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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• We analyze the correlation between 
membrane properties and antiwetting 
performance. 

• Key strategies for engineering antiwet-
ting MD membranes are evaluated. 

• Different methods and materials for 
antiwetting MD membranes are 
discussed. 

• We offer insightful perspectives on en-
gineering antiwetting MD membranes. 

• This review offers comprehensive anal-
ysis and guidelines for MD membrane 
development.  
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A B S T R A C T   

Membrane distillation (MD) is an emerging membrane separation technology with great potential for desali-
nation, wastewater treatment and volatile resource recovery. It becomes even more attractive as it can utilize 
low-grade heat or renewable energy, and treat high-salinity waste liquids towards zero liquid discharge. How-
ever, the performance of MD is often limited by the wetting of hydrophobic porous membranes during operation, 
leading to reduced flux and efficiency. To overcome this challenge, the development of antiwetting hydrophobic 
MD membranes has gained increasing attention in recent years. In this review, we examine the liquid entry 
pressure (LEP) and its influencing factors (e.g. the maximum pore size, surface chemistry/free energy and surface 
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roughness/architecture) of an MD membrane, which determine the antiwetting performance of the porous MD 
membrane. From enhancing the LEP point of view, we propose two key strategies for engineering antiwetting 
surfaces: (1) reducing the membrane pore size, and (2) increasing the liquid contact angle by minimizing the 
surface free energy and the liquid/solid contact area through enhancing the surface roughness and/or creating 
hierarchical/re-entrant structures. These strategies include various specific fabrication techniques, such as sur-
face coating, vapor deposition, layer-by-layer assembly, surface fluorination, and surface functionalization. 
Green surface modification materials and methods are also discussed to reduce the application of less environ-
mentally friendly fluoride-containing compounds. Furthermore, we provide insights and future directions for the 
design and engineering of high-performance antiwetting hydrophobic MD membranes. Overall, this review offers 
a comprehensive analysis of the current state-of-the-art research in engineering antiwetting hydrophobic MD 
membranes, and highlights the potential for the development of next-generation MD membranes with improved 
performance and efficiency.   

1. Introduction 

Water scarcity is a significant global challenge that is closely linked 
to industrialization, urbanization, and population growth [1]. To 
address this problem, a variety of water/wastewater treatment tech-
nologies have been developed [2], such as adsorption [3–5], advanced 
oxidation [6–8], reverse osmosis (RO) [9–11], supramolecular mem-
brane [12,13], catalysis [14–17], forward osmosis [18–20], and mem-
brane distillation (MD) [21–23]. Although significant progress has been 
made with these technologies for providing clean water and resource 
recovery from waste, treating hypersaline wastewater (with higher 
salinity than typical seawater) from RO effluent and mining industries 
remains challenging. Among these technologies, MD has shown great 
promise as a solution for high-salinity wastewater treatment due to its 
unique driving force from the vapor partial pressure difference across 
the membrane [24] and its ability to be powered by low-grade heat [25], 
solar thermal energy [26], geothermal energy [27], or waste energy 
[28]. 

MD is a thermally-driven membrane process [29,30]. Typically, a 
microporous hydrophobic membrane, such as polyvinylidene fluoride 
(PVDF) and polytetrafluoroethylene (PTFE) membrane, acts as a barrier 
for the volatile vapor phase and the nonvolatile compounds of dissolved 
salts, whereas the water vapor passes the hydrophobic pores into the 
cold side [31]. The thermodynamic disequilibrium caused by the tem-
perature difference provides a vapor partial pressure difference across 
the membrane, which is the driving force for water transfer (Fig. 1) 
[29,32,33]. Depending on the membrane pore size and mean free path of 
the evaporated molecules, mass transport can occur through Knudsen 
diffusion, molecular diffusion, and/or Poiseuille's type of flow [34,35]. 
Heat transport occurs through flux and conduction, leading to energy 

loss in the process [36]. MD can be applied in different arrangements, 
including direct contact membrane distillation (DCMD), vacuum mem-
brane distillation (VMD), air gap membrane distillation (AGMD), and 
sweeping gas membrane distillation (SGMD) as depicted in Fig. 2. 

MD has been widely studied for desalination and wastewater treat-
ment due to its special separation mechanism and relatively low oper-
ational requirements for pressures (1 atm) and temperatures (30–80 ◦C) 
[28]. As a result, MD membranes require less mechanical strength 
compared with conventional pressure-driven membrane processes, such 
as RO, nanofiltration (NF), and microfiltration (MF) [37]. Typical re-
quirements of the membranes used in MD are summarized in Table 1. 
Theoretically, the salt rejection of MD to non-volatile compounds can be 
as high as 100 %. MD can produce extremely pure water for industries 
such as semiconductors and pharmaceuticals [38,39]. 

Although MD consumes more thermal energy than RO, it can still 
provide high water recovery at low costs if low-grade or renewable heat 
sources, such as solar, geothermal energy, or waste heat are available 
[39]. MD can also be combined with other water treatment technologies, 
such as electrodialysis, NF and/or RO towards zero liquid discharge 
[40,41]. MD is effective for waste liquids with high salinity, high oil 
content, and high levels of contaminants due to its insensitivity to 
concentration polarization and fouling under the driving force from the 
vapor pressure difference [1,42]. Therefore, MD has attracted growing 
research interests, which is reflected by the growing number of publi-
cations on “membrane distillation” (Fig. 3). 

However, MD also faces several challenges, such as membrane 
wetting and fouling, high energy consumption, low permeation flux, and 
the lack of long-term stability [43–45]. 

Thus, MD has not been commercialized at large scales. The MD flux 
and thermal efficiency can be enhanced by optimizing the operating 

Fig. 1. Schematic illustration of a membrane distillation process.  
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conditions and system configuration [46]. However, wetting and fouling 
are the main challenges of MD as they can damage the membranes, 
reduce membrane permeability, and hinder their long-term operation. 
Fouling can have a significant impact on MD, particularly when the feed 
solution contains high levels of contaminants, such as dye molecules and 
oily substances [47–49]. These contaminants can accumulate on the 
membrane surface or within the pores, leading to reduced permeation 
flux. In addition to fouling, wetting presents a unique challenge for MD, 
as it can significantly increase mass transfer resistance, reduce perme-
ation flux, and decrease energy efficiency [38]. Wetting occurs when the 
transmembrane pressure is higher than the liquid entry pressure (LEP) of 
the hydrophobic membrane, or when the membrane hydrophobicity is 
decreased due to the deposition/adsorption of contaminant compounds 
on the membrane surface or in the membrane pores [50]. 

Wetting can be influenced by several factors, including operational 
conditions, MD configurations, feed solution composition and pretreat-
ment, membrane surface chemistry and morphology [43]. Engineering 
antiwetting membranes plays a vital role in addressing the challenge of 
wetting in MD. Therefore, there has been an increasing interest in 
developing antiwetting hydrophobic membranes via blending or surface 
engineering for MD. Blending involves incorporating hydrophobic 
nanomaterials or polymers to alter the internal nanostructure of the MD 
membrane [42]. Surface engineering for wetting resistance enhance-
ment employs various techniques, such as surface coating, fluorination, 
and creating hierarchical/re-entrant structures to reduce membrane 
pore sizes, lower membrane surface energy, increase the surface 
roughness, and thus increase the water contact angle (WCA) of the 
membrane [51]. 

Table 2 provides a summary of the recent reviews on various aspects 
of MD membranes. However, few reviews have focused on the anti-
wetting engineering strategies of MD membranes, which are developed 
from the wetting fundamentals. Therefore, this review proposes a 
mathematical understanding of the wetting mechanism as a comple-
mentary approach to address the current gaps in the literature review. 
To gain insights into the engineering of hydrophobic antiwetting 
membranes for MD, an in-depth analysis of the liquid entry pressure 
(LEP) and its key influencing factors is provided. According to the key 
factors affecting the LEP, the surface modification strategies are classi-
fied into two main categories: (1) pore size reduction and (2) increasing 
the WCA. The conventional strategies such as surface coating or 

fluorination, and novel approaches such as the creation of hierarchical 
and re-entrant structures are discussed. A section is also dedicated to 
green surface modification methods that address the environmental is-
sues associated with fluoride-containing compounds. Finally, the 
concluding remarks and future directions in this field are outlooked. 

2. Wetting mechanism 

The mass transfer of vapor through the MD membrane pores can be 
interpreted by different mechanisms based on the Knudsen number (Kn), 
which is the ratio between the mean free path of the vapor molecule to 
the characteristic length of the membrane pore channel [57]. When Kn 
> 1, the Knudsen diffusion mechanism dominates the mass transfer (Eq. 
(1)). When Kn < 0.01, continuum or ordinary molecule diffusion takes 
place by Eq. (2). When 0.01 < Kn < 1, mass transfer in the transition 
region follows a combined Knudsen-molecular diffusion mechanism by 
Eq. (3) [35,58]: 

J =
2
3

εr
τδ

(
8M
πRT

)1/2

Δp (1) 

Fig. 2. Different membrane distillation configurations and their specific features.  

Table 1 
Typical requirements of the membranes used in MD.  

Parameters Factors affected Typical 
values 

Operating pressure Wetting ~1 bar 
Operating 

temperature 
Fouling, temperature polarization, and 
energy efficiency 

30–80 ◦C 

Porosity Permeability, strength, and wetting resistance 30–90 % 
Water contact 

angle 
Wetting resistance 90–160◦

Liquid entry 
pressure 

Wetting resistance 0.5–4.0 bar 

Pore size Permeability, strength, wetting resistance, 
and energy efficiency 

0.05–0.5 μm 

Thickness Permeability, strength, wetting resistance, 
and energy efficiency 

20–400 μm 

Tortuosity Permeability, strength, wetting resistance, 
and energy efficiency 

1.1–3.0 

Tensile strength Strength 3.4–55.0 
MPa  
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where D is the diffusion coefficient (m2/s), r is pore radius (m), R is the 
universal gas constant (J/Kmol), M is molecular weight (g/mol), pa refers 
to gas pressure in the pore (Pa), and p is the total pressure inside the pore 
(pa + vapor pressure of water). T is the absolute temperature (K), δ is the 
length of the vapor phase (m), ε is the membrane porosity, τ is the pore 
tortuosity, and Δp is the difference in vapor partial pressure through the 
membrane matrix (Pa). 

Membrane wetting occurs when water comes into contact with air- 
filled pores in a hydrophobic membrane due to the balance of inter-
molecular force between the phases of gas, liquid, and solid [59]. 
Wetting involves complex physical and chemical interactions that result 
in the penetration of water into porous membranes [60]. In MD, the 
generation of a non-wetting fixed interface between the hydrophobic 
membrane surface and the liquid phase is the key to preventing wetting 
[61]. Polymeric materials, such as PVDF [62], PTFE [63], and poly-
propylene (PP) [64] have been widely used in MD due to their hydro-
phobic nature. 

Fig. 4 illustrates the four states of hydrophobic membrane wetting. 
The transition from a non-wetting state to a surface-wetting state is 
driven by the push on the liquid/vapor interface towards the membrane 
hydrophobic channel [65]. As a result, the vapor mass transport declines 
gradually due to the increase in temperature polarization that declines 
the feed side temperature. When the feed solution enters the membrane 
pores, it results in partial wetting, which can decrease the permeate flux 
due to a decline in active air channel for mass transport (i.e. an increase 
in liquid phase within the channel) [50]. Finally, more and more liquid 
filling the membrane channel leads to complete wetting. As a result, the 
viscous flow of liquid water through membrane pores occurs and the MD 
membrane fails to operate. The wettability of an MD membrane is pri-
marily determined by the LEP, which will be critically discussed in the 
next section. The membrane undergoes wetting when the trans-
membrane pressure (ΔP) overcomes the LEP of the membrane against a 
specific liquid [66]. 

MD is a non-isothermal process, which is influenced by the mem-
brane microstructure, making it challenging to develop an accurate 
mathematical model [67]. However, a precise mathematical model is 
essential for in-depth analysis and optimization of the process. A study 
by Hitsov et al. on heat and mass transfer in MD models reveals that 
some physical phenomena occurring inside the membrane, such as 
surface diffusion, have been neglected [68]. Furthermore, the models 

have not been fully validated by experimental data. Peña et al. intro-
duced a mathematical model that accounts for pore wetting conditions 
[69]. This model investigates the effect of progressive membrane pore 
wetting on the decrease of permeate flux and steady-state measured 
pressure difference: 

J = non isothermal flux − hydraulic flux = (1 − αi)CΔTb − αiAΔPi (4)  

Ji =
EΔTbAΔpi

st

EΔTb + AΔpi
st (5) 

Fig. 3. The growth of research interest in membrane distillation and wetting (data from Google scholar).  

Table 2 
Summary of the most recent reviews on the modification of hydrophobicity and 
anti-wetting properties of MD membrane.  

Title Review focus Ref. 

Anti-fouling and anti-wetting 
membranes for membrane 
distillation 

The focus was not clear since many 
aspects, such as MD principles, 
configurations, membrane types, 
fabrication methods, applications 
and energy considerations are 
covered. 

[1] 

Non-fluoroalkyl functionalized 
hydrophobic surface modifications 
used in membrane distillation for 
cheaper and more environmentally 
friendly applications: a mini- 
review. 

Non-fluoroalkyl materials for 
surface modification of MD 
membranes. 

[52] 

Membrane surface modification by 
electrospinning, coating, and 
plasma for membrane distillation 
applications: a state-of-the-art 
review 

Fabrication methods: 
electrospinning, coating and 
plasma. 

[53] 

Pore wetting in membrane 
distillation: a comprehensive 
review. 

Pore wetting parameters, causes, 
modelling and mitigation methods 
in terms of membrane fabrication, 
design and pretreatment. 

[33] 

Omniphobic membranes for 
distillation: opportunities and 
challenges 

Wetting fundamentals and 
omniphobic membrane fabrication 
methods. 

[46] 

Biomimetic hydrophobic membrane: 
a review of anti-wetting properties 
as a potential factor in membrane 
development for membrane 
distillation (MD) 

Anti-wetting factors and techniques 
for MD membranes. 

[54] 

A review of membrane wettability for 
the treatment of saline water 
deploying membrane distillation. 

Wetting fundamentals, MD 
membrane wettability and types. 

[55] 

Membrane distillation: progress in 
the improvement of dedicated 
membranes for enhanced 
hydrophobicity and desalination 
performance 

Methods for performance 
enhancement of MD membranes. 

[56]  
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αi =
CΔTb

EΔTb + AΔpi
st (6)  

where Ji is the volume flux (l/m2h) at every measurement time i, C is the 
measured or apparent non-isothermal phenomenological coefficient, Δ 
Tb is the temperature difference of the bulk phases (K), A is the 
permeability coefficient 

(
m2/s

)
, Δpi

st is the steady-state measured 
pressure difference when the cold chamber is sealed (Pa), E is the 
apparent non-isothermal phenomenological coefficient, and αi is the 
percentage of liquid-filled pores. This model has been used to study the 
wetting phenomena in MD [70]. 

3. Liquid entry pressure and its influencing factors 

3.1. Liquid entry pressure 

LEP is defined as the minimum hydrostatic pressure required to 
overcome the capillary pressure generated at the pores [33]. A higher 
LEP value indicates greater wetting resistance of the membrane against a 
liquid. It is suggested that a minimum LEP of 2.5 bar is required for MD 
[36,71], while other values have been reported for hydrophobic mem-
branes (0.5–3.5 bar) and omniphobic membranes (1.5–5.5 bar) [46]. 

LEP was first defined by the Young-Laplace equation which is the 
classic model for the estimation of LEP in cylindrical pores [72]: 

LEP =
− 2γcosθ

rmax
(7)  

where γ is the surface tension (N/m), θ is the CA (◦), and rmax is the 
maximum pore radius (m). A new term B was introduced into this 
equation to consider the non-cylindrical pore geometry [73]: 

LEP =
− 2Bγcosθ

rmax
(8)  

where B is the pore geometry coefficient. For example, the B value for 
stretched membranes (e.g., PTFE) with a small curvature radius is in the 
range of 0.4–0.6 [74]. This simple model is depicted in Fig. 5A and B. For 
further study of the effect of pore structure, using more realistic 

geometries, Purcell developed a model (Figs. 5C and 4D) to describe the 
effect of the location of the pinning point of the liquid in the pores [75]: 

LEP =
− 2Bγcos(θ + α)

r(1 + R/r(1 − cos(α) ) ) (9)  

ΔP =
2γ
r

cos(θ − α)
1 + (R/r)(1 − cosα) =

2γ
r

cos
(
θeff
)

(10)  

where R is the fiber radius (m), α is the structural angle accounting for 
axial deviation of the pores (◦), and θeff is the effective CA (◦). 

Fig. 4. Wetting evolution in the pores of a hydrophobic membrane: (A) no wetting; (B) surface wetting via contacting; (C) partial wetting; and (D) complete wetting.  

Fig. 5. (A) and (B) Cylindrical pore in the Young-Laplace model, (C) and (D) 
toroidal pore in the Purcell model, (E) and (F) the pore configuration for the 
Servi model, h is the length between the bottom of the fibers and the floor [33]. 
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The Purcell model has a limitation as it predicts positive LEP values 
for all CA values, which contradicts the observed wetting of membranes 
at very low CA values [43]. The Serve model considers liquid-pore in-
teractions below the initially wetted surface and introduced the term 
“floor” below each pore [76]. The LEP can be calculated by combining 
the two equations mentioned above into a single equation: 

r + R(1 − cos(α) )
− cos(θ + α) (1 − sin(α+ θ) ) = R(1 − sin(α) )+ h (11)  

where h is defined as the floor height (m) describing the fibers that may 
attract the liquid to enter further into the membrane (Fig. 5E and F). The 
modified model could explain the observed LEP performance over CAs 
ranging from 63◦ to 129◦ [43]. 

By considering the effect of the axial irregularity of pores, García 
et al. [70] proposed the following equation for LEP based on the Peña 
model (Eqs. (4)–(6) [69]): 

LEP =
2γ

rmax

cos(arcsin(φ) )
[
1 + 2R

r sin2
(

θA
2 −

arcsin(φ)
2

) ] (12)  

where r is the mean pore radius (m), θA is the advancing CA (◦), R is the 

mean curvature radius of the pore wall element (m), and (φ =
R
rsin(θA)

1+R
r 

(Fig. 6)). However, the calculation of r/R is a challenging issue when 
using this model. 

The surface chemistry also has effects on the LEP. Therefore, García 
et al. proposed another equation for polar or hydrogen bonding liquids 
on non-polar solids, taking into account for van der Waals dispersion 
effects of the liquid-solid adhesion [70]: 

LEP =
2

rmax

(

γL − 2
̅̅̅̅̅̅̅̅̅

γd
Sγd

L

√ )

=
2

rmax

(
γL − γW

L

)
(13)  

where γd
S and γd

L are the surface energies from dispersion components of 

the solid and the liquid, and γW
L is the surface energy at wetting (i.e., LEP 

= 0). By reviewing all mentioned models for the LEP and new models 
based on CFD and genetic programming [77], there is a complicated 
relationship between the LEP and the membrane surface architecture. 
Apart from the operation condition and feed composition that affect 
membrane wetting (beyond the scope of this paper), LEP is related to 
several membrane parameters, such as the maximum pore size, surface 
chemistry, and surface architecture, which are discussed in the 
following section. 

3.2. Membrane parameters influencing LEP 

According to the equations for evaluating the LEP above, apparently 
the membrane pore size (particularly the maximum pore size), pore 
geometry and the CA of the liquid on the membrane surface are the key 
parameters affecting the LEP. The CA is closely related to several surface 
parameters, including the surface pore size, surface chemistry and sur-
face roughness. Therefore, the membrane parameters influencing the 
LEP can be summarized as follows. 

3.2.1. Membrane pore size 
This parameter includes the maximum pore size, average pore size 

and pore size distribution of the membrane surface. The capillary 
pressure preventing the liquid from entering the pore is inversely pro-
portional to the pore radius [33]. Typically, small pores and narrow pore 
size distributions are favorable to maintain a high LEP and thus high 
wetting resistance. However, reasonable pore sizes are more realistic 
since small pores will lead to low MD flux. For lab-made MD membranes, 
their pore sizes are often relatively large (typically 0.2–0.9 μm) to 
achieve high water flux [45,78,79]. For commercial hydrophobic 
membrane modules, their pore sizes are often very small (e.g. 0.04 μm 
for the 3 M Liqui-Cell membrane module [30]) in order to achieve long- 
term operational stability without significant performance decline 
caused by membrane wetting. 

3.2.2. Membrane pore geometry 
Apart from the membrane pore size, the pore geometry coefficient, 

defined as the ratio of the membrane thickness to the equivalent pore 
diameter, also affects the LEP according to Eq. (8). A larger pore ge-
ometry coefficient, namely a thicker membrane with smaller pores, 
often suggests a higher LEP value. 

3.2.3. Membrane surface chemistry (i.e., surface free energy) 
Membrane surface chemistry has a significant impact on the CA, 

thereby affecting the LEP. A hydrophobic membrane with low surface 
energy often has a high CA and thus a large LEP. To enhance the anti-
wetting property of the MD membrane, the membrane surface is often 
modified or functionalized by using materials of low surface energy, 
such as fluorosilanes [44,80]. 

3.2.4. Membrane surface roughness (i.e., architecture) 
Membrane surface roughness is another important factor influencing 

the CA and thus the antiwetting performance of the MD membrane. 
Membrane surfaces often have a certain degree of roughness. The 
chemical heterogeneity and roughness can alter the CA, which is often 
evaluated by the Wenzel model [81] and the Cassie-Baxter model [82]. 
Higher surface roughness often results in a higher CA, a larger LEP, and 
thus better antiwetting performance. Single/multi-level hierarchical or 
re-entrant structures have been widely constructed on the membrane 
surfaces to enhance the CA and thus wetting resistance [79,83–85]. 

3.2.5. Membrane porosity and tortuosity 
These two membrane parameters are also expected to affect the 

antiwetting performance of the membrane, although they are not 
considered in the equations for LEP evaluation. Lower membrane 

Fig. 6. Interface in the irregular pore of a hydrophobic membrane. (A) Liquid 
phase and (B) gas phase. 
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porosity is often associated with smaller pore sizes and higher LEPs. 
Tortuosity is a measure of the path length and complexity of the flow 
channels in the membrane, and it is defined as the ratio of the actual 
path length of a fluid molecule to the straight-line distance between the 
two points. Higher tortuosity is often associated with lower porosity and 
higher antiwetting performance of a porous membrane. 

It is worth noting that apart from these membrane parameters, sur-
face tension of the liquid also affects the CA and thus the LEP. A liquid (e. 
g., oil) with lower surface tension is easier to cause wetting due to its 
lower CA on the membrane surface and lower LEP compared with a 
liquid (e.g., water) with higher surface tension. 

4. Antiwetting fabrication strategies 

According to the equations for evaluating the LEP in Section 3, 
decreasing the membrane pore size and/or increasing the CA value are 
the two main strategies for engineering antiwetting membranes. Typical 
strategies for increasing the CA include lowering the surface free energy 
by altering the membrane surface chemistry, and increasing the surface 
roughness by creating hierarchical or re-entrant structures. These ap-
proaches often also decrease the membrane pore size, thereby further 
enhancing the antiwetting performance of the MD membrane. 

4.1. Reducing membrane pore size 

The geometry parameters of membrane pores (e.g., pore size, pore 
size distribution, tortuosity, and pore length) are crucial in membrane 
performance [86–88]. According to the classic Young-Laplace equation 
(Eq. (7)), smaller pore sizes often result in lower porosity and higher 
LEPs, making the membrane more wetting resistant. However, smaller 
pore sizes may significantly reduce the membrane permeability [33]. 
Conversely, larger pore sizes and higher porosity offer higher MD flux 
and lower heat loss due to the lower thermal conductivity of the trapped 
air compared with the membrane [36], but increase the wetting risks. 
Therefore, the geometry parameters of membrane pores should be 
optimized to balance the wetting, flux, mechanical strength, and heat 
loss in practical applications. 

4.1.1. Theory 
Various mass transfer mechanisms may occur simultaneously since 

membranes contain pores of different sizes, as indicated by the pore size 
distribution [40]. In MD, the vapor transfer is determined by the mean 
pore size [40,56], while the LEP is inversely proportional to the 
maximum pore radius (Eq. (7)). Therefore, achieving maximum vapor 
flux requires the mean pore size to be close to the maximum pore size 
while maintaining the same antiwetting capability. Narrowing the 
membrane pore size distribution can reduce the wetting risk while 
maintaining the permeate flux [89], namely, narrow pore size distri-
butions are desirable for MD membranes to provide maximum wetting 
resistance and maintain the permeate flux [36,77]. 

4.1.2. Surface modification 
Surface modification has been widely used to enhance the antiwet-

ting property of MD membranes. It often reduces the membrane pore 
size, resulting in higher LEP and lower flux [55]. Typical surface 
modification methods include surface coating [90], chemical vapor 
deposition (CVD) [91], plasma treatment [92], and layer-by-layer (LBL) 
assembly [93], mostly followed by a fluorination step to further enhance 
the membrane hydrophobicity [32,51,56]. 

4.1.2.1. Surface coating. Surface coating is a simple method to modify 
the hydrophobicity and wetting properties of MD membranes. Inorganic 
nanoparticles and hydrophobic polymers (e.g., perfluoro polymers) 
have been frequently coated onto the surfaces of MD membranes. As a 
result, the modified membrane often has reduced pore sizes, increased 

surface roughness, and enhanced surface hydrophobicity after surface 
coating. 

Inorganic nanoparticles, such as TiO2 and SiO2 have been widely 
used as a coating layer to increase the membrane hydrophobicity and 
wetting resistance [32,94–97]. For example, Guo et al. dispersed TiO2 
nanoparticles in silane and coated them onto an electrospun membrane 
by electrospraying [95]. The synergistic effect of TiO2 and fluorine 
coating enabled a superhydrophobic membrane surface with a WCA up 
to 157◦, and excellent regenerability. Wang et al. modified SiO2 nano-
particles with chitosan and perfluorooctanoic acid, and then constructed 
a hydrophobic antiwetting and antifouling layer of SiO2, chitosan and 
perfluorooctanoic acid onto a PVDF substrate by spray coating [97]. 

In these surface coatings, the inorganic nanoparticles may have 
multiple roles, such as (1) providing anchoring sites for silanization and 
fluorination [45], (2) increasing the surface roughness of the membrane 
[98], and (3) enhancing the membrane robustness by constructing a 
relatively dense nanoparticle layer [99]. As a result, the modified 
membrane often exhibits reduced pore sizes and narrowed pore size 
distributions, leading to enhanced wetting resistance compared with the 
unmodified membrane. 

Surface coating or modification is an essential step for nanofibrous 
MD membranes due to the relatively large pores of the electrospun 
membranes. Francis and Hilal employed electrospraying to coat a car-
bon nanotube (CNT) layer onto an electrospun PVDF-co-HFP membrane 
and enabled the modified membrane for MD applications by increasing 
the LEP of the membrane [100]. They also used the same coating 
method and material to modify a commercial PTFE membrane and 
achieved a robust MD membrane with enhanced antiwetting and anti-
fouling properties [101]. 

However, there are still challenges with the coating of nanomaterials 
on the MD membrane surfaces. First, effective coating should provide 
high functionality, uniform dispersion, and enable strong interactions 
between the nanomaterials and the membrane surface [102]. Therefore, 
desirable nanomaterials for surface coating should have sufficient 
functional groups and smaller sizes for better dispersion. Otherwise, 
leaching of the nanomaterials may cause secondary contamination, or 
the coated layer may peel off during long-term operation. Unfortunately, 
these potential risks have not been well documented, which require 
further investigations in the future. Another challenge is the coating 
cost, including the cost of the nanomaterials and other chemicals 
involved. It is necessary to conduct a cost analysis before large-scale 
production of MD membranes by coating nanomaterials. 

Hydrophobic polymers, such as polydimethylsiloxane (PDMS), 
Hyflon AD, and perfluorooctyltrimethoxysilane (PFTMS) have been 
investigated for engineering hydrophobic surfaces [78,80,103]. For 
instance, different amorphous perfluoro polymers of Hyflon AD were 
coated onto PVDF and polyethersulfone (PES) membranes by dip- 
coating [44,80]. The fabricated membranes showed enhanced LEPs 
due to the pore size reduction and surface energy reduction induced by 
Hyflon AD. The viscosity and concentration of the Hyflon AD had sig-
nificant impacts on the membrane pore size reduction. A higher vis-
cosity and/or a higher concentration of the hydrophobic polymer are 
typically more effective in decreasing the pore size, and thus increasing 
the LEP and mechanical strength of the membranes (Fig. 7) [44]. 
Reduction of the membrane pore size is also expected to increase the 
antifouling performance of the MD membrane. 

4.1.2.2. Chemical vapor deposition. CVD is a common bottom-up 
modification method for creating a thin film or coating on a substrate 
through a chemical reaction in a gas phase. In CVD, the coating layer on 
the membrane surface can be well controlled by adjusting the deposition 
conditions, such as the deposition time, pressure and temperature [105]. 
Hydrophobic polymers, such as PTFE [106], poly(1H,1H,2H,2H- 
perfluorodecyl acrylate) (PPFDA) [91], and poly (divinylbenzene) 
[76] have been investigated to fabricate MD membranes with high 
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wetting resistance via CVD. For example, Guo et al. deposited a thin 
layer of PPFDA onto an electrospun membrane via initiated CVD and 
reported a significant increase of the LEP from 15 to 373 kPa due to the 
pore size reduction of the modified membrane [91]. As a vapor-phase 
modification method, CVD has the advantages of precise control of the 
coating layer thickness and composition, using less solvents/chemicals, 
and avoidance of solvent-induced swelling [105]. However, CVD may 
face the issues of high requirements for advanced equipment (e.g., the 
high vacuum chamber), high complexity, high cost and low scalability. 

4.1.2.3. Plasma treatment. Plasma treatment is another common sur-
face modification technique for engineering hydrophobic MD mem-
branes. Plasma irradiation first activates the functional groups of the 
membrane surface, and then the activated functional groups react with 
other gas or vapor in a chamber. This process is often called plasma 
polymerization. Fluorocarbon gas or vapor has been widely employed to 
deposit a thin film of CFx by plasma polymerization to increase the 
hydrophobicity and thus wetting resistance of MD membranes [107]. 
CF4 gas has been frequently used for surface fluorination of MD mem-
branes by plasma polymerization [92,108]. Plasma polymerization and 
CVD share some technical similarities (e.g. bottom-up deposition in gas 
or vapor phase), and they can be used in a combination way, called 
plasma-enhanced CVD [105,109]. Therefore, these two surface engi-
neering techniques also share similar advantages (e.g., using less sol-
vent, and little swelling) and disadvantages (e.g., complex equipment 
requirements, high cost and low scalability). Compared with CVD, it is 
more difficult to precisely tailor the coating layer thickness and surface 
properties by plasma treatment because of the thinner layer and more 
adjustable parameters of the latter technique. In addition, plasma 
treatment may damage or significantly change the substrate polymer, 
complexing the surface properties of the modified membrane. The 
coated thin layer by plasma treatment and CVD may not be stable 
enough in long-term operations, which needs more investigations in the 
future. 

4.1.2.4. Layer-by-layer assembly. LBL assembly is a fabrication tech-
nique that involves the sequential deposition of layers of oppositely 

charged materials (e.g. polymers or nanoparticles) onto a substrate 
surface via electrostatic interaction [110–112]. Woo et al. coated mul-
tiple layers consisting of poly(diallyldimethylammonium chloride) 
(PDDA), silica aerogel (SiA), and 1H, 1H, 2H, 2H- 

Fig. 7. Cross-section SEM images of different membranes: (A) PVDF hollow fiber, (B) PVDF hollow fiber after coating with low-viscosity Hyflon AD (0.1 wt%) [44], 
(C) PVDF hollow fiber after coating with high-viscosity Hyflon AD (0.5 wt%), and (D) PVDF hollow fiber after coating with high-viscosity Hyflon AD (1 wt%) [104]. 

Fig. 8. (A) Layer-by-layer fabrication of a PVDF membrane to create a PDDA- 
SiA-FTCS multi-layer via electrostatic interaction: (1) 5 wt% PDDA solution was 
poured onto the neat PVDF membrane, (2) coating PDDA with 5 wt% 
negatively-charged silica aerogel (SiA), (3) further coating with 5 wt% PDDA 
and (4) final deposition of 5 wt% FTCS onto the PDDA-SiA-PDDA coated sur-
face. (B) Antiwetting and antifouling performance illustration and comparison 
of the neat PVDF membrane, PDDA-SiA, and PDDA-SiA-FTCS assembled 
membranes in AGMD [93]. 
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perfluorododecyltrichlorosilane (FTCS) on a PVDF membrane by LBL 
assembly (Fig. 8A) [93]. The pore size of the PDDA-SiA-FTCS assembled 
membrane reduced from 0.2 to 0.09 μm, leading to a significant rise in 
LEP from 0.17 to 2.04 bar. The increased surface roughness and the 
lowered surface energy resulted in a high WCA of 177◦ and a high oil CA 
of 163◦. As a result, the PDDA-SiA-FTCS assembled membrane showed 
significantly enhanced antiwetting and antiwetting performance as 
illustrated in Fig. 8B. 

LBL assembly has the advantages of precise control of the coating 
layer thickness, composition and surface properties as well as good 
scalability. However, the whole procedure may be complex and time- 
consuming, and require the use of toxic chemicals and charged hydro-
phobic polymers. These issues limit its application for engineering hy-
drophobic MD membranes. In addition, the assembled multiple layers 
may have low stabilities in long-term MD operation due to the relatively 
weak electrostatic adsorption force. Further chemical bonding or 
modification (e.g., surface fluorination) would overcome this issue. 
Overall, LBL assembly has not been widely used for engineering anti-
wetting hydrophobic MD membranes, although it has been frequently 
studied in fabricating antifouling hydrophilic membranes [113]. 

4.1.3. Improvement of synthesis method 
Phase separation and electrospinning have been widely used for the 

preparation of MD membranes. Generally, the electrospinning method 
produces membranes with larger pore sizes compared with phase 
inversion [46]. Moreover, the electrospun membranes exhibit high 
WCAs due to the highly rough surfaces generated by electrospinning 
[53]. Phase separation is preferred when small pore sizes are required 
[55]. Moreover, the selection of the polymer material and the opera-
tional parameters of the phase inversion process can be easily tailored to 
reduce the pore sizes [32,94]. 

The polymer concentration of the dope solution has a significant 
effect on the morphology of the membrane [114]. A higher polymer 
concentration increases the membrane thickness and surface roughness 
as well as the WCA. A high polymer solution viscosity prevents the 
penetration of non-solvent through membrane pores, leading to a 
decrease in both pore size and porosity of the membrane [115]. For 
example, the average pore size of the PES membranes was effectively 
decreased by increasing the concentration of PES in the spinning dope 
solution [116]. 

Tailoring the membrane synthesis conditions has been used to reduce 
the membrane pore size [117]. PVDF membranes fabricated by phase 
inversion without any pore-forming additives exhibited small pore sizes 
and narrow pore size distributions [118]. Deshmukh and Li optimized 
the hydrophobicity, porosity, pore size distribution, and mechanical 
strength of a hollow fiber PVDF membrane by delaying the liquid-liquid 
de-mixing rate of the polymer [119]. Apart from optimizing the polymer 
concentration, lowering the bath temperature and increasing the 
thickness of the casting film can lead to denser membranes due to the 
reduced precipitation rate of the PVDF polymer. In summary, in mem-
brane development by different methods (e.g., phase inversion and 
electrospinning) the fabrication parameters can be optimized to achieve 
desirable membrane pore sizes, pore size distributions, LEPs, permeate 
flux, and mechanical strength. For the fabrication of antiwetting MD 
membranes, the synthesis conditions should be optimized to achieve 
reasonably small pore sizes, narrow pore size distributions, and thus 
high LEPs for the membranes. 

4.2. Increasing the contact angle 

According to the equations for evaluating the LEP, increasing the 
liquid CA (θ) is another effective way to engineer antiwetting MD 
membranes. The liquid CA is affected by several membrane (e.g., surface 
free energy and morphology) and liquid (e.g., surface tension) 
properties. 

4.2.1. Theory 
The wettability of a solid surface with a specific liquid is commonly 

determined using the sessile drop method, which measures the CA of the 
liquid droplet on the solid surface [82]. CA is the angle of the liquid-solid 
interface contact with the liquid-vapor interface, reflecting the molec-
ular interaction between solids, liquids and vapors, and the surface free 
energy of a solid material [55]. CA can be increased by decreasing the 
surface energy of the membrane via the incorporation of low surface 
energy materials (e.g. hydrophobic polymers) in the membrane matrix, 
or functionalization with low surface energy materials particularly flu-
orosilanes [44,80]. CA can also be enhanced by creating single− /multi- 
level hierarchical or re-entrant structures to minimize the fraction of the 
surface area that is in contact with the liquid [83,84]. 

The wettability of a flat and chemically homogenous surface is often 
evaluated by the following classic Young's eq. [120], relating the CA to 
the interfacial tensions of the liquid/vapor (γlv), solid/vapor (γsv) and 
solid/liquid (γsl) interfaces, and neglecting the surface roughness and 
chemical heterogeneity: 

cosθ =
γsv − γsl

γlv
(14)  

where θ is the ideal CA. When γsv > γsl, then 0◦ < θ < 90◦; when γsl > γsv, 
90◦ < θ < 180◦. The surface free energy of a material is the energy 
difference between the bulk and the surface. Calculation of the receding 
and advancing CAs of two different liquids on the membrane surface 
using the following equations give an estimation of the membrane sur-
face energy [121]. 
(

1+
cosθa + cosθr

2

)

γl = 2
(
γd

mγd
l

)0.5
+
(
γnd

m γnd
l

)0.5 (15)  

γm = γd
m + γnd

m (16)  

where the superscripts d and nd correspond to the dispersive and 
nondispersive contributions to the total surface energy, respectively. 
Alternatively, it can be calculated using the Young equation which is 
related to three interfacial tensions for a droplet in contact with a solid 
surface [33]. The equation for the Lifshitz-van der Waals (LW) method is 
[122]: 

(1+ cosθ)γL = 2
(
γLW

S γLW
L

)0.5
+ 2
(
γ+S γ−L

)0.5
+ 2
(
γ−S γ+L

)0.5 (17)  

where LW (apolar), Lewis acid, and Lewis base interactions are 
considered to calculate the surface free energy. S and L stand for solid 
and liquid, respectively, while + and – are the Lewis acid and Lewis 
base, respectively. By using apolar liquid and/or solid, two final terms 
are neglected [123]. Solving this equation for three different liquids and 
obtaining their surface tensions from the literature and γL from experi-
ments, the total surface energy of the membrane (γS) can be calculated 
by [122]: 

γS = γLW
S + γAB

S = γLW
S + 2

(
γ−S γ+S

)0.5 (18) 

The surface morphology is not considered in the Young's equation. 
Therefore, other models have been introduced to consider the effect of 
surface roughness and chemical heterogeneity on the CA evaluation. The 
WCA of a surface with chemical heterogeneity in real situations can be 
determined using the Wenzel model [81] and the Cassie–Baxter model 
[82] by Eqs. (19) and (20), respectively. The Wenzel model takes into 
account surface roughness and chemical homogeneity, while the Cassie- 
Baxter model considers chemical heterogeneity on a flat surface [32]. In 
the Wenzel model, liquids completely penetrate into the valleys 
(Fig. 9A), whereas air is trapped inside the valleys under the liquid 
surface in the Cassie-Baxter model (Fig. 9B) [55]. 

cosθW = rcosθ (19)  
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cosθCB = f
(
rf cosθY + 1

)
− 1 (20)  

where θ, θw, and θCB are the apparent CA in the Young, Wenzel, and 
Cassie-Baxter models, respectively; r is the roughness factor (r = 1 for a 
smooth surface and r > 1 for a rough surface); rf is the roughness ratio of 
wetted areas of the solid surface, and f is the fraction of the solid surface 
in contact with the liquid phase. When f = 1, then rf = r and the Cassie- 
Baxter equation is converted into the Wenzel equation. According to the 
Wenzel model, for a CA smaller than 90◦, an increase in r decreases the 
CA. However, when a CA is larger than 90◦, an increase in r amplifies the 
CA. The sliding angle is the minimum tilting angle required for a liquid 
droplet to slide down an inclined surface and has been used to determine 
the surface wettability. The Cassie-Baxter state provides lower sliding 

angles than the Wenzel state due to the air trapped on the surface [124]. 
The systematic study of the hydrophobicity and membrane surface 

roughness is depicted in the Kao diagram (Fig. 10). In the Kao diagram, 
cosine values of apparent CA (θr) are plotted against cosine values on 
rigid smooth surfaces (θs). The Kao diagram has been used to determine 
when the Wenzel or Cassie-Baxter model is applicable. According to the 
Kao diagram, low surface free energy and high surface roughness 
contribute to the Cassie-Baxter state, which is desirable for super-
hydrophobic and omniphobic surfaces. The Wenzel state is applicable 
for the central region of the membrane surfaces that have homogeneous 
morphology with a hydrophobic surface. The first quadrant is related to 
the surface with high hydrophilicity. The third quadrant is the Cassie- 
Baxter region where high-roughness surfaces with micro− /nano-struc-
tures are developed [125]. 

The surface roughness represents surface irregularities and is a key 
factor to determine the apparent CA as illustrated by Wenzel and Cassie 
[126]. The roughness factor r is defined as the ratio of the actual surface 
area to the planar area. Atomic force microscopy has been often used to 
determine the roughness factors, such as the mean roughness (Ra) and 
the root mean square of z-direction data (Rq), according to the equations 
below [39]: 

Ra =
1

LxLy

∫Lx

0

∫ Ly

0
|f (x, y) |dxdy (21)  

Rq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅∑
(Zi − Zm)

2

Np

√

(22)  

where Lx and Ly are the surface dimensions in the x and y directions, and 
f(x,y) is the surface profile related to the center plane. Zi is the ith Z 
value, Zm is the mean Z value, and Np is the number of points for the 
specified area. 

Fig. 9. (A) The Wenzel and (B) the Cassie-Baxter models of the surface wetting 
regime. Requirements of CA to suspend liquid: (C) simple topology; (D) re- 
entrant topology [55]. 

Fig. 10. The relationship between the Young's contact angle (CA) (θr, representing surface energy) and the apparent CA (θs) in terms of the surface wettability state 
(Wenzel/Cassie-Baxter) in Kao diagram [55]. 
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The analysis of natural superhydrophobic surfaces, such as lotus 
leaves by scanning electron microscopy (SEM) revealed the multi-scale 
hierarchical structures (Fig. 11A) [127]. The hierarchical structures 
provide multi-scale surface roughness comprising nano-/micro-level 
structures [128]. These structures increase the fraction of the air trapped 
within the solid-liquid interfaces, leading to enhanced hydrophobicity 
and antiwetting properties [129]. The multi-scale phenomenon does not 
follow the classical Wenzel model and Cassie-Baxter model that are 
often applicable to single-scale roughness [130]. Patankar et al. [127] 
used a model to predict the CA of a liquid on a hierarchical structure 
with square pillars: 

cosθW =

(

1+
4A1

(a1/H1)
2

)

cosθ (23)  

cosθCB =
1

(
b1/a1

+ 1
)2 (cosθ+ 1) − 1 (24)  

where H1 is the height of the pillar, a1 is the side length of the pillar, and 
b1 is the pillar spacing. Another model for the prediction of the multi- 
scale surface was expressed by Mandelbrot [131]. This model intro-
duced fractal geometry (Eqs. (25) and (26)) and could be applied to 
special structures as shown in the Koch curve (Fig. 11B) [132]. 

cosθW =

(
L
l

)D− 2

cosθ (25)  

cosθCB = f
(

L/l

)D− 2

cosθ − fLA (26)  

where D is the Hausdorff dimension, i.e., D = log(4)/log(3) = 1.2618. L 
and l are the upper and lower limit scales of the fractal structure surface. 

Apart from surface hierarchical structures, the re-entrant structures 
can gather a large number of air pockets below the liquid surface. The 
topology with a re-entrant structure (Fig. 9C) can exhibit high hydro-
phobicity even on hydrophilic materials [133]. This results in the cre-
ation of a low-energy surface with the Cassie-Baxter state, which is a 
physical modification of the surface [134]. Therefore, the CA can be 
increased by creating hierarchical re-entrant structures on the surface, 
even without using hydrophobic polymers for chemical modification. 
According to the Cassie-Baxter equation, the contribution of the surface 
chemistry of the material (e.g., Young's CA) to the overall hydropho-
bicity (e.g., apparent CA) decreases by minimizing the term f (the 
fraction of solid surface in contact with the liquid phase). This is 
depicted in Fig. 12, by plotting apparent CA versus f for different Young's 
CA values [83]. In this figure, for both hydrophobic and hydrophilic 
surfaces (with an initial CA difference of 120◦), by decreasing the f 
value, both surfaces can become superhydrophobic; the liquid-solid 
contact fraction has a more pronounced effect on the apparent CA of 
hydrophilic surfaces. 

A more hydrophobic surface with double re-entrant structures 

(Fig. 13) has been developed and showed super-repellency for almost all 
liquids [135]. The structure with a top surface containing vertical 
overhangs at the sides stops advancing the liquid droplets that tend to 
wet the top surface. Double re-entrant structures provide hydropho-
bicity even for materials with very low Young's CA values. 

According to the theoretical analysis above, we can conclude that 
lowering the surface free energy by engineering surface chemistry and 
creating special (i.e., hierarchical and/or re-entrant structures) are two 
effective ways to increase the CA of the membrane. Next, we will discuss 
them in detail. 

4.2.2. Engineering surface chemistry 
The membrane surface chemistry (i.e., surface free energy) is an 

important factor affecting the liquid-solid-gas interface, thereby deter-
mining the surface wettability. To enhance the antiwetting performance 
and robustness of MD membranes, incorporating hydrophobic polymers 
and fluorination by introducing fluorine-containing functional groups in 
the membrane and/or on the membrane surface have been widely 
studied. 

4.2.2.1. Incorporating hydrophobic polymers. Hydrophobic polymers 
with low surface energy are often employed to engineer MD membranes 
for increasing their WCAs. Blending and surface modification using 
hydrophobic polymers are two methods to fabricate hydrophobic 
membranes [94,136]. The common hydrophobic functional groups 
include -CH3, -CH2-CH2-, and -CF3. The surface energy of typical 

Fig. 11. (A) Model of roughness geometry for theoretical analysis; Pillars with 
double-scale roughness [130], and (B) Koch curve. 

Fig. 12. Relationship between the apparent contact (θ*) and the liquid-solid 
contact fraction f for an ideal Cassie-Baxter state at two different values of 
the Young's CA (θY) [83]. 

Fig. 13. Double re-entrant structure. γ is the surface tension, Δp represents the 
pressure difference across the membrane, and θY is Young's contact angle. 
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hydrophobic functional groups follows the order: CH2 (36 dyn/cm) >
CH3 (30 dyn/cm) > CF2 (23 dyn/cm) > CF3 (15 dyn/cm) [137]. 
Accordingly, polymers such as PVDF, polytetrafluoroethylene (PTFE), 
polypropylene (PP), polyethylene (PE) and PDMS have low surface en-
ergy and exhibit high hydrophobicity because they do not have polar 
bonds to interact with the polar molecules like water [62,63,138]. 
Perfluorinated polymers have superior hydrophobicity and can further 
enhance the hydrophobicity when they are incorporated in common 
membranes (e.g. PVDF) [94]. 

PVDF was blended with PTFE particles to prepare reinforced mixed 
matrix membranes for MD [56]. The WCA increased from 88◦ for a pure 
PVDF membrane to 93◦ and 103◦ after incorporating 30 and 50 wt% 
PTFE particles, respectively. A small average pore size between 0.1 and 
0.3 μm with a narrow pore size distribution exhibited enhanced water 
permeate flux with 40.4 L/m2h and 99.8 % salt rejection. Hydrophobic 
PDMS was also blended with PVDF to fabricate MD membranes, and 
achieved enhanced WCA from 80.2◦ to 111.7◦ [139]. The PDMS/PVDF 
membranes showed high average porosity and pore size at high PDMS 
concentrations in the polymer matrix, suggesting that low PDMS con-
centrations may be more desirable for enhancing the antiwetting per-
formance of the MD membrane. 

In another study, hydrophobic silicon rubber was coated onto a hy-
drophilic poly(phthalazine ether sulfone ketone) membrane to enhance 
the membrane performance [140]. The fabricated membranes showed 
enhanced WCA and LEP with a salt rejection of 99 %. Carbon nanotube 
bucky-paper membrane was coated by PTFE and exhibited super-
hydrophobicity with a WCA of 155◦, a salt rejection of 99.9 %, and four 
times longer lifespan in MD operation [141]. The incorporation of PTFE 
as the top layer also reduced temperature polarization, which is bene-
ficial for MD. Hydrophobic polymer coating has also been used in 
combination with other modifications, such as coating inorganic nano-
particles (e.g. SiO2 and ZnO) and surface fluorination to lower the sur-
face energy or achieve the synergistic effects from surface energy 
reduction and surface contact area minimization by structural engi-
neering [142]. 

Recently, new hydrophobic polymers such as poly(ethene-co-chlor-
otrifluoroethene) [143], poly(vinylidene fluoride-co-chlorotrifluoro-
ethylene) [144], poly(vinylidene fluoride-co-hexafluoropropylene) 
(PVDF-co-HFP) [145], poly(tetrafluroethylene-co-hexafluoropropylene) 
[146,147], and poly(vinylidene fluoride-cotetrafluoroethylene) [148] 
have been studied for the fabrication of MD membranes. They are 
basically fluorinated polymers that exhibit high solubility in common 
solvents, high hydrophobicity, and high tensile strength. However, their 
WCA values are still less than those of typical PTFE membranes (>130◦), 
and their synthesis methods are not eco-friendly and have not been fully 
developed [36]. 

Incorporating hydrophobic surface modifying macromolecules 
(SMM) is another method to enhance the hydrophobicity of the mem-
brane [149,150]. Hydrophobic surface modifying macromolecules 
(SMM) and pore forming poly(vinyl pyrrolidone) (PVP) were used to 
fabricate PVDF-SMM composite membranes. Both cast and electrospun 
membranes exhibited higher WCAs than the PVDF membrane [149]. For 
the cast PVDF-SMM membrane, the LEP increased with increasing the 
SMM concentration due to the pore size reduction. Similar results were 
observed for the PVDF-SMM hollow fiber membranes [150]. In both 
cases, the membrane hydrophobicity was enhanced by the introduction 
of the hydrophobic SMM. 

4.2.2.2. Fluorination. Fluorination is a common method to enhance the 
hydrophobicity of a membrane by introducing fluorine-containing 
functional groups [46]. Polymer membrane surfaces often have 
various functional groups, such as hydroxyl, amino, and double bonds 
[151–153]. The activated surfaces can react with fluoroalkyl functional 
groups via grafting, functionalization, polymerization, copolymeriza-
tion, etc. [52]. Fluorination is often achieved in two ways. One way is to 

first modify nanoparticles with fluorine-containing polymers/pre-
cursors, followed by coating, blending, or electrospinning them into or 
onto membranes to achieve high surface roughness and low surface 
energy. Another way is the direct fluorination of the membrane surface 
by different techniques, such as surface coating, grafting, and plasma 
modification using similar fluorine-containing polymers [71]. A list of 
common fluorination compounds is summarized in Table 3. 

Inorganic nanoparticles, such as TiO2, ZnO, and SiO2 have been 
incorporated on MD membranes to enhance their surface roughness and 
hierarchical/re-entrant structures [151,152]. They can be mixed in the 
membrane dope solution or coated onto the membrane surface 
[161–163]. Creating another layer on the membrane surface by fluori-
nation of the surface nanoparticles will enable lower surface energy and 
hierarchical structures, resulting in more robust omniphobic or super-
hydrophobic membranes [52]. Most nanomaterials have hydroxyl 
groups that are reactive with fluoroalkylsilane compounds. A list of 
works on the fluorination of nanomaterial-coated MD membranes is 
shown in Table 4. Interestingly, the combination of nanomaterials and 
fluorination often leads to superhydrophobic and/or omniphobic 
membranes, which are highly desirable for practical MD applications 
due to the enhancement of the wetting resistance and robustness. 

Various fluoroalkyl materials have been studied for hydrophobic 
modification of nanoparticle-coated MD membranes [79,173]. For 
example, tri-functional perfluoroalkylsilanes molecules have been used 
to functionalize ceramic membranes as illustrated in Fig. 14 [159]. 
Perfluorodecyltriethoxysilane/PDMS mixture was used for crosslinking 
and fluorination of 3-aminopropyl triethoxysilane (APTES)-treated PES 
membranes coated by silica nanoparticles [173]. The fabricated mem-
branes exhibited anti-oil-fouling and antiwetting abilities. Amino- 
functionalized PVDF membranes were spray-coated by silica nano-
particles and then fluorinated by a silane solution 1H, 1H, 2H, 2H-per-
fluorodecyltrimethoxysilane (FAS17). The synergistic effect of silica 
nanoparticle deposition and fluorination increased the membrane 
omniphobicity with a WCA of 160◦ [168]. Grafting silica nanoparticles 
onto the membrane surface and fluorination by poly (fluorooctyl-
triethoxysilane) (PFOTES) enabled an omniphobic membrane with a 
WCA of 169◦ and relatively high permeate flux (37 LMH) [79]. 

SiO2 is a very popular nanoparticle for the preparation of MD 
membranes due to its physicochemical stability, low cost, and roughness 
creation properties. Dong et al., fluorinated the PVDF/SiO2 MD mem-
brane surface with fluoroalkylsilane and reported an increase in WCA 
from 130.4◦ to 160.5◦ [174]. The negative charge of the SiO2 nano-
particles with hydroxyl groups often requires the pre-treatment of 
membrane surface by hydroxyl or ammonium-containing groups, such 
as polydopamine, trimesoyl chloride, and APTES [167]. The pre-treated 
PVDF membranes were coated with SiO2, and fluorinated with per-
fluoroalkylsilane, and the modified membrane exhibited a WCA higher 
than 150◦ without a significant reduction in permeate flux [167]. SiO2 
nanoparticles from tetraethyl orthosilicate precursor were deposited on 
cellulose nanofiber membranes by in-situ dip-coating in the presence of 
ammonia, and high water and oil CA values of about 150◦ were observed 
[165]. Similarly, PVDF-HFP and cetyltrimethylammonium bromide 
were incorporated to fabricate MD membranes. The fabricated mem-
branes were dip-coated by SiO2 nanoparticles and fluorinated by FAS17 
via CVD, and the modified membrane showed superhydrophobicity with 
a WCA higher than 150◦ [175]. To conclude, the coupling of inorganic 
nanoparticle incorporation and fluorination is highly effective in 
creating superhydrophobic/omniphobic MD membranes with high 
roughness/re-entrant structures. 

Fluorination can be directly performed on the membrane surface if 
the surface has sufficiently high roughness and reactive functional 
groups, such as hydroxyl, epoxide, carbonyl, and carboxylic groups, 
which facilitate stable fluorination. For example, GO or reduced GO has 
excellent chemical, mechanical, and thermal stabilities as well as high 
porosity and roughness [52]. Wen et al. fabricated GO and reduced GO 
membranes by vacuum filtration and performed fluorination with 
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perfluoroalkylsilanes solution [176]. The fabricated membranes showed 
relatively high WCAs up to 144◦. In another study, the WCA of orga-
nosilica membranes containing hydroxyl functional groups was 
improved from 50◦ to 105◦ after fluorination with PFOTES solution 
[177]. 

Membrane surface fluorination can also be achieved by plasma 
treatment using fluorine-containing gas, vapor or monomers. The 
plasma polymerization with CF4 [155] and 1H, 1H, 2H, 2H-perfluoro-
decyl methacrylate (F8) [178] has been reported to enhance mem-
brane surface hydrophobicity. For example, PES membranes were 

Table 3 
A list of common fluorine-containing compounds used for fluorination.  

Chemical name CAS no. Chemical structure Ref. 

Perfluoropolyether (PFPE) 69991-67-9 [154] 

Tetrafluoromethane (CF4) 75-73-0 [155] 

1H, 1H, 2H, 2H-perfluorodecyltriethoxysilane (PFTES) 101947-16-4 [93] 

1H,1H,2H,2H-perfluorodecanethiol (PFDT) 34143-74-3 [156] 

1H, 1H, 2H, 2H-perfluorodecyltrimethoxysilane (FAS17) 83048-65-1 [157] 

1H, 1H, 2H, 2H-perfluorooctyl-trichlorosilane (PFOTCS) 78560-45-9 [158] 

1H,1H,2H,2H-perfluorodecyltrichlorosilane (FDTS) 78560-44-8 [159] 

1H, 1H, 2H, 2H-perfluorooctyltriethoxysilane (PFOTES) 51851-37-7 [160]  

Table 4 
A selected list of works on fluorination of nanoparticle-coated MD membranes.  

Polymer Nanomaterial Fluoroalkyl compound Feed T 
(◦C) 

Permeate T 
(◦C) 

Feed 
salinity 
(g•L− 1) 

WCA 
(◦) 

Membrane flux 
(kg•m− 2•h− 1) 

Rejection 
(%) 

Ref. 

PVDF CNTs 1H,1H,2H,2H-perfluorodecyltriethoxysilane 55–75  15 5  180  32.4 – [164] 
Cellulose SiO2 (Heptadecafluoro-1,1,2,2-tetrahydrodecyl) 

trichlorosilane 
60  20 58.44  151  43.6 100 [165] 

PVDF- 
HFP 

TiO2 1H,1H,2H,2H-perfluorooctyltriethoxysilane 60  20 35  162  38.7 – [166] 

PVDF- 
HFP 

SiO2 1H,1H,2H,2H-Perfluorodecyltriethoxysilane 60  20 58.44  152  28.6 100 [167] 

PVDF SiO2 1H,1H,2H,2H-perfluorodecyltriethoxysilane 70  20 35  164  27.0 99.99 [168] 
PDMS/ 

PES 
SiO2 1H,1H,2H,2H-perfluorodecyl triethoxysilane 60  20 58.44  146  29.0 99.98 [169] 

PVDF SiO2/PS 1H,1H,2H,2Hperfluorodecyltrimethoxysilane 60  20 a  176  9.0 – [170] 
PVDF TiO2 (Tridecafluro-1,1,2,2-tetrahydrooctyl) 

triethoxysilane 
40  20 100b  >150  6.0 99.9 [171] 

PVDF- 
HFP 

SiO2 (Heptadecafluoro-1,1,2,2-tetrahydrodecyl) 
trichlorosilane 

60  20 58.44  150  37 100 [172] 

PVDF SiO2 Perfluorodecyltrichlorosilane 60  20 58.44  >150  13.6 100 [133]  

a An emulsion of sodium dodecyl sulfate: hexadecane: NaCl at a concentration ratio of 240: 2400: 10000 (mg•L− 1) in water was used to simulate oily waste water. 
b Gallic acid in water was used as the feed solution. 

A. Samadi et al.                                                                                                                                                                                                                                 



Desalination 563 (2023) 116722

14

activated by argon plasma and then fluorinated by CF4 gas, leading to 
significantly improved WCAs [108]. Non-vapor F8 monomers were 
applied for the plasma treatment of polyacrylonitrile membranes to 
enhance hydrophobicity [179]. Therefore, fluorination via plasma 
treatment has the potential to improve the hydrophobicity and anti-
wetting performance of MD membranes. However, plasma treatment 
assisted surface fluorination still has some challenges as discussed in 
Section 4.1.2. In particular, the costs and the environmental issues of 
hazardous fluoroalkyl chemicals should be carefully considered in sur-
face fluorination by plasma polymerization [180,181]. In the future, it is 
highly recommended to replace toxic fluorination materials with non- 
fluoroalkyl green agents to minimize the membrane costs and the 
adverse environmental impacts. 

4.2.3. Engineering surface structure 
Apart from engineering surface chemistry to lower the surface en-

ergy of the membrane, creating special surface structures to minimize 
the contact area between the liquid and the solid is another effective way 
to increase the CA. Hierarchical and re-entrant structures are two 
desirable topographical structures for roughness enhancement to engi-
neer antiwetting superhydrophobic or omniphobic membranes for MD. 

4.2.3.1. Hierarchical structure. Hierarchical structures can be prepared 
on the surface of composite membranes by electrospinning. This tech-
nique can produce highly porous structures, compensating for the pore 
size reduction. Furthermore, the addition of inorganic additives [182] to 
the spinning solution or coating with nanoparticles [154,183,184], 
followed by fluorination [154,158,184] can produce surfaces with hi-
erarchical structures. These methods enable MD membranes with low-
ered surface energy and increased surface roughness, which tend to 
significantly increase the liquid CAs of the membranes. 

Two-dimensional graphene nanoparticles were added to the PVDF 
dope solution to prepare electrospun membranes [185]. At the optimum 
graphene concentration, a very high CA of 163◦ and a high LEP of 187 
kPa were observed due to the creation of the hierarchical structure. In 
another study, Sas et al. prepared electrospun fibers containing porous 

micro particles [182]. The enhanced CA (162◦) was reported due to the 
accumulation of the filler particles on the membrane surface and also 
nano-coating of the periphery of fibers which increases the surface 
roughness. 

Silanization by using silane-based solutions (e.g. FTCS and APTES) is 
another effective way to create hierarchical structures [158,186]. For 
example, the dual-layer electrospinning method was applied to create 
fluorinated silane molecule/PVDF layers onto a glass slide, and a 
microscale and nanoscale hierarchical structure was observed [187]. 
Zheng et al. employed the synergistic effects of silica nanoparticle 
coating, silanization and fluorination assisted by polymer 3-methacry-
loxypropyltrimethoxysilane and 1H, 1H, 2H, 2H-perfluorodecyltrime-
thoxysilane to fabricate an omniphobic PVDF membrane with 
hierarchical structures with a WCA up to 176◦ [170]. 

Inorganic metalloids and metal oxides, such as SiO2, TiO2, ZnO, and 
Al2O3 have been employed to produce superhydrophobicity for MD 
membranes via the creation of hierarchal structures with multilevel 
roughness [128,188]. Particularly, TiO2 and SiO2 have been widely used 
due to their low costs, and excellent physicochemical, antifouling, and 
antimicrobial properties [189]. They can also be easily functionalized 
with fluorinated (e.g. fluoroalkylsilanes) or non-fluorinated (e.g. poly-
vinylsilsesquioxane) hydrophobic agents to prepare multifunctional 
membranes [188]. Li et al. created a pine-needle-like hierarchical 
nanostructure with multilevel roughness on PVDF-HFP membranes by 
coating fluorinated TiO2 nanoparticles (Fig. 15) [189]. The air pockets 
in the nanostructures enabled a Cassie-Baxter state and fluorination 
provided low surface energy, leading to high CAs for water (168◦) and 
mineral oil (153◦). In another study, Razmjou et al. created hierarchical 
structures on PVDF membranes by coating fluorinated TiO2 nano-
particles [128]. The fabricated membranes exhibited excellent omni-
phobic properties. 

LbL assembly has also been used to create hierarchical structures. 
This process involves depositing a nano-sized roughness on a micro-
structure roughness [190,191]. Multi-layers of silica nanoparticles with 
different sizes and functionalities have been applied to create hydro-
phobic surfaces [191]. LBL assembly of poly(diallyldimethylammonium 

Fig. 14. Functionalization of ceramic membranes by tri-functional perfluoroalkylsilanes molecules [159].  
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chloride), silica aerogel, and FTCS by electrostatic interaction has been 
used to create hierarchical structures [93]. The fabricated membranes 
exhibited a very high water CA of 177◦ and oil CA of 163◦, while the 
permeate flux decreased due to the reduction in pore size from 0.20 to 
0.09 μm. Furthermore, LBL assembly is also capable of generating Janus 
membranes. Deposition of catechol/chitosan and polyethyleneimine 
over a PVDF membrane is an example of such an approach to create 
hierarchical cauliflower-like morphology for the top surface [190]. The 
hierarchical cauliflower-like morphology of the top surface and its 
superhydrophilicity prevented surfactant and oil attachment via the 
hydration barrier effect. 

4.2.3.2. Re-entrant structure. Theoretical analysis of the re-entrant 
structure, which is wider on top and narrower at the bottom, was 
introduced by Extrand [192]. He revealed that a surface with even a 
smooth top layer but having a re-entrant topology can have a high CA 
[33]. Re-entrant structures with various geometries, such as micro- 
mushrooms [193], micro-hoodoo arrays [84], fiber mats [194], micro- 
nail forests [195], micro-posts [196], and nanoparticle coatings [197] 
can be generated by either top-down techniques (e.g., templating) or 
bottom-up techniques (e.g., CVD) [55]. Tuteja et al. fabricated re- 
entrant structures by the lithographic method [84]. Other methods, 
such as electrospinning [198], CVD [199], templating [200], etching 
[201], template-assisted electrodeposition [195], photolithography 
[202], and colloidal lithography-plasma texturing [203] have also been 
used to create re-entrant structures. However, most of these methods are 
complex and costly, and require expensive equipment. 

The most extensively studied method for generating MD membranes 
with re-entrant structures and low surface energy involves nanoparticle 
coating of nanofiberous membranes, followed by surface fluorination 
[204]. Electrospun hollow fibers can provide re-entrant structures on 
the bottom-half of the electrospun fibrous networks [205]. However, 
post-modification methods with nanoparticles and fluorinating agents 
are required to lower the surface energy and provide a more re-entrant 
structure. Successful fabrication of omniphobic MD membranes has 
been achieved by coating hydrophobic polymers (e.g. PVDF [170] and 
PVDF-HFP nanofibers [172]) with silica nanoparticles, followed by 
fluorination using materials such as FAS17 [170], Teflon AF 2400 [206] 
and fluoroalkylsilane [172]. To ensure a stable flux and an outstanding 
rejection, a chemical binding agent is often used to enhance the adhe-
sion between the coating and the membrane substrate [170]. In addi-
tion, the one-step incorporation of fluorodecyl polyhedral oligomeric 
silsesquioxane was also able to reduce the surface energy and create a re- 
entrant beads-on-string structure [84,205]. 

LBL assembly is a proven method to engineer re-entrant structures 
[93,170]. The process involves four steps: (1) membrane surface 
functionalization/pre-treatment to improve nanoparticle attachment, 

(2) nanoparticle coating, (3) polymer solution coating to stabilize the 
nanoparticle layer (e.g. silanization), and (4) fluorination. These steps 
are also often used to create superhydrophobic and/or omniphobic 
membranes with hierarchical and/or re-entrant structures. For example, 
Zheng et al. pre-treated the surface of a PVDF membrane with an alka-
line solution, and then coated it with APTES solution [170]. The pre-
pared polystyrene microspheres by free radical dispersion 
polymerization were applied to create a coating layer on silica nano-
particles. The silica-polystyrene microspheres dispersed in alcohol were 
spray-coated onto the APTES modified PVDF membrane. The prepared 
membrane was fluorinated with FAS17, and exhibited re-entrant struc-
tures with water and hexane CAs of 176◦ and 138◦, respectively. 

5. Green modification materials/methods 

Hydrophobicity is a key factor in the performance of MD membranes 
and a plethora of research has been done to enhance membrane hy-
drophobicity as discussed in previous sections. However, most of the 
hydrophobic modifications are based on expensive and potentially 
hazardous fluorination materials that may cause severe environmental 
and health issues due to their persistent and bioaccumulation nature 
[103,207,208]. Therefore, fabricating hydrophobic membranes without 
using fluoride-containing compounds is highly desirable to reduce 
membrane costs and minimize the related environmental and health 
risks [52]. Several alternative strategies have been explored to create re- 
entrant surfaces with low surface energy, including modification with 
alkyl functional groups, carbon-based materials, and polymerization/ 
copolymerization. Table 5 summarizes the studies on the surface 
modification of MD membranes without using fluoride-containing 
materials. 

Alkyl functionalization of silanes and nanoparticles such as SiO2, 
TiO2, ZnO, etc. is an effective method to enhance the hydrophobicity of 
MD membranes. For successful modification with alkyl silane solutions, 
the membrane surface should contain functional groups (e.g., hydroxyl 
or amino) to react with trichloride or trialkoxy groups of the alkyl si-
lanes. For instance, ceramic membranes with hydroxyl groups on the 
surface were easily modified with an n-octyltriethoxysilane agent and 
became highly hydrophobic [159]. Alkyl modifying agents such as 
alkylsilanes and alkyl phosphonic acids have been used to modify 
nanoparticles. For example, hexadecyltrimethoxysilane agent was used 
to modify the surface of SiO2 coated PVDF membrane, creating a re- 
entrant structure [211]. The fabricated membranes exhibited an 
enhanced WCA of 141.6◦ and the flux was four times higher than that of 
the pristine PVDF membranes. In another study, micron-sized silica 
particles were modified by grafting spherical polyvinylsilsesquioxane 
nanoparticles onto them [218]. The hydrophobic groups including vi-
nyls and methoxyls enabled a surperhydrophobic membrane surface 

Fig. 15. SEM images of (a) pristine PVDF-HFP nanofibers and (b) fluorinated TiO2/PVDF-HFP nanofibers [189].  
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(WCA 160◦) with low surface energy and the LEP of the modified 
membrane was 3.53 bar [218]. 

Carbon-based materials are cheaper and less toxic compared with 
fluorine-containing compounds. Chemicals without fluoride often have 
lower costs than chemicals containing this element [52]. Moreover, 
some carbon-based materials are highly hydrophobic and can be used to 
fabricate hydrophobic MD membranes [52]. Therefore, they are excel-
lent substitutions for fluorine-containing compounds in the modification 
of MD membranes. 

Carbon-based materials, such as diamond, graphite, activated car-
bon, carbon nanotubes (CNTs), graphene, or carbon quantum dots have 
been used to modify MD membranes due to their inherent hydropho-
bicity [220]. Hydrophobic activated carbon materials with good 
adsorptive properties were mixed with PVDF-HFP dope solution to 
fabricate MD membranes via electrospinning, increasing in both WCA 
and permeate flux [221]. Electrospinning of reduced graphene oxide 
(GO) and PVDF-HFP has also been shown to enhance the membrane 
hydrophobicity [222]. Moreover, the hydrophobicity of the reduced GO 
can be further increased by grafting alkyl chains to the polar functional 
groups of the material surface containing oxygen and hydrogen [214]. 
CNTs have high permeability, and excellent mechanical, thermal, and 
superhydrophobic properties, making them promising candidates for 
MD membrane modification [101,223]. However, the fabricated mem-
branes suffer from cracks due to the weak interaction between the 
nanotubes, which could be solved by the integration of hydrophobic 
polymers (e.g., polypropylene and PVDF). For MD membrane fabrica-
tion with carbon-based materials, flux enhancement is a popular 
research direction in this area due to the special features of carbon 
materials [224,225]. 

Another method to enhance the hydrophobicity of the MD mem-
brane surface is the utilization of polymerization or copolymerization 
reactions to produce polymers containing nonpolar hydrocarbon chains 
[218,226]. In such reactions, the monomers often have double bonds or 
other functional groups such as alkyl chains and silanes. In addition, the 
substrate material should contain or be pre-treated to contain active 
functional groups, such as double bonds to react with the monomers 
[52]. 

Surface fluorination is a very common method to engineer antiwet-
ting hydrophobic, superhydrophobic or omniphobic MD membranes 
[45,79,227]. However, economic and environmental issues with 
fluoride-containing materials call for greener, more sustainable and 
cost-effective fabrication materials and methods for MD membranes. 
Carbon-based materials have emerged as a promising option for creating 
fluoride-free membranes that exhibit high stability and hydrophobicity. 
While the literature demonstrates the technical feasibility of creating 
fluorocarbon-free superhydrophobic or omniphobic membranes, 

challenges still exist in achieving the same level of mechanical stability 
and chemical inertness as fluorinated membranes. Nonetheless, the 
development of such membranes will not only improve the MD mem-
brane performance, but also address the need for environmentally- 
friendly and cost-effective membranes in various industries. 

6. Concluding remarks and prospects 

MD is a non-isothermal process that has been widely used for desa-
lination, wastewater treatment and volatile resource recovery. It is 
promising in treating hypersaline and oily liquid streams due to its 
special separation mechanism, low mechanical requirement, and capa-
bility of operating with a low-grade heat source. However, some chal-
lenges, such as pore wetting and membrane fouling limit its 
commercialization. Engineering antiwetting hydrophobic surfaces has 
shown great promise in enhancing the efficiency and durability of MD. A 
systematic approach to mitigate wetting is to enhance the liquid entry 
pressure (LEP) of the membrane by surface engineering. The key anti-
wetting engineering strategies include decreasing the maximum mem-
brane pore size, minimizing the membrane surface free energy, and 
creating rough surfaces with hierarchical/re-entrant structures. 

Pore size reduction enhances the LEP but reduces permeate flux at 
the same time, suggesting the importance of optimizing the pore size 
distribution. Surface modification methods, such as coating (with inor-
ganic nanoparticles and/or hydrophobic polymers), vapor deposition, 
and layer-by-layer (LbL) assembly have been applied to effectively 
reduce the pore size, followed by a fluorination step to further enhance 
the membrane hydrophobicity. Phase inversion and electrospinning 
methods have been used to prepare MD membranes. Synthesis condi-
tions and polymer selection can be optimized to achieve a high LEP 
along with a narrow sponge-like structure and high mechanical strength 
for the membrane. 

Surface energy reduction is an effective way to increase the surface 
hydrophobicity, LEP, and thus antiwetting performance of a hydro-
phobic membrane by altering the surface chemistry. It can be achieved 
by incorporating low surface energy materials (e.g., hydrophobic poly-
mers) in the membrane matrix or coating/grafting low surface energy 
materials (e.g., fluorosilanes) on the membrane surface. The commonly 
used hydrophobic functional groups are –CH3, –CH2–CH2–, and -CF3. 
Fluorination, mostly on nanoparticle-coated MD membranes, is another 
effective method to enhance the membrane hydrophobicity and 
roughness. 

Surface roughness enhancement by creating single/multi-level hi-
erarchical or re-entrant structures on the membrane surface is another 
common method to increase the CA, LEP and thus the antiwetting per-
formance of a hydrophobic membrane. Hierarchical nano-/micro- 

Table 5 
Modification of MD membranes with non-fluoroalkyl materials.  

Polymer Nanomaterial Non-fluoro modifier Feed T 
(◦C) 

Permeate T 
(◦C) 

Feed salinity 
(g•L− 1) 

WCA 
(◦) 

LEP 
(bar) 

Flux 
(kg•m− 2•h− 1) 

Rejection 
(%) 

Ref. 

PVDF- 
HFP 

CNF Glutaraldehyde crosslinked with 
collagen 

70  20 30  113 –  8.1 99.8 [209] 

PVDF – n-Octyltriethoxysilane     121 6.4  5.5 – [210] 
PVDF SiO2 Hexadecyltrimethoxysilane 50  20 58.44  142 2.64  8.0 – [211] 
PVDF ZnO 3-Aminopropyltriethoxysilane/lauric 

acid 
86  22 12–13  71 7.5  25 99 [212] 

PVDF GO 3-(Aminopropyl)triethoxysilane 85  20 35  78 –  6.2 >99.9 [213] 
PES/ 

PVDF 
GO Hydrocarbon modified graphene 

nanoplatelets 
65  25 10  132 0.85  19.4 – [214] 

BPs CNTs 3-Glycidoxypropyltrimethoxysilane 55, 75  5 35  140 4.41  8.3 98.3 [215] 
BPs CNTs Polystyrene 70  5 35  95 –  15.0 95 [216] 
PET 

TeMs 
CNTs Triethoxyvinylsilane 85  10 30  104 4.3  0.7 99.3 [217] 

PVDF SiO2 Polyvinylsilsesquioxane/ 
vinyltrimethoxysilane 

53  20 35  160 3.53  9.8 100 [218] 

PVC – Polyethylacrylate 45–65  20 35–200  96 –  30 99.9 [219]  
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structures with multi-level roughness can be prepared by electro-
spinning, fluorination, LbL assembly, or incorporation of inorganic 
metalloids and metal oxides (e.g., SiO2, TiO2, ZnO, and Al2O3). Re- 
entrant structures can be introduced in various geometries such as 
micro-mushrooms, micro-hoodoo arrays, and nanoparticle coatings via 
top-down or bottom-up techniques such as lithography, electrospinning, 
chemical vapor deposition, template technique, etching, and photoli-
thography. Creating re-entrant structures provides a high CA surface 
with a Cassie-Baxter state. 

Economic and environmental issues associated with fluoride- 
containing materials have driven research into the fabrication of 
green, sustainable, and more cost-effective membranes without fluoride- 
containing compounds. The main alternative strategies for engineering 
antiwetting membranes include the incorporation of alkyl functional 
groups, modification with carbon-based materials, and polymerization/ 
copolymerization. Carbon-based materials are promising fluoride-free 
materials that exhibit high stability and hydrophobicity. However, 
there are still challenges in fabricating carbon-based membranes with 
high mechanical stability and chemical inertness. 

To achieve commercialization of MD, there are still many obstacles 
to overcome, particularly the wetting issue. The first key challenge is the 
trade-off between the membrane permeability and wetting resistance. 
Antiwetting MD membranes often have small pore sizes that lead to low 
membrane permeability. High-flux MD membranes usually have low 
long-term stabilities due to their low wetting resistance. To enhance the 
antiwetting properties of MD membranes, various coating/modification 
materials (e.g. nanoparticles, nanosheets and nanotubes) and methods 
have been employed. However, their costs, environmental impacts and 
stabilities in the long run are still unclear and thus need further in-
vestigations before large-scale adoption. In practical MD applications, 
the feed solution may be highly complex, such as containing surfactants 
and/or corrosive substances, and the feed properties (e.g. surface ten-
sion) may significantly vary with the temperature, leading to compli-
cated interactions (e.g. concentration polarization) between the feed 
solution and the membrane surface. In addition, the coating materials 
often have different thermal conductivities with the polymer mem-
branes. How the coating materials affect the temperature polarization in 
MD would be an interesting question to explore. In the future, more 
research efforts should be made to these areas before MD can be 
commercialized at large scale. 

Moving forward, engineering antiwetting hydrophobic surfaces for 
MD applications will continue to be an active area of research, with a 
focus on improving the durability and stability of these membranes, 
improving the scalability of the fabrication methods, and reducing the 
fabrication cost. In addition, there is a need to further explore more 
environmental-friendly materials for membrane antiwetting 
modification. 

Finally, the integration of antiwetting membranes with other pro-
cesses may also hold great promise for the development of more efficient 
and sustainable water treatment processes. Overall, the future looks 
bright for the continued development and application of antiwetting 
hydrophobic MD membranes for high salinity challenging waste liquid 
treatment, zero liquid discharge and resource recovery. 
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[204] R. Castro-Muñoz, Breakthroughs on tailoring pervaporation membranes for water 
desalination: a review, Water Res. 187 (2020), 116428. 

[205] A. Tuteja, W. Choi, G.H. McKinley, R.E. Cohen, M.F. Rubner, Design parameters 
for superhydrophobicity and superoleophobicity, MRS Bull. 33 (2008) 752–758. 

[206] K.J. Lu, J. Zuo, J. Chang, H.N. Kuan, T.-S. Chung, Omniphobic hollow-fiber 
membranes for vacuum membrane distillation, Environ. Sci. Technol. 52 (2018) 
4472–4480. 

[207] T.G. Ambaye, M. Vaccari, S. Prasad, S. Rtimi, Recent progress and challenges on 
the removal of per- and poly-fluoroalkyl substances (PFAS) from contaminated 
soil and water, Environ. Sci. Pollut. Res. 29 (2022) 58405–58428. 

[208] M. Li, F. Sun, W. Shang, X. Zhang, W. Dong, Z. Dong, S. Zhao, Removal 
mechanisms of perfluorinated compounds (PFCs) by nanofiltration: roles of 
membrane-contaminant interactions, Chem. Eng. J. 406 (2021), 126814. 

[209] S.S. Ray, C.K. Deb, H.M. Chang, S.S. Chen, M. Ganesapillai, Crosslinked PVDF- 
HFP-based hydrophobic membranes incorporated with CNF for enhanced stability 
and permeability in membrane distillation, J. Appl. Polym. Sci. 136 (2019) 
48021. 

[210] W.-T. Xu, Z.-P. Zhao, M. Liu, K.-C. Chen, Morphological and hydrophobic 
modifications of PVDF flat membrane with silane coupling agent grafting via 
plasma flow for VMD of ethanol–water mixture, J. Membr. Sci. 491 (2015) 
110–120. 

[211] N. Hamzah, M. Nagarajah, C. Leo, Membrane distillation of saline and oily water 
using nearly superhydrophobic PVDF membrane incorporated with SiO2 
nanoparticles, Water Sci. Technol. 78 (2018) 2532–2541. 

[212] F. Ardeshiri, S. Salehi, M. Peyravi, M. Jahanshahi, A. Amiri, A.S. Rad, PVDF 
membrane assisted by modified hydrophobic ZnO nanoparticle for membrane 
distillation, Asia Pac. J. Chem. Eng. 13 (2018), e2196. 

[213] S. Leaper, A. Abdel-Karim, B. Faki, J.M. Luque-Alled, M. Alberto, 
A. Vijayaraghavan, S.M. Holmes, G. Szekely, M.I. Badawy, N. Shokri, Flux- 
enhanced PVDF mixed matrix membranes incorporating APTS-functionalized 
graphene oxide for membrane distillation, J. Membr. Sci. 554 (2018) 309–323. 

[214] M.S. Salem, A.H. El-Shazly, N. Nady, M.R. Elmarghany, M.N. Sabry, PES/PVDF 
blend membrane and its composite with graphene nanoplates: preparation, 
characterization, and water desalination via membrane distillation, Desalin. 
Water Treat. 166 (2019) 9–23. 

[215] L. Dumée, V. Germain, K. Sears, J. Schütz, N. Finn, M. Duke, S. Cerneaux, 
D. Cornu, S. Gray, Enhanced durability and hydrophobicity of carbon nanotube 
bucky paper membranes in membrane distillation, J. Membr. Sci. 376 (2011) 
241–246. 

[216] L.F. Dumée, K. Sears, J. Schütz, N. Finn, C. Huynh, S. Hawkins, M. Duke, S. Gray, 
Characterization and evaluation of carbon nanotube Bucky-Paper membranes for 
direct contact membrane distillation, J. Membr. Sci. 351 (2010) 36–43. 

[217] I.V. Korolkov, Y.G. Gorin, A.B. Yeszhanov, A.L. Kozlovskiy, M.V. Zdorovets, 
Preparation of PET track-etched membranes for membrane distillation by photo- 
induced graft polymerization, Mater. Chem. Phys. 205 (2018) 55–63. 

[218] D. Hou, K.S. Christie, K. Wang, M. Tang, D. Wang, J. Wang, Biomimetic 
superhydrophobic membrane for membrane distillation with robust wetting and 
fouling resistance, J. Membr. Sci. 599 (2020), 117708. 

[219] S.S. Hussein, S.S. Ibrahim, M.A. Toma, Q.F. Alsalhy, E. Drioli, Novel chemical 
modification of polyvinyl chloride membrane by free radical graft 
copolymerization for direct contact membrane distillation (DCMD) application, 
J. Membr. Sci. 611 (2020) 118266. 

[220] M. Khatri, L. Francis, N. Hilal, Modified electrospun membranes using different 
nanomaterials for membrane distillation, Membranes 13 (2023) 338. 

[221] L. Zhao, C. Wu, X. Lu, D. Ng, Y.B. Truong, Z. Xie, Activated carbon enhanced 
hydrophobic/hydrophilic dual-layer nanofiber composite membranes for high- 
performance direct contact membrane distillation, Desalination 446 (2018) 
59–69. 

[222] T. Chen, A. Soroush, M.S. Rahaman, Highly hydrophobic electrospun reduced 
graphene oxide/poly (vinylidene fluoride-co-hexafluoropropylene) membranes 
for use in membrane distillation, Ind. Eng. Chem. Res. 57 (2018) 14535–14543. 

[223] L.F. Dumée, S. Gray, M. Duke, K. Sears, J. Schütz, N. Finn, The role of membrane 
surface energy on direct contact membrane distillation performance, Desalination 
323 (2013) 22–30. 

[224] J. Ren, J. Li, Z. Xu, Y. Liu, F. Cheng, Simultaneous anti-fouling and flux-enhanced 
membrane distillation via incorporating graphene oxide on PTFE membrane for 
coking wastewater treatment, Appl. Surf. Sci. 531 (2020), 147349. 

[225] N. Sun, J. Li, J. Ren, Z. Xu, H. Sun, Z. Du, H. Zhao, R. Ettelatie, F. Cheng, Insights 
into the enhanced flux of graphene oxide composite membrane in direct contact 
membrane distillation: the different role at evaporation and condensation 
interfaces, Water Res. 212 (2022), 118091. 

[226] I.V. Korolkov, A.B. Yeszhanov, M.V. Zdorovets, Y.G. Gorin, O. Güven, S. 
S. Dosmagambetova, N.A. Khlebnikov, K.V. Serkov, M.V. Krasnopyorova, O. 
S. Milts, Modification of PET ion track membranes for membrane distillation of 
low-level liquid radioactive wastes and salt solutions, Sep. Purif. Technol. 227 
(2019), 115694. 

[227] W. Qing, Y. Wu, X. Li, X. Shi, S. Shao, Y. Mei, W. Zhang, C.Y. Tang, Omniphobic 
PVDF nanofibrous membrane for superior anti-wetting performance in direct 
contact membrane distillation, J. Membr. Sci. 608 (2020), 118226. 

A. Samadi et al.                                                                                                                                                                                                                                 

http://refhub.elsevier.com/S0011-9164(23)00354-5/rf0980
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf0980
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf0985
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf0985
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf0990
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf0990
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf0990
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf0995
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf0995
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf0995
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1000
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1000
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1000
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1005
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1005
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1005
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1010
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1010
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1010
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1015
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1015
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1020
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1020
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1025
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1025
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1025
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1030
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1030
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1030
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1035
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1035
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1035
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1040
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1040
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1040
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1040
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1045
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1045
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1045
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1045
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1050
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1050
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1050
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1055
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1055
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1055
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1060
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1060
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1060
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1060
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1065
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1065
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1065
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1065
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1070
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1070
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1070
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1070
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1075
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1075
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1075
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1080
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1080
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1080
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1085
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1085
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1085
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1090
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1090
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1090
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1090
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1095
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1095
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1100
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1100
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1100
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1100
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1105
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1105
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1105
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1110
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1110
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1110
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1115
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1115
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1115
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1120
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1120
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1120
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1120
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1125
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1125
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1125
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1125
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1125
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1130
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1130
http://refhub.elsevier.com/S0011-9164(23)00354-5/rf1130

	Engineering antiwetting hydrophobic surfaces for membrane distillation: A review
	1 Introduction
	2 Wetting mechanism
	3 Liquid entry pressure and its influencing factors
	3.1 Liquid entry pressure
	3.2 Membrane parameters influencing LEP
	3.2.1 Membrane pore size
	3.2.2 Membrane pore geometry
	3.2.3 Membrane surface chemistry (i.e., surface free energy)
	3.2.4 Membrane surface roughness (i.e., architecture)
	3.2.5 Membrane porosity and tortuosity


	4 Antiwetting fabrication strategies
	4.1 Reducing membrane pore size
	4.1.1 Theory
	4.1.2 Surface modification
	4.1.2.1 Surface coating
	4.1.2.2 Chemical vapor deposition
	4.1.2.3 Plasma treatment
	4.1.2.4 Layer-by-layer assembly

	4.1.3 Improvement of synthesis method

	4.2 Increasing the contact angle
	4.2.1 Theory
	4.2.2 Engineering surface chemistry
	4.2.2.1 Incorporating hydrophobic polymers
	4.2.2.2 Fluorination

	4.2.3 Engineering surface structure
	4.2.3.1 Hierarchical structure
	4.2.3.2 Re-entrant structure



	5 Green modification materials/methods
	6 Concluding remarks and prospects
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


