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Fabrication of Superhydrophobic and
Superoleophilic Polystyrene Surfaces
by a Facile One-Step Method
Cheng-Wei Tu, Chia-Hua Tsai, Chih-Feng Wang,
Shiao-Wei Kuo, Feng-Chih Chang*
A facile one-step method has been developed to prepare both superhydrophobic and super-
oleophilic surfaces of polystyrene (PS) without any chemical modification. A rough film
consisting of micro-bead and nano-fiber mixed structures is formed by spraying a PS solution
onto a large area and any type of substrate.
The mixed structures with such unique wett-
ability properties can be used in oil/water
separation and as oil sorbents.
Introduction

The wettability of a solid surface is an important property

of materials in industrial, environmental, and biological

applications.[1] During the past few decades, superhydro-

phobic surfaces with water contact angles (CAs) larger

than 1508 have found numerous potential practical
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applications, such as self-cleaning surfaces, prevention

of the adhesion of snow, and others.[2] In general, both

surface chemistry and roughness can affect the wettability

of water and oil. The water CA on a smooth surface of a

hydrophobic material is typically in the order of 100 to

1208,[3] but can reach values higher than 1508 with

roughness or hierarchical micro/nano-structures.[4,5] For

example, the water CA of the natural lotus leaf can be

higher than 1608 because of its waxy coating with rough

surface, and it is able to trap air between the water

droplets and the wax crystals at the plant surface to

minimize the contact area.[6,7] Inspired by self-cleaning

lotus leaves, superhydrophobic surfaces have been pre-

pared by using various methods such as fractal surface,[4]

plasma treating polymer surfaces,[8–10] functionalizing

roughened substrates with perfluoroalkyl groups,[11]

densely packing aligned carbon nanotubes,[6,12,13] self-

assembled monolayers of n-alkanoic acids on electroche-
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mically deposited copper films,[14] and other approaches.[15]

However, the drawbacks of these fabrications include that

they are too complicated, expensive, time-consuming, and

restricted to only certain types of substrates.

In order to overcome these disadvantages, a great deal

of effort has been put towards simplifying the process

by employing low-cost commercially available polymers.

Erbil et al. described a superhydrophobic film with a rough

surface of poly(propylene) formed by proper selection of

solvents and temperatures.[16] Jiang et al. reported the

preparation of microsphere/nanofiber superhydrophobic

polystyrene films by a simple electrospinning method.[17]

They also reported that both superhydrophobic and a

superoleophilic film can be fabricated by using the

block-like structure of a poly(tetrafluoroethylene) film.[18]

In addition to the superhydrophobic surface, the oil/

water separation process and water preservation are also

important for various applications in industry as well as

daily life. Among the main existing technologies, the use of

a sorbent is important to induce separation of oil and

water such that the oil can be easily recovered.[19] The

sorbent for such a purpose should possess a high oleophilic

and hydrophobic property.

Herein, we report a novel simple one-step procedure to

produce superhydrophobic and superoleophilic polysty-

rene (PS) films by an airbrush method. PS is a commercial

polymer with slight hydrophobicity and oleophilicity and

possesses a water and oil CA of 93� 2.58 and 6� 2.78,
respectively. An airbrush is a common tool for artists when

creating spray paints. The fact that sprayed liquid jets of

macroscopic dimensions break up into fine droplets has

been of great scientific interest and application.[20] In this

study, the water CA on this airbrush produced film is

found to be larger than 1508, and the diesel oil CA is 08,
respectively. These superhydrophobic PS films are cheap,

facile, and fast to process, suitable for any type and shape

of substrate. Furthermore, they can also be used for oil/

water separation as well as for an oil sorbent.
Experimental Part

PS with an Mn ¼181 000 and PDI¼ 1.78 was purchased from

Chi-Mei Corp, Taiwan, which was reprecipitated from methanol

by dissolving in tetrahydrofuran (THF), and then dried in a
Table 1. Solution concentrations, operating parameters, water conta

Concentration Flow rate Spraying time Con

wt.-% mL � sS1 s

2.0 0.2 25.0 1

4.0 0.2 10.0 1

10.0 0.2 5.0
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vacuum oven at 60 8C for 12 h. To prepare the superhydrophobic

films, PS was first dissolved in THF solvent at various concentra-

tions of 2, 4, and 10 wt.-%. The polymer solution was fed into a

receptacle of an airbrush, and then sprayed evenly on a sheet glass

(area of 100�100 mm2) with dry compressed air (100 kPa). The

flow rate of the polymer solution spraying on the subject was

controlled at 0.2 mL � s�1 and the distance between the nozzle and

substrate was set at 150 mm. The total amount of PS sprayed on

the substrate was ca. 0.1 g and the spraying time was dependent

on the polymer solution concentration. The operating parameters

are summarized in Table 1. The test of the sorption of oil is based

on a literature procedure.[21] Into a beaker that contained 500 mL

of water at room temperature, the pollutant (diesel oil, 140 mL)

was poured to obtain a layer of about 1cm above the water. The PS

film (1 g) made from a 10 wt.-% solution was placed on the

pollutant. The PS film was left to drip for 20 min and weighed

after sorption. The morphologies of the polymer surfaces were

characterized by scanning electron microscopy (SEM) (JOEL JSM

6500F Tokyo, Japan). Contact and sliding angles were measured on

a Krüss GH-100 contact angle goniometer at ambient temperature

by injecting a 5 mL water droplet. All reported contact angles are

the average of six measurements.
Results and Discussion

Figure 1a displays the SEM image of the airbrushed PS film

morphology prepared from a 2 wt.-% solution of PS in THF,

which shows a rough surface with many polymer droplets.

This film possesses randomly distributed irregular micro-

beads (diameters ranging from 0.5 to 7.0 mm) and some

nano-fibers around the polymer beads (average dia-

meter¼ 75 nm). The irregular hollow structures of these

beads and nano-fibers on the surface can be clearly

observed from an enlarged view shown in Figure 1b. These

micro-beads and nano-fibers are formed by two stages

during the spraying process. During the first stage, the

surface tension tends to break the solutions of the polymer

jets into fine droplets as a result of Rayleigh instabil-

ity.[22–24] The fast evaporation rate of the THF in the

solution droplets leads to a time-dependent non-uniform

concentration and a temperature gradient on the way to

the substrate surface.[25] During the second stage, the outer

shell of these polymer droplets solidifies and the residual

solvent evaporates out of the droplets, which causes the

droplets to wrinkle, crumple, and shrink to form irregular

particles where the solvent rich regions are transformed
ct angles, and the morphologies of the airbrushed PS film.

tact angle Main morphology Sub-structure

13W 1.3- Rough films Beads and fibers

55W 1.6- Beads and fibers Rough films

�140- Fibers Beads
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Figure 1. SEM micrographs of the airbrushed PS film prepared from the solution concen-
trations of a) 2, c) 4, and e) 10wt.-% PS; b), d), and f) are themagnification corresponding to a),
c), and e), respectively.
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into pores. In addition, the portion of the polymer solution

with locally high concentration possesses sufficient chain

entanglements and high viscosity. This reduces the

breakup rate of the solution jets, which is lower than

the solvent evaporation rate, and results in nano-fibers on

the pathway.[20,26] The water CA (�1138, Figure 2b) on the

resultant mixed structures that consist of few micro-beads

and nano-fibers is slightly higher than that of the

spin-coated smooth PS film (�938, Figure 2a). However,

this CA value remains too low to be classified as a

superhydrophobic surface.

The solution viscosity increases from 2.36 to 6.44

centipoises as the solution concentration increases from

2 to 4 wt.-%. The higher solution viscosity further promotes

the number of the chain entanglements and changes the

flow behavior. The resultant morphology shows that more

beads and fibers coexist, as shown in Figure 1c and 1d. This

morphology is similar to, but more irregular than, the
Macromol. Rapid Commun. 2007, 28, 2262–2266
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reported morphology obtained by

the electrospinning method.[17,27–31]

This mixed structure gives a water

CA of �155� 1.68 (Figure 2c) and a

sliding angle of �68, which indicates

that the film is rough enough to trap

air between the water droplets and

the PS surface.

As the solution concentration

further increases to 10 wt.-%, the

viscosity of the solution quickly

increases to 48.80 centipoises. The

resultant morphology shows net-

work structures that contain longer

and thicker fibers with diameters

ranging from 170 to 410 nm. Poly-

mer particles have nearly disap-

peared, as shown in Figure 1e

and 1f, which indicates that the

solution viscosity and chain entan-

glement are both high enough to

create a long thread without break-

ing up into droplets before solidify-

ing on the surface. The photo image

of the water CA on such a film with

nano-fibers is shown in Figure 2d.

Since the water droplet is partially

sunk into the film surface, the

boundary between the water and

substrate is unclear, and thus the

water CA can not be measured

accurately. However, the water CA

can still be estimated at �1408. A

water droplet is still unstable on

this film and spontaneously rolls off

with a sliding angle of 108.

According to Cassie’s law for surface wettability,[32]

hydrophobicity is related to the contact area between

the water and the material. The contact angle uc for a

heterogeneous surface can be expressed as follows:
cos uc ¼ f1 � cos u1 � f2 � cos u2 (1)
where f1 and f2 are the surface area fractions of compo-

nents 1 and 2, respectively. u1 and u2 are the contact angles

of the flat film of components 1 and 2, respectively. When

component 2 is air with a water CA of 1808, Equation (1)

can be expressed as Equation (2):
cos uc ¼ f1 � cos u1 � f2 ¼ f1 � ðcos u1 � 1Þ � 1 (2)
This equation predicts that increasing the fraction of

the air ( f2) can also increase the contact angle of the

film. Given the CA of a smooth PS surface, the f1 of
DOI: 10.1002/marc.200700447
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Figure 2. a) Profile of water drops on a smooth PS film, b), c), and d) are the images of water droplets on the airbrushed PS film prepared from
the solution concentrations of 2, 4, and 10 wt.-%, respectively.
the airbrushed film made from a 4 wt.-% (CA¼ 1558)
concentration solution is calculated to be 0.057, which

indicates that the contact area fraction of the water and

the airbrushed PS film is very low. Therefore, the water is

mainly sustained by an air cushion. The airbrushed film

that contains micro- and nano-scale mixed structures can

be regarded as a heterogeneous surface.

Compared with the water CA on these airbrushed

films, the observation of the oil CA can be explained by

Equation (3) derived from Wenzel, which describes a liquid

droplet on a rough solid surface.[33]
Macrom

� 2007
cos uw ¼ r � cos u0 (3)
where uw is the equilibrium CA on a rough surface, u0 is the

intrinsic CA on a smooth surface, and r is the roughness

factor. The ratio of the true surface area A (taking into

account the peaks and the valleys on the surface) to the

apparent surface area A0 is defined as the roughness

factor¼A/A0. This equation indicates that in the Wenzel

oleophilic state, the surface oleophilicity can be enhanced

by increasing the surface roughness, and the oil droplet

can penetrate into the surface cavities. Since polystyrene is

an oleophilic material and if the surface is in the form of a

mixed micro-bead and nano-fiber structure, these films
ol. Rapid Commun. 2007, 28, 2262–2266
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show superoleophilicity if the concentration of the pre-

pared solutions are higher than 4 wt.-%. The diesel oil can

be totally wetted through the capillary force between the

gaps among these PS particles or fibers. Therefore, these PS

fibers can function as an oil sorbent. In our experiment, the

sorption capacity of these PS fibers (weight of pollutant

taken up by one gram of sorbent) can reach up to 21.6 g per g

of sorbent.

In addition, the PS fiber coating on a stainless steel mesh

can serve as oil/water separator. A 10 wt.-% PS solution

was sprayed evenly on a steel mesh (pore diameters:

300 mm). At this concentration, the solution viscosity is

high enough to generate network structures of dense PS

fibers on the steel mesh without forming thin films and

blocking up the pores of the mesh. The mesh, moreover,

can be made from many kinds of materials with differing

pore diameters, and acts as a scaffold to prop the PS fibers

and reinforce the structures. With such a special wet-

tability of the network fibers spread on the steel mesh, oil

droplets can fully wet the rough PS surface by capillary

forces and then penetrate the steel mesh by gravity force.

When the oil enters the gaps of these fibers, component 2 in

Equation (1) is replaced by the oil, and the water CA is

reduced to about 1108 on the surface of the oil-wetted PS

fibers, as shown in Figure 3a. However, the water is still
www.mrc-journal.de 2265
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Figure 3. a) Optical image of a 100 mL water droplet on the
dual-layer filter mesh. It has a lower water CA on the oil-wetted
PS surface (left) than on the unwetted PS surface (right). b) The
separation of diesel oil and water was efficient with the dual-
layer filter mesh (water was stained with black ink).

2266 �
isolated by the network structures of the PS fibers.

Therefore, this dual-layer filter mesh can be applied to

separate oil and water (Figure 3b) and the separation

efficiency of water and diesel oil is calculated to be up to 95

wt.-%.
Conclusion

We have demonstrated a convenient method to fabricate

a superhydrophobic and superoleophilic PS film that

consists of a mixture of micro-bead and nano-fiber

structures. The morphology of this airbrushed film is

more irregular, but the cost is less and fabrication is faster

than that prepared by the electrospinning method. The

network structures of the PS fibers can act as an oil sorbent

and can separate water and diesel oil. It is believed that

the simple airbrush method described here is suitable to

prepare large area and different shapes of superhydro-

phobic surfaces from various materials, and wide indus-

trial applications are anticipated.
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