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ABSTRACT: Tungsten oxide coated mesh has been fabricated
by a simple and inexpensive method. This coated mesh has a
dual structure on the surface, consisting of microscale “flower”
and nanoscale acicular crystal as the “petal”. Combining the
micro/nano structure of the surface and the native hydrophilic
property of tungsten oxide, the coated mesh shows special
wettability: superhydrophilic in air and superoleophobic under
water. Because of the special wettability, such a mesh can be
used to separate oil/water mixtures as well as emulsions.
Attributed to the good water adsorption capacity of tungsten
oxide, the abundant grooves of the micro/nanostructure, and
the microsized pores of the surface, this coated mesh can
accomplish the demulsification process and the separation
process in one single-step, and no further post treatment is
needed. As an “emulsion breaker and separator”, this kind of mesh gives another idea of emulsion separation, which has
prospective application in industrial fields such as water treatment and petroleum refining.
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■ INTRODUCTION

Water pollution is happening every day since industrial waste,
household waste, and leakage accidents such as petroleum spills
keep doing damage to our environment, thus making water
treatment an important and urgent issue in the present
world.1−5 Among several methods for solving water pollution,6

materials with special wettability used for oil/water separation
are widely developed, since the first mesh with super-
hydrophobic and superoleophilic surface was used to separate
oil/water mixtures,7 which provides a new idea for making use
of the special wettability in polluted water remidiation.8−23

Many materials were found to have the special wettability of its
nature, and for the sake of much broader applications, more
and more materials have been designed and synthesized to
accomplish a particular combination of special wettabilities,
such as superhydrophilic and superoleophobic.24−28 Most of
these materials are organic hydrogel and polymers, such as
polyacrylamide, which was first introduced as a water-favoring
material. But there is a main disadvantage of this kind of
material: as the hydrating process going on, the hydrogel
becomes soft and easily swept by liquid flow, and the mesh lost
its water-favoring property. Inorganic material was then taken
into consideration. Metallic oxide, for example, a Cu(OH)2
nanowire coated copper mesh, was prepared with a surface
oxidation method.29 The water-favoring property of such a
material is based on the hydrophilicity and the nanoscale
structure. Compared with organic hydrogel, inorganic metallic

oxide coated meshes show no shape change between water
adsorption and desorption. Thus, they will be stronger than
polymer hydrogel, making the mesh more stable in liquid flow.
After several cycles of separation, the mesh could still maintain
its water-favoring property. More and more novel materials
with potential for special wettability, like graphene, have also
been used for water/oil separation.30−32

However, these kinds of separations are based on the phase
separation mechanism, according to which water and oil are
totally in different phases, and there is always a clear interface
between them. Therefore, separation of an emulsion, a complex
oil/water mixture without a clear interface, is still a
challenge.33−36 Among the traditional demulsification methods,
powderlike demulsifier is often used, where the process usually
contains three steps: mixing, breaking, and separating. The
powder is first mixed with the emulsion to break it, and then
the powder is separated from the solution by centrifugation or
gravity. These steps make the demulsification and the
separation process very complex, especially in the treatment
of a large amount of emulsion. Meshes that can be used in
emulsion filtration will reduce the steps of separation and
simplify the after-treatment process. Different from the mesh
used in oi/water separation, a smaller pore size is required and
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the surface structure becomes a much more important factor
for separation of emulsions. Therefore, the preparation of such
a mesh, whether using organic or inorganic material,37,38 is
always a complicated process.
Here we’ve prepared a tungsten oxide coated mesh with a

simple hydrothermal method. This coated mesh has pores of
near 10 μm, on which the tungsten oxide crystal has formed a
hybrid flowerlike microstructure and a petal-like nanostructure.
The mesh shows good water-favoring property with a water
contact angle (WCA) of 0° and an underwater−oil contact
angle (OCA) above 150°, indicated that the mesh has the
property of superhydrophilic and underwater superoleophobic.
This special wettability offered the mesh possibility in
application of oil/water separation. As a result, water could
pass through the mesh smoothly while oil could not.
Furthermore, tungsten oxide has good ability in demulsification
of water−oil emulsion, where the emulsion was broken after
permeating through the mesh. Turbid emulsion was poured
upside the mesh and clear solution was collected downside.
This emulsion separating process just contains one step, which
gives a more efficient tool to be used for water treatment.

■ EXPERIMENTAL SECTION
Materials. Ethanol and acetone (Dongfanglongshun Co. Ltd.,

Beijing, China), sodium tungstate and oxalic acid (Sinopharm
Chemical Reagent Co., Ltd., Beijing, China) were used as purchased.
All the reagents were of analytical grade.
Preparation of Tungsten Oxide Coated Steel Mesh. The

original steel mesh as substrate was rinsed sequentially with deionized
water and acetone, and dried at room temperature. Then the mesh was
cut into 5 × 5 cm2 pieces. 0.025 mol sodium tungstate were first
dissolved in 25 mL deionized water. Hydrochloric acid (2 mol/L) was
added into the solution drop by drop until the pH reached 2.0. The
solution was then diluted to 250 mL, and 3.15 g of oxalic acid was
dissolved in the solution to form a stable tungsten oxide colloidal
suspension. This suspension was to be used as reaction liquid in
further hydrothermal process. The steel mesh as prepared was
immersed in the tungsten oxide colloidal suspension, and moved into a
high pressure reactor, heated to 180 °C for 4 h. After the reaction, the
mesh sample was picked from the mixture and rinsed with deionized
water and acetone. Finally, the mesh was dried at room temperature
for further characterization and experiment.
Instrumentation and Characterization. SEM images were taken

with JEOL JSM-7500 scanning electron microscope. XPS pattern was
characterized with a Thermo Escalab 250Xi spectrometer using an Al
Kα X-ray source with 1486.6 eV voltage, and XRD pattern was
characterized with a Bruker D8-advanced X-ray diffractometer with 40
kV voltage and 40 mA current. Contact angle was measured using a
Dataphysics OCA-20 contact angle analyzer, 3 μL of 1,2-dichloro-
ethane was used as the oil droplet.
Oil/Water Separation Experiments. The oil/water separation

experiments were performed by the as-prepared tungsten oxide coated
mesh. The mesh was predrying before fixed. The mesh was fixed by
two polytetrafluoroet hylene (PTFE) clamps, and two glass tubes were
fixed on each side. The mixture of oil (n-hexane dyed by oil red) and
deionized water (50 v/v%) was poured into the glass tube. The
separation process was driven by gravity only.
Emulsion Separation Experiments. The one-step breaking and

separating experiments were performed by the as-prepared tungsten
oxide coated mesh, using the same devices in the oil/water separation
experiment above. Toluene and water were first mixed with an
ultrasonic cleaner (100:1 v/v) to form a stable water-in-oil (W/O)
type emulsion, and then poured into the glass tube. The separation
process was also driven by gravity only.

Figure 1. SEM images of the tungsten oxide coated mesh: (a) steel
mesh covered with tungsten oxide; the inset is a typical photograph of
the mesh; (b) high-magnification view of the flowerlike micro/
nanostructure of the as-prepared mesh.

Figure 2. XRD spectrum and XPS pattern of the tungsten oxide
coated mesh: (a) XRD spectrum of the tungsten oxide coated mesh;
(b) XPS pattern tungsten oxide coated mesh.
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■ RESULTS AND DISCUSSION
Morphology of the Tungsten Oxide Coated Mesh. As

the scanning electron microscopy (SEM) image shows (Figure
1a, b), the surface of the steel wire was nearly blocked by
tungsten oxide. The original line texture of the steel wire could
not be observed, which means near 100% percent of the surface
was covered. The photograph in Figure 1a shows a typical
image of the mesh, which indicates that the stainless steel mesh
was thoroughly covered by tungsten oxide, and we could hardly
observe pores in a macro view of the mesh. The pore size of the
as prepared mesh was about 10 μm, which was slightly larger
than traditional microporous membrane. The small pore size

made it easy for the mesh to adsorb small water droplet in the
emulsion. In a smaller scale (Figure 1b), the tungsten oxide
nanocrystal has formed flowerlike structure with needlelike
petals. Microscale flowers and nanoscale needles have
combined to form a micro/nano hybrid structure on the
mesh’s surface. This kind of structure was the main reason for
the mesh’s special wettability.

Chemical Composition of the Tungsten Oxide Coated
Mesh. To verify the composition of the mesh’s surface, an X-
ray diffraction (XRD) characterization was performed. In the
XRD pattern (Figure 2a), the peaks highly match the values of
the standard card (JCPDS card No. 85−2459), with space
group P63/mcm and lattice parameters of a = 7.3242 Å, b =
7.3242 Å, c = 7.6624 Å, β = 90.000°, and no other diffraction
peaks were observed, which indicates that the mesh is well-
covered by tungsten oxide crystal. An X-ray photoelectron
spectroscopy (XPS) was also performed. In the XPS pattern
(Figure 2b), peaks of tungsten, oxygen, and pollutant carbon
were observed by scanning bonding energy from 0 to 1000 eV.
The two main peaks at 284.8 and 530.4 eV are marked with C
1s, O 1s, and other four main peaks at 36.80, 260.4, 246.8.9,
and 426.8 eV are marked with W 5p, W 4d3/2, W 4d, and W
4p, respectively, which also indicates that the steel mesh was
covered by tungsten oxide instead of other components.
Furthermore, there is no iron’s peak in the XPS pattern, and

Figure 3. Contact angle of the tungsten oxide coated mesh: (a)
photographs of water droplets on the surface of the mesh in air; (b)
photographs of oil droplets on the surface of the mesh under water.

Figure 4. Oil/water separation studies of the tungsten oxide coated
mesh: (a) deionized water and n-hexane dyed with oil red was mixed
before separation; (b) water penetrated the mesh while n-hexane was
blocked in the upper tube after separation; (c) water concentration of
the oil/water mixture before separation and the oil filtered after
separation.

Figure 5. Breaking and separating emulsion experiment of the
tungsten oxide coated mesh: (a) Water concentration of the clear
filtered and the separation efficiency of tungsten oxide coated mesh for
a selection of oils; the inset is the W/O emulsion formed by toluene
and water before separation and the purified filtrate after separation.
(b) Water capture percentage of tungsten oxide coated mesh and
original bare mesh as a function of mesh number.
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XPS has a scanning depth less than 10 nm commonly, from
which we could speculate that the surface of the steel mesh was
thoroughly covered by tungsten oxide crystal.
Wettability Properties of the Tungsten Oxide Coated

Mesh. As reported,32 a rough surface composed of micro and
nanostructures could significantly amplify the wettability, which
could make a hydrophilic surface superhydrophilic as well as
make a hydrophobic surface superhydrophobic. In our work,
tungsten oxide is hydrophilic as a traditional metallic oxide.
After the micro/nano hybrid structure was formed, the mesh
achieved its superhydrophilic property. In the contact angle
(CA) measurement, when a water droplet touched the mesh, it
could quickly spread in less than one second, showing a water
contact angle (WCA) of 0° (Figure 3a), which is a proof of the
mesh’s superhydrophilic property. To examine the mesh’s
wettability of oil, it was first immersed in water, then a 1,2-
dichloroethane droplet was moved vertically downward until it
was contacted the mesh. The oil droplet could totally not
infiltrate into the mesh, and the result showed an oil contact
angle (OCA) of 160° (Figure 3b), larger than 150°, which
means that the mesh was superoleophobic underwater.
This superoleophobic property is believed to be attributed to

the water-favoring property of the tungsten oxide coated mesh.
After the mesh was immersed in water, water could be trapped
in the hierarchical structure. The trapped water acted as the
repulsive phase to prevent the oil droplet from contacting with
the mesh directly, thus the oil droplet could not spread. In
summary, the superoleophobic property of the mesh is
contributed by both the micro/nanohybrid structure and the
hydrophilicity of tungsten oxide. For this kind of system, the oil
contact angle could be expressed by the Cassie−Baxter
equation

θ θ′ = + −f fcos cos 1

It could be obtained by dividing the visual surface area by the
actual surface area (including the surface area in the hierarchical
structure). f is a function of the surface roughness. θ′ is the oil
contact angle on a smooth surface underwater and is the oil
contact angle on a rough surface underwater. In our work, the
surface of the mesh is very rough because of the hierarchical
structure of tungsten oxide. Thus, f could be very small near 0,
and cos θ′ is near −1, which means θ′ could be very large.
When θ′ is larger than 150°, the surface is superoleophobic
under water.

Oil/water Separation Using the Tungsten Oxide
Coated Mesh. Because of the mesh’s special wettability of
superhydrophic and underwater superoleophobic, it could be
utilized for oil/water separation. The water-favoring property
guaranteed that water could quickly spread and pass through
the mesh. The superoleophobic property also infers that oil will
be retarded after water flows down. Our experimental result
confirmed this assumption. As shown in Figure 4a, b, the
mixture of oil (n-hexane dyed with oil red) and water was
poured into the glass tube. Because of a higher density, water
phase first permeated through the mesh and the mesh was
totally soaked with water. The oil phase was then retarded
upside the mesh, and the whole separation process was
successfully completed. After the separation, water was
collected in the beaker downside, while oil was retarded in
the glass tube upside. The water concentration of the filtered oil
is less than 130 ppm, as shown in Figure 4c, which indicated a
high efficiency of the oil/water separation.

Emulsion Separation Using the Tungsten Oxide
Coated Mesh. The as-prepared tungsten oxide coated mesh
was further used for breaking and separating stable water-in-oil
(W/O) type emulsion. Using the same device shown in Figure
4a, the emulsion (formed of toluene and water) was poured
into the glass tube. With no repulsive water phase, toluene
could spread and pass through the mesh slowly. During the
permeation process, the small water droplets in the emulsion
were captured by the flowerlike structure tungsten oxide with
hierarchical structure, and clear toluene flowed down and
passed through the mesh. As shown in Figure 5a, the emulsion
was successfully broken and separation by the mesh just in one
step. A series of emulsion were prepared to test the separation
capability. The water concentration is below 240 ppm for all
results, indicating a separation efficiency higher than 99.90%.
The water-favoring property was characterized by measuring
the increased weight tungsten oxide, a steel mesh with a mesh
number of 400 could maintain water more than half of its
weight, whereas a bare stainless steel mesh could only maintain
25% (Figure 5b). The growth of tungsten oxide has
significantly increased the mesh’s water-favoring property.
This property makes the mesh easily capture small water
droplets. As shown in Figure 6, when the emulsion passed by,
water droplets were captured by the micro/nanostructure
formed of tungsten oxide, whereas oil spread on the mesh’s
surface, and the emulsion was then broken. The efficiency of

Figure 6. Schematic process of one-step breaking and separating emulsion by tungsten oxide coated mesh.
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demulsification benefited from both the water favoring property
and the hierarchical structure on the mesh’s surface.

■ CONCLUSION
We’ve successfully prepared a tungsten oxide coated stainless
steel mesh with a simple hydrothermal method. Tungsten oxide
has formed flowerlike structure on the steel wire’s surface with
microscale flower and nanoscale petal. This structure attributes
the mesh with good water-favoring property. It is super-
hydrophilic in the air and superoleophobic under water. This
special wettability makes the mesh able to be applied in oil/
water separation, in which water could pass while oil could not.
Furthermore, the mesh could also be used in emulsion
separation. After permeating through the mesh, turbid emulsion
becomes clear. This mesh has prospective applications in water
treatment, especially in oil purification and demulsification.
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