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A B S T R A C T

Membrane distillation (MD) is a promising desalination technology that is capable of utilizing low-grade
thermal energy to treat highly saline feed water. Conventional hydrophobic MD membranes limit the
application of MD to desalination of relatively clean water without amphiphilic contaminants, as those
amphiphilic constituents promote wetting of MD membrane and failure of the MD process. Here, we report a
facile approach to fabricate superamphiphobic MD membranes with anti-surfactant-wetting property based on
coaxial electrospinning. Silica nanoparticles were used as the sheath solution to create electrospun fibers with
nanoscale roughness on individual fibers. After surface fluorination, the fabricated membrane exhibited
superamphiphobicity as reflected by very high sessile drop contact angles with both water and oil. Robust MD
performance in the presence of surfactants was observed with the superamphiphobic membrane, but not with
commercial hydrophobic membranes or amphiphobic membrane without local nanoscale roughness.

1. Introduction

Membrane distillation (MD) is an emerging membrane-based
thermal separation process for desalination [1]. Due to its distinct
advantages of low capital cost, low operating pressure compared with
reverse osmosis (RO), and low working temperature compared with
conventional thermal distillation, MD has recently received growing
interests in both academia and industry [2,3]. Because the driving force
in an MD process is the cross-membrane water vapor pressure
difference induced by temperature difference, which is relatively
insensitive to feed water salinity, MD is a promising technological
candidate for desalinating high salinity brine, such as shale gas
produced water, which is challenging for RO to treat [4–6].

In an MD process, hydrophobic membranes made of polyvinylidene
fluoride (PVDF), polypropylene (PP), or polytetrafluoroethylene
(PTFE) are usually employed [5]. The membrane hydrophobicity is of
critical importance, as it enables the membrane to serve as a barrier for
direct liquid water permeation, which is imperative for salt rejection.
However, amphiphilic organic contaminants and surfactants that
commonly exist in saline wastewaters can readily adsorb onto a
hydrophobic MD membrane, resulting in pore wetting and consequent
failure of the MD process [7–9].

Recently, it has been shown that amphiphobic membrane, i.e.,

membrane that is resistant to wetting by both water and low surface
tension liquids such as oil, can deliver robust MD performance even in
the presence of surfactants [10–13]. Regardless of fabrication method,
an amphiphobic membranes typically need to meet two requirements:
first, the membrane surface should be made of low-surface-energy
materials; second, the membrane should have reentrant pore structure,
preferably at multiple scales [14–20]. Satiating these two requirements
will facilitate the solution-membrane interfacial contact to be in the
Cassie-Baxter state rather than the Wenzel state even if the solution
surface tension is low, thereby preserving the indispensable air gap in
the MD membrane pores [21–23].

Theoretically, a fibrous porous medium should have the reentrant
geometry that is required for amphiphobicity [14]. In fact, several early
studies in materials science fabricated amphiphobic surfaces using
electrospinning technique to create fibrous networks with low-surface-
energy materials [24,25]. In those cases, multiscale reentrant structure
was not necessary to impart oleophobicity. However, those surfaces
were not created as MD membranes and therefore were not tested for
their anti-wetting performance in MD operations.

On the other hand, several recent studies on fabricating amphi-
phobic MD membranes modified commercial or pre-synthesized
microporous membranes with silica nanoparticles (SiNPs) and TiO2

nanoparticles using dip-coating to impart the multiscale reentrant

http://dx.doi.org/10.1016/j.memsci.2017.02.044
Received 15 August 2016; Received in revised form 9 January 2017; Accepted 27 February 2017

⁎ Corresponding author.
E-mail address: shihong.lin@vanderbilt.edu (S. Lin).

Journal of Membrane Science 531 (2017) 122–128

Available online 28 February 2017
0376-7388/ © 2017 Elsevier B.V. All rights reserved.

MARK

http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
http://dx.doi.org/10.1016/j.memsci.2017.02.044
http://dx.doi.org/10.1016/j.memsci.2017.02.044
http://dx.doi.org/10.1016/j.memsci.2017.02.044
http://crossmark.crossref.org/dialog/?doi=10.1016/j.memsci.2017.02.044&domain=pdf


structure [10–12,26]. The modified membranes were then further
fluorinated to attain low surface energy. The membranes fabricated
using this approach not only exhibited resistance to wetting by both
water and low-surface-tension liquids in air, but also showed promising
anti-wetting property in MD tests with feed solution containing
surfactants.

While this dip-coating approach for fabricating amphiphobic MD
membranes has proven to be effective, it usually involves many steps of
fabrication. Because SiNPs are typically negatively charged, the fibrous
membranes were rendered positively charged to facilitate the attach-
ment of SiNPs via electrostatic interaction. This was achieved by either
modifying the silica fibrous networks using the positively charged
amino-silane or by impregnating cationic surfactants into the polymer
solution used for electrospinning [10–12]. Furthermore, while dip-
coating is a simple laboratory-scale technique for surface modification,
it is not an ideal technique for large-scale fabrication due to the
relatively low utilization rate of the coating materials and the relatively
long time to achieve a homogeneous and complete coating layer.

Electrospinning technique has been proven to be a universal and
flexible method for fibrous membrane fabrication [27–29]. Compatible
with many different types of polymer precursors, electrospinning is
capable of preparing membranes with high porosity as well as tailor-
able thickness, pore size, and surface wettability [24,30–35]. Moreover,
fibers with core-sheath structure can also be obtained using coaxial
electrospinning, which enables efficient formation of fibers with
different chemical compositions and functional properties along the
radial direction. Various applications based on coaxial electrospun
fibrous materials have been reported for energy storage, drug delivery
and tissue engineering [36–39]. It is possible to employ coaxial
electrospinning with nanoparticles suspension as the sheath solution
to create fibrous membranes with local reentrant structure on indivi-
dual fibers. If proven viable, this coaxial spinning technique can be a
very convenient approach to fabricate amphiphobic membranes with
highly efficient utilization of the nanoparticles.

There are two primary objectives for this study. First, we want to
demonstrate that we can use co-axial electrospinning to create a fibrous
network with multiscale reentrant structure, and that such a fibrous
network is amphiphobic and can function as an MD membrane with
robust resistance to surfactant wetting. Secondly, we also want to
compare electrospun fibrous networks, with and without the additional
level of reentrant structure imparted by the presence of nanoparticles,
in terms of their anti-wetting performance in MD processes.

In this study, we develop a facile method based on electrospinning
for the fabrication of inorganic silica-based MD membranes with in-air
amphiphobicity. We first prepared two different silica-based mem-
branes, one with single-scale reentrant structure created by mono-axial
electrospinning, and the other with multi-scale reentrant structure
enabled by coaxial electrospinning. The electrospun silica-based mem-
branes were modified by fluoroalkylsilane to acquire low surface
energy. We then conducted a series of materials characterizations
regarding the morphological, chemical, and surface wetting properties
of the fabricated membranes. Finally, we evaluated the anti-wetting
performance of the fabricated membranes in direct contact membrane
distillation (DCMD) experiments with a model surfactant, sodium
dodecylsulfate (SDS), in the feed solution to promote wetting.

2. Materials and methods

2.1. Chemicals

Polyvinyl alcohol (PVA, 99%, MW=89,000–98,000), tetraethyl
orthosilicate (TEOS, 98%), silica NPs (Ludox HS-40), 1H,1H,2H,2H-
perfluorodecyltriethoxysilane (FAS, 97%), sodium dodecyl sulfate
(SDS, 99%), and mineral oil were purchased from Sigma-Aldrich and
used without purification. Ortho-phosphoric acid (85%) was procured
from Fisher Scientific. Deionized water (DI water) was used throughout

the experiment. PVDF membranes with a nominal pore size of 0.45 µm
were purchased from GE Healthcare Life Sciences.

2.2. Precursor solutions for electrospinning

The solution for the mono-axial electrospinning was a mixture of
PVA and silica gel formed by hydrolysis of TEOS [24]. Briefly, a 10 wt%
PVA stock solution was prepared by dissolving PVA in DI water at
80 °C. A silica gel suspension was prepared by dropwise addition of
H3PO4 to a solution of TEOS under vigorous stirring at room
temperature for 6 h, with the molar composition of
TEOS:H3PO4:H2O being 1:0.01:11. The formed silica gel was then
mixed with the PVA stock solution with a mass ratio of 1:1 for another
6 h.

In coaxial electrospinning, the as-prepared PVA/silica solution was
used as the core solution. To prepare the sheath solution, 5 g of Ludox
SiNPs suspension (40% w/w), was dispersed in 15 g of the aqueous
PVA stock solution. The mixture was stirred for 1 h to ensure the
homogeneous dispersion of SiNPs. In both cases, the PVA in the core
solution served as a viscosity enhancer and as a polymeric binder to
facilitate fiber formation. In the case of coaxial electrospinning, the
PVA in the sheath solution also served to immobilize the SiNPs. The
PVA was removed in later stage of the fabrication by calcination.

2.3. Electrospinning parameters

The electrospinning was conducted using a commercial electro-
spinning instrument with a rotating drum collector (TL-01, Tongli
Tech., China). For mono-axial electrospinning, the feeding rate of the
PVA/silica solution was controlled to be 0.6 mL h−1 using a syringe
pump. The spun fibers were collected on an aluminum foil covering a
grounded stainless cylindrical drum with a rotating speed of 150 rpm.
The applied voltage was 15 kV, and the distance between the spinneret
and the rotating drum collector was 20 cm.

In coaxial electrospinning, the total feeding rate was also
0.6 mL h−1, with both the core and the sheath solutions contributing
0.3 mL h−1. Other parameters were the same as that in the monoaxial
electrospinning, except that a higher voltage (23 kV) was employed. In
both cases, the temperature was 26 °C and the spinning time was 30 h.
In the following discussion, the PVA blended electrospun silica fibrous
membranes (SFM) with and without the addition of SiNPs are referred
to as PVA@SFM and PVA@SiNPs-SFM, respectively.

2.4. Membrane calcination and fluorination

The as-prepared PVA@SFM and PVA@SiNPs-SFM were calcined at
800 °C in air for 2 h to remove the PVA binder. In the case of coaxially
spun membrane, the calcination also served to sinter the SiNPs onto
the underlying silica fibers to ensure robust attachment. The inorganic
membranes after calcination were highly hydrophilic due to the strong
interaction between silica and water. To reduce the surface energy of
the membrane, surface fluorination was carried out by immersing the
membrane into a hexane solution of 3 wt% FAS for 24 h at room
temperature. The membranes were then dried in air at 80 °C in an
oven. The FAS modified SFM and SiNPs-SFM are denoted as FAS@
SFM and FAS@SiNPs-SFM, respectively. The schematics of the
membrane preparation are shown in Fig. 1.

2.5. Membrane characterization

The morphology of fabricated membranes was characterized by
scanning electron microscopy (SEM, Zeiss Merlin) and transmission
electron microscopy (TEM, FEI Tecnai Osiris). To prepare the TEM
sample, the as-prepared membranes were cut into small pieces and
then ultra-sonicated in ethanol for 10 min. The supernatant containing
the dislodged fibers was used as TEM samples. Fourier transform
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infrared (FTIR) spectroscopy was performed using an FTIR spectro-
meter (Bruker Tensor 27). The pore size distribution of the membrane
was measured using capillary flow porometer (Poroflux 1000, IB-GT
GmbH, Germany). Sessile drop contact angles (CA) were measured
with an optical tensiometer (Theta Lite, Biolin Scientific) using both
water and mineral oil as the liquid phases. Lastly, we also measured the
liquid entry pressure (LEP) of the membrane samples using water as
well as SDS solutions of the concentrations tested in the MD experi-
ments. The LEP was measured by gradually increasing the applied
hydraulic pressure in an Amicon® cell mounted with the membrane
sample until non-zero flux was observed.

2.6. Membrane distillation experiments

The fabricated membrane samples with an effective area of 20 cm2

were tested in a custom made MD cell. Direct contact MD (DCMD)
with concurrent flow was the adopted system configuration in these
experiments. The feed stream was a 35 g L−1 NaCl solution at a
temperature of 60 °C, whereas the distillate stream was DI water at a
temperature of 20 °C. The mass and conductivity of the distillate were
recorded constantly, from which the real time flux and salt rejection
were calculated. We intentionally maintained the flowrates for the feed
and distillate streams to be 0.4 L min−1 and 0.2 L min−1, respectively,
which resulted in a higher hydraulic pressure in the feed stream (9 kPa)
than in the distillate stream (3 kPa) in this specific experimental setup.
In this way, if any pore wetting occurs, the increase in distillate salinity
as a consequence of the compromised salt rejection rate will become
the unambiguous evidence. During the course of the MD experiments,
SDS was added sequentially to the feed solution in a way such that the
SDS concentrations of the feed solution after each addition were 0.1,
0.2, 0.3, and 0.4 mM. The SDS was added to the feed stream to reduce
the surface tension of the solution and thereby to induce pore wetting,

if the membranes were wettable.

3. Results and discussion

3.1. Morphology and surface chemistry

The SEM images of the fabricated membranes with and without
coaxial spinning are shown in Fig. 2. Compared to the smooth fibers in
the SFM (Fig. 2a), spindle structures were observed in the SiNPs-SFM
(Fig. 2d), which could be attributed to the lower viscosity of the sheath
solution than the core solution [40]. For this reason, the SiNPs-SFM
showed larger mean fiber diameter and standard deviation (324.8 ±
124.4 nm) compared with the SFM (188.9 ± 16.4 nm). TEM image of
the SFM (Fig. 2c) showed no distinct crystalline structure, indicating
that the silica fiber in SFM was amorphous (Fig. 2c). For the coaxial
electrospun SiNPs-SFM, a homogeneous and complete coating of the
fibers by SiNPs was clearly observed (Fig. 2e and f), suggesting that the
core-sheath structure was successfully achieved. The presence of silica
NPs introduced local roughness and reentrant structure on the fiber
surface, which could potentially improve the robustness of wetting
resistance. The effective pore size for the SFM and SiNPs-SFM were
0.85 ± 0.12 and 0.84 ± 0.15 µm, respectively, as suggested by results
from capillary flow porometry.

The changes of surface chemistry during the membrane fabrication
were characterized by FTIR, and the results are shown in Fig. 3. For the
PVA@SFM and PVA@SiNPs-SFM prior to calcination, the broad band
located at about 3300 cm−1 is the typical vibration originating from O-
H stretching. The weak but identifiable peak at 2940 cm−1 indicated the
presence of C-H bond. The peaks located at around 1650 cm−1 and
1420 cm−1 could be attributed to the C˭O and C-C stretching, respec-
tively [41]. These characteristic absorption peaks verified the presence
of PVA. Besides, the strong absorption band from 1150 to 1050 cm−1

Fig. 1. Schematics of the preparation procedures for (a) FAS@SFM and (b) FAS@SiNPs-SFM. The fabrication of the FAS@SFM involved the creation of a fibrous network via monoaxial
electrospinning using a blend of PVA/silica as the precursor. The electrospun fibrous membrane was then calcined to obtain the SFM which is fluorinated by FAS to result in FAS@SFM.
The fabrication procedures of the FAS@SiNPs-SFM were similar to that of the FAS@SFM with the exception that coaxial, instead of monoaxial, electrospinning was used with a
suspension of SiNPs as the sheath solution. The SiNPs in the sheath solution created local roughness on the fiber surface.
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was the combination of C–O and Si–O vibrations [42]. The symmetric
stretching vibrations of Si–O–Si appeared at 800 cm−1, while its
bending mode appeared at 480 cm−1. Since the silica was prepared

through TEOS hydrolysis, Si–OH bond was also observable at around
950 cm−1 [43].

After calcination at 800 °C for 2 h, PVA was completely removed, as
evidenced by the disappearance of the absorption peaks characteristic
of PVA. Meanwhile, the Si–OH absorption peak also disappeared, the
main absorption peaks remaining in the spectra were those character-
istic of Si–O. Such results confirmed that the SFM and SiNPs-SFM
after calcination were inorganic membranes composed of SiO2. FTIR
spectra of the FAS modified membranes were similar to that of the
calcined SFM and SiNPs-SFM before fluorination. According to pre-
vious studies, the absorption bands for C–F bond locate from about
1100 cm−1 to 1200 cm−1 and thus overlap with that of the Si–O [44].
Nevertheless, the shape change of the absorption band from around
1000 cm−1 to 1300 cm−1, which is believed to result from the presence
of C–F bonds, could still be clearly identified. In addition, small peaks
at 690 cm−1 and 650 cm−1 could also be attributed to the C-F bond.
Overall, these results showed that the membrane surface had been
successfully modified with FAS.

3.2. Wetting properties

The SFM and SiNPs-SFM after calcination were both superhydro-
philic, as indicated by the instant wicking by water. After surface
fluorination with the low-surface-energy FAS, both membranes ex-
hibited amphiphobicity. The water and oil CAs for the FAS@SFM were
134.4 ± 2.8° and 117.3 ± 7.2°, respectively (Table 1). In contrast, a
commercial hydrophobic PVDF membrane had a water CA of 107.2 ±

Fig. 2. SEM and TEM images of the SFM (a, b for SEM and c for TEM) and coaxially electrospun SiNPs-SFM (d, e for SEM and f for TEM). The insets in (a) and (d) show the diameter
distributions of the nano fibers. The mean diameters for SFM and SiNPs-SFM are 188.9 ± 16.4 and 324.8 ± 124.4 nm, respectively. The SEM and TEM images in (e and d) clearly show
the presence of SiNPs on the fiber surface.

Fig. 3. FTIR spectra of the membranes in different preparation stages. Arrows indicate
the approximated absorption band/peak location. Vibrational modes are shown for O–H
(~3300 cm−1), C–H (~2940 cm−1), C˭O (~1650 cm−1 and ~1150−1050 cm−1), C–C
(1420 cm−1), Si–O (~1150−1050 cm−1), Si–OH (950 cm−1), Si–O–Si (~800 cm−1 and
~480 cm−1), and C–F (~1100 cm−1 to 1200 cm−1, 690 cm−1, and 650 cm−1).

Table 1
Sessile drop CA and LEP for the three membrane samples.

DI water (°) Mineral oil (°) LEPa (kPa)

FAS@SFM 134.4 ± 2.8 117.3 ± 7.2 44.7 ± 4.1
FAS@SiNPs-SFM 154.2 ± 3.6 149.0 ± 11.7 91.3 ± 6.6
commercial PVDF 107.2 ± 4.7 0 (wicking) 119.0 ± 8.0

a The LEPs were measured with water, although LEPs measured with SDS solutions
yielded essentially the same results.
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4.6° and was wicked by mineral oil. The fact that FAS@SFM without
SiNPs was also resistant to oil wetting suggests that electrospun fibrous
structure itself already had the reentrant structure required for
achieving oleophobicity. As we mentioned, electrospinning technique
has been employed in previous studies to create amphiphobic surfaces
[24,25].

In comparison, the FAS@SiNPs-SFM were superamphiphobic, with
its water and oil CAs measured to be 154.2 ± 3.6° and 149 ± 11.7°,
respectively. The higher CA could be attributed to the core-sheath
structure of the FAS@SiNPs-SFM with which the SiNPs on the
individual fibers provided an additional level of roughness and
reentrant texture. The importance of hierarchical texture in imparting
superamphiphobicity has been theoretically addressed in literature
[20]. In our case, it can be mathematically proved that the second level
roughness on the fiber enhances the CA of the fibrous membrane and
renders the FAS@SiNPs-SFM superamphiphobic (Appendix A).

The LEP measurements suggest that the presence of a second level
roughness also enhanced the LEP of the membrane. The LEPs of both
the electrospun membranes were lower than that of the PVDF
membrane, most likely due to the smaller effective pore size of the
PVDF membrane (0.45 µm nominal size). Surprisingly, the addition of
SDS (up to 5 mM) did not seem to affect the LEP even though the
overall surface tension of the solution was reduced by SDS: the LEPs
measured with both water and SDS solutions were essentially the same
for all three membranes. Similar surprising phenomenon was also
observed regarding the water CA of the membranes, which was
consistent with previous finding that the CA on a PVDF membrane
measured using DI water was very close to that measured using a SDS
solution with a concentration up to half of its critical micelle concen-
tration (CMC) [10]. Although no major difference was observed in the
membrane wetting when the LEP and CA were measured using
solution containing different SDS concentration, wetting of MD by
feed solution of very low SDS concentration was detected as described
in the following section as well as in literature [10–12].

3.3. Membrane distillation performance in the presence of
surfactants

The FAS@SFM, FAS@SiNPs-SFM, and the commercial PVDF
membrane (as reference) were tested in DCMD during which SDS
was added progressively to promote membrane wetting. The initial
water fluxes for FAS@SFM, FAS@SiNPs-SFM, and PVDF membranes
were 17.1 ± 0.9 L m−2 h−1, 21.9 ± 1.2 L m−2 h−1, and 45.9 ± 1.9 L m−2

h−1 respectively. The salt rejection rates were 100% in all case without
the addition of SDS (Fig. 4).

With the addition of SDS into the feed stream, however, severe
wetting was observed on the FAS@SFM and PVDF membrane as
indicated by the dramatic changes of water flux and salt rejection rate.
Because we intentionally controlled the feed hydraulic pressure to be
higher than that of the distillate, water in the wetted pores unequi-
vocally flowed from the feed stream to the distillate stream and thereby
increased both the transmembrane water flux (including liquid and
vapor) and the solute flux. Interestingly, the FAS@SFM seems to be
even more susceptible to SDS wetting than the hydrophobic but
oleophilic PVDF membrane, as the changes of water flux and salt
rejection was more severe for the FAS@SFM than for PVDF membrane
when the SDS concentration of the feed stream was raised to 0.2 mM
and above. This is probably due to the higher effective pore size of
FAS@SFM membrane (~0.85 µm) compared to that of the commercial
PVDF membrane (~0.45 µm). Once wetted, the rejection rates for both
membranes became unacceptable for any practical MD application.

In comparison, the performance of FAS@SiNPs-SFM remained
stable over the course of the entire MD test. Neither water flux nor the
salt rejection rate was affected by the SDS dosing even up to a
concentration of 0.4 mM, suggesting the robust performance of the
co-axially spun FAS@SiNPs-SFM against surfactant wetting. Our

results suggest that surfactant induced membrane wetting in MD could
not be simply explained by the fact that the added surfactants reduced
the surface tension of the feed solution and thereby lowered the LEP.
First of all, as we mentioned in Section 3.2, the presence of the SDS did
not seem to reduce the LEP of the membranes. Secondly, if the LEP
were the determining factor for wetting, the FAS@SiNPs-SFM should
be more susceptible to wetting than PVDF as the measured LEP for
FAS@SiNPs-SFM was lower than that of LEP, which was inconsistent
with our experimental observation. Last but not least, the hydraulic
pressure in the feed channel was measured to be only 9 kPa (vs 3 kPa
for the distillate channel), which was only a very small fraction of the
LEP of any membrane tested. These observations together seem to rule
out the possible explanation of membrane wetting that the SDS
reduced the surface tension of the feed solution and thus the LEP
below the feed hydraulic pressure. We speculate that membrane
wetting in MD was possibly induced by the adsorption of surfactants
onto the membrane surface which rendered the membrane hydrophilic
over time. Further investigation of MD membrane wetting by surfac-
tant is required to elucidate its detailed mechanism.

The stronger anti-wetting property of FAS@SiNPs-SFM as com-
pared to FAS@SFM is attributable to the second scale of roughness
introduced by the SiNPs on the fiber surface, which rendered the local
wetting of individual fibers more difficult. The importance of multiscale
reentrant structure on enhancing the superhydrophobicity or amphi-
phobicity of membranes have been relatively well understood
[14,15,18,20]. In previous studies, the additional local reentrant
structure was imparted by coating fluorinated TiO2 or SiO2 nanopar-
ticles onto the existing membrane substrates, which has been shown to
be very effective in mitigating membrane wetting [10–12,26]. Here, we
demonstrate for the first time that an effective anti-wetting MD
membrane with hierarchical roughness can also be fabricated by
leveraging on coaxial electrospinning to create a second scale of
reentrant structure.

4. Conclusions

In this study, we fabricated a silica-based fibrous membrane with
core-sheath structure using coaxial electrospinning technique. The
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Fig. 4. Water flux (blue) and salt rejection rate (red) for the fabricated FAS@SiNPs-SFM
(square), FAS@SFM (circle), and the commercial PVDF membrane (triangle). The green
dash lines indicate the addition of SDS, with the numbers on the top representing the
final SDS concentration of the feed solution after the addition. The MD experiment for
the FAS@SFM was stopped prematurely because the salt rejection rate dropped to an
unacceptable level. The water fluxes are normalized to the initial flux of each membrane.
The initial water fluxes for FAS@SiNPs-SFM, FAS@SFM, and PVDF membranes were
21.9 ± 1.2 L m−2 h−1, 17.1 ± 0.9 L m−2 h−1, and 45.9 ± 1.9 L m−2 h−1, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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resulting membrane, FAS@SiNPs-SFM, has two scales of reentrant
textures, with the first scale provided by the fibrous network and the
second scale enabled by the SiNPs on the surface of individual fibers.
The FAS@SiNPs-SFM has been shown to be superamphiphobic, as
compared to amphiphobic FAS@SFM without SiNPs, and the hydro-
phobic but oleophilic commercial PVDF membrane. The results from
MD experiments using feed solution with a common surfactant, SDS,
suggest that only FAS@SiNPs-SFM could sustain robust MD operation
in the presence of relatively high concentration of surfactants, whereas
the FAS@SFM and the PVDF membrane both failed due to membrane
wetting. The superamphiphobicity as well as the superior anti-wetting
performance of the FAS@SiNPs-SFM could both be attributed to the
additional scale of reentrant structure enabled by the SiNPs on the

surface of individual fibers. The coaxial electrospinning technique
reported herein is an alternative approach to the conventional nano-
particle dip-coating approach to create such multiscale structure. More
importantly, it also opens a new path to facile fabrication of super-
amphiphobic membranes with the ability to precisely control SiNPs
loading, which is important for scaling up the fabrication of super-
amphiphobic MD membranes.
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Appendix A. Analysis of the effect of dual-scale reentrant texture on contact angle

Quantitatively, the apparent CA for surface with dual-scale reentrant texture, θ*2 , can be described using the following equation derived by
applying the Cassie-Baxter relation twice [45,46]:

⎡
⎣⎢
⎛
⎝⎜

⎞
⎠⎟

⎤
⎦⎥cosθ f f cosθ f f* = (1− ) 1− − −LG m LG f LG f LG m2 , , , ,

where θ is the intrinsic CA of the material, which could only be measured with a perfectly non-textured surface made of the same material (FAS in
this case), fLG f, is the areal fraction of the liquid-gas interface at the single fiber scale which corresponds to the contact of liquid with air trapped
between SiNPs on a fiber, and fLG m, is the areal fraction of the liquid-gas interface at the membrane scale which concerns the contact of liquid with
air trapped between fibers. For FAS@SFM, only one level of reentrant texture is present, and the above equation is thus reduced to:

cosθ f cosθ f* = (1− ) −LG m LG m1 , ,

where θ*1 is the apparent CA for a fibrous network where the only reentrant texture is created by the fibers themselves. It can be easily proved that θ*1
is always lower than θ*2 because the sufficient condition for θ θ* < *1 2 is cosθ cosθ* < *2 1 when the θ is from 0° to 180°, which is indeed the case as shown
by the following equation obtained from Eqs. 1 and 2:

cosθ cosθ f f cosθ* − *=−(1− ) (1+ )<0LG m LG f2 1 , ,

This analysis suggests that the second scale reentrant structure was responsible for enhancing the amphiphobicity of the membrane and render
it superamphiphobic.
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