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ABSTRACT: Magnetic, durable, and superhydrophobic poly-
urethane (PU) sponges were fabricated by chemical vapor
deposition (CVD) of tetraethoxysilane (TEOS) to bind the
Fe;O, nanoparticles tightly on the sponge and then dip-
coating in a fluoropolymer (FP) aqueous solution. The
sponges were characterized using scanning electron micros-
copy and other analytical techniques. The effects of CVD time
of TEOS and FP concentration on wettability, mechanical
properties, oil absorbency, and oil/water selectivity of the
sponges were also investigated. The sponges exhibit fast
magnetic responsivity and excellent superhydrophobicity/
superoleophilicity (CA,. = 157° and CAy =~ 0°). The
sponges also show very high efficiency in oil/water separation

and could, driven by a magnet, quickly absorb floating oils on the water surface and heavy oils under water. Moreover, the PU@
Fe;0,@SiO,@FP sponges could be used as membranes for oil/water separation and for continuous separation of large amounts
of oil pollutants from the water surface with the help of a pump. The in turn binding of Fe;O, nanoparticles, SiO,, and FP can
also improve mechanical properties of the PU sponge. The sponges maintain the superhydrophobicity even when they are
stretched with 200% strain or compressed with 50% strain. The sponges also show excellent mechanical stability, oil stability, and
reusability in terms of superhydrophobicity and oil absorbency. The magnetic, durable, and superhydrophobic PU sponges are
very promising materials for practical oil absorption and oil/water separation.
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B INTRODUCTION

Materials for efficient oil absorption and oil/water separation
have been in high demand since the oil spill disaster in the Gulf
of Mexico. Many materials including polyurethane (PU)
sponge, clay minerals, and nonwoven fabrics have been used
to absorb oily compounds from water. However, most of the
materials absorb both oil and water simultaneously, and their
efficiency and selectivity in oil/water separation are low.'
Wettability of the materials toward water and oil is one of the
most important factors influencing their performance in
selective oil absorption and oil/water separation. It is well-
known that wettability of materials toward water and oil can be
rationally controlled by chemical composition and geometrical
structure of their surfaces.”

Recently, superwetting materials, e.g, superhydrophobic/
superoleophilic and underwater superoleophobic materials,
have received much attention in the field of oil/water
separation, and encouraging results have been obtained.*””
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Superwetting materials including manganese nanowires "~ and

carbonaceous aerogels'>~'® have been developed for oil/water
separation. However, the toxic and expensive reagents and
complicated and lengthy fabrication processes hamper their
practical applications.ls’16 Moreover, the efficient oil/water
separation by superhydrophobic materials is owing to the
superhydrophobic coatings, whereas most of the reported
superhydrophobic materials are mechanically and chemically
instable. On one hand, the micro/nanoscale roughness is
essential in fabricating superhydrophobic surfaces but inher-
ently weak toward mechanical abrasion. On the other hand, the
materials with low surface energy for fabricating super-
hydrophobic surfaces are often chemically not stable toward
acid, base, organic solvents, etc. The low stability of
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superhydrophobic materials is the bottleneck we are facing for
their practical applications. Thus, simple methods for preparing
durable superhydrophobic materials should be developed to
meet their practical applications, e.g., oil/water separation.

Much effort has been made to prepare superwetting materials
for oil/water separation via simple methods. Superwetting
papers,'® metal meshes,”® >* and fabrics"” have been reported
for efficient oil/water separation. Unfortunately, the absorbency
of these filmwise materials for oil is very low.” Different from
these filmwise materials, porous sponges and aerogels with
three-dimensional architecture can not only achieve oil/water
separation but also absorb a large volume of oil. Commercially
available PU sponges with high porosity, large surface area, low
density, and good elasticity are excellent substrates for
preparing superwetting materials for oil/water separation and
oil absorption.***"** However, PU sponges absorb water and
oil simultaneously, which makes them impractical to be used
directly for selective removal of oils from water. Therefore,
researchers have tried various methods, e.g., increasing the
surface roughness and decreasing the surface tension, to
prepare superhydrophobic PU sponges for eflicient oil/water
separation. In most cases, the activation of PU sponges with
sulfuric acid, dichromic acid, or SnCl, is a necessary step.*>*~*’
The activation of PU sponges not only forms a micro/
nanoscale hierarchical structure on the surface but also
generates hydrophilic groups, such as —OH and
—COOH,*”™* which makes it possible for further mod-
ification of PU sponges. The surface etching of PU sponges is
of benefit for making them superhydrophobic but inevitably
sacrifices their mechanical properties compared to the pristine
counterpart. Moreover, the acidic wastes in the activation
process will result in secondary pollution. Therefore, it is
necessary to find a facile and green strategy for fabricating
superhydrophobic PU sponges.

Alternatively, magnetic superhydrophobic/superoleophilic
particles can be placed on the polluted water zone and
subsequently be removed by an external magnetic field, which
arouse great interests for preparing magnetic oil absorb-
ents.*>™>® However, the good mobility and dispersibility of
superhydrophobic particles on the water surface prohibit their
large-scale application. Immobilization of magnetic particles on
porous sponges to form magnetic and superhydrophobic
sponges is an effective approach to overcome the problems.>”*
Tight binding of magnetic particles onto the sponges is
essential in order to avoid falloff of the particles and to keep the
magnetic proper'fy.39

Here we report a facile approach for preparing magnetic,
durable, and superhydrophobic PU sponges on the basis of our
previous work on durable superhydrophobic surfaces.*>*' The
superhydrophobic PU sponges feature fast magnetic respon-
sivity, excellent superhydrophobicity/superoleophilicity, high
mechanical and chemical stabilities, as well as high oil/water
separation efficiency and oil absorbency. The reusable super-
hydrophobic PU sponges can, driven by a magnet, selectively
absorb floating oils on the water surface and heavy oils under
water and even achieve continuous oil/water separation with
the help of a vacuum pump.

B EXPERIMENTAL SECTION

Materials. Commercial PU sponges were supplied by Shaoxing
Chenfeng Foam Co. Ltd., Zhejiang, China. Tetraethoxysilane (TEOS,
99.9%) was purchased from Gelest. Trisodium citrate dihydrate, FeCly:
6H,0, FeSO,7H,0, K,Cr,0,, acetone, chloroform, 1, 2-dichlor-
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obenzene, ethanol, tetrachloromethane, petroleum ether, toluene, n-
hexane, H,SO,, NaOH, ammonia (25 wt %), methylene blue (MB),
Sudan Red I, and Oil Red O were purchased from China National
Medicines Co. Ltd. Commercial petrol and crude oil were purchased
from Sinopec, Lanzhou, China. Soybean oil was bought from a local
supermarket, Lanzhou, China. Fluoropolymer (FP) emulsion contain-
ing 25 wt % FP, water, and propylene glycol was provided by 3 M Co.
Ltd. (Scotchgard PM-3633). All chemicals were used as received
without further purification. Deionized water was used for all
experiments and tests.

Preparation of Fe;O, Nanoparticles (NPs). The magnetic
Fe;0, NPs were prepared by the coprecipitation method.** Briefly,
50 mL of 25 wt % ammonia was added into the aqueous solution
containing 18 g of FeSO,-7H,0 and 26 g of FeCl;-6H,0 in a N,
atmosphere under vigorous mechanical stirring. Then, 7.5 g of
trisodium citrate dihydrate was added to the mixture and stirred for 1
h at 70 °C. The mixture was repeatedly separated by a magnet and
washed with deionized water and ethanol.

Preparation of Magnetic, Durable, and Superhydrophobic
PU@Fe;0,@Si0,@FP Sponges. First, PU sponges (1 X 1 X 1 cm or
1 X 1 X 6 cm) were washed in turn with deionized water and ethanol
for several times and then dried in an oven at 60 °C. A piece of the
cleaned PU sponge was immersed in 5 mL of acetone containing 30
mg of the homogeneously dispersed Fe;O, NPs and sonicated for 30
min at 30 °C. The PU@Fe;0, sponge was annealed at 110 °C for 30
min to remove acetone and then put in a vacuum desiccator
containing 4 mL of ammonia (25 wt %) and 4 mL of TEOS. After
chemical vapor deposition (CVD) of TEOS for a period of time (0, 4,
12, 24, and 48 h), the as-prepared PU@Fe;0,@Si0, sponges were
immersed in 4 mL of FP solutions of different concentrations (0%, 1%,
2.5%, 5%, and 10%) and sonicated at 30 °C for 30 min. Finally, the
PU@Fe;0,@SiO,@FP sponges were annealed at 110 °C for 15 min.

Measurement of Water Shedding Angle (WSA). Owing to the
fact that the surfaces of some substrates such as textiles and sponges
are macroscopically rough, it is very difficult to detect the full drop
profile for contact angle (CA) measurement (Supporting Information
(SI), Figure S1). Consequently, the classical CA measurement, highly
dependent on the method of drop shape analysis, is unsuited to
reliably evaluate the wetting properties of the superhydrophobic
sponges. Thus, WSA is used instead of CA and sliding angle (SI,
Figure $2).*** Typically, the sample was fixed onto a glass slide and
placed on the tilting table of the Contact Angle System OCA 20
(Dataphysics, Germany). A syringe was mounted above the tilting
table with a fixed needle to a substrate distance of 10 mm. The syringe
was positioned in a way that a drop falling from the needle would
contact the substrate 8 mm from the bottom end of the sample. The
needle with an inner diameter of 110 gm was used to produce liquid
drops of 7 + 0.3 uL. To determine the WSA, measurements were
started at an inclination angle of 50°. Water drops were released onto
the sample at a minimum of three different positions. If all drops
completely bounced or rolled down the sample, the inclination angle
was reduced by 2° and the procedure repeated until one or more of
the droplets would not completely roll down the surface. The lowest
inclination angle at which all the drops completely rolled down or
bounced off the surface was noted as the WSA.

Oil Absorbency. A piece of sample was immersed in oil at room
temperature. The sample was taken out of the oil after 1 min, drained
for several seconds, and wiped with filter paper to remove excess oil.
The oil absorbency k of the sample was determined by weighing the
sample before and after oil absorption and calculated according to the
following equation:

k= (m, — m)/m,

where m, is the weight of the wet sample with oil (g) and m; is the
weight of the dry sample (g).

Stability in Oils and Reusability. For the stability in oils tests, a
piece of sample was immersed in petrol, toluene, and chloroform for 1,
24, and 168 h. Afterward, the sample was washed with n-hexane and
dried in an oven at 60 °C before WSA measurement. For the
reusability tests, a piece of sample was immersed in 20 mL of petrol,
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Figure 1. (a) Schematic illustration for preparing the PU@Fe,0,@SiO,@FP sponges, (b) images of the pristine PU sponge partly wetted by water
and completely wetted by oil, (c) images of the surface and the cross section of the PU@Fe;0,@Si0,@FP sponge with spherical water drops on it
but completely wetted by oil, the snapshots of dropping water and oil on the (d) PU@Fe;0,@SiO, and (e) PU@Fe;0,@Si0,@FP (CVD of TEOS
for 24 h, 5% FP solution) sponges taken using Contact Angle System OCA 20. Water was colored with MB, and oil was colored with Oil Red O.

toluene, and chloroform for 1 min to reach equilibrium and then taken
out and squeezed by hand to remove the absorbed oils. The sample
was washed with n-hexane to remove the residual oils and dried in an
oven at 60 °C. This absorption—desorption procedure was repeated 10
times. After each cycle, the WSA and oil absorbency were measured.

Characterization. The micrographs of samples were taken using a
field emission scanning electron microscope (SEM, JSM-6701F,
JEOL). Before SEM observation, all samples were fixed on aluminum
stubs and coated with gold (~7 nm). X-ray photoelectron spectra
(XPS) were obtained using a VG ESCALAB 250 Xi spectrometer
equipped with a Monochromated Al Ka X-ray radiation source and a
hemispherical electron analyzer. The spectra were recorded in the
constant pass energy mode with a value of 100 eV, and all binding
energies were calibrated using the C 1s peak at 284.6 eV as the
reference. To study the dynamic interaction of sponges with water and
oil drops, high speed videos were recorded at 400 fps using the
Contact Angle System OCA 20. The mechanical properties of sponges
(I X 1 X 6 cm) were measured using a universal testing machine
(CMT4304, Shenzhen SANS Test Machine Co. Ltd., Shenzhen,
China) equipped with a 200 N load cell at room temperature. The
tests were performed with a gauge length of 3 cm and a loading speed
of 10 cm/min. The water contents in commercial petrol and recovered
petrol from water were measured using a Mettler Toledo C20
coulometric Karl Fisher titrator. All the tests were carried out in
triplicate, and the average values were presented.

B RESULTS AND DISCUSSION

Fabrication of PU@Fe;0,@SiO,@FP Sponges. The
PU@Fe;0,@Si0,@FP sponges were prepared according to
the procedure as shown in Figure la. Once immersed in a
homogeneous dispersion of Fe;O, NPs in acetone, the PU
sponge quickly absorbed acetone and Fe;O, NPs simulta-
neously. After heated in an oven to remove acetone, the Fe;O,
NPs were attached on the surface of the PU skeleton and the
PU@Fe;0, sponge was formed. The PU sponge was uniformly
coated with the Fe;O, NPs, but the interaction between them
was weak. Deformation of the PU@Fe;O, sponge resulted in
falling off of the Fe;O, NPs (Figure S3a). Also, a lot of Fe;O,
NPs fell off the PU@Fe;O, sponge once immersed in water
(Figure S3b). Thus, the PU@Fe;0, sponge was subsequently
coated with a thin layer of SiO, via CVD of TEOS according to
a previously reported method.*® The SiO, layer binds the
Fe;0, NPs tightly on the surface of the PU skeleton. No falling
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Figure 2. SEM images of (a) PU, (b) PU@Fe;0,@SiO,, and (c)
PU@Fe;0,@Si0,@FP (CVD of TEOS for 24 h, 5% FP solution)
sponges.

of the Fe;O, NPs was observed after large and repeated
deformation of the PU@Fe;0,@SiO, sponge or immersed in
water. Finally, the PU@Fe;0,@Si0, sponge was dip-coated in
an FP aqueous solution and then annealed in an oven to form
the magnetic, durable, and superhydrophobic PU@Fe;O0,@
SiO,@FP sponge. The density of the PU sponge increased
from 36.9 to 40.9 mg/cm® after incorporation of Fe;O, NPs
and deposition of SiO, and then further increased to 85.9 mg/
cm? after modified with FP.

Evident changes in wettability of the PU sponge occurred in
the process of preparing the PU@Fe;0,@SiO,@FP sponge
(Figure 1b—e and SI, Movie S1). The pristine PU sponge can
be easily wetted by both water and oil (Figure 1b). Oil drops
penetrated into the PU sponge in 5 ms, whereas the CA, .
decreased gradually when a water drop was loaded on the PU
sponge. The CA,,., decreased to 87° after dropped on the
surface of the PU sponge for 1 min. The PU sponge became
superamphiphilic after in turn introduction of the Fe;O, NPs
and the SiO, layer. Water and oil drops needed 7.5 and 2.5 ms,
respectively, to completely penetrate into the PU@Fe;0,@
SiO, sponge (Figure 1d). The further modification of the PU@
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Figure 3. (a) XPS spectra of (1) PU, (2) PU@Fe;0,@Si0,, and (3) PU@Fe;0,@SiO,@FP (CVD of TEOS for 24 h, 5% FP solution), (b) O 1s
peak fitting of PU, (c) O 1s and (d) Si 2p peak fitting of PU@Fe;0,@SiO,, and (e) F 1s and (f) Cl 2p peak fitting of PU@Fe;0,@SiO,@FP

sponges.

Fe;0,@Si0, sponge with FP generated the superhydrophobic/
superoleophilic PU@Fe;0,@Si0,@FP sponge. Water drops
showed very high CA on the PU@Fe;0,@SiO,@FP sponge.
However, it is impossible to get the accurate outline of water
drops (dash line in S, Figure S1) and then measure the CA and
CA hysteresis exactly because the sponge surface is macro-
scopically rough, pliant and nonreflective.***> Thus, WSA was
used to evaluate water repellent properties of the sponge
instead of CA and CA hysteresis as mentioned in the
Experimental Section. Water drops on both the surface and
the cross section are spherical in shape, indicating uniformity of
the superhydrophobic coating (Figure 1c). Water drops are in
the Cassie—Baxter state on the PU@Fe;O0,@SiO,@FP sponge
since the CA is very high, and the WSA is 2—3° and water
drops could easily roll off the slightly tilted sample. In addition,
water drops released from a height of 10 mm could bounce off
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the surface of the sponge easily. In spite of excellent water
repellent property, the PU@Fe;0,@SiO,@FP sponge can be
easily wetted by oils. Drops of petrol could completely
penetrate into the sample in 35 ms (Figure le).

The surface morphology of PU, PU@Fe;0,@SiO,, and
PU@Fe;0,@SiO,@FP sponges are shown in Figure 2. The
pristine PU sponge is composed of many interconnected
micropores with a diameter of 200—400 um (Figure 2a). The
wall of the micropores with a thickness of ~50 pm is very
smooth. The surface became very rough after modification with
Fe;O, NPs. The SiO, layer generated by CVD of TEOS is
about 20 nm in thickness.** The SiO, layer is linked to the
surface of the Fe;O, NPs via the Fe—O—Si bond.*’ ™' The
surface of the PU@Fe;0,@SiO, sponge shows hierarchical
micro/nanoscale roughness (Figure 2b). The SEM images of
the PU@Fe;0,@Si0,@FP sponge reveals that FP is deposited
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Figure 4. Magnetic curves (300 K) of PU@Fe;0,, PU@Fe;0,@Si0,,
and PU@Fe;0,@Si0,@FP (CVD of TEOS for 24 h, 5% FP solution)
sponges.

Figure 5. Absorption of (a) floating petrol on water surface and (b)
chloroform under water, (c) oil/water separation, and (d) pump
assisted continuous separation of floating petrol on water surface using
PU@Fe;0,@Si0,@FP sponges (CVD of TEOS for 24 h, 5% FP
solution). Petrol, chloroform, and water were colored with Oil Red O,
Sudan Red I, and MB, respectively.

uniformly over the whole framework in the dip-coating step
(Figure 2c). The FP layer not only makes the PU@Fe;0,@
SiO, sponge superhydrophobic but also is helpful to further
immobilize the Fe;O, NPs. The PU@Fe;0,@SiO,@FP
sponge shows a 3D interconnected porous network with a
hierarchical rough surface. None of the pores inside the PU@
Fe;0,@Si0, sponge is blocked, which is of benefit for the fast
uptake of oils."

The surface chemical composition of PU, PU@Fe;0,@SiO,,
and PU@Fe;0,@Si0,@FP sponges were analyzed by XPS
(Figure 3a). The C 1s (284 eV), N 1s (399 V), and O 1s (532
eV) peaks can be seen clearly in the spectrum of the PU
sponge. In addition, the weak Si 2s (153 eV), Si 2p (101 eV),
and F 1s (687 eV) peaks are also detectable, indicating that the
PU sponge is modified with a compound containing Si and F
elements. There are signals at 531.6 (C=0) and 532.8 eV (C—
O) in the O 1s spectrum of PU (Figure 3b).3* After
introduction of the Fe;O, NPs and the SiO, layer, the C 1s
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peak becomes very weak and the N 1s peak even disappears,
whereas the Si 2s and Si 2p peaks become strong as shown in
the spectrum of the PU@Fe;0,@Si0, sponge. The O 1s
(532.9 eV) and Si 2p (102.5 V) peaks (Figure 3c,d) prove the
formation of the SiO, layer on the surface of the PU@Fe;0,
sponge.”** The differences in the O 1s peak between PU and
PU@Fe;0,@SiO, sponges confirmed that the PU@Fe;0,
sponge was covered with a layer of SiO,. In addition, no
peak corresponding to the Fe element was detected. As is well-
known, the XPS analysis provides surface chemical composition
with a detecting depth of a few nanometers. The weakened C
Is peak, the disappeared N 1s peak, and the absence of the Fe
peak mean that the PU@Fe;0, sponge is well coated with a
layer of SiO,. After further coated with FP, a very strong F 1s
(688.4 eV) peak and weak Cl 2p (200.6 eV) peak were detected
in the spectrum of the PU@Fe;0,@SiO,@FP sponge (Figure
3e,f).> Meanwhile the Si 2s and Si 2p peaks disappear, and the
O 1s peak becomes very weak. The combination of such a
surface chemical composition and micro/nanoscale roughness
endow the PU@Fe;0,@Si0,@FP sponge with excellent water
repellent property.

The magnetic property of the sponges after stepwise
modification was examined and compared with that of the
Fe;0, NPs (Figures 4 and S4 in the SI). All the samples show
standard paramagnetic characteristic curves with no hysteresis
after removal of the magnetic field. The PU sponge became
magnetic with a saturation magnetization of 22.73 emu/g after
incorporation of the Fe;O, NPs (62.21 emu/g). The saturation
magnetization decreased to 12.72 emu/g for the PU@Fe;0,@
SiO, sponge and then to 8.37 emu/g for the PU@Fe;0,@
SiO,@FP sponge. The decrease in the saturation magnetization
after stepwise modification of the PU sponge is reasonable.
Similar results have been reported by other researchers.*® The
PU@Fe;0,@Si0,@FP sponge can be easily manipulated using
a magnet.

Selective Oil/Water Separation. The superhydrophobic/
superoleophilic property of the PU@Fe;0,@SiO,@FP sponge
endows it with high selectivity for oil/water separation. In
addition, the porous and interconnected skeleton of the sponge
provides a large volume for the storage of oils. The sponge can
be magnetically driven to the polluted water zone using a
magnet as shown in Figure Sa and SI, Movie S2. The oil is
quickly absorbed within a few seconds when the super-
hydrophobic sponge contacts it. The oil-loaded sponge remains
floating on the water surface and can be magnetically
manipulated after complete removal of oil from water. The
magnetic responsivity of the superhydrophobic sponge provides
a new approach for handling after oil absorption. The sponge
can also be used to absorb heavy oils under water (Figure Sb).
When the sponge is immersed in water by an external force, it is
reflective because of the existence of the air cushion between
water and the sponge. Most of the area between them is the
liquid/vapor interface and the ratio of liquid/solid interface is
pretty small, which indicates that the interaction between water
and the superhydrophobic sponge is very weak. Once the
sponge contacted the chloroform under water, the chloroform
could be quickly absorbed within a few seconds. Subsequently,
the absorbed oil can be entirely removed from the mixture by
taking the sponge out of water, suggesting that the sponge is
also useful for cleaning oils under water.

The PU@Fe;0,@SiO,@FP sponge can also be used as a
membrane for oil/water separation (Figure Sc and SI, Movie
S3). The sponge was fixed between a glass tube with an inner
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Figure 6. Effects of CVD time of TEOS on (a) WSAs, (b) mechanical properties, (c) absorbency for petrol, and (d) oil/water selectivity of the PU@

Fe;0,@Si0,@FP sponges (5% FP solution).

diameter of 25 mm and a flask. A mixture of 20 mL of oil
colored with Oil Red O and 50 mL of water colored with MB
was poured slowly onto the glass tube. Once poured into the
custom built setup, oils with high density will sink to the
bottom and be absorbed by the sponge or penetrate the
sponge. Oils with low density contact the sponge before water
when the mixture is slowly pulled into the custom built setup
because of their lower density than water. The oil quickly
penetrates through the sponge and drops into the bottle
beneath it. Meanwhile, more and more water is collected on the
surface of the sponge.

The oil absorbency of most of the reported super-
hydrophobic materials is about tens of their own weight.
After absorption equilibrium, the absorbed oil must be
collected or removed from the materials in order to be used
for the next cycle. For expanding their practical applicability in
the continuous collecting of large amounts of oil pollutants
from water, the PU@Fe;0,@SiO,@FP sponge was fixed at the
opening of a tube and combined with an external pump (Figure
5d and SI, Movie S4). Once the sponge was placed at the oil/
water interface, a part of the floating petrol was quickly
absorbed by the sponge, but no water was absorbed because the
sponge is superoleophilic and superhydrophobic. However,
there is much excess oil remained on water surface owing to the
fact that the sponge is not big enough to absorb all the oil on
the water surface. Once the pump was started, the absorbed oil
in the sponge can be pumped into the collector through the
tube and the released the space in the sponge can absorb the
excess oil on water surface. Thus, the absorption and collection
of oil can be achieved simultaneously and continuously. All the
petrol on water surface could be collected successfully using a
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small piece of the PU@Fe;0,@SiO,@FP sponge with the help
of the pump. No water can be seen in the collected oil. The
water concentration in the collected petrol is 246.2 ppm, which
is comparable to that in the original petrol (252.7 ppm),
implying very high oil/water separation efliciency.

Effects of CVD Time of TEOS and FP Concentration on
Wettability, Mechanical Properties, Oil Absorbency and
Oil/Water Selectivity. The effects of CVD time of TEOS on
WSAs, mechanical properties, oil absorbency, and oil/water
selectivity are shown in Figure 6. The WSA slightly decreased
after CVD of TEOS, and the increase in CVD time had no
influence on WSA (Figure 6a). The broken samples by
stretching show almost the same WSAs as the original samples
regardless of the CVD time. With increasing the CVD time
from 0 to 12—24 h, the elongation at break increases from
409.68% to 679.66~669.3% (Figure 6b). The further increase
in the CVD time to 48 h results in a slight decrease of the
elongation at break to 624.47%. Similar tendency of the tensile
strength was observed with increasing the CVD time (Figure
6b). The tensile strength is as high as 0.35 MPa when the CVD
time is 12 h. The absorbency of the sponges for petrol was
slightly improved with increasing the CVD times to 24 h
(Figure 6c). The oil absorbency of broken samples by
stretching is higher than that of original ones. Mechanical
deformation such as stretching could enlarge the pores of the
sponge, which is beneficial for storage of more oil. The oil/
water selectivity of the PU sponge is low. The absorbed liquids
in the sponges were collected by hand squeezing (Figure 6d).
The PU sponge simultaneously absorbs oil and water
(indicated by arrows), while CVD time of TEOS has no
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Figure 7. Effects of FP concentration on (a) WSAs, (b) mechanical properties, (c) absorbency for petrol, and (d) oil/water selectivity of the PU@

Fe;0,@Si0,@FP sponges (CVD of TEOS for 24 h).

Table 1. Mechanical Properties of PU, Chromic Acid Etched
PU, and PU@Fe;0,@Si0,@FP (CVD of TEOS for 24 h, 5%
FP Solution) Sponges

samples tensile strength/MPa  elongation at break/%
pristine 0.30 548
etched 0.32 344.5
PU@Fe,0,@Si0,@FP 0.33 669.3

obvious effect on oil/water selectivity and all samples show high
oil/water selectivity.

FP concentration has great influences on WSAs, mechanical
properties, oil absorbency, and oil/water selectivity of the PU@
Fe;0,@Si0,@FP sponge (Figure 7). FP plays an important
role in lowering surface energy of the sponge to achieve
superhydrophobicity. Without FP, the PU@Fe;0,@SiO,
sponge is hydrophilic (blue rectangle in Figure 7a). The
sponge becomes superhydrophobic (WSA = 30.7°) when the
FP concentration is 1%. The WSA decreases sharply with
increasing the FP concentration to 5%. The further increase in
FP concentration to 10% has no influence on WSA. Breaking of
the samples by stretching has no influence on WSA. The
elongation at break increases from 570.0% to 669.3% with
increasing the FP concentration from 0% to 5% and then
decreases to 579.7% with further increasing the concentration
to 10% (Figure 7b). Similar tendency of the tensile strength
was observed with increasing the FP concentration. A FP
concentration of 5% is of benefit to the WSA and the
mechanical properties. Oil absorbency of the PU@Fe;0,@
SiO,@FP sponge is higher than that of the uncoated one but
slightly decreases with increasing the FP concentration (Figure
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Figure 8. Effects of deformation degree of the PU@Fe;0,@SiO,@FP
(CVD of TEOS for 24 h, 5% FP solution) sponges on (a) WSA and
(b) water jet bounce behavior.

7¢c). Oil absorbency of broken samples by stretching is higher
than that of the original ones. The PU@Fe;0,@SiO, sponge
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Figure 10. Oil absorbency of the PU@Fe;0,@Si0,@FP (CVD of
TEOS for 24 h, 5% FP solution) sponges for different oils and the
WSAs after they have been used once for oil absorption.

simultaneously absorbs oil and water (arrows in Figure 7d).
While all the FP-coated samples only absorb oil.

Mechanical Stability. Pretreatment of PU sponges using
oxidative solutions, e.g., H,SO,/CrO;, is frequently used to
form micro/nanoscale hierarchical structures and to make the
surface hydrophilic for further modification.”*" Of primary
importance to a coating is that it does not affect mechanical
properties of the substrate, e.g., tensile strength and flexibility.
No evident change in the tensile strength of the PU sponge was
detected after treatment in 0.083 M chromic acid solution for 1
min (Table 1). However, the elongation at break decreases
from 548% to 344.5%. Besides the sacrifice of the mechanical
properties, the acidic wastes produced by etching of PU
sponges undoubtedly result in secondary pollution. The
pollutive, time-consuming, and lengthy procedures for
preparing superhydrophobic PU sponges seriously restrict
their practical applications. Instead, the mild and environ-
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mentally friendly approach reported herein not only makes the
PU sponges superhydrophobic but also enhances the
elongation at break.

The effect of compression and stretching of the PU@
Fe;0,@SiO,@FP sponges on their wettability is presented in
Figure 8 and SI, Movie S5. The WSA of the PU@Fe;0,@
SiO,@FP sponge is 2°, and compression by 25% and 50% has
no influence on the WSA (Figure 8a). The WSA increases
linearly from 2° to 14° with increasing the strain of the sponge
from 0 to 200%. Water drops could easily roll off the 15° tilted
samples. A jet of water could bounce off all the deformed PU@
Fe;0,@Si0,@FP sponge without leaving a trace regardless of
the deformation degree (Figure 8b and SI, Movie SS),
indicating excellent superhydrophobicity of the highly
deformed samples. In the SI, Movie S6, a 7 uL water droplet
was released to the surface of the sample with a strain of 200%.
The sample was slowly moved in vertical and horizontal
directions to show the liquid/solid interaction of the PU@
Fe;0,@Si0,@FP sponge with an extremely large deformation.
No observable deformation of the water droplet could be
detected while moving the porous sample vertically and
horizontally, which indicates that the interaction between
water and the surface is very weak.

The representative cyclic compressive stress—strain curves of
the PU and PU@Fe;0,@SiO,@FP sponges in 100 cycles of
successive 200% strain tests are shown in Figure 9a. The stress
of the PU and PU@Fe;0,@SiO,@FP sponges at 200% strain
in the first cycle is 122.24 and 104.74 KPa, respectively. The
stress of the PU sponge at 200% strain decreases to 70.15 KPa
(42.6% decline) after 100 cycles of the cyclic compression tests,
whereas that of the PU@Fe;0,@SiO,@FP sponge is 78.93
KPa (24.6% decline). This means high mechanical stability of
the PU@Fe;0,@Si0,@FP sponge. No change in WSA was
recorded after 100 cycles of successive 200% strain. The SEM
observation indicates that the 3D porous network of the PU@
Fe;0,@SiO,@FP sponge with a hierarchical rough surface
remained unchanged after 100 cycles of successive 200% strain
(Figure 9b,c).

Oil Absorbency and Stability in Oils. Ten kinds of
frequently encountered organic liquids in daily life and industry,
fuels (petrol and crude oil), food oils (soybean oil), alkane (n-
hexane), chloroalkanes (chloroform and tetrachloromethane),
alcohol (ethanol), ether (petroleum ether), and aromatic
compounds (toluene and 1, 2-dichlorobenzene), were used to
evaluate the absorbency of the PU@Fe;0,@SiO,@FP sponges.
The sponges show high absorbency for these organics (Figure
10). In general, the absorbency of the sponge for these organics
is in the range of 13.26—44.50 g/g. No dripping of the
absorbed oil was observed in the handling process indicating
firm absorption by the sponges. The oil absorbency of the
PU@Fe;0,@S10,@FP sponge depends mainly on the density
of the organics. For example, the absorbency of the sponge for
tetrachloromethane (density = 1.60 g/cm?®) is 44.50 g/g, but for
n-hexane (density = 0.66 g/cm®) is 2042 g/g. The surface
tension and viscosity of the organics also have some influences
on oil absorbency of the sponge as shown in SI, Table S1. In
addition, the WSA of the sponge after it was used for oil
absorption for one time is in the range of 2—6.3° regardless of
the kind of oil, which is comparable to the freshly coated
sample (WSA = 2—3°). This result indicates that the PU@
Fe;0,@SiO,@FP sponges still retain excellent superhydropho-
bicity after absorption of various oils. The oil absorbency of the
PU@Fe;0,@SiO,@FP sponge is comparable with those

DOI: 10.1021/am5091353
ACS Appl. Mater. Interfaces 2015, 7, 4936—4946


http://dx.doi.org/10.1021/am5091353

ACS Applied Materials & Interfaces

Research Article

%

——petrol —— toluene —— chloroform

a L chloroform toiuene pe?c?)l ¢ 35
3

> :

< 2

4 B
1 —

5

004080120160200§21_

b Immersion time (h) )
3 —=— chloroform| _§
4 —— toluene =

PN —— petrol o)

<3

5

B 2
1 7
0

2 4 6 8 10
Absorption cycles

2 4 6 g 10
Absorption cycles
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previously reported (SI, Table $2)%2%*73%%7%% byt the
remarkable superiority of the PU@Fe;0,@SiO,@FP sponge
in facile preparation, magnetic responsivity, and excellent
mechanical and chemical stability make them very promising
materials for practical oil absorption and oil/water separation.

The efficient oil/water separation of superhydrophobic
materials is owing to the superhydrophobic coatings, whereas
most of the reported superhydrophobic coatings are mechan-
ically and chemically instable.*” An obvious decrease in the
water CA to 136° was observed after five absorption cycles for
the superhydrophobic PU sponge.>® Excellent mechanical and
chemical stability of superhydrophobic PU sponges are
essential for their practical application in oil/water separation.
The PU@Fe;0,@SiO,@FP sponges show excellent long time
stability in chloroform, toluene, and petrol in terms of
superhydrophobicity (Figure 11a). The influence of long time
immersion in solvents on superhydrophobicity of the samples is
negligible. The WSA remained in the range of 1.5—2.0° after
kept in chloroform, toluene, and petrol for 168 h. Water drops
are spherical in shape and could easily roll off the samples after
the stability test in solvents as shown in the insets in Figure 11a.

Chloroform, petrol, and toluene were chosen to evaluate the
reusability of the PU@Fe;0,@SiO,@FP sponge (Figure
11b,c). The absorbencies of the sponge for chloroform, petrol,
and toluene are 22.4, 14.9, and 23.6 g/g, respectively, in the first
cycle. The absorbent can be easily recycled using a magnet even
after repeatedly used for ten times as shown in SI, Figures SS
and S6 and Movie S7. The increase in the absorption cycles has
no obvious influence on the oil absorbency. The WSAs are 2°
regardless of absorption cycles and kinds of oils. The excellent
reusability of the PU@Fe;0,@SiO,@FP sponge in terms of oil
absorbency and superhydrophobicity ensures its application for
the cleanup of oil from water. It is worthy to note that no
measurable weight loss of the samples was detected after being
soaked in the organics for a long time or repeated absorption
tests. This is attributed to the tight binding of the coating to the
sponge and the inherent stability of the coating toward solvents.

B CONCLUSIONS

In summary, a facile strategy for preparing magnetic, durable,
and superhydrophobic PU@Fe;0,@SiO,@FP sponges was
developed by CVD of TEOS in the presence of the Fe;O, NPs
and then dip-coating in a FP aqueous solution. The CVD of

TEOS forms a thin layer of SiO,, which immobilizes the Fe;O,
NPs on the skeleton of the PU sponge. The in turn binding of
Fe;0, NPs, SiO, layer, and FP on the surface of the PU
sponges not only endows the sponges with magnetic
responsivity and superhydrophobicity/superoleophilicity but
also improves the elongation at break. The sponge features the
merits of magnetic actuation, high mechanical and chemical
stabilities, as well as excellent superhydrophobicity/super-
oleophilicity. In addition, the sponge could be magnetically
driven to the polluted water zone using a magnet, quickly
absorb floating oils on water surface and heavy oils under water,
and act as a membrane for oil/water separation. Moreover, the
sponge shows very high selectivity in oil/water separation. With
the help of a vacuum pump, the sponge can be used for the
continuous separation of large amounts of oil pollutants from
the water surface, which makes it a very promising material for
practical oil absorption and oil/water separation in a feasible
and energy-efficient way. The sponge could maintain its
superhydrophobicity and oil absorbency after intensive
stretching and compression, long time immersion in various
oils, and repeated oil absorption. The superior mechanical
stability and stability in oil of the superhydrophobic PU
sponges to most of the reported superhydrophobic materials
pave the way for their applications in selective oil absorption
and oil/water separation.
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