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ABSTRACT: As the ecological damage caused by marine oil spills has become one main threat to marine ecological security, materials

that can reduce environmental pollution are in high demand. In this study, a simple low-cost method for fabricating a hydrophobic pol-

yurethane sponge was investigated. Its hydrophobicity was evaluated through the measurement of the contact angles of water and oil.

The mechanical properties, oil-absorption capacity, and selectivity were also tested. The results show that this sponge exhibited good

mechanical properties, a high absorption capacity and selectivity, and a high reusability (>200 times) in oil–water separation. More

importantly, the absorbed oil could be collected by simple squeezing. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 40886.
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INTRODUCTION

Crude oil leakage during oil tanker sinking or industrial acci-

dents is catastrophic for marine and aquatic ecosystems.1 The

cleanup of spilled crude oil from the sea has been a major envi-

ronmental issue, and great efforts have been made to search for

effective cleaning methods. Available techniques have been

applied to clean oil; these include physical absorption by

absorbent materials, mechanical cleaning by oil skimmers, burn-

ing, physical diffusion, and biodegradation.2–6 Among them,

absorbent materials have attracted broad attention because of

their simple, efficient, and fast countermeasures for the cleanup

of oil spills.7–10 Zhang et al.11 fabricated a kind of superhydro-

phobic textile for water–oil separation based on a drop-coating

route. Hayase et al.1 prepared a polymethylsilsesquioxane aero-

gel by a sol–gel process for oil absorption. Zhang et al.10 pre-

pared a kind of multifunctional foam for oil–water separation.10

Recently, superhydrophobic graphene-based materials were pre-

pared for the separation of water and oil. Nguyen et al.12 fabri-

cated a graphene-based sponge by a facile dip-coating method.

However, oil absorption by these absorbent materials, such as

fibers, aerogels, and nanomaterials, have not been as good in

practice. Fibers have the limitations of low reusability and poor

absorption capacity.11,13,14 Aerogels are susceptible to fracturing

under squeezing when high-viscosity oils are absorbed; this

reduces their reusability in this situation.15–18 In addition, their

absorption capacities for oils are not considerable.1 In fact,

nanomaterials have some excellent properties, including a high

absorption capacity and selectivity.12,19–21 However, their prepa-

rations almost require intricate equipment or complicated mul-

tistep syntheses. Thus, it is not cost-effective to industrialize

them because of their high cost. Therefore, a kind of practical

and efficient material for oil absorption and removal is needed.

In this study, we prepare a modified polyurethane (PU) sponge

through a simple immersion method that did not require intricate

equipment or synthesis processes. The PU sponges showed out-

standing capacities with a high absorption capacity, low cost, and

good elasticity.8,22–28 However, they absorbed not only oil but also

water, which greatly weakened their oil-absorption capacity. Here,

we anchored hydrophobic trimethylchlorosilane (TMCS)/tetraethox-

ysilane (TEOS) coatings onto the frames of the sponges to change

their wettability. The modified sponges showed a high hydropho-

bicity, and they absorbed a variety of oils with a high absorption

capacity and selectivity. Moreover, the absorbed oil could be

removed and collected just by simple squeezing, and then, the

sponges could be used again. This ability will not only reduce the

cost of spilled oil cleanup but also prevent secondary pollution.

EXPERIMENTAL

Materials

The PU sponges were obtained from a local store. TMCS and

TEOS were purchased from Aladdin Reagent Co., Ltd. (Shanghai,

China). Acetone, n-hexane, sodium chloride, potassium dichromate,

and concentrated sulfuric acid were purchased from Sinopharm

Chemical Reagent Co., Ltd. (Shanghai, China). All of the chemicals

were analytical grade and were used without any further treatment.

Sample Preparation

The PU sponges were cleaned ultrasonically with acetone and

distilled water successively to remove possible impurities. After

they were etched in chromic acid for 30 s, the PU sponges were
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washed with distilled water three times and dried at 60�C for 2

h. Then, the pretreated sponges were immersed in an n-hexane

solution containing TMCS (4% v/v) and TEOS (1% v/v) for 1

h. Then, they were taken out in a humid environment at ambi-

ent temperature for 10 h. Finally, the modified sponges were

obtained after being dried at 60�C for 2 h. The preparation pro-

cedures are shown in Scheme 1. The hydrolysis and polymeriza-

tion of TMCS and TEOS are shown in Scheme 2.

Characterization

Scanning electron microscopy (SEM) images were obtained by an

FEI Quanta 200 (FEI, Holland). The hydrophobicity of the

sponges were evaluated by their contact angles, and these were

measured by a DSA 100 (Kruss, Germany) with a droplet (10 lL)

of water or crude oil. The mechanical properties of the sponges

were measured by an electromechanical universal testing machine

CMT6035 (MTS Systems Co., China) with repeated compression

processes. The oil-absorption capacities of the sponges were meas-

ured by weight measurements at ambient temperature. The water-

absorption capacities under different amounts of oil in different

salt waters were also measured by weight measurement. The sepa-

ration of the oil and water were carried out by simple squeezing.

RESULTS AND DISCUSSION

Mechanism of Oil Absorption

Figure 1 shows different magnifications of the SEM images of

the PU sponges before and after treatment. Clearly, the surfaces

of the untreated PU sponges were smooth and flat [Figure

1(a,b)]. There were no obvious microscale protrusions or spher-

ical structures distributed on the surfaces in the low-

magnification [Figure 1(a)] and high-magnification [Figure

1(b)] SEM images. In contrast, the surface of the treated sponge

exhibited random roughness, as indicated in the low-

magnification SEM image in Figure 1(c). Moreover, many tiny

spherical particles were distributed on the sponge, as indicated

by the high-magnification SEM image in Figure 1(d).

The SEM images demonstrated that treatment with the silane

coupling agent (TMCS and TEOS) resulted in the formation of

spherical particles on the surface. The spherical particles were

very important to the hydrophobicity of the sponges, just like

surface protrusions to the hydrophobicity of lotus leaves.29

Moreover, these spherical particles were a key reason for the

spontaneous absorption of oil. As shown in Figure 1(d), there

were dense interspaces between different spherical particles.

These interspaces could be considered as many tiny capilla-

ries,30–32 and the additional pressure (DP) of the capillaries

could be calculated by the capillary model [Figure 1(e)]. DP

was derived from the Laplace equation:

DP5
2c
r1

; cos h5r=r1

where c is the interfacial tension of oil (�28mN/m); h is the

contact angle between the oil and the spherical particles; and r1

and r are the radius of curvature and the mean radius of the

interspaces [�0.2 lm from Figure 1(d)], respectively; and

DP 5 5.6 3 105 cos h (Pa). As h was very small, even close to

0� [shown later in Figure 3(c)], DP was close to 5.6 3 105 Pa.

This high DP was the main reason why the oil could be

absorbed in seconds.

Energy-dispersive spectrometry analysis was also used to prove

the surface modification (Figure 2). The treated sponge showed

a peak of silicon in the energy-dispersive spectrometry analysis

[Figure 2(b)]; however, the original one showed no peak of sili-

con [Figure 2(a)]. This meant that the silane coupling agent

was anchored onto the surface of the treated sponge.

Scheme 1. Preparation procedures of the as-prepared sponges.

Scheme 2. Hydrolysis and polymerization of TMCS and TEOS. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]
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Contact Angles

The hydrophilicity and hydrophobicity of the sponges were esti-

mated by the measurement of the contact angles.8,22–25 The

contact angles of the modified and unmodified PU sponges are

shown in Figure 3. As shown in Figure 3(a), the water contact

angle of the sponge without modification was about 64�; this

showed its intrinsic hydrophilicity. However, after modification,

the water contact angle was enlarged to 137� [Figure 3(b)]. The

increase in the contact angle was attributed to the polymeriza-

tion of the silane coupling agent (TEOS or TMCS); this not

only increased the surface roughness but also anchored hydro-

phobic group (ACH3) onto the structure of the sponge. As

shown in Figure 3(b), the water droplet stood on the sponge

surface with the shape of a sphere rather than permeating into

Figure 1. SEM images of the PU sponges (a,b) before and (c,d) after treatment at different magnifications. (e) Interspaces between different spherical

particles in the capillary model. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4088640886 (3 of 7)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


the sponge or spreading on the surface, although there were

abundant protruding structures on the surface. As shown in

Figure 3(c), an oil droplet permeated into the as-prepared

sponge rapidly in less than 1 s, and the oil contact angle could

not be measured; this showed the good lipophilic properties of

the treated sponges. Water droplets (at pH 5 1, 14, and 7) could

easily stand on the surface of the treated sponge with a spherical

shape [Figure 3(d)].

The reasons why the water droplets stood on the surface while

oil permeated it were related to the Gibbs energy (DG). For the

spreading process, according to the Gibbs equation

DG5cls1cl2cs

and Young’s equation

cs5cls1clcos h

we derived

DG52clðcos h21Þ

where the superscripts s and l represented the solid and liquid

phases, respectively. With the growth of h, DG increased; this

made the spreading of the water droplet harder. When the water

contact angle was as large as 137�, DG was greater than 0; this

means that water droplets could not spread spontaneously.

However, the oil contact angle was very small, even close to 0�.
Thus, DG was nearly 0, and the oil could spread easily.

Mechanical Properties

The mechanical properties of the as-prepared sponges were

evaluated by the measurement of the cyclic stress–strain8 (Fig-

ure 4), which reflected the structural stability of the sponges

during compression. The sponges could sustain a large strain

deformation (ca. 80%) under a relatively low stress (ca. 2kPa).

When the pressures disappeared, the sponges recovered to

almost their original shape elastically, even after 200 cycles.

Therefore, when the treated sponges were used in oil absorp-

tion, the absorbed oil could be extruded out of the sponge

pores by squeezing, and the sponges could be used repeatedly

because of their good elastic properties.

Separation of Oil and Water

It was easy to separate the oil and water [Figure 5(a–e)]. When

dipped into the water–oil mixtures, the treated sponge was

absorbed the oil in seconds [Figure 5(b)]. The absorbed oil was

collected through simple squeezing [Figure 5(c)]. The absorp-

tion and squeezing processes were repeated until the oil and

water were separated. The used sponge floated on water instead

of sinking [Figure 5(d)]. This separation method was more eco-

friendly and practical than the reported burning off4 or heat-

treatment methods.33

When put into contact with oil, the sponge was spontaneously

wetted by the oil [Figure 5(b)]; this was related to capillary

action. The sponge consisted of many holes, through which the

oil moved upward to a high place. These holes could be consid-

ered as approximate capillaries, and the hole structures could be

considered the walls of the capillaries [Figure 1(a)]. Under this

assumption, the height (H*) of oil that could be absorbed spon-

taneously was calculated. According to the Laplace equation

DP5
2c
r�

the equilibrium equation

DP5qgH�

and

cos h5r=r�

we derived

H �5
2ccos h

rqg

where r was the sponge hole radius [�130 lm; Figure 1(a)], r*

is the radius of curvature, and q is the oil density. g is gravita-

tional constant, H* was about 5.4 cos h (cm). As h was very

small, even close to 0�, H* was close to 5.4 cm. This meant that

the oil could move upward spontaneously as high as 5.4 cm.

Absorption Capacities of the Oils

In addition, the absorption capacities of the treated sponges for

different kinds of oils were investigated (Figure 6); this was an

important criterion for the evaluation of the as-prepared

Figure 2. Energy-dispersive spectrometer analyses of the original sponge

and the treated sponge. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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Figure 3. (a) Water contact angle image of the sponge before treatment, (b) water contact angle image of the sponge after treatment, (c) image of the

sponge after the crude oil was dropped onto it, and (d) image of water droplets standing on the surface of the treated sponge. [Color figure can be

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

Figure 4. Stress–strain curves of the as-prepared sponges in the process of repeated mechanical compression. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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sponges.10,27 The oil-absorption capacity (k) was measured by

weighing methods and was defined as follows:7

k5 msaturated 2minitialð Þ=minitial

where msaturated is the weight of the sponge after oil absorption

and minitial is the weight before oil absorption. The high oil-

absorption capacity was mainly attributed to the high porosity

of the sponges. Oil was stored in the pores via the attractive

forces between the oil and the treated sponge.

More importantly, the treated sponges, with their high absorp-

tion capacity and efficiency, could be reused; this is an impor-

tant consideration for practical applications. The absorption

capacities with different use times were also investigated to eval-

uate the reusability (Figure 6). The capacities weakened only

slightly after 200 oil-removal cycles; this showed the good reus-

ability of this material. The excellent absorption capacity and

reusability could not only reduce the cost of oil-spill cleanup

but also save manpower and time.

Selectivity of the Water and Oil

Moreover, the sponge’s oil selectivity was also investigated when

the amounts of oil were less than its saturated oil capacity (Fig-

ure 7). Because of its high lipophilicity, the sponge absorbed oil

first. However, when the sponge still had interspaces after the

absorption of oil, whether the water would be absorbed in the

remaining interspaces was studied. With increasing amounts of

oil, the rates of increased mass of the water and sponge were

almost the same without obvious up or down trends (Figure 7).

This might have been because the increased water adhered to

the surface during absorption. This showed that the sponge did

not absorb water, even when there were remaining interspaces.

This explained the high oil selectivity of the sponge. In addi-

tion, three types of salt water (0, 3.5, and 7.0% salt) were inves-

tigated with a concentration of seawater of about 3.5%. There

was no obvious difference in absorption between the three types

of water; this indicated that the salinity of water was unrelated

to the selectivity of the sponge (Figure 7).

Figure 5. (a–e) Removal and collection of crude oil from the surface of water by the treated sponge. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 6. Absorption capacities of the treated sponges for crude oil and

other kinds of oils under different cycles. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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CONCLUSIONS

We fabricated a hydrophobic PU sponge through a simple

immersion method. It was modified by silane coupling agent

(TMCS and TEOS) through hydrolysis and polymerization. This

sponge showed high hydrophobicity (water contact angle 5 137�),

high oil-absorption capacity (crude oil � 30 g/g), high selectivity

(mass rate of increased water and sponge � 0.2), and excellent

elasticity (with >200 uses). Furthermore, we removed and col-

lected the oil by simple squeezing after the oil was absorbed in

the sponge, and then, the sponge could be reused. Because of its

good properties, simple method, and low cost, we expected that

these treated sponges could be used widely for oil-spill cleanup.
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