hybrid nanoparticles with dandelion structure formed at
the higher TEOS amount, the silica is uniformly distributed
from the inner to the outer surface of the hybrid particles. Note
that the surface of these nanoparticles after HF etching is much
rougher than those nanoparticles formed at the lower TEOS
amount, indicating that there is still much silica on the outer
surface of these nanoparticles. Based on a series of water
contact angles, EDX mapping and the XPS results of different
coatings, as well as the TEM images of nanoparticles before and
after HF etching, a possible sketch map of these coatings with
different hydrophilicity and corresponding distribution of silica
are shown in Scheme 2. The little TEOS amount in DA/TEQOS

Scheme 2. Illustration of the Possible Distribution of Silica
in Hybrid Coatings with (a) the Little TEOS and (b)
Increasing Amounts of TEOS in DA/TEOS Solution

Substrates Substrates Substrates

a b1 b2
I rDA * Silica

solution and the long reaction coating duration may make most
silica in the inner of the coatings (Scheme 2a). In contrast, with
the increase in TEOS in the DA/TEOS solution, there may be
much silica on the outer surface of the coatings (Scheme 2b),
and the plentiful silica on the outer surface is beneficial for

significantly improving the hydrophilicity of hybrid coatings.
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Optimized hybrid coatings were coated on commercial
porous PVDF microfiltration (MF) membranes for oil/water
separation applications. According to the EDX mappings of the
DA/TEOS-treated MF membrane shown in Figure 5, the
elements N, O, and Si disperse homogeneously on the top
surface and cross-section of the membrane. Furthermore, as
shown in Figure 6 and Figure S3 in the Supporting
Information, few nanoparticles can be observed on either the
top surface or cross section of the DA/TEOS-treated porous
MF membrane, implying the elements N, O and Si are derived
from the hybrid coatings on membrane rather than nano-
particles that may trapped in the membrane. The variant
wetting behaviors of pristine, DA, and DA/TEOS-decorated
commercial porous MF membrane are illustrated in Figure 7.
Notably, the DA/TEOS-decorated MF membrane can be easily
soaked through by water drop, whereas both the pristine and
DA-decorated commercial PVDF MF membrane are hard to
soak. It indicates our optimized hybrid coatings can endow
hydrophobic MF membrane with special wettability. To
accurately measure the different wettability of those mem-
branes, we show the water contact angles and their changes
over time in Figure 8. The inherent high hydrophobic and poor
wettability of the commercial porous PVDF MF membrane can
be demonstrated by the large and nearly invariable water CA
(~120°). For DA-decorated PVDF MF membrane, it is still
hydrophobic (~100°) and only a little decline of water CA was
observed even after 30s, disclosing the limitation of pure pDA
coating in improving wettability of hydrophobic membrane. By
contrast, the water contact angle of the DA/TEOS-treated MF
membrane is about 12°, exhibiting high hydrophilicity.
Moreover, the water droplet on the DA/TEOS-decorated
PVDF MF membrane surface can spread easily and permeated
into the membrane within 2s, and a water contact angle of
about 0° was observed. The high hydrophilicity of the MF
membrane should be derived from the silica on the outer

DOI: 10.1021/acsami.5b00894
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Figure 5. SEM and EDX mapping of (a) top surface and (b) cross-section of PVDF MF membrane treated by DA/TEOS solution containing 2.0 mg
mL™" DA and 9.0 mg mL™" TEOS for 6 h. Red, yellow, green, blue, and pink dots indicate signals of C, F, N, O, and Si, respectively.

Figure 6. SEM images of the (a) top surface and (b) cross-section of the PVDF MF membrane treated by DA/TEOS solution containing 2.0 mg
mL™" DA and 9.0 mg mL™" TEOS for 6 h.

surface of the hybrid coatings just as the sketch map illustrated Supporting Information. After being etched by HF, the water
in Scheme 2b. To confirm this point, we show the water contact angle of the DA/TEOS-treated MF membrane change
contact angles before and after HF etching in Figure S4 in the from 12° to about 105°, which is similar to that of pure DA-

9540 DOI: 10.1021/acsami.5b00894
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Figure 7. Photographs of a large drop of water (about 0.2 mL) on (A) pristine PVDF MF membrane, (B) PVDF MF membrane treated by DA
solution (2.0 mg mL™") for 6 h, and (C) PVDF MF membrane treated by DA/TEOS solution containing 2.0 mg mL™" of DA and 9.0 mg mL™" of
TEOS for 6 h. Those images (top view, oblique view, and reverse sides) for every kind of membrane are taken in less than 10 s.
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Figure 8. Water contact angles of pristine, DA (2.0 mg mL™")

decorated, and DA/TEOS (DA 2.0 mg mL™ and TEOS 9.0 mg
mL™") decorated PVDF MF membranes with different drop age. The
inset is photographs of a water droplet on different MF membranes.
(The water droplet is about 2 uL).

treated MF membrane. Besides, the morphologies of the DA/
TEOS-treated membrane (top surface) before and after HF

etching are shown in Figure S$ in the Supporting Information.
However, because of the rugged surface and limited electrical
conductivity, the images are not so clear that some fine changes
may not be observed only by the SEM images. We notice that
the smooth, electrical conductivity and cylindrical surface of
pristine carbon fiber may help us to clearly observe the fine
change of the coatings. Thus, we use same DA/TEOS solution
to treat carbon fiber (T 700SC-12000-50C) and observed the
fine variation of the coatings on carbon fiber before and after
being etched by HF. The SEM images of DA/TEOS-treated
carbon fiber before and after HF etching, as well as the pristine
carbon fiber, are shown in Figure S6 in the Supporting
Information. It is obvious that the coating on carbon fiber
becomes much rough after being etched by HF, indicating the
existence of silica on the outer surface of the hybrid coatings
just as that in sketch map shown in Scheme 2b. Therefore, the
high hydrophilicity of the DA/TEOS-treated MF membrane
should be attributed to the silica on the outer surface of the
hybrid coatings.

Furthermore, the underwater—oil CA of this membrane is
about 155°, demonstrating underwater superoleophobicity
(Figure 9A). The DA/TEOS-decorated commercial MF
membrane also showed excellent antiadhesion to oil. As
shown in Figure 9B, an oil droplet was forced to adequately

A (B)
Qil CA in water
~156¢°

Dynamic underwater oil-adhesion

Figure 9. (A) Underwater—oil contact angle and (B) dynamic underwater—oil-adhesion of the PVDF MF membrane treated by DA/TEOS solution

containing 2.0 mg mL™! of DA and 9.0 mg mL™! of TEOS for 6 h.
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Figure 10. (A) Pure water flux of (a) pristine PVDF MF, (b) PVDF MF membrane treated with DA solution (2.0 mg mL™"), and (c) PVDF MF
membrane treated by DA/TEOS solution containing 2.0 mg mL™" of DA and 9.0 mg mL™" of TEOS for 6 h. (B) Photograph of oil-in-water
emulsion separation driven solely by gravity and separation results of oil-in-water emulsions by DA/TEOS-treated membrane. (C) Flux recovery in
the separation of oil-in-water emulsion over three cycles under 0.09 MPa.

contact the membrane surface and then lifted up. During the
lifting process, the oil droplet remained spherical and no
obvious deformation was observed, revealing the low-oil
adhesion of the DA/TEOS-decorated MF membrane. Because
of the underwater low adhesion of oil, the oil droplet on the
DA/TEOS-treated MF membrane can easily roll off the
membrane surface, and the rolling angle is as low as S°
(Video S1 in the Supporting Information). As shown in Figure
S7 in the Supporting Information, the membrane shows high
adhesion of water (under oil), indicating the higher affinity
between water and the silica than that between oil and silica,
which can explain the underwater superolec;phobicity and low
oil adhesion ability of our membrane.'”** The underwater
superoleophobicity and low oil adhesion ability of the
membrane treated with optimized hybrid coating provided a
good basis for oil-in-water separation with antifouling perform-
ance.

Significantly, the pure water flux of DA/TEOS-treated
porous membrane at 0.9 bar is as high as 8606 L m™> h™",
34 times and 10 times higher than that of pristine and DA-
decorated MF membranes, respectively (Figure 10A). In fact,
the significant improved water flux can be explained by the
almost unchanged pore size and high hydrophilicity of the DA/
TEOS-treated MF membrane. In fact, both the pure pDA
coating and hybrid coating on membrane are very thin, and the
hybrid coatings should be only about dozens of nanometers
according to the SEM images of the cross section of PVDF
membrane (Figure S8 in the Supporting Information) and the
TEM images of the copper grid coated with these coatings
(Figure S9 in the Supporting Information). The thickness value
of the hybrid coating is similar to that of pure é)DA coating that
had been reported by other researchers.”®*® Thanks to the
thinness of these coating, the pore size of PVDF MF membrane
decorated by these coatings remains almost unchanged (Figure
S10 in the Supporting Information). Under this circumstance,
the hydrophilicity of the membrane plays an extremely
important role on deciding the water flux. For DA/TEOS-
treated MF membrane, the hydrophilicity of the membrane is
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much better than that of the DA-treated MF membrane. The
significantly enhanced hydrophilicity can drastically decrease
the water permeation resistance and make water permeate
much more rapidly through the membrane under same
pressure.21’24’3'0 Thus, the DA/TEOS-treated MF membrane
has much higher water flux than the DA-treated MF membrane.
Thanks to the ultrahigh water flux of our membrane, the
separation of oil-in-water emulsions could be gravity-driven
(Figure 10B), and the pure water flux of DA/TEOS-treated
membrane for such an operation was about 140 L m™> h™",
comparable to that of many ultrafiltration membranes under
extra pressure.”® Such separation performance is extremely
attractive for high efficiency, low carbon footprint separations.
Figure 10B showed that the DA/TEOS-decorated porous
membrane removed oil emulsions from a milky white oil-in-
water emulsion (Left) to yield a clear solution of water (Right).
Before filtration, the milky white oil-in-water emulsion
contained 4—14 um oil droplets. After filtration, the filtrate
was transparent and no oil droplets were observed, illustrating
that oil had been successfully removed from the oily water. To
better evaluate the antifouling performance of the DA/TEOS-
treated membrane, we carried out a three-cyclic filtration test
under constant pressure (about 0.09 MPa) (Figure 10C). The
filtration time is 30 min and the amount (volume) of emulsion
passing through the membrane is about 900—1000 mL for
every cycle. And then, the membrane surface is washed by
water to remove the oil cake on the membrane for next cycle.
Different from the flux decline driven solely by gravity Figure
S11 in the Supporting Information), the flux declines sharply in
the first 3 min and then decreases slowly under the constant
pressure (about 0.09 MPa). Such phenomenon may due to the
faster formation of “oil drops cake” under much high
pressure.”>***” Note that the flux of the DA/TEOS-treated
membrane almost recovers the initial flux after rinsing by water,
exhibiting excellent flux recovery. The antifouling performance
of the DA/TEOS-decorated membrane should be ascribed to
the retentive superoleophobicity and low-adhesion of oil under
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Figure 11. Water CA and underwater—oil CA of the DA/TEOS-decorated MF membrane after being (A) rinsed with water using a magnetic stirrer
and (B) bent repeatedly in liquid nitrogen. The two insets are the corresponding schematics of the two different processes. The water contact angle

was recorded after the water droplet on membrane after 2 s.

water containing surfactant (Figure S12 and Video S2 in the
Supporting Information).

The stable and high hydrophilicity, and underwater super-
oleophobicity are very important for the porous PVDF
membrane to separate the oil-in-water emulsion with high
efficiency in long-term operations.”> Therefore, both long
washing treatment and repeated bending in liquid nitrogen
were carried out to investigate the stability of the DA/TEOS-
decorated PVDF MF membrane (Figure 11). The membrane
showed underwater—oil CA of above 150° during the long
washing process (Figure 11A), indicating that it could
withstand continuous and drastic scouring without losing
underwater superoleophobicity. Moreover, as shown in Figure
11B, the porous PVDF membrane retained underwater
superoleophobicity even after repeated bending in liquid
nitrogen, disclosing the excellent durability of the hybrid
coating.

4. CONCLUSIONS

In conclusion, a novel and economical one-step method to
fabricate “water-removing” porous polymer membrane for
highly efficient and eco-friendly oil-in-water emulsion separa-
tion is discovered via simultaneous polymerization of DA and
hydrolysis of TEOS. In this mussel-inspired one-step process,
hybrid coatings were formed. By finely tuning TEOS content
and reaction duration, the mussel-inspired hybrid coating
rendered PVDF microfiltration membranes with exceptional
high hydrophilicity and underwater superoleophobicity with
low oil adhesion, endowing the membranes with ultrahigh pure
water flux (8606 L m™> h™" only under 0.9 bar), and gravity-
driven oily emulsion separation functions (filtrate flux of 140 L
m~> h™') with excellent antifouling ability to oil. Even after
long-term water rinsing or even repeated bending in liquid
nitrogen, the modified PVDF microfiltration membrane still
retained high hydrophilicity and underwater superoleophobic-
ity, disclosing the excellent stability of the hybrid coatings.
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