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ABSTRACT: A simple and versatile method is described to obtain polycaprolactone (PCL) porous membranes, consisting of
fibers prepared by electrospinning. The surface of the fibers is modified by grafting poly(N-isopropylacrylamide) (PNIPAM)
brushes by surface-initiated atom-transfer radical polymerization (SI-ATRP). PCL mixtures, featuring Br end-functionalized and
nonfunctionalized polymer, are used to enable SI-ATRP. Wettability at variable temperatures is governed by the lower critical
solution temperature (LCST) of PNIPAM as contact angle and swelling ratio measurements demonstrate. Because of the
PNIPAM LCST, the membranes show a variation of pore size with temperature, which is accompanied by flux changes of water
permeating the membranes. Temperature gated separation is demonstrated using oil/water emulsions at 1 bar pressure. Typical
separation efficiencies are 92% and 25% at 25 and 50 °C, respectively. Employment of anionic and neutral surfactants shows
that the separation efficiency also depends on the interaction between the membranes and the emulsions.

■ INTRODUCTION

Materials decorated with stimuli-responsive polymer brushes1

are playing an increasingly important role in various
applications, such as drug delivery,2 oil/water separation,3

and tissue engineering.4,5 Polymeric materials featuring
engineered, responsive surfaces are ideal candidates for
controlling and switching surface wettability, which provide
scientifically exciting platforms for further research and also
have a broad range of applications.6−8 Wettability can be
governed by the chemical composition and morphology of
surfaces.9,10 Hydrophobicity of a surface can be enhanced by
altering the surface roughness of the substrates.11−13 Hydro-
philicity can be amplified e.g. by enhancing substrate porosity
via capillary effects.14,15 In addition, stimuli-responsive brushes
can be grafted from (or to) both flat and porous substrates,
which allows additional property steering.16−20

Oil/water separation is one of the technologically relevant
applications for stimuli-responsive membrane constructs,
addressed in this work. Such separations are, for example,

relevant for the discharge of oily wastewater in industry and are
utilized in frequent oil spill accidents that require thorough
cleanup.21 There are three types of separation materials that
can be considered for such uses: encompassing “oil-removing”
type platforms; “water-removing” type systems; and smart,
controllable separation filters.3 Compared with the other two
types of materials, smart controllable separation materials have
more advantages for facile fabrication of separation devices,
including accelerated separation rate and reduced energy use.
CO2-responsive nanofibrous membranes with switchable oil/
water wettability have, for example, been reported.6

Reversible switching between hydrophilicity and hydro-
phobicity has been demonstrated for oil/water separation by
introducing PNIPAM brushes in porous membranes.22 Dual-
responsive materials have also been used for controllable oil/
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water separation, which were obtained by photoinitiated free
radical polymerization of (dimethylamino)ethyl methacrylate
(DMAEMA).3 Yet despite these attempts, “there is plenty of
room” for new types of structures and constructs to be
explored.
In this work, we report on the preparation of functional

membranes featuring thermoresponsive PNIPAM brush
grafted from porous electrospun mats by SI-ATRP. Figure 1
illustrates the process of preparation of these membrane
platforms (thermoresponsive membranes). In Figure 1, the
temperature responsive behavior is depicted in panels b and c.
Below LCST, PNIPAM brushes will be swollen in water, while
passing the LCST, at higher temperatures the brush coating
will collapse, providing temperature responsivity.23 The fiber
surface in the hydrophilic, water-swollen state contributes to
capillary wetting inside the membrane. The membrane
decorated with macroinitiators without modification was
hydrophobic and could not be permeated by water. However,
the membrane grafted with PNIPAM brushes exhibited good
water permeability.4 Utilizing the difference of water
penetration and permeability rates within the microporous
membranes as a function of fiber surface wettability, we
postulate that thermoresponsive membranes have application
potential to control the flux of aqueous solution through
designer membrane constructs. The flux experiments of
aqueous penetrants were performed at different pressures to
verify our hypothesis. As mentioned, the pore size is reduced
below LCST as the PNIPAM brushes were swollen in
membranes. After increasing the temperature to above
LCST, the pore size changed to be larger as PNIPAM brushes
were collapsed. This effect should contribute to the increase of
water flux through the membrane. But the wettability of the
membranes changed from hydrophilic to hydrophobic which is
expected to decrease the flux of water. To confirm the effect of
these two aspects, we checked the flux of water at 20 and 50 °C
temperatures and from 1 to 3 bar pressures. From the results
we can see that above LCST the flux of water is much larger
than the value below LCST. All these experiments support our
assumption that thermoresponsive membranes could be used

to control the flux of aqueous solutions. Based on the control
of aqueous flux, thermoresponsive membranes were used in
feasibility experiments to achieve the separation of oil-in-water
emulsion.

■ EXPERIMENTAL SECTION
Materials. N-Isopropylacrylamide (NIPAM, Aldrich, 97%) was

recrystallized twice from a toluene/hexane solution (50/50) and dried
under vacuum for 48 h at room temperature. Copper(I) bromide
(CuBr, Aldrich) was purified by stirring in glacial acid and washed
with ethanol three times followed by drying under vacuum at room
temperature. Polycaprolactone (PCL, average Mn ∼ 80000 g/mol),
polycaprolactone (HO-PCL-OH, average Mn ∼ 10000 g/mol), α-
bromoisobutyryl bromide (BIBB, 98%), triethylamine, copper(II)
bromide (CuBr2), 2,2′-bipyridine, N,N,N′,N″,N″-pentamethyl-
diethylenetriamine (PMDETA), ethylenediaminetetraacetic acid
tetrasodium salt dihydrate (EDTA, 99−102%), hexadecane, and
methanol were purchased from Aldrich. Water was purified with a
Milli-Q Advantage A10 purification system (Millipore, Billerica, MA).

Preparation of Nanofibers Featuring Br-Terminated Macro-
initiators. The electrospun membrane fibers were spun from
solutions of end-functionalized PCL macroinitiators and non-
functionalized PCL. The macroinitiator Br-PCL-Br was synthesized
by replacing terminal −OH groups of HO-PCL-OH (Mn ∼ 10000 g/
mol) with BIBB. The synthetic process is described in the Supporting
Information. The structure of the product is characterized by 1H
NMR (Figure S1 in the Supporting Information).24 The macro-
initiators were added into the electrospun precursor solution to
prepare the porous membranes. The parameters of fabricating
activated electrospun porous membranes are described in the
Supporting Information.

Thermoresponsive Membranes Fabricated by SI-ATRP.
Thermoresponsive membranes were fabricated by grafting PNIPAM
brushes from the surface of nanofibers featuring Br-terminated
species. The SI-ATRP was performed following standard experimental
procedures. Before polymerization, all flasks were cleaned/washed
using piranha solution. NIPAM (2 g, 17.4 mmol) and PMDETA (110
μL, 0.35 mmol) were added to a Milli-Q water (6.26 mL) and
methanol (0.7 mL) mixture. The solution was flushed with argon for
30 min. Meanwhile, in another flask, CuBr (24.9 mg, 0.17 mmol) and
CuBr2 (3.9 mg, 0.017 mmol) were flushed with argon for 30 min. A
20 mL syringe was used to move the monomer and ligand solution

Figure 1. Preparation of thermoresponsive porous membranes. (a) Components of fibers and PCL porous membrane decorated with
macroinitiators. (b) PCL-PNIPAM thermoresponsive porous membranes at swollen state. PNIPAM brush layers are swollen, and the membrane is
hydrophilic at 20 °C (blue color). (c) PCL-PNIPAM thermoresponsive porous membrane at collapsed state. PNIPAM brush layers are collapsed,
and the membrane is hydrophobic at 50 °C (red color).
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into the flask with CuBr and CuBr2 for 30 min and bubbled with
argon to form the organometallic complex. The solution obtained was
then transferred into a flask degassed with argon containing the
membrane decorated with Br-terminated macroinitiators. After 30
min, the reaction was terminated by adding water into the flask, and
then the membranes were removed from the solution. Excess of water
was used to remove any unreacted and not surface tethered
substances. Finally, the membranes were rinsed in EDTA solution
(0.1 M) to remove the copper catalyst and then dried with nitrogen
gas for the water flux and oil/water separation measurements.
To illustrate the thermoresponsive property of PCL-PNIPAM

membranes, the equilibrium swelling ratio (SR) as a function of
temperature was studied gravimetrically. The samples were equili-
brated in water over a temperature ranging from 20 to 50 °C. After
wiping off the surface water with filter paper, the weight was measured
(Ws). Then the weight values of corresponding dried membranes
(Wd) were measured following an oven-drying step. The value of the
SR is defined as the ratio of Ws and Wd.
Water Flux and Oil−Water Separation Measurements. To

study switchable wettability of thermoresponsive membranes, water
permeability experiments were performed using a dead-end filtration
setup within the range of 1−3 bar. The dead-end filtration setup
consisted of a 40 mL stirred filtration cell with compressed nitrogen as
the driving force. The membranes were cut into a round shape with a
diameter of 2.5 cm and subsequently placed in an Amicon type filter
cell. For all experiments, the membranes were placed on top of a
nonwoven fabric that acted as an additional mechanical support.
Because the nonwoven fabric consists of relatively large voids and has
a high permeability value (∼750000 L/m2/h/bar), we assumed that it
had no influence on the results of the permeability experiments.25 To
ensure a stable temperature, the cell was stored at a specific
temperature at least for half an hour before the measurements.
Separation of oil/water emulsion was performed at two different

temperatures 20 and 50 °C at 1 bar. Oil-in-water emulsions were
prepared as follows: hexadecane (1 g) dyed with Oil Red O was
added dropwise to 999 mL of water (with 10 mg/L Tween 80 or 2.5
g/L SDS as emulsifiers) under 14000 rpm for 10 min. As the
hydrophobicity of the nonwoven fabric support has a negative
influence on the separation, the support was removed in this
experiment. The values of oil concentration in emulsion and filtrates
after separation were determined by a UV−vis spectrophotometer
(LAMBDA 850, PerkinElmer). The standard oil/water emulsion and
the collected filtrates were sonicated for 0.5 h to obtain homogeneous
solutions for UV−vis measurements. The separation efficiency value η
was calculated based on the absorption data using Beer’s law,26 by the
equation
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where Cr represents the concentration of hexadecane in the filtrates,
Ar stands for the absorption data of oil-dyed filtrates, C0 is the initial
concentration of hexadecane in the emulsion, and A0 is the absorption
data of oil-dyed emulsion. The absorption data were obtained at
wavelength of 519 nm where the Oil Red O has a strong absorbance.

Chemical and Thermal Characterization. 1H NMR spectra
were collected in a Bruker Avance III spectrometer operated at 400
MHz. Samples were dissolved in CDCl3, and the spectra were
recorded at 295 K. Chemical shift values (δ) were expressed in parts
per million with respect to the CDCl3 signals. FTIR spectra (spectral
resolution of 4 cm−1, 256 scans) were obtained using a FTIR
spectrometer (Nicolet 6700, Thermo Fisher). Differential scanning
calorimetry (DSC) was performed using a PerkinElmer Pyris 1 DSC
instrument (Waltham, MA). Wettability was measured with an
OCA20 contact angle device (DataPhysics, Germany) at room
temperature. A field-emission SEM (field emission JSM-633OF, JEOL
Benelux) was used to obtain SEM images of membranes. The
separation efficiencies at different temperatures were detected by a
UV−vis spectrophotometer (LAMBDA 850, PerkinElmer).

■ RESULTS AND DISCUSSION
Structure of PCL-PNIPAM Thermoresponsive Porous

Membranes. We first discuss the fabrication of brush-
decorated PCL membrane mats. The membrane fibers were
prepared by electrospinning as described in the Experimental
Section. Because the alkyl bromide group (C−Br) is a polar
(electronegative) species, the Br atom can acquire a partial
negative charge. When spinning with the cathode positioned at
the spinneret, the polymer fluids become positively charged at
the surface. The positive charges will drive the C−Br groups to
the surface by electrostatic attraction.27 To verify the formation
of PNIPAM brush layers, membranes decorated with macro-
initiators and membranes featuring PNIPAM brush layers were
characterized by FTIR and DSC. The FTIR spectra of
membranes are shown in Figure S2. As can be seen from
Figure S2, membranes decorated with macroinitiators showed
the characteristic signal of carbonyl groups CO from both
end-functionalized PCL macroinitiators and nonfunctionalized
PCL at 1730 cm−1 with a relatively strong absorbance, which
indicates the presence of carbonyl groups in the polymer
backbone.28 The new peaks observed at 1645 and 1540 cm−1

in thermoresponsive porous membranes correspond to the

Figure 2. (a) Membranes decorated with macroinitiators. (b) Thermoresponsive porous membranes in the dry state. (c) Wettability of different
membranes. (d) Time-dependent static contact angle of membranes below (rectangles) and above LCST (circles).
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characteristic bonds for amide I and amide II, respectively.29

Moreover, the broad peak appearing at 3400 cm−1 points to
N−H bonds in PNIPAM polymer chains.30 All results indicate
the successful formation of PNIPAM polymer brushes on the
surface of PCL fibers.
Thermal properties of the membranes were tested by DSC,

and the results are shown in Figure S3. Membranes decorated
with macroinitiators have a characteristic melting transition at
60 °C typical for PCL.31 PCL-PNIPAM thermoresponsive
porous membranes not only show a transition at 60 °C but
also have a relatively weak step at 120 °C corresponding to the
glass transition temperature of PNIPAM,32 which also
indicates the formation of polymer brushes.
In addition, to explore the LCST behavior, pieces of PCL-

PNIPAM thermoresponsive membranes swollen in water (at
20 °C) were gradually heated to 55 °C. The values of the
equilibrium swelling ratios at different temperatures are shown
in Figure S4. The results illustrate that thermoresponsive
membranes have a fast response and large deformation
compared to the nonresponsive membranes without PNIPAM
decoration.
Morphology of the Membranes by SEM. The typical

morphologies of the membranes were characterized by high-
resolution SEM. Representative results of the micrographs are
shown in Figure 2. After grafting the PNIPAM brushes from
the fibers, their average diameter increases significantly as
compared to nanofibers without modification. Based on our
previous work, the thickness of the PNIPAM brushes on a flat
substrate in a dry state for the reaction conditions used is in
the range of 250 nm as tested by atomic force microscopy
(AFM) and ellipsometry.33,34 This means that the anticipated
diameter increase of the fibers in this work should be around
500 nm. As can be seen from Figure 2, the average diameter of
the fibers increases by more than a factor 2 after growing
PNIPAM brushes.
From Figure 2a,b, the average diameter of PCL nanofibers

without modification is in the range of 300−350 nm, which
can be determined as shown in Figure S5a. The average
diameter of PCL-PNIPAM fibers is in the range of 800−850
nm; i.e., the increase of diameter will be around 500 nm as
expected. Furthermore, we note that compared with macro-
initiator decorated nanofibers prior to grafting, a pronounced

curvature and fiber bending appears following grafting. This
interesting effect we tentatively attribute to axial buckling of
the fibers due to the overgrown layer of the brush and the thus
introduced axial stress. We note that this effect is explored in
ongoing experiments.

Wettability of the Membranes. The wettability of
membranes was characterized by contact angle measurements.
Representative results are shown in Figure 2c. PCL spin-coated
films have a contact angle of 83°, while electrospun
membranes without PNIPAM brush modification were
hydrophobic at room temperature with a contact angle of
131° as shown in Figure 2c.
The difference in contact angle values and its time

dependence are related to the increased surface roughness of
electrospun membranes at the nanoscale. After modification
with PNIPAM brushes, water droplets were permeating into
the membrane within 3.2 min at room temperature (<LCST)
and showed a slow spreading. The main force for the
absorption in this state is the hydrophilicity of PNIPAM
layers and the capillary effect in the microporous membranes.
However, when the temperature was increased to above LCST,
the water droplet was permeating into the membrane
completely in 1.2 min and spread very fast. As mentioned,
wettability variations from hydrophobic to hydrophilic
accompany the LCST. In addition, the pore size in membranes
increased upon passing the transition. Here, we draw the
conclusion that regarding variations of permeability, the effect
of surface roughness change caused by the increases of pore
size is stronger than the effect of the permeability reduced by
the hydrophobic force. In addition, the rate of permeation
above LCST is larger than below LCST, which can be
represented by the slope of the contact angle in Figure 2d.

Water Permeability of Thermoresponsive Mem-
branes. To study the switchable wettability of thermores-
ponsive membranes, water permeability experiments were
performed at two different temperatures, below (20 °C) and
above LCST (50 °C) in the pressure range 1−3 bar. Figure 3a
shows the change in water fluxes at 20 and 50 °C as a function
of pressure. A linear flux increase was observed with the
pressure increase in all cases. We note that in the case of
membrane compaction or rupture strong deviation from

Figure 3. Flux below LCST and above LCST. (a) Flux at different temperature at the pressure in the range 1−3 bar. (b) Flux of PCL-PNIPAM
thermoresponsive membranes at 1 bar switched between 20 and 50 °C (uncorrected for water viscosity variations). Half-integral cycles: T < LCST;
integral cycles: T > LCST.
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linearity is expected. The linear increase observed demon-
strates the mechanical stability of the membranes.
As it can be seen in Figure 3a, temperature variations had a

considerable effect on the water flux. Generally, the rise in
temperature increases permeation through the membrane due
to a reduction in water viscosity. According to Poiseuille’s law
(eq 2)

J
pN d

L128

4π
μ

=
Δ

(2)

where J is flux, N is the number of pores per square centimeter
of the membrane, Δp is the pressure across the membrane, μ is
the liquid viscosity, d is the diameter of the pore, and L is the
length of the pore, the flux is reversely proportional to liquid
viscosity.35 The value of the viscosity of water is 1.0016 and
0.5465 mPa.s at 20 and 50 °C, respectively.25 Therefore, for a
true comparison of membrane permeability, the water fluxes
were corrected by multiplying the flux values with the relative
change in dynamic viscosity of water. The viscosity-corrected
water flux values above LCST were clearly higher than the
values below LCST.
The swollen/collapsed transition of the PNIPAM layer

provides control of the pore size of the membranes. When the
temperature is above LCST, PNIPAM polymer brushes
collapse and yield enlarged membrane pores. Despite the
hydrophobic surface, this was the main reason for higher water
flux values as obtained for 50 °C compared with 20 °C, which
is consistent with the conclusion obtained by contact angle
measurements. Figure 3b shows the flux variation of a
representative membrane at 20 and 50 °C observed over
several cycles. The membrane exhibited identical water flux
values for each temperature cycle within the experimental
error, which indicated fully reversible thermoresponsive
properties of the membrane.
Oil/Water Separation. Responsive membranes with

switchable wettability are good candidates for the separation
of oil/water emulsions.22,36 To investigate the potential of our
thermoresponsive PCL-PNIPAM nanofibrous membranes for
separating oil/water emulsion, we performed dead-end
filtration experiments under 1 bar of external pressure. Oil/

water (hexadecane 0.1 wt % in water) emulsions stabilized by
nonionic (Tween 80, 10 mg/L) and ionic surfactant (SDS, 2.5
g/L) were prepared. The scheme of separation experiments at
different temperatures is shown in Figure 4a. At 20 °C
(<LCST), PNIPAM brushes are swollen and the membrane is
hydrophilic; water could be absorbed into the membrane and
pass through the membrane forced by hydrophilicity and
capillary effect with few extremely small oil droplets
permeating. However, when the temperature goes up to 50
°C (>LCST), PNIPAM brushes will be collapsed and the
membrane will be hydrophobic; thus, larger oil droplets could
also pass through the porous membrane due to the
hydrophobicity of brushes and the increase of the pore size
in the membrane.
For the filtration experiments, hexadecane was dyed by Oil

Red O which could be detected by UV−vis spectroscopy.
Figure 4e shows the UV−vis spectra of Oil Red O colored oil/
water emulsion stabilized with Tween 80 and the spectra of the
filtrates at 20 and 50 °C. Oil Red O has the first maximum
absorbance at 360 nm and the second one at 519 nm. The
PCL-PNIPAM membrane could separate 0.1 wt % oil-in-water
emulsion at 20 °C with a high efficiency of 92%. However, the
membrane exhibited a lower efficiency of 25% at 50 °C. Here,
we need to mention that the critical micellar concentration
(CMC) value of Tween 80 at temperature 20 and 50 °C was
basically unchanged,37 and the emulsions stabilized by
nonionic surfactant were not expected to exhibit adhesion to
the hydrophobic membrane fiber surface.38

Optical images of initial emulsions stabilized by Tween 80,
filtrated at 20 and 50 °C, are shown in Figure 4b−d. The initial
emulsion stabilized by Tween 80 has many oil droplets with
diameter values within 1−10 μm (Figure 4b). After the
separation, no visible oil droplets could be found in the filtered
section at 20 °C (Figure 4c), but many small oil droplets with
diameter in the range 1−5 μm could be observed at 50 °C
(Figure 4d).
We also performed separation experiments for SDS

stabilized oil/water emulsion at 20 and 50 °C. The UV−vis
spectra of the emulsion and the filtrates at 20 and 50 °C are
shown in Figure S6. Compared to the emulsion stabilized by
nonionic Tween 80, high separation efficiencies of 99% and

Figure 4. Tween 80 stabilized oil/water separation. (a) Scheme of thermoresponsive membranes at different temperature. (b−d) Optical images of
the initial emulsion and filtrates at 20 and 50 °C. (e) UV−vis absorbance of the initial emulsion and filtrates at 20 and 50 °C.
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98% were achieved at 20 and 50 °C, respectively. The
difference in separation efficiency of SDS-stabilized emulsion
between 20 and 50 °C was obviously substantially reduced as
compared with the Tween 80-stabilized emulsion.
Two reasons might be considered to explain these results.

One is that the LCST of PNIPAM brushes is shifted due to the
added charge by SDS attached to the polymer. We note that
the effect of SDS on the phase transition of PNIPAM dissolved
in water, or in microgels, has been described.39−42 The so-
called “necklace model” and the “rod model” were proposed to
describe these PNIPAM SDS complexes.43,44 However, only
few studies on the effect of SDS on tethered PNIPAM brushes
were published.45 In this work, the effect of SDS on tethered
PNIPAM brushes is important as the high concentration of
SDS used to prepare the emulsion may shift the LSCT or even
make it disappear. The other possibility to explain the results
could be that the increase of temperature enhanced the
adhesion interaction between oil droplets and PNIPAM
brushes at 50 °C, as the strength of the adhesion of SDS
stabilized oil/water emulsion is temperature dependent.46,47

Additionally, the oil droplets absorbed in the membrane can
further enhance the adhesion interaction.
This observation is interesting as it demonstrates an

alternative switching/responsivity mechanism for our PNI-
PAM functionalized membranes. At higher temperature
(>LCST) and without surfactants the PNIPAM chains
would be collapsed allowing for a membrane with a high flux
an thus productivity. However, if the water that is treated
becomes polluted with an emulsion (and thus surfactant), the
PNIPAM chains would swell to close off the pores, leading to a
rejection of the oil droplets. It would thus be possible to design
a membrane that would sense and automatically adapt to the
presence of an emulsion (stabilized by SDS) in the feed
stream.
It is important to note that in many oil−water separations

salt ions would also be expected to be present. For the
nonionic surfactant, this will not change the observed
separation behavior, but for the anionically stabilized
emulsions, the presence of salt is expected to lead to increased
membrane fouling, as the repulsion between oil droplets would
decrease.47 However, if the membrane would become fouled,
the responsive nature of the membrane would again be of
benefit. Responsive membranes can be more easily cleaned
than traditional membranes, as a quick switch from a
hydrophobic to a hydrophilic state, or vice versa, can lead to
detachment of attached foulants.48 Moreover, by opening the
pores of the membrane, higher fluxes and thus higher shear
forces can be used for improved physical cleaning.

■ CONCLUSIONS
Thermoresponsive membranes with switchable wettability
were fabricated by electrospinning and SI-ATRP. Membranes
decorated with Br-terminated macroinitiators were prepared
first by electrospinning. Then the nanofibers were modified by
grafting PNIPAM brushes from their surface. The structure of
PCL−PNIAPM thermoresponsive membranes was character-
ized by FTIR and DSC. The results proved the successful
modification of the PCL fibers with PNIPAM brushes. This
was also supported by the large swelling ratio (SR ∼ 9) of the
membranes. The morphology of the membranes was
characterized by SEM. The results showed nanofibers in the
nonfunctionalized membrane, with an average diameter in the
range 300−350 nm, while after the modification, the diameter

increased to 800−850 nm. This finding provided yet another
additional evidence proving the presence of the PNIPAM
brushes at the fiber surface. The wettability of membranes was
characterized by contact angle measurements, and the results
illustrated that thermoresponsive membranes had different
water absorption rates at 20 and 50 °C. The water permeability
of thermoresponsive membranes was studied, and the results
illustrated that thermoresponsive membranes were stable
under 1−3 bar and could be used to control the flux of
aqueous solutions by variations of the temperature. As an
application with practical relevance, we studied the separation
of oil/water emulsions. We found that the oil/water separation
efficiency at different temperature will be affected not only by
the properties of the membranes but also by the properties of
the surfactant. Oil/water separation results showed that
thermoresponsive membranes were able to separate the oil/
water emulsion stabilized by Tween 80 at 25 °C with a high
separation efficiency of 92% and with the substantially lower
separation efficiency of 25% at 50 °C. However, the difference
of separation efficiency at 20 and 50 °C was reduced for SDS
stabilized emulsions. The low-cost thermoresponsive mem-
brane described has great potential in industrial applications
that require switchable separation.
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