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ABSTRACT: A robust and coarse surface mesh was fabricated by introducing a hydrogel coating with interpenetrating polymer network

(IPN) structure on stainless steel mesh. The IPN hydrogel was prepared by crosslinking polymerization of acrylic acid (AA) followed

by condensation reaction of polyvinyl alcohol (PVA) and glutaraldehyde (GA) at room temperature. As a result, the roughness of

modified mesh was enhanced obviously and oil droplet underwater showed a larger contact angle. The hydrogel-coated surface

showed an underwater superoleophobicity with an oil contact angle of 153.92 6 1.08
�
. Besides, stable wettability was observed. The

mesh can selectively separate oil from water with a high separation efficiency of above 99.8%. This work provides a facile method to

strengthen the coating and enhance the efficiency of oil-water separation. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41949.
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INTRODUCTION

Oil-water separation is of great significance in regulation of pol-

lution. The environmental and economic demands emphasize

the need for materials that can effectively separate oil and water.

It is an effective and facile way to use special wettability to

design novel materials like hydrophobic-oleophilic1–3 or

hydrophilic-oleophobic materials,4–8 since oil-water separation

is an interfacial challenge. But the hydrophobic-oleophilic mate-

rials usually face a challenge that the oil always blocks the mate-

rial and their working lives are cut down largely,9 while the

hydrophilic-oleophobic one has good performance in anti-

fouling of oil.10 Especially the latter can be made by construct-

ing the micro-nano bioinspired surface structure.11–13

Recently, a new concept of taking advantage of high-energy

materials with water-favoring property to construct underwater

superoleophobic surfaces in oil/water/solid three-phase systems

is proposed.14 The underwater superoleophobicity arises from

the combination of hierarchical micro-nano structures and the

hydrophilic chemistry on the surface.15 Inspired by the strategy,

superoleophobic surfaces in aqueous media have been realized

in recent years. Xue et al reported the fabrication of a novel

superhydrophilic and underwater superoleophobic mesh by dip-

coating the stainless steel mesh with the pre-gel solution of

polyacrylamide.16 It can selectively and effectively separate water

from free oil-water mixtures. Other researchers also reported

superhydrophilic meshes for oil-water separation, and the coat-

ing varied from polymers17 to inorganic materials.18,19 The lat-

ter were reported to had excellent separation efficiency, and the

oil content of filtrate varied from several to several dozens

ppm.18,19 However, in comparison, the polymer coating is more

flexible and easy to be functionalized.

Hydrogels are typically hydrophilic polymer networks. Because

of their excellent water-absorbing and water-retaining capacities,

hydrogels are considered to be promising candidates for design-

ing novel oil-water separation materials.20 Compared with the

inorganic modified mesh, the main disadvantage of hydrogel-

coated mesh is weak mechanical strength of the hydrogels after

swollen.21 The hydrogels with interpenetrating polymer network

(IPN) structure have been reported to be mechanically strong.22

In our previous work, we successfully prepared tough polyacylic

acid/polyethylene glycol (PAA/PEG) IPN hydrogel, in which the

PEG network was crosslinked by glutaraldehyde (GA) via

condensation reaction while the PAA network crosslinked by

N,N’-dimethylenebiacrylamide (BIS) via free-radical polymeriza-

tion. The final hydrogel exhibited compressive strength of 10.9

MPa in a water content of 90 wt % due to lightly crosslinking

and special entangled bundles morphology. Here we attempt to

prepare a robust and coarse surface mesh by introducing IPN

structure into PAA/ polyvinyl alcohol (PVA) hydrogel-coating

for oil-water separation. PVA was chosen as the linear polymer

for its good property of being film and the characteristic of easy
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crosslinking.23 In our experiment, stainless steel mesh was modi-

fied to achieve underwater superoleophobicity by free-radical

crosslinking polymerization of acrylic acid (AA) in the presence

of PVA. Subsequently PVA was crosslinked by GA to form the

second polymer network, which interpenetrated into the first

PAA network. It was expected that the crosslinking reaction of

PVA would cause the first network shrink and produce a coarse

surface of coating. The IPN hydrogel-coated mesh showed good

wettability and high oil-water separation efficiency.

EXPERIMENTAL

Materials

AA, PVA with a degree of polymerization of 1750 6 50 and BIS

were purchased from Tianjin Guangfu Chemistry Reagent

Factory, China; ammonium persulfate (APS) and NaOH were

purchased from Tianjin Chemistry Reagent Factory; N,N,N’,N’-

tetramethylethylenediamine (TEMED) was purchased from

Aldrich Chemical; 25 wt % GA solution (biological reagent)

was purchased from China National Medicine Corporation. All

reagents were used as received without further purification. The

stainless steel mesh was purchased from Jinyuan Screen Com-

pany. The deionized water was used in all experiments.

Instrument

FTIR spectra of the dry IPN hydrogel coating was recorded on a

BRUKER EQINOX55 spectrometer in a range of

40024000 cm21. SEM images of the air-dried and freeze-dried

IPN hydrogel-coated mesh were obtained using an electron

microscope (LEO-1430VP, LEO, Germany) respectively. Prior to

the SEM morphology investigation of the freeze-dried hydrogel,

the hydrogel coating was swollen in water to reach equilibrium,

and then freeze-dried and sprayed with gold. Contact angles

were measured on a JJ2000 B2 machine (POWEREACH, China)

at ambient temperature. The oil droplets (1, 2-dichloroethane

dyed with methyl red, about 4 lL) were dropped onto the pre-

pared mesh under water. The average values of three measure-

ments performed at different positions on the same sample was

adopted as the contact angle. Mechanical strength of the hydro-

gel coating was evaluated by measurement of bulk hydrogels

with a tensile- compressive tester (H5KT, Tinius Oisen, USA).

The bulk hydrogels were cut into a cube of side length about

1 cm. The abrasion resistance of the hydrogel coating was eval-

uated by observing the hydrogel loss on the surface. The coated

meshes were put into the silica dispersion with a silica size of

3002400 mesh, and then stirring for 4 h before observation by

optical microscope (JNOEC XS-212-201). Before the stirring,

the coated meshes were immersed in deionized water overnight

to reach swelling equilibrium. To test the separation efficiency of

both IPN hydrogel coated mesh and semi-IPN one, the oil-water

free mixture (oil to mixture is 30 v/v%) was poured straightly to

the mesh which was settled between two glass tubes. The oil

Figure 1. Schematic preparation (above) and FTIR spectrum (bottom) of

the IPN hydrogel coating. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 2. SEM images of the samples (a, stainless steel mesh; b, air-dried IPN hydrogel coating on the mesh; c, d, freeze-dried semi-IPN hydrogel coating

on the mesh; e, f, freeze-dried IPN hydrogel coating on the mesh).
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content of the collected water after separation was measured by

the infrared spectrometer. CCl4 was used to extract oils from

water. The absorbance at 2930 cm21, 2960 cm21, and

3030 cm21 were measured. Through calculation with the absorb-

ance and the correction coefficient, the oil content was obtained.

Preparation of IPN Hydrogel-Coated Mesh

AA was added into 4 wt % of PVA solution, and then the neu-

tralization degree of AA was adjusted to 75% with 30 wt % of

NaOH solution in an ice water bath for easier polymerization

and better hydrophilic ability. Then 2 wt % BIS, 10 wt % of

APS and TEMED were added to obtain a pre-gel solution

respectively. The ratio of PVA, AA, NaOH, BIS, APS and

TEMED is 20:100:42:3:1:0.9 by weight respectively. The clean

stainless steel mesh was carefully immersed in the mixed pre-gel

solution, and then drawn out horizontally and stand at ambient

temperatures over night. Afterwards, the mesh was sprayed with

5 wt % GA solution to obtain a loading amount of 12.6 mg/cm2.

After crosslinking for 0.5 h, the mesh was washed with abundant

deionized water to remove excess GA and unreacted monomers.

Finally the mesh was dried at room temperature. As control, the

semi-IPN PAA/PVA hydrogel-coated mesh was prepared follow-

ing the procedure above except that no GA was added.

RESULTS AND DISCUSSION

FTIR Spectra of Coatings

In our experiment, the stainless steel mesh was immersed into

the mix pre-gel solution composed of PVA, AA, BIS, APS, and

TEMED. Crosslinking polymerization of AA was initiated by

APS and TEMED and formed semi-IPN hydrogel. Subsequent

crosslinking of GA with PVA via condensation reaction pro-

duced the PVA network, which interpenetrated into the PAA

network resulting in the formation of IPN PAA/PVA hydrogel

(Figure 1 above). In the spectrum of the IPN hydrogel, the

stretching of AC@O in ACOO- and ACOOH of PAA network

can be found at 1553 cm21 and 1677 cm21, respectively. The

absorption at 1110 cm21 was ascribe to the stretching of

ACAOAC groups, which confirmed the successful crosslinking

reaction between GA and PVA (Figure 1 bottom). The IR spec-

tra proved the formation of IPN structure.

SEM Morphology

Compared with stainless steel mesh with an average wire diame-

ter of 52.8 6 2.2 mm (200 mesh size) [Figure 2(a)], the mesh

became rough after coating with the IPN PAA/PVA hydrogel

with an average wire diameter of 56.0 6 3.0 mm [Figure 2(b)].

Moreover, the hydrogel network was interwoven with the stain-

less steel mesh forming a coarse surface. To observe the role of

GA on the coating morphology, a comparative SEM analysis

was made between freeze-dried semi-IPN and IPN PAA/PVA

hydrogels [Figure 2(c2f), respectively]. After crosslinking reac-

tion between PVA and GA, the IPN hydrogel coating took an

obvious change on morphology. A coarser surface was observed,

which might be deduced by more pores and smaller pore size

compared with the semi-IPN hydrogel coating.

Figure 3. Dependence of immersion time on wettability of the hydrogel

coated mesh (a, IPN; b, semi-IPN; c, the graphs of contact angle test for two

kinds of hydrogels coated meshes right after immersion). [Color figure can

be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 4. Stress–straincurves for bulk hydrogels under compression (left) and the photographs of hydrogel coated meshes before (a, IPN; b, semi-IPN)

and after abrasion resistance test (c, IPN; d, semi-IPN). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Mesh Wettability and Mechanical Property

The contact angle of the hydrogel-coated mesh was measured to

evaluate the wettability. Figure 3 showed the shape of an oil

droplet on the mesh under water. In water, an oil/water/solid

composite interface formed after water was absorbed into the

polymer network. The IPN hydrogel-coated mesh exhibited

underwater superoleophobilicty with an oil contact angle of

153.92 6 1.08
�

while the one of semi-IPN hydrogel coating is

141.50 6 0.50
�

(the contact angle of oil droplet under water on

bare stainless steel mesh is 117.75
�
). Because of the introduction

of hydrophilic groups in the hydrogels, the coated mesh showed

improved wettability compared with the bare mesh. Also the

roughness of the coating played an important role on the wett-

ability. As a result, an obvious increase was observed in contact

angle after crosslinking of GA with PVA due to a coarser sur-

face. It was already reported that the bigger the oil contact

angle, the higher intrusion pressure of oil.16 So it can be

expected that the IPN hydrogel coating would endure high

intrusion pressure.

To test the stability of the hydrogel coating, the contact angle

was measured after immersing the hydrogel-coated mesh in

water for several days. In Figure 3, a stable contact angle was

observed for the IPN hydrogel-coating even after immersing in

water for 10 days. However, for the semi-IPN hydrogel coating,

there was an increase of contact angle after one-day immersion,

then the change of contact angle became negligible. The differ-

ence can be attributed to the different hydrogel structure. For

the IPN hydrogel, the polymer interchains were constrained due

to high crosslinking density. As a result, the structure was more

stable. In contrast, PVA chains were free in the semi-IPN hydro-

gel and might cause a change in interface property before the

conformational stability was reached.

To evaluate the role of IPN on the mechanical strength of the

coating, the semi-IPN bulk hydrogel was first prepared follow-

ing the same procedure as the hydrogel coating without the

stainless steel mesh. Then the hydrogel was immersed in the GA

solution (0.2 wt %, 5 days) to obtain an IPN bulk hydrogel.

The result showed that mechanical property of the hydrogel

coating was also improved by introducing IPN structure into

the hydrogel (Figure 4 left). The semi-IPN hydrogel broke up at

a stress of 45.79 6 11.92 kPa, while the IPN hydrogel at a stress

of 97.00 6 7.69 kPa in high water content (water contents of

two hydrogels were 99.5% and 99.0% accordingly). The

mechanical stress of the IPN hydrogel was about two times of

that sustained by the semi-IPN hydrogel. Besides, it was clearly

observed that the IPN hydrogel coating showed a better abra-

sion resistance than the semi-IPN one (Figure 4 right). So we

can infer that the IPN hydrogel coated mash can endue higher

intrusion pressure and abrasion endurance during separation. It

was worthy to note that the mechanical strength and wettability

of the coating can be easily adjusted by varying the amount of

GA since the GA had an important impact on the network size

and surface roughness.

Separation of Oil-Water Mixture

Oil-water separation experiment was performed on the IPN

hydrogel-coated mesh. Various oils and organic solvents includ-

ing diesel, gasoline, hexane and petroleum ether were used. As

shown in Figure 5, the oil-water mixtures and organic solvent-

water mixtures (oil to mixture is 30 v/v%) have been success-

fully separated and no visible oil was observed in the separated

water. The separation efficiency of IPN hydrogel coated mesh

for the four mixtures was above 99.8% while the one of semi-

IPN was lower in each case (Figure 5). By introducing mechani-

cally strong IPN hydrogel coating on the stainless steel mesh,

the coated mesh can selectively separate oil from water with the

advantages of high separation efficiency and stable wettability.

This work provided a facile and versatile way to fabricate oil-

water separation materials.

CONCLUSIONS

In this work, we developed a simple process to fabricate

mechanically strong IPN hydrogel-coated mesh for oil-water

separation. In the coating process, crosslinking reaction between

PVA and GA produced the second network which interpene-

trated into the first network PAA crosslinked by BIS. This

caused the shrink of the semi-IPN hydrogel network and

Figure 5. The separation of the hydrogel-coated mesh for oil-water mixtures, and the separation efficiency for each mixture (black is semi-IPN; gray is

IPN). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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provided a coarse surface. Besides, the IPN hydrogel was proven

to be mechanically strong and abrasion resistant. The IPN

hydrogel-coated mesh exhibited a high oil-water separation effi-

ciency of above 99.8%. This work provided a facile and versatile

way to fabricate oil-water separation materials.
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