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ABSTRACT: A highly efficient mesh for oil/water separation was
fabricated by using a superhydrophobic and superoleophilic coating of
thiol−ene hybrid, consisting of pentaerythritol tetra(3-mercaptopropio-
nate) (PETMP), 2,4,6,8-tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane
(TMTVSi), and hydrophobic fumed silica nanoparticles, via a simple
two-step fabrication process. Spray deposition and UV curing photo-
polymerization were sequentially performed, during which solvent
evaporation provides microscale roughness while nanoparticle aggregation
forms nanoscale roughness. The hierarchical morphologies were stabilized
after UV curing photopolymerization. High contact angle (>150°) and
low roll-off angle (<5°) were achieved due to the multiscale roughness
structure of the hierarchical morphologies. These coatings also have
excellent chemical resistance, as well as temperature and pH stability, after
curing.

KEYWORDS: thiol−ene chemistry, superhydrophobic, superoleophilic, oil/water separation, spray-coating, UV-curing,
silica nanoparticles

■ INTRODUCTION
Superhydrophobicity, defined as a contact angle higher than
150° and a roll-off angle smaller than 10°, was first discovered
from the surface of lotus leaves,1−3 where it was observed that
water can roll around without wetting the surface. Since then,
superhydrophobicity has gained plenty of interest from many
researchers. The Cassie−Baxter model and the Wenzel
model4−8 were developed to calculate the contact angle on
different substrates, according to which the relative magnitude
of the surface tension between the substrate and the liquid
determines the wettability of the surface. The roughness
structure further enhances that wettability, for example, a
hydrophobic surface will become superhydrophobic, while a
hydrophilic surface will become superhydrophilic. Surfaces that
are extremely repellant against water have special properties
that give rise to potential applications in many fields. For
example, corrosion9,10 is normally caused by the oxidation of
metal by oxygen dissolved in water, the diffusion of which can
be prevented by making the surface or coating super-
hydrophobic and thus preventing the corrosion process. Most
superhydrophobic materials have a self-cleaning effect,11−14 in
which the water droplet, while rolling off, automatically takes
away dust on the material’s surface. There have been a number
of techniques developed for the fabrication of superhydropho-
bic surface. Chemical etching is commonly used on metal
surfaces where etching processes provide surfaces with
microscale roughness structure. Zhang et al.15 has reported a
highly robust superhydrophobic surface by using HCl to
chemically etch aluminum alloy substrates followed by spraying
coating of hydrophobic nanoparticles. Electrodeposition has
also gained a lot of attention from many researchers because of

its flexibility by controlling the applied voltage. De Leon et al.16

has fabricated a superhydrophobic coating on stainless steel by
combined colloidal templation and electropolymerization of a
thiophene-derivative. The hierarchically structured polythio-
phene coating along with its redox capability gave the stainless
steel substrate with superhydrophobicity and excellent
corrosion protection.
Both superhydrophobicity and superoleophilicity can be

imparted simultaneously by controlling the surface tension and
the roughness of the substrate.4−8 These surfaces have potential
applications in separating oil from water.17−20 Water is blocked,
while oil can easily pass through the mesh with super-
hydrophobic and superoleophilic coating. Separation of oil
from water is greatly valuable in the oil and gas industry for
gasoline production and as a solution for cleaning oil spills, to
name a few. Several techniques, including floatation, coagu-
lation, biological treatment, and membrane separation technol-
ogy, have been developed to treat oily wastewater. However,
complex, multistep procedures, expensive processing cost, low
separation efficiency, and secondary pollution still remain
problems with these techniques.21,22 Therefore, a super-
hydrophobic and superolephilic surface gained huge interest
due to its easy production procedures, low cost, high efficiency,
and absence of secondary pollution. Several techniques have
been used to fabricate superhydrophobic and superoleophilic
membranes for oil and water separation. Zhang et al.23 reported
a phase-inversion process where ammonia−water was added as
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an inert solvent additive into the PVDF solution successfully
fabricated a water/oil separating membrane. Lee et al.24

prepared a polystyrene nanofiber membrane by electrospinning
electrically conductive polystyrene solution with nitric acid.
Tang et al.25 reported an in situ polymerized nanofibrous
membrane by dip coating of 2,2-bis(3-octadecyl-3,4-dihydro-
2H-1,3-benzoxazinyl)hexafluoro propane and SiO2 NP sol-
utions onto as-spun poly(m-phenylene isophthalamide) mem-
brane, followed by polymerization at 200 °C. However, these
technique all involved complex procedures and difficult
experimental conditions. Spray coating, on the other hand,
offers a number of advantages because of its applicability on
various substrates, ease, and simplicity.26−28 Nanoparticles can
be dispersed in a polymer matrix and sprayed on the substrate

to fabricate superhydrophobic films with good robustness,
chemical resistance, and thermal stability.
Here, we report a facile two-step coating procedure, which

involves spray coating of inorganic−organic thiol−ene with
hydrophobic silica nanoparticles29,30 on stainless mesh followed
by photopolymerization. The coated stainless steel mesh was
studied for its wetting property and its applicability for oil/
water separation. The high efficiency of chain transfer reaction
and oxygen resistance of the resulting resins29,30 offer thiol−ene
chemistry with highly rapid and ambient-condition reaction
process. Superhydrophobicity/superolephilicity, water/oil sep-
aration efficiency, chemical resistance, thermal stability, and
robustness of the coating on meshes with different aperture
openings were studied.

Scheme 1. Schematic of Spraying Coating of Thiol−ene Resin Followed by UV Curing to Fabricate Superhydrophobic/
Superolephilic Mesh

Figure 1. Coating characterization: (a) IR spectra, (b) XPS survey, (c) XPS high-resolution carbon scan, and (d) TGA analysis of the cured film.
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■ RESULTS AND DISCUSSION

We used a simple two-step approach to coat low surface energy
film with multiscale roughness onto a stainless mesh (Scheme
1). The coating solution consists of pentaerythritol tetra(3-
mercaptopropionate) (PETMP), 2,4,6,8-tetramethyl-2,4,6,8-
tetravinylcyclotetrasiloxane (TMTVSi), and 2,2-dimethoxy-2-
phenylacetophenone (DMPA), hydrophobic silica nanopar-
ticles, all dissolved in tetrahydrofuran (THF). The coating
solution was first spray-coated onto stainless mesh and then
was exposed to UV light for curing. Photopolymerization took
place during UV light curing31,32 which forms a super-
hydrophobic/superoleophilic film with good thermal stability
and chemical resistance.
Before curing, the absorbance of UV light wavelength range

of uncured resin is required which have been characterized by
conducting UV−vis spectrum. In Figure S1, UV−vis spectra of
the uncured solution shows two absorbance peak at 245 and
350 nm. The former is due to the π−π* transition of the
initiator, while the latter activates the Norrish type I α-cleavage
reaction and produces benzoyl radical,33−35 which initiates the
reaction shown in Scheme S1.36−38 Thus, light with a
wavelength of 350 nm was used to cure the superhydrophobic
coating.
After the UV light exposure, FT-IR spectroscopy was

performed to characterize the functional groups present in
the coating before and after curing and to check if the coating
has been successfully cured. The IR spectra of cured film and
pure PETMP, TMTVi, DMPA, and silica nanoparticles are
shown in Figure 1a and Figure S2a. The broad peak in the
range of 904−1317 cm−1 (Figure S2a,c) corresponds to Si−O−
Si symmetric bond, and the peaks at 3067, 1600 cm−1 (Figure
S2a) and 2566 cm−1 (Figure S2b) corresponds to the stretching
of C−H bond, stretching of CC bond of TMTVi, and

thiol group of PETMP, respectively.39−42 In addition, the peaks
at 1738 cm−1 (Figure 1a and Figure S2b,d) correspond to C
O stretching bond. In Figure 1a, the corresponding peak in the
range of 904−1317 cm−1 confirms the incorporation of silica
nanoparticles in the cured film. On the other hand, the
disappearance of the peaks at 3067, 1600, and 2566 cm−1

implies the reaction between CC bond and thiol group,
proving the success of the photopolymerization. To further
confirm the result of IR spectra, XPS spectrum of cured film
was also perfromed. As shown in Figure 1b, peaks at 100.4,
151.2, 162, and 283 eV coressponds to Si 2p and Si 2s of
siloxane and S 2p, C 1s in CO bond, respectively.41−43 Peak
areas indicate the relative amount of the specific elements at the
surface of coated mesh. The relative area of each peak is also
shown in Figure 1b. It can be calculated that the ratio of carbon
to silica on the mesh surface is 1:0.2. The carbon to silica in the
solution is 1:0.2816. The difference implies that there are more
organic coatings on the surface and there are more silica
nanoparticles underneath. Calculation based on molar mass and
ratio of each components indicates that 43.15% of the loaded
nanoparticles are on the surface. The high-resolution carbon
scan is presented in Figure 1c where three deconvoluted carbon
peaks can be observed. The integrated areas are shown beside
each deconvoluted peaks. It is clearly seen that the area of the
peak centered at 286.4 eV, which corresponds to both C−O
bond and C−S bond, is twice that of the peak centered at 288.5
eV, which corresponds to the CO bond. This is consistent
with the structure of PETMP in which the ratio of the C−O,
C−S, and CO is 1:1:1. From the discussions above, we can
conclude that films have been successfully cured on the
stainless mesh after exposure to UV light.
The thermal property of the cured film on the stainless mesh

is of interest because it determines the maximum working

Figure 2. (a) Contact angles of water with different PH value on three different meshes. (b) Contact angles of water with different ionic strength on
three different meshes. (c) Pictures of water bouncing off when dropped on coated mesh.
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temperature that the coated mesh can be used. Thermogravi-
metric analysis was utilized and the thermogram is shown in
Figure 1d. It can be seen from the weight percentage curve that
the coated mesh is composed of 6 wt % polymer coating. Peaks
at 327 and 411 °C can be seen in the weight derivative curve,
which represent two degradation temperatures of super-
hydrophobic coating. These two degradation temperatures
correspond to the breaking of the (1) C−C bond and Si−C
and (2) C−H cleavage, respectively.44 Also, the absence of any
peaks below 200 °C, signifies that there are no water and low
boiling point components (THF solvent) incorporated in the
polymer matrix. The results of the thermogravimetric analysis
shows that the mesh is usable until 300 °C, which has been
further confirmed by measuring water contact angles, as shown
in Table S1, after keeping meshes at 300 °C for 50 min. This
outstanding thermal stability can be explained by the fact that
the cured film has high degree of cross-linking.
To demonstrate that coated meshes are superhydrophobic,

which is essential for water/oil separation, and to demonstrate
that meshes have good chemical resistance so that they can be
applied in various environments, we have conducted experi-
ments of complete immersion of the coated meshes in solutions
of pH 1−14 and of different ionic strengths for 30 min followed
by contact angle using pure, neutral water as the probe. The
measured contact angles are shown in Figure 2a,b. It can be
seen that after complete immersion in different water
conditions for 30 min, all contact angles remain higher than
150°, indicating that films have very good resistance to strong
acid, base, and electrolyte. In Figure 2c, it is shown that

droplets can easily roll off when dropped onto a coated mesh
with a slope of less than 3°, further proving that droplets are
strongly repelled by the coated mesh. The repelling phenomena
can be explained by the Cassie−Baxtel state due to the
multiscale roughness structure of the coated hybrid films, which
are shown in the scanning electron microscopy (SEM) images
in Figure 3. The rough structure provides meshes with enough
trapped air at the surface around the nanoparticle aggregates.
The dropped water cannot penetrate the trapped air and is thus
repelled. This rolling-off behavior of dropped water gives rise to
the self-cleaning capability of the coated mesh. Dust and dirt on
the mesh can be automatically taken away by a water droplet
when it rolls off the mesh. To further confirm the self-cleaning
effect, a demonstration experiment is conducted and shown in
Figure S4.
The surface morphology of the coated stainless steel mesh

was investigated by SEM. Figure 3 shows the SEM images of
the coated and the uncoated mesh. The SEM image of the
uncoated bare mesh (Figure 3a) shows a very smooth surface
and evenly arranged mesh wires across whole surface, while the
SEM image of the coated mesh (Figure 3b) displays a
uniformly coated films with evident rough surface covering the
whole mesh wires. The cross-sectional image in Figure 3c
shows that the mesh is coated thoroughly onto the top of mesh
wires and partially on the top half of the sidewalls of mesh
wires. Multiscale surface roughness can be seen in Figure 3d,
where microscale roughness structure is possibly derived from
fast evaporation of THF during spraying which left pores in the
resin film while the agglomeration of silica nanoparticles

Figure 3. SEM images of mesh with 150 mesh number. (a) SEM image of uncoated mesh. (b) SEM image of coated mesh. (c) Cross section of
coated mesh. (d) High magnification of coated mesh.
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dispersed at the resin film surface provides the micro- and
nanoscale roughness.15 The multiscale roughness structure is
further solidified in the following UV curing process and gives
rise to superhydrophobic wetting behavior demonstrated in
Figure 2.
For the realization of water/oil separation effect, the

superhydrophobicity acts as the closed gate to block water,
superolephilicity is also required to act as open gate for oil to
smoothly penetrate the mesh. To demonstrate the super-
olephilicity, five different oilsdodecane, hexane, cooking oil,
kerosene, and crude oilwere chosen to test the oil wettability
of the coated mesh. All the tested oils showed super-
oleophilicity, characterized by 0° oil contact angle. It can be
seen in Figure 4 that the water droplet (dyed blue for clarity)
remained on the mesh while oil droplets (some are dyed red)
easily pass through the mesh, which indicates the super-
olephilicity of the mesh. After photopolymerization, the surface
energy of the films is lower than that of water but higher than
that of oil.45 The wetting behavior of different oils on mesh is
characteristic of Wenzel wetting state6 that the positive
difference of mesh surface energy to that of oil will result in
the oil wetting the surface.
Due to the simultaneous superhydrophobicity and super-

olephilicity of the film, coated meshes can be used to separate
oil and water. Therefore, we measured the separation efficiency
of five different oils (the same as above) from water by using
different prepared meshes, and results are shown in Figure 5.
Mesh was tested in separating the oil from water. The oil and
water was first mixed to form a bilayer before being introduced

on the coated mesh. The oil that passed through was collected,
and an equal volume of acetonitrile (ACN) was added to it.
Only water, and not the oil, is miscible in acetonitrile. An
infrared spectrum of the ACN, now with the water, was taken
after the ACN and oil layers were completely separated. The
water/dodecane separation efficiency is shown in Figure 5, and
the results of the other oils are shown in Figure S3.
The calibration plot of dodecane/water system was prepared

by taking the IR spectra of acetonitrile (ACN) mixed with
dodecane that contains 0.1, 1, 2, 3, 4, and 5 vol % of water
(shown in Figure 5a) . The calibration plots for other oils are
presented in Figure S3. The spectrum of the ACN mixed with
oil that contains no water was used as the background. The
peak between 3200 and 3700 cm−1 corresponds to the O−H
stretching of the water molecule. Ploting the transmittance at
3600 cm−1 against the concentration of water shows a linear
trend, as shown in Figure 5b. By fitting the transmittance at
3600 cm−1 of the ACN added to the oil that passed through the
mesh in the calibration curve, separation efficiency results can
be calculated. As shown in Figure 5c, it is clear that meshes with
different mesh number all have separation efficiency higher
than 99.85% for the five tested oils. When the concentration of
water in ACN is smaller than 0.2% (separation efficiency higher
than 99.8%), the FTIR curve is almost flat, and the noise is in
the same magnititude with peak at 3600 cm−1. But the
calibration curve is very linear, which makes it appropriate in
estimating the separation efficiency. There is no trend of
efficiency change with different mesh numbers. The absence of
trend partially attributes to the noise but most likely is because

Figure 4. Optical images of water on and five different oil passing through the superhydrophobic-coated mesh.
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the films with different mesh numbers all have reached the limit
of efficiency for the film since it is nearly 100%. Besides, the fact
that noise can be the same magnitutude with identification peak
indicates that the separation efficiency is already higher than
99.8%, above which the trend of efficiency makes no significant
sense.

For separation applications in large scale production, coated
meshes are required to stand large amount of mix liquid
without water penetrating through meshes. This liquid-holding
capacity can be characterized by intrusion pressure. It is
measured by continuously adding water on meshes until water
pressure reaches a threshold, in which water starts penetrating

Figure 5. (a) IR spectrum of water/dodecane separation product in ACN and water with different concentration in ACN. (b) Calibration curve of
IR spectrum for different water concentrations in ACN. (c) Separation efficiency of five chosen oils of meshes with different mesh number. (d)
Intrusion pressure of water for meshes with different mesh number.

Figure 6. Mechanical testing results of three different coated meshes based on ASTM standard testing. (a−c) Digital photographs of one-time
peeling result after the formation of cross-cut grid cross sections of mesh 145, mesh 150, and mesh 400, respectively. (d) water contact angle results
of three different meshes after 2 times peeling.
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the meshes. As shown in Figure 5d, intrusion pressure increases
as the mesh number increases. This is due to the decrease of
areas of openings in the meshes as mesh number increases. For
mesh 145, intrusion pressure reaches 0.764 kPa, while for mesh
400, intrusion pressure reaches 1.758 kPa. The adhesion
strength has also been studied because good adhesion strength
is desired to prevent possible scratches and liquid flowing forces
to damage surface structure. The coated meshes are cut by
sharp razor blade to form cross-cut grid cross sections, followed
by tight tape adhesion covering the grid cross sections for 60 s.
Results of one-time peeling of coatings after removal of the tape
are shown in Figure 6a−c, corresponding to mesh 145, mesh
150, and mesh 400, respectively. According to ASTM D3359-
09ε2, coated films on all the meshes have classification of
adhesion test better than 4B (less than 5% removed), which
reveals excellent adhesion strength. Contact angles have been
measured for meshes with different mesh number after the
peeling of coated films by applying tape adhesion for 60 s for
multiple times. After one-time peeling, as shown in Figure 6d,
contact angles of water on coated films of all meshes are above
150 o, which demonstrated that coated films still maintain
superhydrophobicity, further proving the excellent adhesion
strength of the coating. The fact that the mesh can hold
significant water pressure without failing and high resistance of
peeling by tape demonstrates that the coated mesh is very
robust and very stable. The cross-linking reaction during UV
curing solidifies the film that improves the attachment of film
on mesh wires and stabilizes nanoparticles dispersed at the
surface of the film. Thus, the high solidification curing process
provides film with good robustness. Excellent superhydropho-
bicity and superolephilicity of the mesh are key factors for
excellent separation efficiency. Superhydrophobicity works to
block the water, while superolephilicity works as the open gate
of oil. In addition, good robustness is also required to prevent
nanoparticles on the films flushed away, as well to prevent the
multiscale roughness structure damaged while oil penetrates the
mesh.

■ CONCLUSION
In conclusion, we have successfully fabricated a super-
hydrophobic/superoleophilic mesh with multiscale roughness
structure by a simple two-step approach of spray coating
followed by UV curing. This mesh demonstrates excellent
thermal stability and chemical resistance, with degradation
temperature as high as 327 °C and maintanance of super-
hydrophobicity under strong acid, base, and ionic strength. The
multiscale roughness structure results in Cassie−Baxter state on
the mesh that enough air is trapped at the surface to repel
water. The thiol−ene chemistry leads to cross-linked structure
after UV curing which offers excellent thermal stability and
chemical resistance. In addition, highly cross-linked structure
largely increased the intrusion pressure and adhesion strength,
revealing excellent mechanical property of coated film. Water/
oil separation efficiency reaches up to more than 99.85% which
results from the combination of excellent superhydrophobicity
and mechanical strength.

■ EXPERIMENTAL SECTION
Materials. Chemical reagents were used without further

purification unless otherwise specified. 2,4,6,8-Tetramethyl-2,4,6,8-
tetravinylcyclotetrasiloxane (TMTVSi), 2,2-dimethoxy-2-phenylaceto-
phenone (DMPA), and pentaerythritol tetra(3-mercaptopropionate)
(PETMP) were obtained from Sigma-Aldrich. Aerosil R812S,

hydrophobic fumed silica aftertreated with HMDS based on AEROSIL
300, was kindly provided by Evonik Corporation (Mobile, AL).

Characterization. UV−vis spectra were obtained on an Agilent
8453 spectrometer. Scan electron microscopy analysis was measured
using FEI XL-30FEG SEM equipped with Nanopattern Generation
System. Static water contact angle was done using a CAM 200 optical
contact angle meter. FTIR spectroscopy measurements was done with
Digilab FTS 7000 ATR rapid scan spectrometer in transmittance
mode. XPS data was acquired using a Physical Electronics 5700 X-ray
Photoelectron Spectrometer with a monochromatic Al Kr irradiation
X-ray source (hν = 1486.7 eV). Photoelectrons were collected at
takeoff angle of 45° from the surface with a hemispherical energy
analyzer. Thermogravimetric analysis were recorded on TA Instru-
ments, TGA 2950. Coated meshes were heated up to 800 °C with a
heating rate of 15 °C/min.

Coating Preparation. Coating solutions were prepared by
combining TMTVSi and PETMP with stoichiometric ratio of 1:1 as
the thiol−ene resin, along with DMPA as the photo initiator (0.005:1
w/w initiator/resin) and hydrophobic silica nanoparticles (Aerosil
R812S; 0.3:1 w/w nanoparticles/resin) to be dispersed in THF (15:1
w/w solvent/resin) and then by ultrasonication for 15 min. Stainless
meshes with mesh numbers 145, 150, and 400 were precleaned in
acetone by sonication for 5 min. As-prepared solution was spray
coated onto precleaned meshes by an airbrush connected to an air
compressor. The coated meshes were cured under UV lamp (20 mW/
m2) for 5 min and were subsequently dried in the oven at 60 °C for 30
min to completely remove the THF residue.
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