This is an Accepted Manuscript of an article published by Taylor & Francis in CRITICAL REVIEWS IN ENVIRONMENTAL
SCIENCE AND TECHNOLOGY on 04.02.2021, available online: https://www.tandfonline.com/doi/full/10.1080/10643389.2021.1877032

Postprint of: Gontarek-Castro E., Castro-Muiioz R., Lieder M., New insights of nanomaterials usage toward superhydrophobic membranes
for water desalination via membrane distillation: A review, CRITICAL REVIEWS IN ENVIRONMENTAL SCIENCE AND
TECHNOLOGY (2021), DOLI: 110.1080/10643389.2021.1877032]

New insights of nanomaterials usage toward superhydrophobic
membranes for water desalination via membrane distillation: A review

Left running head: E. GONTAREK ET AL.

Right running head: Critical Reviews in Environmental Science and Technology

[AQu

Emilia Gontarek$®? Roberto Castro-MuiioZ® Marek Lieder?

4Faculty of Chemistry, Department of Process Engineering and Chemical Technology, Gdansk University of
Technology, Gdansk, Poland;

bTecnologico de Monterrey, Campus Toluca, Avenida Eduardo Monroy Céardenas 2000 San Antonio Buenavista,

Toluca de Lerdo, Mexico

CONTACT E m il i aGontarek® emilia.gontarek@pg. edu.pl; Roberto Castro-Muiiog
Jfood. biotechnology88@gmail.com; castromr@tec.mx @

Abstract

Membrane distillation (MD) is a promising technology for seawater desalination due to the ability to process high-
salinity waters and the ability to be driven by low-grade or waste heat. However, practical applications of MD
membranes are limited by the low vapor flux and fouling problem. Recently, there is a growing interest in developing
novel MD membrane materials with enhanced hydrophobicity to improve the efficiency of desalination performance.
Interestingly, the incorporation of nanomaterials for tailoring superhydrophobic properties of MD membranes has
attracted enormous attention in MD. Herein, according to the new insights of the available literature data, the current
trend for achieving superhydrophobic MD membranes by embedding inorganic nanomaterials is provided. The
influence of the inorganic additives on membrane fouling, stability, separation performance, is also discussed. Finally,
theoretical principles of MD, the milestones of the evolution of developing superhydrophobic membrane surfaces, and

future trends are also given for the new readers in the field.
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1. Introduction

Membrane distillation is a thermally-driven process, which is known for its high potential for water treatment. Briefly,
the real possibility of application, especially in seawater desalination processes, regards to its high water recovery and
ability to treat high-salinity waters. Although, reverse osmosis is the most energy efficient desalination technology,
membrane distillation has the potential to become less energy intensive by incorporating low grade energy or waste
heat (Deshmukh et al., 2018). In particular, MD process requires the use of hydrophobic micro-porous membrane,
which separates two different aqueous solutions but allows only vapor permeation. The driving force of the process is
the vapor pressure difference across the membrane, which is induced by the temperature difference between feed and
permeate. In principle, due to membrane hydrophobicity, vapor is the only one able to pass through the membrane
pores, making MD a good candidate for the separation of nonvolatile compounds from water solution. When dealing
with seawater desalination, the most typical configuration is direct contact membrane distillation (DCMD), in which
hydrophobic micro-porous membrane is directly exposed to both streams (i.e. heated feed and cold permeate), as
illustrated in Figure 1. Typically, both streams are operated in a counterflow configuration. It is worth to mention that
DCMD configuration owes its popularity to the easy construction, while in fact its performance is less efficient than
other configurations e.g air gap membrane distillation (AGMD) and vacuum membrane distillation (VMD). For
instance, Eykens et al. (2017) stated that AGMD configuration modules showed a higher flux and lower energy
consumption compared to direct contact membrane distillation (DCMD) in a pilot scale experiments, while Cerneaux
et al. (2009) observed much higher fluxes of VMD than DCMD during desalination using ceramic membranes.
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1. Introduction

Figure 1. The scheme of direct contact membrane distillation (DCMD).
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For an efficient operation of a MD process, the perm-selective barrier should present a highly hydrophobic surface,

which is preferred since it may concurrently repel the water molecules in liquid state and favor the vapor transport.

For this reason, superhydrophobic membranes gained special attention in MD process. Such a term implies to those

membranes that may display a high water contact angle (over 1500). However, most of the membrane materials do

not display such a high contact angle, as shown in Table 1.

Table 1. Some examples of hydrophobic membrane materials and their water contact angles.

PVDF (GE Osmonics) (CHoCF2), 1130
Nanofibrous PVDF (CHyCF2), >1350
PTFE (Membrane Solutions) | (CFoCF»), 1260
PP (Membrana GmbH) [CHoCH(CH3)I, 980
Matrimid 5218 3,3'-4, 4'-benzophenone 850

tetracarboxylic-dianhydride
diaminophenylindane

Nanofibrous Matrimid 3,3'-4, 4'-benzophenone 1300
tetracarboxylic-dianhydride
diaminophenylindane

Nanofibrous polystyrene [CHyCH(CgH5)]n 1140

Polysulfone [CgH4-4-C(CH3)oCgHy-4- 1060
OCgHy-4-SO»CgHy-4-0],,

Hyflon AD (C4Fg03)N(CoF 4)m 130-1500

Zhang et al. (2010)

Liao, Wang et al. (2013a)
Zhang et al. (2010)

Gryta (20198)

Francis et al. (2013)

Francis et al. (2013)

Ke et al. (2016)
Peng et al. (2013)

Gugliuzza et al. (2006)

For this reason, there is a growing trend in developing new strategies for improving the existing materials, as well as
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tailoring new materials, to obtain superhydrophobic membranes. For instance, Figure 2 depicts the growing interest of

researchers in exploring superhydrophobic membranes over the last 10 years.

Figure 2. Publication trend on developing superhydrophobic membranes over the last 10 years (source Web

of Science, Keywords: superhydrophobic membrane).
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Furthermore, few review papers dedicated to membranes for MD application have been published within the last
years. Eykens et al. (2017) provided a literature review on the different methods for MD membranes synthesis
including basic process principle, parameters evaluation and module types used for MD. Himma et al. 2019) focused
on the preparation methods of only superhydrophobic membrane, including direct processing method and surface
modification. Nthunya, Gutierrez, Derese et al. (2019a) provided a comprehensive review regarding MD process,
additionally, some examples of membrane modification by incorporation of nanoparticles were discussed. Pan et al.
(2019) reviewed electrospun nanofibrous membranes for MD applications, emphasized on the research developments
in recent 3 [ 4 years. An analysis on the relationship between the membrane structures and the MD performance has
been provided. Yao et al. (2020) focused on various types of surface special wettability, and their fabrication methods
for MD. Nevertheless, most of the above mentioned works were mainly devoted to methods of membrane
preparation and synthesis. Considering the recent updates in MD regarding the role of nanomaterials in tailoring
membrane morphology and water vapor transport during desalination, we believe that it is necessary to organize a
new review paper that will emphasize the effect of these materials on membrane performance through the state-of-
the-art research development discussion. Therefore, this paper brings and elucidates the recent literature review on
strategies adopted by the research community in fabricating superhydrophobic MD membranes for desalination, giving
special attention to polymeric membranes containing different nanomaterials. An overview of the typical and emerging
nanomaterials used for MD membranes modification as well as the underlying mechanism leading to improvement of
MD performance has been introduced. In addition to this, we provide the theoretical principles and requirements for

MD membranes.

2. Theoretical principles of MD process

2.1. Mass transfer
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Within membrane distillation process, the mass transfer takes place due to the vapor pressure gradient between feed
and permeate. First, volatile species are transported from the bulk feed to the membrane surface, subsequently such
compounds diffuse through the membrane pores in gaseous phase; finally, the gaseous volatiles are transported from
the permeate membrane surface to the bulk permeate. To date, the mass transfer during MD has been described by
four possible mechanisms: Knudsen diffusion, viscous flow, surface diffusion and molecular diffusion (Orfi et al.,
2016). In general, for DCMD process, viscous flow and surface diffusion can be omitted (Lawson & Lloyd,1997),
while for some specific cases the models can be further simplified depending on the pore size, as described below
(Khayet et al., 2004).

1. Knudsen diffusion model: systems where collisions between molecule and pore wall are
dominant, as denoted by Eq. (1):

o L 2er(BRT\V2(p1-p))
RT 37 | M, 5 (1)

where €, 1, T, M; and & are porosity, pore radius, tortuosity, molecular weight of water vapor and membrane

thickness, respectively.

2. Molecular diffusion model: systems, where the membrane pore size is relatively large, the mass

transfer is mainly determined by the collisions between the molecules:

'ZLPDU (pl_Pz)
™5 RT  |pd,, 2

where D, P and p, are the Fick’s diffusion coefficient, total pressure in the pore and air pressure in the pore,

respectively.

During MD operation the concentration of solutes in feed solution becomes higher at the liquid/gas interface than in
the bulk feed. This phenomenon is called concentration polarization. Concentration polarization coefficient (Cpc) is

given by Eq. (3):

_ %m

Cr

CFC 3)

where cfy, is a concentration of the solute at the membrane surface and cy is a concentration of the solute in the bulk

feed.

2.2. Heat transfer

Along with the mass, the heat transfer also occurs. Heat transfer represents an important aspect in all MD
configurations. For instance, the heattransfer in DCMD is usually considered in two important mechanisms
(Alkhudhiri et al., 2012). The conductive heat transfer along the membrane pores that occurs together with the vapor
diffusion causes temperature change at the both membrane boundary layers. This leads to a temperature gradient in
the feed and permeate (between the bulk and boundary layer) and results in the convective heat transfer (Srisurichan
et al., 2006).

Convective heat transfer at the feed boundary layer can be given by Eq. (4):
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Qr=hdTs—Tss) 4)

while for permeate at the boundary layer:

Qp=hp(Tps—Tp) (5)

In the case of the heat transfer across the membrane, it can be denoted by Eq. (6):

szhm(Tf,s_Tp,S)-’-j‘&HV (6)

where hg, h, and hy, represent the heat transfer coefficients of the feed, permeate and membrane, respectively, T¢ and
T, are the temperature of the feed and permeate, respectively. Tgg and Ty, are the surface temperatures on the feed

and permeate side, respectively.

With the increasing difference between the bulk feed and permeate temperatures, as well as the surface temperature
at the corresponding side of the membrane, the effect of temperature polarization also raises (Termpiyakul et al.,

2005). Temperature polarization () is defined as follows:

w= Trs~ Tos
=T, ()
Such equation relates to the effect of heat transfer at the boundary layer and the total heat transfer resistance for a
given system. When the y value reaches 1, the resistances of thermal boundary layer are reduced, while when the
value is equal to 0, the system is controlled by large thermal boundary layer resistance. Typically, for DCMD

temperature polarization value lies between 0.4 and 0.7 (Curcio & Drioli, 2005).

2.3. Fouling phenomena

The fouling is defined as the deposition of any material on the membrane surface or in the membrane pores, that
leads to a meaningful change in the membrane separation performance (Smolders & Franken, 1989). The fouling in
MD can occur in various forms depending on the chemical composition of the feed bulk solution including organic,
inorganic, and biological fouling. In MD processes, mineral scaling is usually referred to inorganic fouling. For
example, during desalination of concentrated salt solutions, it is common to observe scale formation at the membrane
surface (Kullab & Martin, 2011). There are different ions in hypersaline wastewaters that may form sparingly soluble
minerals, such as sulfates, carbonates, and silicates. During MD process, the feed solution get concentrated as water
evaporates, leading in some cases to the growth of a layer of mineral crystals on the membrane surface (He et al.,
2008). Organic fouling rises from treatment of solutions containing protein-type macromolecules, humic acids, or
emulsified oil droplets, that leads to their adsorption at the membrane surface (Hausmann et al., 2013). Biological
fouling (biofouling) is caused by the growth of bacteria, fungi, and algae, also called as a biofilm formation on the
membrane surface. In general, fouling increases the resistance to heat and mass transfer, and leads to the rapid flux
decline and membrane wetting (Goh et al., 2013). To improve the MD stability against different fouling types,
membranes with special surface wettability, such as Janus, ©omniphobic and Ssuperhydrophobic have been
developed (Yao et al., 2020).

3. Membrane requirements for MD process
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It has been documented that MD process operates with lower temperatures and pressures compared to other
membrane processes for water desalination (e.g. reverse osmosis). In addition to this, MD is characterized by a high
salt rejection rates, and lower tendency to concentration polarization phenomena (Macedonio & Drioli, 2008). The
limiting factor for the development of a more efficient MD process is the lack of suitable membrane materials. This
efficiency will be ensured when the membrane will be free from pore blocking and wetting. However, the feed
solution during MD sea water desalination may contain substances, such as organic matter and oil particles, that
promote fouling and wetting of conventional hydrophobic membranes. Moreover, the treatment of hypersaline brine
results in mineral scaling on the membrane surface that leads to significant flux reduction, while the presence of low
surface tension liquids in the feed reduces the overall surface tension of the feed and results in pore wetting. For this
reason, the technology of MD membrane preparation faces few challenges including pore wetting, mineral scaling, and
membrane fouling (Horseman et al., 2021). Several studies have been devoted toirr the preparation of synthetic
membranes that would meet all of the requirements of MD process. So far, the most popular membrane materials for
MD process are stretched or phase inverted polymers, such as polypropylene (PP) (Tang et al.,2010),
polytetraftuoroethylene (PTFE) (Zhu et al.,2013) and poly (vinylidene fluoride) (P VDF) (Devi et al.,2014). Ceramic
materials are less used since they display high thermal conductivity, leading to heat loss through the membrane (Wang
et al., 2016). Furthermore, ceramic-based materials are usually more expensive than polymeric ones. According to
these disadvantages, few development works using ceramic membranes have been reported (Cerneaux et al., 2009;
Fang et al., 2012; Larbot et al., 2004). Therefore, special emphasis has been paid over the last years at improving
polymeric membranes. Nevertheless, several works have addressed unreliability of the polymeric membranes in long-
term operations (Jeong et al., 2016; Khayet et al., 2005). For this reason, there is a need to improve some physical
and chemical properties, including pore size, contact angle, porosity, and thermal conductivity. These properties
directly affect membrane separation performance in terms of energy efficiency (heat loss through the membrane),
stability, retention and flux (Eykens et al., 2017). Therefore, to fill this gap on the membrane market, there is a need
to develop MD membranes with high mass transfer, excellent anti-wetting and anti-fouling properties, chemical

inertness, and low cost.

As the MD membranes are contactors between two phases, they must possess a hydrophobic layer, which prevents
the wetting provoked by the feed solution and concurrently provide retention of nonvolatile solutes. The use of a
superhydrophobic membrane can significantly improve MD efficiency, this phenomenon is described in detail in next
sections. To evaluate the membrane susceptibility to wetting, the liquid entry pressure (LEP) parameter must be
determined. LEP is defined as the pressure value that is required for the liquid to pass through the membrane.
According to the literature, for a proper operation of MD plant, LEP of the feed solution should be above 2.5bar
(Schneider et al., 1988). LEP is described based on Laplace equation:

S — ®)

where B is a geometric factor of pore structure (equal to 1 for cylindrical pores), v, is the surface tension of the
liquid, g is the liquid/membrane contact angle and Froo is the maximum pore size (Franken et al., 1987). As a result,
to achieve high LEP, membrane material should have small pore size, high surface tension and low interface energy

between membrane and liquid.

Another important parameter for the optimal membrane performance is its thickness. Membrane thickness
significantly affects the vapor flux through the membrane. Thicker membrane increases the mass transfer resistance,
and thus reduces the vapor flux. On the other hand, thicker membrane reduces the heat loss. To date, several studies

indicate that the optimal membrane thickness for a MD membrane should be in the range of 30-60 um (Lagana et al.,
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2000). However, it is important to point out that this value may vary depending on the feed concentration, process
conditions and membrane properties. In addition to this, the membrane porosity determines the process efficiency.
Porosity is defined as the relationship of the volume of the pores and the total volume of the membrane. Membrane
porosity is proportional to the evaporation surface area, and consequently, higher porosity membranes have higher
vapor flux. According to the literature, the suggested membrane porosity value for an efficient MD should range from
30 to 85% (El-Bourawi et al., 2006). Knowing the densities of membrane and membrane material, the porosity can be

calculated with the method proposed by Smolders and Franken (Smolders & Franken, 1989):

Pm

P ma

e=1-—

©)

Furthermore, it has been also reported that higher porosity reduces conductive heat loss, this is due to the fact that the
gases filling the pores of the membrane are less heat conductive than polymeric membrane materials (El-Bourawi
et al., 2006). The pore features also influence the MD process, e.g. one of these parameters concerns the deviation of
the pore shape from the cylindrical structure, which is called membrane tortuosity (t). In theory, for a higher vapor
flux, lower tortuosity is desired (Srisurichan et al., 2006). There is a direct correlation between porosity and tortuosity

value, that can be calculated with the following equation proposed by Mackie and Meares (Mackie & Meares, 1955):

Lo 2-e)

€ (10)

As mentioned previously, microporous membranes are usually needed for MD application. However, a slight variance
regarding an optimal pore size can be found in the literature. For instance, Schneider et al. (1988) have reported that
for pore flooding prevention, a maximum pore diameter should be in the range 0.5-0.6 um, while EI-Bourawi et al.
(2006) noted that this range can be extended to 0.1-1 um. Although for bigger pores higher fluxes are expected, it has
been also reported that too large pore dimensions cause membrane wettability. Nevertheless, to estimate the optimal

pore size, the surface tension of the feed solution must be taken into account.

As the driving force of the process is temperature difference, an important aspect during membrane designing is the
conductivity of the membrane material. Less heat loss during the process leads to higher energy efficiency and less
susceptibility to temperature polarization phenomena, thus improved flux through the membrane can be obtained.

Thermal conductivities of most often used polymers for MD membranes, such as PP, PTFE, PVDF, are similar to

each other, ranging from 0.11 for PP up to 0.27 Wm 'K for PTFE at 23 °C (Alkhudhiri et al., 2012).

4. Toward the enhancement of hydrophobicity

The history of superhydrophobic surfaces studies dates back to the early 20th century when Ollivier (1907) observed
the contact angles of nearly 180°, long before membrane distillation has been patented (Bodell, 1963) (see Figure 3).
Nevertheless, first artificial superhydrophobic surfaces have been reported and demonstrated by Onda et al. (1996)

and it was the beginning of the development of various methods for superhydrophobic surfaces preparation. In 2009,

materials with a contact angle above 150 started to be implemented for MD membranes (Zeyu et al., 2009).
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Figure 3. Timeline of MD and superhydrophobic surface developments (Findley, 1967; Ma et al., 2005).
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The phenomena of surface wetting by a liquid and its physicochemicalphysiochemieal principle have been already
well studied. A droplet resting on a solid surface can take a form of equilibrated shape and remain on the surface as a
droplet or spread into a thin layer on the material surface. The behavior of the droplet depends on three
thermodynamically balanced interfacial tensions that relate to the existence of an interface between liquid and vapor,
solid and liquid and solid and vapor (Shirtcliffe et al., 2010). The wettability of the solid surface is deminated

mainly dominated by its chemical composition and structure.

The design of superhydrophobic surface haves been inspired by the structure of lotus leaves with a contact angle in
excess of 150° and self-cleaning properties. This effect can be achieved by creating a rough and hydrophobic surface.
The roughness enhances the contact angle of hydrophobic surfaces well beyond that possible to achieve by chemistry
itself (McHale et al., 2004). This was well described by Wenzel equation (11) (Wenzel, 1936):

cosd,=rcost, (11)

where r is a roughness factor, g_is a contact angle on a rough surface, and g is Young’s equilibrium contact angle.
According to the Wenzel’s equation, the surface roughness amplifies the effect of the surface chemistry which in this
equation is determined as cgs 6, The equation shows that for hydrophilic surfaces with 6 <90°, the roughness factor
enhancement will cause further reduction of the Wenzel contact angle toward 0°, whereas for hydrophobic surfaces
with 0>90°, it will lead to further increase of the Wenzel contact angle toward 180°. Nevertheless, the Wenzel
equation is limited to the homogeneous rough surface, and it was extended by Cassie and Baxter in 1944 (Cassie &
Baxter, 1944). Cassie-Baxter equation applies for the porous membrane with a heterogeneous surface. In this case,
the presence of the air in the pores of the material prevents the pores from being filled with liquid and liquid only
bridges between the solid surface. Although the surface is topographically structured, the roughness factor does not

directly enter into the Cassie—Baxter equation (12):

cosBcg=f,cos8,—(1—f) (12)
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where g, is heterogeneous contact angle, f, is a fraction of the contact line of liquid with the solid, thus (1-fy)is

the area bridged between solid surface features. According to Cassie-Baxter equation, g, will increase with the

decrease of f,. It means that to enhance the hydrophobicity of the surface the contact line of liquid with the solid has

to be minimized. Thus, the roughness indirectly matters because it determines the solid surface fraction. Thus, a

Cassie — Baxter state is one in which the liquid does not penetrate into the hollows of the rough surface but remains

suspended on top of the surface protrusions (see Figure 4B), while in Wenzel state the liquid is in contact with the

entire exposed surface of the solid (Figure 4A) (Giacomello et al., 2012).

Figure 4. Scheme of the A) Wenzel and B) Cassie — Baxter state for a droplet.

A

B

4.1. Different approaches for hydrophobicity enhancement

There are different ways for wettability diminishment that are usually based on the combination of surface patterning

and surface modification technologies starting from the chemical modification (Ogawa et al., 2007), electrospinning

(Liao, Wang et al., 2013a), nanocomposite preparation (Tijing et al., 2016), sol-gel approach (Zhang & Wang, 2013)

through nanoparticles coating (Chen et al., 2018; Razmjou et al., 2012; Shao et al., 2019), surface silanization (Boo

et al, 2016) and plasma fluorination (Yang et al, 2014, 2015). A summary of various approaches used for

hydrophobicity enhancement is given in Table 2.

Table 2. Different approaches for hydrophobicity enhancement.

CF4 plasma
treatment

Spray deposition of
PDMS/SiO5
nanoparticles
mixture

Modification with
fluorinated silica
layer

Dispersion of
detonation
nanodiamonds

PVDF

PVDF

PEI

PVDF

137

107

66.7

110

162.5

156

124.8

119

275kPa

Yang et al. (2015)

Zhang et al. (2013)

Zhang and Wang
(2013)

Bhadra et al. (2014)
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Clay PVDF 128 154.2 200 kPa Prince et al. (2012)
nanocomposite

formation

SiO, coating and PP 120 150 - Shao et al. (2019)
fluorination

Electrospinning of | PVDF 135 >150 150 kPa Liao, Wang et al.
PVDF-silica layer etal (2014a)
Chemical PVDF 88 115 390 kPa Yang et al. (2011)
modification with

perfluoropolyether

Coagulation bath PSf 105 144 260 kPa Tian et al. (2015)
with N-

methylpyrrolidone

The hydrophobicity of the uniform polymeric structures is usually not sufficient for MD process. In practice, the
enhancement of the observed surface hydrophobicity is based on increasing the surface roughness and lowering
solid/liquid interface energy. According to the literature (Takashi et al., 1999), an effective way for lowering
solid/liquid interface energy is its functionalization by fluorinated alkyl units, however, there is a certain limitation in
hydrophobicity improvement of smooth surfaces. For example, in the case of smooth PVDEF, a surface that is
saturated by fluorinated methyl groups, it is possible to reach a maximum 120° contact angle (Yue et al., 2013).
Therefore, the enhancement of the surface hydrophobicity is based on increasing the surface roughness (Li et al.,
2007). Thus, to achieve a strong water repellent rough membrane, a proper modification has to be adopted focusing
on the creation of micro- and nanostructured surface, as shown in the Figure 45. In such approach, the authors

obtained complex topography via depositing TiO, nanoparticles on microporous P VDF membranes (Razmjou et al.,

2012). Due to the Cassie-Baxter model (Cassie & Baxter, 1944), capillary forces may inhibit or reduce the penetration
of the liquid into the rough and complex surface. As a result, water droplets sit upon the top of surface protrusions
and air gaps rather than follow the surface contours. In the case of multilevel roughness, there is an unusually strong
water-repellency on the surfaces due to the increase in the number of sharp and narrow protrusion that are in contact
with water droplet. In other words, the increase of surface roughness reduces the contact area between liquid and

solid and as a consequence reduces the adhesion of a droplet to the solid surface.

A facile way to fabricate membranes with rough surfaces is electrospinning technique. Electrospinning of polymers
allows fabricating nanofiber membranes. During electrospinning process, polymeric solution is exposed to the electric
field. When the applied electrostatic force overcome the surface tension, a so called fiber jet is ejected, followed by
the rapid evaporation of the solvents and the fiber deposition on the collector (Reneker & Yarin, 2008). Thanks to the
presence of microscale and nanoscale fibers in the structure, the electrospun membranes are highly porous and have
high surface-to-volume ratio and three-dimensional interconnected structure. Such particular structure and ease of
preparation made electrospun membranes to promote their applications in various fields, such as filtration (Wang
et al., 2012), fuel cell technology (Tamura & Kawakami, 2010) and tissue engineering (Bhattarai et al., 2004). One of
the advantages of electrospinning is the diversity of the polymers that can be used for fabrication MD membranes in
contrary to commercial MD membrane synthesis that is limited to the polymers such as PVDF, PP, PTFE (as
mentioned in previous section). As an example, styrene—butadienestyrene (SBS) has been recently electrospun into
nanofibrous MD membrane (Duong et al.,2018). Results showed that SBS electrospun membrane exhibited higher
hydrophobicity compared to the commercial PTFE membrane. A common method for further roughness
enhancement and hierarchical structure creation is an addition of hydrophobic nanomaterials, such as graphene, CNTs
or silica nanoparticles into electrospinning dope solutions (Liao, Wang et al., 2014a; Tijing et al., 2016; Woo, Tijing
et al., 2016). For instance, Tijing et al. (2016) added different concentrations (1-5 wt%) of carbon nanotubes (CNTs)

Y copyright 2020

Page 11 of44


http://mostwiedzy.pl

MOST WIEDZY Downloaded from mostwiedzy.pl

4. Toward the enhancement of hydrophobicity

into the PcH dope solution for electrospinning. With CNTs concentration of 5wt%, the nanofiber membranes
obtained a very high contact angle of 158.5° and high LEP of 99kPa due to presence of CNTs in/on the nanofibers
which produced beads on the surface of the membrane leading to increased roughness. An effective method to
functionalize electrospun membranes is electrospraying in order to cover the nanofibrous membrane with
inorganic/organic micro/nano particles. The combination of electrospinning and electrospraying was used to fabricate

PcH nanofibrous membrane functionalized with TiO, nanoparticles (Seyed Shahabadi et al., 2017). The contact angle

increased from 142 up to 162° after electrospraying, ¢

4.2. Incorporation of inorganic nanomaterials

Different studies have shown that the incorporation of nanofillers into polymers could tune the structure and
physicochemical properties of membranes, such as hydrophobicity but also porosity, surface charge density, chemical,
thermal and mechanical stability (Castro-Mufioz, Ahmad & Filaet=at, 2019; Yin & Deng, 2015). Recently, the use of
several inorganic materials, such as carbon nanotubes, graphene, clay, silica and titanium dioxide, has become a new

trend for superhydrophobic MD membranes preparation.
4.2.1. Graphene-based materials

It is likely that graphene-based materials are currently among the most deeply explored additives. Graphene has
attracted considerable attention for water treatment and purification processes, especially for pressure-driven
membrane processes, and the advantages of its use have been proven both by molecular simulations (Cohen-Tanugi
& Grossman, 2012) and experimental studies (Han et al., 2013). To the date, different mechanisms of selective
permeation of graphene and graphene oxide have been proposed, e.g. Nair et al. (2012) suggested a network of
parallel channels between stacked graphene oxide layers (see Figure 56). Such channels are arranged perpendicularly
to a mass transport vector. The bottom and ceiling of these channels are usually permeable to water or ions due to
presence of holes in them. It has been documented that, even when the mixture of water and other compounds (e.g.
gases and liquids) was fed, the water permeation rate could be at least five orders of magnitude higher than that of the
other component (Castro-Mufioz, Buera-Gonzalez et al., 2019). The presence of nanochannels in membrane
structure together with different chemical interactions, that occurs between the transported ions and oxygen functional
groups, are responsible for the selective permeation of GO membranes (Sun et al.,2013). According to Joshi et al.
(2014), nanochannels in graphene oxide structure can open up only in the hydrated state, and the sieving properties of
GO may depend on the humidity of the surroundings as this parameter defines the interlayer spacing. The water
molecules intercalation between single GO sheets causes the swelling of the layer. It is mentioned that the interlayer
spacing can reach the value of 13.5 A, and concurrently makes the membrane permeable to most of the hydrated ions
(as the diameter of most of the hydrated ions is smaller than 13.5 A) (Abraham et al.,2017). After chemical or
thermal reduction, this interlayer spacing decreases to only 3.6 A due to nanochannels collapse (Su et al., 2014). This
space is not enough for water and also other molecules to permeate between graphene sheets. Thus, the only
permeation path is through the structural defects. Nevertheless, the addition of graphene into materials can bring
desired benefits of a different mechanism. Graphene in the membrane matrix reduces the mass transfer resistance
caused by collisions between vapor molecules and pore walls due to its vapor adsorption/desorption capacity
(Gontarek et al., 2019; Woo, Tijing et al., 2016).
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Figure 5. The effect of multilevel roughness on hydrophobicity (SEM images taken from Razmjou et al.
(2012)). Copyright permission (License number 4903670873694).
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The use of graphene for polymeric membrane modification has been proposed by different researchers. Leaper et al.
(2018) prepared mixed-matrix P VDF membranes incorporating GO for AGMD and observed the enhancement of the
permeate flux by 52% compared to pure PVDF. Bhadra et al. 2016) prepared GO immobilized PTFE membrane
with the enhanced water vapor transport during DCMD. They suggested that multiple factors, such as selective
sorption, nanocapillary effect, and reduced temperature polarization affect the improved membrane performance.
Nevertheless, the results showed the water droplet on pristine PTFE membrane had a contact angle 110°, while the
modification of the polymer with GO resulted in a drop of the angle to 90.6° + 2.1. This means that GO may reduce
the efficiency of MD membranes and is not recommended as an additive for modification of superhydrophobic
surfaces. Non-oxidized forms of graphene are a better way to obtain superhydrophobic membrane surfaces. Woo,
and Kim et al. (2016) proved the robustness graphene-modified P VDF membrane with improved wetting resistance in
long-term air gap membrane distillation. Jafari et al. (2018) prepared a nanofibrous membrane modified with graphene
quantum dots (GQD). The results showed an increase in liquid entry pressure of water with a slight decrease in water
contact angle. Furthermore, compared to neat P VDF nanofibrous membrane, the GQD-modified membranes revealed

higher water flux and salt rejection for air gap MD experiments.
4.2.2. Carbon nanotubes

Other emerging inorganic material, like carbon nanotubes (CNTs), have proved the ability to improve the vapor flux
in polymeric matrixes compared to conventional MD membranes (Jamed et al.,2019; Lee et al., 2017). CNTs have a
nanocylindrical shape of a rolled-up graphene sheet. Besides strong mechanical properties, CNTs are also chemically
and thermally resistant. It is especially important for MD application that CNTs based membranes are characterized
by excellent hydrophobicity and porosity. CNTs are able to affect the water-membrane interaction and reduce the
permeation of liquid water while favoring the transport of water vapor molecules (Dumée et al., 2011; Gethard et al.,
2011). These interactions play an important role in membrane performance, especially in permeability and selectivity.
CNT-modified membranes have been applied in solvent extraction (Sae-Khow & Mitra,2010b), pervaporation (Sae-
Khow & Mitra, 2010a) and desalination (Gethard et al., 2011), providing superior performance. It is supposed that
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water molecules can diffuse through polymer/CNTs mixed matrix membranes (MMMs) following three possible
mechanisms; 1) direct diffusion through continuous polymer matrix, 2) diffusion inside the CNTs through the inner
wall, and 3) surface diffusion through the outer wall of CNTs (Lee et al., 2014). Additionally, molecular simulations
proved that there exist ordered hydrogen bonds between water molecules during molecular flow through inner part of
CNTs (Hinds et al., 2004). These bonds together with the weak interactions between water and hydrophobic walls of
CNTs might lead to almost frictionless, thus accelerated flow. In addition, deposited layer of CNTs on a hydrophobic
support increases conductive heat transfer from the bulk to the membrane surface, thus reduces thermal polarization
and increase membrane performance (Tang et al., 2017). However, high cost of CNTs limits their wide commercial
applications. Moreover, in the perspective of water treatment, the point of concern should be focused on the health
risks due to the liberation of CNTs into the treated water stream and CNTs stability within the matrix that still remain
unknown (Roy et al., 2020).

4.2.3. Metal-oxide nanopatrticles

Recently, sphere-like nanoparticles, such as TiO, SiO, and ZnO, have been reported for MD to create nano-
roughness on membrane surfaces. This bioinspired surface is supposed to mimic the lotus effect and create water
super-repellency (Chen, Guo et al, 2016). Usually, this super-hydrophobization method includes first nanoparticles
coating onto the membrane and then the fluorosilanization with low solid/liquid interface energy material (Boo et al.,
2016; Ren et al., 2017; Wang et al., 2018). Such modification not only generates the hierarchical morphology but also
decreases diameter of membrane pore providing effective solution to alleviate the issue of membrane pore wetting.
Recent studies indicated that coating fluorinated TiO, or SiO, nanoparticles onto the membrane surface could impart
the additional local reentrant structure, which resist wetting by both water and low surface tension liquids (Abd Aziz
et al., 2020; Lee et al., 2016).

Among sphere-like nanoparticles, TiO, offers some advantages. In principle, it is widely known as an abundant,
nontoxic and stable semiconductor and its annual world consumption reaches 4.4 million tones. TiO, nanoparticles
with various morphologies, such as nanoflowers, nanorods and etc., can be prepared through fast and low-cost
hydrothermal synthesis (Chen, Guo et al, 2016; Mali et al., 2011). Several works confirmed a successful TiO,
implementation to achieve rough and hierarchical surface for applications in membrane distillation (Abd Aziz et al.,
2020; Razmjou et al., 2012). Nevertheless, this modification requires an additional step in order to reduce the surface
energy. In general, fluorosilanization is the most typical modification applied for conversion of hydrophilic TiO,
nanoparticles to hydrophobic, however, phosphonic acid modification of TiO, has been also reported (Kumar et al.,
2020).

Similar to TiO; silica is hydrophilic material, however, it is possible to prepare superhydrophobic silica nanoparticles

via direct synthesis using hexamethyldisiloxane precursor (Yue et al, 2013), or via postmodification using
hydrophobic binders, such as tetracthoxysilane or alkoxysilane (Petcu et al., 2017). These methods provide rough
nanoparticles with low interfacial energy. Nevertheless, for MD membrane preparation more popular is a two-step
modification strategy including creation of hierarchically micro/nano-scaled roughness using silica nanoparticles
(SiNPs) followed by surface energy reduction by fluorination (Shao et al.,2019). To avoid the usage of hazardous
fluorinated chemical, Liao et al. (2020) proposed one-step colloid electrospinning/electrospraying to construct
hierarchical superhydrophobic surfaces by incorporating silica fumes in the dope solutions. The deposition of modified
SiNPs can tune the morphology of various surfaces into superhydrophobic through the formation of a dual-scale
roughness layer (Jia et al.,2013). Moreover, modification of silica nanoparticles using hydrophobic molecules
enhances their dispersity in polymeric matrixes and organic solvents (Li et al., 2006). On the other hand, it was

observed that the incorporation of SiNPs as nanofillers into the membrane weakens the mechanical strength,
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therefore, they are usually used together with reinforcement additives such as MWCNTs. Zhou et al. 2019) studied
the effect of integrated MW CNTs and SiO, on the morphology and performance of the PVDF membrane. When the

amount of Si0, was relatively low, the vapor flux increased as a result of the synergistic effects between the two
filling materials. One of these effects provided by MWCNTs is the increase of overall porosity, while Si0) causes the

growth of the macrovoids. However, the effect brought by MWCNTs was more dominant. On the other hand,
increasing the amount of SiO; led to the disappearance of asymmetric structure and low mechanical strength.

Useful properties and rich variety of nanostructures made ZnO well-known for several practical applications, such as
optoelectronics, sensors, transducers and biomedical sciences (Wang, 2004). It can be synthesized from readily
available raw materials, using low-cost and scalable chemical (Kotodziejczak-Radzimska & Jesionowski,2014). ZnO
nanoparticles are considered to be a promising nanofiller due to their desirable shape, high surface-to-volume ratio,
stability under high temperatures and harsh operational conditions and stronger antibacterial property than SiO, and
TiO, (Adams et al., 2006; Anitha et al., 2013; Suresh et al., 2018). Membrane functionalized with ZnO nanoparticles
exhibit a rough hierarchical morphology, high contact angle values and low solid/liquid interface energy (Deka et al.,
2019). Additionally, ZnO nanoparticles were found to be more economical than other nanoparticles such as TiO,, and
ALOj3 (Liang et al., 2012). In the case of alumina, it already gained a huge interest for modification of MF and UF
membranes (Gu et al., 2020; Yan et al., 2006; Zhu, Liu, Guan et al., 2019a), however, there are only a few works
describing the effect of Al,O3 nanoparticles on polymeric membranes for desalination through MD. Although, it was
shown recently that it is possible to achieve superhydrophobic surfaces and enhanced P VDF nanofibrous membrane
performance using alumina nanoparticles (Attia et al., 2017), the addition of ALO3 has been mainly explored for

ceramic MD membranes (Fang et al., 2012; Garcia-Fernandez et al., 2017; Subramanian et al., 2019).
4.2.4. Clays

Less popular are clay-based nanocomposites. Although the clay nanocomposites have already found an application in

gas separation process (Villaluenga et al., 2007; Xu et al., 2006), there are only a few papers in which clay was used
to modify MD membranes. Clays are minerals consist of anionic layered silicates and metal cations, such as Na, K7,

Ca?". The presence of hydrated ions makes them hydrophilic, however, using surfactants through organic cations
exchange process, their surface can be easily transformed into hydrophobic (Naderi-Samani et al., 2017). Generally,
the addition of clay nanofiller enhances the thermal and surface properties of nanocomposites. The researchers have
found out that P VDF-clay hollow fiber membranes showed an increased hydrophobicity and membrane performance
during MD testing (Bonyadi & Chung,2007) than pristine membranes. In another work, nanocomposite nanofiber
membranes based on PVDF and clay showed an improved performance in DCMD process and better membrane

wetting prevention with the increasing concentration of clay particles (Prince et al., 2012).
4.2.5. Zeolitic imidazolate frameworks

Zeolitic imidazolate frameworks (ZIFs) represent a new class of porous nanostructures. They are a special subclass of
metal-organic frameworks (MOFs) with a 3D tetrahedral framework in which metal cations are linked with
imidazolate anions. The zeolites framework consists of many cavities and channels (€Ehen—et-al5—26+4 Chen et al.,
2014; Lai, 2018) that make it a potential sorbent material. Due to the physical and chemical properties such as
high adsorption capacity, ion exchange property and high thermal and chemical stability, ZIFs can be useful for
membrane modification. Kebria et al. (2019) prepared a membrane with ultrathin ZI1F/chitosan layer on the PVDF
surface for AGMD process. Although no significant change in water contact angle was observed, the LEP value
increased significantly from 2.2 up to 3.1 bar and the permeate water flux increased about 350% for modified
membrane. Li et al. (2020) formed porous hydrophobic ZIF/P VDF layer on the outer surface of PVDF hollow fiber
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support membrane in order to further improve the hydrophobicity of the membrane and thus provide special
adsorption capacity to the coating layer. In the work conducted by Salehi et al. (2018), the ZIF nanoparticles have
been modified in order to increase their hydrophobicity. They have used modified ZnO nanoparticles and silane
coupling agent to make the core-shell structure of MZnO@ZIF-8. They observed that the presence of ZIF in
membrane increased its porosity, hydrophobicity, permeate flux and rejection.

4.2.6. Dispersion, agglomeration and toxicity of nanomaterials

During the fabrication of nanocomposite membranes, one of the commonly occurring phenomena is nanoparticle
aggregation and agglomeration. The nanomaterial concentration can be critical to optimize the performance and
durability of nanocomposite membranes. The susceptibility of nanomaterials to aggregate increases when their
concentration increases in polymer matrix. This phenomenon often led to a drop-in porosity value and vapor flux
reduction (Kumar et al.,2020). For instance, Woo, Tijing et al. (2016) stated that the increase in graphene
concentrations in dope solution caused aggregation issues. They observed a decrease in porosity from 94.7% for neat
PcH to 82.3% for electrospun membrane with 10 wt% graphene loading. Moreover, it has been proved that the
agglomerates result in diminished mechanical strength of nanocomposite. Few strategies have been proposed for
improved dispersion of nanofillers including mechanical dispersion, ultrasonication, stirring, chemical modification and
physical method (Ma et al., 2010). An et al. (2017) proposed chemical functionalization of CNTs. Non-modified
CNTs showed strong agglomeration in entangled bundles. Surface fluorosilanization using FTES led to the significant
reduction of agglomeration, improved stability of CNTs and to the fabrication of a well-dispersed membrane. Li et al.
(2015) performed the hydrophobization of SiO, NPs using OTS in order to improve their dispersion in the PVDF
matrix and avoid the nanoparticles agglomeration. Liao, Wang et al. (2014a) grafted perfluoropolyether (Fluorolink
S10) onto the silica surface to assure the homogeneity of dope solution during electrospinning, Unfortunately, most of
fluorine compounds exhibit poor degradability in the environment, moreover, they are easily accumulating in living
organisms, what may lead to long-term harm. Thus, the evaluation of the potential use of chemicals with lower

toxicity should be considered.

Nanomaterials are being increasingly applied in many fields of science. Thus, some of them are inevitably released to
the environment, which may bring some harmful effects. For instance, the increase of the concentration of TiOy NPs,
affects plant growth parameters (Movafeghi et al., 2018), high concentrations of ZnO NPs may reduce the seedlings
growth, (Singh et al., 2018) and CNTs affect the oxidation behavior of enzymes in water molecules, which produce
toxicity to microorganisms (Chen, Qin et al., 2016). In the case of unmodified graphene, GO and rGO, the majority
of current literature agree that they are cytotoxic and genotoxic. Surface modified graphene materials are often less
toxic, however, the dose is one of the most important toxicity factor (Guo & Meietat, 2014). On the other hand, the
presence of nanomaterials can bring a positive effect on environment remediation, such as organic pollutants and
heavy metal absorption (Zhu, Liu, Hu et al., 2019b).

As a preliminary conclusion of this section, we can notice that specific emerging nano-sized materials are releasing
interesting properties to the pristine polymer membranes to reach featured morphological properties for MD
separations. The next section addresses the relevant advances in tailoring superhydrophobic membranes and their

performance for water desalination.

5. Advances in superhydrophobic membranes improving MD performance

In general, the addition of nanoparticles for polymeric MD membrane preparation can bring excellent water repellency
together with a hierarchical and rough structure, and large effective surface area, thereby enhancing the membrane's
anti-wetting properties. This can prevent salt deposition, as depicted in the Figure 67. Additionally, in case of MMMs,
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superhydrophobic inorganic additives can reduce the boundary-layer effect, thus accelerate diffusion in the membrane
pores (for example, through an adsorption/desorption assisted diffusion). Such a phenomenon may bring different
effects on membrane performance. Herein, the following subsectionss describe in detail the influence of these
superhydrophobic pore walls and surface on membrane performance and have been divided into:i) stable
performance, ii) flux enhancement and iii) permeate quality. For instance, Table 3 enlists the most relevant

development works in preparing superhydrophobic membranes, and their performance in desalination applications.

Figure 6. Scheme of the possible permeation route of water molecules through GO and rGO layers.
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Table 3. Relevant development works in preparing superhydrophobic membranes for desalination.

DCMD TiO5 coated no data 1630 + 30 190 kPa 8h [130kg/m2h | Razmjou et al.
3.5wt.% NaCl | pyDF (2012)
Tf: 70 0C followed by
Tp: 250C fluorosilanization
DCMD PVDF-SiOy 6 — 10 wt%/— >1500 150 kPa 25h 24.6 + 1.2 kg/mZ2Liao, Loh et al.
3.5wt.% NaCl | on PVDF 8 — 10 wt%/— 50 kPa h (2014b)
Tf. 60 oC nanofibrous >99.99%
Tp:20 oC support 20.8 +2.8 kg/m2
PVDF-SiO5 h
on nonwoven >99.99%
support
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MD Nanomaterial
Opg:ra‘:mg Flux/rejection| References
thickness

DCMD PVDF-PDA- 1 wt%/— 1530 + 40 146 £ 12kPa 8h 31.6kg/m2 h | Liao, Wang & Fane
3.5wt% NaCl | Ag-thiol 1580 + 30 86+ 22kPa 54kg/m2h | etek(20136)
Tf: 60 oC nanofiber
Tp: 20 oC integrally-

modified

PVDF-PDA-

Ag-thiol

nanofiber

surface-

modified
VMD ZnO nanorods /12 ym 1520 277 £ 8 kPa 8h 4.5kg/m2h | Wang et al.
200g/L NaCl | modified [199.99% | (2018)
Tf: 60 oC PVDF
AP: 80 kPa
DCMD SiOy 02- 1560 275kPa 15h [18kg/m2h | Zhang et al.
35 Wt% NaCI nanopartic|es 1 5 WtOA)/— 180 h 9999% (201 3)
Tf: 70 oC spray- [15.5-
Tp: 20 oC deposited on 4.5kg/m2 h
DCMD PVDF 99.99%
25wt.% NaCl
Tf: 70 oC
Tp: 200C
VMD SiO; coated 0- 2.4 wt%l/— 1500 - 12h [14.5kg/m2h | Shao et al.
15wt% NaCl | pp followed (2019)
+ 6 wt% by fluorination
MgClp
Tf: 80 oC
AP: 0.096
MPa
DCMD electrospun 0-8wt%/— | 154.20+3.00 | 200+6kPa 8h [15.75kg/m2 h | Prince et al.
3.5wt.% NaCl | PVDF-clay >99.9% (2012)
Tf. 80 oC nanocomposite
Tp: 17+20C
DCMD PVDF/graphene 0-10 wt%/— 1510+ 30 100 kPa 18h 09kg/m2h | Gontarek et al.
0.6 MNaCl composite 99.97 - (2019)
Tf: 38-56 oC 99.99%
Tp: 150C
DCMD CNT- 1-5 wt%/— 158.50 + 1.50 99 kPa 5h 29.5kg/m2h | Tijing et al.
70 g/L NaCl incorporated >99.99%  (2016)
Tf.60+10C | PcH
Tp:20+10C
DCMD CNT-PVDF- 0-2 wt%/— 150.40 £ 0.80 | 40.5+2.8kPa 6h 48.1kg/m2h | Anetal
35g/L NaCl HFP >09.98% (2017)
Tf: 60 oC
Tp: 20 oC
DCMD PVDF-SiO5 10 wt%/— 153.90 179 kPa 50 h 18.9kg/m2h | Liao, Wang
3.5wt% NaCl et al. (2014a)
Tf: 60 oC
Tp: 200C
DCMD PVDF/SiOy 6.5 wt%/— 155.60 230kPa 24h 41.1kg/m2h | Lietal (2015)
3.5wt% NaCl | composite >99.99%
Tf: 60 oC
Tp: 20 oC
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AGMD PcH/graphene | 0.1-2 wt%/— >1620 >186 kPa 60 h 22.9kg/im2h | Woo, Tijing
3.5wt% NaCl 100% et al. (2016)
Tf: 60 oC

Tp: 200C

DCMD SiOy 1 wt%/— >1500 84.2+2.8kPa 50h 34.2kg/m2h | Nthunya, Gutierrez,
30x 103 embedded >99.9% Verliefde et al.
mgL-1 NaCl | PVDF (2019b)

Tf: 60 oC

Tp: 200C

DCMD TiO5 coated —/3 um 157.10 158 kPa 10h 73.4kg/m2h | Renetal.
3.5wt% NaCl | pypDF 21h 99.99% (2017)

Tf: 70 0C followed by 40.5kg/m2 h

Tp: 250C fluorination 99.98%

DCMD

RO brine

Tf. 70 oC

Tp: 250C

VMD ZIFs- 0-2 wt%/— 136.5° 215kPa 60 h 27.1kg/m2h | Lietal. (2020)
3.5wt% NaCl | incorporated 99.9%

Tf: 50 oC PVDF

AP: 31.3kPa

DCMD FAS grafted 0.2wt%/ca.15um  180° - 8h 28.46 kg/m2h | Wang et al.
5g/LNaCl+ | PVDF _ (2020)
04mMSDS | withCNTintermediate

AT: 53 oC layer

Note. AGMD: air gap membrane distillation, CNT: carbon nanotube, GO: graphene oxide, HFP: hexafluoropropylene, LEP: liquid entry,
pressure, LMH: (Infh), PcH: Polyvinylidene fluoride-co-hexafluoropropylene, PDA: poly-dopamine, PP: polypropylene, PTFE:
polytetrafluoroethylene, PVDEF: poly (vinylidene fluoride), Tf feed temperature, Tp: permeate temperature, VMD: vacuum membrane
distillation, ZIF: zeolitic imidazolate framework.

5.1. Performance stability

The durability of the MD system can be hampered by various processes and phenomena, including fouling, heat
transfer and concentration polarization. The deposition of foulants can cause the reduction of the flow rate through
the membrane in two possible ways, depending on the fouling layer structure, e.g. a homogeneous fouling layer
causes pore clogging and reduces the flow rate due to mass transfer resistance, while a porous fouling layer increases
susceptibility to temperature polarization effect. Small liquid — solid contact area of a superhydrophobic membrane
may effectively reduce the available area for inorganic fouling deposition on the membrane surface (Horseman et al.,
2021). Successes in fouling control and wetting mitigation during MD have been observed after membrane coating or
modification with nanoparticles. Chen et al. (2018) deposited ZnO nanoparticles on a hydrophilic glass fiber
membrane via chemical bath deposition method followed by the surface fluorination and the addition of a polymer

coating. The SEM images showed that the ZnO nanoparticles created hierarchical structures on the glass fiber

membrane, resulting in water contact angle increase up to 152.8".The stable water flux was maintained up to 8h for
the low surface tension feed solution. Liao, Wang & Fane—et—al—-(2013b) have prepared integrally-modified and
surface-modified PVDF membranes via electrospinning and surface modification. Such membrane preparation
protocols involved three steps: the coating nanofiber membrane with poly-dopamine (membrane activation), the
coating of the activated surface with silver nanoparticles (morphology and roughness modification), and finally the

modification of the surface chemistry with 1-dodecanethiol. Compared with the surface-modified P VDF membranes,
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integrally-modified PVDF membranes have been firstly wetted ensuring the itroduction of the reagents inside the
membrane structure and modification throughout the membrane pores. Interestingly, the proposed method was found
to be a simple and effective way to fabricate superhydrophobic nanofiber polymeric membranes. The authors also
compared the membrane performance in DCMD process with the unmodified membrane. As both were characterized
by a similar pore size distribution, the reason of stable performance in DCMD process for integrally-modified P VDF
was its surface properties. Afterwards, the same authors prepared a nature-inspired membrane with a lotus leaf
structure. The membrane consisted of scaffold-like PVDF support and a silica-P VDF composite superhydrophobic
selective layer made by electrospinning. The membrane exhibited great durability in a continuous DCMD test. Stable

performance was observed over 50 h of tests, with the flux of 18.9 kg/m2 h, while the PVDF nanofiber membrane

without a superhydrophobic selective layer displayed only 12.3 kg/m2 h, the enhanced stability was totally attributed
to better surface water repellency.

Zhang et al. (2013) fabricated a superhydrophobic surface by spray-deposition of SiO, nanoparticles and PDMS

mixture on PVDF membrane. They observed an irregular adhesion of SiQ nanoparticles on PVDF surface which

contributed to roughness increase. As prepared membranes were characterized with a water contact angle of 156,
and higher LEP value compareding to the nonmodified PVDF membranes, which increased from 210 up to 275kPa.
In the case of this modification, the flux decreased as a function of the silica content in deposited layer, in other
words, the additional layer on the membrane surface caused an increase in its resistance to mass transfer. However,
the permeate conductivity of spray-deposited membrane during MD test was constant in the range of 30-50 uS, while
in the case of the nonmodified membrane a sharp increase of conductivity can be observed, proving partial wetting of
the membrane. It is worth to point out that the modified membrane exhibited better durability and stability during
180 h of operation for high salinity solution with the final NaCl rejection above 99.99%.

Similar to Zhang’s study, Li et al. (2015) also used silica nanoparticles to prepare P VDF organic/inorganic composite
nanofibrous membranes, which have been found to display an excellent superhydrophobic property together with high
LEP of water, resulting in good waterproofness. According to SEM images, the morphology of the membrane
contained microwrinkles and nanoprotrusions creating a hierarchical roughness. The modification brought an
important improvement to the stability during long-term MD process (over 24h operating time). Using electrospun
PVDF/silica, authors achieved the vapor flux of 41.1kg/m2 h, and low permeate conductivity ([12.45 puS/cm).

Furthermore, no membrane wetting was detected.

Similar results have been found for superhydrophobic membrane obtained by electrospinning of PVDF-clay
nanocomposites, which were able to demonstrate a water contact angle up to 154.2°. It has been noted that the
contact angle value increased with the clay concentration increase in the membrane. In case of the superhydrophobic
membrane with the highest clay concentration of 8 wt.%, no flux decline was observed up to 8 h of operating time.
However, the flux of electrospun P VDF—clay presented during DCMD was quite low (DS.fkg/mzh) compared to

other membranes used for this application (Prince et al., 2012).

Razmjou et al. (2012) prepared superhydrophobic membranes through the modification of PVDF membranes with
TiO, coating, which was followed by the surface fluorosilanization. The enhancement of surface hydrophobicity was
correlated with the increase of surface roughness together with the reduction in liquid/surface interfacial energy. As a
result, the water contact angle ranged from 125" + 1° for non-modified P VDF up to 163 + 3° for TiO, coated and
fluorosilanizated membranes. Moreover, the resulting membranes were characterized with good mechanical and
thermal stability. Although no significant enhancement in vapor flux and antifouling properties was observed, there
was an important improvement in LEP value for the modified membrane from 120 to 190 kPa. The effect of the LEP
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value on the membrane properties was investigated during MD process using 3.5wt.% sodium chloride solution,
where a significant increase in permeate conductivity was observed for the pristine PVDF membrane in comparison
with the modified PVDF due to the partial pores wetting.

Incorporation of nanomaterials can also bring a simple way for membrane regeneration during real seawater
desalination by membrane distillation. For instance, Guo et al. (2019) fabricated nanofiber pely—(vinylidene—fhioride-
eo-hexa-fluoropropene)PcH membranes coated with TiO, nanoparticles and assessed their performance in 5-day

long-term test. Coupled with a ferrate pretreatment followed by dissolved air floatation, MD achieved an improved

fouling control. After 5-10 days of MD operation, the water contact angle of the TiO, modified membrane was still

recoverable up to 150.2° after 30 mins of simple water flushing.

Recently, slippery surface attracts more attention in mitigating the scaling and fouling phenomena in MD (Su et al.,
2019). According to Xiao et al. (2019) “slippery surface” refers to the membrane with surface ability to prevent
scaling. They introduced the definition of a “stick” or “slippery” surface based on its sliding angle. A “sticky” surface
with high sliding angle above 90° might cause non-slip of the liquid phase at the surface. In contrary, the “slippery”
surface with low sliding angle exhibits anti-scaling behavior because the liquid remains floating above the polymer
phase which arises from very limited interaction of the liquid and the membrane surface. Wang et al. (2020)
performed a robust superhydrophobization process by incorporating CNT intermediate layer over commercial PVDF
membrane followed with grafting the FAS. As a result, they achieved athe superhydrophobic surface with water
contact angle of 180° and the water sliding angle of 1—5° indicating slippery surface property. Interestingly, a

constant flux of 28.46+0.37 kg/mzh and a superior wetting resistance against 0.4 mM SDS wasere obtained in

DCMD tests as the benefit of constructing the CNT intermediate layer. Superhydrophobic membranes with slippery
property were found to reduce the extent of 8 water vapor flux decline caused by gypsum scaling. Yin et al. (2020)

formed the superhydrophobic surface through the incorporation of materials with ultra-low surface energy (17-FAS)

and a hierarchical texture through grafting of two layers of SINPs on the PVDF membrane surface. Authors noticed
that the incorporation of two different sizes of nanoparticles (120 nm and 30 nm) enhanced the movement of water

droplet on the membrane surface, resulting in a slippery property. The superhydrophobic P VDF-Si-FAS membrane
with a slippery surface postponed the induction of water flux decline due to gypsum scaling by 1100 min compared to

pristine PVDF membrane. Similar mitigating effect of membrane with an engineered “slippery” surface on gypsum
scaling was reported by Karanikola et al. (2018).

The stability of the coating nanomaterial layers plays an important role in maintaining the membrane performance.
However, during MD applications (especially DCMD), membranes are often exposed to high temperatures and cross-
flow streams of feed and permeate which could cause the lost of attached nanoparticles. Although not all authors
discuss the stability of the nanomaterials in the polymer matrix, performance stability during MD operation may be its
determinant. For instance, we can observe a stable vapor flux, for superhydrophobic membranes with hierarchical
surface prepared through nanoparticles deposition. As long as we observe a constant vapor flux, we can conclude that
the nanomaterials remain on the membrane, simultaneously maintaining its surface properties and structure. Abd Aziz
et al. (2020) tested stability of TiO, micro/nanoparticles on the membranes surface. They did not observed any
significant changes of contact angle after immersing membranes in NaCl solution over—for 10 days, which indicates
high chemical stability of the coating. Razmjou et al. (2012) analyzed the thermal stability of the TiO, coated P VDF
membranes by immersing the membrane in hot water (90 °C) for 15 min. They observed a marginal decrease of the
contact angle of membrane after the exposure, however, it still remained in the superhydrophobic range. For mixed
matrix membranes, physical entrapment can maintain stability of the nanomaterial in the polymer matrix. Tijing et al.
(2016) assured that CNTs will not wear off from the membrane structure as a portion of the CNTs is well
encapsulated in the polymeric nanofibers. Very recently, Gontarek et al. (2019) collected a vibrational spectra of

Y copyright 2020 Page 21 of 44

\


http://mostwiedzy.pl

MOST WIEDZY Downloaded from mostwiedzy.pl

\

5. Advances in superhydrophobic membranes improving MD performance

filtered residues from feed and permeate streams at the end of MD operation using graphene entrapped membrane.
The results indicated no graphene leaking from membranes. Even though these results appear to be promising, most
researchers cannot guarantee the stability of the membranes in long-term MD operation as their tests last for a very

short duration.

5.2. Flux enhancement

The enhancement of the vapor flux due to the increase in membrane hydrophobicity has been already observed in
MD (Dumée et al., 2011; Martinez et al., 2003). There are two possibilities to increase the vapor flux through the
membrane, i) to increase its driving force, or ii) to reduce resistance to mass transport. The increase of the driving
force consists of increasing the difference in vapor pressure between both membrane sides, which can be achieved by
increasing the temperature difference between feed and permeate, or increasing the effective evaporation area on the
feed side. As mentioned previously, an increase in hydrophobicity can prevent the water from penetrating the
membrane pores. While the tendency of the pores flooding is minimized, the available vapor exchange surface

increases, thus leading to higher vapor flux.

Liao, Loh et al. (2014b) have proposed two different methods for superhydrophobic membrane preparation via
electrospinning. In the first approach, a 3D superhydrophobic PVDF-silica ultrathin skin was electrospun on
nanofibrous PVDF support. Second approach comprised the electrospinning of the thicker layer of 3D
superhydrophobic P VDF-silica onto commercial nonwoven support. The superhydrophobic nature of the membrane
was confirmed using contact angle measurements, revealing value greater than 150", The authors proved that the
prepared membranes with larger pore size can be potentially used in MD process due to the surface high
hydrophobicity. As it turns out, both types of modifications bring valuable improvements to the membrane
performance. In the case of nanofiber supported membrane, the enhanced flux can be attributed to the higher
porosity, while nonwoven supported membrane was characterized by better mechanical durability for continuous MD
operations due to its thicker 3 D structure. Silica nanoparticles were used by Li et al. 2015) and Liao, Wang et al.
(20144a) to prepare superhydrophobic organic/inorganic nanofibrous membranes. These membranes, besides stable
performance, were also characterized by increased flux when compared to commercial unmodified membranes.
Liao, Wang et al. (2014a) also noticed strong water repellency of the surface, which was achieved using silica
nanoparticles that prevented the membrane from water droplets. The superhydrophobic composite P VDF membrane
offered higher effective liquid evaporation area than P VDF nanofiber membrane (seeFigure 78). Hierarchical rough
structures provided numerous holes and slots, which reduce the contact area between solid and liquid, and at the same

time increase liquid/vapor contact area. This type of structure promotes water vapor evaporation, and thus increases
the permeation flux. In consequence, they have observed flux enhancement from 12.3 kg/mzh for PVDF nanofiber
membrane, up to 18.9 kg/mzh for silica/P VDF composite membranes. Importantly, such permeation rates make these
membranes highly competitive when compared to commercial flat-sheet PVDF membranes (vapor flux around
10 kgmzh). Li et al. (2020) observed an increased vapor flux through ZIFs-P VDF hollow fiber composite membrane
up to 27.1 kg/mzh. They found that their results could be attributed to four positive effects that emerged with the
modification of the membranes. First of all, the formation of ZIF/PVDF layer contributed to the enhancement of
membrane roughness and surface water contact angle from 94.5 to 136.5°. Moreover, low thermal conductivity and
strong vapor adsorption characteristics of ZIFs effectively accelerate the mass transfer through the membrane,

additionally weaken the temperature polarization.
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Figure 7. The effect of superhydrophobic additives on MD membrane.
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Theoretically, the overall resistance to mass transfer is given by the reciprocal of mass transfer coefficient (k), as

follows:

T Tt (10)

where 1/k- is the feed boundary layer resistance, 1/kM is membrane resistance and 1/k" is permeate boundary layer
resistance (Vane et al., 2001). It is well-known that the feed boundary layer resistance depends on the feed flow rate
and feed solution properties, while the permeate boundary layer resistance is recognized as negligible. The resistances
to mass transfer through the membranes are coming from both collisions between vapor molecules and pore walls (i.e.
Knudsen diffusion model), or the presence of air trapped in membrane pores and collisions between vapor and air
molecules (i.e. molecular diffusion). The superhydrophobicity of the pore walls can reduce mass transfer resistance
through mitigation of the negative effect of friction between the pore walls and vapor molecules. The mass transfer
behavior within the superhydrophobic membrane can be considered as one having less pore wall collisions that
facilitate the flow of vapor through the membrane. Additionally, improved vapor flux through, as called assisted
diffusion or adsorption/desorption assisted diffusion, results as well form the reduction of the collisions between pore
walls and vapor molecules. As shown in Figure 89, an unassisted transport is chaotic, and composed of many
collisions that prolong the vapor molecule way from the feed to the permeate side. In the case of assisted diffusion,

the adsorption/desorption capacity of pore walls may facilitate the vapor molecule transport.
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Figure 8. Schematic illustration depicting the enlargement of effective evaporation area for silica composite
PVDF membranes (figure taken from Liao, Wang et al. (2014a)).
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Figure 9. Schematic illustration showing the path of the vapor molecule through the membrane in the case of
unassisted and assisted diffusion.
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A positive effect of increasing the water vapor flow was seen in membranes modified with CNTs. An et al. (2017)
prepared electrospun nanofibres membranes with anchored functionalized CNTs. Due to the covalent modification
and fluorination of CNTs, the well dispersibility within the fibers was achieved together with good interfacial
interaction between the filler and polymer matrix. Additionally, the authors suggested that the superior mass transfer
was a result of the homogeneous embedding of the CNTs. This homogeneity resulted in membrane pore walls
superhydrophobicity and effective water vapor molecules repelling, which lead to facilitated Knudsen and molecular

diffusion transport and assisted surface diffusion. As a result, they observed around 35% higher average vapor flux
value for the CNT modified membrane (D48.1L/m2h) than that without CNT modification (]33.6L/m2h). Tijing
et al. (2016) prepared mixed matrix polyvinylidene—fhiotide-co-hexaflaoropropylene (PcH)y with different

concentrations of CNTs. This particular modification gave the possibility to obtain membranes with comparable pore
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size to the commercial P VDF membranes, however, much higher porosity (more than 85%) was reported. Due to the
filler incorporation, the surface roughness increased leading to CA increase (of about 158°). The results indicate that
CNT-incorporated nanofiber membranes presented 33% and 59% higher fluxes, for 35 and 70 g/L NaCl feed solution
in DCMD process, respectively. Herein, the improved membrane performance was explained as an effect of CNTs
incorporation. According to authors statement, the modification caused a surface hydrophobicity enhancement, hence,
an increase of pore wetting prevention. In general, such changes produced a bigger effective evaporation surface and
higher water vapor flux. On the other hand, the presence of CNTs can promote the vapor transport due to its capacity

to rapid adsorption/desorption of the vapor molecules (An et al., 2017).

According to Gethard et al. 2011), the rapid adsorption/desorption capacity of CNT allows the vapor molecules to
follow a surface diffusion pattern, which increases overall vapor transport. The assisted diffusion may take place
along the smooth surface of CNT as well as through their inner tube. They have found the mass transfer coefficient
to be higher with the presence of CNTs in the membrane matrix. This increase was especially visible in the range of

6080 °C, when the mass transfer coefficient was almost 6-fold higher than the unfilled membrane.

In a different approach, an activated diffusion via adsorption/desorption was also observed for electrospun
PcH/graphene membranes (Woo, Tijing et al., 2016). The addition of the graphene provoked a vapor flux increase,

from 4.75 LMH (L/mzh) for commercial membrane, up to 22.9 LMH for electrospun PcH/graphene membrane.
Gontarek et al. (2019) have prepared P VDF/graphene composite membranes, and later tested them in DCMD set-up.
The results showed a constant water vapor flux for over 18 h of operating time. Higher values of MD coefficient were
observed in the membranes containing low graphene concentration when compared to pristine P VDF membrane. The
flux enhancement was noted independently to the porosity decrease of the membranes. In such a study, the
mechanism of assisted vapor transport was stated. This increase in water flux was correlated with interactions
between graphene filler and water vapor, when the graphene at low concentration was well dispersed over the

polymer matrix.
5.3. Permeate quality

The use of saline feed solution in MD may also lead to salt crystallization on the membrane surface and the rise of the
partial wetting of the membrane. In theory, the solute molecules can be physically or chemically attached to the
membrane surface through interactions with membrane functional groups (Meng et al., 2014). Once the deposition is
formed on the membrane surface, the pores can be filled with the feed liquid and consequently, the type of transport
is changing (Gryta, 2007). The use of appropriate membrane material may enable the control of partial wetting, thus
increasing the permeate quality. According to the literature, a highly hydrophobic membrane can effectively reduce
the salt deposition, improve fouling resistance and decrease the possibility of membrane wetting (Razmjou et al.,
2012; Wei et al., 2012). Meng et al. (2014) explored the fouling and crystallization behavior of nanocomposite P VDF

membranes. They have prepared superhydrophobic surface through TiO, and fluorosilane coating, in which the water

contact angle increased from 134" + 0.4 up to 160" + 1.4. These modified membranes showed higher resistance to
concentrated salt solutions comparing to pristine membranes. In case of pristine PVDF and PTFE, a fast wetting has
occurred due to the close contact with salt crystals that move across the surface, causing local pore enhancement, salt
deposition and partial wetting. Due to the superhydrophobic surface modification, the contact between solutes and the
membrane decreased as a result of water repulsion. However, not only superhydrophobicity, but also surface
structure affects the probability of salt deposition. It was stated that the higher surface roughness decreases the

chances of partial membrane wetting and reduces the capability of salt rejection.

Wang et al. (2018) prepared novel ZnO nanorods modified PVDF membrane with a micro/nanoscale hierarchical
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structure to solve the membrane fouling and wetting problems. Superhydrophobic surface has been applied to the
VMD process for desalination of highly salty water. Modified membrane showed a stable superhydrophobic surface
with a contact angle of 152°, easy cleaning property, and unique antifouling and antiwetting properties. After 8 h
VMD, the modified membrane showed a similar permeate flux compared to the pristine P VDF membrane but a much
higher quality of permeate. The ionic conductivities of the permeate from the pristine P VDF membrane reach 190.88
uS/cm after 8 h, while from the ZnO modified membranes only 10.19 uS/cm. Woq, Tijing et al. (2016) achieved a
complete salt rejection (100%) for long-term AGMD by using graphene/PcH membrane, while the commercial
membrane displayed around 99.2%. Such results have been attributed to enhanced LEP (>186kPa), contact angle
(>162°) and porosity (>88%) values due to the incorporation of graphene and the formation of a multilevel roughness.
Shao et al. (2019) modified PP membrane through SiO, nanoparticles coating and fluorination for simultaneously

enhancement the interface roughness and superhydrophobicity. The membrane was used for highly concentrated
saline solution treatment in VMD process. In the case of non-modified PP membranes, the serious membrane fouling
in the form of salt crystallization in pores as the water evaporates was observed along with the progressive
concentration polarization phenomena. In the contrary, modified membrane presented excellent wetting and fouling
resistance during long-term concentration of NaCl and MgC} solution. Additionally, no visible crystal embedding in
the cross-section was observed. The fouling rate of non-modified membrane increased up to 5.20% for the highest
tested feed concentration (15 wt% NaCl, 9wt% MgCh) and was four times higher than that of the modified

membrane.

In some cases, additional layer of nanomaterials reduces the vapor flux. Nthunya et al. (2020) prepared the

superhydrophobic SiOy-embedded P VDF nanofiber membranes, impregnated with carboxylated multiwalled CNTs

and silver nanoparticles to enhance membrane fouling resistance. Although this modification caused a decrease in the
initial vapor flux (from 42 LMH to 16 LMH), it also became an effective method for maintaining high salt rejection
(recorded rejection decay was from 0.1-1.0%) and stable performance within 50 h of operation. It was observed that,
membrane modification reduced the surface cake formation induced by the alginate and biofouling and inhibited the

growth of microorganisms.

6. Conclusions and future trends in the field

In this review, an overview of superhydrophobic membranes for MD application is presented, highlighting the
mechanisms leading to improved MD performance. This paper also demonstrates that the MMMs and nanoparticles
modified membranes attract a lot of attention in superhydrophobic membranes preparation. In general, the recent
findings imply the preparation of antiwetting membranes with strong water repellency to improve the membrane
stability in long-term MD operation, enhance the vapor flux and improve the permeate quality. Using specific filling
materials (such as CNTs, graphene and its derivatives, TiO,, silica, ZIFs, among others), meaningful desalination
performances have been obtained at lab scale. Herein, it is important mentioning that the right selection of the additive
may bring multiple benefits and may be the key to obtain membranes for a large-scale processes. However, the
emphasis has so far been placed on laboratory-scale experiments. This may be due to the cost of emerging nanofillers,
such as graphene and CNTs. At this point, for the new researchers in the field, it is recommended to focus their
research interest on cheaper substitutes of these materials but with the same effect on the membrane. Moreover,
according to the main drawbacks of MD membranes (e.g. fouling, wetting, stability, heat and mass transfer,
resistances), the research should focus their attention on producing next-generation membranes that will be able to
meet all of the requirements for real seawater desalination. The formation of hierarchical micro/nano-scale surface
morphology (reentrant structure) with air pockets gives the possibility to implement MD for real seawater desalination

or industrial wastewater reclamation with the low-surface-tension contaminants (Lu et al., 2019). In addition to high
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hydrophobicity and low solid/liquid interface energy, reentrant structure plays an important role in creating
omniphobic properties in a membrane, and allows achieving strong repellence toward liquids with a wide range of

surface tensions. Thus, omniphobic membranes appear to have promising properties for a real seawater desalination.
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Nomenclature
AGMD . N
air gap membrane distillation
B : .
geometric factor determined by pore structure
CNT
carbon nanotube
FAS fluoroalkylsilane
GO .
graphene oxide
LEP L
liquid entry pressure
M .
molecular weight
membrane distillation
MMM . .
mixed matrix membranes
PcH o .
Polyvinylidene fluoride-co-hexafluoropropylene
PP
polypropylene
PTFE
polytetrafluoroethylene
PVDF L .
poly (vinylidene fluoride)
RO .
reverse 0smosis
SDS Sodium Dodecyl Sulfate
vacuum membrane distillation
Y .
surface tension
d .
pore diameter
8 .
porosity
A o
heat of vaporization
‘c .
tortuosity
d

membrane thickness
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