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ABSTRACT: Electrospun superhydrophobic organic/inorganic composite
nanofibrous membranes exhibiting excellent direct contact membrane
distillation (DCMD) performance were fabricated by a facile route combining
the hydrophobization of silica nanoparticles (SiO2 NPs) and colloid
electrospinning of the hydrophobic silica/poly(vinylidene fluoride) (PVDF)
matrix. Benefiting from the utilization of SiO2 NPs with three different particle
sizes, the electrospun nanofibrous membranes (ENMs) were endowed with
three different delicate nanofiber morphologies and fiber diameter distribution,
high porosity, and superhydrophobic property, which resulted in excellent
waterproofing and breathability. Significantly, structural attributes analyses
have indicated the major contributing role of fiber diameter distribution on
determining the augment of permeate vapor flux through regulating mean flow
pore size (MFP). Meanwhile, the extremely high liquid entry pressure of water
(LEPw, 2.40 ± 0.10 bar), robust nanofiber morphology of PVDF immobilized
SiO2 NPs, remarkable mechanical properties, thermal stability, and corrosion resistance endowed the as-prepared membranes
with prominent desalination capability and stability for long-term MD process. The resultant choreographed PVDF/silica ENMs
with optimized MFP presented an outstanding permeate vapor flux of 41.1 kg/(m2·h) and stable low permeate conductivity
(∼2.45 μs/cm) (3.5 wt % NaCl salt feed; ΔT = 40 °C) over a DCMD test period of 24 h without membrane pores wetting
detected. This result was better than those of typical commercial PVDF membranes and PVDF and modified PVDF ENMs
reported so far, suggesting them as promising alternatives for MD applications.
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■ INTRODUCTION

With water scarcity occurring globally in our time, inadequate
access to safe drinking water has become one of the most
pervasive problems afflicting people throughout the world,1 and
the surging population growth, industrialization, contamination
of available freshwater resources, and climate change will further
aggravate the challenge of providing ample potable water.2

Seawater and brackish water reverse osmosis (RO), the
dominant membrane-based technology for desalination, has
been developed considerably for the production of high quality
water over the past 4 decades due to improved membrane
materials and decreased costs.3,4 However, the energy con-
sumption of RO technology still has to be substantially reduced,
and the existence of potentially adverse environmental impacts,
such as the emission of air pollutants and greenhouse gases,
further exacerbate climate change.2 Notably, these limitations of
the RO process can be avoided by another membrane-based
process, membrane distillation (MD) technology, which is a
thermally driven nonisothermal membrane separation process,
in which only vapor molecules can transfer through a highly
hydrophobic microporous membrane. The driving force in the
MD process is the vapor pressure difference induced by the
temperature difference between the feed and permeate side,5−7

which could take full advantage of the solar, geothermal energy,
and industrial waste heat,8−10 wherein direct contact membrane
distillation (DCMD) is the most popular and simplest operation
configuration.6

With regard to MD membrane, sufficient hydrophobicity, an
appropriate mean flow pore size (MFP), and a narrow pore size
distribution could obtain a high liquid entry pressure of water
(LEPw) to prevent membrane pores wetting.11 Furthermore,
microporosity and excellent breathability will play key roles in
determining the osmotic transmission of volatile components
(permeate vapor flux), while the mechanical property, thermal
stability, and corrosion resistance of the membrane are also
indispensable prerequisites for practical long-term MD oper-
ation.6,12,13 Compared with traditional hydrophobic MD
membrane with inner disconnected micorporous structures
and poor porosity that is fabricated by phase inversion,
stretching, sintering, or thermally induced phase separation,14−17

a choreographed superhydrophobic electrospun nanofibrous
membrane (ENM) exhibits a series of attractive characters, such
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as a fully interconnected porous web structure, high porosity, and
uniform fiber morphology with controllable pore size and
membrane thickness, etc.,18−20 which could remarkably improve
the drawback of low permeate vapor flux and avoid membrane
pores wetting efficiently during the MD process.
Since the first report of electrospun PVDF nanofibrous

membrane for air-gap MD to produce potable water by Feng et
al.21 in 2008, various approaches have been implemented for the
fabrication of PVDF22,23 and modified PVDF ENMs24−30 to
augment the permeability and selectivity of MD performance,
such as the hot-press posttreatment of PVDF nanofiber
membrane,22 PVDF blended with clay nanocomposites,24

poly(vinylidene fluoride)-co-hexafluoropropylene (PVDF-
HFP) and nanocrystalline cellulose reinforced PVDF-HFP,25,26

and superhydrophobic modified PVDF ENMs, etc.27−30 Never-
theless, these membranes still exhibited a limited enhancement
of permeate vapor flux in the MD process, even though the well
designed dual-layer or triple-layer hydrophilic−hydrophobic
composite nanofibrous membranes31,32 and the exploitation of
novel electrospun poly(tetrafluoroethylene) (PTFE) and
polyamide nanofibers.33,34 Maab et al.35 have demonstrated the
fabrication of electrospun aromatic fluorinated polyoxadiazoles
(F-POD) and polytriazoles (F-PT) nanofibrousmembranes with
considerable permeate vapor flux of about 40 kg/(m2·h) at a
temperature difference of 38 °C under the real seawater feed
solution; while the continuous DCMD test was just carried out
for 1 h, the long-term stability of MD performance needs to be
further considered. It is noteworthy that the pore size
distribution of an electrospun nonwoven layer structure is
correlated with the fiber diameter and the bulk porosity;36 i.e., the
larger average fiber diameter will result in the larger mean flow
pore size (MFP) and vice versa, which will directly determine the
change of permeate vapor flux under the same surface wettability.
Thus, it is of vital importance to discuss the relationship between
fiber diameter distribution and MFP in detail. Previously, we
have demonstrated a new type of dual-biomimetic polystyrene
(PS) superhydrophobic membrane with microfibers and nano-
fibers that exhibited a competitive permeate vapor flux over 10 h
of testing,37 in spite of the thermal stability, corrosion resistance,
and mechanical rigidity of the membrane maybe of limited
duration.
Colloid electrospinning, a significant variant of the electro-

spinning technique, has recently emerged in popularity,38 which
could provide a simple strategy to construct superhydrophobic
organic/inorganic composite nanofibers with hierarchical
structures by electrospinning the functional inorganic colloidal
nanoparticle/polymer matrix.39,40 Benefiting from the accessible
functionalization of silica nanoparticles and the electrospinning
instability of PVDF matrix, various micro-/nanoscaled rough-
nesses could be formed on the PVDF nanofiber surfaces and
exhibited different delicate nanofiber morphology and fiber
diameter distribution, which will play a key role in the
augmentation of permeate vapor flux. Herein, we describe a
novel electrospun superhydrophobic organic/inorganic compo-
site nanofibrous membrane with prominent MD performance
fabricated by a facile route combining the hydrophobization of
SiO2 NPs and colloid electrospinning of the hydrophobic silica/
PVDFmatrix (as shown in Scheme 1). Significantly, the obtained
superhydrophobic membrane with excellent structural attributes
could be applied for desalination via DCMD and exhibited a
remarkable potable water productivity triggered by regulating an
optimized MFP from the different fiber diameter distribution.

■ EXPERIMENTAL SECTION
Materials. Commercial polymer PVDF (with weight-average

molecular weight of 573000 g/mol) was purchased directly from Solvay
Shanghai Co., Ltd. N,N′-Dimethylformamide (DMF), toluene,
isopropyl alcohol (IPA), tetraethyl orthosilicate (TEOS; was used as a
sol−gel precursor to synthesize silica particles), ammonia solution
(NH3·H2O, 28%), absolute ethanol, methyl blue, direct red, methyl
orange, and Sunset Yellow FCF (SY FCF) were kindly supplied by
Shanghai Lingfeng Chemical Reagent Co., Ltd. (China). Octadecyltri-
chlorosilane (CH3(CH2)16CH2SiCl3, OTS), for the silica surface
modification, was purchased from Sigma-Aldrich. All chemicals were
of analytical grade and were used as received without further
purification. Commercial PVDF membranes with mean pore size of
0.22 μmwere utilized to compare with the functional PVDF nanofibrous
membranes fabricated in this study.

Preparation of Hydrophobic Silica Colloidal Dispersions.
Monodisperse silica nanoparticles (SiO2 NPs) with three different sizes
of 40, 167, and 210 nm were synthesized by the Stöber−Fink−Bohn
method41 and a modified seeded-growth procedure42 (preparation
details have been described in the Supporting Information). To improve
the dispersion of SiO2 NPs in the PVDF matrix efficiently and avoid the
nanoparticles agglomeration and the hydrophilic component in the
membrane matrix eventually, the hydrophobization of SiO2 NPs is
necessary to allow their dispersions in nonaqueous solvents.43 While
silane coupling agents are the most used type of decoration reagents, for
instance, OTS is utilized in this study. Briefly, 1 g of SiO2 NPs and 100
mL of toluene were mixed together in a 250 mL three-neck round-
bottom flask equipped with a condenser. The mixture was homogenized
via ultrasonic treatment for 1 h and stirred at 400 rpm in an oil bath with
room temperature for 30 min; then 2 mL of OTS diluted with 8 mL of
toluene was added into the flask, and the reaction was allowed to
proceed at 112 °C for 24 h. The resultant OTS−silica nanoparticles were
centrifuged and washed thrice in sequence with toluene and absolute
ethanol. Finally, the obtained particles were dried at 80 °C under
vacuum for 24 h and re-dispersed in DMF to form colloidal suspensions.

Colloid-Electrospinning Details. Typically, PVDF was dissolved
in DMF by mild stirring in an oil bath (∼70 °C) for 48 h to obtain an 18
wt % homogeneous transparent solution. Then, 20 wt % OTS−silica/
DMF suspensions with particle sizes of 167 and 210 nmweremixed with
18 wt % PVDF/DMF solution in a weight ratio of 1:2, respectively. In
consideration of the SiO2 NPs with the smallest size of 40 nm, a mixture
of 30 wt % OTS−silica/DMF suspension and 18 wt % PVDF/DMF
solution with a weight ratio of 1:2 was utilized to form the OTS−silica/
PVDF dispersions. These mixtures of colloids and PVDF were

Scheme 1. Illustration for the Fabrication Procedure of
Electrospun Superhydrophobic Organic/Inorganic
Composite Nanofibrous Membranes for Direct Contact
Membrane Distillation
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homogenized via vigorous stirring in an oil bath at 60 °C for 24 h and
ultrasonic treatment for 2 h prior to the electrospinning process.
About 5 mL of the OTS−silica/PVDF dispersion was placed in a 5

mL syringe equipped with a blunt metal needle of 0.37 mm inner
diameter. The syringe was placed in a syringe pump that maintained a
solution feeding rate of 5 μL/min. A grounded metallic rotating roller
covered with a piece of aluminum foil was used as collector, which
rotated at 500 rpm. The distance between the needle tip and collector
was 15 cm, and the voltage was set at 25 kV. The relevant temperature
and humidity were 30 ± 2 °C and 30 ± 5%, respectively. The obtained
electrospun nanofibrous scaffolds were dried in a vacuum oven at 60 °C
for 12 h to remove the residual solvent and denoted as PVDF-S-x (where
x stands for the different silica particle sizes). Meanwhile, PVDF ENM
was also prepared by the same electrospinning circumstance. The
resultant membranes were cold-pressed at room temperature under 2
MPa pressure for 30 s to improve their dimensional integrity with the
same membrane thickness of 100 μm.
Characterizations of Electrospun Composite Nanofibrous

Membranes. The surface morphology of the silica nanoparticles and
electrospun nanofibrous membranes were investigated by field emission
scanning electron microscopy (FE-SEM, SU8000, Hitachi, Tokyo,
Japan) and transmission electron microscopy (TEM, JEM-2100, JEOL,
Tokyo, Japan). The surface chemical compositions of the samples were
measured by a Nicolet 8700 FT-IR spectrometer in the range of 650−
4000 cm−1 (attenuated total reflectance mode, Thermometer, USA).
SiO2 NPs sizes and fiber diameters together with their distribution were
measured using an image analyzer, namely, ImageJ 2X software; 5 SEM
images have been considered, and the sizes of a total number of 200
particles have been measured as well as the diameters of a total number
of 200 fibers. The wettability of the surface was performed by a dynamic
contact angle testing instrument (OCA40, Dataphysics, Filderstadt,
Germany) equipped with a dynamic image capture camera. Average
water contact angles were obtained bymeasuring the same sample at five
different positions.
The Brunauer−Emmett−Teller (BET) surface area of the electro-

spun sample was characterized by using N2 adsorption−desorption
isotherms with an ASAP 2020 physisorption analyzer (Micromeritics
Co., Norcross, GA, USA). The mean flow pore size (MFP), pore size
distribution, bubble point, or maximum pore size of the as-prepared
membranes were characterized by using a capillary flow porometer
(CFP-1100A, Porous Material. Inc. (PMI)) based on the wet/dry flow
method, where the membranes were initially wetted with wetting liquid
(perfluoroether, Porefil) and subsequently placed in a sealed chamber
through which gas flows. The change in flow rate was measured as a
function of pressure for both dry and wet processes. And the results were
obtained by the following equation:44

γ θ=P
D

4 cos

where P is the differential pressure, γ is the surface tension of the wetting
liquid, θ is the contact angle of the wetting liquid (in this case zero), and
D is the pore diameter. The gas flow rate measured through dry
membranes yielded the gas permeability.44 According to Darcy’s law, the
flow of fluids through porous media was proportional to the pressure
gradient causing flow.45

The mechanical properties of the resultant membranes were
measured on a tensile testing machine (WDW3020, Changchun
Kexin, China). The porosity of the membrane is defined as the volume
of the pores divided by the total volume of the membrane, which can be
determined by a gravimetric method (described in the Supporting
Information).46 The liquid entry pressure of water (LEPw) is commonly
characterized as the ability of the membrane to hinder any liquid water
penetrating into membrane pores,46 which could be used to assess the
antiwetting capability of the as-prepared samples. A homemade
experimental apparatus schematized in the Supporting Information
(Figure S2) was used for LEPw measurements.

Direct ContactMembraneDistillation Performance.A 0.22 μm
commercial PVDFmembrane (mean pore size 0.22 μm) and PVDF and
PVDF-S-x ENMs were applied to the DCMD test with an effective
membrane area of 30 cm2. The schematic diagram of the DCMD
experimental setup (see the Supporting Information, Figure S3) has
been detailed in our previous work.37 In this study, the DCMD test was
conducted with 3.5 wt % NaCl aqueous solution as feed, and the
permeate tank was distilled water (a conductivity of around 2.45 μs/
cm). The feed temperature was heated to 60 °C by one heating system
and circulated with a flow rate of 0.6 L/min by a diaphragm laboratory
pump, while the permeate side was maintained at 20 °C by one chiller to
condense the permeate vapors and circulated by another diaphragm
laboratory pump at the same flow rate. During the test, the conductivity
of the permeate solution was monitored by conductivity meters
(SevenEasy, Mettler Toledo) and the permeate vapor flux was obtained
by the weight increase of the permeate tank which was located on one
digital balance (MS6001S, Mettler Toledo).

■ RESULTS AND DISCUSSION

Surface Morphology and Surface Property. Utilization
of inorganic nanoparticles for creating functional surfaces has
gained substantial attention; particularly, silica nanoparticles
(SiO2 NPs) have been frequently applied for the construction of
superhydrophobic and superhydrophilic surfaces with hierarch-
ical roughness.47 By a facile combination of the Stöber−Fink−
Bohn method and a modified seeded-growth procedure,41,42

monodisperse SiO2 NPs with different size and a narrow size
distribution could be conveniently manipulated by varying the
reaction components (reactants, catalyst, and solvent) and
circumstance. The representative FE-SEM images of the as-

Figure 1. (A) FT-IR spectra of silica and OTS−silica. Photographic images of surface wettability of silica (B, C) and OTS−silica (D, E).
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synthesized SiO2 NPs were shown in Figure S1, which exhibited
smooth spherical morphology, uniform in particle size and
narrow size distribution; i.e., these obtained SiO2 NPs possess
good monodispersity. Three different SiO2 NPs with 40, 167,
and 210 nm were applied to investigate the effect of particle size

on nanofiber morphology, fiber diameter distribution, surface
wettability, membrane structural attributes and DCMD perform-
ances.
It is noteworthy that an increase in hydrophobicity of the SiO2

NPs will be beneficial to the filler/matrix miscibility, and an
improvement of interfacial interaction could be yielded by the
molecular entanglement between the hydrophobic grafting
chains on the modified SiO2 NPs surface and the matrix

Figure 2. FE-SEM images of electrospun nanofibrous membranes (A−
C) PVDF, (D−F) PVDF-S-40, (G−I) PVDF-S-167, and (J−L) PVDF-
S-210.

Figure 3. Fiber diameter distribution of (A) PVDF, (B) PVDF-S-40, (C) PVDF-S-167, and (D) PVDF-S-210 ENMs.

Figure 4. Representative TEM images of (A, B) PVDF-S-40, (C)
PVDF-S-167, and (D) PVDF-S-210 ENMs.
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polymer.43 Thus, in order to improve the dispersion of SiO2 NPs
in the PVDF matrix efficiently and avoid the nanoparticles
agglomeration and the hydrophilic component in the membrane
matrix eventually, the hydrophobization of SiO2 NPs with OTS
was carried out in this study. The graft of OTS on SiO2 NPs
surfaces could be confirmed from FT-IR spectral analysis, as
shown in Figure 1A; the strong broad peaks around 3268 cm−1

(OH stretching vibration), 1043 cm−1 (Si−O−Si stretching),
and 795 cm−1 (Si−O stretching) were assigned to hydrophilic
silica nanoparticles, and an exhibition of three new absorption
bands with peaks at 2919, 2851, and 1403 cm−1, which
corresponds to the CH2 stretching and wagging vibration,
indicated the grafting of OTS on SiO2 NPs surfaces successfully.
Additionally, the surface wettability of silica and OTS−silica
nanoparticles were investigated by sprinkling them into the water
and observing the state of water droplets on the rough SiO2 NPs
stack surfaces. As shown in Figure 1B−E, the hydrophilic silica
could be dispersed in water and the water droplet could be spread
into the stack rapidly. In contrast, the OTS−silica nanoparticles
were floated on the water surface and a spherical water droplet
could be located on the stack surface and even exhibited a
superhydrophobic surface wettability, which further proved the
introduction of OTS onto the surface of SiO2 NPs.
Inspired by the special wettability of biological organisms from

nature, the cooperation of their unique micro-/nanoscaled
surface structures and low surface energy is thought to be the
contributing factor for the superhydrophobicity. Nevertheless, a
hierarchical structure is commonly recognized as the strategic

factor for superhydrophobization due to the air pockets to be
entrapped underneath the water droplet as a repulsive
cushion.48,49 Herein, an appropriate multiscaled roughness was
successfully textured through the immobilization of the SiO2NPs
on the PVDF nanofibers surfaces. The representative FE-SEM
images of as-prepared PVDF and PVDF-S-x ENMs shown in
Figure 2A−L exhibited randomly oriented 3D nonwoven
scaffolds with various surface morphology. As can be seen from
Figure 2A−C, a typically rough PVDF nanofiber with micro-
grooves along the fiber axis was introduced by constructing
microwrinkles on the nanofiber surface, and these unique surface
topographies could be explained by the buckling instabilities
associated with the solvent evaporation from the surface of the
fluid jet and trapped inside the jet which resulted in a contraction
mismatch.50 Meanwhile, the existence of PVDF nanofibers with
two different average fiber diameters of about 320 and 630 nm
(as shown in Figure 3A) resulted from the axially symmetric
instability in the process of spin charged jet bending and
stretching.51 By introducing the OTS−silica colloids in the
PVDF matrix, the low surface energy of long alkyl chain and
polymer chain will competitively move to the surface of
nanofibers during the fast phase separation process in electro-
spinning,52 and the hydrophobic SiO2 NPs were inclined to
transfer from the core to shell of the PVDF nanofibers when
using a low vapor pressure solvent of DMF.53 As shown in Figure
2D−L, various hierarchical roughness containing microwrinkles
and nanoprotrusions were successfully constructed on the PVDF
nanofiber surfaces. In the case of silica nanoparticles size with 40

Figure 5. (A) FT-IR spectra of (a) PVDF, (b) PVDF-S-40, (c) PVDF-S-167, and (d) PVDF-S-210 membranes. (B)Water contact angles variation from
themembranes with different silica particles sizes. (C) Photographic images of droplets of salt water, acidic water (dyed withmethyl blue), alkaline water
(dyed with direct red) and milk on the surfaces of PVDF and PVDF-S-40.
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nm, electrospun PVDF-S-40 nanofibers exhibited a similar
phenomenon with PVDF sample that contained two different
average fiber diameters with about 360 and 880 nm (as shown in
Figure 3B). It is noteworthy that PVDF-S-40 showed a good
distribution of hydrophobic SiO2 NPs on the nanofiber surfaces
without obvious agglomeration, which could be confirmed by the
representative TEM images, as shown in Figure 4A,B, both of the

fibers with two different diameters were compact enveloped by
uniform SiO2 NPs. Nevertheless, with the increase of silica
particle sizes to 167 and 210 nm, the agglomeration state of SiO2
NPs was partially formed along the nanofiber axis, even the
PVDF-S-210 sample exhibited a pea-like morphology. As can be
seen from Figure 4C,D, the functional SiO2 NPs were inclined to
transfer from the core to shell of the PVDF nanofibers when

Figure 6. (A) N2 adsorption−desorption isotherms of PVDF, PVDF-S-40, PVDF-S-167, and PVDF-S-210 ENMs. Pore size distribution of (B)
commercial PVDF membrane and (C) PVDF, (D) PVDF-S-40, (E) PVDF-S-167, and (F) PVDF-S-210 ENMs.

Table 1. Structural Attributes of Commercial PVDF Membrane and PVDF and PVDF-S-x ENMs

membranes pore size range (μm) MFP size (μm) porosity (%) LEPw (bar)

0.22 μ PVDF 0.1568−0.6816 0.2203 56.1 ± 2.0 2.35 ± 0.05
PVDF ENM 0.1815−1.9855 0.3233 80.4 ± 1.5 1.20 ± 0.10
PVDF-S-40 0.2190−1.9339 0.6110 79.7 ± 2.2 1.65 ± 0.05
PVDF-S-167 0.2442−1.8671 0.2868 76.2 ± 1.3 2.20 ± 0.15
PVDF-S-210 0.1479−1.9003 0.2429 69.0 ± 1.5 2.40 ± 0.10
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utilizing the DMF circumstance. More importantly, there were
no obvious SiO2 NPs aggregation electrosprayed on the 3D
electrospun nonwoven scaffolds. On the other hand, the average
fiber diameters of PVDF-S-167 and PVDF-S-210 were
remarkably changed, as shown in Figure 2G−L and Figure

3C,D, PVDF-S-167 exhibited a nanofiber (∼580 nm)/ultrafine
nanofiber (∼30 nm) composite structure, which could be
ascribed to the occurrence of second electrospinning among the
adjacent nanofibers and/or silica nanoparticles due to the
inorganic nanoparticles could contain higher electronic density
than polymer templates in the electrospinning process.38

Nevertheless, PVDF-S-210 showed uniform nanofiber (∼280
nm) morphology that may result from the larger particle size and
the relative decrease of solution viscosity. Consequently, the
combination of PVDF nanofibers with immobilized SiO2 NPs
constructed the surface hierarchical roughness.
FT-IR spectral analysis was employed to confirm the surface

chemical compositions of PVDF and PVDF-S-x ENMs; as
shown in Figure 5A, the peaks around 3021 cm−1 (CH2
stretching vibration), 1403 cm−1 (CH2 wagging), 1182 cm−1

(CF2 stretching), 881 cm
−1 (C−C skeleton vibration), and 1072

and 841 cm−1 (crystal phase vibration) were observed for the
PVDF sample, whereas PVDF-S-x ENMs exhibited a new strong

Figure 7. (A) Breathable performance of PVDF-S-40 ENM by using a methyl orange pH indicator solution and hydrochloric acid as a volatile solution.
(B) Gas permeability results and (C) tensile stress−strain curves of the commercial PVDF membrane and PVDF and PVDF-S-x ENMs.

Figure 8. FE-SEM images of (A, B) PVDF-S-40, (C, D) PVDF-S-167,
and (E, F) PVDF-S-210 ENMs after ultrasonication in IPA for 1 h with
80 °C circumstance. The insets in panels B, D, and F are the water
contact angles.

Figure 9. Schematic diagram for the simulation of the MD process with
PVDF-S-40 ENM.
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broad bandwith the peak at 1100 cm−1, which corresponds to the
Si−O−Si stretching vibration. Meanwhile, the peaks that
appeared at 2920 and 2851 cm−1 were assigned to the CH2
stretching vibration of OTS−silica. Thus, the FT-IR information
fully confirmed the construction of multiscaled PVDF-S-x ENMs
successfully. It is noteworthy that the resultant PVDF-S-x
nanofibers with hierarchical roughness containing microwrinkles
and nanoprotrusions would lead to the decrease in the air
fraction of solid/liquid interfaces beneath the water droplet by
reducing the actual contact area of the water droplet on the
surface structures, and finally resulting in boosting the hydro-
phobicity of membranes; as shown in Figure 5B, the water
contact angles (WCAs) of PVDF, PVDF-S-40, PVDF-S-167, and
PVDF-S-210 ENMs were 135.5 ± 1.8°, 152.3 ± 2.0°, 155.6 ±
2.3°, and 163.1 ± 1.9°, respectively, indicating a remarkable

increment of WCA toward the increasing silica nanoparticles
sizes due to the surface geometry effect,54 wherein the salt water,
acidic water (pH = 1), alkaline water (pH = 13), and milk
droplets with about 10 μL will spread with small contact angles
on the PVDF ENM surface, whereas all of them could be located
on the PVDF-S-40 surface with high contact angles that exceed
150°, indicating the insufficient surface roughness of PVDF and
the certain stability against corrosive conditions. The prominent
enhancement of hydrophobicity of PVDF-S-x could be further
confirmed by investigating the Brunauer−Emmett−Teller
(BET) surface areas of membranes; as shown in Figure 6A, the
resultant electrospun nanofibrous membranes exhibited the
isotherm of type IV according to the International Union of Pure
and Applied Chemistry (IUPAC) classification.55 The BET
surface areas of PVDF, PVDF-S-40, PVDF-S-167, and PVDF-S-

Figure 10. Continuous DCMD test of (A) commercial PVDF membrane and (B) PVDF, (C) PVDF-S-40, (D) PVDF-S-167, and (E) PVDF-S-210
ENMs (3.5 wt %NaCl solution as feed;ΔT = 40 °C; flow rate at feed and permeate side = 0.6 L/min). (F)Water contact angles of the membranes after
DCMD test.
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210 ENMs were 7.32, 8.65, 12.69, and 14.89 m2/g, respectively,
revealing an obvious increase in BET surface area with the
increment of silica nanoparticles sizes. This could be attributed to
the different hierarchical structures constructed by electro-
spinning OTS−silica/PVDF dispersions with different particles
sizes; i.e., the surface roughness of ENMs exhibited an increscent
tendency toward the increasing particle sizes, which was in
accordance with the WCAs tested. Therefore, the promising
superhydrophobicity could make PVDF-S-x ENMs good
candidates for membrane distillation (MD).

Structural Attributes of Membranes. The resultant
electrospun nanofibrous membranes and 0.22 μm commercial
PVDF membrane (mean pore size, 0.22 μm) were utilized to
characterize their structural properties for the DCMD evaluation.
The MFP, pore size distribution, gas permeability, porosity, and
LEPw of the membranes were characterized comprehensively. In
general, a novel nanofibrous membrane with high filtration
efficiency was designed based on the principle that the pore size
distribution of a nonwoven layer structure is correlated with the
fiber diameter and the bulk porosity;36 i.e., the larger fiber
diameter will result in the larger pore size and vice versa.
Importantly, an appropriate MFP and a narrow pore size
distribution were suggested for the performance of MD
membrane to prevent membrane pores wetting;6 that is to say,
an appropriate nanofiber diameter distribution should be
adjusted to satisfy the pore size requirements for MD application
and further to obtain a high efficient MD performance
(permeability and selectivity). As can be seen from Figure 6B−
F and Table 1, the commercial PVDF membrane contained a
narrow distribution of pore diameter in the range of 0.16−0.68
μm with MFP of 0.22 μm. Nevertheless, the electrospun
nanofibrous membrane generally showed a relatively broader
pore size distribution, which ranged from 0.18 to 1.99 μm with
MFP of 0.32 μm, from 0.22 to 1.93 μm with MFP of 0.61 μm,
from 0.24 to 1.87 μmwithMFP of 0.29 μm, and from 0.15 to 1.90
μmwith MFP of 0.24 μm, corresponding to the PVDF, PVDF-S-
40, PVDF-S-167, and PVDF-S-210 ENMs, respectively. The
PVDF-S-x sample exhibited a reduced tendency of MFP value
toward the increment of silica particle sizes, which could be
ascribed to the remarkable decrease of fiber diameter and the
partially blocking result of SiO2 NPs. As compared to PVDF
ENM, the MFP of PVDF-S-40 was still larger than that of PVDF
due to its larger fiber diameter, indicating the correlation between
pore size and fiber diameter that was in accordance with the
preceding FE-SEM analysis.
It is generally agreed upon that higher membrane bulk porosity

will result in higher permeate vapor flux, and the MD membrane
porosity could be ranged from 30 to 85% as reported so far.10 As
can be seen from Table 1, the commercial PVDF membrane
exhibited the lowest porosity of 56.1 ± 2.0% compared with the
as-prepared electrospun nanofibrous membranes. Although the
partially blocking result of SiO2 NPs will lead to the decrease of
porosity, the PVDF and PVDF-S-x ENMs still have reasonably
high porosity required for MD application, which was 80.4± 1.5,
79.7 ± 2.2, 76.2 ± 1.3, and 69.0 ± 1.5%, respectively.
LEPw (sometimes faultily called “wetting pressure”) is the

pressure that must be applied onto deionized water before it
penetrates into a nonwetted (dry) membrane;46 i.e., a water
droplet cannot pass through the membrane below this
breakthrough pressure, which is one of the crucial structural
characteristics to guarantee the stability of membrane perform-
ance during the long-term MD operation. As compared to the
commercial PVDF membrane with a high LEPw value of 2.35 ±T
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0.05 bar due to its smallest MFP and narrowest pore size
distribution, the electrospun nanofibrous membrane generally
exhibited a relatively lower LEPw value.22,24,25,35 However, a
desired LEPw of membrane depends not only on the pore size,
but on the membrane hydrophobicity and porosity. Thus, with
the enhancement of water contact angles, the LEPw of PVDF
and PVDF-S-x ENMs exhibited a remarkably increased
tendency, as shown in Table 1, which was 1.20 ± 0.10, 1.65 ±
0.05, 2.20 ± 0.15, and 2.40 ± 0.10 bar, respectively. The
maximum LEPw of PVDF-S-210 even exceeded that of
conventional PVDF commercial membrane fabricated by phase
inversion, which provided the basic structural prerequisite for
MD application.
The fully interconnected porous structure of electrospun

nanofibrous membrane would play a key role as the passageway
for the transmission of water vapors, which performs as the
breathability of the membrane. In the DCMD process, the
permeate water vapors would be condensed into the cold fluid on
the fluid−membrane interface by a circulated chiller system.
Thus, the gas permeability of the resultant membranes is another
crucial factor for estimating the permeate vapor flux across the
membrane, which depends on the porosity, pore size, and
membrane thickness, etc.25 As stated previously, the gas
permeability can be calculated from the gas flow rate through
the dry membrane samples by using a capillary flow porometer.
For the commercial PVDF membrane with mean pore size of
0.22 μm, as shown in Figure 7B, the gas permeability was 348.7
L/(m2·s) at 20 psi because of its inner disconnected micorporous
structures. Nevertheless, PVDF and PVDF-S-x ENMs contained
outstanding values of gas permeability, which was 1390.3, 2447.9,
1054.7, and 466.0 L/(m2·s) at 20 psi, respectively, and this
tendency was in agreement with the preceding pore size analysis.
Further study of breathable performance of PVDF-S-40 ENM
was conducted by observing the color change of methyl orange
pH indicator droplet (controlled by amicroneedle to be about 10
μL) on a hydrochloric acid vial surface that was covered with the
membrane. As can be seen from Figure 7A, the orange indicator
droplet turned reddish immediately when the microneedle
closed to the membrane surface (see the Supporting
Information, Video), indicating the excellent breathability of
PVDF-S-40 for the transmission of volatile hydrochloric acid gas.
Structural Stability of Membranes. In general, the

mechanical properties of electrospun nanofibrous membranes
were closely correlated with the intrinsic strength of the polymer
nanofibers and the morphologic structure of nanofibers.56 Figure
7C presented the typical tensile stress−strain curves of the
resultant membranes. It is clearly showed that PVDF and PVDF-
S-x ENMs exhibited a nonlinear elastic behavior during the
initially external stress load because the relevant nonaligned
nanofibers in 3D nonwoven scaffolds were forced to be aligned
along the stress direction, and then exhibited a linear increase
until the fracture of membranes due to the breakage of individual
aligned nanofibers.57 As compared to PVDF ENM, the
elongation at the break of PVDF-S-x was reduced with the
introduction of hydrophobic silica, which implied the relative
brittleness of the OTS−silica/PVDF matrix. The obvious
increase of tensile yield strengths of PVDF-S-40 and PVDF-S-
210 could be also observed, which were attributed to the
enhancement of surface roughness and different fiber diameter
distribution, whereas PVDF-S-167 contained relatively lower
tensile yield strength due to the existence of plenty of ultrafine
fibers. Notably, all of these ENMs exhibited robust tensile
strength (>10 MPa) and elongation at break (>90%) compared

with the commercial PVDF membrane, indicating their good
mechanical properties for MD application.
The robustness of the immobilized SiO2 NPs was tested by

ultrasonication in isopropyl alcohol for 1 h with 80 °C
circumstance. The representative FE-SEM observations of as-
prepared PVDF-S-x ENMs shown in Figure 8 demonstrated that
hydrophobic SiO2 NPs anchored on the PVDF nanofibers
surfaces were able to withstand ultrasonication without
significant decrease in coverage, which was ascribed to the
sufficient molecular entanglement between the hydrophobic
grafting chains on the modified SiO2 NPs surface and the matrix
polymer. Meanwhile, the membrane surface still exhibited a
superhydrophobic property with aWCA of 152.1± 1.2°, 153.7±
2.0°, and 160.2± 2.1°, respectively, providing the basic structural
prerequisite, thermal stability, and surface wettability for the
long-term MD operation.

Direct Contact Membrane Distillation Performance. A
schematic diagram shown in Figure 9 was utilized for the
simulation of theMD process. It is clearly shown that clean water
could be facilely obtained on the PVDF-S-40 ENM surface by
heating the aqueous solution containing a nonvolatile
component of Sunset Yellow FCF (SY FCF) at 50 °C for 30
min; i.e., the water vapors easily passed through the membrane
and then condensed to water droplets on the inner wall of watch
glass which could be collected by the membrane without
penetration, indicating the straightforward illustration of the
basic separation principle of MD.
The continuous DCMD tests of the 0.22 μm commercial

PVDF membrane and PVDF and PVDF-S-x ENMs were
performed over a period of 24 h operation by using a 3.5 wt %
NaCl aqueous solution as the feed under a temperature of 60 °C,
and the permeate side was maintained at 20 °C. As shown in
Figure 10A−E, the conventional PVDF commercial membrane
fabricated by phase inversion presented the lowest permeate
vapor flux of 7.2 kg/(m2·h) due to its inner disconnected
micorporous structures, smallest mean flow pore size (MFP),
narrowest pore size distribution, and poor porosity, whereas the
high LEPw of the membrane remedied its insufficient hydro-
phobicity and guaranteed the stable low permeate conductivity
(∼2.45 μs/cm). As for PVDF electrospun nanofibrous
membrane with completely interconnected porous structure,
relatively larger MFP, and high porosity, the permeate vapor flux
reached up to 32.5 kg/(m2·h), fully demonstrating the excellent
gas breathability of PVDF ENM. Unfortunately, the inadequate
hydrophobicity of the membrane would finally result in the
gradual increase of permeate conductivity after 10 h MD
operation and exceeded 5 μs/cm within 24 h, indicating that the
membrane pores suffered wetting, which could be further
confirmed by the water contact angle (WCA, 83.4 ± 4.8°, as
shown in Figure 10F) tested after MD operation. Interestingly,
the choreographed superhydrophobic PVDF-S-40 ENM with
hierarchical roughness containing microwrinkles and nano-
protrusions presented a prominent permeate vapor flux of 41.1
kg/(m2·h) and stable low permeate conductivity (∼2.45 μs/cm).
This highly efficient desalination efficiency was ascribed to the
largest MFP of PVDF-S-40 which resulted from the existence of
two different average fiber diameters as analyzed previously, and
the superhydrophobicity of the membrane guaranteed the
production of high quality water. Meanwhile, PVDF-S-40
ENM still possessed a WCA of 152.1 ± 2.3° after 24 h MD
testing, indicating the potential durability of the membrane for
long-term operation. On the other hand, with the increment of
silica particle sizes, the permeate vapor fluxes of PVDF-S-167 and
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PVDF-S-210 ENMs were gradually decreased due to the
reduction of MFP and porosity, which were 20.8 and 12.2 kg/
(m2·h), respectively. In addition, the two membranes with
outstanding LEPw also produced high quality water with stable
low permeate conductivity (∼2.45 μs/cm), and both of them
contained the superhydrophobic property withWCAs of 154.2±
4.0° and 161.5 ± 1.9° after continuous MD process.
Consequently, in order to obtain excellent desalination
efficiency, the compromise could be made by constructing a
superhydrophobic electrospun nanofibrous membrane with
relatively larger MFP to ensure a desired LEPw for the stability
of MD performance during the long-term operation. Further-
more, on the basis of a superhydrophobic property, how to
design an appropriate electrospun fiber morphology with
different fiber diameter distribution that could obtain different
mean flow pore size for the excellent permeate vapor flux needs
further investigation,37 and the MD recyclability of PVDF-S-x
ENMs will also be carried out in our future research.
Table 2 showed the comparison of properties and DCMD

performances of different modified PVDF ENMs reported so far
and the functional PVDF-S-x ENMs designed in this study. It
could be concluded that a considerable enhancement of
permeate vapor flux with long-term stability of PVDF-S-40
ENM has been achieved, which was primarily attributed to the
superhydrophobic property, unique hierarchical structures and
two different fiber diameter distributions in 3D nonwoven
scaffolds, and this may be the most prominent difference
compared with other modified PVDF ENMs. Therefore, the
previously obtained stable MD performance (permeability and
selectivity) suggested PVDF-S-x ENMs we demonstrated here
could be used as a potential alternative for commercial MD
membranes.

■ CONCLUSIONS
In summary, we have described the fabrication of novel
superhydrophobic PVDF-S-x ENMs with excellent DCMD
performance by colloid-electrospinning PVDF matrix blended
with hydrophobic silica nanoparticles. The silica nanoparticle
sizes have a decisive influence on the nanofiber morphology, fiber
diameter distribution, surface wettability, and membrane
structural attributes. The resultant PVDF-S-x ENMs with high
porosity, considerable LEPw values, fabulous gas permeability,
excellent durability in ultrasonic treatment with 80 °C circum-
stance, remarkable mechanical properties and corrosion
resistance could completely fulfill the requirements of MD
process. PVDF-S-40 ENM presented a prominent permeate
vapor flux of 41.1 kg/(m2·h) due to the optimized MFP resulting
from the existence of two special average fiber diameters.
Consequently, the desalination evaluation results indicated that
the superhydrophobic PVDF-S-x ENMs showed superior
DCMD performance in the NaCl solution system, which
demonstrated the feasibility of designing and manufacturing
novel PVDF-S-x ENMs for MD applications.
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