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ABSTRACT: Here, we reported the preparation of hydrophobic mesh films by coating conductive polymers including polyaniline and

polypyrrole (PPy) onto stainless steel grid through a simple electrodepositing process by combination with modification of hydropho-

bic materials. The hydrophobic mesh films can be used for continual separation of oils and organics from water with high selectivity.

Furthermore, mesh film with reversible switching wettability from hydrophobicity to hydrophilicity can be obtained by electrodeposit-

ing of PPy in the presence of perfluorooctanesulfonate dopants at different electric potential, which makes it possible to prepare func-

tional mesh materials with remotely controllable surface wettability for selective absorption and purification. VC 2014 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 2014, 131, 40759.
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INTRODUCTION

Great efforts have been devoted to the exploiting effect materials

or technology for removal of oils and organic contaminates

from water owing to the global scale of severe water pollution

arising from oil spills and industrial organic pollutants. The tra-

ditional approaches for cleanup of oil spills or organic contami-

nates typically involve the use of oil booms, barriers, and

skimmers. However, obvious drawbacks of these materials rely

in their hydrophilic nature with low absorption selectivity. To

address these issues, superhydrophobic absorbents such as

sponges,1–5 activated carbon,6–9 inorganic membrane,10 micro-

porous polymers,11,12 macroporous gels,13 and cross-linked

polymer gels14–17 were developed, which have been reported to

possess excellent absorption selectivity, large absorption

capacity, and recyclability. On the contrary, the increased inter-

est on the fabrication of superwetting mesh films would be an

additional important route to efficient oil/water separation. To

date, however, only several kinds of superwetting mesh films18–

28 have been developed. In our previous study, a three-

dimensional superwetting mesh film based on graphene assem-

bly has also been reported to exhibit unprecedented separation

and absorption performance for removal of oils (organics) from

water.29 Compared with those superwetting absorbents, inor-

ganic membrane or stainless steel mesh with stable superwetting

surface properties takes great advantages of high separation

selectivity, fast separation efficiency, and easy recyclability. In

the most cases, however, the need of complicated fabrication

techniques or high production cost or reversibility is the major

obstacle that hinders their large-scale practical application.

Therefore, the exploring of a simple method for preparation of

efficient materials for removal of organics and oils from water

should be of importance to address the environmental issues.

From this point, in this work, we reported the preparation of

hydrophobic and oleophilic mesh films by coating of conductive

polymers such as polyaniline (PAni) and polypyrrole (PPy)

onto stainless steel grid via a simple electrodepositing method.

By simple assembly of such hydrophobic mesh films and a glass

tube to fabricate a superoleophilic device, oils and organics

could be continually separated from water with high selectivity

under negative pressure. Also, this method makes it possible to

prepare multifunctional mesh film materials by selecting various

monomers of conductive polymers with different functionalities.

For example, mesh film with reversible switching wettability was

also fabricated by electrodepositing of PPy in the presence of

perfluorooctanesulfonate (PFOS) dopants. We believe that such

conductive polymer-coated mesh films fabricated by the simple

electrodepositing method would have great potential in the

applications of separation of oils and organics from water and

Additional Supporting Information may be found in the online version of this article.
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is of technological significance for large-scale removal of oils

and organic contaminates from water.

EXPERIMENTAL

Materials

Aniline (99.5%, Sigma-Aldrich) was vacuum-distilled (67�C)

and maintained in nitrogen. Tetraethylammonium perfluorooc-

tanesulfonate (99.8%, TEAPFOS) and pyrrole (99%) were pur-

chased from J&K Scientific. Sulfuric acid (H2SO4) and ferric

chloride (FeCl3) were purchased from China Sinopharm Chemi-

cal Reagent and used without further purification. All the

reagents are analytical grade.

Preparation of PAni. Stainless grid (325 mesh) with pore size

of approximately 45 lm as a substrate was ultrasonically washed

with hydrochloric acid (1M, 50 mL), distilled water, acetone,

and ethanol before using. The used aqueous solution in electro-

deposition process contained distilled water (100 mL), aniline

(0.025 mol), H2SO4 (0.025 mol), and FeCl3 (0.1 mg). PAni was

obtained on the surface of as-treated stainless grid by electro-

deposition method at 11.9 V for 15 min with two-electrode sys-

tem during which the mesh grid was used as working electrode

and a platinum plate was used as counter electrode [Figure

1(A)]. The resulting PAni-coated mesh film (PAMF) was

washed with acetone and dried at room temperature.

Surface Modification for PAMF. The PAMF was dipped into a

polydimethylsiloxane (PDMS) (Sylgard 184, DowCornig)/tolu-

ene solution (0.03 mg mL21) and dried at 85�C for 12 h. The

resulting material was named as PDMS-treated PAMF.

Preparation of PFOS-PMF. Stainless mesh grid with pore size of

approximately 45 lm as a working electrode was also treated

ultrasonically with hydrochloric acid (1M, 50 mL), deionized

water, and ethanol. The used counted electrode was a platinum

sheet. Pyrrole (0.1 mol L21) and TEAPFOS (0.015 mol L21) was

stirred magnetically in 100 mL acetonitrile for 30 min. FeCl3
(0.08 mmol) was used as the chemical oxidant. Oxidized PFOS-

doped PPy (PFOS-PPy) was in nitrogen electro-deposited onto

the stainless mesh grid with a positive potential of 5.0 V for 3 h at

room temperature. The resultant oxidized PFOS-PPy-coated

mesh film was defined as oxidized PFOS-PMF. Then the oxidized

PFOS-PMF was washed by acetonitrile and dried at 65�C for 3 h.

Wettability Switching Test for PFOS-PMF. The electrolyte

solution used for the wettability switching test contained 0.015

mol L21 TEAPFOS in acetonitrile. The oxidized PFOS-PMF was

first reduced at a negative potential of 5.0 V for 20 min with

dedoping of PFOS, followed by washing with acetonitrile and

drying at room temperature, in which the oxidized PFOS-PMF

was converted into the reduced PFOS-PMF. Then, the reduced

PFOS-PMF was re-oxidized at a positive potential of 5.0 V for

30 min, followed by washing with acetonitrile and air-dried, in

which the reduced PFOS-PMF was changed into the oxidized

PFOS-PMF. The contact angles (CAs) were measured after each

reduction or oxidation step.

Characterization

The morphologies of the resulting samples were examined using

scanning electron microscopy (SEM) (JSM-7601F, JSM-5600LV).

Figure 1. (A) A sketch map of electro-depositing device for fabrication of PAMF. (B) SEM image of pure stainless grid. (C) SEM image of the PAMF.

(D) Higher-magnification SEM image of PAMF. Scale bar: (B) 100 mm, (C) 1 mm, (D) 100 nm. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Solid Fourier transform infrared spectra (FT-IR) were recorded

from in the range of 4000–400 cm21 using KBr pellet technique

on a FT-Raman Module (Nicolet, USA) instrument. X-ray photo-

electron spectroscopy (XPS) analysis was performed on ESCA-

LAB250xi spectrometer (Thermon Scientific). The energy scale

was internally calibrated by referencing to the binding energy of

the C1s peak of a carbon contaminant at 284.8 eV. CA measure-

ment for samples was performed on the CA meter (DSA 100,

Kruss Company, Germany). The water droplet used for Water CA

measurement was 5 lL.

RESULTS AND DISCUSSION

In this work, PAni coating on stainless mesh grid was fabricated

using electro-deposition method with an electro-depositing

device, as shown in the sketch map [Figure 1(A)]. SEM was per-

formed to evaluate the morphology of materials. As shown in Fig-

ure 1(B), the pure stainless mesh grid shows a smooth and neat

surface morphology with pore size of approximately 45 mm. After

coating with PAni, the treated mesh grid exhibits a rough surface

morphology composed of PAni particles with uniform diameters

[Figure 1(C)]. The higher-magnification image reveals more

clearly the hierarchical structures of the resulting PAni particles in

which the submicrometer-sized PAni particles were covered by

spines just like bulbous cactus [Figure 1(D)].

The surface wettability was evaluated by water CA measurement.

Due to the hydrophilic nature of PAni, the resulting PAMF shows

hydrophilic property with a water CA of 78.5� (Supporting Infor-

mation, Figure S1). Clearly, the resulting PAMF could not be used

directly for separation of organics/oils from water. So far, many

kinds of mesh films with strong hydrophobicity and superoleo-

philicity, which were achieved by surface modification with low-

surface-energy materials such as polytetrafluoroethylene,30 tetrae-

thoxysilane,31 and polyhedral oligomeric silsesquioxane32, have

been reported and successfully used in the separation of organics

from water. Thus, in order to achieve high selectivity for organ-

ics/oils from water, the surface hydrophobic modification of the

resulting PAMF is necessary. Inspired by these works mentioned

above, we treated the PAMF with PDMS (a low-surface-energy

material)33 using a dip-coating method to alter its surface suc-

cessfully coated on the surface of PAMF, which results in its

hydrophobicity by combination with its microscopic roughness.

It should be noted that the coating of PDMS on the surface of

PAMF does not change its microstructure (Supporting Informa-

tion Figure S2). As anticipated, the hydrophilic PAMF changes to

be hydrophobic, exhibiting a water CA of 144.8� after treatment

with PDMS, as shown in Figure 2(A). The water droplets were

spherical when placed on the PDMS-treated PAMF [Figure 2(C)],

indicating a hydrophobic behavior. However, a diesel oil droplet

was placed on the surface and it spreaded and permeated quickly

[Figure 2(C)] with an oil CA of approximately 0� [Figure 2(B)],

indicating a superoleophilic property.

Figure 2. (A) Water CA measurement of PDMS-treated PAMF. (B) Diesel

oil CA measurement of PDMS-treated PAMF. (C) Photograph of oil and

water droplets on the surface of PDMS-treated PAMF. Photographs of

PDMS-treated PAMF used for removal of octane (D–F) and chloroform

(G–I) from water. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 3. (A) XPS spectra of the synthesized PAni on the mesh grid

before and after PDMS treatment; (B) FT-IR spectra of the synthesized

PAni on the mesh grid before and after PDMS treatment: inset is the IR

region from 900 cm21 to 500 cm21. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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To further investigate the effect of surface chemical composi-

tions on the surface wettability of PDMS-treated PAMF, XPS

was performed. As seen in Figure 3(A), the peaks at 285.0 eV,

400.47 eV, and 532.08 eV are attributed to C1s, N1s, and O1s,

respectively.34,35 For PDMS-treated PAMF, all peaks of the as-

prepared PAni on metal grid were observed. However, a new

peak appeared at 102.30 eV, which is assigned to Si2p and in

good accordance with previous literatures,36 corresponding to

7.77 at.% silicon. That is, PDMS has been successfully coated

on the surface of PAMF, which results in its hydrophobicity by

combination with its microscopic roughness. It should be noted

that the coating of PDMS on the surface of PAMF does not

change its microstructure. The deposition of PDMS onto the

PAMF was also confirmed using FT-IR spectra, as shown in Fig-

ure 3(B). The quinoid and benzenoid rings stretching bands

(C@C) present at 1570 cm21 and 1480 cm21, respectively. The

characteristic peaks at 1298 cm21 and 1114 cm21 are attributed

to CAN stretching and bending vibration of PAni. And the

peaks observed at 810 cm21 and 616 cm21 correspond to the

backbone of polyaniline.37,38 For PDMS-treated PAMF, a new

peak at 646 cm21 is observed, corresponding to the SiAO

bond,39 assigning to the PDMS, which suggests the successful

deposition of PDMS onto the PAMF, in good agreement with

the analysis of XPS.

Taking great advantages of good surface hydrophobicity and

superoleophilicity, the PDMS-treated PAMF shows excellent

selective absorption for organics from water. As shown in

Figure 2(D–F), when an octane droplet (dyed with Red oil O) is

added into water, it could be absorbed quickly by PDMS-treated

PAMF and thus can be transferred to another substrate (in this

case filter paper) without absorption of water, implying a good

selective absorption performance. Such observations were also

observed in systems of superwetting absorbents for the selective

absorption of organics or oils from water, including superwet-

ting nanowire membranes,10 carbon nanotube sponges,40 and

nanoporous polydivinylbenzene.17 Furthermore, we found that

the capture and transportation of organics (in this case chloro-

form) could also be performed underwater using PDMS-treated

PAMF [Figure 2(G–I)]. More importantly, due to the strong

affinity of PDMS-treated PAMF to organics while repelling to

water, by simple assembly of the PDMS-treated PAMF and a

glass tube to fabricate a superoleophilic device [Figure 4(A)],

oils and organics could be continually separated from water

with high selectivity under negative pressure. Figure 4 shows the

separation process for octane (dyed with Red oil O) in an

octane/water mixture using PDMS-treated PAMF. When the

PDMS-treated PAMF was placed in the mixture solution, under

negative pressure (in this case we pulled an injector to produce

the negative pressure), the octane was gradually separated and

collected. The separation efficiency for octane was about

85–90% in scores of experiments (SI). To our knowledge, only a

few reports involved membrane materials with excellent surface

wettability that were used for the separation of organic contami-

nants from water.10,41–44 However, such dynamic absorption of

Figure 4. Snapshots of the separation process of octane (dyed with Red oil O) from water using PDMS-treated PAMF under negative, from A to F in

sequence. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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organics from water using PDMS-treated PAMF under negative

pressure has never been reported.29,41 For traditional bulk

absorbent materials, the absorption efficiency mainly depends

on the interaction between the absorbents and the organics45

and that is an initiative and static process. In contrast, the

absorption using the PDMS-treated PAMF under negative pres-

sure is dynamic and continual, which shows advantages in the

purification of organics spill or oil leakage in water on large

scale. Furthermore, compared with the recently developed

superwetting inorganic films30,46 or superoleophilic porous

absorbents,11,17,47–49 which have limitations by its bulk volume

and usually show absorption capacity mostly in the range of

several ten times its weight, theoretically speaking, the absorp-

tion capacity of PDMS-treated PAMF is infinite under appropri-

ate pressure. We believe such PDMS-treated PAMF has great

potentials in oil spills cleanup, especially for large areas oil leak-

age on sea or severe polluted water regions.

Regeneration and recyclability of materials for the removal of

organics or oils from water are also important factors for the eval-

uation of their practical usage performance. In this case, the

regeneration of the PDMS-treated PAMF can be achieved simply

by heat treatment or solvent washing. Figure 5 shows the results

of recyclability tests in which the PDMS-treated PAMF absorbed

benzene and then was treated by heat. It can be seen that the

water CA of the PDMS-treated PAMF remain nearly unchanged

after seven cycles of absorption/heat test, indicating good recycla-

bility due to the tightly wrapping of PDMS film. Importantly, this

approach provides a platform capable of fabrication of hydropho-

bic mesh film by employment of various conductive polymers.

For example, PPy-coated mesh film by electro-deposition

method50 was also fabricated (SI) in this study. Similarly, the

resulting PPy-coated mesh film exhibits a very rough surface

morphology (Supporting Information Figure S3) and a water CA

of 139.2� (Supporting Information Figure S4) after treatment

with PDMS. It can be observed that a number of conductive

polymers such as polythiophene,51 polyalkylpyrrole,52 and its

Figure 5. Recyclability test of PDMS-treated PAMF. PDMS-treated PAMF

repetitively absorbed benzene and released its vapor under heat treatment

(80�C) for seven cycles. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 6. (A) SEM image of oxidized PFOS-PMF. (B) Higher-magnification SEM image of oxidized PFOS-PMF. Inset is the structure of oxidized PFOS-

PMF. (C) SEM image of reduced PFOS-PMF. (D) Higher-magnification SEM image of reduced PFOS-PMF. Scale bar: (A) 10 mm, (B) 1 mm, (C) 10 mm,

(D) 1 mm. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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derivatives53 have been employed for fabrication of superhydro-

phobic and superoleophilic surface using electrochemical

method. Thus, from this point, our study may provide a versatile

method for the creation of hydrophobic mesh materials for selec-

tive absorption of oils and organics form water only by simple

electro-deposition and surface modification. Furthermore, com-

pared with those superoleophilic absorbent materials that usually

were fabricated by complicated process or need multistep proce-

dures, the fabrication of such polymer-coated mesh film using

electro-deposition method and surface modification are simple,

and easy to be scaled up for large-scale practical applications.

Interestingly, the multifunctional mesh films with reversible

surface wettability between hydrophobicity and hydrophilicity

can also be fabricated by electrodepositing special conductive

polymer on the stainless mesh grid. Using the same method,

the polypyrrole-coated mesh film was prepared using electrode-

positing method in the presence of PFOS dopants. As shown

in Figure 6(A), the oxidized PFOS-PMF shows a highly porous

surface, in which the as-doped PPy particles randomly aggre-

gated to form abundant big pores with sizes ranging from

1 mm to 10 mm [Figure 6(B)], resulting in a large-scale surface

roughness. A water CA of 140.6� (Supporting Information

Figure S5) and diesel oil CA of approximately 0� (Supporting

Information Figure S6) of oxidized PFOS-PMF were measured.

As a result, oils and organics (Supporting Information

Figure S7) quickly pass through while water droplets remain in

spherical shape, which can be used for oil/water separation.

Due to the interaction between PFOS dopants and PPy film,

such perfluoroalkyl short tails originated from PFOS were

exposed out the surface of oxidized PFOS-PMF [Figure 6(B)

inset], which existed in a strong hydrophobic and superoleo-

philic state of the PFOS-doped material and is well in accord-

ance with the literatures.54–56 When the electric potential of

work electrode was changed from 5 V to 25 V, the oxidized

state of PFOS-PMF was converted into a reduced state. Quite

different from the oxidized PFOS-PMF, the reduced PFOS-PMF

shows a compact surface morphology [Figure 6(C,D)], which

results in a hydrophilic performance with the water CA of 0�

(Supporting Information Figure S8).

The effect of PFOS dopants on the surface wettability of PFOS-

PMF was investigated on XPS. As shown in Figure 7, the peaks at

284.75 eV, 399.88 eV, 531.86 eV, 688.7 eV, and 168.57 eV are

observed and attributed to C1s, N1s, O1s, F1s, and S2p, respec-

tively.34,35 Compared with the oxidized PFOS-PMF, however, the

intensities of F1s and S2p peaks in the XPS spectrum of the

reduced PFOS-PMF obviously decreased, which could be contrib-

uted to the fleeing of most of the PFOS dopants after reduction

treatment, in accordance with the literatures.57 Clearly, the loss of

surface roughness in combination with a decrease of PFOS moi-

eties [Figure 6(B) inset] on the surface of PPy lead to hydrophilic

nature, which is in good agreement with previous literatures.57

The surface hydrophobicity can be regained by treating the

reduced PFOS-PMF in the presence of PFOS at positive poten-

tial, suggesting a reversible surface wetting behavior between

hydrophobicity and hydrophilicity. As shown in Figure 8, the

water CAs of PFOS-PMF remain almost invariant even after

four cycles of oxidization/reduction process, indicating good

stability and reversibility due to the doping/dedoping of PFOS.

It should be noted that such reversible conversion of conducting

polymer films from superhydrophobic to superhydrophilic on

ITO58 and glass57 have been reported; however, the fabrication

of conductive polymer-coated mesh films with reversible switch-

ing wettability has rarely been investigated. We believe that such

smart PFOS-PMF have great potential in the applications of

separation of oil and organics from water. Also, the ease tailor-

ing of wettability of PFOS-PMF only by simply adjusting the

electric potential makes it possible to prepare functional mesh

materials with remotely controllable surface wettability for selec-

tive absorption, purification, and so on.

CONCLUSIONS

In summary, hydrophobic mesh films was fabricated by coating

of conductive polymers including PAni and PPy onto stainless

steel grid using electrodepositing method. The strong hydropho-

bicity and oleophilicity of the resulting mesh films should be con-

tributed to the formation of nanostructured surface roughness of

Figure 7. XPS spectra of oxidized and reduced PFOS-PMF. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.] Figure 8. Reversibility test of the PFOS-PMF. Inset described the switchable

wettability of PMF from hydrophobicity to hydrophilicity. [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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polymers on the grid combination with low-surface-energy mate-

rials modification. The hydrophobic mesh films can be assembled

for separation oils or organics from water under negative pres-

sure, which facilitates the separation and removal of oils and

organics from water on a large scale. Furthermore, by selecting

various monomers of conductive polymers with different func-

tionalities, this method also makes it possible to prepare multi-

functional mesh film materials. Herein, PFOS-PMF shows a

reversible switching wettability from hydrophobicity to hydrophi-

licity only by altering the electric potential in electrodepositing

process, which makes it possible to prepare functional mesh

materials with remotely controllable surface wettability for selec-

tive absorption, purification, and so on.
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