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ABSTRACT: Macroporous materials are a class of absorbents used for oil
spill cleanup. In this article, novel macroporous and hydrophobic polyvinyl
formaldehyde (PVF-H) sponges were prepared by the reaction of stearoyl
chloride with hydroxyl groups of hydrophilic PVF sponge at different
temperatures. Attenuated total reflectance-infrared (ATR-IR) spectroscopy
confirmed the successfully anchoring of hydrophobic stearoyl groups on the
PVF networks. Scanning electron microscopy (SEM) images demonstrated
that the as-prepared PVF-H had interconnected open-cell structures, and
mercury intrusion porosimetry indicated that the average pore size ranged
from 60 to 90 μm and porosity was greater than 94.8%. Such PVF-H
sponges can absorb oil products effectively, such as toluene, n-hexane,
kerosene, soybean oil, hydraulic oil, and crude oil up to 13.7 g·g−1 to 56.6 g·
g−1, and this level of absorption was approximately 2−4 times higher than
that absorbed by commercial polypropylene nonwoven mat. In low-viscosity oils, the samples can reach the saturated absorption
amount only in 1 min, but in higher-viscosity oils, absorption equilibrium can be reached in 10 min. In a simulated oil slick
system, these macroporous and hydrophobic sponges can still maintain high oil absorption capacities within the range of 14.4 g·
g−1 to 57.6 g·g−1, whereas a relatively low absorption rate (approximately 20 min) indicated high absorption performance and
excellent selectivity in the oil−water mixture. In addition, the absorbed oils were collected effectively only through a simple
squeeze. The PVF-H sponges were subjected to 35 absorption−squeeze cycles and exhibited good reusability and 90% recovery
for oils. The samples prepared at different temperatures differed in their absorption capacities to some extent. However, this new
kind of macroporous and PVF-H sponges had excellent absorption performance on oil products.

KEYWORDS: hydropbobic sponge, macroporous absorbents, poly(vinyl alcohol)-formaldehyde, oil spill

■ INTRODUCTION

The frequent occurrence of oil spills seriously harm marine
ecological and human living environments.1 Various methods
have been proposed for oil spill remediation, such as
dispersants,2,3 solidifiers,4 absorbents,5−10 booms, skimmers,
and controlled burning. Among current techniques, oil
absorbent materials have particular potential because oil
pollutants can be transformed from liquid to semisolid phase;
collecting and removing oils from the spill site just by removing
the absorbents are also possible.11,12

Oil absorbents used in oil spill cleanup can be roughly
divided into three major classes, namely, inorganic mineral
products, organic natural products, and synthetic polymers.
These materials have been widely investigated and applied in
practice, but some shortcomings exist. Inorganic mineral
products, such as silica,13,14 zeolites,15,16 and perlite,17 have
low absorption capacity (less than 2 g·g−1). Organic natural
products, such as wool fiber,18 rice straw,19 kapok fiber,20 wood
fiber, corn cob,21 and milkweed fiber,8 exhibit relatively high
absorption performance, but instability occurs in aqueous

medium over time after oil absorption.18,19 Synthetic polymers,
including rubber,22 polyacrylate,23 and polyolefin24 display high
absorption amounts up to approximately 40 g·g−1, but the
absorption rate is slow and regeneration after adsorption is
difficult,23,24 which limit their application. Previously, novel
absorbents with hydrophobic surfaces and interconnected
macroporous structures based on different materials, have
received attention because of their excellent absorption
performance and additional functions. Some examples of
these materials are carbon nanotube sponges,6,25,26 coated
polyurethane foam,27,28 graphene sponge,29,30 nanocellulose
aerogel,7 hydrophobic polyurethane foam,31 butyl rubber,4d,32

electrospun fibers,10,33,34 and polydimethylsiloxane sponge.35

These advanced materials exhibit high uptake capacity, rapid
absorption kinetics, hydrophobicity, oleophilicity, floating
before and after oil absorption, absorption selectivity, easy oil
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recovery from absorbents, and good reusability. Nevertheless,
complicated reaction procedure, difficult scale-up, and high cost
are limiting factors for the practical application of the above-
mentioned materials. Thus, finding a novel material with
advanced absorption performance is urgent.
Traditional hydrophilic poly(vinyl alcohol)-formaldehyde

(PVF) sponges with macroporous structure exhibit good
properties, such as open-cell structure, good mechanical
property at low apparent density, high water uptake up to 15
g g−1, and super softness at wet state. PVF sponges have been
widely used as mops, surgical pads,36 bandage pads,37 and
operative implants.38 However, numerous isolated hydroxyl
groups exist in hydrophilic PVF network because the hydroxyl
groups in poly(vinyl alcohol) react with formaldehyde in
pairs39,40 and restrict the usability of PVF in hydrophobic
materials, such as absorbents of hydrocarbons, packaging
materials, and building materials. However, isolated hydroxyl
groups in PVF sponges allow further modification to obtain
new functional materials with desired properties for practical
applications. In this study, hydrophobic PVF (PVF-H) sponges
are produced via heterogeneous phase reaction between
stearoyl chloride and hydroxyl group in PVF. The optimum
synthesis conditions for oil absorbents were determined, and
the absorption performances in various oils were also
investigated in detail.

■ EXPERIMENTAL SECTION
Materials and Regents. Poly(vinyl alcohol) (PVA) powder with a

polymerization degree of 2000 and saponification degree of 99% was
purchased from Shanxi Sanwei Group Co., Ltd., China. Triton X-100,
glutaraldehyde, and stearic acid were obtained from Aladdin
(Shanghai, China). Stearoyl chloride was prepared using conventional
methods from literature.41 Formaldehyde and other organic solvents
with different solubility parameters including n-hexane (7.24 (cal·
cm−3)1/2), cyclohexane (8.20 (cal·cm−3)1/2), xylene (8.75 (cal·
cm−3)1/2), toluene (8.91 (cal·cm−3)1/2), chloroform (9.21 (cal·
cm−3)1/2), dichloromethane (9.73 (cal·cm−3)1/2), THF (9.52 (cal·
cm−3)1/2), 1,2-dichloroethane (9.80 (cal·cm−3)1/2), N,N-dimethylace-
tamide (11.10 (cal·cm−3)1/2), DMF (12.14 (cal·cm−3)1/2), ethanol
(12.70 (cal·cm−3)1/2), methanol (14.50 (cal·cm−3)1/2), glycol (16.50
(cal·cm−3)1/2), and formamide (17.80 (cal·cm−3)1/2) were purchased
from Beijing Chemical Works and used as received. Kerosene (8.3
(cal·cm−3)1/2)42 and hydroaulic oil were purchased from China
National Petroleum Corporation (CNPC); soybean oil (8.4 (cal·
cm−3)1/2)43 was regular cooking oil. Crude oil was obtained from
PetroChina Jilin Oilfield Company.
Preparation of PVF Sponge. The preparation of PVF sponges

has been reported in literature.44 Typically, 50 g of PVA was dissolved
in 450 g of deionized water by vigorous stirring with a magnetic
stirring bar at 95 °C until completely dissolved. A PVA solution with a
concentration of 10 wt % was obtained. Formaldehyde (10 mL) and
Triton X-100 (1.5 g) were poured into 60 g of hot PVA solution with
vigorous stirring. The liquid froth was obtained after 5 min, after which
30 mL of 50 wt % H2SO4 was poured into the froth at room
temperature. The froth at maximum volume was poured into a mold
and cured in an oven at 60 °C for 5 h. The raw sample was washed
with water at least five times to remove the unused reactants. Finally,
the sample was obtained after drying to constant weight at 60 °C. The
PVF has an apparent density of 0.073 g·cm −3.
Preparation of Hydrophobic PVF (PVF-H) Sponges. The

obtained pristine PVF was cut into small pieces with a dimension of 10
× 10 × 50 mm3 and immersed into the mixture of stearoyl chloride
and acetonitrile in the presence of pyridine at different temperature
(25, 50, and 75 °C) for 24 h. The as-prepared samples were washed
thoroughly with toluene, dried in a vacuum oven at 50 °C, and
designated as PVF-H-25Py, PVF-H-50Py, and PVF-H-75Py (the

numbers 25, 50, and 75 correspond to the reaction temperatures of
25, 50, and 75 °C, respectively).

Instruments and Characterization. Fourier-transform infrared
(IR) spectrum was obtained on Bruker Vertex 70 spectrometer with
attenuated total reflection (ATR) attachment. Scanning electron
microscopy (SEM) images were observed using a field-emission
environmental SEM (Micro FEI Philips XL-30-ESEM-FEG) operating
at 15 kV. Water contact angle was observed using Krüss DSA 10-MK 2
drop shape analyzer at ambient temperature, using water as probe
liquid (approximately 3 μL). Pore size and porosity were obtained by
an automatic intrusion porosimeter (Autopore IV 9500, Micromeritics,
U.S.A.). Viscosities of the oils were measured by MDJ-8S digital
viscometer, and densities of the oils were measured by gravimetric
method. The water contents of recovered oil from oil−water mixture
were measured using a Mettler Toledo C20 coulometric Karl Fisher
titrator.

Procedures of Oil Removal. Six types of oils, including toluene,
n-hexane, kerosene, vegetable oil, hydraulic oil, and crude oil, were
selected to examine the efficiency of the as-prepared macroporous
PVF sponges. Physical constants of oils are listed in Table 1. Toluene

represents the most common weak polar volatile organic compounds
(VOCs), respectively, whereas n-hexane and kerosene is selected to
represent low-viscosity oils, such as gasoline, diesel fuel, and light
crude oil. Hydraulic and crude oils are satisfactory representatives of
higher-viscosity oils. Soybean oil represents consumed regular cooking
oil. All tests were performed at 25 °C, and the obtained PVF-H-25Py,
PVF-H-50Py, and PVF-H-75Py sponges and commercial PP nonwoven
mat were cut into a size of 10 × 10 × 5 mm3. The samples were
weighted (W0) and immersed into 200 mL oils, and the weight of
absorbents was monitored as a function of time. The swollen sponges
were removed from the oils at certain intervals, and their weights were
determined at time t after draining for 0.5 min on stainless steel mesh.
The absorption capacity (Qt) at time t was calculated according to the
following equation:

= −Q W W W( )/t t 0 0 (1)

where W0 is the dry sponge mass, and Wt is the total weight of wet
sponge at time t. Qs is the saturated absorption capacity; that is, the
absorbents were immersed into the different oils for 30 min.

The volume swelling ratio (Qv) of as-prepared samples in various
organic solvents with various solubility parameters was also calculated
from the saturated absorption capacity and defined as follows:

ρ ρ ρ= +Q W W W( / / )/( / )v s s 0 0 0 0 (2)

where Ws is the weight of absorbed organic solvents at saturated state
of samples in various organic solvents, and ρs and ρ0 are the apparent
densities of the organic solvent and the dried sample, respectively.

Absorption Selectivity and Reusability. The procedures for oil
removal from tap water by absorbents were obtained from
literature.8,45 To emphasize excellent oil adsorption selectivity of our
materials in the aqueous medium, just a small amount of oil was
poured into a beaker to obtain a layer approximately 1.5 mm above the
water. Subsequently, the samples were placed on the surface of oil−
water mixture, and the weight of the sponges was monitored as a

Table 1. Properties of Oils Used in Experiments

oil type

viscosity
(cp)

(20 °C)

specific
gravity
(20 °C) solubility param. ((cal·cm−3)1/2)

toluene 0.29 0.87 8.91
n-hexane 0.33 0.66 7.24
kerosene 3 0.80 8.2628

soybean oil 55 0.92 8.3729

hydraulic
oil

84 0.87

crude oil 172 0.86
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function of time. The absorption capacities of absorbents in different
oil−water mixture were calculated from eq 1.
Reusability test was carried out by simple squeezing, and the

absorbed oils were collected from sponges. The recovery (R) of oil was
calculated as follows:

= − ×R W W W/( ) 100re e 0 (3)

where Wre is the weight of collected oil, W0 is the dry weight of
sponge, and We is the swollen sample mass at absorption equilibrium
state. The squeezing experiments were performed for 35 cycles for
each sample.

■ RESULTS AND DISCUSSION
Characterization of Macroporous and Hydrophobic

PVF Sponges and PP Nonwoven Mat. Figure 1 shows the

ATR-IR spectra of PVF, PVF-H-25Py, PVF-H-50Py, and PVF-H-
75Py. The broad absorption in the range 3200 to 3600 cm

−1 and
the peak at 2843 to 2943 cm−1 in the PVF are attributed to the
O−H stretching vibration and C−H strength vibration of the
alkyl chain, respectively. After hydrophobic modification using
stearoyl chloride in the presence of pyridine at 25 °C, the PVF-
H-25Py showed an obviously reduced intensity in the range
3200 to 3600 cm−1 and the appearance of prominent new peaks
at 1734 and 721 cm−1, which are attributed to carbonyl
stretching and rocking vibrations of the alkyl chain from
octadecyl chains, respectively. These changes indicate the
successful substitution with hydrophobic stearoyl groups on the
PVF. The peaks at 2843 to 2943, 1734, and 721 cm−1 increases
with increasing reaction temperature from 25 to 75 °C.
Meanwhile, the O−H stretching vibration decreases dramati-
cally with reaction temperature, implying that a sponge with a
high degree of substitution can be produced at high reaction
temperature. The O−H stretching vibration eventually
disappeared completely at 75 °C, and PVF-H-75Py, which
shows complete substitution of stearoyl groups in PVF, was
obtained.
Figure 2 shows the pore size distribution of the PVFs before

and after hydrophobic modification. PVF and PVF-H-25Py
showed a similar average pore size of 60.4 μm, whereas PVF-
H-50Py and PVF-H-75Py showed a pore size of 90.8 μm. The
porosities of PVF, PVF-H-25Py, PVF-H-50Py, and PVF-H-75Py
are 95.0%, 94.5%, 90.5%, and 91.7%, respectively. For
comparison, the commercial PP nonwoven mat was tested.
The average pore size and porosity of commercial PP
nonwoven mat are 45.3 μm and 88.9%, respectively. Figure 3

presents low-magnification SEM images of the sponges. As
shown in Figure 3a, the pristine hydrophilic PVF has an
interconnected open-cell structure with an average diameter of
51.9 μm. These structural characters offer rapid penetration and
diffusion of reagent and react with the residue hydroxyl groups
of the PVF network. In Figure 3b and c, after hydrophobic
modification, PVF-H-25Py and PVF-H-75Py maintain the
interconnected pore structure but with larger pores in
accordance with data in Figure 2. The hydrophobic
modification increase the pore size and distribution to some
extent, but PVF-H sponges maintain high porosity greater than
90%, which will facilitate rapid absorption and high capacity for
organic solvents. Figure 3d shows a PP nonwoven mat with
fiber assemblies and porous and cloth-like structure. The
diameter of fibers is in the range 1.0 to 15.0 μm and the bulk
density of PP is approximately 0.110 g·g−1.
Wettability or water-repellency of substrates is greatly

affected by the surface composition and the surface topography
of substrates,46 especially for porous substrates with open-cell
structure.47 As shown in the inset of Figure 3a-2, the pristine
PVF sample has a hydrophilic surface, and the water droplet
penetrated into the pores completely within 20 s. Thus, the
static contact angle cannot be obtained. On the contrary, the
water droplet was not absorbed by PVF-H-25Py, PVF-H-50Py,
PVF-H-75Py, and PP, and remained on the surface of the above
samples for a long time. The water contact angles of PVF-H-
25Py, PVF-H-50Py, PVF-H-75Py, and PP are 131° ± 0.5°, 133° ±
1.1°, 138° ± 1.5°, and 141° ± 0.7°, respectively. Obviously, the
PVF-H-75Py and PP nonwoven mat show remarkably higher
water contact angle than PVF-H-25Py and PVF-H-50Py,
demonstrating that hydrophobicity of modified samples
increased with modified temperature. The high contact angle
of hydrophobic sponges is due to the rough surface and
immobilization of hydrophobic long-alkyl chain on the surfaces,
which effectively enhanced the hydrophobicity of sponges.
Figure 4a illustrated the structural change from hydrophilic to
hydrophobic. PVF-H sponges can float on the water as shown
in Figure 4b, but pristine PVF sank into the water. Interestingly,
the droplets with low surface tension such as kerosene and
crude oil would penetrate into the PVF-H sponge very quickly
whereas those with higher surface tension such as water and
glycol were “standing” on the surface (Figure 4c).

Oil Absorption Performance. Oil absorption kinetics and
absorption capacity are two very important parameters that
characterize the quality of absorbents. The absorbents with
interconnected pore structure could be rapidly penetrated by
suitable solvents, and absorption equilibrium can be reached

Figure 1. FTIR spectra of PVF, PVF-H-25Py (25 °C), PVF-H-50Py (50
°C), and PVF-H-75Py (75 °C).

Figure 2. Pore size distributions of PVF, PVF-H-25Py, PVF-H-50Py,
PVF-H-75Py, and PP nonwoven mat.
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within a short time.48,49 Figure 5a-f shows the absorption
kinetics of the sponges in various oil media. In low-viscosity
oils, such as toluene, n-hexane, and kerosene, the sponges can
reach absorption equilibrium within 1 min (See the Supporting
Information, Movie 1). In oils of higher-viscosity, such as
soybean oil, hydraulic oil, and crude oil, at least 10 min is
required to reach absorption equilibrium. In low-viscosity oil
products, the oil molecules move quicker and can diffuse into
the pore channels of sponge in a shorter time, which also leads
to the solvation of the polymer network simultaneously. Thus,
this absorption process is dominated by the diffusion step.
However, for higher-viscosity oils, the slow diffusion of oil
molecules leads to slow solvation of the network and swelling,
indicating that reaching equilibrium would take a long time.
The original hydrophilic PVF and PP nonwoven mats have
almost no volume expansion after oil absorption, indicating that
the oil molecules only filled the pore channels of these samples
almost without solvation of polymer networks.

Figure 3. SEM images of PVF samples and PP nonwoven mat, (a-1) pristine PVF, (a-2) enlarged view of local (a-1); (b-1) PVF-H-25Py, (b-2)
enlarged view of local (b-1); (c-1) PVF-H-75Py, (c-2) enlarged view of local (c-1); (d-1) PP nonwoven mat, (d-2) enlarged view of local (d-1); insets
in a-2, b-2, c-2, d-2 corresponding to pictures taken during water contact angle measurement.

Figure 4. (a) Hydrophobic PVF was obtained by reaction of stearoyl
chloride with hydroxyl groups of hydrophilic PVF samples at different
temperature. (b) PVF-H-75Py floated on water while pristine PVF sank
into water. (c) Water and glycol droplets kept stay on PVF-H-75Py
sponge, whereas kerosene and crude oil droplets were absorbed by
PVF-H-75Py quickly.

Figure 5. Absorption kinetic curves of sponges in (a) toluene; (b) n-hexane, (c) kerosene; (d) soybean oil; (e) hydraulic oil; (f) crude oil media.
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The absorbents were immersed into the different oils for 30
min, and the saturated absorption capacity is obtained, as
shown in Figure 6. The absorption capacities of PP nonwoven

mat in toluene, n-hexane, kerosene, soybean oil, hydraulic oil,
and crude oil, are 7.4, 7.5, 10.3, 13.2, 11.7, and 8.1 g·g−1,
respectively, whereas those of pristine PVF are 11.6, 8.4, 12.2,
13.1, 12.8, and 12.9 g·g−1, respectively. The PVF-H sponges,
such as 1 g of PVF-H-25Py, absorb 56.6 g of toluene, 14.1 g of n-
hexane, 19.3 g of kerosene, 20.7 g of soybean oil, 13.7 g of
hydraulic oil, and 14.0 g of crude oil. Obviously, hydrophobic
modification improves the absorption capacity of sponges in
different oil products. However, PVF-H sponges prepared at
higher temperatures have higher absorption capacity for oils.
For example, Qs of PVF-H-50Py in toluene, n-hexane, kerosene,
soybean oil, hydraulic oil, and crude oil are 54.6, 18.1, 25.8,
25.4, 21.1, and 21.6 g·g−1, whereas those of PVF-H-75Py are
42.3, 19.5, 29.4, 26.5, 22.0, and 25.9 g·g−1, respectively. The
above-mentioned results are approximately 2−4 times higher
than those of PP nonwoven mat and original PVF sponge.
Absorption Selectivity for Oil Slick. Oil absorption

selectivity in aqueous medium is a key factor to evaluate the

applicability of an absorbent for oil spill cleanup. Generally,
materials with hydrophobic and oleophilic surfaces can be
wetted selectively by the oils while repelling water.50 As-
prepared sponges and PP nonwoven mat were placed on the
surface of water−oil mixture to investigate oil absorption
selectivity and absorption kinetics in the water−oil mixture.
Figure 7a−c shows that for a low-viscosity oil−water mixture
such as toluene, n-hexane, and kerosene, the absorption kinetics
is similar to pure oil medium and saturated absorption capacity
can be reached within 1 min. As shown in Figure 8a, b, the
kerosene on water could be rapidly removed once the PVF-H-
75Py was placed on the surface of kerosene−water mixture (See
the Supporting Information, Movie 2). However, as shown in
Figure 7d−f, for a higher-viscosity oil−water mixture including
soybean oil, hydraulic oil, and crude oil, absorption equilibrium
can be reached in 20 min because of the slow diffusion of oil
molecules in the polymeric networks.8

Hydrophobic PVF-H sponges with low apparent density
have high buoyancy, and thus, the samples could keep floating
on the surface of oil−water mixture before and after absorption
(Figure 8b), which facilitate removal of oil pollutants from the
spill area (Figure 8c). The absorption kinetic curve of pristine
hydrophilic PVF in the oil−water mixture (kerosene, soybean
oil, hydraulic oil, and crude oil) can be divided into the
following two stages, saturation by upper oil layer within a short
time, and repulsion of absorbed oil from the PVF network and
substitution by water with increased time. This conjecture is
confirmed by the fact that the PVF eventually sinks into the
water over time and the saturated absorption capacity with
water is approximately 17 g·g−1, which is close to the maximum
absorption capacity in pure water (See Figure S1 and Figure S2
in the Supporting Information). This finding indicated that the
hydrophilic PVF sponges cannot be used as oil absorbents.
The saturated absorption capacities of PP nonwoven mat,

PVF-H-25Py, PVF-H-50Py, and PVF-H-75Py in the oil−water
mixture are plotted in Figure 9. The absorption capacities of PP

Figure 6. Saturated absorption capacity of absorbents in various oils.

Figure 7. Absorption kinetic curves of sponges in various oil−water mixtures: (a) tolune−water mixture; (b) n-hexane−water mixture; (c) kerosene-
water mixture; (d) soybean oil−water mixture; (e) hydraulic oil−mixture; (f) crude oil−water mixture.
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nonwoven mat in toluene, n-hexane, kerosene, soybean oil,
hydraulic oil, and crude oil with water mixture were 7.4, 6.0, 7.7,
10.2, 9.2, and 8.1 g·g−1, respectively, which were slightly lower
than the corresponding values in pure oil medium. The
absorption capacities of PVF-H-25Py were 57.6, 12.1, 20.3, 17.7,
17.1, and 14.4 g·g−1, respectively. The Qs of PVF-H-75Py in
toluene, n-hexane, kerosene, soybean oil, hydraulic oil, and
crude oil were 43.1, 19.2, 28.6, 23.4, 26.3, and 26.0 g·g−1,
respectively. PVF-H-75Py had the highest absorption capacity in
the oil−water mixture, which was similar to the results obtained
from pure oil medium. The sample obtained at high reaction
temperature exhibited high absorption capacities, except in
toluene. The water content of recovered kerosene was
measured using Coulometric Karl Fischer titration and it is
83.2 ppm (mg/L) (average value for three times), which
confirms that little water is absorbed during the test, indicating
the excellent oil absorption selectivity; that is, the existence of
water had nearly no influence on the absorption performance of
the sample.
Generally, the absorption rate of polymer absorbents is

mainly determined by pore size, channel structure, and surface
property. The absorption capacity is affected by pore size and
solvation degree of the cross-linking network. The solvation
degree is related to the cross-linking degree of absorbents and
the difference of solubility parameters between polymer
network and the solvents. The cross-linked polymer exhibits
maximum volume swelling ratio in the solvent, but only when
the solubility parameters of polymer and those of the solvent

are equal. As shown in Figure 10, the maximum volume
swelling of PVF-H-25Py, PVF-H-50Py, and PVF-H-75Py could be

observed in THF, chloroform, and paraxylene, respectively. The
fitted values of 9.45, 9.26, and 8.80 (cal·cm−3)1/2 can be
regarded as the solubility parameters of PVF-H-25Py, PVF-H-
50Py, and PVF-H-75Py, respectively. The solubility parameter of
hydrophobic sponge decreases with the reaction temperature
because highly substituted sponge can be obtained at high
temperature, and the hydrophobicity of sponges increased.
PVF-H sponge prepared at high temperature, such as PVF-H-
75py, showed the highest volume swelling ratio and absorption
capacity in solvents/oils with solubility parameters less than
8.80 (cal·cm−3)1/2 due to the closer solubility parameters
between PVF-H-75Py and these oils. In addition, high Qs of
PVF-H is also related to its open-cell structure, high porosity.

Reusability. PVF-H-75Py had excellent absorption perform-
ance in the oil and oil−water mixture. The reusability of PVF-
H-75Py in various oils is shown in Figure 11a−f. The average Qs
in toluene, n-hexane, kerosene, soybean oil, hydraulic oil, and
crude oil were 45.0, 19.6, 30.1, 27.4, 22.5, and 26.6 g·g−1,
respectively, which were slightly higher than that in the pure oil
media. The oils that PVF-H-75Py absorbed are removed easily
through simple squeezing (see the Supporting Information,
Movie 1), and average recoveries for toluene, n-hexane,
kerosene, soybean oil, hydraulic oil, and crude oil are 92.6%,
94.8%, 91.6%, 87.0%, 87.6%, and 84.1%, respectively (Figure
12). The recoveries of commercial absorbent PP nonwoven

Figure 8. Snapshots show the PVF-H-75Py sponge for the absorption and recovery of kerosene from aqueous medium, (a−c) absorption of 4 mL
kerosene from static aqueous medium; (d−f) absorption and recovery kerosene from kerosene medium.

Figure 9. Saturated absorption capacity of absorbents in various oil−
water mixtures.

Figure 10. Variation of volume swelling ratio with solubility
parameters of various organic solvents.
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mat for toluene, n-hexane, kerosene, soybean oil, hydraulic oil,
and crude oil were 78.7%, 79.6%, 75.4%, 62.2%, 65.0%, and
57.4%, respectively. Thirty-five absorption−squeeze cycles
confirmed that the recoveries and absorption capacities for
oils almost maintained constant values. The excellent reusability
and recovery are attributed to the good mechanical properties,
open-cell structure, and high swelling in oils. In addition, the
squeezed PVF-H-75py could reach saturated absorption quickly
once in contact with oils, regardless of the kind of oils.
Theoretically, the recovery amounts of 1 kg of as-prepared
PVF-H-75py sponge subjected to 100 absorption−squeeze
cycles can collect 4167 kg of toluene, 1856 kg of n-hexane,
2757 kg of kerosene, 2383 kg of soybean oil, 1971 kg of
hydraulic oil, and 2237 kg of crude oil, indicating that PVF-H-
75Py is an efficient oil absorbent that can be used in practical
applications for oil spill cleanup.

■ CONCLUSIONS
Novel macroporous and hydrophobic PVF sponges were
prepared successfully via a simple reaction of stearoyl chloride
with hydroxyl groups of hydrophilic PVF samples at different

temperatures. Solubility parameter measurement showed that
increasing the reaction temperature results in a hydrophobic
sponge. As-prepared PVF-H sponges exhibited rapid absorption
kinetics in minute order even if used for absorbing higher-
viscosity oils, such as soybean oil, hydraulic oil, and crude oil.
These sponges present high saturated absorption capacities up
to 10s of g·g−1, which are approximately 2−4 times higher than
that of commercial PP nonwoven mat. Using an oil−water
mixture as a simulated oil slick system, these macroporous and
hydrophobic sponges also showed high oil absorption capacities
and excellent selectivity. The absorbed oil can be collected only
through simple squeezing, and the oil recovery can reach up to
94.8%. Interconnected macroporous open-cell structure, good
mechanical property, and hydrophobic surface contribute to
excellent performance. This novel kind of sponges is an ideal
candidate for absorbing oil spill cleanup because of the above-
mentioned characters.
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Figure 11. Repeated absorption capacity (Sa-), residual amount (Sq-) and recovery of PVF-H-75Py in (a) toluene, (b) n-hexane, (c) kerosene, (d)
soybean oil, (e) hydraulic oil, and (f) crude oil with cycle numeber.

Figure 12. Recovery of PVF-H-25Py, PVF-H-50Py, PVF-H-75Py, and PP
nonwoven mat in various oils.
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Thomas, H. F. Recycled Wool-Based Nonwoven Material as an Oil
Sorbent. Environ. Sci. Technol. 2003, 37, 1008−1012.
(19) Sun, X.-F.; Sun, R.; Sun, J.-X. Acetylation of Rice Straw with or
without Catalysts and Its Characterization as a Natural Sorbent in Oil
Spill Cleanup. J. Agric. Food. Chem. 2002, 50, 6428−6433.
(20) Ali, N.; El-Harbawi, M.; Jabal, A. A.; Yin, C.-Y. Characteristics
and Oil Sorption Effectiveness of Kapok Fibre, Sugarcane Bagasse and
Rice Husks: Oil Removal Suitability Matrix. Environ. Technol. 2012, 33,
481−486.
(21) Husseien, M.; Amer, A.; El-Maghraby, A.; Hamedallah, N. A
Comprehensive Characterization of Corn Stalk and Study of
Carbonized Corn Stalk in Dye and Gas Oil Sorption. J. Anal. Appl.
Pyrolysis 2009, 86, 360−363.

(22) Lin, C.; Huang, C.-L.; Shern, C.-C. Recycling Waste Tire
Powder for the Recovery of Oil Spills. Resour. Recov. Conserv. 2008, 52,
1162−1166.
(23) Zhou, X. M.; Chuai, C. Z. Synthesis and Characterization of a
Novel High-oil-absorbing Resin. J. Appl. Polym. Sci. 2010, 115, 3321−
3325.
(24) Yuan, X.; Chung, T. C. M. Novel Solution to Oil Spill Recovery:
Using Thermodegradable Polyolefin Oil Superabsorbent Polymer
(Oil−SAP). Energy Fuels 2012, 26, 4896−4902.
(25) Gui, X.; Li, H.; Wang, K.; Wei, J.; Jia, Y.; Li, Z.; Fan, L.; Cao, A.;
Zhu, H.; Wu, D. Recyclable Carbon Nanotube Sponges For Oil
Absorption. Acta Mater. 2011, 59, 4798−4804.
(26) Sun, H.; Xu, Z.; Gao, C. Multifunctional, Ultra-Flyweight,
Synergistically Assembled Carbon Aerogels. Adv. Mater. 2013, 25,
2554−2560.
(27) Wang, C.-F.; Lin, S.-J. Robust Superhydrophobic/Super-
oleophilic Sponge for Effective Continuous Absorption and Expulsion
of Oil Pollutants from Water. ACS Appl. Mater. Interfaces 2013, 5,
8861−8864.
(28) Liu, Y.; Ma, J.; Wu, T.; Wang, X.; Huang, G.; Liu, Y.; Qiu, H.; Li,
Y.; Wang, W.; Gao, J. Cost-Effective Reduced Graphene Oxide-Coated
Polyurethane Sponge As a Highly Efficient and Reusable Oil-
Absorbent. ACS Appl. Mater. Interfaces 2013, 5, 10018−10026.
(29) Bi, H.; Xie, X.; Yin, K.; Zhou, Y.; Wan, S.; He, L.; Xu, F.;
Banhart, F.; Sun, L.; Ruoff, R. S. Spongy Graphene as a Highly
Efficient and Recyclable Sorbent for Oils and Organic Solvents. Adv.
Funct. Mater. 2012, 22, 4421−4425.
(30) Dong, X.; Chen, J.; Ma, Y.; Wang, J.; Chan-Park, M. B.; Liu, X.;
Wang, L.; Huang, W.; Chen, P. Superhydrophobic and Superoleophilic
Hybrid Foam of Graphene and Carbon Nanotube for Selective
Removal of Oils or Organic Solvents from the Surface of Water. Chem.
Commun. 2012, 48, 10660−10662.
(31) Zhu, Q.; Pan, Q.; Liu, F. Facile Removal and Collection of Oils
from Water Surfaces through Superhydrophobic and Superoleophilic
Sponges. J. Phys. Chem. C 2011, 115, 17464−17470.
(32) Hu, Y.; Liu, X.; Zou, J.; Gu, T.; Chai, W.; Li, H. Graphite/
Isobutylene-isoprene Rubber Highly Porous Cryogels as New
Sorbents for Oil Spills and Organic Liquids. ACS Appl. Mater.
Interfaces 2013, 5, 7737−7742.
(33) Lin, J.; Ding, B.; Yang, J.; Yu, J.; Sun, G. Subtle Regulation of the
Micro- and Nanostructures of Electrospun Polystyrene Fibers and
their Application in Oil Absorption. Nanoscale 2012, 4, 176−182.
(34) Wu, J.; Wang, N.; Wang, L.; Dong, H.; Zhao, Y.; Jiang, L.
Electrospun Porous Structure Fibrous Film with High Oil Adsorption
Capacity. ACS Appl. Mater. Interfaces 2012, 4, 3207−3212.
(35) Choi, S.-J.; Kwon, T.-H.; Im, H.; Moon, D.-I.; Baek, D. J.; Seol,
M.-L.; Duarte, J. P.; Choi, Y.-K. A Polydimethylsiloxane (PDMS)
Sponge for the Selective Absorption of Oil from Water. ACS Appl.
Mater. Interfaces 2011, 3, 4552−4556.
(36) Maxwell, G. P.; Gabriel, A. Possible Future Development of
Implants and Breast Augmentation. Clin. Plast. Surg. 2009, 36, 167−
172.
(37) Queen, D.; Evans, J. H.; Gaylor, J. D. S.; Courtney, J. M.; Reid,
W. H. Burn Wound DressingsA Review. Burns 1987, 13, 218−228.
(38) Kobayashi, M.; Hyu, H. S. Development and Evaluation of
Polyvinyl Alcohol-Hydrogels as an Artificial Atrticular Cartilage for
Orthopedic Implants. Materials 2010, 3, 2753−2771.
(39) Flory, P. J. Intramolecular Reaction between Neighboring
Substituents of Vinyl Polymers. J. Am. Chem. Soc. 1939, 61, 1518−
1521.
(40) Fernandez, M.; Fernandez, M.; Hoces, P. Synthesis of
Poly(vinyl butyral)s in Homogeneous Phase and their Thermal
Properties. J. Appl. Polym. Sci. 2006, 102, 5007−5017.
(41) Ralston, A. W.; Segebrecht, E. W.; Bauer, S. T. Esters of
Aliphatic Thio Acids of High Molecular Weight. J. Org. Chem. 1939,
04, 502−505.
(42) Choi, H.; Kim, C.; Jhon, M. Universal Ddrag Reduction
Characteristics of Polyisobutylene in a Rotating Disk Apparatus.
Polymer 1999, 40, 4527−4530.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5014634 | ACS Appl. Mater. Interfaces 2014, 6, 8651−86598658



(43) King, J. Determination of the Solubility Parameter of Soybean
Oil by Inverse Gas Chromatography. LWT Food Sci. Technol. 1995, 28,
190−195.
(44) Hammond, H. G. Method of Making a Sponge Material and the
Product Resulting Therefrom. U.S. Patent No. US 2668153, 1953.
(45) Deschamps, G.; Caruel, H.; Borredon, M.-E.; Bonnin, C.;
Vignoles, C. Oil Removal from Water by Selective Sorption on
Hydrophobic Cotton Fibers. 1. Study of Sorption Properties and
Comparison with Other Cotton Fiber-Based Sorbents. Environ. Sci.
Technol. 2003, 37, 1013−1015.
(46) Sun, T.; Feng, L.; Gao, X.; Jiang, L. Bioinspired Surfaces with
Special Wettability. Acc. Chem. Res. 2005, 38, 644−652.
(47) Cassie, A.; Baxter, S. Wettability of Porous Surfaces. T. Faraday.
Soc. 1944, 40, 546−551.
(48) Ceylan, D.; Dogu, S.; Karacik, B.; Yakan, S. D.; Okay, O. S.;
Okay, O. Evaluation of Butyl Rubber as Sorbent Material for the
Removal of Oil and Polycyclic Aromatic Hydrocarbons from Seawater.
Environ. Sci. Technol. 2009, 43, 3846−3852.
(49) Okay, O. Macroporous Copolymer Networks. Prog. Polym. Sci.
2000, 25, 711−779.
(50) Nguyen, D. D.; Tai, N.-H.; Lee, S.-B.; Kuo, W.-S. Super-
hydrophobic and Superoleophilic Properties of Graphene-Based
Sponges Fabricated using a Facile Dip Coating Method. Energy
Environ. Sci. 2012, 5, 7908−7912.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5014634 | ACS Appl. Mater. Interfaces 2014, 6, 8651−86598659


