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� Both solution-casting and
electrospinning methods are used to
fabricate smart membranes.

� Electrospun fibrous membrane owns
an extended transition range of oil/
water wettability.

� The as-prepared membranes realize
many types oil/water separations
through regulating the temperature.

� The separations are driven only by
gravity and exhibit excellent
efficiency higher than 98.5%.

� Electrospun fibrous membrane
achieves a higher liquid flux due to
the high porosity and the large
surface-to-volume ratio.
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Smart polymeric surfaces with switchable oil/water wettability are ideal candidates for oil/water separa-
tion, which still suffer from significant restrictions in practical separation applications. Appropriate fab-
rication method should be explored to devise and mass produce smart polymeric membranes. Herein, we
prepared two smart membranes through solution-casting method and electrospinning technology,
respectively, based on temperature-responsive copolymer poly(methyl methacrylate)-block-poly(N-iso
propylacrylamide) (PMMA-b-PNIPAAm). According to the thermo-responsive component PNIPAAm, both
membranes exhibited temperature-modulable oil/water wettability. Electrospun fibrous membrane
owned an extended transition range of oil/water wettability compared to polymer solution-casting mem-
brane because of its 3D network porous structure of the random entangled fibers. The as-prepared mem-
branes realized gravity-driven oil/water separation with efficiency higher than 98% through regulating
temperature. Solution-casting membrane exhibited a water flux of about 6200 L h�1 m�2 and an oil flux
of about 1550 L h�1 m�2. By contrast, characteristics of the high porosity and the large surface-to-volume
ratio made the electrospun fibrous membrane achieve higher fluxes of about 9400 L h�1 m�2 for water
and about 4200 L h�1 for oil. Electrospinning is a powerful and cost-effective method to construct smart
membrane with excellent wetting property and separation performance.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

The discharge of oily wastewater generated by humankind’s
production and frequent oil spill accidents damages the
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environment and threatens biological and human safety. Efficient
technologies to handle the oil contaminated wastewater are highly
desired yet still challenging [1,2]. Recently, smart interfaces have
received intense attentions in the application for oily waste water
treatment due to their stimuli-responsive wettability toward oil or
water [3]. Responsive polymers, which can reversibly switch their
chemical and physical properties in response to stimuli (e.g., pH,
temperature, light, electricity and so on), have become one of the
most promising materials to construct smart surfaces [4–8]. Until
now, some responsive polymer-based smart surfaces have been
applied for demanded oil/water separation. For example, Zhang
et al. fabricated smart surfaces with switchable wettability through
grafting a pH-responsive copolymer of poly(2-vinylpyridine) and
polydimethylsiloxane onto textiles and sponges [4]. The as-
prepared materials realized the controllable water/oil separation
by adjusting the pH of surroundings. Xue and coworkers presented
a temperature controlled dual water/oil on–off switch by direct
casting of the PMMA-b-PNIPAAm copolymer solution onto a com-
mon industrial steel mesh [5]. Cao et al. reported a thermo and pH
dual-responsive membrane through coating the steel mesh with
poly(2-(dimethylamino) ethyl methacrylate) (PDMAEMA) [6].
Depending on the dual-responsive characteristic, the modified
mesh can separately collect oil and water by regulating tempera-
ture or pH.

Despite of these progresses, smart polymeric surfaces still
suffer from significant restriction in practical separation
applications. For example, the complex and costly fabrication
process, the limited transition range of surface wettability, the
inevitable oil fouling, and so on [9,10]. From these perspectives,
devising and mass producing functional polymeric surfaces,
which possess stimulus- and well-controlled super-wettability
toward oil or water, still remain a challenge. Various methods
have been used to fabricate smart polymeric surfaces,
which include coating process [11,12], surface-initiated polymer-
ization [13], electrospinning [14], self-assembly layer-by-layer
[15], and so on. Among them, coating process and electrospin-
ning are relatively simple and low cost, and therefore suitable
for practical application. In particular, electrospun fibrous
membranes consisting of continuous entangled fibers usually
have three-dimensional (3D) network porous structure, which
can influence the surface wettability together with the chemical
composition. Meanwhile, their high surface area-to-volume ratio
makes them act as good candidates for separation applications
[16,17].

Herein, to explore the advantage of smart electrospun fibrous
membrane in terms of stimulus-responsive transition range of
oil/water wettability and separation performance, we prepared
two smart membranes through solution-casting method and elec-
trospinning technology, respectively, based on temperature-
responsive copolymer poly(methyl methacrylate)-block-poly(N-is
opropylacrylamide) (PMMA-b-PNIPAAm). PNIPAAm as a compre-
hensively studied thermo-responsive polymer endowed the as-
prepared membranes with temperature switchable wettability.
The combination of water-insoluble PMMA can effectively improve
the stability of the membranes, and thus largely extend their
application scope. However, the oil/water wettability transition
range of the membranes responding to temperature is also affected
by the surface morphology. Therefore, the surface morphology
and the temperature switchable wettability of the as-prepared
membranes were systematically investigated. At last, we applied
the as-prepared membranes for temperature controlled oil/water
separation. The relevant separation mechanism and the different
separation performances of the two membranes were further
studied.
2. Experimental section

2.1. Materials

The stainless steel mesh with pore size of about 45 lmwas pur-
chased from local market. Chloroform, tetrahydrofuran (THF),
dimethyl formamide (DMF) were obtained from Sinopharm Chem-
ical Reagent Co., Ltd. (SCRC) and dried prior to be used.
Temperature-responsive block copolymer PMMA-b-PNIPAAm was
synthesized by sequential copper(0)-mediated reversible-
deactivation radical polymerization (Cu(0)-mediated RDRP), which
has advantages in moderate polymerization condition and perfect
end-functionality [18,19]. The sufficient experimental details could
be found in our previous work [20]. The macroinitiator, bromine
end-capped PMMA (PMMA-Br), was synthesized. Subsequently,
PMMA-b-PNIPAAm was prepared via chain extension of PMMA-Br.
The number-average molecular weight (Mn) of PMMA-Br is
15,600 g/mol, and PMMA-b-PNIPAAm is 35,900 g/mol. The low
polydispersity of the PMMA147-Br (Mw/Mn = 1.19) and PMMA147-b-
PNIPAAm178 (Mw/Mn = 1.28) demonstrated the well controllability
and ‘‘living” feature of Cu(0)-mediated RDRP. The volume fraction
of PNIPAAm is 0.51, which was calculated according to the known
density of PMMA (1.18 g/cm3) and PNIPAAm (1.39 g/cm3) [21,22].

2.2. Preparation of copolymers membranes

The purchased stainless steel mesh was treated ultrasonically
using acetone and ethyl alcohol in tandem for 30 min, and followed
by drying with nitrogen flow. Then the rinsed stainless steel mesh
was cut into round shape with area of 2.37 � 10�3 m2 and used as
the substrate for the following smart membrane preparation.

PMMA-b-PNIPAAm solution-casting membrane was prepared
as follows: 200 mg PMMA-b-PNIPAAm was first dissolved in
2 mL chloroform and stirred for 24 h. The precursor solution was
cast onto a stainless steel mesh drop by drop. As the solvent evap-
orated at 50 �C for 12 h, the block copolymer formed a thin layer
around the steel wires.

PMMA-b-PNIPAAm fibrous membrane was prepared through
electrospinning. The typical preparation process was as follows:
PMMA-b-PNIPAAm was first dissolved in a mixture solvent of
DMF/chloroform at a volume ratio of 1/2 to a concentration of
25 wt%. After stirring for 24 h, the prepared solution was electro-
spun in a closed chamber. During electrospinning, the applied volt-
age was kept at approximately 14 kV and the solution feeding rate
was set at 0.2 mL/h through syringe pump. The as-spun fibers were
collected by a pre-cleaned round stainless steel mesh and the
obtained fibrous membrane was dried at 50 �C for 12 h to remove
any residual solvent.

2.3. Characterization

The morphologies of the as-prepared membranes were
obtained by a JEOL JSM-7500F scanning electron microscope
(SEM). The contact angles (CA) of as-prepared membranes at dif-
ferent temperatures were measured on a Contact Angle Measuring
Instrument (KRUSS, DSA30). The temperature was controlled by a
TC40-MK2 temperature controller.

2.4. Separation performance assessment

200 mL layered mixture of oil and water at a volume ratio of
1/1 was poured into the separation device. The flux of liquid
(Jw, L m2 h�1) was obtained by calculating the permeation volume
per unit time from the valid area, which was defined as Eq. (1):
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JW ¼ V
ADt

ð1Þ

where, V (L) was the volume of permeated liquid (water or oil), A
(m2) was the valid area for separation and Dt (h) was the perme-
ation time.
3. Results and discussion

3.1. Characterization of smart membranes

Semi-permeable stainless steel mesh possessing mechanical
stability has frequently been used as a good substrate for the fab-
rication of separation membranes [3,10]. Therefore, we deposited
temperature-responsive copolymer PMMA-b-PNIPAAm on the
meshes through solution-casting method and electrospinning
technology, respectively, to prepare two smart membranes with
completely different surface structures. The fabrication processes
were described in Figs. 1a and 2a, respectively. SEM observation
results in Figs. 1 and 2 show the morphologies of the meshes
before and after modification.

As shown in Fig. 1b, the connected metal wires of the initial
mesh are clearly visible and the average size of the square-
shaped pores is about 45 lm (350 mesh size). The highly magnified
image in Fig. 1c reveals that the surface of the metal wires is
smooth. After solution-casting, the mesh is covered with a dense
of copolymer film uniformly, but the connected metal wires are
still visible as illustrated in Fig. 1d. Furthermore, honeycomb rough
surface caused by the rapid evaporation of the solvent is clearly
observed on the enlarged view of polymer coated metal wire
(Fig. 1e).

As to the electrospun fibrous membrane, the mesh is covered
with a dense layer of randomly intertwined fibers with bead and
beads-on-string structures shown in Fig. 2b. The highly magnified
image in Fig. 2c reveals that the fiber has a smooth surface with
an average diameter about 250 nm. Three-dimensional microp-
orous structures formed by the entanglement fibers will improve
the liquid permeation rate across the membrane.

3.2. Temperature-responsive wettability of smart membranes

PNIPAAm is a comprehensively studied thermo-responsive
polymer with lower critical solution temperature (LCST) of about
Fig. 1. (a) Diagram of the preparation process for solution-casting membrane. (b and c) S
SEM images of solution-casting membrane with different magnifications.
32–33 �C. PNIPAAm modified surfaces can reversibly switch
between hydrophilicity and hydrophobicity when the temperature
fluctuates below and above its LCST [23,24]. Water-insoluble
PMMA with high glass transition temperature (Tg) can served as
the physical cross-link of hydrophilic PNIPAAm in moist environ-
ments. Therefore, the combination of PMMA can effectively
improve the stability of the membranes. On the other hand, surface
morphology is another important factor that has significant influ-
ence on the surface wettability together with the chemical compo-
sition [25,26]. To probe the special wettability of the as-prepared
membranes obtained by two different fabrication processes, CA
measurements on the membrane surfaces were conducted in air
and under water at temperature above and below the LCST of
PNIPAAm.

Fig. 3 shows the temperature switchable water and oil wetting
behaviors of the solution-casting membrane. As shown in Fig. 3-
a and b, when the temperature is below the LCST of PNIPAAm at
15 �C, water droplet spreads over the membrane gradually within
80 s in air, indicating the superhydrophilicity of the membrane.
On the contrary, hexane droplet forms a sphere with an oil contact
angle (OCA) of about 142� on the surface of the membrane under-
water in Fig. 3c, showing highly oleophobic property. On the other
hand, when the temperature is above the LCST of PNIPAAm at
50 �C, the wettability of the membrane experiences a transition
from superhydrophilicity/oleophobicity to hydrophobicity/
oleophilicity. A spherical water droplet stably sits on the mem-
brane with a water contact angle (WCA) of about 110� in air
(Fig. 3d). The hexane droplet has an OCA of about 55� on the sur-
face in aqueous solution (Fig. 3e). The initial wettability of the
membrane recovers upon cooling. The switchable wettability
between superhydrophilicity/oleophobicity and hydrophobicity/
oleophilicity can be recycled many times with slight fluctuation
in responsivity as presented in Fig. 3f.

The switchable surface wettability, relating to the conformation
transition of PNIPAAm and the cooperation between PNIPAAm and
PMMA, has been confirmed in our previous work [20]. Specifically,
at a temperature below the LCST, intermolecular hydrogen bond-
ing interaction between C@O, NAH groups and water makes the
PNIPAAm chains become hydrated and swollen. The extended PNI-
PAAm chains with sufficient mobility expose themselves on the
exterior of the surface, featuring the membrane with hydrophilic-
ity. PMMA with a high Tg serves as the stabilizer of hydrophilic
amorphous PNIPAAm. The hydrophilic surface, favoring for water
EM images of the initial stainless steel mesh with different magnifications. (d and e)



Fig. 2. (a) Diagram of the preparation process for electrospun fibrous membrane. (b and c) SEM images of a representative porous fibrous membrane with different
magnifications.

Fig. 3. Water and oil wettability of the solution-casting membrane at temperature below the LCST (a–c) and temperature above the LCST (d and e). (a) Image of a water
droplet on the membrane in air with a water contact angle (WCA) of almost 0�. (b) Images of the dynamic water droplet spreading over the fiber membrane within 80 s. (c)
Image of an oil droplet (hexane) on the membrane underwater with an oil contact angle (OCA) of �142�. (d) Image of a water droplet on the membrane in air with a WCA of
�110�. (e) Image of an oil droplet (hexane) on the membrane underwater with an OCA of �55�. (f) Reversible oil/water wettability at different temperatures.
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capture, will effectively block the access of oil liquid, thus leading
to the underwater oleophobic property of the membrane. In addi-
tion, according to the Wenzel’s model [27], the increased surface
roughness amplifies both water and oil wettability of the
membrane. Consequently, the membrane with honeycomb surface
morphology exhibits superhydrophilic and highly oleophobic
properties. When the temperature increases above the LCST,
PNIPAAm chains are dehydrated and collapsed because of the
intramolecular hydrogen bonds between C@O and NAH groups.
The membrane becomes hydrophobic in air. As to the oil wettabil-
ity under water, the dehydration of PNIPAAm chains is improved
by the incorporation of PMMA block. PNIPAAm domains become
more oleophilic as water releases from the confined space.
Meanwhile, the oil-favored PMMA also contribute to the oleophilic
property of the membrane.

The water/oil wettability of the electrospun fibrous membrane
was also characterized by the CA measurements at different
temperatures. Below the LCST, the membrane exhibits superhy-
drophilic and underwater superoleophobic properties in Fig. 4-
a and c, respectively. It is worth noting that the water droplet
spreading out the membrane in air only takes 12 s (Fig. 4b), which
is a relatively short time compared with the water permeation
time on the solution-casting membrane (80 s). As for oil wettabil-
ity under water, hexane droplet on the membrane with OCA of
about 153� can roll off the surface easily (Fig. 4c, right), which indi-
cates that the membrane not only has superoleophobicity but also
shows a quite low oil-adhesion property. Above the LCST, the wet-
tability of the membrane switches to hydrophobicity and under-
water oleophilicity. Water droplet with a WCA of about 130� can
stably sit on the membrane in air (Fig. 4d) and hexane droplet on
the surface in aqueous solution has an OCA of about 37� (Fig. 4e).
These results indicate that the electrospun fibrous membrane has
an enhanced temperature switchable oil/water wettability com-
pared to the solution-casting membrane. Similarly, as seen in



Fig. 4. Water and oil wettability of electrospun fibrous membrane at temperature below the LCST (a–c) and temperature above the LCST (d and e). (a) Image of a water
droplet on the membrane in air with a WCA of almost 0�. (b) Images of the dynamic water droplet spread over the fiber membrane within 12 s. (c) Images of an oil droplet
(hexane) on the membrane underwater with an OCA of�153� (left) and sliding angle of�4� (right). (d) Image of a water droplet on the membrane in air with aWCA of�130�.
(e) Image of an oil droplet (hexane) on the membrane underwater with an OCA of �37�. (f) Reversible oil/water wettability at different temperatures.
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Fig. 4f, the switching between wetting states of superhydrophili
city/superoleophobicity and hydrophobicity/oleophilicity is also
reversible.

As has been discussed above, the surface wettability can be
influenced by the combination of chemical composition and sur-
face morphology. Here, the temperature switchable oil/water wet-
tability of the electrospun fibrous membrane is mainly attributed
to the temperature responsiveness of the polymer, whereas the
transition range of surface wettability is significantly extended
by the 3D network porous structure of the fibrous membrane.
More specifically, below the LCST, continuous nano-structured
fibrous networks increase the surface roughness, leading to super-
hydrophilicity of the membrane. Meanwhile, the high porosity and
large surface-to-volume ratio of the membrane effectively reduce
the mass transfer resistance of the membrane and accelerate the
permeation ratio of water. For oil wettability under water, the por-
ous structure provides a plenty of pockets for retaining water. As
water molecules with highly oil repellency are trapped in the pores
of membrane, a barrier layer is formed and prevents the oil droplet
contact with the surface. The membrane is hence endowed with
superoleophobic and low oil-adhesive property. Above the LCST,
the air trapped in the high-density micropores of membrane
reduces the water contact area with membrane and contributes
greatly to highly water repellency of the membrane. This explana-
tion is consistent with the theory of Cassie–Baxter model [28]. In
the case of underwater, air trapped in the surface also plays a cru-
cial role in the oil affinity and water un-wetting performance. All in
all, the responsiveness of PMMA-b-PNIPAAm and 3D network por-
ous structure jointly enhance the temperature switchable oil/water
wettability of the electrospun fibrous membrane.

3.3. Temperature controllable separation

Based on the temperature switchable oil/water wettability,
both the as-prepared smart membranes are promising candidates
for achieving controllable oil/water separations. Therefore, we car-
ried out a series of proof-of-concept studies to test their control-
lable oil/water separation capacities. Typical separation
procedure was performed as shown in Fig. 5. The smart membrane
was fixed between two glass tubes with flanged connection and a
beaker was placed at the bottom as the container (Fig. 5a). When a
mixture of oil (n-hexane colored with ferrocene) and water was
poured into the separation device, water selectively passed
through the mesh (Fig. 5b) and was collected by the container
(Fig. 5c), while oil was repelled and kept in the upper glass tube.
After in situ heating the mesh using a 1100 W hair dryer for a cer-
tain time (Fig. 5d), oil started to permeate the mesh and the flow
velocity increases gradually (Fig. 5e). The separation was accom-
plished and the oil was collected in another beaker (Fig. 5f).

In present work, the membrane was saturated by water prior to
separation in order to ensure the success and efficiency of the sep-
aration. Detailed separation processes of solution-casting mem-
brane and electrospun fibrous membrane were recorded in
Supplementary movies SI1 and SI2, respectively. Separation effi-
ciency and liquid flux were calculated to evaluate the separation
performances of the two membranes obtained by different fabrica-
tion processes. Both membranes realized the separation of layered
oil and water mixture by in situ adjusting the temperature and all
the separation processes were driven solely by gravity. We calcu-
lated the separation efficiency of the membranes through compar-
ing the weight of water before and after separation. Results
summarized in Fig. 6a show that both membranes exhibit excel-
lent separation efficiency higher than 99%. Then, water and oil
fluxes of the membranes were obtained by calculating the perme-
ation volume per unit time from the valid area (0.96 � 10�3 m2). As
shown in Fig. 6b, at the initial state, solution-casting membrane
exhibits a water flux of about 6200 L h�1 m�2, by contrast, electro-
spun fibrous membrane achieves a higher water flux of about
9400 L h�1 m�2. After in situ heating the membrane in a certain
time, oil began to permeate the membrane, and the speed gradu-
ally accelerated. Oil passed through the polymer solution-casting
membrane with a flux of about 1550 L h�1 m�2, in terms of the
electrospun fibrous membrane, a promising oil flux of about
4200 L h�1 m�2 was obtained.

To better understanding the separation mechanism and separa-
tion performance, the microscopic structures and water/oil wetting
states of the membranes during the separation process were mod-
eled in Fig. 7. At initial state, the superhydrophilic membranes are
wetted by water before separation, which facilitate water to pass
through and oil to stay above the membrane (Fig. 7a). The electro-
spun fibrous membrane can be wetted in a short time, and water
can go through it much quicker because of the high porosity and
large surface-to-volume ratio of fibrous membrane. In addition,
the stable underwater superoleophobic and ultralow oil-adhesive
properties introduced by the continuous nano-structured fibrous
networks will protect the membrane from being fouled by oil dur-
ing separation, and make it exhibit an excellent oil-fouling repel-
lency [29,30]. Subsequently, in situ heating the polymer
membranes until the temperature above LCST, the wettability of
membranes changes into hydrophobicity and oleophilicity. Water



Fig. 5. Temperature controlled oil/water separation. (a) The as-prepared smart membrane was fixed between two glass tubes with flanged connection. A beaker was placed at
the bottom as a container. (b) A mixture of water and oil (n-hexane colored with ferrocene) was poured into the upper glass tube. (c) Water passed through the membrane
and was collected in a beaker, whereas the oil was remained in the upper glass tube. (d) The mesh was in situ heated by a hair dryer until block copolymer reached its LSCT.
(e) The oil started to permeate the mesh and (f) was collected in another beaker. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

Fig. 6. Separation performances of membranes for oil (hexane) and water mixture. (a) Separation efficiency and (b) liquid (oil and water) fluxes of the membranes prepared
by solution-casting method and electrospinning technology, respectively.
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Fig. 7. (a) Schematic diagrams of temperature controlled oil/water separation. (a) At initial state, water goes through the membrane, whereas oil stays over the membrane.
(b) After heating the membrane, oil passes through the membrane.

Fig. 8. Separation performances of membranes for different oil and water mixtures. (a) Separation efficiency and (b) oil fluxes of the membranes prepared by solution-casting
method and electrospinning technology, respectively.

480 J.-J. Li et al. / Chemical Engineering Journal 287 (2016) 474–481
retained in the membranes is gradually replaced by the oil, and
finally oil permeates through the membranes (Fig. 7b). Similarly,
the higher porosity of the fibrous membranes is better for the for-
mation of oil channel, leading to a higher oil flux. Therefore, char-
acteristics of the high porosity and the large surface-to-volume
ratio make the electrospun fibrous membrane exhibit a better sep-
aration performance than solution-casting membrane in terms of
liquid flux.

In addition, the membranes exhibited similar temperature con-
trollable separation behaviors for other oil types, such as petro-
leum ether, heptanes, and gasoline. Results in Fig. 8a show that
both membranes achieve excellent separation efficiency higher
than 98.5%. After in situ heating the membranes, the electrospun
fibrous membrane obtains a higher oil flux (�4300 L h�1 m�2) than
the solution-casting membrane (�1600 L h�1 m�2) (Fig. 8b).
These promising separation performances demonstrate that
electrospinning is a powerful and cost-effective method to con-
struct smart membrane with randomly entangled fibers and
high-density micropores. Such smart fibrous membrane with
extended transition range of surface wettability can realize con-
trollable oil/water separation with excellent performance, which
is a good candidate for industrial oil spill cleanup and oil-
polluted water disposal.
4. Conclusions

In summary, we constructed two PMMA-b-PNIPAAm based
smart membranes with temperature-modulable oil/water
wettability through solution-casting method and electrospinning
technology, respectively. 3D network porous structure plays an
important role in wetting behavior of electrospun fibrous mem-
brane: randomly entangled fibers increase the roughness of mem-
brane surface; high density micropores further improve the
wetting and anti-wetting property of the membrane. Therefore,
the electrospun fibrous membrane owned an extended transition
range of oil/water wettability compared to the solution-casting
membrane. At last, the as-prepared membranes realized the
gravity-driven oil/water separation with efficiency higher than
98.5% through regulating temperature. Solution-casting membrane
exhibited a water flux of about 6200 L h�1 m�2 and an oil flux of
about 1550 L h�1 m�2. By contrast, characteristics of the high
porosity and the large surface-to-volume ratio made the electro-
spun fibrous membrane achieve higher fluxes of about 9400 L h�1

m�2 for water and 4200 L h�1 for oil. On the basis of this
understanding, we believe that electrospinning is a powerful
and cost-effective method, which can be employed to construct
smart membrane with special surface morphology and excellent
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switchable wetting behavior. The membrane holds promise in
myriad applications including wastewater treatment, biomedicine,
microfluidic devices and nanoreactors.
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