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A B S T R A C T   

Membrane distillation (MD) is a promising membrane-based thermal process capable of desalinating highly 
saline water. However, its application is limited by fouling and wetting of commercial hydrophobic membranes. 
Inspired by the lotus leaf, we developed a biomimetic superhydrophobic polyvinylidene fluoride (PVDF) 
membrane for robust MD via self-assembly method. The hierarchical micro-nanoscale texture on the membrane 
surface was constructed by grafting the spherical polyvinylsilsesquioxane (PVSQ) nanoparticles onto micron- 
sized silica particles (SiPs). The membrane surface energy can be simultaneously lowered due to the hydro-
phobic groups including vinyls and methoxyls created from the condensation reaction of the vinyl-
trimethoxysilane (VTMOS). The resulting membrane showed a very high water contact angle (~160�) and a low 
water sliding angle (<15�), demonstrating the strong hydrophobicity that is expected for a lotus-leaf-like surface. 
Compared to the commercial PVDF membrane, the fabricated superhydrophobic membrane exhibited superior 
resistance against wetting by a surfactant (sodium dodecyl sulfate) and fouling by humic acid during MD ex-
periments. Our results suggest that biomimetic superhydrophobic membranes can enhance the operational 
robustness of MD and facilitate the efficient use of MD for desalinating saline wastewaters in favor of beneficial 
water reuse and resource recovery.   

1. Introduction 

With increasing stress on water resources and growingly stringent 
regulations on liquid waste discharge, zero liquid discharge (ZLD) has 
been on the rise globally [1]. Essential to ZLD are effective brine man-
agement technologies that are both economical and operationally reli-
able [2]. Membrane distillation (MD) has been recognized as one of the 
promising desalination technologies for further recovering water and 
concentrating the brine after a feed solution has been treated using 
reverse osmosis in a ZLD treatment system [3]. The major advantages of 
MD include the capability of treating hypersaline brine using low-grade 
thermal energy, near-perfect rejection of non-volatile species, and the 
relatively low capital cost compared to conventional thermal distillation 
processes especially when it is employed as a small-scale and modular 
unit process [4–7]. For these reasons, research and development related 
to MD for hypersaline brine treatment has increased dramatically in 

recent years. 
Vapor transfer in MD is driven by either a temperature- or vacuum- 

induced partial vapor pressure difference across the MD membrane [8]. 
Regardless of specific system configurations, an MD membrane always 
serves as a barrier for direct liquid permeation but a medium for vapor 
transfer [9]. Therefore, an MD membrane must be hydrophobic to pre-
vent the intrusion of feed solution [10]. Materials of commercial 
membranes that are typically used in MD studies include polyvinylidene 
fluoride (PVDF), polypropylene (PP), and polytetrafluoroethylene 
(PTFE) [11]. These hydrophobic commercial membranes perform well 
in desalinating relative clean saline water such as seawater and brackish 
water [12,13]. However, their performance can be significantly 
compromised by feed waters containing hydrophobic or amphiphilic 
contaminants. Specifically, hydrophobic contaminants are prone to 
attach onto the surface of these membranes via long-ranged and 
attractive hydrophobic-hydrophobic interactions [14], resulting in pore 
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blocking and flux decline in long-term MD operation [15]. Amphiphilic 
contaminants, on the other hand, can actively adsorb onto pore walls 
within a membrane and change the wetting properties of the membrane 
pores, which can eventually lead to pore wetting and poor salt rejection 
[16,17]. These limitations prevent the use of commercial hydrophobic 
membranes in MD for treating complex wastewaters such as oil and gas 
produced water and wastewater from a variety of industries [18,19]. 

Nature provides many inspirations for developing novel biomimetic 
materials. A well-known example is the lotus-leaf which has inspired 
material scientists to develop superhydrophobic surfaces with similar 
structures. According to the well-documented “lotus effect,” the micro-
scopic surface architecture minimizes the adhesion of water to the sur-
face, resulting in very high water contact angle and very low sliding 
angle [20]. Spherical water droplets can roll on a lotus leaf easily and 
collect any contaminants on the surface, which is described as a 
self-cleaning effect [21]. In general, the development of a super-
hydrophobic surface requires both large, preferably hierarchical, surface 
roughness and low surface energy [22]. Following this principle, a wide 
variety of the artificial superhydrophobic surfaces have been developed 
using different methods such as lithographic patterning, plasma etching, 
anode oxidation, sol-gel method, phase separation, electrospinning, and 
chemical etching [23–25]. 

The development of superhydrophobic membranes have also 
attracted significant interest in MD applications. A superhydrophobic 
glass membrane for MD was prepared through a process that involved 
glass fiber drawing, dissolving template material and chemical etching 
[26], however, the fabricated membrane presented a low permeate flux. 
As a versatile approach that can create nanometer- or 
submicrometer-sized fibrous structures, electrospinning was also intro-
duced to fabricate superhydrophobic membranes [27,28], but the me-
chanical strength of the fibrous membranes was unsatisfactory for 
industrial MD applications. Additionally, surface modification tech-
niques, such as spray coating and plasma etching [29,30], were used to 
prepare superhydrophobic MD membranes. It has been a common 
practice for the aforementioned methods to introduce fluoro-silanes to 
lower membrane surface energy to obtain superhydrophobic surfaces 
[31,32], which are costly and environmentally unfriendly. Among the 
many modification techniques, self-assembly is one of the simplest for 
the creation of hierarchical structures on a membrane surface. The 
self-assembly technique displays a good potential for scalability, and it is 
relatively cost-effective and environmentally friendly [33]. 

Herein, inspired by the lotus leaf, we aim to fabricate a novel 
superhydrophobic membrane for MD by conducting self-assembly on a 
commercial PVDF membrane. The hierarchical micro-nanoscale rough 
surface structures are to be constructed by synthetic silica composite 
particles comprising modified micro-sized silica particles (SiPs) with 

spherical polyvinylsilsesquioxane (PVSQ) nanoparticles grafted onto the 
SiPs surfaces. The surface energy of the prepared membrane can be 
simultaneously lowered by the hydrophobic groups, including vinyls 
and methoxyls, created from the condensation reaction of the fluoride- 
free SiPs modifier vinyltrimethoxysilane (VTMOS). Additionally, two 
suites of MD desalination tests were carried out, one included a sur-
factant (sodium dodecyl sulfate, SDS), while the other was in the pres-
ence of a type of natural organic matter (humic acid, HA). As a proof-of- 
concept, the resultant superhydrophobic membrane presented robust 
MD performance compared with the neat PVDF membrane. The facile 
and environmentally-friendly approach developed in this study provides 
a new perspective for fabrication of superhydrophobic membranes for 
robust MD operation. Due to the superior anti-wetting and anti-fouling 
properties, the fabricated membrane is promising and feasible for 
desalination with MD, especially for challenging saline wastewaters 
with strong fouling or pore wetting potential. 

2. Material and methods 

2.1. Materials 

The commercial PVDF hydrophobic flat sheet membrane with a 
mean pore size of about 0.75 μm was obtained from Millipore Co., Ltd. 
Silica particles (SiPs, 99.99%) with a size of about 10 μm, ammonium 
hydroxide solution (AR grade, 25%), vinyltrimethoxysilane (VTMOS, 
98%), humic acid (HA, �90%) and calcium chloride (Anhydrous, 96%) 
were supplied from Macklin Co, Ltd. Absolute ethanol (EtOH, 99%), 
sodium chloride (Anhydrous, >99.5%) and sodium hydroxide (AR 
grade, 96%) were purchased from Sinopharm Chemical Reagent Co., 
Ltd. Sodium dodecyl sulfate (SDS, �99%) was acquired from Sigma- 
Aldrich. The deionized water was from a Milli-Q ultrapure water sys-
tem (Millipore, USA). 

2.2. Membrane preparation 

2.2.1. Preparation of the hydrophobic SiPs-PVSQ composite sol 
First, SiPs were slowly dispersed in 200 mL EtOH under magnetic 

stirring for 0.5 h at room temperature. NH3⋅H2O was then added into the 
SiPs suspension until the pH reached 10. VTMOS of four times SiPs mass 
was then added into the suspension dropwise. The mixture was soni-
cated for 2 h at 40 �C and then stirred for another 10 h at the same 
temperature to promote complete modification of the SiPs. During the 
SiPs hydrophobic modification by VTMOS, the spherical PVSQ nano-
particles were introduced and grafted onto the SiPs surface as intended 
by the condensation reaction of the VTMOS in the presence of NH3⋅H2O. 
The resulting dispersion is referred to as the hydrophobic SiPs-PVSQ 

Fig. 1. Graphical illustration of the self-assembly technique for the surface modification of a commercial PVDF membrane.  
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composite sol. 

2.2.2. Fabrication of the superhydrophobic membrane 
The commercial PVDF membrane was modified by the SiPs-PVSQ 

particles following a procedure illustrated in Fig. 1. The detailed 

composition of different SiPs-PVSQ composite sol used for membrane 
modification and the corresponding resultant composite membrane are 
list in Table S1. The commercial PVDF membrane with a size of 128 �
115 mm2 was first treated with a 12.0 mol/L NaOH solution at 60 �C for 
2 h to introduce hydroxyl groups to the membrane surface. The alkali- 

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

Fig. 3. SEM images of the surfaces of the commercial PVDF membrane and the modified membranes, and the synthetic SiPs-PVSQ composite particles.  
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treated PVDF (PVDF-OH) membrane was immersed into the SiPs-PVSQ 
composite sol solution for 0.5 h at 40 �C to absorb the SiPs-PVSQ com-
posite particles onto the PVDF-OH membrane. Finally, the modified 
membrane was air-dried at room temperature. 

2.3. Membrane characterization 

The morphology, porosity, wettability and chemical composition 
were characterized using the techniques as described below. The 
morphology of the pristine commercial PVDF membrane and the 
modified membranes were investigated using scanning electron micro-
scopy (SEM) (Hitachi SU-70, Japan). The membrane surface topography 
was characterized using atomic force microscopy (AFM) (NanoScope 
IIIa, Digital Instruments, USA). For each membrane sample, an area of 5 
� 5 μm2 was scanned using the tapping mode. 

The porosity of the membranes was measured using the gravimetric 
method [34], the membrane sample with a certain area should be fully 
wetted first and then the wet and dry weights of the membrane sample 
were measured by using a Halogen Moisture Meter (HR83, 
Mettler-Toledo, Switzerland). The mean pore size and pore size distri-
bution of the membranes were determined by using a Capillary Flow 
Porometer (CFP) (Porolux 1000, IB-FT GmbH, Germany) with a 
low-surface-tension (16 mN/m) wetting agent. The liquid entry pressure 
of water (LEPW) of the membrane was determined following the method 
described by Smolders and Franken [35], by connecting an ultrafiltra-
tion cup to the CFP. 

The water contact angle (WCA) of each membrane was measured 
using an optical goniometer (OCA20, Data Physics Instruments Ltd., 
Germany). The water sliding angle (WSA) of each membrane was 
determined by measuring the minimum tilting angle (from a horizontal 
position) for a 10 μL water droplet to roll off. Both WCA and WSA 
measurements were taken using five randomly selected spots and the 
average values are reported. 

Fourier transform infrared spectroscopy (FTIR) analyses were con-
ducted to analyze the distribution of functional groups on the membrane 
surface, using a FTIR Spectrometer (PerkinElmer, USA) with attenuated 
total reflectance (ATR). The IR spectra of the pressed membrane samples 
were scanned at a resolution of 4 cm� 1 from 650 to 4000 cm� 1 with 64 
scans for each sample. 

2.4. Membrane performance in membrane distillation 

Both the commercial PVDF membrane and the modified membranes 
were tested in direct contact MD (DCMD) experiments using a setup 
illustrated in Fig. 2. The membrane module has a plate-and-frame 
configuration with effective membrane area of 7.47 � 10� 3 m2. The 
feed and distillate solutions flowed co-currently through the module 
with the same flow velocity of 0.35 m/s. The feed and distillate tem-
peratures were maintained at 53 �C and 20 �C, respectively. The distil-
late weight and conductivity were recorded automatically at set 
intervals, and the salinity of the distillate was calculated from the 
measured conductivity based on a pre-established calibration curve. The 
permeate flux and the salt rejection were calculated from the rates of 
change in the distillate mass and salinity. The permeate flux was 
calculated by the following equation: 

J¼
ΔW
A⋅Δt

(1)  

where J is the permeate flux (kg/m2h), ΔW is the mass of the permeate 
(kg), A is the effective area of the used membrane (m2) and Δt is the time 
interval (h). The salt rejection R of the membrane was calculated ac-
cording to the following equation: 

R¼
Cf � Cp

Cf
(2)  

where Cf and Cp are the salt concentration of the feed and the permeate, 
respectively. 

To compare the wetting resistance of the modified superhydrophobic 
membrane and the commercial PVDF membrane, SDS was added to the 
feed solution (3.5 wt% sodium chloride solution) to reduce its surface 
tension. The SDS concentration in the feed after sequential additions was 
0.1, 0.2, and 0.3 mM, and the surface tension of the corresponding saline 
feed was about 42.4, 34.8, and 30.5 mN/m. The fouling resistance of the 
modified membrane was evaluated using DCMD experiments with a feed 
solution comprising NaCl (100 g/L), HA (50 mg/L) and CaCl2 (20 mM). 

3. Results and discussion 

3.1. Membrane surface morphology 

The SEM images featuring the surface morphology of the commercial 
PVDF membrane and the modified membranes are shown in Fig. 3. The 
pristine commercial PVDF membrane has a sponge-like porous structure 
resulting from thermal induced phase separation. In contrast, the surface 
of the modified membrane is fully covered with micron-sized SiPs (9.56 
� 4.82 μm) that are decorated with nano-sized PVSQ particles, which 
resemble the papillae on natural lotus leaf surfaces [36]. The 
micron-sized SiPs and nano-sized PVSQ roughness together create a 
two-scale hierarchical textured surface, which is critical for imparting 
superhydrophobicity [37]. 

With increasing concentration of the SiPs-PVSQ composite sol, more 
and more of the membrane surface is covered by the SiPs-PVSQ com-
posite particles, which is demonstrated by the energy dispersive spec-
troscopy (EDS) mapping images of the relevant elements distribution on 
the surfaces of the commercial PVDF membrane and the modified 
membranes (Fig. S1). The entire surfaces of the PVDF-M3 and PVDF-M4 
modified membranes are ultimately bestrewn with silica composite 
spheres. The hierarchical micro-nanoscale rough surface structure of the 
modified membrane might contribute to sustaining a metastable Cassie- 
Baxter state for the liquid-solid-vapor interface, which can reduce the 
solid-liquid contact area and improve membrane surface hydrophobicity 
to some extent [38]. 

3.2. Membrane surface FTIR analysis 

The FTIR spectrum of the commercial PVDF membrane presented 
main absorption peaks at 765, 840, 875, 1070, 1183, 1404 and 3025 
cm� 1 wavenumbers (Fig. 4), which indicates that the polymer PVDF in 

Fig. 4. ATR-FTIR spectra of the commercial PVDF membrane and the modified 
PVDF membranes. 
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the commercial membrane primarily consisted of α-phase (peaks at 765, 
1070 and 1404 cm� 1) and β-phase (peaks at 840 and 1183 cm� 1) 
crystals. The peaks at 3025 cm� 1 and 1183 cm� 1 correspond to CF2 
stretching vibration and bending vibration, respectively. There is a 
strong absorption peak observed at 875 cm� 1 characteristic of the C–C–C 
skeleton vibration, while the peak at 1404 cm� 1 corresponds to CH2 
deformation vibration. 

In the FTIR spectrum of the alkali-treated PVDF-OH membrane, the 
CF2 stretching vibration (at 3025 cm� 1) is weakened significantly and a 
broad adsorption band around 3100-3500 cm� 1 (-OH stretching vibra-
tion) can be observed, which suggests that the alkali treatment led to the 
defluorination of PVDF polymer and formation of surface hydroxyl 
groups. For the modified membranes, a strong and broad absorption 
band is observed around 1100 cm� 1 which is characteristic for Si–O–Si 
anti-symmetric stretching vibration. In addition, the peaks at 1183 cm� 1 

and 1070 cm� 1 overlaps with the absorption peak of Si–O–Si. The ab-
sorption peak around 800 cm� 1 corresponds to the Si–C stretching vi-
bration. In addition, with the composite sol content increasing, both the 
adsorption peaks at 1602 cm� 1 (-CH––CH2 stretching vibration) and 
2958 cm� 1 (-CH3 anti-symmetric stretching vibration) become stronger, 
which indicates the successful surface grafting of hydrophobic vinyl and 
methoxyl groups. 

3.3. Membrane surface wettability 

The surface wettability is very different for the pristine PVDF 

membrane and the modified membranes. As shown in Fig. 5, the com-
mercial PVDF membrane has a WCA of 136.3�, while all the WCAs of the 
modified membranes are higher than 150�. Increasing the concentration 
of the SiPs-PVSQ composite sol in modification increases the WCA and 
reduces the WSA. Specifically, the WCAs of the PVDF-M3 and PVDF-M4 
membranes are both above 160�, whereas their WSAs are below 20�. 

The very high WCA and low WSA suggest that wetting of the 
modified PVDF membranes, especially PVDF-M3 and PVDF-M4, is in an 
excellent Cassie-Baxter state [39]. The water droplet on the surface of 
the modified membranes was actually supported by a composite inter-
face containing the solid hierarchical texture and the vapor/air 
entrapped among the composite particles, which meant an increase of 
the liquid-vapor interface and a reduce of the solid-liquid contact area. 
Meanwhile, the air packets trapped underneath the liquid droplet also 
increased liquid mobility on membrane surface. In contrast, the WSA of 
the pristine PVDF membrane was unmeasurable (i.e. the water droplet 
does not roll off even on a vertical membrane surface), which indicates 
that wetting of water on a pristine PVDF membrane is in a Wenzel state 
[40]. 

AFM topography measurements suggest that the surface modifica-
tion increases the surface roughness of the membranes (Fig. 6). Specif-
ically, the average surface roughness (Ra) of the membranes were 132 
nm, 234 nm, 275 nm, 359 nm and 402 nm for the pristine PVDF 
membrane, PVDF-M1, PVDF-M2, PVDF-M3 and PVDF-M4 membranes, 
respectively. The corresponding root mean square surface roughness 
(Rq) of these membranes were 176 nm, 298 nm, 378 nm, 466 nm and 
516 nm, respectively. The presence of the SiPs-PVSQ composite particles 
significantly enhances the surface roughness, which is consistent with 
the SEM morphology shown in Fig. 3. The rougher surface morphology 
is capable of enhancing hydrophobicity and reducing liquid pinning 
based on the Cassie-Baxter theory [39]. 

Fig. 5. Water contact angles and sliding angles of the commercial PVDF 
membrane and the modified membranes. 

Fig. 6. AFM images of the surfaces of the commercial PVDF membrane and the modified membranes.  

Table 1 
The structural properties of the commercial PVDF membrane and the modified 
membranes.  

Membrane Porosity 
(%) 

Thickness 
(μm) 

Mean pore 
diameter 
(μm) 

Maximum 
pore size 
(μm) 

LEPW 

(bar) 

PVDF 77.6 �
2.2 

102.5 �
1.7 

0.75 � 0.05 1.13 � 0.08 3.15 �
0.18 

PVDF-M1 75.1 �
1.7 

115.8 �
2.1 

0.72 � 0.03 1.12 � 0.11 3.27 �
0.23 

PVDF-M2 73.3 �
2.6 

118.6 �
3.4 

0.70 � 0.07 1.10 � 0.09 3.34 �
0.17 

PVDF-M3 70.8 �
1.5 

120.3 �
2.2 

0.65 � 0.06 1.05 � 0.07 3.51 �
0.13 

PVDF-M4 66.2 �
3.1 

134.5 �
2.8 

0.58 � 0.02 1.07 � 0.10 3.53 �
0.15  
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3.4. Membrane structural properties 

After surface modification, the membrane LEPW value was improved, 
which contributed to membrane performance stability during MD 
application. Compared with the commercial PVDF membrane, the pores 
of the modified membranes became smaller and pores distribution 
became narrower (Fig. S2 and Table 1). At the same time, the porosity of 
the modified membranes also decreased. In general, the higher thickness 
(due to the addition of the surface modification layer) and lower 
porosity would increase the vapor transfer resistance during MD process 
[41], which may compromise the distillate flux of the modified 

membranes. Because PVDF-M4 was thicker and less porous than 
PVDF-M3 (Table 1) but the WCA and WSA of the two membranes were 
similar (Fig. 5), we chose PVDF-M3 for more comprehensive investiga-
tion of MD performance. 

3.5. Mechanism of membrane surface modification 

Figs. 3 and 6 suggest that a hierarchical surface morphology was 
created by the grafted SiPs-PVSQ composite particles via self-assembly. 
The proposed mechanism of the surface modification is described here 
with illustration shown in Fig. 7. In the presence of NH3⋅H2O, the SiPs 

Fig. 7. Proposed mechanism for the surface modification of the commercial PVDF membrane.  
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dispersed in EtOH undergoes hydrolysis and acquires surface hydroxyls 
(-OH). Therefore, the VTMOS can be grafted onto the SiPs surface 
through the condensation reaction between the methoxy group of the 
VTMOS and the hydroxyls coated on SiPs surface (Fig. 7a). Due to the 
abundant hydroxyl groups on the SiPs surface, a large number of VTMOS 
molecules were grafted onto the SiPs surface. The self-hydrolysis and 
condensation reactions of the VTMOS molecules produced spherical 
nanoscale PVSQ particles as illustrated in Fig. 7b, leading to the hier-
archical surface structure with two scales of roughness. Meanwhile, the 
hydrophobic groups such as vinyls and methoxyls resulting from the 
condensation reaction of VTMOS lowered the surface energy of the SiPs- 
PVSQ composite particles. The low surface energy and hierarchical 
surface roughness resulted in superhydrophobicity of the modified 
surface. 

As a result of the high alkalinity of the aqueous solution and high 
temperature, the PVDF polymer in the commercial membrane surface 
was attacked by the strong base. The deprotonation of CH2 group and 
occurred readily, and the polymer chain fragment rearranged to yield 
C––C double bonds, which is known as an elimination reaction. In an 
alkaline environment, the C–F cleavage reaction replaced the fluoride 
with a hydroxyl group due to the high activity of hydroxide [42]. 
Through alkali-treatment, the hydroxyl groups were introduced into the 
commercial PVDF membrane surface and the commercial membrane 
could be used for self-assembly modification. The alkali-treated 
PVDF-OH membrane offered active sites for self-assembly, and the 
membrane surface could be successfully grafted with the hydrophobic 
SiPs-PVSQ composite particles via the condensation reaction between 
the methoxyl groups of the SiPs-PVSQ composite particles and the hy-
droxyl groups in the PVDF membrane surface (Fig. 7d). 

3.6. Membrane performance in MD 

3.6.1. Wetting resistance 
To compare the wetting resistance of the commercial PVDF mem-

brane and the modified membrane (PVDF-M3 as the selected example), 
DCMD experiments were performed in the presence of the surfactant 
SDS. To accelerate the wetting process, SDS was added to the feed so-
lution progressively every 2 h to increase the SDS concentration (up to 
0.3 mM). To keep the feed concentrations of salt and surfactant in a 

reasonable range, the distillate was recirculated back to the feed reser-
voir every half hour. 

With the commercial PVDF membrane, wetting occurs even at the 
lowest SDS concentration (0.1 mM), as indicated by the increased trans- 
membrane flux and dramatically reduced salt rejection (Fig. 8). With 
increasing SDS concentration in the feed solution, the membrane wet-
ting became progressively more severe. These results indicated that the 
commercial PVDF membrane was prone to wetting induced by the 
surfactant due to its weak surface hydrophobicity. When the SDS con-
centration increased to 0.3 mM, the trans-membrane flux of the PVDF 
membrane increased more than 500% and the salt rejection dropped 
below 30%. In contrast, the performance of the PVDF-M3 membrane 
was very robust, even with a feed solution of 0.3 mM SDS. Additionally, 
after wetting resistance test, we rinsed the PVDF-M3 membrane with DI 
water to clean the residual surfactant on membrane surface and then 
dried it in air at room temperature. It was verified by membrane surface 
wettability measurement that the PVDF-M3 membrane still maintained 
superhydrophobic. The robust wetting resistance of the modified 
membrane may be attributable to the re-entrant structure created by the 
assembly of micron-sized SiPs-PVSQ spheres with low surface energy 
(the membrane surface tension is listed in Supporting Information 
Table S2). 

3.6.2. Fouling resistance 
To compare the fouling resistance of the commercial PVDF mem-

brane and the modified membrane, DCMD experiments were conducted 
for 150 h using a feed solution comprising NaCl (100 g/L), CaCl2 (20 
mM) and HA (50 mg/L). To maintain constant feed concentration, the 
distillate was fed back to the feed tank every half hour. The initial flux of 
the PVDF-M3 membrane was slightly lower compared with the pristine 
PVDF membrane (Fig. 9), most likely due to the reduced membrane pore 
size and porosity and the increased membrane thickness as summarized 
in Table 1. However, during the 150 h DCMD experiment, the permeate 
flux of the pristine PVDF membrane declined significantly, while the 
PVDF-M3 membrane exhibited a relatively stable flux. At the end of the 
experiment, the permeate flux of the pristine PVDF membrane declined 
by about 30%. In comparison, the flux decline of the PVDF-M3 mem-
brane was less than 10%. 

Based on HSAB theory, as a hard acid, the divalent cation Ca2þ can 
easily interact with a hard base such as -COO-. Because HA contains 
negatively charged carboxyl groups, Ca2þ can act as a binding agent of 
two carboxyl functional groups to form complexes, which may 

Fig. 8. Anti-wetting performance of the commercial PVDF membrane and the 
modified membrane at different SDS concentrations in DCMD. A 3.5 wt% so-
dium chloride solution with varying SDS concentration was used as the feed. 
The flow rate of feed and permeate streams were both 90 L/h. The feed and 
distillate temperatures were 53 �C and 20 �C, respectively. The initial permeate 
fluxes for the commercial PVDF membrane and the modified membrane were 
10.5 kg/m2h and 9.8 kg/m2h, respectively. 

Fig. 9. Anti-fouling performance of the commercial PVDF membrane and the 
modified membrane in DCMD. The mixed solution including NaCl (100 g/L), 
CaCl2 (20 mM) and HA (50 mg/L) was used as the feed. The flow rate of feed 
and permeate streams were both 90 L/h. The feed and distillate temperatures 
were 53 �C and 20 �C, respectively. 
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accelerate HA aggregation. The commercial PVDF membrane is easily 
fouled as the accumulation of aggregated HA blocked the membrane 
pores. Meanwhile, the foulants absorbing into the pores can also induce 
pore wetting as indicated by the gradual increase in distillate conduc-
tivity [15]. In contrast, superhydrophobic PVDF-M3 membrane has 
stronger fouling resistance because the hierarchical micro-nanoscale 
rough structure minimizes the contact between feed solution and the 
solid membrane matrix, i.e., there is significantly less solid/water 
interface for the foulants to adhere to. Foulants that temporarily adhere 
to the water/air interface can be readily removed by the cross-flow. This 
also explains the lack of pore wetting with the PVDF-M3 membrane as 
indicated by a measured distillate conductivity that was practically 
unchanged during the entire experiment. 

The SEM images of the commercial PVDF membrane and the PVDF- 
M3 membrane after the DCMD experiments (Fig. 10) also provide direct 
evidence that the modified membrane was more resistant to fouling than 
the commercial PVDF membrane. It is observed that the pristine PVDF 
membrane surface was completely covered by clumpy foulants. The EDS 
analysis reveals that the clumpy deposits on the membrane surface 
mainly comprised HA, CaCl2 and NaCl. In contrast, the PVDF-M3 
membrane surface is visually free of such deposit. Besides, the EDS 
mapping images of the relevant typical elements distribution on cross- 
sections of the used membranes (Fig. S3) also indicated that the modi-
fied membrane had robust fouling resistance. 

The different wetting and fouling resistance between the pristine 
PVDF membrane and the PVDF-M3 membrane suggests that surface 
wettability of a membrane has a critical impact on the membrane per-
formance in long-term MD operation with feed solution of strong fouling 
or wetting propensity. The robust anti-wetting and anti-fouling perfor-
mance of the PVDF-M3 membrane may enable MD for desalinating 
“more challenging” hypersaline feed water, such as shale gas produced 
water, electroplating wastewater, and wastewater from dyeing and 
other industries. 

4. Conclusions 

In this study, we developed a biomimetic superhydrophobic MD 

membrane using a novel method of constructing multi-scale hierarchical 
re-entrant texture on the surface of a PVDF membrane. The hierarchical 
micro-nanoscale structure was constructed by grafting micron-sized 
silica particles (SiPs) decorated with polyvinylsilsesquioxane (PVSQ) 
nanoparticles onto the membrane surface. The hydrophobic vinyl and 
methoxyl groups generated from the condensation reaction of the 
vinyltrimethoxysilane (VTMOS) impart low surface energy on the 
modified membrane. The modified membrane demonstrates excellent 
water repellence as characterized by high water contact angles and very 
low sliding angles. It also delivers far better fouling and wetting resis-
tance than the pristine PVDF membrane. Our results suggest that the 
biomimetic superhydrophobic membrane is promising for enhancing the 
operational robustness of MD in the presence of fouling and wetting 
agents, which may potentially enable the use of MD for desalinating 
hypersaline brines of complex composition. 
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