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A B S T R A C T   

Wetting induced by salt-scaling and surfactants is the Achilles heel of membrane distillation, especially for 
concentration of high salinity wastewater. Herein, we rationally developed a membrane with robust wetting 
resistance by integrating superhydrophobic-omniphobic surface and anti-deformable pores into one system. The 
membrane was first developed by electrospinning, which was then modified with surface roughness, and fol
lowed by coating of polydimethylsiloxane to weld the intersecting fibers and fluoroalkylsilane to lower the 
membrane surface energy. The product exhibits excellent wetting resistance when concentrating the high salinity 
NaCl solution from 20 to 38 wt% (saturation condition), the simulated reverse osmosis concentrated water, the 
gypsum and the low-surface-tension high salinity wastewater. Moreover, the mechanism of membrane wetting 
resistance was also systematically discussed based on the experiment and computer simulation. It reveals that the 
superhydrophobic-omniphobic surface could stabilize the surface-bound air layer chemically, thus reducing the 
contact of crystals and surfactant with the membrane surface. Simultaneously, the anti-deformable pore also 
helps it overcome the asymmetrical hydraulic disturbance on enlarging membrane pore size, thus stabilizes the 
surface-bound air layer structurally. The presented development will provide a platform to understand and 
achieve wetting and scaling inhibition MD membrane for high salinity wastewater treatment.   

1. Introduction 

High salinity wastewater generated from the petrochemical, steel, 
mining, and seawater desalination industries takes a heavy toll on the 
global environment and human health [1–4]. Conventional methods for 
treating high salinity wastewaters include thermal and membrane 
desalination technologies [5–8]. However, thermal desalination tech
nologies (e.g., multi-effect distillation and multistage flash evaporation) 
generally require high-grade heat energy as a driving force and also 
suffer from corrosion when immersed in salt solutions [9–11]. While the 
most commonly membrane desalination technologies (e.g., reverse/
forward osmosis and nanofiltration membranes) cannot concentrate the 

high salinity wastewater due to its high osmotic pressure and high 
propensity for membrane fouling [12,13]. Membrane distillation (MD), 
a membrane-based thermal desalination process, has emerged as a 
promising solution for concentrating high salinity wastewaters. MD has 
the advantages of using low-grade waste heat to produce high-quality 
water with high recovery from highly saline feed water [14,15]. Be
sides, the common advantages of membrane processes, such as system 
compactness and modularity, also render MD attractive as technology 
for decentralized management of high-salinity wastewater. 

Nevertheless, a significant challenge when using MD for treating 
high-salinity wastewaters is pore wetting, which renders the hydro
phobic membranes that are typically used in MD processes ineffective 
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for desalination [16]. On the one hand, dissolved salts in the feed water 
eventually precipitate and accumulate on the membrane surface, a 
phenomenon known as membrane scaling. As the scaling crystals are 
imbedded into the surface pores of the hydrophobic membranes, crys
tallization and oriented growth processes cause crystals to penetrate into 
the membrane matrix which deforms the membrane pores and eventu
ally results in pore wetting [7,17,18]. On the other hand, the low 
surface-tension amphiphilic contaminants, such as surfactants, in the 
feed water can also result in pore wetting via lowering the surface ten
sion of the feed solution and saturating the hydrophobic pore surface 
with surfactants [19–22]. These challenges can be addressed by devel
oping MD membranes with special wetting properties. Specifically, it 
has been demonstrated that the superhydrophobic membranes with the 
surface water contact angle of greater than 150◦ can mitigate mineral 
scaling and pore wetting, while the omniphobic membranes with 
low-surface-tension of lower than 10 mN m− 1 can effectively mitigate 
membrane pore wetting induced by surfactants [23,24]. However, 
simultaneous wetting resistance, e.g., the simultaneous mitigation of 
wetting induced by mineral scaling and by the addition of surfactants 
has rarely been reported. 

Beside intrinsic surface wettability, the pore structure of the MD 
membrane is another crucial factor determining the durability and 
desalination performance of MD [25,26]. Fibrous membranes fabricated 
using electrospinning have been widely used in MD due to their high 
porosity, low tortuosity, and therefore resulting higher water flux 
[27–30]. However, fibrous MD membranes with interconnected pores 
generally suffer from membrane wetting more readily as compared with 
MD membranes made using other methods. This instability of fibrous 
MD membranes can be attributed to the asymmetrical hydraulic per
turbance on the two sides of the membrane that leads to deformation of 
pores formed via stacking of random fibers with weak interactions 
(Fig. 1a) [31,32]. In comparison, conventional MD membrane formed 

via phase inversion is more resistant to pore wetting induced by hy
draulic perturbance due to the more robust porous structure of mem
brane formed via phase inversion, even though these membranes usually 
have lower flux as compared to fibrous MD membranes (Fig. 1b) [4,33]. 
Developing strategies to enhance the robustness of fibrous MD mem
branes is critical to taking advantage of their beneficial high-flux char
acteristics without sacrificing salt rejection. 

In this study, we develop a novel superhydrophobic-omniphobic 
fibrous MD membrane with pore structure that is robust to hydraulic 
perturbation (Fig. 1c). The robust superhydrophobic-omniphobic 
(RSHO) MD membrane is constructed by electrospinning of polyimide 
fibers followed by membrane roughness construction and inter-fiber 
crosslinking and fluorination (Fig. 1d). The wetting resistance of the 
RSHO membrane is systematically evaluated against scaling and 
surfactant-induced pore wetting. We also discuss the mechanism of 
wetting resistance with the RSHO membrane and the importance of the 
synergistic effect of wetting property and pore stability in imparting 
robust wetting resistance in MD against different wetting mechanisms. 

2. Materials and methods 

2.1. Materials 

The electrospun polyimide reference membrane was provided by 
Jiangxi Advanced Nanofiber S&T Co., Ltd. The commercial hydrophobic 
polyvinylidene fluoride microfiltration membrane denoted as C-mem
brane was purchased from Merck Millipore. Trimethoxy (heptadeca
fluorotetrahydrodecyl)-triethoxysilane (17-FAS) and sodium 
dodecylbenzene sulfonate (SDBS) were purchased from Aladdin Chem
ical Regent Company. Silica nanoparticles (Ludox SM, 30 wt%) with an 
average diameter of 30 nm were purchased from Sigma-Aldrich Com
pany. Dopamine (DA), polyethylenimine (PEI, Mw = 600), tris 

Fig. 1. Schematic illustrating (a) the fibrous membrane with interconnected pores for high mass transfer and (b) phase inversion membrane with anti-deformable 
pores for robust pore stability. (c) Schematic illustrating the integration of the interconnected pores of the fibrous membrane with the stabilized-pore microfiltration 
membrane into one system in combination with chemical modification for wetting resistance. (d) Schematic procedures for the fabrication of the RSHO membrane 
with excellent wetting resistance for concentrating the high salinity wastewaters. 
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(hydroxymethyl)aminomethane hydrochloride (Tris-HCl), sodium 
chloride (NaCl) and n-hexane were purchased from Shanghai Runjie 
Chemical Reagent Company, China. Polydimethylsiloxane (PDMS) 
precursor composed of the dimethylsiloxane (Sylgard 186) and the 
curing agent was purchased from Dow Corning Co. Sodium chloride 
(NaCl), calcium chloride (CaCl2), potassium chloride (KCl), magnesium 
chloride (MgCl2), magnesium sulfate (MgSO4), and calcium sulfate 
(CaSO4) were purchased from Tianjin Benchmark Chemical Reagent 
Company, China. The crude oil and the soya-bean oil were obtained 
from the fifth Daqing Oil Production Factory and Jiusan Oils & Grains 
Industries Group Co., Ltd, respectively. The lubricating oil (L-DVB) was 
purchased from Japan Mitsubishi Heavy Industries Co., Ltd. All chem
icals were used as received without further purification. 

2.2. Fabrication of the RSHO membrane 

First, positive surface charge was imparted on the reference mem
brane by immersing it in 10 mM tris-buffer solution with 2 mg mL− 1 DA 
and 6 mg mL− 1 PEI and stirring at room temperature for 24 h. The PDA/ 
PEI-modified membrane was rinsed thoroughly with deionized water at 
least three times and dried at 60 

◦

C for 1 h. The PDA/PEI-modified 
membrane was then immersed in ~1 mM acetate buffer (pH adjusted 
to ~4.5) with 0.2 wt% silica nanoparticles for 12 h to electrostatically 
adsorb silica nanoparticles for the assembly of a hierarchically rough 
fiber surface. After, the surface was rinsed with deionized water and 
dried at 60 ◦C for 1 h [34]. The silica nanoparticle-modified membrane 
was then soaked in an n-hexane solution with 1 wt% 17-FAS and 1 wt% 
PDMS precursor for 12 h. Finally, the membrane was heated at 120 ◦C 
for 2 h to weld the fluorinated fibers and was denoted as the RSHO 
membrane for the remainder of the study. Two additional membranes 
were fabricated with the reference membrane as the substrate to eluci
date the effect of the individual fabrication steps on the RSHO mem
brane wetting resistance. One membrane was modified by 
single-component PDMS (denoted as the Anti-dp membrane) and the 
other membrane was modified with silica nanoparticles and fluorinated 
with 17-FAS (denoted as the SH-Omni membrane). 

2.3. Membrane characterization 

The morphologies of membranes were observed by a field emission 
scanning electron microscope (FE-SEM) (Zeiss, Sigma 500). The surface 
wettability of the membranes was quantified via static water contact 
angle measurement with a contact angle goniometer (Kino SL200B). The 
air permeability of membranes was measured by a Frazier air perme
ability tester (YG461E, NBFY Co., Ltd., China), the mechanical proper
ties were quantified via tensile tester (XQ-1C, Shanghai New Fiber 
Instrument Co., Ltd., China), and the liquid entry pressure was measured 
using a capillary flow porometer (POROLUX 1000, Germany). 

2.4. Membrane performance experiments 

The anti-wetting performance of the membranes was compared 
using a lab-scale direct contact membrane distillation (DCMD) device 
with the membrane area fixed at 9 cm2. The temperature of the feed 
solution was maintained at 55 ◦C and the temperature of the distillate 
solution was maintained at 20 ◦C. The flow rates of the feed and distil
late streams were fixed at 100 mL min− 1 (~9.21 cm s− 1 in our MD 
module). To compare the resistance to scale-induced wetting between 
phase-inversion membranes and electrospun fibrous membranes, feed 
solutions of 3.5, 10, and 20 wt% NaCl concentrations were systemati
cally studied. To compare the resistance to surfactant-induced wetting, 
the membranes were subjected to a feed solution with 0.1 mM SDBS and 
20 wt% NaCl. To investigate the resistance to scale-induced wetting and 
abilities to effectively concentrate industrially relevant high-salinity 
wastewaters between the fibrous membrane fabrication steps, the 
membranes were subjected to three model feed solutions: one with 

gypsum (14 mM CaCl2 and 14 mM Na2SO4), one with 1.5 wt% CaCl2, 
and one with reverse osmosis brine with 32.61 g L− 1 NaCl, 1.03 g L− 1 

KCl, 4.52 g L− 1 MgCl2, 2.91 g L− 1 MgSO4 and 1.80 g L− 1 CaSO4 was used 
[34]. 

2.5. Simulation experiment 

The ABAQUS software was used to simulate the impact force of water 
flow and determine its effect on membrane pore deformation. In the 
simulation experiment, the Young’s modulus of PDMS welded fibers at 
their junction was set to 2 MPa, while the network without PDMS 
welding was taken as the reference with Young’s modulus of 20 kPa 
because of its weak electrostatic interaction. The pressure applied to the 
surface of the fiber is uniform with one magnitude in the software and 
the pressure is the same as these two models. 

3. Results and discussion 

3.1. Membrane physical and wetting properties 

Wetting of MD membranes can be segmented into two main routes: 
(1) wetting induced via hydraulic perturbance and (2) wetting induced 
via feed species, e.g., scalants, surfactants, and low surface tension water 
miscible liquids [35]. For MD membranes, the resistance to wetting via 
hydraulic perturbance is generally associated with membrane physical 
properties such as surface morphology, pore structure, and mechanical 
properties [36–38]. As shown in Fig. S1a, the C-membrane, fabricated 
via phase inversion, exhibits an anti-deformable pore structure with an 
average pore diameter of about 0.30 μm where the reference membrane, 
fabricated by electrospinning, exhibits interconnected pores with an 
average fiber diameter of 0.92 μm but a loose non-woven fabric struc
ture (Fig. 2a). Interestingly, after crosslinking the reference membrane 
with PDMS (Anti-dp), the loose non-woven fibers were welded at their 
cross-points without apparent pore blockage (Fig. 2b), exhibiting a 
similar pore structure to the C-membrane. 

Apart from the pore structure, the membrane surface morphology 
plays a critical role in preventing membrane wetting. Direct contact 
between the membrane surface and the high-salinity water can be 
avoided by establishing a surface that is both rough and of low-surface 
energy, which is required to achieve a Cassie-Baxter wetting state [23, 
39,40]. The SH-Omni membrane exhibits rough surface morphology 
with silica nanoparticles with an average diameter of about 30 nm 
uniformly (Fig. 2c and Fig. S2) and stablely distributed along the fiber 
axis as demonstrated in our previous study [34]. Surprisingly, owing to 
the viscosity characteristic of dimethylsiloxane (DMS) solution, the DMS 
and the curing agent can easily adhere to the fiber surface and then fill 
the gap between the nanoparticles after welding and fluorination, which 
not only can stabilize the membrane pores but also enhance the stability 
of nanoparticles on the fiber surface as shown in Fig. 2d. 

Liquid entry pressure (LEP) represents the membrane’s ability to 
resist wetting via hydraulic perturbance and is inversely related the 
membrane pore size, but also depends on the membranes ability to resist 
pore deformation under stress. As demonstrated in Fig. S1b and 2a, the 
large pore diameter and loose non-woven nature of the reference fibrous 
membrane explains the inferior LEP (~35 KPa) relative to the C-mem
brane (~170 KPa) and thus relative ease in which conventional fibrous 
membranes are wetted due to physical perturbation compared to the 
smaller and more robust pore structure in membranes fabricated via 
phase inversion (Fig. 2e). While fibrous membrane’s resistance to wet
ting due to physical perturbance is generally inferior to that of mem
branes fabricated via phase inversion, fibrous membranes exhibit 
superior flux due to their larger porosity, and thus, permeability to water 
vapor. For example, the air permeability, which represents the ease of 
gas transport, such as water vapor, through the membrane was 
measured to be 1.51 mm s− 1 for the C-membrane while that of the 
reference fibrous membrane was 13.72 mm s− 1. Interestingly, welding 
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the fibers of the fibrous membrane with PDMS (Anti-dp membrane), not 
only induced more robust pore structure (Fig. 2b), increasing its LEP, but 
there was no apparent pore blockage, thus negligibly decreasing the air 
permeability by only ~2.62% (Fig. 2e). 

As LEP is also dependent upon the surface wetting properties of the 
membrane, we confirmed that the enhancement LEP of the fibrous 
membrane was attributed to the PDMS welding fibers and the 
improvement in membrane hydrophobicity by grafting of fluorinated 
silica nanoparticles (Fig. 2e). For example, while the LEP increased by 
122.85% after welding the fibrous membrane with PDMS (Anti-dp 
membrane), the LEP increased by 54.28% after grafting fluorinated 
silica nanoparticles to the fibrous membrane (SH-Omni membrane). The 
combined effect of PDMS welding and increased hydrophobicity via 
grafting of fluorinated silica nanoparticles to the fibrous membrane 
(RSHO membrane) resulted in a 151.42% increase in LEP compared the 
reference fibrous membrane. Furthermore, the air permeability of the 
RSHO membrane (12.95 mm s− 1) is only slightly lower than that of the 
reference membrane (13.72 mm s− 1), indicating that the membrane 
surface modification techniques did not significantly hinder the mem
brane’s permeability to gaseous components such as water vapor. This 
result further supports that the PDMS welded fibers in the Anti-dp and 
RSHO membranes effectively enhances the membranes’ resistance to 
wetting via hydraulic perturbance as compared to the randomly stacked 
fibers with weak interactions in the reference and SH-Omni membranes 
[41]. 

To further assess the fabricated membranes’ ability to resist wetting 
via hydraulic perturbance, their mechanical properties were measured 
to elucidate the individual membrane’s ability to resist pore deforma
tion under stress (Fig. 2f). The C-membrane exhibited a linear stress- 
strain curve with little elongation (2.82%) under a small stress up to 
2.66 MPa, at which point the material began to fail. All of the fibrous 
membranes presented similar, nonlinear, stress-strain curves with little 
elongation (0–~13%) under small stress (0–2 MPa), followed by a large 
elongation (~13–73%) when increasing the stress until material failure 
[42,43]. The distinct differences in elongation under stress between the 
C-membrane fabricated via phase inversion and fibrous membranes 

displays the deformable nature of fibrous membrane pores. Even so, the 
Anti-dp and RSHO membranes display a similar maximum stress of ~12 
MPa, which is higher than that of both the reference and SH-Omni 
membranes of about 9 MPa. The improved mechanical strength of the 
Anti-dp and RSHO membranes can be attributed to the PDMS-welded 
intersecting fibers. Meanwhile, the maximum strain of the Anti-dp and 
RSHO membranes (~63–64%) was lower than that of the reference 
membrane (~73%). Young’s modulus of relevant membranes was also 
used to uncover the resistance of membrane pore deformation, as shown 
in Fig. S3. The C-membrane displays a high Young’s modulus of 1821 
MPa, owing to its closed and welding pore structure while the Young’s 
modulus of RSHO membrane is increased from 67 to 238 MPa. These 
measurements demonstrated that the welding technique was beneficial 
for resisting membrane pore deformation and, to some extent, reducing 
the impact of asymmetric disturbation of feed/permeate flow rate on 
enlarging membrane pores. 

To further investigate the membrane’s surface wetting properties, 
the static water contact angles (WCA) were quantified (Fig. 2g). The 
WCA of the C-membrane and reference membrane were relatively 
similar, at 139◦ and 142◦, respectively, while the WCA of PDMS welded 
fibrous membrane (Anti-dp membrane) is increased to 152◦. This can 
likely be attributed to the lower surface energy of PDMS in the Anti-dp 
membrane compared to the polyimide in the reference membrane and 
PVDF in the C-membrane as well as the slightly rougher surface 
morphology imparted by the stacked fibers. The SH-Omni membrane 
shows similar wetting properties to the Anti-dp membrane with WCA of 
154◦ where the increase in WCA compared to the reference membrane 
can be attributed to the roughness imparted by grafting silica nano
particles and ultra-low surface energy 17-FAS. Ultimately, the RSHO 
membrane exhibits a WCA of 158◦, where the overall increase in WCA 
compared to that of the reference membrane can be attributed to the 
synergistic effects of the hydrophobic PDMS coating onto the polyimide 
fibers, the surface roughness imparted by the adsorbed silica nano
particles, and the ultralow-surface-energy 17-FAS grafted to the silica 
nanoparticles via well-established silane chemistry [44,45]. For fair 
comparison of membrane properties and how they relate to wetting 

Fig. 2. FE-SEM images of (a) the reference membrane, (b) the Anti-dp membrane, (c) the SH-Omni membrane and (d) the RSHO membrane. (e) The air permeability 
and the liquid entry pressure, (f) the mechanical strength and (g) the surface wettability of relevant membranes. (h) Optical images showing the membrane thickness. 
(i) Photographic images of different liquid droplets on the RSHO membrane surface. 
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resistance and other membrane performance metrics such as water 
vapor flux, the commercial membrane fabricated via phase inversion 
(C-membrane) and the reference fibrous membrane with different 
modifications (the substrate for the Anti-dp, SH-Omni, and RSHO 
fibrous membranes) were chosen due to their similar thicknesses, 120 ±
2 μm and 118 ± 3 μm, respectively, as shown in Fig. 2h. More impor
tantly, the RSHO membrane exhibits robust omniphobicity, resisting 
wetting by low-surface-tension liquids such as crude oil, soybean oil and 
ethanol/water mixture (Fig. 2i) which wetted the C-membrane 
immediately. 

3.2. Resistance to scale-induced wetting 

(i) Long-term resistance to wetting by NaCl. To compare the long- 
term resistance to scale-induced wetting between phase-inversion and 
electrospun fibrous membranes, the C-membrane and the reference 
membrane were used in DCMD experiments (Fig. S4) with constant feed 
concentrations of 3.5, 10, and 20 wt% NaCl (Figs. S5 and S6). While at 
each NaCl concentration the initial water vapor flux of the reference 
membrane was greater than that of the C-membrane, the reference 
membrane was more prone to scaling and the subsequent scale-induced 
wetting, especially with the 10 and 20 wt% NaCl feed solutions [23,46, 
47]. Post-experiment FE-SEM images of the C-membrane reveal no 
apparent scaling crystals, but the EDX mapping shows small scale de
posits are spread over the membrane surface (Fig. S5b), explaining the 
slight decrease in water vapor flux in the 10 and 20 wt% NaCl experi
ments. FE-SEM images of the reference membrane (Fig. S6 (b-d)) reveal 
that with increasing initial NaCl feed concentration, scaling crystal size 
increased, which increased the rate of membrane pore blockage and 
subsequent crystal penetration into the membrane pores. This increased 
rate of crystal deposition and/or growth resulted in the continuous 
decline in water vapor flux and increase in distillate stream 
conductivity. 

To explore the effect of the robust pore structure induced via PDMS 
welding and the increased hydrophobicity via grafting and fluorinating 
silica nanoparticles on the fibrous membranes’ MD performance, the 
membranes were used in long-term DCMD experiments with constant 
feed concentrations of 20 wt% NaCl. Although the membranes demon
strated above exhibit excellent scaling and wetting resistance against 
low concentration (3.5 and 10 wt%) NaCl feed solutions (Fig. S5-8), the 
scaling and wetting resistance of the reference, Anti-dp, and SH-Omni 
membranes are inferior to that of the RSHO membrane when sub
jected to high-salinity (20 wt%) NaCl feed solution (Fig. 3). This result 
demonstrates that the synergistic effects of the anti-deformable pores, 
induced by PDMS welding, and the superhydrophobic-omniphobic 
surface, induced by grafting and fluorinating silica nanoparticles, are 
indispensable for long-term scaling and scale-induced wetting resistance 
for fibrous membranes used to concentrate high-salinity feed solutions 
[31,48–50]. Interestingly, both the C-membrane and the RSHO mem
brane exhibited excellent scaling and scale-induced wetting resistance 
after 24 h of operation. This phenomenon observed for the C-membrane 
may be attributed to its small average pore size, anti-deformable pores, 
as well as dense membrane structure. However, the water vapor flux of 
the RSHO membrane is about 2.3 times higher than that of the 
C-membrane and thus the RSHO membrane’s MD performance is su
perior overall. 

(ii) Resistance to wetting when concentrating model high salinity 
solution. To compare the resistance to scale-induced wetting when 
concentrating a high-salinity feed solution between the conventional 
phase-inversion membrane and the fabricated fibrous membrane, the C- 
membrane and RSHO membrane were used to concentrate an NaCl feed 
solution with an initial concentration of 20 wt% NaCl in DCMD exper
iments (Fig. 4 and S9). Herein, we intentionally chose 20 wt% NaCl as 
feed solution, which is approaching its saturation concentration, to 
reduce the experiment time. It is worth noting the approximately 2 times 
greater water vapor flux observed for the RSHO membrane compared to 

that of the C-membrane (Fig. 4a). Most importantly, given the enhanced 
flux due to the unique interconnected pores of the RSHO membrane, 
500 mL of distilled water can be recovered in 34 h while the C-mem
brane with closed pore structure should take about 60.5 h as shown in 
Fig. 4b, indicating that the RSHO membrane is more energy and time- 
efficient. Both membranes exhibit a gradual decrease in water vapor 
flux as the concentration of NaCl in the feed solution increased which, in 
part, can be attributed to the decline in vapor pressure, and thus driving 
force for water vapor transport, with increasing salt concentration [34]. 
The increase in distillate conductivity in the C-membrane experiment as 
shown in Fig. 4c indicates that the embedded scaling crystals grew into 
the membrane pores, creating a path for saline feed liquid to pass 
directly to the distillate while the RSHO membrane resisted scale 
induced wetting and thus maintained excellent salt rejection efficiency 
throughout the entire experiment (Fig. 4b). Additionally, FE-SEM im
ages with corresponding elemental mapping of the RSHO membrane and 
C-membrane after concentrating the NaCl solution from 20 to 38 wt% 
reveal a scale layer composed of NaCl crystals with various sizes and 
geometries (Fig. 4d and Fig. S10). The layer of NaCl crystals are both 
deposited on the C-membrane surface and embedded in its pores, while 
only a small amount of NaCl crystals are observed on the RSHO mem
brane surface. The scaling, and subsequent scale-induced wetting, 
behavior of the C-membrane and the RSHO membrane depends on the 
membrane surfaces. The engineered roughness and ultra-low surface 

Fig. 3. DCMD performance (a) Normalized water flux and (b) Conductivity of 
the high salinity wastewater of relevant membranes for durable desalination of 
20 wt% of NaCl solution. The initial water flux of the C-membrane, reference 
membrane, Anti-dp membrane, SH-Omni membrane, and RSHO membrane is 
11.20, 21.70, 21.18, 23.55 and 25.48 L m− 2 h− 1, respectively. (The initial 
volume of 20 wt% NaCl is 800 mL, both the flow rates of the feed and distillate 
were maintained at 100 mL min− 1 (9.21 cm s− 1 in our MD module), the 
temperate of the feed side and distilled side was fixed at 55 and 20 ◦C, 
respectively.). 
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energy of the RSHO membrane allows it to maintain a stable 
Cassie-Baxter wetting state and thus avoid contact between the feed 
liquid and membrane surface via a stable air layer while the combined 
low surface energy effects of the PDMS and 17-FAS decrease the 
nucleation potential on the RSHO membrane surface [44,51,52]. 

(iii) Resistance to wetting when concentrating industrially relevant 
high-salinity solutions: reverse osmosis brine, gypsum, and calcium 
chloride. The RSHO membrane’s ability to concentrate industrially 
relevant high-salinity salt solutions in DCMD was compared between 
reverse osmosis (RO) brine, gypsum, and calcium chloride feed solutions 
(Fig. 5). The RSHO membrane was able to effectively concentrate the RO 
brine and calcium chloride feed solutions suffering only a ~10% decline 
in water vapor flux as the feed concentration increased by 285%, thus 
decreasing the driving force for water vapor transport [34]. Further
more, salt rejection efficiency of ~100% was maintained throughout the 
entire experiment. However, the RSHO membrane was less effective in 
concentrating the gypsum feed solution as it was both scaled and wetted 
after recovering ~210 mL of distillate. This phenomenon has been 
previously reported by Lin and Xiao, in that the superhydrophobic 
membrane cannot effectively eliminate gypsum scaling and 
scale-induced wetting long-term [4,18,23]. The fundamental differences 
in scaling and scale-induced wetting behaviors between feed solutions, 
specifically gypsum and NaCl, needs further investigation in order to 
develop effective mitigation strategies or novel membrane fabrication 
techniques that may resist gypsum scaling long-term. 

3.3. Resistance to surfactant-induced wetting in high-salinity feed 
solutions 

Although the C-membrane and the RSHO membrane displayed 
similar resistance to scaling and wetting when faced with single- 
component high-salinity NaCl feed solution, the conventional hydro
phobic and superhydrophobic membranes used in MD generally fail to 
effectively separate high-salinity wastewater containing amphiphilic 
organic contaminants such as surfactants, especially in high concen
tration of 20 wt% NaCl. To compare the surfactant-induced wetting 

resistance of the RSHO membrane and C-membrane, 0.1 mM SDBS was 
used to model a typical amphiphilic contaminate in high-salinity (20 wt 
% NaCl) feed solution. As shown in Fig. 6, the RSHO membrane 
exhibited stable water vapor flux and high salt rejection efficiency 
throughout the entire experiment (1440 min), while the C-membrane 
was almost immediately wetted, with continuously increasing conduc
tivity from the beginning of the experiment to 491 μS cm− 1 after 420 
min. It is worth noting that the SH-Omni membrane can resist 
surfactant-induced wetting in saline feed solutions according to previous 
study [23], but it fails to effectively resist scale-induced wetting in the 
presence of high-salinity NaCl feed solution (20 wt%) (Fig. S7). These 
results demonstrate that the synergistic effects of anti-deformable pores 
and low-surface-energy surface chemistry plays a key role in high per
formance MD for fibrous membranes with both surfactant and 
scaling-induced wetting resistance while maintaining superior water 
vapor flux characteristics relative to conventional phase inversion 
membranes. 

3.4. Insight into the anti-wetting mechanism with the RSHO membrane 

In the crossflow DCMD system (Fig. S4), with the membrane sand
wiched between the flowing feed and distillate streams, the membrane 
element continuously vibrated. In the case of membrane vibration as 
shown in Video S1, the water flow produces a non-vertical impact force 
on the membrane, generating an expanding effect on the membrane 
pore (Fig. S11). To investigate the anti-scaling and anti-wetting effect of 
the anti-deformable pores in the RSHO membrane, ABAQUS software 
was used to simulate the pore deformation. First, the pore deformation 
effect was simulated for comparing the PDMS welding effect between 
the reference and Anti-dp membranes in flowing water. In the simula
tion experiment, all the fibers were assumed to be cylindrical structures 
with equal diameter. The pore deformation ratio of the reference 
membrane is about 100 times higher than that of the RSHO membrane 
that calculated by the ABAQUS software. If the fibrous membrane had 
not been welded, the saline water would contact the air-layer inside the 
membrane pores (inset in Fig. 7a). This provides the opportunity for 

Fig. 4. Concentration performances of the 
C-membrane and the RSHO membrane for 
persistently concentrating the high salinity 
wastewater with an initial 20 wt% of NaCl 
feed solution. (a) Normalized flux as a 
function of the feed solution concentration 
and (b) the mass of collected distilled water 
as a function of the time. (c) Permeate con
ductivity of the above two membranes as a 
function of the feed solution concentration. 
(d) FE-SEM image of the RSHO membrane 
with corresponding elemental mapping im
ages after concentrating NaCl solution from 
20 to 38 wt%. The initial water flux of the C- 
membrane and RSHO membrane is 12.44 
and 22.94 L m− 2 h− 1, respectively. (The 
initial volume of 20 wt% NaCl is 800 mL, 
both the flow rates of the feed and distillate 
were maintained at 100 mL min− 1 (9.21 cm 
s− 1 in our MD module), the temperate of the 
feed side and distilled side was fixed at 55 
and 20 ◦C, respectively.).   
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saline water to penetrate the membrane pores and gradually pave free 
diffusion of salt molecules from the concentrated feed side to the 
distillate side. This guess can be verified by the experiment that the 
reference membrane was filled with saline water under occasional sit
uation as shown in Fig. S12. Instead, the Anti-dp membrane maintains 
robust pore stability allows the fibrous membrane to overcome the 
asymmetrical hydraulic perturbance that enlarges membrane pore size 
thus, stabilizing the surface-bound air layer for long-term scaling resis
tance (Fig. 7b). 

Supplementary data related to this article can be found at https 
://doi.org/10.1016/j.memsci.2020.118768. 

Other than establishing anti-deformable pores, surface wettability is 
also an essential factor for improving fibrous membrane wetting resis
tance because the surface roughness and surface free energy play a 
pivotal role in determining the stability of the air-layer in the membrane 
pores (Fig. S13) [23]. Hence, membrane superhydrophobicity and 
omniphobicity further enhances the anti-deformable pore fibrous 
membrane’s ability to resist wetting. Generally speaking, roughness is 
known to increase the hydrophilicity of a high surface energy surface or 

increase hydrophobicity of a low surface energy surface [53,54]. 
Therefore, given the same intrinsic surface free energy, a smooth hy
drophobic membrane can be more easily wetted than a hierarchically 

Fig. 5. Normalized flux and distillate conductivity as a function of the water 
recovery using the RSHO membrane in reverse osmosis concentrated water, 
gypsum and calcium chloride scaling and wetting experiments, respectively. 
The average initial water flux for concentrating the three types of salt solution is 
30.52, 34.95 and 35.55 L m− 2 h− 1. The reverse osmosis concentrated water was 
composed of 32.61 g L− 1 NaCl, 1.03 g L− 1 KCl, 4.52 g L− 1 MgCl2, 2.91 g L− 1 

MgSO4 and 1.80 g L− 1 CaSO4. The gypsum was composed of 14 mM L− 1 CaCl2 
and 14 mM L− 1 Na2SO4. The feed CaCl2 concentration was fixed at 1.5 wt%. 
(The initial volume of simulated RO concentrated water, gypsum water, and 
calcium chloride water is 958, 996.45 and 998.85 mL, respectively, both the 
flow rates of the feed and distillate were maintained at 100 mL min− 1 (9.21 cm 
s− 1 in our MD module), the temperate of the feed side and distilled side was 
fixed at 55 and 20 ◦C, respectively.). 

Fig. 6. Desalination performances of the high salinity wastewater of relevant 
membranes for durable desalination of 20 wt% of NaCl solution with 0.1 mM of 
SDBS. The initial water flux of the C-membrane and RSHO membrane is 10.95 
and 25.22 L m− 2 h− 1, respectively. (The initial volume NaCl + SDBS solution is 
800 mL, both the flow rates of the feed and distillate were maintained at 100 
mL min− 1 (9.21 cm s− 1 in our MD module), the temperate of the feed side and 
distilled side was fixed at 55 and 20 ◦C, respectively.). 

Fig. 7. ABAQUS software was used to simulate the ability of different pore 
structured membranes to resist membrane pore deformation, (a) the reference 
membrane and (b) the RSHO membrane. (c) Schematic demonstrating the 
membrane surfaces wettability and pore structure on the effect of membrane 
anti-scaling performance. 
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rough hydrophobic membrane surface. Additionally, the hierarchically 
rough membrane surface would be endowed with a large number of 
small protrusions that trap air underneath the liquid droplet, achieving a 
metastable Cassie-Baxter wetting state. The existence of the 
Cassie-Baxter wetting state results in a stabile surface-bound air layer 
that reduces contact between the membrane surface and high-salinity 
feed solution, scaling crystals, and feed solutions with amphiphilic 
components to limit the potential for wetting altogether. 

The improved liquid entry pressure of the RSHO membrane 
demonstrated in also reveals the synergistic wetting resistance effect of 
the anti-deformable pores and enhanced surface wettability of the 
fibrous membrane. However, the inclusion of the cross-linked PDMS and 
the fiber welding at their junctions may potentially smooth the mem
brane surface roughness and decrease the membrane hydrophobicity 
(Figs. S14 and 15). With lower PDMS/17-FAS concentrations (0.5–1.0 
wt%), anti-deformable pores and rough fiber surfaces could be observed 
while the WCA increased from 154 to 158◦. Further increasing the 
PDMS/17-FAS concentration up to 3 wt% decreased the fiber surface 
roughness and thus decreased the WCA to 152◦ [55]. Meanwhile, the 
RSHO membrane’s wetting resistance also depended on the concentra
tions of PDMS/17-FAS (Fig. S16), demonstrating that the higher 
PDMS/17-FAS concentrations (3 wt%) considerably compromises the 
wetting resistance of the fibrous membrane. 

To better understand the scaling and wetting status of the C-mem
brane and the RSHO membrane after the DCMD experiment, both 
membranes were removed from the test cell and visually examined 
(Fig. 7c & Fig. S17). The feed side surface of the RSHO membrane and C- 
membrane remained clean of any visible scaling crystals, while a large 
area of scaling crystals was visible on both the reference and SH-Omni 
membrane surfaces (highlighted by the red dotted circles in Fig. 7c). 
For a smoother hydrophobic membrane surface, the membrane can be 
easily wetted because the increased probability of NaCl crystal deposi
tion/nucleation and amphiphilic contaminant adsorption on the mem
brane surface (Fig. 7c). For the SH-Omni membrane surface, the stable 
air layer induced by the superhydrophobic membrane wetting proper
ties effectively restricts direct contact between the membrane surface 
and the high-salinity, amphiphilic contaminant containing, feed solu
tion and scale inducing salt crystals, thus, to some extent, effectively 
relieves crystal/amphiphilic contaminant deposition on the membrane 
surface. However, the hydraulic perturbation imposed on the membrane 
due to the water flow led to pore deformation and thus, provided an 
opportunity for NaCl crystals to embed into and wet the membrane 
pores. Fortunately, the RSHO membrane can stabilize the surface-bound 
air layer structurally and chemically, which not only alleviates the 
deformation of fibrous membrane pores but also avoids direct contact 
between the membrane surface and the scaling crystals or amphiphilic 
contaminants, empowering the long-term reliability of the superior 
water vapor flux fibrous membrane for concentration of high-salinity 
wastewaters. 

4. Conclusion 

In summary, a novel structured fibrous membrane with anti- 
deformable pores and superhydrophobic-omniphobic surface was 
developed via sequential electrospinning, membrane roughness 
enhancement, and inter-fiber welding to achieve a novel membrane 
with superior water vapor flux and reliable resistance to scaling and 
wetting. The membrane exhibited excellent scaling and wetting resis
tance along with comparably high water flux when concentrating high- 
salinity NaCl solution, simulated reverse osmosis brine, gypsum, and 
amphiphilic contaminant containing high-salinity wastewater. Based on 
the experimental results, the mechanism of the RSHO membrane’s 
increased resistance to scaling and resistance to wetting by both organic 
and inorganic contaminants was discussed. The pore deformation effect 
caused by hydraulic perturbance on the membrane due to water flow 
was also revealed by ABAQUS software simulations. The synergistic 

effect of the anti-deformable pores and the superhydrophobic- 
omniphobic surface wetting properties of the fibrous membrane al
lows for the durable concentration of high-salinity wastewaters, paving 
a novel methodology with well-defined theory to control wetting of 
fibrous membrane for the treatment of high-salinity wastewaters. 
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