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ABSTRACT: With modest temperature demand, low operating pressure, and high
solute rejection, membrane distillation (MD) is an attractive option for
desalination, waste treatment, and food and pharmaceutical processing. However,
large-scale practical applications of MD are still hindered by the absence of effective
membranes with high hydrophobicity, high porosity, and adequate mechanical
strength, which are important properties for MD permeation fluxes, stable long-
term performance, and effective packing in modules without damage. This study
describes novel design strategies for highly robust superhydrophobic dual-layer
membranes for MD via electrospinning. One of the newly developed membranes
comprises a durable and ultrathin 3-dimensional (3D) superhydrophobic skin and
porous nanofibrous support whereas another was fabricated by electrospinning 3D

M | Salt -
@ - Watel:[_ S

Milk
e Y " Mango
¢ Juice
= ., Water (Eol(e e -
, Oil-in-
Coffee 0. ° Mix e:l Water

g . Juice é Emulsion

- Green Tea i

superhydrophobic layers on a nonwoven support. These membranes exhibit superhydrophobicity toward distilled water, salty
water, oil-in-water emulsion, and beverages, which enables them to be used not only for desalination but also for other processes.
The superhydrophobic dual-layer membrane #3S-N with nanofibrous support has a competitive permeation flux of 24.6 + 1.2 kg
m> h™" in MD (feed and permeate temperate were set as 333 and 293 K, respectively) due to the higher porosity of the
nanofibrous scaffold. Meanwhile, the membranes with the nonwoven support exhibit greater mechanical strength due to this
support combined with better long-term performance because of the thicker 3D superhydrophobic layers. The morphology, pore
size, porosity, mechanical properties, and liquid enter pressure of water of these superhydrophobic composite membranes with

two different structures are reported and compared with commercial polyvinylidene fluoride membranes.
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1. INTRODUCTION

Different from other membrane processes that are isothermal
and driven by transmembrane hydrostatic pressure, membrane
distillation (MD) is a thermally driven process that has been
studied for more than 40 years."” In the MD process, vapor is
transported through a porous and hydrophobic membrane
under a driving force of partial pressure gradient induced by the
temperature difference between feed and permeate sides.>”°
The membrane plays an essential role to hold the liquid/vapor
interfaces at the entrance of the membrane pores, so that only
vapor and noncondensable gases can pass through the pores.
One of the advantages of MD over the conventional distillation
process is that MD can readily be operated at modest
temperatures, which, in turn, enable it to use waste heat and
renewable energy sources.”® Furthermore, due to theoretically
complete rejection of ions, macromolecules, colloids, cells, and
other nonvolatiles, MD processes have potential applications in
manufacturing high-purity water, concentrating ionic, colloid,
or other nonvolatile aqueous solutions.” "

Although extensive research has been carried out on MD, it
has had limited acceptance from a commercial stand point.
Some of the barriers to commercialization of the MD process
include membrane wetting over time, relatively low perme-
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ability, and the lack of rigid membranes for harsh operating
conditions. To overcome these challenges, MD membranes
need to be specially designed to exhibit high hydrophobicity,
high porosity, good thermal stability, excellent chemical
resistance, and mechanical rigidity to ensure higher permeation
flux and better stability in long-term operation.

To prepare highly hydrophobic membranes that can prevent
wetting, the concept of superhydrophobicity has been
considered. Inspired by the fascinating self-cleaning properties
of the lotus leaf, silver ragwort leaf, and water strider leg in the
natural world, these extremely water-repellent superhydropho-
bic surfaces have aroused great interest and been investigated
due to potential applications in water harvesting, desalination,
self-cleaning materials, antifogging surfaces, and so on."?
Superhydrophobic surfaces, characterized by water contact
angles of more than 150° can be constructed by various
approaches, including electrospinning, chemical modification,
and sol—gel techniques."”'* Wang et al. has reviewed various
investigations on modifying electrospun nanomaterials and
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direct electrospinning for rough superhydrophobic surfaces."*

However, only a few studies have described efforts to fabricate
superhydrophobic membranes for water desalination."*™"® For
example, superhydrophobic glass membranes with integrated
arrays of nanospiked microchannels have been fabricated by
several steps including glass fiber drawing, dissolving templates,
chemical etching, and surface modifications.'> However, the as-
prepared superhydrophobic membranes prepared by this
complex and tedious process had a low porosity of 26%,
which decreased the mass transfer efficiency in MD. Previously,
we have described surface modifications to alter polyvinylidene
fluoride (PVDF) nanofiber membranes to be superhydrophobic
with minor loss of MD flux and good nonwetting properties.
Although the superhydrophobic modified electrospun PVDF
nanofiber membrane exhibited a promising MD flux attributed
to the high porosity of the nanofibrous structure, the adhesion
strength between the modification layers and the substrate
maybe of limited duration. Superhydrophobic electrospun
polystyrene (PS) micro/nanofibrous membranes with different
thicknesses have been fabricated for the MD process, which
also showed competitive permeation fluxes over 10 h of testing.
However, the stability of the interface of the roughness-induced
superhydrophobic surfaces, the thermal stability, chemical
resistance, and mechanical rigidity of prepared PS membranes
need to be further considered.

To further improve the wetting repellent property of
superhydrophobic membranes, the development of three-
dimensional (3D) superhydrophobic membranes is a possible
solution. 3D superhydrophobic materials are distinct with
maintenance of air at the surface as well as within the bulk of
the materials, which can continuously provide a new water—
air—material interface as water penetrates into it. Such materials
have promising potential applications in the fields of chemical
sensors, controlled release, and delivery and separation
systems.'”~>> For example, tunable 3D porous superhydro-
phobic copper films with various wall thicknesses and pore sizes
exhibiting integrated microstructures and nanostructures were
synthesized by the gas bubble template-directed synthesis
method.”” 3D superhydrophobic dandelion-like microstruc-
tures were prepared by a self-assembly process from one-
dimensional nanofibers, driven by a combined interaction of
hydrogen bonding, n—7 stacking and hydrophobic interac-
tions.”" In addition, 3D superhydrophobic electrospun meshes
have been fabricated as reinforcement materials for sustained
local drug delivery against cancer cells, where air was used as a
degradable component.*® The infiltration of water into 3D
superhydrophobic porous materials has been investigated in
terms of, the boundary conditions at which superhydropho-
bicity can occur, the effects of addition of surfactant, the effects
of solvents with various surface tensions, and the liquid entry
pressure.'”

However, 3D superhydrophobic membranes have not been
designed or fabricated for the MD process. One limitation may
be that, due to the large bulk porosity and surface porosity of
the nanofibrous membrane, it may exhibit poor mechanical
properties that have adverse impact on membrane assembly
into the module. Some investigations have been carried out to
enhance the mechanical properties of other MD membranes to
satisfy the operational requirements. For example, clay particles
have been added into the dope to improve the tensile modulus
of PVDF hollow fibers fabricated for direct contact membrane
distillation (DCMD).>* Multibore PVDF hollow fiber mem-
branes with a lotus root-like geometry have also been designed

to optimize the mechanical rigidity and elasticity of the
membranes.***®> However, no investigation has been reported
to date to improve the mechanical properties of nanofiber MD
membranes.

Therefore, in this work, we report two simple approaches to
fabricate robust superhydrophobic dual-layer membranes with
high porosity and excellent mechanical properties via electro-
spinning. The first approach involves electrospinning an
ultrathin 3D superhydrophobic selective skin, comprising
PVDF and silica nanoparticles, on a porous PVDF nanofibrous
support. The second approach is to electrospin thicker 3D
superhydrophobic PVDF—silica composite layers onto a
commercial nonwoven support, which not only assists the
PVDF—silica composite particles in shaping into a flat sheet but
also provides outstanding mechanical properties to the
composite membranes. The effects of dope compositions and
membrane structures on water contact angle, water sliding
angle, pore size and porosity, liquid entry pressure of water
(LEPw), and mechanical properties of membranes were
studied. MD tests were also carried out on selected membranes
to examine their long-term performance. This study aims to
compare the capabilities and performances of these two novel
hierarchical-structure-designed membranes, and demonstrate
that by carefully designing and manufacturing membranes to
make them superhydrophobic and mechanically robust, the
resultant membranes can achieve superior MD performance
with high flux and long-term stability.

2. MATERIALS AND METHODS

2.1. Materials. Commercial polymer polyvinylidene fluoride
(PVDF, Kynar HSV 900) was purchased from Arkema Inc., Singapore
and was dried at 50 °C under vacuum before use. N,N-
Dimethylformamide (DMF) and lithium chloride (LiCl) were
provided by Merck, Singapore. Isopropyl alcohol (IPA) with analytical
grade was obtained from VWR Co. Ltd., Singapore. Silica in spherical
shape with particle size of S—1S nm was purchased from Sigma-
Aldrich, Singapore. To modify hydrophilic silica to be hydrophobic,
a,w-triethoxysilane-terminated perfluoropolyether ((EtO),Si-PFPE-
Si(OFEt),), with a trade name of Fluorolink S10 (FS10), was obtained
from Solvay Solexis. Tetraethoxysilane (TEOS) (Merck, Singapore)
and n-hexane (Merck, Singapore) were used as cross-linking agent and
solvent, respectively, in silica modification. All reagents were used as
received. Water was purified with a Milli-Q system (Millipore Co.,
Singapore). Commercial PVDF membranes, Durapore membrane
filter GVHP, were purchased from Millipore, Singapore for
comparison with the composite PVDF membranes prepared in this
study. Polyethylene terephthalate (PET) nonwoven scaffolds
(Hollytex 3233) were purchased from Ahlstrom Filtration, USA.

2.2. Fabrication of Superhydrophobic Dual-Layer Mem-
branes by Electrospinning. To stabilize the PVDF-—silica
composite and achieve a good dispersion of silica particles in the
PVDF dope, the purchased silica needed to be modified with the
hydrophobic reagent FS10. Briefly, a desired amount of silica was
stirred rapidly overnight in n-hexane solution in which FS10 and
TEOS with a mass ratio of 3:2 was added. The modified silica particles
were then separated by centrifugation and annealed in the vacuum
oven at 100 °C for 1 h. The as-prepared FS10-modified silica was then
added into different PVDF dope solutions, which were subsequently
used to fabricate the superhydrophobic selective layer of the
membranes by electrospinning.

The electrospinning parameters for the various membranes
prepared are summarized in Table 1. For the electrospinning of
dual-layer membranes with nanofibrous support, a porous support
layer was first fabricated using an 8 wt % PVDF dope. A desired
amount of LiCl (0.004 wt %) was added into the dope solution to
improve the dope electrospinning ability, optimize the nanofiber
membrane porosity, and control membrane pore size.”> On top of the
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Table 1. Operating Parameters for Preparing Superhydrophobic Nanofiber Membranes

#5S-W
PVDEF/SiO,/DMEF:5/10/95

#4S°W
PVDF/SiO,/DMF:4/8/96

nonwoven scaffold

0.03/—

#5S-N
PVDF/SiO,/DMEF:5/10/95

#4S-N

PVDEF/SiO,/DMF:4/8/96

#3S-N
PVDEF/SiO,/DMF:3/6/97

membrane ID

dope composition of selective layer (wt %)

PVDE/DMF: 8/92 (0.04 wt % LiCl as additive)

0.02/0.03

0.1
7

dope composition of support layer (wt %)

dope flow rate (selective/support layer)(mL min™")

travel speed (mm sec™")

travel distance (cm)

12

distance (cm)

28/—

28/26
6/15

voltage (selective/support layer) (kV)

6/15 20/—

6/15

loop number (selective/support layer)

electrospun PVDF support layer, a thin selective layer was electrospun
using various PVDF dopes blended with hydrophobic-modified silica.
The concentration of PVDF dopes varied from 3 to S wt % while the
mass ratio of silica to PVDF was kept constant at 2:1. The as-prepared
dual-layer membranes were coded as #3S-N, #4S-N, and #5S-N,
respectively. Another type of superhydrophobic dual-layer membranes
#4S-W and #55-W was prepared by electrospinning PVDF—silica
dopes onto a nonwoven support, as shown in Table 1. All fabricated
membranes had a thickness of 72 + 12 um. (For the membranes with
nonwoven supports, the thickness of the nonwoven supports were
excluded from the measurement.)

2.3. Characterization of PVDF Nanofibrous and Composite
Membranes. X-ray photoelectron spectroscopy (XPS) was con-
ducted using a Theta Probe XPS (Thermo Fisher Scientific,
Singapore) to analyze the chemical composition on the membrane
surface. The surface morphology of the resultant membranes was
observed by a field emission scanning electron microscopy (FE-SEM,
JSM-7600F, JEOL Asia Pte Ltd., Japan) instrument, which is equipped
with an energy-dispersive X-ray spectroscopy (EDX) detector. The
accelerating voltages applied for FE-SEM observation and FE-SEM-
EDX measurements were set as S and 10 kV, respectively. The
topography of the superhydrophobic composite membranes surfaces
were characterized by means of an atomic force microscopy (AFM,
XE-100, Park Systems, Korea). An area of 2.5 X 2.5 um was scanned
using the tapping mode, which was operated in air at 26 °C. Three
replicate experiments were conducted.

The water contact angles of fabricated membranes were measured
by a goniometer (Contact Angle System OCA, Data Physics
Instruments GmbH, Singapore). Water sliding angles were also
determined by placing a 10 pL water droplet on a horizontal
membrane surface, as shown in Figure S1 (Supporting Information),
followed by gradually tilting the membrane until the water droplet
started to roll off from the surface.

The pore sizes of the as-prepared membranes were determined by a
capillary flow porometer (CFP 15004, Porous Materials, Inc. (PMI),
Singapore). Liquid enter pressures of water (LEPw) of the membranes
were measured in a dead-end cell using Milli-Q water, as shown in
Figure S2 (Supporting Information). The pressure on the membrane
was increased stepwise while allowing a stabilization time of 10 min
after each 14 kPa (2 psi) increment. The pressure at which the first
drop of permeate was observed was recorded as the LEPw. The
membrane porosity is defined as the volume of the pores divided by
the total volume of the membrane, and was determined by the
gravimetric method (described in the Supporting Information). The
mechanical properties of the membranes were measured using a
Zwick/Roell BT1-FRO.STN.D14 testing machine at a constant
elongation velocity of 50 mm min™" at room temperature (26 °C).
The stability of modified silica was examined by eroding composite
membranes surface using 2 L NaCl solution with a concentration of
3.5 wt % and a flow rate of 0.6 L min~' for 24 h. The silica
concentrations of original and tested salt solutions were determined by
an inductively coupled plasma optical emission spectrometry (ICP,
Optima 8000, PerkinElmer, USA), which was calibrated using 1, 3, and
S ppm of Si standard solutions (Inorganic Ventures, Singapore).

2.4. MD Performance Test. The MD performance of selected
PVDF composite membranes was tested in a DCMD setup with an
effective membrane area of 38 cm® The configuration of this DCMD
setup has been detailed in our previous work.> Both the feed and
permeate solutions were circulated through the flat-sheet membrane
cell. The feed solution, with 3.5 wt % sodium chloride, was heated to
333 K and circulated with a flow rate of 0.6 L min~". The permeate
solution, which was Milli-Q water with a conductivity below 5 s cm™,
was cooled down to 293 K and circulated by a peristaltic pump at the
same flow rate. The permeate flux was collected in an overflow tank
placed on a digital balance. Over the duration of the MD experiment,
the membrane cell and connecting tubes were insulated to prevent
heat loss. The experimental data were recorded by a data-logging
system in real time.
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3. RESULTS AND DISCUSSION

3.1. Effects of Silica Modification and Dope Concen-
tration on Stability of Dispersion. When silica—polymer
composites are prepared, the interfacial interaction between the
phases of silica and polymer is a decisive factor affecting the
properties of the resulting materials.”® As shown in Figure S3A
(Supporting Information), the hydrogen bonds on the silica
surface can be sufficiently strong such that the formed
aggregates remain intact even under vigorous mixing, which,
in turn, has a significant impact on the prepared membranes.”’
Nanosilica possesses a three-dimensional network, the surface
of which is typically terminated with free or isolated silanols,
hydrogen-bonded or vicinal silanols, and germinal silanols.”®
These silanol groups residing on adjacent silica particles tend to
form hydrogen bonds and lead to agglomerates of silica in the
polymer matrix. An effective dispersion to break down
nanoparticles agglomeration could be achieved by hydrophobic
modification of the hydrophilic silica surface, as shown in
Figure S3B (Supporting Information). By doing so, it is
postulated that the hydrophobic fluoride chains on the
modified silica surface could exhibit better compatibility with
PVDF, thus improving the dispersion of nanosilica in the
polymer matrix.

To modify the silica nanoparticles to become hydrophobic,
an attempt to graft FS10 onto the silica surface was carried out
by alcohol condensation reactions between the hydroxyl groups
of TEOS and silanol groups of silica particles or FS10. The
possible reaction mechanism is shown in Figure S$4 (Supporting
Information). Figure 1 shows the XPS spectra of unmodified

Si0,
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Si2p Si2s

FS-Si0,
Fls

Nlis
Cls
A
0 200 400 600 800
Bonding Energy (eV)

Figure 1. XPS wide-scan spectra of pristine silica and modified silica
nanoparticles (FS-SiO,).

silica (SiO,) and FS10-grafted silica (FS-SiO,). From the XPS
spectra, compared with silica nanoparticles only possessing
silicon and oxygen elements on their surfaces, the FS-SiO,
shows additional carbon, nitrogen, and fluorine peaks. These
additional elements are in accordance with the chemical
structure of FS10, suggesting that the hydrophobic FS10 has
been successfully grafted onto the silica surface.”” In addition, a
significant reduction in the intensity of the silica peak can also
be observed after the modification, indicating that the FS-SiO,
has a strong surface enrichment of organic phase such as carbon
and fluoride after the modification reaction by the hydrophobic
FS10. Due to the hydrophobic nature of FS-SiO,, via grafting
polymerization, nanoparticles agglomerates are altered into a
nanocomposite microstructure, which can build up a stronger
interfacial interaction with the surrounding PVDEF chains. This

in turn prevents agglomerates and facilitates a better dispersion
when mixing FS-SiO, with PVDF, as shown in Figure S3B
(Supporting Information).

Moreover, the stability of FS-SiO,—PVDEF dispersion is
significant for fabricating nanocomposite membranes by
electrospinning, as the dopes need to be homogeneous during
spinning. To observe the stability of the dispersion, FS-SiO,-
blended PVDF dopes with varied PVDF concentrations (mass
ratio of FS-SiO, to PVDF was fixed at 2:1) were left to stand
for several hours. The images of as prepared PVDF dopes after
standing for different durations are shown in Figure 2A. At the
beginning, all the dopes were homogeneous. However, the
dope with 2 wt % PVDF had separated into two phases after 30
min. After 4 h, the dope with 3 wt % PVDEF was also observed
to be separated. These observations suggest that homogeneous
dispersion lasts for a longer time in a more concentrated dope.
This might be due to a better entanglement between PVDF
macromolecular chains and FS-SiO, particles, which prevents
the particles from settling fast, when the dope is more
concentrated (Figure 2B,C).

Considering that the electrospinning of the superhydropho-
bic dual-layer membrane with nonwoven support would take
roughly 4 h, the dopes containing 4 and S wt % PVDF were
selected for the membrane preparation because they represent
excellent stability after standing for 4 h. For the case of the
superhydrophobic dual-layer membrane with nanofibrous
support, the electrospinning of superhydrophobic selective
layer could be completed within 1 h. Thus, the dope containing
3 wt % PVDF could also be utilized to prepare the membranes.

Table 2 summarizes the chemical compositions of the
pristine PVDF nanofibrous membrane, FS-SiO,, and FS-SiO,-
blended PVDF composite membrane surfaces. The C/F ratio
of the PVDF nanofibrous membrane is 1.0, which shows
consistency with the theoretical ratio of PVDF. The FS-SiO,
exhibits lower C/F ratio of 0.7 due to the higher content of
fluoride in the modifier FS10. Meanwhile, the C/F ratio on the
FS-SiO,-blended PVDF composite membrane surface is 0.9,
which suggests that the composite membrane surface contains a
great amount of PVDF materials.*

3.2. Morphology of FS-SiO,—PVDF Composite Mem-
branes. Figure 3 shows the diagrams, surfaces, cross-sectional
morphologies, and EDX mappings of superhydrophobic dual-
layer composite membranes with nanofiber and nonwoven
supports. According to the designed hierarchical structure of
the composite membrane with nanofibrous support as shown in
Figure 3Al, the membrane constitutes a porous PVDF
nanofibrous support layer with nanofiber diameter of 180 +
3 nm (Figure 3A2), and a FS-SiO,—PVDF superhydrophobic
selective layer with a thickness of 12 + 2 ym (Figure 3A3). The
cross section of this superhydrophobic dual-layer membrane is
shown in Figure 3A4. The surface morphology of the
membrane with nanofibrous support shows a structure with
large amounts of protrusions and valleys, which provide
microscaled and nanoscaled roughness for superhydrophobic-
ity. As shown in Figure 3B1, this superhydrophobic dual-layer
membrane comprises a nonwoven scaffold and a FS-SiO,—
PVDF composite layer (Figure 3B2). In Figure 3B3, the surface
morphology of the membrane with nonwoven support is
observed to be similar to that with nanofibrous support. The
cross sectional morphology of the membrane is comprised of
microbeads and nanobeads (Figure 3B4). These micro- and
nanobeads, which are formed due to the presence of the FS-
SiO, particles, make up the majority of the cross section and
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Figure 2. (A) Photographs of various FS-SiO,-blended PVDF dopes after hours and schematic illustrations of (B) unstable low concentration dope

and (C) stable high concentration dope.

Table 2. Element Concentration of the PVDF Nanofibrous
Membrane, FS-SiO,, and FS-SiO,-blended PVDF Composite
Membrane

atomic PVDF
conc. PVDFE nanofibrous FS-  FS-SiO,-blended PVDF
(%)* (theoretical) membrane SiO,  composite membrane
C 50.0 51.0 29.4 37.7
F 50.0 49.0 42.4 41.2
C/F 1.0 1.0 0.7 0.9

“Determined from the corrected C 1s and F 1s XPS core-level spectra
area ratio of the respective sample.

thus form a thicker “three-dimensional roughness”. This unique
structure plays an important role in long-term performance of
MD, as will be discussed in a later section

It is worth pointing out that in order to improve the integrity
of both composite membranes, it is necessary to ensure strong
adhesion at the interface between the composite skin layer and
the nanofibrous support, and also guarantee robust connection
between the composite layer and nonwoven scaffold. There-
fore, an additive, such as LiCl, was not added into the
composite FS-SiO,—PVDF dopes because the presence of such
additive would reduce the fiber diameter, increase the length—
diameter ratio, and consequently accelerate the evaporation of
solvent during electrospinning.”" If the solvent evaporation is
fast, such that beads and fibers become completely dry when
they are deposited on the support, poor adhesion between the
composite layer and nanofibrous support or PET nonwoven
support is likely to occur. In such case, the resultant membranes
might not be robust enough to withstand changes in flow
velocity and other stresses.”’ In contrast, in the case of
fabricating highly porous nanofibrous supports, an inorganic
additive, LiCl, is necessary to accelerate solvent evaporation,
fabricate dry nanofibers and get porous nanofibrous mem-
branes. In this way, the dry nanofibers cannot be adhered to the
PET nonwoven scaffold. To demonstrate the strong adhesion
between composite layers and nanofibrious or nonwoven
supports, the magnified images and EDX mappings of cross
sections of nanofiber-supported and nonwoven-supported
membranes are shown in Figure 3C,D, respectively. According
to Figure 3Cl, no delamination between the nanofibrous
support layer and the selective layer is observed, confirming a

good adhesion at the interface. To further present the interact
boundary between PVDF nanofibers and composite layers, the
EDX mappings of amplified membrane cross-section are shown
from Figure 3C2—4. The silica element was only distributed on
the surface skin layer while the fluoride was distributed
uniformly in the bulk membrane. No delamination was
shown in the boundary line. Figure 3D shows the cross section
of nonwoven-supported composite membrane in higher
magnification and EDX mappings around one PET nonwoven
fiber, which proves that the composite materials intruded and
wrapped the nonwoven fibers and thus confirms the strong
adhesive force between them.

3.3. Superhydrophobicity of FS-SiO,—PVDF Compo-
site Membranes. The variations of water contact angle and
sliding angle of different membranes are shown in Figure 4.
Compared with the commercial PVDF membrane GVHP
possessing a contact angle of 135° =+ 6° all as-prepared
membranes show a higher water contact angle of more than
150°, indicating that these membranes are superhydrophobic.
In addition, water droplets tend to adhere on the surface of the
commercial PVDF membrane even after turning the membrane
upside down, as shown in Figure 4. In contrast, all as-prepared
superhydrophobic membranes exhibit a water sliding angle
lower than 30°.

As further evidence for the superhydrophobicity, Figure SA
shows how a water droplet on a needle tip interacted with the
surface of a superhydrophobic membrane when the needle was
brought near to and away from the membrane. The water
droplet did not show any tendency to spread on the
superhydrophobic surface of the as-prepared membranes even
when the water droplet on membrane surface was pushed by
the needle. The membrane surface remained dry after moving
the needle away from the surface. A key membrane
characteristic responsible for the superhydrophobicity is the
surface topography. Therefore, the surface topography of as-
prepared superhydrophobic membranes was examined by
AFM. As shown in Figure SB, the membrane surface shows a
structure with ridges and valleys, which are attributed to the
formation of micro- and nanobeads comprising the FS-SiO,—
PVDF composite. The FS-SiO,—PVDF composite has small
asperities scattered on the membrane surface, which are
essential to enhance the roughness and achieve super-
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Figure 3. Diagrams and morphologies of superhydrophobic dual-layer membranes (A) #3S-N and (B) #5S-W: (1) schematic drawing; (2) enlarged
cross section image of the middle layer; (3) surface morphology; (4) cross section morphology of prepared membranes. (C): (1) Enlarged
interacting morphology image between FS-SiO,-blended PVDF composite and PVDF nanofibrious layers of #3S-N; (2—4) the EDX mapping of the
#3S-N cross section showing the distribution of F and Si elements. (D): (1) Enlarged interacting morphology image between FS-SiO,-blended
PVDF composite and PET nonwoven layers of #5S-W; (2—4) the EDX mapping of the #5S-W cross section showing the distribution of C and Si
elements.
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Figure 4. Variations of water contact angle and sliding angles as a function of different membranes fabrication dopes and structures.
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Figure 7. Cross section and surface morphologies of commercial PVDF membrane GVHP (A), #3S-N (B), #4S-N (C), and #5S-W (D).

hydrophobicity. The contact angle of a liquid on such a rough
surface comprising solid (the ridges) and void (the valleys) can
be described by the Cassie—Baxter equation:

cos 6, = f, cos 6 — f_ (1)

where 0, is the observed contact angle of a liquid on a rough
surface (deg), 0, is the intrinsic contact angle of the liquid on
corresponding smooth surface (deg), fi, is the ratio of the
liquid—solid contact area to the total projected area, and fj, is
the areal fraction of the void. As illustrated in Figure 5C, air is
trapped under the liquid droplet between the small peaks
shaped by silica—PVDF composites, which implies an increase
of fi, and therefore superhydrophobicity. The liquid droplet is
suspended on the top of the asperities and the air fraction
present between the surface and liquid droplet makes its
suspension much easier, which consequently enables the liquid
to roll off the membrane surface spontaneously after tilting to a
small angle. For such a surface, the term “self-cleaning” has
been introduced.>® Due to the nanorough surface, the as-
prepared membranes exhibit superhydrophobicity to not only
water but also other liquids such as coffee, milk, oil-in-water
emulsion (1 wt % silica oil in water), and beverage, as shown in
Figure SC.

3.4. Comparison of Different PVDF Membranes. The
pore size and porosity of commercial PVDF and fabricated
superhydrophobic PVDF membranes as well as their LEPw are
summarized in Figure 6. The pore size distributions of these
membranes are shown in Figure SS (Supporting Information).
Compared with the membranes fabricated in this work, because
of the sponge-like structure as shown in Figure 7A, the
commercial PVDF membrane possesses the smallest maximum
and mean pore sizes, which are 0.59 + 0.01 and 0.41 + 0.01

um, respectively. For the superhydrophobic dual-layer mem-
branes with nanofibrous support, it is found that the maximum
pore size of #5S-N (0.83 = 0.06 um) is larger than that of #3S-
N and #4S-N, indicating that the pore size tends to increase
when the dope was prepared with a higher concentration of
PVDF and FS-SiO,. This might be attributed to the formation
of larger beads with increasing dope concentration, as shown in
Figure 7B,C. The larger beads tend to exhibit a higher
accumulated charge during electrospinning, thus creating a
stronger repulsive force between each other. As a result, the
membrane prepared using a dope with a higher concentration
(i.e, #5S-N) exhibits a less compact structure and a larger pore
size.

On the other hand, the maximum pore size of the
superhydrophobic dual-layer membrane with nonwoven
support #5S-W (>5.5 um) is observed to be significantly larger
than all the other membranes. This make the membrane
unsuitable for MD application because maximum pore sizes of
most MD membranes are below 0.6 ym.** Compared with the
dual-layer membranes with nanofibrous scaffold, it seems that
the dope composition has a more significant effect on pore size
for membranes prepared mainly by PVDF and FS-SiO,
composite dope. This might be because, unlike the membranes
that consist of a thin layer of bead structure (the selective layer)
and a bulk structure composed of overlapped nanofibers, the
majority of the membranes with nonwoven support are made
up of micro- and nanobeads (as described in section 3.2). Due
to the repulsive forces between the beads during electro-
spinning as mentioned above, it is possible to produce even
larger holes on the surface, as shown in Figure 7D. As a result,
the maximum pore size of the nonwoven-supported mem-
branes is increased.
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PVDF composite membranes.

The overall porosity of the PVDF membranes is also
presented in Figure 6A. It is observed that the commercial
PVDF membrane has the lowest porosity of 58 + 1% compared
with the as-prepared membranes. In general, the nonwoven-
supported membranes exhibit a lower porosity than the
nanofiber-supported membranes due to their much more
compact structure. Thanks to the porous nanofibrous support
of the dual-layer membranes #3S-N, #4S-N, and #5S-N, they all
exhibit a higher porosity around 80%, which could decrease the
mass transfer resistance in the MD process.

As noted above, one of the critical membrane characteristics
for MD application is the stability of membrane performance in
long-term usage, which could be related to the liquid entry
pressure of water (LEPw). When the hydraulic pressure on the
membrane surface exceeds LEPw, water and salt in the feed
side will overcome the surface tension and enter the
hydrophobic membrane pores. This contaminates the permeate
and reduces the flux significantly. According to the Laplace
equation, the LEPw is directly proportional to the cosine of
liquid—solid contact angle (6), the liquid surface tension (y),
and the geometric factor (B), and is inversely proportional to

the largest pore radius (7, as follows:*
—2y,Bcos 0
Pisid = Prvor = APy = ——— < LEPw
1qul vapor mterrace r (2)
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A reduction of r,,, and an enhancement of 6 would increase
the LEPw of a membrane. As can be seen in Figure 6B, the
commercial membrane exhibits the largest LEPw of 2.25 + 0.17
bar due to its smallest pore size. Although the nanofiber-
supported dual-layer membranes have a larger pore size and a
higher porosity, they still show competitive LEPw values above
1.5 bar. This is attributed to the enhanced contact angle due to
the rough surface. On the other hand, the LEPw of the dual-
layer superhydrophobic membranes with nonwoven support
are around 0.5 bar because of the presence of big pores.
However, this did not appear to compromise its long-term
performance (see in section 3.5).

The tensile stress—strain curves of commercial and electro-
spun PVDF membranes are shown in Figure 8A. Mechanical
reinforcement can be achieved when the nanofiber and
nanobeads are dispersed and attached on the nonwoven
support such that the external load is efficiently transferred
between the composite layer and the nonwoven support layer.
When the stress—strain curves for the nonwoven-supported
superhydrophobic membranes are compared with that of the
nanofiber-supported and commercial membranes, it is clear that
the tensile modulus (slope of the initial, linear portion of
stress—strain curve) of nonwoven-supported membranes is
improved. In addition, because of the excellent combination
between the composite layer and the nonwoven support layer,

dx.doi.org/10.1021/am503968n | ACS Appl. Mater. Interfaces 2014, 6, 16035—16048
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until complete wetting of the membrane. In comparison, the 3D superhydrophobic composite membrane #5S-W could create a new
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the prepared membranes possess better mechanical strength
than the nonwoven scaffold itself. The average tensile modulus
and the ultimate tensile strength of the membranes are
summarized in Figure 8B. The tensile modulus of #5S-W
(170 + 22 MPa) increased by 336% compared with the dual-
layer membrane #5S-N (39 + 4 MPa). Moreover, the tensile
strengths of the dual-layer membranes with nonwoven support
are also better than those with nanofibrous support.

16044

3.5. Continuous DCMD Performance. The newly
developed superhydrophobic membranes #3S-N and #5S-W
were chosen to test in the DCMD process, as #3S-N possesses
the highest porosity and #5S-W exhibits the best mechanical
properties. Before utilizing these composite membranes in
DCMD, the contact angles of water were measured at elevated
temperatures from 60 to 80 °C, which are the operational
temperatures for MD application. Figure S6A,B (Supporting

dx.doi.org/10.1021/am503968n | ACS Appl. Mater. Interfaces 2014, 6, 16035—16048
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Information) show that the membranes #3S-N and #5S-W can
still possess water contact angles of 152.4 &+ 0.2° and 151.8 +
0.3 respectively at 80 °C. In addition, the superhydrophobicity
of #3S-N towards various aqueous liquids at 60, 70, and 80 °C
were also examined, as shown in Figure S7 (Supporting
Information). The results suggest that the membranes still have
superhydrophobic and self-cleaning properties toward these
liquids at higher temperatures. Additionally, in order to ensure
the FS-SiO, stability in the composite membranes during MD
testing, these superhydrophobic membranes #3S-N and #5S-W
have been eroded by 2 L of NaCl solution with a concentration
of 3.5 wt % and a flow rate of 0.6 L min™" for 24 h. After the
solutions were scoured for 24 h, the ICP results show that both
the original and tested salt solutions contained a negligible
amount of Si under the range limit (0.02 ppm of Si for original
and tested salt water), which demonstrated that the FS-SiO,
nanoparticles stay stably in these composite membranes.

As shown in Figure 9A,D, the dual-layer membrane #3S-N
has a permeate flux of 24.6 + 1.2 kg m™ h™', which is higher
than that of #5S-W (20.8 + 2.8 kg m > h™"). The flux of the as-
prepared membranes are all higher than the commercial GVHP
membrane, which only has a flux of 10.6 kg m~>h™" under the
same testing conditions.'® As shown in Figure 9B,E, the surface
morphology of the as-developed membranes did not show
obvious alteration after continuous MD process while the water
contact angles of #3S-N and #5S-W after testing were 152.2 +
0.4° and 152.6 =+ 0.3° respectively, indicating that the
superhydrophobic surface is potentially durable for long-term
applications. The cross-sectional images shown in Figure 9C,F
prove that the adhesive forces between FS-SiO,-blended PVDF
composite layers and PVDF nanofibrous or PET nonwoven
supports are strong enough to avoid any delamination after MD
test.

For comparison purpose, PVDF nanofibrous membrane free
of silica (thickness =72 + 4 um) was also tested in the same
MD setup under the same conditions. The properties of the
PVDF nanofibrious membrane are listed in Table S1
(Supporting Information) whereas its DCMD performance is
shown in Figure S8A (Supporting Information). The PVDF
nanofibrious membrane exhibited a lower flux of 15.9 + 0.9 kg
m~2h~L. In addition, the membrane was also wetted fast, within
10 h, as evidenced by the increase in permeate conductivity.
The possible reason for the wetting is that the water had strong
adhesive force with PVDF nanofibrous surface (Figure S8B,
Supporting Information), making it easier to penetrate through
the membrane. Once the water penetrates into the membrane,
it can accumulate between loose nanofibrous layers (Figure
S8C,D, Supporting Information), resulting in a significant
decrease of temperature difference and mass transfer rate.”°
Therefore, the flux of this membrane is also lower.

Compared with the nanofiber-supported superhydrophobic
membrane #3S-N, the nonwoven-supported superhydrophobic
membrane #5S-W has a more stable performance over a testing
duration of 40 h, even though it has a lower LEPw and larger
membrane pore size. This might be attributed to the better
wetting resistance of the thicker 3D superhydrophobic structure
of membrane #5S-W. Figure 10 schematically illustrates the
wetting of the two different superhydrophobic dual-layer
membranes, respectively. In the case of the nanofiber-supported
membrane (Figure 10A), there is only an ultrathin 3D
superhydrophobic layer on the top of the membrane, thus
the superhydrophobicity is metastable; once the air or vapor
entrapped under the water—membrane interface is lost, wetting

of the thin superhydrophobic layer can occur; water could then
continuously penetrate the pores of the less hydrophobic PVDF
support layer in a relatively faster manner, until completely
wetting the membrane. In contrast, as shown in Figure 10B,
due to the entire 3D superhydrophobic structure, another
stable water—membrane interface with air or vapor entrapped
underneath it is immediately created even after the wetting of
the topmost layer, which makes the #5S-W a better membrane
for long-term MD application. To further optimize the
performance of the nonwoven-supported membrane and
increase the LEPw without compromising on its strength,
further work such as reducing membrane surface pore size is
planned.

3.6. Comparison of Properties and DCMD Perform-
ance of Different PVDF Nanofiber Membranes. Table 3
compares the properties and DCMD performance of various
PVDF nanofiber membranes developed in this work and the
literature data. In addition to the high rejection over 99.99%, a
flux enhancement of electrospun membrane #3S-N with long
stable performance has been achieved in this work, which is
attributed to the porous nanofibrous support layer and
superhydrophobic skin. The mechanical properties and long-
term stability of the nonwoven-supported superhydrophobic
dual-layer membrane #5S-W reported in this study are much
better than those of other fabricated PVDF nanofiber
membrane (stable in continuous testing of 40 h with rejection
>99.99%), due to its excellent combination of non-woven
support and the unique 3D superhydrophobic structure.

4. CONCLUSIONS

In summary, the structural features of two novel super-
hydrophobic membranes are very well suited to membrane
distillation for the following reasons: (1) the membranes
possess contact angles greater than 150°, which means they
exhibit superhydrophobicity toward various kinds of liquid such
as milk, coffee, juice, and oil-in-water emulsion (1 wt % silica oil
in water). The superhydrophobic nature of the membranes
makes them suitable for not only water desalination but also
concentrating other solutions; (2) the greater hydrophobicity
allows membranes with larger pore sizes to be used in the MD
process while still maintaining a stable performance in a long-
term MD process; (3) the superhydrophobic nanofiber-
supported dual-layer membranes have higher porosity that
enhances MD flux while the superhydrophobic nonwoven-
supported dual-layer membranes exhibit excellent mechanical
durability to minimize breakage and also better water intrusion
resistance as a result of their thicker 3D micro- and nano-
superhydrophobic structure; (4) these superhydrophobic layers
are robust and durable in continued MD operations.

To facilitate the application of the electrospun super-
hydrophobic dual-layer membranes for the water industry,
more optimization is needed with respect to controlling
membrane maximum pore size and enhancing membrane
long-term performance. For example, the antiwetting property
of the electrospun membranes could be further improved by
reducing the membrane pore size via tuning the PVDF/FS-
SiO, dope composition, covering an ultrathin nanofibrous skin
with thinner fibers without changing surface roughness, or
grafting a thin hydrophobic layer onto the membrane surface.

dx.doi.org/10.1021/am503968n | ACS Appl. Mater. Interfaces 2014, 6, 16035—16048
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