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Membrane fouling caused by non-polar foulants is a challenging problem for hydrophobic membranes,
which hinders the industrial implementation of membrane distillation (MD). The hydrophilic coating
can create a hydration layer at solid-water interface, thereby the hydrophilic surfaces are expected to
supply a barrier inhibiting adhesion of hydrophobic foulants. Hence, it should be possible to develop
anti-fouling composite membranes through constructing a hydrophilic skin layer onto hydrophobic
MD membranes. Herein, we fabricated a novel composite membrane for excellent anti-oil-fouling perfor-
mance in MD process by electrospinning polyetherimide (PEI) nanofibers on the hydrophobic polyvinyli-
dene fluoride (PVDF) membrane surface, followed by cross-linking with ethanediamine (EDA). The
membrane morphology and structure properties, surface zeta potential and wettability, thermal stability
were all systematically characterized, and force spectroscopy was used to quasi-quantitatively evaluate
oil-membrane adhesion force. Compared with the PVDF membrane, the PVDF/PEI-EDA composite mem-
brane exhibited strong resistance to crude oil with underwater oil contact angle of about 145� and low
oil-membrane adhesion force, which contributed to the stable performance during MD desalinating an
oily and saline solution. The fabricated composite membrane with underwater-oleophobic fibrous sur-
face can effectively mitigate oil-fouling in MD and promote MD to treat highly saline wastewater with
high concentration of hydrophobic foulants.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

Membrane-based technologies are considered as the most
effective choice for water purification with little use of chemicals
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and high water quality, which increase water supplies through
reusing of wastewater and extracting freshwater from seawater
or brackish water [1–3]. However, the long term stability and oper-
ation performance of membrane separation process was severely
affected by membrane fouling resulting from the formation of foul-
ing layer on membrane surface or the membrane pores blocking,
and that would decrease membrane flux, deteriorate the quality
of product water and shorten the service life of membranes [4–
6]. Scientists have developed some technologies to mitigate mem-
brane fouling, such as pretreatment of feed water, optimizing oper-
ational conditions, designing membrane properties and back
flushing [7,8]. Among these efforts, developing membranes with
robust resistance to foulants is an effective approach for wide
application of membrane-based technologies in water treatment.

Industry wastewater is a complicated aqueous solution with
diverse chemical components that has varying degrees fouling
propensity on different membrane processes [9–11]. Thus, fabri-
cating membranes based on properties of feed water and mem-
brane process is imperative [12]. Membrane distillation (MD),
using a microporous hydrophobic membrane serving as a barrier
to prevent direct permeation of feed solution and supplying a por-
ous channel for water vapor transport, is a promising membrane-
based thermal desalination technology for which can utilize low-
grade or waste heat resources and treat highly saline water [13–
15]. In a MD process, a transmembrane water vapor pressure dif-
ference generating from the temperature difference between the
hot feed-side and the cold permeate-side drives the water vapor
to transport from feed-side to the permeate-side, thereby desali-
nating the feed solution [16]. Compared with the pressure driven
membrane process such as nanofiltration and reverse osmosis,
MD has lower fouling trendency when treating feed water contain-
ing natural organic materials because of the larger membrane pore
size and lower operation pressure [15]. In some extent, MD is
unlimited by osmotic pressure, therefore it has been considered
as an economical and viable candidate technology to deal with
the shale oil and gas wastewater, a hypersaline wastewater with
high concentration of crude oil [17]. However, the hydrophobic
membrane employed in MD is prone to attracting non-polar con-
taminants such as oil via strong hydrophobic-hydrophobic interac-
tions, resulting in the blocking of membrane pores and thus
reducing permeate flux [18,19].

Fabricating membranes with an underwater oleophobic prop-
erty which can resist oil adhesion is an useful method for alleviat-
ing oil fouling in MD process [20]. Recently, a mount of artificial
underwater anti-adhesion surfaces have been developed via biomi-
metic methods by designing both hydrophilic surface chemistry
and rough surface morphology for oil-water separations and mar-
ine biofouling control [21–26]. This result is due to the hydration
layer formed on hydrophilic surface which serves as an energetic
barrier for non-polar contaminants to adhere on substrate surface
[27]. Following this principle, designing a thin hydrophilic coating
on the top of a hydrophobic membrane is a feasible approach to
prevent the adhesion of non-polar foulants to the hydrophobic
membrane surface.

With respect to constructing a hydrophilic layer on the
hydrophobic membrane for MD, the selected surface modification
method must not destroy the properties of the substrate, such as
the surface hydrophobicity and porosity, which are important to
the quality and quantity of product water. However, traditional
modified techniques for fabrication of composite membrane with
a hydrophilic surface such as surface grafting, dip-coating, spin
coating or spray coating, may introduce wetting defects and
destroy the hydrophobicity of the pristine membrane due to the
hydrophilization of membrane pores [18,28,29]. Electrospinning
technique is a versatile and flexible approach to fabricate nanome-
ter or sub-micrometer scales fibrous membrane with high porosity,
interconnected open structure and re-entrant structure, which is
suitable for MD to realize considerable permeability, high energy
efficiency and excellent anti-wetting performance [30–32]. During
electrospinning, continuous fibers are produced through elongat-
ing and stretching polymer solution under high static electric field,
and a dual- or multilayer membrane can be easily formed through
spinning fibrous layer on extra membrane surface without deteri-
orating the substrate properties because the electrospun fibers
with ultrahigh aspect ratio can not penetrate into the substrate
membrane pores.

In this study, a novel composite membrane for robust anti-oil-
fouling performance in MD process was fabricated by electrospin-
ning a hydrophilic layer on the commercial hydrophobic
polyvinylidene fluoride (PVDF) membrane. Polyetherimide (PEI),
a common microfiltration and ultrafiltration membrane material,
was selected to construct the anti-oil-fouling layer due to its excel-
lent membrane-forming capacity, thermal stability, mechanical
strength and chemical resistance [33–36]. Direct contact MD
(DCMD) experiments were conducted to evaluate the anti-oil-
fouling performance of the modified membranes using a simulated
saline wastewater with the oil concentration of 1000 mg/L. To elu-
cidate the difference of anti-oil-fouling performance in DCMD
between the hydrophobic PVDF membrane and the modified com-
posite membranes, membrane morphology, surface chemical com-
ponents, surface wettability, surface zeta potential were all
characterized. To evaluate thermal stability of the composite mem-
branes, thermo gravimetric analysis were also conducted. Addi-
tionally, the oil-membrane interfacial interactions were
measured using a force tensiometer to compare the adhesion ten-
dencies of oil on different membrane surfaces.
2. Materials and methods

2.1. Materials and chemicals

The hydrophobic PVDF membranes with a nominal pore size of
0.80 lm were provided by Millipore Co., Ltd. PEI polymer (Ultem
1000) was produced by General Electric Co. Dimethylacetamide
(DMAc, 99%), ethylenediamineand (EDA, 99%), sodium chloride
(NaCl, 99.5%) and potassium chloride (KCl, 99.5%) were purchased
from Sigma-Aldrich. The crude oil was provided by Daqing Oil Field
of China National Petroleum Corporation.
2.2. Preparation of underwater oleophobic membrane

The composite membrane with asymmetric wettability was
fabricated by electrospinning PEI fibrous network on a hydropho-
bic PVDF substrate and then cross-linking with EDA, and the prepa-
ration procedure is illustrated in Fig. 1. Before electrospinning, a
12 wt% PEI solution was prepared through adding dried PEI poly-
mer (12 g) to 88 g DMAc solvent at 60 �C under vigorous stirring
using a cantilever mixer (Eurostar 20, Germany) for 24 h to dis-
solve the PEI polymer. The obtained homogeneous solution was
left overnight to remove the air bubbles, and then poured into a
syringe with a spinneret of 18-gauge needle. A commercial
hydrophobic PVDF membrane was attached onto the rotating
drum using two-side tape. During 6.0 h electrospinning duration,
the applied voltage was 20 kV with the positive voltage of 15 kV
and the negative voltage of �5 kV, and the tip-to-collector distance
was fixed at 15 cm. The feed flow rate and drum speed kept at
1.5 mL/h and 100 rpm, respectively. The chamber humidity main-
tained 30% and the chamber temperature was 30 �C.

The electrospun composite membrane was dried in air at room
temperature to remove the residual solvents and named as PVDF/
PEI. Cross-linking post-treatment is essential to improve the



Fig. 1. Schematic illustration of the procedure for fabricating the composite membrane.
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hydrophilicity of the electrospinning layer. The PVDF/PEI mem-
brane was placed above a beaker, which contained EDA solution
(3 wt%) of 100 �C. The cross-linked membrane was natural dried
and denoted as PVDF/PEI-EDA.
2.3. Membrane characterizations

The cross-section and surface morphologies of the commercial
PVDF membrane and modified membranes were examined at dif-
ferent magnification using a Hitachi SU-70 scanning electron
microscopy (SEM). Fourier transform infrared spectroscopy (FTIR)
analysis was conducted to analyze the chemical groups of the fab-
ricated membranes, using a FTIR Spectrometer (Perkin Elmer Spec-
trum One, Perkin Elmer, America) fitted with an attenuated total
reflectance (ATR) sampling accessory. Thermo gravimetric analysis
(Diamond TG/DTA, Perkin Elmer, America) was conducted under
nitrogen atmosphere from 30 to 600 �C with a heating rate of
10 �C/min. Membrane surface zeta potential was measured using
Zetasizer nano ZS90 (Malvern instruments Inc., UK) under the test
mode of surface zeta potential.

The pore size, pore size distribution and liquid entry pressure of
water (LEPw) were investigated through a Capillary Flow Porome-
ter (Porolux 1000, IB-FT GmbH, Germany). Thickness gauge
(Exploit, China) was carried out to measure the membrane thick-
ness. A moisture analyzer (Mettler Toledo HR83, Switzerland)
equipped with a low surface tension solution was conducted to
characterize the membrane porosity by a gravimetric method. All
membrane samples were measured more than 3 times.

The in-air water contact angles (WCA) and underwater oil con-
tact angles (OCA) of different membranes were determined using a
contact angle meter (OCA20, DataPhysics, Germany), to evaluate
the surface wettability of membranes with DI water and crude
oil, respectively. Considering the crude oil would float in water
for its low density, the membrane mounted on a glass slide should
be placed face down to contact with the floating oil droplet for the
measurement of OCA, just similar to the captive bubble technique.
The final contact angle results of different membranes were
obtained from more than 5 measurements.
2.4. Measurement of underwater oil-membrane adhesion force

To quantitatively clarify the anti-fouling behaviors of different
membranes when contacting with crude oil, the underwater oil-
membrane adhesion force was measured by a force tensiometer
(DCAT11, DataPhysics, Germany). In the force spectroscopy exper-
iments, the membrane sample was glued on the bottom of a spe-
cial beaker. A certain amount of DI water was poured into the
beaker and then put the beaker on a vertical mobile platform. A
small crude oil droplet (10 lL) was carefully fixed on the adhesion
force probe which was immerged in DI water. For obtaining the
force curve, the platform moved upward toward the immobilized
adhesion force probe at a set speed of 0.01 mm/s until the mem-
brane contacted with the crude oil droplet, then continued to move
upward for 1.5 mm to compress the oil droplet, after that moved
downward at the same speed to the original position. The interac-
tion force between the crude oil and membrane surface at different
displacement was recorded through a microelectro-mechanical
sensor.
2.5. Membrane performance in MD

The commercial PVDF membrane and modified membranes
were tested in DCMD experiments to evaluate their desalination
performance and anti-oil-fouling behavior. The DCMD experimen-
tal setup is schematically as shown in Fig. 2. During the DCMD
experiment, the modified side of the membrane faced to the
feed-side and the total permeate area was about 74.7 cm2. The feed
and distillate solution circulated co-currently in the membrane
module with a flow velocity of 0.42 m/s and 0.36 m/s, and the tem-
perature was maintained at 55 �C and 20 �C controlled by water
bath, respectively. The synthesized feed solutions, 35 g/L NaCl
and 35 g/L NaCl with 1000 mg/L crude oil, were used to evaluate
membrane permeability and anti-oil-fouling performance, respec-
tively. The permeate weight and conductivity were recorded auto-
matically at set intervals with a computer software system. The
production of pure water and salt rejection rate can be calculated
according to the change of the permeate weight and the conductiv-
ity of feed and permeate solutions.
3. Results and discussion

3.1. Membrane morphology

Fig. 3 shows the surface and cross-section SEM images of the
commercial PVDF membrane and the fabricated composite mem-
branes. It can be observed that the composite membranes had a



Fig. 2. Schematic of the experimental setup for DCMD.

Fig. 3. SEM images of cross-section and surface of the commercial PVDF membrane and the fabricated composite membranes. A, B, C represent the commercial PVDF
membrane, the PVDF/PEI membrane and the PVDF/PEI-EDA membrane, respectively.
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typical double-layer structure, and the fibrous coatings seemed
much looser than the PVDF substrate. The SEM images of the
cross-section of the membranes also showed that there was no
obvious delamination between the electrospun fibrous layer and
the PVDF substrate, which indicated that the fibrous layers
adhered well to the PVDF substrate surface for the composite
membranes. In addition, compared with the PVDF/PEI composite
membrane, the fibrous layer of the PVDF/PEI-EDA composite mem-
brane became denser because of the cross-linking treatment.

The commercial PVDF membrane exhibited a porous and rough
surface (Fig. 3A1), and we can find some polymer crystalline parti-
cles embedded in the PVDF matrix as shown in Fig. 3A2 which
would improve the surface roughness and enhance the intrinsic
hydrophobicity of PVDF according to the Wenzel model [37]. The
modified membrane with an electrospun fibrous layer exhibited
absolutely different membrane surface morphology. The electro-
spun fibrous layer resulting from the continuous overlapping
of the nanofibers represented a beads-on-string structure with
interconnected pores and large porosity (Fig. 3B1 and C1). The
‘‘three dimension (3D)” fibrous interconnected structure can be
obviously observed in the higher magnification image (Fig. 3B2
and C2), which endowed the electrospun layers with a rough mem-
brane surface. After cross-linking treatment, although there was no
obviously difference between the PEI nanofibers (Fig. 3B3) and the
PEI-EDA nanofibers (Fig. 3C3), the membrane structure become
more compacted, and the shape of the beads have translated to
spindle shape as shown in Fig. 3C2. The slender and interlaced
nanofibers in the electrospun layers led to a multilevel re-entrant
structure with high surface roughness and can enhance surface
wettability according to our previous study [38].

3.2. Surface chemical features and membrane thermal stability

To confirm the successful cross-linking between PEI and EDA,
the ART-FTIR analysis for the electrospun PEI layer and PEI-EDA
layer was carried out, and the ART-FTIR spectra are displayed in
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Fig. 4. For the pure PEI fibrous layer, there were three characteristic
absorption bands. The obvious peaks appearing at 1778 cm�1 and
1720 cm�1 were attributed to the asymmetric and symmetric
stretching vibration of C@O group, respectively. The absorption
bands at 1360 cm�1 can be assigned to vibration of tertiary amine
groups (CAN). After cross-linking with EDA, all these three charac-
teristic absorption peaks became weak. In the case of the PEI-EDA
fibrous layer, a broad band was observed around 3350 cm�1 due to
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Fig. 6. (a) In-air WCA of (A) the commercial PVDF membrane, (B) the PVDF/PEI composi
(D) the commercial PVDF membrane, (E) the PVDF/PEI composite membrane and (F) the
PVDF membrane, the PVDF/PEI composite membrane and the PVDF/PEI-EDA composite
the presence of the secondary amine group (NAH). Another two
weak but identifiable peaks appearing at 1648 cm�1 and
1538 cm�1 were correspond to the vibration of C@O group in
amide bond and the bending vibration of NAH group. The chemical
groups of PEI and PEI cross-linked with EDA can be found in Fig. 1.
These results demonstrated that the electrospun PEI nanofibers
have successfully cross-linked with EDA molecular.

In MD application, to exploit the anti-fouling performance, the
modified side of the composite membrane faced to the hot-feed
solution. Generally, MD is operated with the feed temperature
below 100 �C. Therefore, it is necessary to investigate the thermal
stability of the modified membrane. We conducted thermo gravi-
metric analysis and the results can be found in Fig. 5. The commer-
cial PVDF membrane and the PEI fibrous layer exhibited excellent
thermal stability with the decomposition temperature both above
400 �C. As for the PEI-EDA fibrous layer, the weight exhibited an
obviously decline at about 120 �C because of the decomposition
of the amido bond forming in the crosslinking process. However,
all these three membranes showed excellent thermal stability
when the temperature is below 100 �C, so it can be concluded that
the modified membrane PVDF/PEI-EDA can also be successfully
applied in MD experiment with good thermal tolerance.
3.3. Membrane surface wettability and structural properties

Membrane surface wettability is a vital parameter to determine
the adhesion of crude oil on membrane surface. It is already a con-
sensus that the underwater oleophobic is usually hydrophilic in-
air. Contact angle measurement results, including in-air WCA and
underwater OCA, are shown in Fig. 6a. The commercial PVDF mem-
brane and the fabricated composite membranes exhibited different
wetting properties. For the commercial PVDF membrane, the in-air
WCA was 127.2 ± 0.5� and the underwater OCA was 40.5 ± 0.7�,
which suggested that the commercial PVDF membrane was
hydrophobic in air and oleophilic under water, and prone to be
fouled by the oil.

The fabricated PVDF/PEI membrane showed similar wettability
with the PVDF membrane, which may be due to the weak
hydrophilicity of the PEI polymer. In addition, large amount of air
entrapped in the gaps among the electrospun PEI fibers also pre-
vented the water permeating into the fibrous layer. In contrast,
for the PVDF/PEI-EDA membrane, the in-air WCA was 38.5 ± 1.6�
and the underwater OCA was 145.3 ± 0.8�. The outstanding under-
water oleophobic properties of the PVDF/PEI-EDA membrane was
beneficial from the cross-linking treatment which introduced lots
of secondary amine groups into the PEI polymer and thus enhanced
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the bonding ability between the polymer and surrounding water,
resulting in a strong hydration layer to resist the adhesion of the
oil.

The bulk porosities of the fabricated composite membranes
were much larger than that of the commercial PVDF membrane
as listed in Table 1. This was mainly because the electrospun
fibrous layer was more porous than the substrate membrane (with
a porosity of about 80.2 ± 3.5% for PEI layer and about 85.6 ± 2.8%
for PEI-EDA layer). Meanwhile, the fibrous electrospun layers have
little effect on the pore size distribution. In Fig. 6b, we can see that
the commercial PVDF membrane have a relative narrow pore size
distribution with an average diameter of 0.78 ± 0.03 mm and the
average pore size of the two fabricated membranes slightly
decreased to 0.68 ± 0.04 mm. There is no doubt that the overall
thickness of the composite membranes increased with the electro-
spun layer on the substrate membrane surface. Compared with the
PVDF/PEI membrane, the overall thickness of PVDF/PEI-EDA mem-
brane decreased slightly which can be explained by the fact that
cross-linking made the PEI-EDA layer more compacted than PEI
layer. However, for the PVDF/PEI-EDA membrane, a successful
modified membrane with a hydrophilic layer, water can easily per-
meate through the electrospun fibrous layer and reach the surface
of the substrate PVDF membrane, which meant the channel for
vapor transfer in MD was not really prolonged with the membrane
thickness increase.

If the feed solution permeated into the hydrophobic membrane,
the vapor diffusion channel will be blocked resulting in the decline
of permeate flux or the feed solution permeating through the
membrane with deteriorating the quality of the permeate water.
LEPw is an important parameter affected by membrane surface
wettability, pore size and membrane thickness, which reflects
the ability of membrane to resist wetting in long-termMD applica-
tion [39]. Compared with the commercial PVDF membrane with a
LEPw of 2.38 ± 0.05 bar, the LEPw value of the PVDF/PEI membrane
was improved due to the additional PEI fibrous layer. For the PVDF/
PEI-EDA membrane, the presence of electrospun fibrous PEI-EDA
layer hardly affected the LEPw value in some extent because the
PEI-EDA layer is strong hydrophilic. Although the hydrophilic
PEI-EDA fibrous coating can be easily wetted by water, the surface
of the substrate PVDF membrane can still maintain its intrinsic
hydrophobicity because the electrospun PEI-EDA nanofibers with
ultrahigh aspect ratio can not penetrate into the tortuous mem-
brane pores.
-10

0

)

3.4. Membrane surface potential

Except for membrane surface wettability, membrane surface
potential is another important parameter affecting the anti-
fouling performance of the membranes for which governed elec-
trostatic interaction between membrane surface and foulants.
Table 1
Membrane structural properties and surface wettability of the commercial PVDF
membrane and the fabricated composite membranes.

Membrane PVDF PVDF/PEI PVDF/PEI-
EDA

Mean pore diameter (lm) 0.78 ± 0.03 0.68 ± 0.04 0.68 ± 0.03
Bulk thickness (lm) 125 ± 1.7 236 ± 3.2 220 ± 2.6
Fibrous layer thickness (lm) – 111 ± 4.5 95 ± 3.8
Bulk porosity (%) 61.3 ± 2.5 70.1 ± 3.8 72.4 ± 3.3
Fibrous layer porosity (%) – 80.2 ± 3.5 85.6 ± 2.8
Liquid entry pressure of water

(bar)
2.38 ± 0.05 2.96 ± 0.04 2.36 ± 0.06

Water contact angle (In-air) 127.2 ± 0.5� 133.6 ± 0.4� 38.5 ± 1.6�
Oil contact angle (Underwater) 40.5 ± 0.7� 32.8 ± 1.5� 145.3 ± 0.8�
Peel load of fibrous layer (N) – 0.95 ± 0.04 1.18 ± 0.03
Therefore, membrane fouling could be mitigated through manipu-
lating electrostatic interaction. With respect to the crude oil, a neg-
ative charged foulant, constructing a negative charged membrane
surface is a useful strategy to alleviate the adhesion of crude oil,
and this had been successfully realized in oil/water separation field
[40]. In this study, surface zeta potential of each membrane was
measured at different pH using 1 mM KCl solution and experimen-
tal solution, the results are shown in Fig. 7.

Membrane surface potential is related to the chemical composi-
tion of the membrane materials, and the value varies with pH
because of protonation or deprotonation of surface chemical func-
tional groups. These three membranes were all negative charged
with the pH range from 3 to 9 in 1 mM KCl. Compared with PEI
layer, the PVDF substrate exhibited more negative surface zeta
potential. This can be attributed to the fact that the PVDF polymer
contains a large number of fluorine atoms which are the most elec-
tronegative. After cross-linking between PEI and EDA, a mount of
secondary amine groups were introduced into the PEI polymer
chain. The lone pair electrons on the nitrogen atom of the sec-
ondary amine group can bind with the ionized H+ of water to
enhance the positive electricity of the membrane surface. Thus,
the surface zeta potential of PEI-EDA layer was higher than PEI
layer. However, when the 1 mM KCl solution was replaced by
experimental solution (35 g/L NaCl solution), the membrane sur-
face zeta potential of the PVDF membrane, the PVDF/PEI mem-
brane and the PVDF/PEI-EDA membrane turned to �7.7 ± 0.8 mV,
�6.7 ± 0.7 mV, �6.4 ± 1.1 mV, respectively. There was no obvious
difference in surface zeta potential among these three membranes
in experimental solution. This phenomenon can be explained by
two consequences of the high salt concentration. One is the
counter-ions concentration in bulk solution becoming close to that
near the membrane surface, decreasing the driving force of
counter-ions to be adsorbed on membrane surface. The other is
the growing motion resistance of the counter-ions, making them
harder to be absorbed. Thus, the surface zeta potential decreased
significantly and the difference in surface zeta potential among
the three membranes shrank. It can be concluded that the surface
zeta potential had little effect on membrane fouling mitigation
during MD for these three membranes. The similar conclusion
had been drawn in previous study that the effect of electrostatic
interactions between membrane surface and foulants became neg-
ligible and the surface zeta potential might not play a significant
role in high-salinity applications [17].
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3.5. Force spectroscopy with oil droplet probe

To further understand the interaction between oil droplet and
membrane surface, underwater dynamic oil-membrane interaction
force was measured using an oil-probe force spectroscopy [22,41].
The changes of the underwater oil-membrane interaction force
with the movement of membrane sample are shown in Fig. 8,
and the shape changes of the oil droplet during the measurement
process can be found in Fig. S1. The measurement process con-
tained two main stages, the advancing stage and the receding
stage. In the advancing stage, the membrane sample was moved
upward to the oil droplet until contacted with the oil droplet, then
continued to move upward to a set position. In the receding stage,
the membrane moved downward at a constant speed until com-
pletely separated with the oil droplet. The differences of recorded
force among the three membranes at different stage can be used
to evaluate the anti-oil-adhesion properties of the membrane. It
should be noted that the value of underwater oil adhesion force
was set to zero before membrane sample contacting with the oil
droplet. If the oil droplet was compressed by the membrane sam-
ple, it would push the probe upward, and we got a negative adhe-
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Fig. 9. (a) Permeate fluxes from DCMD tests of the commercial PVDF membrane, the PVD
water. (b) Anti-fouling performance of the commercial PVDF membrane, the PVDF/P
experiments under 1000 mg/L crude oil, and the insert is the normalized permeate flux
sion force value, while a positive value was observed if the oil
droplet was attracted by the membrane sample and pulled the
probe downward.

For the commercial PVDF membrane, the force curve exhibited
a significantly rise once the membrane contacted with the oil dro-
plet on account of the strong hydrophobic-hydrophobic attraction
force between the hydrophobic membrane surface and the oil dro-
plet. With the membrane moving upward, the oil droplet was com-
pressed and spread out on membrane surface. Thus, the force
became negative gradually. In the receding stage, the force curve
increased rapidly in the positive direction, which was because
the oil droplet, adhering on the membrane surface, dragged the
probe downward. When the oil droplet split with the membrane,
there was a sharp decrease in force curve because of the adhesion
interaction between membrane surface and oil droplet. The base-
line of force curve can not return to zero after split event, which
can be attributed to some oil still left on the membrane surface
and thus decreased the floating force of oil droplet.

The PVDF/PEI membrane showed similar force curve with the
PVDF membrane for these two membranes had similar surface
wettability that was shown in Fig. 6a. However, it was very inter-
esting that the force curve of the PVDF/PEI membrane presented a
second rise in the advancing stage. The first rise in the force curve
can be put down to the hydrophobic-hydrophobic interaction
between the fibrous PEI layer and the oil droplet. With this com-
posite membrane moving upward, the oil droplet was spread out
on the membrane surface. Inevitably, the oil would permeate
through the loose fibrous PEI layer and contact with the hydropho-
bic PVDF substrate, as a result, the force curve exhibited a second
rise.

In strong contrast, the force curve of the PVDF/PEI-EDA mem-
brane was significantly different with the commercial PVDF mem-
brane and the PVDF/PEI membrane. When the membrane
contacted with the oil droplet, a negative force was recorded
because the hydration force, resulted from the hydrophilic fibrous
layer, was repulsive to the oil droplet. There was a biggest repul-
sive force was recorded in the compression process with the oil
droplets transforming from spherical to elliptical rather than
spreading out on the membrane surface. When the oil droplet split
from the membrane in the receding stage, the baseline is much
lower than that of the commercial PVDF membrane and PVDF/
PEI membrane, which meant considerably little oil remained on
the PVDF/PEI-EDA membrane surface. These results indicated that
the PVDF/PEI-EDA membrane with an underwater oleophobic sur-
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face exhibited strong resistance to oil adhesion than the hydropho-
bic PVDF membrane and PVDF/PEI membrane, and the fabricated
PVDF/PEI-EDA composite membrane may be suitable for dealing
with wastewater containing high concentration of oil.

3.6. Membrane performance in MD

To evaluate the desalination performance of the three mem-
branes, DCMD experiments were carried out with salty water
(35 g/L NaCl solution), and the results can be found in Fig. 9a. Com-
pared with the commercial PVDF membrane, the additional elec-
trospun layer of the composite membranes had a negative effect
on the permeate flux. For the PVDF/PEI composite membrane, the
permeate flux was about 4.5 L/m2 h, which was lower than that
of the commercial PVDF membrane (above 7.0 L/m2 h). This was
mainly because that the hydrophobic PEI layer increased the diffu-
sion distance of the water vapor, thus enhanced the mass transfer
resistance. As for the PVDF/PEI-EDA membrane, although water
can easily permeate through the hydrophilic PEI-EDA fibrous layer
and reached the surface of hydrophobic substrate, the presence of
the fibrous layer decreased the mix of feed liquid near hydrophobic
substrate surface with the bulk solution, aggravating temperature
polarization in some extent. As a result, the enhanced temperature
polarization lowered the driving force of vapor transporting
through the hydrophobic membrane, and the permeate flux
declined compared with that of the commercial PVDF membrane.
Fortunately, the permeate conductivity of the three kinds of mem-
branes was all below 10 lS/cm in MD process, which meant the
salt rejection was nearly 100%, suggesting that the extra electro-
spun layers would not cause wetting defects for the hydrophobic
PVDF substrate.

To compare the anti-oil-fouling performance of the commercial
PVDF membrane and the fabricated composite membranes, the
salty feed solution was replaced with oily and saline feed contain-
ing 35 g/L NaCl and 1000 mg/L crude oil in DCMD experiments. The
PVDF membrane and PVDF/PEI membrane were severely fouled by
the crude oil, as indicated by the rapidly decline of permeate flux in
a short operation time in Fig. 9b. The PVDF membrane and PVDF/
PEI membrane were underwater oleophilic as shown in Fig. 6a,
which caused the adhesion of crude oil on the membrane surface
via strong hydrophobic-hydrophobic interaction. Once the oil dro-
plets attached on membrane surface, they would result in mem-
brane fouling and form a physical barrier to impede the
permeation of vapor as confirmed by Fig. S2, thus induced the
decline of permeate flux.

In contrast, the PVDF/PEI-EDA membrane with a hydrophilic
fibrous layer showed a stable permeate flux with a normalized
water flux above 0.95 when facing oily feed solution. The robust
anti-oil-fouling performance was attribute to the presence of
hydrophilic fibrous layer that has a strong resistance to the adhe-
sion of crude oil. Speaking in detail, water can easily permeate into
the gaps between the fibers because of the strong hydrophilicity of
the PEI-EDA fibers, forming an underwater oil/water/solid interface
(similar to the water/air/solid interface in-air). According to Cassie
model, the presence of water in the fibers gap can decrease the
contact area between oil droplets and the fibrous surface, coupled
with that the oil droplets were subjected to a horizontal shear force
resulting from the flow of feed solution, so the oil droplets can
hardly attach on the PVDF/PEI-EDA composite membrane surface.

The photographic images of the membranes shown in Fig. S2
offered intuitive evidence that the PVDF/PEI-EDA membrane had
the strongest anti-oil fouling resistance compared with the other
two membranes. After rinsing with DI water, the oil on the
PVDF/PEI-EDA membrane surface can be completely removed,
and the rinsed membrane looks exactly the same as the original.
Whereas, it was clearly visible that the entire surfaces of the PVDF
commercial membrane and the PVDF/PEI composite membrane
were covered by the oil foulant, and it is very difficult to flush oil
off from membrane surface which indicated that oil fouling on
hydrophobic membrane surfaces was almost irreversible.

Flux recovery rate of the fouled membrane after rinsing is an
important parameter to evaluate the reusability of the fabricated
membranes, the DCMD experiments were conducted again using
the rinsed membrane with oily and saline solution. As shown in
Fig. 9b, there was little difference between the rinsed PVDF/PEI-
EDA membrane and the original membrane in permeate flux,
which indicated that the PVDF/PEI-EDA composite membrane
had robust anti-oil-fouling performance and desirable reusability.
By contrast, the flux recovery rate of rinsed PVDF and PVDF/PEI
membranes was less than 15% because oil fouling on these two
membrane surfaces was almost irreversible as shown in Fig. S2,
and most surface pores were still blocked by oil even after rinsing.
All the experimental findings suggested that the fabricated PVDF/
PEI-EDA composite membrane can be potentially used in MD pro-
cess to treat refractory wastewater with high concentration of salt
and hydrophobic foulants.
4. Conclusion

On the basis of the previously reported approaches about fabri-
cating membrane with asymmetric wettability for anti-oil-fouling
MD process [18,28,29], this study developed a novel composite
membrane without destroying the substrate hydrophobicity that
is crucial for MD process. The composite membrane was prepared
via electrospinning PEI fibrous layer on a hydrophobic PVDF sub-
strate membrane surface, and the PEI nanofibers need to be
cross-linked with EDA to improve their hydrophilicity through
introducing secondary amino groups which can interact with
water to provide a hydration layer to resist oil adhesion.

Compared with the commercial PVDF membrane and the PVDF/
PEI membrane, the PVDF/PEI-EDA membrane exhibited excellent
underwater oleophobic property and showed fairly less attractive
to oil droplet. We also measured the surface zeta potential of the
three membranes and found that electrostatic repulsive force had
little effect on anti-fouling performance in MD process, similar to
a previous study [17]. In the DCMD tests with an oily and saline
feed solution, both the hydrophobic PVDF membrane and the
PVDF/PEI membrane were severely fouled by the crude oil. In con-
trast, the PVDF/PEI-EDA membrane presented a stable perfor-
mance in the long-term operation with robust resistance to oil-
fouling.

The facile but feasible surface modification strategy to yield an
underwater-oleophobic fibrous coating has tremendous potential
to promote MD dealing with salty water with high concentration
of hydrophobic foulants, and the specific modification technique
also can be utilized to relieve non-polar organic fouling in pressure
driven membrane processes. Further study is under way to reduce
the permeate flux loss of the composite membrane, and whether
the underwater-oleophobic fibrous layer can resist other foulants
such as colloids and amphiphilic organics still remains to be exper-
imentally confirmed.
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