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 The MnO2 nanowires/polyurethane PU foam composites were prepared.
 Effect of the content of MnO2 nanowires on oils adsorption was studied.
 The foam composites show high absorbency for oils and organic solvents.
 The foam composites could be easily regenerated and reused for up to five cycles.
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a b s t r a c t
The severe environmental and ecological problems, derived from oil spills and organic solvents leakage,
have occurred in many parts of the world. It is urgent to seek appropriate ways to resolve oily wastewater
and organic solvent pollution. A versatile oil-absorbing material which can separate the oily wastewater
effectively and quickly is in high demanded for this issue. In this work, we report a facile and inexpensive
to fabricate an effective and recyclable oil-absorbent, namely MnO2 nanowires/polyurethane (PU) foam
composites, using a PU sponge as a porous substrate and MnO2 nanowires as modifiers. The hydrothermal method is employed to synthesize MnO2 nanowires and then foaming technology is used to fabricate
MnO2 nanowires/PU foam composites. In order to enhance the hydrophobic and oleophilic properties, the
surfaces of MnO2 nanowires are chemically modified using silane coupling agent (KH 570). The present
MnO2 nanowires/PU foam composites not only effectively separate oils from water as expected, but also
possess a very high absorption capacity for the removal of organic solvents from water up to 40.15 times
its own weight. More importantly, the obtained MnO2 nanowires/PU foam composites is demonstrated to
have excellent oil recoverability and absorbent regenerability, making them versatile and comprehensive
absorbents to satisfy various practical oily wastewater and organic solvent separation requirements.
Ó 2016 Published by Elsevier B.V.

1. Introduction
The leakage of oil products and toxic organic solvents has
resulted in serious ecological and environmental problems [1].
Considerable efforts have been devoted to removal the oils and
organic solvents from water using various methods, including
absorption [2,3], solvent extraction [4], biodegradation [5], in-situ
burning [6], solidification [7] and floating booms techniques [8].
Among them, absorption method is considered to be one of the
most effective approaches because it could absorb these oils and
organic solvents and also could reclaim them [9–12]. There has
⇑ Corresponding authors at: School of Chemistry and Chemical Engineering,
Jiangsu University, Zhenjiang 212013, Jiangsu Province, China.
E-mail addresses: fxqiu@126.com (F. Qiu), pjm@ujs.edu.cn (J. Pan).
http://dx.doi.org/10.1016/j.cej.2016.08.085
1385-8947/Ó 2016 Published by Elsevier B.V.

been an increasing amount of research on the synthesis of oilabsorbing materials for the oils and organic solvents separation,
including oil-absorbing fibers [13–15], 3D porous materials [16–
18] and oil-absorbing resins [19–22]. However, high cost, low oil
absorption capacity, slow oil absorption rate and low renewability
of these absorbents are still challenges to large scale applications.
Therefore, it is of significance to explore advanced absorbents with
eminent absorption capacity, good reusability and low cost.
3D porous materials in forms of sponges [23,24], foams [25,26]
and hybrid aerogels [27,28] have received significant attention
recently in the application of oils and organic solvents absorption
due to their outstanding advantages such as low density, large pore
volume, high capillary effect, etc. Various 3D oil-absorbing materials with high oil absorption properties have been successfully fabricated using different building blocks like nanowires [29],
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nanofibers [30,31], nanotubes [32,33], graphene platelets [34,35]
and biomass [36,37]. However, most studies focus on the fabrication of porous oil-absorbing materials using a combination of various methods. The oil absorption properties are limited by the pore
structure and density of absorbents. It cannot satisfy the technological requirements in practical application, and thus largely
restricts the oils absorbency of the porous oil-absorbing materials.
Compared with other 3D oil-absorbing materials composed of
inorganic and biological building blocks, PU foams [38–40] not
only display the inherent porous characteristics but also explore
outstanding properties including oils swelling properties, lower
density, excellent mechanical strength and easy large-scale fabrication as well as extraordinary absorption properties that could
be a promising candidate for oils and organic solvents absorption.
A variety of methods such as the surface modification and grafting
have been used to fabricate the superhydrophobic/superoleophilic
PU materials for the absorption of oils and organic solvents pollutants. Lü et al. [41] fabricated roughness and hydrophobic PU
sponge surfaces by coating PU sponges with SiO2/graphene oxide
nanohybrids. The surface modified PU sponge can be served as high
and quick sorbent of organic solvents, and can be recycled with
imperceptible loss of sorption capability and hydrophobicity. Wu
et al. [42] fabricated magnetic, durable, and superhydrophobic
PU sponges by chemical vapor deposition of tetraethoxysilane to
bind the Fe3O4 nanoparticles tightly on the sponge and then dipcoating in a fluoropolymer aqueous solution, and the absorbency
of the modified sponge for industry fuels, food oils and organic solvents is in the range of 13.26–44.50 g/g.
In addition, inorganic nanofibers or nanowires have been used
for the oils and organic solvents absorption by utilizing their staggered fibrous structures. For example, Yuan et al. [29] used the
superwetting nanowire membranes for selective absorption and
reported a maximum oil absorption of organic solvents and oil
reaching 20 g/g. Herein in this work, we report a facile approach
for preparing the MnO2 nanowires/PU foam composites by using
a combined hydrothermal method and foaming technology, as well
as their application in oils and organic solvents absorption. The
synthesized foam composites with 3D porous characteristics exhibit excellent oil-absorbing properties, offering the combined benefit of the oils absorption properties of MnO2 nanowires and oils
swelling properties PU foams, which have promising application
in oily wastewater treatment.
2. Materials and methods
2.1. Materials
Potassium sulphate (K2SO4), potassium persulphate (K2S2O8)
and manganese sulphate monohydrate (MnSO4H2O) were
obtained from Shanghai reagent company. Silicone oil ([ASi(CH3)2OA]n), silane coupling agent (KH 570), and sodium bicarbonate
(NaHCO3) were obtained from Sinopharm Chemical Reagent Co.,
Ltd. Polyether polyol (NJ-330, M = 3000 g/mol) was supplied by
Ningwu Chemical Co., in Jurong, Jiangsu, China. Isophoronediisocyanate (IPDI, ANCO content P 37.5%) was obtained from Rongrong Chemical Co., in Shanghai, China. All these chemicals were
of analytical grade and were used as obtained without any further
purification. Double-distilled water was employed in all
experiments.
2.2. Preparation of hydrophobic/oleophilic MnO2 nanowires
The ultralong MnO2 nanowires were synthesized using a
hydrothermal method according to a previous report with slight
modifications [29]. Briefly, 20 mmol of MnSO4H2O, 20 mmol of

K2SO4 and 40 mmol of K2S2O8 were dissolved in 60 mL of distilled
water and stirred with a magnetic stirrer for 10 min to form a
homogeneous solution at room temperature. Then the solution
was transferred to a 80 mL of Teflon-lined stainless steel autoclave
and the autoclave was placed in an oven and heated at 220 °C for
4 days. After that, a resulting black precipitate was collected by
centrifugation, washed with water and ethanol several times, and
dried at 80 °C for 24 h to obtain MnO2 nanowires.
The hydrophobic/oleophilic MnO2 nanowires were obtained by
grafting the hydrophobic group on the surfaces of nanowires. In a
typical procedure, 0.5 g of KH 570 and 3 g of MnO2 nanowires,
100 ml of distilled water were taken in a 250 ml three-necked
round bottom flask with a mechanical stirrer for 2 h. Then, the
mixture was then sealed and placed in the microwave reaction system (XH-100A, Beijing XiangHu Science and Technology Development Co., Ltd.) with a frequency of 2.45 GHz. The reaction system
was rapidly heated to 85 °C at a power of 700 W, and maintained
at 85 °C for 60 min with rotation and magnetic stirring. Finally,
the microwave treated products were filtered, washed with distilled water, and then dried at 80 °C in air for 12 h before
characterization.
2.3. Preparation of MnO2 nanowires/PU foam composites
Polyether polyol-based PU foams were synthesized by polyaddition of isophorone diisocyanate (IPDI) and polyether polyol (NJ330, Mn = 3000 g/mol). In a typical synthesis, a mixture containing
5 g of NJ-330, 1.11 g of IPDI, 0.20 g of hydrophobic MnO2 nanowires, 0.30 g of silicone oil and 0.50 g of NaHCO3 were prereacted
by vigorous mechanical stirring until the appearance of the small
bubbles. Then, the mixture was placed in a ventilation drying oven
at 100 °C for 3 h. In order to optimize the oils absorbency of the
MnO2 nanowires/PU foam, the content of hydrophobic MnO2 nanowires was investigated in detail.
2.4. Sample characterization
The morphologies of the MnO2 nanowires, PU foams and PU
foam composites surfaces were characterized with a JEOL JSMPLUS/LA scanning electron microscope. The SEM specimens were
prepared by sputter coating a thin gold layer approximately 3 nm
thick. X-ray diffraction (XRD) data were recorded using a Shimadzu
XRD-6100 instrument with Cu Ka radiation at 40 kV and 30 mA, a
scanning rate of 4°/min, and a 2 theta angle ranging from 10° to
80°. Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were carried out on a TGA-50 thermal analyzer
with the heating rate of 10 °C/min under nitrogen atmosphere.
The functional groups and chemical structures were confirmed
using a Nicolet FT-IR spectrometer in the range of 4000–
450 cm1 via potassium bromide (KBr, optical grade) pellet. The
contact angle of hydrophobic MnO2 nanowires was tested by using
a commercial CAM200 optical system by the sessile drop method.
The volumes of the droplets used in the experiments were about
5 lL and at least three different spots on the same sample surface
were taken for contact angle measurements to receive a mean
value. Surface properties of the MnO2 nanowires were studied by
the Brunauer-Emmett-Teller (BET) methods via nitrogen adsorption and desorption measurements.
2.5. Oils absorption
The oil absorption was performed by dipping MnO2 nanowires/
PU foam composites samples into oils or organic solvents. The oils
absorption capacities of MnO2 nanowires/PU foam composites
were determined by a weighing method. In a typical absorption
process, 0.2 g of oil absorbent samples was immersed in 50 mL of
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edible oils, organic solvents or fuels at room temperature for 24 h.
After that, the samples were taken out from the oil, drained for
3 min to remove residual oil, and then weighed immediately. The
oil absorption properties of absorbent sample were calculated by
the following formula:

Q ðg=gÞ ¼ ðmt  m0 Þ=m0

ð1Þ

where mt and m0 are the weight of the oil absorbents dispersed in
oil for time t and the dry weight of the oil absorbent, respectively.
2.6. Recycling of used absorbent
To test the regeneration capacity of the MnO2 nanowires/PU
foam composite samples, the saturated oils and organic solvents
were firstly squeezed from the foams by a simple mechanical compression method. Then, the organic solvents absorbed samples
were directly dried in an oven and then heat treated at 120 °C in
an ambient atmosphere for 12 h; while the oils absorbed samples
were immersed in 50 mL anhydrous ethanol to release the
absorbed oil, followed by drying at 120 °C for 12 h. The process
was repeated 5 times to confirm the reusability of MnO2 nanowires/PU foam composites. For each cycle, the PU foam composites
were weighed before and after oils absorption.
3. Results and discussion
3.1. Characterization of hydrophobic MnO2 nanowires
The morphology and structural characterizations of the MnO2
nanowires are shown in Fig. 1. The low-magnification SEM image
(Fig. 1A) reveals the presence of abundant 1D MnO2 nanowires
with lengths of several tens to hundreds of micrometers interleaved with each other to form network structures. The high yield
production of MnO2 nanowires demonstrated that the observed
features are indeed representative. As demonstrated in
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Fig. 1B and C, the synthesized MnO2 nanowires exhibit 3D architectures composed of large interconnected superlong nanowires
with size of hundreds of micrometers. It can be seen from
Fig. 1B and C that all of samples are nearly monodisperse wirelike
texture, confirming the high purity of the as-prepared products. In
addition, it should be noted that the macroporous structure with
pore sizes in dimensions from dozens of micrometers to one hundred micrometers are formed by the interconnected nanowires.
The absorbed oil can be stored in the macroporous structures of
MnO2. A higher-magnification image of a MnO2 nanowires is displayed in Fig. 1D, it is indicated that the nanowires have a diameter
of 30–50 nm with a relative smooth surface.
The phase structure characterization has been investigated by
means of X-ray XRD, and the typical diffraction patterns of asprepared MnO2 nanowires are shown in Fig. 2A. All the diffraction
peaks of as-prepared samples can be readily indexed to the standard diffraction data of the tetragonal a-MnO2 (JCPDS card 721982), and no other impurity phases were detected, indicating
the product is of high quality.
The MnO2 nanowires interleaved with each other to form a
three dimensional network, which is beneficial to oils and organic
solvents absorption. The nitrogen adsorption-desorption measurement for MnO2 nanowires was carried out and the result is shown
in Fig. 2. As shown in Fig. 2B, the isotherms of the nanowires possess evident hysteresis loops with a sharp increase in adsorbed N2
volume in the low-pressure area and confirm the porous property
of nanowires. The BET surface area is 23.81 m2/g while the volume
of pores has a high number of 0.1140 cm3/g according to the
Barrett-Joyner-Halenda (BJH) method. Interestingly, there are several types of mesopore existing in the MnO2 nanowires (see inset
of Fig. 2B). The mean pore size distribution is 2–10 nm, which
may come from the mesoporous MnO2 nanowires. Another type
pore size distribution centered at 30 nm was due to the interleaved
nanowires. The highly open and porous structures of the MnO2
nanowires are beneficial to oils and organic solvents transport

Fig. 1. (A, B and C) Low- and (D) high-magnification SEM images of the as-synthesized MnO2 nanowires.
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Fig. 2. (A) XRD pattern of the MnO2 nanowires. (B) N2 adsorption-desorption isotherms and BJH pore size distributions (inset) of MnO2 nanowires.

and absorption, and improve the absorption properties of PU
composites.
Wettability of porous MnO2 nanowires to water is one of the
most important considerations when selecting suitable absorbent
for the oils and organic solvents absorption [43]. For organics
selective separation, the surfaces modified MnO2 nanowires, which
are treated by surface grafting of hydrophobic groups, is suitable
for the demand of interfacial hydrophobicity and lipophilicity. In
addition, the grafted functional group can be related with the
monomers of PU to form the organic-inorganic composite. In this
case, the surfaces of MnO2 nanowires were chemically modified
using silane coupling agent in order to terminate the hydrophilic
groups such as hydroxyl groups. The water and oil wetting behaviors of surfaces modified MnO2 nanowires was evaluated comprehensively using contact angle measurements. Fig. 3 shows the
water and oil contact angle profiles of the substrates coated with
the KH 570 modified MnO2 nanowires. As shown in
Fig. 3A and B, the surface modified nanowires display a hydropho-

Fig. 3. Water (A and B) and oil (C and D) wettability of the substrates coated with
the KH 570 modified MnO2 nanowires.

bic surface with a stable water contact angle of 141.85°, implying
that the hydrophobic groups are successfully grafted on the surfaces of MnO2 nanowires, as evidenced by the FT-IR results (see
the Supporting Information in Fig. S1). Besides, while immersing
surfaces modified MnO2 nanowires in aqueous solution for 12 h
under the condition of ultrasonic vibrations or exposing samples
in air environment for 3 days at room temperature, samples in
both cases remained hydrophobicity with water contact angle
higher than 140°. As is shown in Fig. 3C, the contact angle was
around 20°, within 0.056 s of the dropping of the oil. After that
time, the contact angle could not be measured because it was
extremely low, indicating the existence of lipophilic, therefore,
the wetting time of oil on the surfaces modified MnO2 nanowires
was 0.056 s.

3.2. Characterization of MnO2 nanowires/polyurethane foam
composites
The microscopic structures of pure PU foams and PU foam composites are illustrated in Fig. 4. As shown in Fig. 4A, the microstructure of these pure PU foam reveals a closely interconnected PU
microspheres. However, due to the soft PU matrix foams, pure
PU foams exhibit slightly collapsed morphology (see Supporting
Information, Fig. S2). Fig. 4B and C display the morphologies of
PU foams, which clearly indicated that the PU foams are mainly
composed of hollow microspheres with the diameters of about
360–580 lm. The hollow structures of microspheres can provide
an oil storage space that can enhance the oil absorption properties,
while the holes in surfaces of microbubbles can effectively reduce
the mass transfer resistance of foams and accelerate the oil absorption rate. It is clear that the surfaces of microbubbles are relatively
smooth and apparent holes were observed. The microscopic structures of PU foam composites are shown in Fig. 4D–F. Similarly to
the pure PU foams, the PU foam composites exhibit spherical morphology and have sizes between 800 lm and 1.2 mm. As can be
seen in Fig. 4 the bulk of PU foam composites is larger than that
of the pure PU bubbles that are able to provide an extra space for
oil diffusion and increase the oil storage space. The increased volume of PU foam composites can also be seen in the macroscopic
morphologies of samples (see Supporting Information, Fig. S2).
The macroscopic shape of pure PU foams and PU foam composites are displayed in Fig. S2. As shown in Fig. S2A, the macroscopic
structures of pure PU foams reveal a typical porous network-like
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Fig. 4. SEM images of pure PU foams (A–C) and MnO2 nanowires/PU foam composites (D–F).

structure. However, the pure PU foams are easily decomposed into
PU fragments in the absorption of organic solvents due to the special intermolecular forces between organic solvents and PU molecular chains. A slightly collapsed morphology can be found in pure
PU foam sample. As the increase in the content of the MnO2 nanowires, the macroscopic shapes of the prepared MnO2 nanowires/PU
foam composites are shown in Fig. S2B–H. The results confirm that
the volume of foam composites increases with the increasing content of MnO2 nanowires from 0.1 wt% to 0.4 wt%. The increased
pore volumes are beneficial to subsequent oils and organic solvents
absorption, and the inorganic nanowires may improve the
mechanical properties of foam composites. However, with further
increasing the content of MnO2 nanowires, the volumes of foam
composites are obviously decreased due to the collapse of the
foam. The satisfied porous foams are obtained at the MnO2 nanowires content of 0.4 wt%.
The influence of MnO2 nanowires on the thermal stability of PU
foam was investigated by TGA under nitrogen atmosphere. The
TGA curves of pure PU foam and PU foam composites are shown
in Fig. 5. For the PU foam composites, there are three distinct thermal behaviors. The DSC results (see Supporting Information,

Fig. 5. TGA curves of pure PU foams and MnO2 nanowires/PU foam composites.

Fig. S3) showed that there are two small endothermic peaks at
198 °C and 342 °C, corresponding to about 20.12% weight loss. This
may be caused by evaporation of the residual monomers. The
74.45% weight loss from 360 °C to 588 °C is because of the decomposition of the PU foam with the broad exothermic peak at about
445 °C. Compared with pure PU foam, the foam composites do
not change the degradation steps but decompose at lower rates
and higher temperatures, indicating that the introduction of
MnO2 nanowires enhances the thermal stability of PU foam composites. The enhanced thermal stability may originate from the
interactions between metal oxides and polymer chains. In addition,
it should be noted that the foam composites are completely
decomposed at 600 °C to leave 5.90% (by mass) inorganic products,
which may be attributed to the MnO2 nanowires and decomposed
products of PU foams.

Fig. 6. Oil absorption properties of MnO2 nanowires/PU foam composites affected
by the wt% of MnO2 nanowires.
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3.3. Oils absorption
In the present system, the content of MnO2 nanowires may play
a critical role in the process of foaming reaction and further determines the oil absorption properties of PU foam composites. Fig. 6
illustrates the effect of MnO2 nanowires content on the oil absorption of PU foams composites. It can absorb up to 14.66 times and
36.42 times its weight equivalent of chloroform and toluene
respectively, higher than that of the previously reported results
[44]. As can be seen in Fig. 6, the chloroform absorption properties
of PU foam composites increase with increasing MnO2 nanowires
contents, reaches a maximum absorption property of 36.42 mg/L
at the content of nanowires of 0.4 wt%, whereas there was a decline
in absorption properties for further increasing the MnO2 nanowires
content. A similar trend is observed for the toluene and edible oils
absorption. Optimized oil absorption of PU foam composites was
achieved with 0.4 wt% inclusion of MnO2 nanowires. The enhanced
absorption properties of PU foam composites may attribute to the
increased oil storage space by introducing the inorganic nanowires.
The absorption properties decreased with further increasing the wt
% of MnO2 nanowires, mainly due to the decreased volumes of
foam composites with further increasing the content of inorganic
component (see the Supporting Information in Fig. S2). Note that
the chloroform and toluene absorption properties of PU foam composites are higher than that of edible oils, mainly due to the selfswelling properties of PU foams in small molecule solvents.
In order to measure the absorption properties of the PU foam
composites, samples were immersed in oils or solvents without
water and the maximum absorption capacities were determined
by mass change, and the duration time of absorption was 12 h.
Seven kinds of frequently encountered organic solvents and oils,
namely n-hexane, dimethylformamide (DMF), edible oils, chloroform, carbon tetrachloride (CTC), toluene and machine oil, were
used to evaluate the absorption properties of the PU foam composites, and the results are shown in Fig. 7. The as-prepared PU foam
composites show high absorbency for these organic solvents and
oils. In general, the absorption capacities of the PU foam composites for organic solvents and oils were 4.54–40.15 times its own
weight, partly depending on the density and viscosity of the solvents. This is significantly superior to inorganic nanowire membranes and oil absorption resins [29,45]. More importantly, the
absorbed organic solvents can be simply removed by heat treatment at 120 °C for 12 h in a ventilation drying oven, the absorbed

oil can be removed by washing with anhydrous ethanol, followed
by heat treatment at 120 °C for 12 h.
The PU foam composites exhibit excellent structure flexibility,
high porosity, large surface area and contain interconnected open
pores. It should be an ideal candidate for the absorption of oil pollutants. To demonstrate the feasibility of PU foam composites in
the oils and organic solvents absorption, the edible oils and chloroform dyed with Sudan III were selected as the representative
absorbates on behalf of organic solvents with different densities
in the performance of the removal of oils and organic solvents from
water. As illustrated in Fig. 8, the dyed edible oils floating on the
surface of water can be quickly absorbed by a small piece of PU
foam composites, indicating the high oil-absorbing ability of the
foam composites. The absorbed oils (or organics) can be stored in
the abundant micropores of the foam composites. In addition, no
dripping of the absorbed edible oils was observed in the handling
process, indicating firm absorption by the PU foam composites.
As can be seen in Fig. 8, the PU foam composites could be also used
for the absorption of heavy organic pollutants under water and
removed out of water without leaving a trace. Once it comes into
contact with the oil under water, the heterogeneous sponge/water
interface with entrapped air automatically converts to the homogeneous sponge/oil interface owing to the low surface tension of
oil. This commendable property indicated the possibility for environmental applications in absorbing floating pollutants and those
underwater.
3.4. Reusability of foam composites
Reusability of oil-absorbents is a significant property for oil separation in practical application. In order to evaluate the reusability
of PU foam composites, the as-synthesized PU foam composites
were firstly immersed in oils and organic solvents for saturated
absorption. Then the absorbed oils can be removed by washing
with anhydrous ethanol followed by drying at 120 °C, and
absorbed organic solvents can be simply removed by drying at
120 °C. Recovery capacity for oil was obtained for PU foam composites for 5 consecutive cycles and results are shown in Fig. 9.
The absorption properties of PU foam composites remained high
during testing. It can be seen from Fig. 9 that the PU foam composites can be re-used multiple times without significant loss in
absorption capacity. The absorption properties of foam composites
for chloroform decreased from 36.42 to 33.97 g/g after five cycles
of testing, while for edible oils the absorption properties decreased
from 4.54 to 4.03 g/g. Moreover, the absorbed oils could be
released effectively using ethanol. The results of regeneration
experiment confirmed the excellent recyclability of the assynthesized PU foam composites, implying that the foam composites has excellent potential application in oils and organic solvents
absorption.
4. Conclusions

Fig. 7. Absorbency of the MnO2 nanowires/PU foam composites for organics.

In summary, a versatile oil-absorbing material composed of
MnO2 nanowires/ PU foams can be fabricated by combined
hydrothermal method and foaming technology. The superlong
MnO2 nanowires have been synthesized by a hydrothermal
method, and the surfaces of MnO2 nanowires are chemically modified using KH 570 to enhance the hydrophobic and oleophilic
properties. The relevant results disclosed that the hydrophobic
groups are successfully grafted on the surfaces of MnO2 nanowires
with water contact angle of 141.85°. The MnO2 nanowires/PU foam
composites are fabricated by the polymerization of the NJ-330,
IPDI and surfaces modified MnO2 nanowires. It was found that
the sorbent is capable of scavenging 36.42 g/g of chloroform,
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Fig. 8. The MnO2 nanowires/PU foam composites absorb dyed edible oils floating on the water (A–C) and dyed chloroform at the bottom of the water (D–F).
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