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ABSTRACT: The fabrication of high-performance oil sorbents is of great significance for oil spill cleanup. The main objective of this

study was to prepare open-cell polypropylene/polyolefin elastomer (PP/POE) blend foams for fabrication of reusable sorbents for oil

sorption. Open-cell PP/POE blend foams were prepared via continuous-extrusion foaming using supercritical carbon dioxide as the

blowing agent. The interconnected open-cell structure was characterized by scanning electron microscopy. The hydrophobicity and

lipophilicity of PP/POE open-cell foams were revealed by tests of contact-angle measurement, water and cyclohexane sorption on the

foam surface, CCl4 and cyclohexane sorption in water, and oil/water separation. Further, the sorption tests indicated that PP/POE

blend foams showed larger oil-uptake capacities than pure PP foams. In addition, cyclic compression tests showed that PP/POE

open-cell foams had excellent ductility and significantly improved recoverability compared to pure PP foams. In cyclic sorption–

desorption tests, the sorption kinetics was studied in terms of capacity and saturation time, showing that PP/POE foams kept larger

sorption capacities for 10 cycles, with larger sorption rates and good reusability. Based on the high open-cell content, the good hydro-

phobic and oleophilic properties, the high oil-sorption capacity, the improved recoverability, the large sorption rate, and the good

reusability in cyclic oil-sorption performance, the PP/POE open-cell foams have shown promise as potential oil sorbents in applica-

tions for oil spill cleanup. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 43812.
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INTRODUCTION

Offshore oil spills and the discharge of industrial waste oil have

caused severe ecological and environmental problems. Oil

cleanup has been an urgent task globally to protect the environ-

ment and to maintain sustainable development.1,2 The common

cleanup methods include in situ burning, oil booms, bioreme-

diation, oil dispersants, and oil sorbents.3–7 Among these meth-

ods, the application of oil sorbents has proven to be an effective

and economical means of solving the problem.8,9

Oil sorbents are classified as natural sorbents or synthetic sorb-

ents. Natural sorbents include cotton,10 cattail fiber,11 vegetable

fibers,12 corn stalks,13 and zeolites.14 These sorbents showed low

oil-sorption capacities and could not be recycled. In addition,

burning of the natural sorbents after usage might bring secondary

pollution to the environment. Therefore, the conventional natural

sorbents were gradually replaced by synthetic sorbents. The most

commonly used synthetic sorbents were polyurethane (PU) foams

and nonwoven polypropylene (PP) fabrics. The PU foams showed

high oil-sorption capacity, but they showed low oil/water selectiv-

ity.15,16 The nonwoven PP fabrics showed good hydrophobic and

oleophilic properties and a high rate of oil sorption, but they

exhibited low oil-sorption capacities. Synthetic polyvinyl chlo-

ride/polystyrene fibers17 were also applied as oil sorbents and

showed a high oil-sorption capacity up to 146 g/g. However, they

could not be reused because of their poor physical recoverability.

Recently, open-cell polymer foams have been reported for use as oil

sorbents. Park et al.18 reported that open-cell PP foams showed

excellent oil-sorption capacities, and that an oil foam sorbent made

of a PP copolymer showed better ductility and hence reusability in

oil sorption than a PP homopolymer. However, PP copolymers are

generally produced through more complex synthetic routes and

usually are more expensive than PP homopolymers. Therefore, the

fabrication of open-cell foam sorbents with high sorption capacities

and low costs still remains a challenging task.

Several strategies have been applied to prepare open-cell foams in

polymer blends, including crosslinking,19 semi-interpenetration,20

and polymer blending.21,22 The basic concept was the same for

these strategies: nonhomogeneity, that is, hard and soft regions in
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polymer blends. Park et al.19 prepared open-cell foams in low-

density polyethylene (LDPE)–based systems through partial cross-

linking. Hard (crosslinking) and soft (noncrosslinking) regions

were formed because of the nonhomogeneity of the polymer melts,

with the soft regions facilitating cell opening. Ohshima et al.20 pre-

pared open porous structures in a semi-interpenetrating polymer

network via batch foaming, and cell openings were inclined to

form in the soft regions where the low-molecular-weight polymers

were located. Yu et al.21 prepared open-cell structures in poly(lactic

acid)/poly(butylene succinate) (PLA/PBS) blends, and cell open-

ings were formed in PBS phases (soft regions) because of their rela-

tively lower viscosity. Lee et al.22 produced open-cell foams in PP/

LDPE blends through continuous-extrusion foaming. A critical

factor that governs cell opening in a polymer blend during

continuous-extrusion foaming is a dramatic crystallization tem-

perature difference between the two components. LDPE crystalli-

zes at a lower temperature than PP, and whereas PP had already

crystallized as the blends were extruded from the die, LDPE could

still remain in a molten state. Thus, the PP domains (hard regions)

could hold the overall cell structure by preventing the cells from

completely coalescing with each other. However, the gas could

break through the LDPE domains (soft regions) in the cell walls

during cell growth to form pores to interconnect cells, thus form-

ing cell openings. In this study, polypropylene/polyolefin elastomer

(PP/POE) blends could form open-cell structures through the

same mechanism of nonhomogeneity because the POE phases

could remain in a molten state after the PP crystallized as the

blends were extruded from the die. Thus, the addition of POE

could facilitate cell opening and increase the open-cell content

compared to pure PP foams. The open-cell structure could facili-

tate a large oil-sorption capacity of PP/POE foams. In addition,

POE has proved to be an excellent toughening agent for PP homo-

polymers,23,24 so the high elasticity of POE could enhance the

recoverability of the foams, which would favor the reusability of

PP/POE foams as oil sorbents. Moreover, the continuous-

extrusion foaming makes it possible to produce large-scale open-

cell foams to satisfy extensive and cost-effective uses as oil sorbents

in practical applications. Therefore, based on the these merits, it is

highly expected that the PP/POE blend foams would have a high

open-cell content and show excellent oil-sorption capacities and

reusability.

The main objective of the present work was to prepare open-

cell PP/POE blend foams for the fabrication of reusable sorbents

for oil spill cleanup. Open-cell PP/POE blend foams were pre-

pared via continuous-extrusion foaming with supercritical car-

bon dioxide (sc-CO2) as the blowing agent. The cell structure of

PP/POE blend foams was characterized by scanning electron

microscopy (SEM). The hydrophobic and oleophilic properties

were studied with contact-angle measurements, the sorption of

organic solvents on a foam surface and in water, and oil/water

separation. The deformation and ductility of the blend foams

were studied with cyclic compression tests. The oil-sorption

capacities in weight and volume were studied for pure PP and

for the blend foams with several oils and organic solvents. Fur-

ther, the reusability of the open-cell PP/POE foams was studied

with cyclic sorption–desorption. The kinetics of cyclic sorption

was also extensively studied in terms of the capacity and the

saturation time. Based on the results in this study, the PP/POE

blend foams exhibited larger uptake capacities, excellent reus-

ability, and larger oil-sorption rates in oil cleanup compared to

the pure PP open-cell foams.

EXPERIMENTAL

Materials

The PP homopolymer (T03S) used in this study was provided

by Sinopec Zhenhai Refining & Chemical (Ningbo, China), with

a melt flow index (MFI) of 2.8 g/10 min at 230 8C/2.16 kg.

Polyolefin elastomer (POE, Engage 8150) was provided by Dow

Chemical Investment Co. (Shanghai, China), with an MFI of

0.5 g/10 min at 190 8C/2.16 kg. The physical blowing agent,

CO2 (99% purity), was obtained from Ningbo Wanli Gas Cor-

poration (Ningbo, China). The oils used for sorption were

motor oil and bean oil, and the organic solvents used were tolu-

ene, CCl4, and cyclohexane. The oils and organic solvents were

purchased from Sinopharm Chemical Reagent Co. (Beijing,

China). The physical properties listed in Table I was provided

by the manufacturer. Sudan IV (red dye) and Tween-80 (stabi-

lizer) were also purchased from Sinopharm Chemical Reagent

Co.

Open-Cell Foam Preparation

The open-cell PP/POE foams were prepared with a tandem

extrusion system (Figure 1), which consists of two extruders, a

syringe pump, a gear pump, a heat exchanger, and a die. A

detailed description can be found in the previous paper.25 For

continuous-extrusion foaming, the first extruder is used to plas-

ticize the polymers and to preliminarily mix polymer melts

with sc-CO2 at relatively higher temperatures. The second

extruder is used to make a homogeneous polymer/sc-CO2

Table I. Properties of the Oils and Organic Solvents Used in This Study

Oil samples Viscosity (mPa s) Density (g/cm3)

Motor oil 140 0.814

Bean oil 47 0.875

Cyclohexane 0.888 0.779

Toluene 0.587 0.866

CCl4 0.965 1.595

Figure 1. Experimental setup of tandem extrusion system.
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solution and to decrease the temperature, through which foam-

ing with the desired cell structures is facilitated; otherwise, cell

coalescence could happen at relatively higher foaming tempera-

tures. In this study, the first extruder was driven by a 25-hp

drive motor (SIMO, Xi’an, China, Z4-132-3), with a screw

diameter of 45 mm and the temperature set at 190 8C. The sec-

ond extruder was driven by a 40-hp drive motor (SIMO, Z4-

132-3), with a screw diameter of 65 mm and the temperature

set at 175–170 8C. A capillary die (a single hole) with a length

of 40 mm and diameter of 1.5 mm was used, and the tempera-

ture was set to be the same as that of the second extruder. PP

and POE pellets were first premixed by dry-blending in a bag,

and then the premixed PP/POE blends were fed into the first

extruder to plasticize and melt and to preliminarily mix with

sc-CO2. The CO2 was injected into the polymer melts at the

three-quarter point of the first extruder using an ISCO

(Lincoln, USA) syringe pump. The pressure of CO2 in the

syringe pump was kept at 18 MPa, and its content was fixed at

10 wt %. Through mixing in the second extruder, a homogene-

ous PP/POE/sc-CO2 solution was obtained. When the uniformly

mixed PP/POE/sc-CO2 solution passed through the capillary

die, a sharp decrease in gas solubility in the PP/POE melts was

induced by the rapid pressure drop. Consequently, numerous

bubbles were nucleated in the PP/POE melts and the open-cell

foams were generated. The PP/POE foam samples with similar

foam diameters were collected for the foam structure study,

cyclic compression, and oil sorption. In this study, a series of

PP/POE blends with POE contents of 0, 10, 20, 30, and 40 wt

% were prepared, and they were coded as PP/POE0, PP/POE10,

PP/POE20, PP/POE30, and PP/POE40, respectively (Table II).

Cell Structure Investigation

The cell structures of open-cell PP/POE foams were observed

using a Hitachi (Tokyo, Japan) TM-1000 SEM after the samples

were freeze-fractured in liquid nitrogen and sputter-coated with

gold. The cell sizes of the foams were determined from the SEM

micrographs. Image analysis software (Image-Pro Plus, Media

Cybernetics Inc., Bethesda) was used to determine the average

cell size of at least 100 cells.

The mass densities of the samples before (q) and after (qf)

foaming were measured via water displacement according to

ISO 1183-1987. Here, / is the void fraction of the polymer

foam, which can be calculated with eq. (1):

/5 12
qf

q

� �
3100% (1)

The open-cell content of the PP/POE foams was estimated by a

true densitometer (Ultrafoam 1000) according to ISO 4590.

Five measurements for each sample were carried out until the

error was less than 0.005%. The value of the open-cell content

was the average of three samples.

Hydrophobicity and Lipophilicity Study

An OCA20 contact-angle system (Dataphysics, Burglengenfeld,

Germany) was applied to measure the contact angle of water

and cyclohexane on the PP and PP/POE blend foams. Water

was dropped onto the surface of the samples to measure the

contact angle.

The hydrophobic and oleophilic properties of the PP/POE blend

foams were studied via dropping water or cyclohexane labeled

with Sudan IV onto the PP/POE blend foams to observe

whether they would be absorbed by the foams.

The oil-sorption properties of the PP/POE blend foams were

studied with CCl4 (sinking in water) and cyclohexane (floating

on water). CCl4 and cyclohexane were both labeled with Sudan

IV and were dropped in water. The PP/POE blend foams were

put close to the testing oils to study the oil-sorption properties.

The motor oil labeled with Sudan IV was first mixed with sur-

factant (Tween-80) at a ratio of 9/1 (oil/surfactant, w/w). Then

the mixture was added in a beaker to mix with deionized water.

The mixture of motor oil, water, and surfactant were emulsified

for 6 h with magnetic stirring to obtain a stable emulsion. The

prepared oil/water emulsion remained stable within 10 h at

room temperature. Oil/water separation was carried out with a

sand core funnel, with three-quarters of its volume being filled

with open-cell PP/POE foams. The prepared oil/water emulsion

was poured into the sand core funnel manually, and a paper

cup containing water was placed above the foams to prevent the

foams from floating. Oil was absorbed by the foams, and water

flew into the suction flask.

Cyclic Compression Tests

To study the mechanical deformation and recoverability, cyclic

compression tests were carried out on the PP/POE blend foams.

The dimensions of all the foams used were kept the same: about

6 mm in length and 6 mm in diameter. The compression test

was performed for 10 cycles for each sample on an Instron 4465

universal mechanical testing machine at room temperature. For

the cyclic compression, the maximum strain was set at 70%

with a compression rate of 0.5 mm/min.

Sorption Experiments

The procedure for the oil-sorption experiments can be found in

the previous literature.26,27 The sorption experiments were per-

formed at room temperature with open-cell foams of about 6 mm

in both diameter and length. The open-cell foams were first

weighed and then immersed in a 100-ml beaker with an external

force. After saturation, the foams were taken out of the oil and

quickly weighed. The oil-sorption capacities in weight and volume

for these sorbents were obtained based on the following equations:

Oil sorption ðg=gÞ5 ms2m0

m0

(2)

where m0 is the weight of the dry open-cell foam sample, and

ms is the weight of the open-cell foam sample after saturated

sorption of the target oil.

Table II. Compositions of PP/POE Blend Samples

Sample PP (wt %) POE (wt %)

PP/POE0 100 0

PP/POE10 90 10

PP/POE20 80 20

PP/POE30 70 30

PP/POE40 60 40
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Oil sorption ðml=mlÞ5 ms2m0

qs

�
/m0

q0

(3)

where m0 is the weight of the original dry open-cell foam sam-

ple, ms is the weight of the open-cell foam sample after satu-

rated sorption of the target oil, qs is the density of the target

oil, q0 is the density of the original foam, and / is the void

fraction of the original foam.

The cyclic sorption process is described as follows. The open-

cell PP/POE foams were cut into pieces with a length of about

6 mm and then were weighed as m0. After that, the foams were

immersed in oil to absorb oil to saturation and then were

weighed as m1. The sorption capacity [(m1 2 m0)/m0] was

obtained for the first sorption. Subsequently, the oil was

squeezed out of the foams as much as possible, and then the

foams were weighed as m1
0, and the restored capacity [(m1

0 2

m0)/m0] was obtained for the first desorption. The sorption and

desorption for the subsequent cycles (second to tenth) were per-

formed in the same way, and the corresponding uptake capacity

and restored capacity were obtained.

The sorption kinetics of PP/POE0 and PP/POE30 foams absorb-

ing cyclohexane was studied. The foams were first weighed and

then were put on cyclohexane in a beaker to absorb the organic

solvent gradually. During the sorption, the weight of the foams

was measured. When the weight did not increase any more, the

saturation time was marked for the first cycle. This procedure

was repeated for the following cycles, and the saturation time

was marked accordingly.

RESULTS AND DISCUSSION

Cell Morphology of PP/POE Foams

The foamed filaments with a diameter of about 6 mm were pre-

pared with the tandem extrusion system. The cell morphologies

of open-cell PP and PP/POE blend foams are shown in Figure

2, and the corresponding foam properties are shown in Table

III. The foam density and the void fraction for all the specimens

were around 0.040 g/cm3 and 95.0%, respectively. It was found

that the average cell size of the pure PP foams was about 260

lm, and their open-cell content reached 80.3%, which was

higher than that reported in other literature.22 This could be

attributed to the following three reasons. First, the PP used in

this study was a linear polymer, which showed lower melt vis-

cosity and thus favored formation of an open-cell and intercon-

nected structure.28,29 Second, the die temperature in this study

was set in a proper range of 170–175 8C. If the die temperature

were set above this temperature range, the melt strength of the

PP melt would be too low to hold the gas and would result in

cell coalescence and cause collapse, while if it is below this tem-

perature range, the cell walls would be too hard for the gas to

break, thus resulting in a closed-cell structure. Third, a high gas

content was used in this study to achieve high open-cell con-

tents. Based on the published literature,30 the cell densities

Table III. Characteristics of PP/POE Blend Foams

Characteristics PP/POE0 PP/POE10 PP/POE20 PP/POE30 PP/POE40

Foam density (g/cm3) 0.040 0.041 0.041 0.039 0.042

Void fraction (%) 95.6 95.5 95.5 95.7 95.3

Open-cell content (%) 80.3 92.4 92.1 93.7 91.6

Figure 2. Cell morphologies of PP/POE blend foams. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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would be significantly increased with increased gas content, and

the increase in cell densities could lead to a decrease in thick-

ness of the cell walls, which would be easier for the gas to

break, thus forming an open-cell structure.

The average cell sizes of the PP/POE10, PP/POE20, PP/POE30,

and PP/POE40 foams were about 250 lm, 220 lm, 200 lm,

and 190 lm, respectively, decreasing with increasing POE con-

tent. The open-cell contents of the PP/POE foams were about

92%, which was higher than that of the pure PP foam. This

might be attributed to the following two reasons. First, accord-

ing to the heterogeneous nucleation mechanism,22,23 the addi-

tion of POE to the PP matrix would increase the cell nucleation

density, which would lead to a decrease in both cell size and

thickness of the cell wall, thus favoring cell opening. Second,

the POE phase might still remain in a molten state when the

PP matrix had been stiff after extrusion from the die of the

extruder. Thus, the cell walls in the POE phase could be easily

broken by the diffusion of CO2 during the cooling process. This

mechanism for cell opening can be found elsewhere.19,31

Based on the discussions above, it is expected that, compared to

pure PP foams, the PP/POE blend foams would show higher

oil-uptake capacities, arising from the higher open-cell contents.

In addition, based on the previous literature about PP toughen-

ing, POE is an excellent toughening agent for PP, and PP/POE

blends would show better ductility under mechanical deforma-

tion and thus better recoverability after the deformation.23,24

Therefore, it is expected that higher sorption rates would be

favored in oil sorption for PP/POE foam compared to the PP

counterpart, arising from the better mechanical recoverability

for the former. Moreover, according to the reported study on

PP toughening,32 the addition of 30% POE in PP would induce

the brittle–ductile transition under ambient conditions and

would thus lead to dramatically improved flexible and ductile

behaviors in the PP/POE30 blend compared to pure PP. There-

fore, the PP/POE30 foam was taken in particular as an example

in many tests in this study to compare with the pure PP foam

to investigate the effect of the addition of POE on the cell struc-

ture, sorption property, and reusability of the PP/POE foams as

oil sorbents.

Hydrophobic and Oleophilic Properties of Open-Cell

PP/POE Foams

Ideal oil-sorption materials should possess the following proper-

ties: high oil/water selectivity, high oil-uptake capacity, buoy-

ancy, a large sorption rate, excellent reusability, and low

costs.33,34 The commercial PP-based oil-sorption materials

include PP nonwoven mats and PP fibrous mats, which show

excellent hydrophobic and oleophilic properties.1 Based on the

good properties of these PP-based materials in oil sorption, it is

highly expected that the PP/POE open-cell foams would also

show excellent hydrophobic and oleophilic properties. In this

study, cylindrical PP/POE blend open-cell foams were prepared

[Figure 3(a)] of about 6 mm in diameter and about 6 mm in

length. The hydrophobic properties [Figure 3(b)] of the PP/

POE foams were studied, showing that neither PP/POE0 nor

PP/POE30 was wetted by water, whereas the contact angle was

larger than 1408, indicating good hydrophobicity of the foams.

Based on the published literature,35,36 the wettability of a solid

surface is determined by the surface microstructure and chemi-

cal composition. Thus, the excellent hydrophobic properties of

the PP/POE foams were probably due to the roughness of the

foam surface and the lack of polar groups. The hydrophobic

and oleophilic properties of the open-cell PP/POE30 foams

were further revealed by studying the sorption of distilled water

and cyclohexane (labeled with Sudan IV) applied to the foam’s

surface, respectively [Figure 3(c)]. The water droplet stayed

firmly on the foam surface, while the cyclohexane was immedi-

ately absorbed by the foam.

As the PP-based foams showed excellent hydrophobic and oleo-

philic properties, it is highly expected that they could show

good oil-sorption properties in applications. Two organic sol-

vents were used to test the oil-sorption properties of PP/POE30

foams. Figure 3(d) shows that CCl4 (labeled with Sudan IV)

sinking in water was quickly absorbed by the open-cell PP/

POE30 foam. Similarly, Figure 3(e) shows that cyclohexane

(labeled with Sudan IV) floating on water was also quickly

absorbed. These results indicated that PP/POE30 foams showed

good oil-sorption properties in water. In addition, the foams

still float on water after sorption of organic solvents CCl4 or

cyclohexane, which is probably due to the low density of the

PP/POE foams and the good oil/water selectivity during sorp-

tion. Thus, the floating characteristic of the foams makes them

easy to collect and recycle after sorption of oils in real

applications.

Considering that PP/POE30 foams showed good oil-sorption

properties in water, it is expected that they could be used for

oil/water separation. Motor oil/water emulsions (labeled with

Sudan IV) stabilized by Tween-80 were used as test solvents.

Oil/water separation by open-cell PP/POE30 foams was carried

out with a sand core funnel. Figure 3(f) shows that, after filtra-

tion, the liquid flowing to the conical flask was changed from

red to colorless. This was because the motor oil labeled with

Sudan IV was absorbed by the PP/POE30 foams, while the

water flowed along the interstices among the foams into the

conical flask. This demonstrated that open-cell PP/POE30 foams

could be used in the application of oil/water separation. Thor-

ough and systematic studies on the kinetics of oil/water separa-

tion of open-cell PP/POE foams with different oils and organic

solvents are still ongoing and will be presented in the future.

Oil-Sorption Capacity

The oil-sorption capacities in weight and volume of PP/POE0

and PP/POE30 foams were extensively studied, with different

oils of different density and viscosity. Based on the previous lit-

erature,37 the main factors that influence the oil-sorption

capacities are the density and the viscosity of the testing oils or

organic solvents. The oils or organic solvents with a lower vis-

cosity and a larger density could be more easily absorbed by the

open-cell foams and hence show a larger uptake capacity. In

comparison, it could imagined that the oils with a large viscos-

ity would be hard to absorb and thus would lead to a smaller

sorption capacity.

The oil-sorption capacities in weight of different oils for PP/

POE0 and PP/POE30 foams are shown in Figure 4(a). It was
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found that the maximum oil-sorption capacity of motor oil,

bean oil, cyclohexane, toluene, and CCl4 for the PP/POE0 foams

was 15.1, 19.9, 24.5, 26.1, and 43.8 g/g, respectively, while it was

19.3, 25.3, 29.1, 32.3, and 52.1 g/g for the PP/POE30 foams,

respectively. This indicates that the PP/POE30 foams possessed

higher oil-sorption capacities than pure PP foams because of

the higher open-cell content for the former foams. Moreover,

the PP/POE30 foam showed the highest sorption capacity of

CCl4 because of the relatively low viscosity and the high density

of CCl4 relative to other oils or solvents (see Table I). In com-

parison, for motor oil and bean oil, which have high viscosity,

the sorption capacity of PP/POE30 foam was relatively low.

Figure 4. Sorption capacities of PP/POE0 and PP/POE30 foams with different oils and organic solvents in (a) weight and (b) volume. The dashed line

in (b) represents the value of 1.0. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. (a) Open-cell foams with a diameter of about 6 mm; (b) hydrophobicity of PP/POE0 and PP/POE30 foams; (c) hydrophobic and oleophilic

properties of PP/POE30 foams testing with water and cyclohexane drops; (d) sorption of CCl4 (sinking in water) with PP/POE30 foam; (e) sorption of

cyclohexane (floating on water) with PP/POE30 foam; (f) motor oil/water emulsion separation with PP/POE30 foam. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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The oil-uptake capacities in volume for PP/POE0 and PP/

POE30 foams were also investigated, and the results are shown

in Figure 4(b). Actually, the uptake capacity in volume was cal-

culated based on the ratio of the volume of the absorbed oil to

the volume of the voids in the foam [see eq. (3)]. If the uptake

capacity was smaller than one, it would mean that the voids in

the foam had not yet been completely occupied by the oil,

probably due to the large viscosity of the oil. In comparison, if

the uptake capacity was larger than one, it would mean that the

cell walls of the foam were swelled by the oil. Figure 4(b) shows

that the oil-sorption capacity of motor oil, bean oil, cyclohex-

ane, toluene, and CCl4 for the PP/POE0 foams was 0.73, 0.91,

1.25, 1.23, and 1.12 ml/ml, respectively, while it was 0.95, 1.15,

1.47, 1.49, and 1.31 ml/ml for the PP/POE30 foams, respec-

tively. By comparison, it was found that the volume uptake

capacities of various oils for PP/POE30 foams were also higher

than those for the PP/POE0 foams. Moreover, the maximum

volume uptake capacities of motor oil and bean oil for the PP/

POE0 foams and the capacity for motor oil for PP/POE30

foams were lower than one, probably due to the relatively high

viscosity of motor oil and bean oil. In comparison, the maxi-

mum volume uptake capacities of cyclohexane, toluene, and

CCl4 for PP/POE0 foams and the maximum volume uptake

capacities of bean oil, cyclohexane, toluene, and CCl4 for PP/

POE30 foams were larger than one. This means that the volume

of these absorbed organic solvents or oil were higher than the

geometric volume of the voids in the original foams, thus indi-

cating that the foams were swelled by the organic solvents or

oil. In addition, the swelling of PP/POE30 foams was more

obvious than that of PP/POE0 foams, probably due to the

decreased crystallinity of the former with the addition of POE.

As previously reported,38 the oil-sorption mechanism of PP

fibrous mats was only a surface phenomenon, a capillary action

through bridges of the voids between fibers, due to the high

crystallinity of the PP fibrous mats. However, the oil sorption

of the PP/POE foams in this study could involve capillary

action as well as swelling of the foams by the oils or organic

solvents. Therefore, the higher sorption capacity of the PP/

POE30 foams relative to the PP/POE0 foams should be attrib-

uted to its higher open-cell content and the swelling behavior.

Recoverability and Reusability of PP/POE Foams

Recoverability was considered an important factor for PP/POE

open-cell foams as oil sorbents. If the foams showed good

recoverability after compression deformation, it would facilitate

the foam recovering and absorbing oils in the following cycles.

Consequently, the foams could keep showing large sorption

capacities and hence good reusability. Thereby, cyclic compres-

sion was carried out with PP/POE0 and PP/POE30 open-cell

foams to study their recoverability after compression (See Figure

5). Ten cycles of compression were applied to the foams with a

maximum strain of 70%. The stress–strain curves of the cyclic

compression in Figure 5(a,b) show that the maximum stress for

PP/POE0 and PP/POE30 foams was about 160 kPa and 90 kPa,

respectively. This indicates that the PP/POE30 foams were less

rigid than the pure PP foams, which is attributed to the elastic

component in the blend. In addition, after the first compres-

sion, the permanent strain for PP/POE0 and PP/POE30 foams

Figure 5. Cyclic compression behaviors of open-cell PP/POE blend foams for 10 cycles: (a) PP/POE0 and (b) PP/POE30; (c) permanent strain for PP/

POE blend foams as a function of cycles. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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was about 30% and 15%, respectively. This indicates that the

latter foams were more ductile and recovered more easily after

compression. With more cycles of compression applied to PP/

POE0 and PP/POE30 foams, the permanent strain was increased

for both foams, with less for the latter. The permanent strain

for the PP/POE foams with different contents of POE after dif-

ferent cycles is summarized in Figure 5(c). It was found that the

permanent strain was increased with number of cycles, while it

decreased with the POE content. Therefore, this indicates that

the addition of POE in the PP/POE blends facilitates the recov-

erability of the foams after compression deformation. Thus,

compared to pure PP foams, it was highly expected that the

recoverability of PP/POE foams would be improved after

mechanically squeezing out oils in their application as oil

sorbents.

Good reusability is a desired key factor for oil sorbents that

saves costs in practical oil-cleanup applications. If the PP/POE

blend foams keep showing high capacities in cyclic sorption–

desorption tests, they would possess the characteristics of good

reusability as oil sorbents. Figure 6(a) shows the sorption and

squeezing process of PP/POE30 open-cell foam in the applica-

tion of cyclohexane labeled with Sudan IV. For the first sorp-

tion, PP/POE30 open-cell foam absorbed cyclohexane to

saturation. During the mechanical squeezing, most of the cyclo-

hexane was squeezed out. During the second sorption, the foam

absorbed cyclohexane to saturation, recovering its original size.

This indicates excellent reusability for the PP/POE30 foams.

The cyclic sorption–desorption properties of the PP/POE0 [Fig-

ure 6(b)] and PP/POE30 [Figure 6(c)] foams were quantita-

tively studied with cyclohexane. Figure 6(b) shows that PP/

POE0 foam exhibited a sorption capacity of 24.5 g/g for the

first sorption and a slight decreased capacity for the following

cycles, probably due to the mechanical deformation of the

foam. For the desorption of each cycle, the absorbed cyclohex-

ane could not be completely removed under a mechanical pres-

sure (1 MPa), and a restored capacity of about 5.0 g/g still

remained in the foam after squeezing. In comparison, the PP/

POE30 foam showed a relatively higher sorption value of 29.1

g/g for the first sorption and still possessed a high sorption

capacity of around 28.0 g/g after 10-cycle sorption and desorp-

tion. In a comparison of the PP/POE0 and PP/POE30 foams,

the larger sorption capacity and better reusability make the lat-

ter foams better potential oil sorbents, which was considered to

be related to the addition of POE.

A larger sorption rate and a shorter saturated sorption time are

desired properties for materials to be used as oil sorbents. The

sorption kinetics of PP/POE0 and PP/POE30 foams for cyclo-

hexane was investigated in terms of the saturated sorption time

(Figure 7). For the first cycle, it was found from Figure 7(a)

that the sorption capacities were gradually increased with time

up to saturation. The saturated sorption time was about 40 min

and 30 min for the PP/POE0 and PP/POE30 foams, respectively.

The faster sorption of cyclohexane for the PP/POE30 foam

could be related to the increased open-cell content and the

improved ductility and recoverability with the addition of POE

in PP/POE blend foams. The saturated sorption times for the

PP/POE0 and PP/POE30 foams for 10 cycles are shown in Fig-

ure 7(b). It was found that, for the first four cycles, the

Figure 6. (a) Photographs of cyclic sorption and squeezing processes of PP/POE30 open-cell foam with cyclohexane dyed with Sudan IV. Sorption and

restored sorption capacities of PP/POE open-cell foams with cyclohexane: (b) PP/POE0 and (c) PP/POE30. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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saturation time of the PP/POE30 foams was prominently

shorter than that of the PP/POE0 foams. This indicates that the

PP/POE30 foams were quicker to achieve saturated oil sorption,

which might be related to the higher open-cell content and the

better mechanical recoverability with the addition of POE in the

blends. Moreover, it was found that the saturation time was

decreased with the cycles, both for PP/POE0 foams and PP/

POE30 foams, which might be due to the following two aspects.

First, the restored oil within the cell walls could possibly facili-

tate the wetting and sorption of the oil in the subsequent cycles.

Second, some cell walls could be broken during mechanical

deformation of the foams, which would increase the open-cell

content and thus accelerate the subsequent sorption rate and

shorten the saturation time. Thus, the saturation time from the

seventh cycle to the tenth became similar for PP/POE0 foams

and PP/POE30 foams. The possible two reasons are still under

study and need to be verified by ongoing work.

CONCLUSIONS

In this paper, open-cell polypropylene/polyolefin elastomer (PP/

POE) blend foams were prepared via continuous-extrusion

foaming using supercritical carbon dioxide as the blowing agent.

It was found that the PP/POE foams showed an interconnected

open-cell structure with a high open-cell content. The open-cell

PP/POE foams exhibited excellent hydrophobic and oleophilic

properties and higher oil-sorption capacities. In addition, com-

pared to pure PP foams, the addition of POE enhanced the

ductility and recoverability of PP/POE blend open-cell foams,

improved their reusability as oil sorbents, and also increased

their sorption rates. Based on this study, PP/POE open-cell

foams have shown promise as potential oil sorbents in applica-

tions in oil/water separation, industrial wastewater treatment,

and oil cleanup on the sea.
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