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Oil spills not only result in extensive economic losses but also bring marine ecological 

damages. A series of materials having special wettability are investigated for the separation of 

oil-water mixtures. But few literatures investigate the adsorption behaviors of sponges to crude 

oil (high viscosity). In order to solve the restrictions of high viscosity oil absorption, low oil 

absorption rate and oil-water emulsion separation of the oil absorption materials, a 

superhydrophobic and superoleophilic polyurethane (PU) sponge was synthetized via 

environment-friendly surface grafting of polymer molecular brush. This grafted sponge 

exhibited high oil absorption rate due to the expanding in oil and collapsing in water of the 

polymer molecular brushes. The grafted PU sponge also possessed high absorption capacity 

(23 times to self-weight), high oil retention (93%), high mechanical strength and good 

recyclability (more than 400 times). We anticipate that the grafted sponge will have numerous 

applications and show outstanding performance on larger scale and quick clean-up of marine 

spilled oil/organic solvents and separation/ recycling of oil-water mixture/emulsion. 

 

 

 

 

 

 

 

 

Introduction 

Due to the increased marine transportation and oil gas 

exploitation, frequent oil spills result in extensive economic 

losses and marine ecological damages.[1-4] In order to clean up 

the spilled oil, machines of oil collection, oil absorption 

materials, oil dispersing agents and oleiphilus are often used.[5] 

Therein, oil absorption materials attract researchers’ attentions 

in respect that they are convenience and low cost. Traditional 

oil absorption materials include silica, pearl rocks, graphite, 

straw, polypropylene etc. Now the researches in the field of oil 

absorption materials focus on how to improve the efficiency, 

velocity and reusability of the oil absorption materials. And it is 

also expected to reuse both the oil absorption materials and the 

spilled oil, for the economic consideration.[6-11] In order to 

achieve above aims, some studies have been devoted to design 

materials which could absorb oil rapidly and also desorb oil 

easily as they encounter external force.[12-16] The self-cleaning 

foam,[17] recyclable carbon nanotube sponges[18], marshmallow-

like macroporous gels[19] and nanoporous polystyrene fiber[20] 

are investigated. Recently, porous polymers with three-

dimensional (3D) networks structure are considered as a new 

type material for oil contaminations clean-up due to their high 

surface area, high porosity, gas permeability and low density. 

With the development of porous polymers, new kinds of porous 

polymers like nanoporous polydivinylbenzene,[21] conjugated 

microporous polymers,[22] graphene-based sponges[23, 24] and 

carbon aerogel[25] have been fabricated and exhibit high 

efficiency for clean-up of oils and organic solvents on water. 

However, the high price, severe production conditions or low 

mechanical strength make them not suitable for large scale oil 

and organic solvents clean-up and oil-water separation. 
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Moreover, the pore size[26] of some porous polymers is less than 

50 nm or uncontrolled, which restricts them to be used for high 

viscosity oil spill clean-up.  

The flexible PU sponge is a kind of porous polymers with 3D 

networks. Its good elasticity and low cost let it has huge 

potential on the oil spill clean-up and oil-water separation. 

However, the disadvantages of hydrophobility and low oil 

absorption rate restrict its application. In recently literatures, a 

series of modified PU sponges having special wettability are 

investigated for the separation of oil-water mixtures. But in 

many related previous studies, most of them are focus on the 

preparation of superhydrophobic surface and the “oil” is 

replaced by organic solvent.[22, 27] And, few literatures 

investigate the absorption behaviors of sponges to crude oil. In 

practice， the viscosity of spill oil is much higher than the 

organic solvent, which requires the stronger oil absorption 

ability of the sponge. And the viscosity of oil spill increases 

with the quick oil spreading, evaporation and emulsification.[28] 

So the oil absorption rate to high viscosity oil is one of the key 

factors of oil absorption materials. Unfortunately, there are rare 

studies in terms of the high viscosity and absorption rate of oil. 

In this study, the PU sponge with high oil wettability property 

was synthetized via environment-friendly surface grafting of 

polymer molecular brush. The absorption behaviors to various 

organic solvents, crude oil and especially the high viscosity oil 

were investigated. The grafted PU sponge can not only absorb 

various organic solvents well, but also absorb high viscosity 

crude oil efficiently. 

Experimental 

Materials 

PU sponges (88% in porosity and 250-500µm in pore size) 

were collected from the abandoned packaging material. 1,3-

oxazolidine[29] synthesis was referred to previous literature. Oil 

red O, methylene blue, stearoyl chloride (CP), hexadecane 

(AR), chloroform (AR), petroleum ether (AR), methanol (AR), 

ethanol (GR) and 1, 4-dioxane (AR,99%) were purchased from 

Aladdin Reagent. Crude oil was obtained from Zhenhai Oil 

Refining and Chemical Company, Sinopec. 

Preparation of the superhydrophobic and superoleophilic 

PU sponge 

Grafting A: A piece of PU sponge (2﹡ 2﹡ 2 cm) was 

ultrasonically cleaned in ethanol and deionized water for 30 

min to remove surface stains and oils. After cleaning, the 

sponge was dried in an oven, and then immersed in a water 

solution containing 1, 3-oxazolidine (5-10%, v/v) at 100-120ºC 

for 1 hour. Finally, the sponge was washed in ethanol and dried 

at 90ºC to remove the unreacted 1, 3-oxazolidine and ethanol.  

Grafting B: After the drying, the sponge was immersed in a 

mixed solution content 150ml 1, 4-Dioxane, 10ml stearoyl 

chloride and 100mg NaHCO3 at 60ºC for 5 hours. At last, the 

sponge was washed by deionized water and dried to obtain the 

superhydrophobic and superoleophilic PU sponge. 

Preparation of the oil/water emulsion 

The oil/water emulsion makes up of 1 volume of water and 9 

volume of crude oil. The crude oil (the crude oil viscosity is 

208cp at room temperature) and water are mixing by a stir bar 

(at 700–1200r.p.m.) for 24 hours to form homogeneous 

oil/water emulsion. 

Oil absorption capacity  

A piece of sample was immersed in oil at room temperature. 

The sample was taken out from the oil after 5 min, stood for 1 

minute on the metal net and wiped with filter paper to remove 

excess oil. The oil absorption capacity k of the sample was 

determined by weighing the sample before and after oil 

absorption and calculated according to equation (1): 

                          k �
����

��
� 100%                   (1) 

where w is the weight of the saturated PU sponge with oil (g) 

and wo is the weight of dry PU sponge (g). 

Oil retention 

A piece of sample was immersed in oil at room temperature. 

The sample was taken out from the oil after 5 min, stood for 1 

minute on the metal net and wiped with filter paper to remove 

excess oil. The oil retention r of the sample was determined by 

weighing the saturated PU sponge before and after be 

centrifuged of 3000 rotation for 1 minute and calculated 

according to equation (2):  

r �
�����

�
���
� 100%                   (2) 

Where wc, wo and ws are the weight of PU sponge after 

centrifugal (g), the weight of dry PU sponge (g) and the weight 

of the saturated PU sponge with crude oil (g). 

Collection of oils from water surface or bottom 

A piece of grafted PU sponge was brought into the oil-polluted 

region and then removed from the water surface. The absorbed 

oil was collected through a simple squeezing process by 

tweezers. After each separation process, the sponge was washed 

with acetone and dried, and its water contact angle (CA) was 

measured.  

A piece of grafted PU sponge was inserted into the bottom of 

beaker to contact with the oil (chloroform dyeing by oil red). 

The sponge was taken out from the water when the oil was 

completely adsorbed.  

Characterization  

Surface morphologies of sponges were examined by a SEM 

(FEI Quanta 250 FEG, US); Surface contact angle was detected 

by a contact angle meter (OCA20, Germany). Three 

measurements were performed per sample and averaged. Water 

droplets with a volume of 3.0 µL were dropped carefully onto 

surfaces; Surface composition was examined by a FTIR 

(NICOLET 6700, Thermo Fisher Scientific, US); Oil viscosity 

was examined by a viscosimeter (DV-II+PRO, Brookfield, US). 

The compressive stress and strain were detected by universal 

material testing machine (Instron 5567, US). 

RESULTS AND DISCUSSION 

Preparation of the high oil wettability PU sponge 

In this study, we prepared a high oil wettability PU sponge via 

environment-friendly surface grafting of polymer molecular 

brush. Scheme 1 shows the sketch of the fabrication process 

(see the experimental section for details) of the modified PU 

sponge. It involves two grafting reactions: grafting A (Figure 1a) 

is a ring-opening reaction of 1,3-oxazolidine that mainly occurs 

in the secondary amine N–H bonds of PU sponge; the grafting 

B (Figure 1b) is a substitution reaction on the hydrogen atom of 

hydroxyl. 
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Scheme 1. Illustration for the fabrication of high oil wettability 

PU sponge. 

Since oil/water separation is an interfacial issue, designing 

novel materials with special wettability is an effective strategy. 

The surface tension of oil and organic liquids is lower than that 

of water. So a hydrophobic surface is necessary to the oil 

absorption materials used between oil and water interface. In 

order to improve the hydrophobility of the PU sponge, in 

previous studies, chromic acid or sodium hydroxide solution 

were used to etch the PU sponge so as to increase roughness 

and generate hydroxyl or carboxyl for grafting with the 

hydrophobic methyltrichlorosilane or fluoroalkylsilane.[17, 30] 

However, the strong acid or base would damage the skeleton of 

PU sponge, and decrease the mechanical property of the base 

material. Moreover, the chromic acid is toxic to human body. 

Here, we introduce two hydroxyl groups on one secondary 

amine N-H bonds of PU surface by the grafting A without toxic 

or corrosive solution, which can significantly improve the 

surface reactivity of the PU sponge. By the grafting B, long-

chain alkyls are grafted on the hydroxyl of grating A, which can 

remarkable increase the hydrophobicity and lipophilicity. 

Figure 1c presents the compared FTIR of blank sponge, sponge 

after grafting A and sponge after grafting B. It is found that O-

H bands absorption peak occurred in 3300-3700cm-1 after 

grafting A. After grafting B, the O-H bands absorption peak 

almost disappears and the N-H bands absorption peak (3140-

3446cm-1) weakens. It indicates that the robust dendrimers 

polymer brushes were grafted on the surface of the PU sponge. 

 
Figure 1. a) Ring-opening reaction of grafting A. b) 

Esterification reaction of grafting B. c) FTIR spectra of blank 

sponge, sponge after grafting A and sponge after grafting B. 

Water-wetting properties of the grafted PU sponge 

The wettability of the blank sponge and grafted sponge to 

artificial seawater are investigated by analyzing the seawater 

contact angle (Figures 2a and 2d). For the blank sponge, the 

seawater contact angle (Figure 2a) is 94º (3µL), showing a 

slightly hydrophobic character. After the grafting A and B, the 

seawater contact angle of the resultant sponge is 152º (Figure 

2d), exhibiting superhydrophobic[31]. SEM images of PU 

sponge before and after grafting A and B are shown in Figures 

2b, 2c, 2e and 2f. From Figures 2b and 2e, it can be seen that 

the PU sponge has 3D networks structure and multi-channels. 

From the high-magnification SEM images (Figures 2c and 2f), 

there are micro/nanostructures on the skeleton surface.  

Although there are micro/nanostructures on the surface of the 

blank PU sponge, it doesn’t have a good hydrophobicity. And, 

the grafted PU sponge is superhydrophobicity. The obviously 

increased hydrophobicity is attributed to the long chain alkyls 

with low surface energy on the surface of the PU sponge. In 

Figure 2g, we can see the seawater droplets (dyeing by 

methylene blue) stay as spheres on the grafted PU sponge 

surface. To further test the hydrophobic of the grafted PU 

sponge, the grafted sponge is placed on the seawater. From 

Figure 2h, it can be seen the sponge can float on water and 

never sink in seawater due to their superhydrophobicity and 

light weight. When it is immersed in seawater by loading an 

external force, the grafted PU sponge is surrounded by air 

bubbles (Figure 2i). After releasing the external force, the 

grafted PU sponge can float immediately on water surface. 

 
Figure 2. Characterization of PU sponge before (a, b, c) and 

after (d, e, f, g, h, i) grafting treatment. a) The optical image of 

seawater contact angle of the blank PU sponge (the seawater 

contact angle is about 94º). b) Low-magnification SEM image 

of blank PU sponge. c) High-magnification SEM image of 

blank PU sponge. d) The optical image of seawater contact 

angle of the grafted PU sponge (the seawater contact-angle is 

about 152º). e) Low-magnification SEM image of grafted PU 

sponge. f) High-magnification SEM image of grafted PU 

sponge. g) The optical image of seawater droplets on the 

grafted PU sponge surface. h) Optical image of the grafted PU 

sponge floated on seawater owing to its hydrophobic and light 

weight. i) Optical image of the grafted sponge immersed in 

seawater by an external force, exhibiting a silver mirror-like 

surface due to the surrounded air bubbles. 
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Figure 3. The crude oil contact angle images of PU sponge 

before (a) and after (b) grafting treatment. a) The oil contact 

angle of the blank PU sponge is about 81º. b) The oil contact 

angle of grafted sponge is about “0º”. 

Oil-wetting properties and oil absorption rate of the grafted 

PU sponge 

The wettability of the PU sponges to oils is investigated via 

testing the oils contact angle. To the low viscosity oil 

(hexadecane), both the oil contact angles of the blank and 

grafted PU sponge are “0º” (the oil could be absorbed into 

sponge due to theirs lipophilicity and capillary force of the 

porous). But, to the crude oil (unless otherwise indicated, the 

crude oil viscosity is 208cp at 25ºC), the crude oil contact angle 

of the blank PU sponge is about 81º (Figure 3a). And the crude 

oil contact angle of grafted sponge is about “0º” (Figure 3b). 

The crude oil spreads on the surface and permeates into the 

body of grafted sponge, showing the excellent oil-wetting 

property. To test the crude oil wettability of the blank and 

grafted PU sponges, both sponges are placed on the surface of 

the crude oil at the same time (Figure 4, Movie S1 in the 

Supporting Information). It can be seen that the blank PU 

sponge floats on the surface of the crude oil in the whole 

process due to its poor oil wettability. The grafted sponge 

submerges in crude oil in 70 seconds. The significant difference 

of the oil absorption rate between blank sponge and grafted 

sponge also indicates the excellent oil-wetting property of the 

grafted PU sponge. The hexadecane and crude oil contact 

angles of the two kind sponges indicate they can be wetted by 

oil on the thermodynamics. But the difference of the oil 

absorption rate between the two kind sponges shows the grafted 

sponge can be easily wetted by high viscosity oil on kinetics. 

The surface wettability depends on the geometric structure and 

chemical state of materials.[32] In this study, we think the 

chemical state of the surface molecules maybe significantly 

impact on the wettability of the sponge. The 

superhydrophobicity and superlipophilicity of the grafted 

sponge are ascribed to the polymer brushes on the surface of 

grafted PU sponge. The polymer brushes expand in good 

solvents (Scheme 2a) and collapse in poor solvents and air 

(Scheme 2b), respectively.[33] The changes of polymer molecule 

conformations lead to different surface wettability of 

substrate.[34] To the long chain alkyl, seawater is poor solvent 

while oil is good solvent. When long chain alkane with low 

surface energy contact with seawater, it will curl into a ball to 

form a hydrophobic layer. The hydrophobic layer increases the 

difficulty of the seawater replacing the air trapped in the surface 

micro/nanostructures. When long chain alkyl contacts with oil, 

it will swell and expand to form a transition layer. The 

transition layer increases the oil spreading rate with replacing 

the air trapped on the surface of the sponge. With the high 

wettability, the oil absorption rate will speed up by the capillary 

forces, based on the Young–Laplace equations.[35] 

 
Figure 4. Photographs showing the immersion process of crude 

oil of blank (left) and grafted sponge (right). The blank sponge 

floats on the surface of the oil with poor oil wettability and the 

grafted sponge completely submerged in oil in 70 seconds with 

excellent oil wettability. 

 
Scheme 2. Illustration for planar polymer brushes: a) A 

homogeneous smooth layer of stretched chains in good solvent. 

b) A layer of collapsed chains in poor solvent. 

When oil leaking accident happens, the quick spreading, 

evaporation and emulsification processes lead to an increase in 

oil viscosity and a decrease in oil liquidity. So the velocity of 

oil absorption and absorption ability of high viscosity oil are 

particularly important for the oil absorption materials. In Figure 

5a, it can be seen that the immersion time increases along with 

the increase crude oil viscosity. Even for the crude oil with a 

high viscosity of 1082cp, the grafted sponge is completely 

immersed in 166s. And the immersion time of blank sponge is 

more than 1 hour. In Figure 5b, it is shown that the grafted 

sponge can absorb about 23 times crude oil (the crude oil 

viscosity is 208cp at 25ºC) of its own weight at saturated state. 

In contrast, the crude oil capacity of blank sponge still keeps 

very low with the increase of time. Except for crude oil, the 

grafted sponge also exhibits a good adsorption of wide range of 

organic solvents (Figure 5c) such as chloroform, methanol, 

toluene, n-hexane, petroleum ether, etc. In table 1, the viscosity 

of organic solvents is much lower than that of crude oil and 

peanut oil. So the oil capacity and immersion time of the 

grafted sponge are similar to that of the blank sponge to organic 

solvents. However, to the much higher viscosity oil of crude oil 

and peanut oil, there are significant differences between the 

grafted and blank sponge on oil capacity and immersion time 

due to the poor oil wettability of blank sponge. 
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Figure 5. a) The variation of immersion time of the grafted 

sponge in different viscosity of crude oils. b) The crude oil 

absorption capacities of blank (black line) and grafted (red line) 

sponges under different time. c) Absorption capacities of the 

grafted sponge for oils and organic solvents. 

 

Table 1. Comparisons of different oils on oil viscosity (20ºC), oil capacity and immersion time  

of grafted sponge and blank sponge 

 

 Crude oil Peanut oil Toluene Acetone Chloroform n-hexane Petroleum ether Methanol 

Viscosity (cp) 377.00 96.00 0.58 0.33 0.56 0.64 0.23 0.51 

Oil capacity (g/g) 

Grafted sponge 25.06 18.65 34.04 19.23 40.91 17.23 17.18 37.08 

Blank sponge 3.74 6.83 32.51 18.95 40.15 17.31 16.88 36.85 

Immersion 

 time (s) 

Grafted sponge 45.7 32.9 1.4 1.7 1.8 1.2 1.4 2.2 

Blank sponge >>3600 >>3600 2.5 3.0 3.6 1.9 3.0 4.1 

 

 

Oil retention rate of the grafted sponge 

When the sponge is saturated in the process of oil clean-up, we 

need to recycle the saturated sponge. So the sponge needs to 

have a certain oil retention property to avoid desorption of oil 

caused by oil own gravity or other external force before the 

recovery of oil. The oil retention property of sponge is not only 

determined by the porous of sponge and oil surface tension but 

also the adhesive force between oil and sponge surface. To test 

the oil retention rate of the sponge, we make the blank and 

grafted sponge saturated with crude oil before the test and 

centrifuged of 3000 rotation for 1 minute. By calculating, the 

oil retention (the crude oil viscosity is 803cp at 25ºC) of grafted 

sponge (93.7%) is higher than that of the blank sponge (85.3%) 

which will effectively avoid the secondary pollution in the 

process of saturated sponge recycling. From Figure 6a, we can 

see the oil retention rate increases with the crude oil viscosity 

due to the decrease crude oil fluidity. To the same oil viscosity, 

oil retention rate of the grafted sponge is higher than that of 

blank sponge which indicates the adhesive force between the 

grafted molecules and oil molecules. The mechanical properties 

and reusability of the grafted sponge are tested by squeeze of a 

clip. After 400 times squeeze, the sponge still has good 

hydrophobicity (Figure 6b), owing to the robust grafted 

hydrophobicity molecular. And the oil retention keeps above 

90%, as shown in Figure 6b. The mechanical properties of the 

grafted sponge were evaluated by cyclic stress–strain 

measurements (Figure 6c). The cyclic stress–strain curves show 

that the grafted sponge is able to be compressed to large strains 

(80%) at a relatively low stress (5 to 12 kPa), owing to the high 

porosity and elasticity of the sponge. In Figure 6c, there is 

about 10% compressive strain of the grafted sponge recovered 

slowly after 100 times compression without plastic deformation 

after release of the pressure, which indicates its good 

mechanical strength and reusability. 

 
Figure 6. a) Oil retention of variation crude oil viscosity of 

blank and grafted sponge. b) Variation of seawater contact 

angles and crude oil retentions of the grafted sponges in 

repeated absorption/collection processes. c) Stress–strain curves 

of the grafted sponges in the process of mechanical 

compression. 

Oil/water separation 

Oil/water separation has great significance to water 

environmental and many studies work on the oil/water 

separation.[36,37] The above excellent performances imply that 

the grafted sponge can be suitably used to absorb oil and 

organic solvents when they are leaked on the seawater. In 

Figure 7a, when a piece of grafted sponge was brought into 

contact with oil on water surface, it rapidly and completely 

absorbed the oil (Movie S2 in the Supporting Information). 

Subsequently, when the sponge was picked up, clean water 

remained. After the absorption, a simple squeeze could achieve 

the oil recycle. 
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Figure 7. a) Sorption process of crude oil by the grafted sponge. 

b) Separation process of water-in-oil emulsion. 

When the oil spill accident happened, the oil will float on the 

sea water and they are in a state of macroscopic phase 

separation. Under the action of external force of wind and tides, 

oil will interact with water and form two kinds of emulsion: 

water-in-oil and oil-in-water. The diameter of dispersed phase 

in the emulsion is less than 20µm.[38] Moreover, the stability of 

the water-in-oil emulsion is higher than that of oil-in-water, 

which increases the difficulty of the separation of oil/water.[39] 

Due to its high oil wettability and oil retention rate, we use the 

grafted sponge to realize demulsification of water-in-oil 

emulsion. From figure 7b (Movie S3 in the Supporting 

Information), it is found that when the water-in-oil emulsion 

flows in the body of the sponge, the oil absorbed on the surface 

of the sponge and the water will separate from the oil realized 

demulsification. To accelerate the high viscosity emulsion’ 

moving and the extrusion of the water, external force is loaded. 

Due to the strong adsorption capacity of the sponge, there is no 

oil flowing out. And the extrusion of the water is clean and 

transparent. 

 
Figure 8. Sorption process of oil under water by the grafted 

sponge. 

In addition, if an oil droplet is placed on a solid surface in water, 

the contact angle of an oil droplet in water, θΟW, is given by 

Young’s equation: 

cos ��� �
��� ��� ������ ��� ��

���
      (3) 

Where θΟ and θW are the contact angles of oil-air and water-air 

interfaces, respectively. Where γOA, γWA, and γOW are the 

surface tensions of the oil-air, water-air, and oil-water 

interfaces, respectively. [40] As predicted by equation 3, the 

superhydrophobicity ( cos �� � 0 ) and superlipophilicity 

(cos �� � 0) PU sponge is oleophilic (cos ��� � 0) in the 

water. So the grafted PU sponged can clean up oil under water. 

From Figure 8, we can see the chloroform (dyed by oil red O) is 

completely absorbed by the grafted sponge. 

Conclusions 

In conclusion, a superhydrophobicity/superoleophilicity PU 

sponge is fabricated by environmentally friendly surface 

grafting polymer molecular brushes. It exhibits high absorption 

capacity (23 times to self-weight), high oil retention (93%), 

high mechanical strength and good recyclability (more than 400 

times). And it can be used for the larger scale and quick 

cleanup of marine spilled oil/organic solvents and 

separation/recycling of oil-water mixture/emulsion. The method 

in this study not only provides way to the functionalization of 

polyurethane but also makes its industrialized possibility. 
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