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membrane fouling, stability, and efficiency in the desalination process is also discussed. The experimental part
is a description of my own research. Using two different approaches, hydrophobic membranes based on PVDF
and graphene were prepared. In the first one, graphene was mixed into a polymer matrix, while in the second
one, graphene was deposited on the surface of the polymer membrane. The effects of graphene nanoplatelets
(GNPs) in hydrophobic microporous polymeric membranes on the morphology, structure, and desalination
performance was examined. As a result of modification, a significant improvement in productivity and
efficiency was achieved along with the creation of a multiscale rough structure that amplified the wetting and
fouling resistance. For both approaches, a superior flux compared to pristine PVDF and complete salt
rejection were achieved.
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Chapter 1

1.1. Introduction

Over the past century, the population of the world has increased, as has the demand for water. This global
challenge of water supply will become even more serious due to further expansion in population and
economic growth, followed by a continuing increase in demands on water resources. The World Water
Council evaluated that by 2030 a few billion people will suffer from water scarcity or poor water quality [1].
Thus, it is not surprising that governments and industry have tried to develop alternative water sources, water
recycling, water imports, and desalination in order to resolve the problem of the world’s growing demand for
clean water. Desalination of water is a process that removes excess salts and other dissolved substances,
which leads to the production of drinking water with a reduced salt concentration, at or below the World
Health Organization’s limit of 500 ppm [2]. Although desalination has been known for centuries, it has gained
particular attention in the last few decades, along with the development of membrane technology in the mid-
1900s.

In general, desalination techniques can be divided into two groups: thermal-based and membrane-
based. Basically, thermal technologies require the supply of thermal energy in order to induce the evaporation
of water molecules from seawater; the vapor is subsequently condensed to give drinking water. The most
commonly used thermal processes include multi-stage flash, multi-effect distillation, and vapor compression
distillation [3]. Despite its versatility and ease of operation, thermal desalination has one significant
disadvantage. Due to its high energy consumption, it is an expensive and environmentally unfriendly method.
For this reason, alternative methods to thermal desalination are sought, mainly in order to reduce the costs of
the process. Currently, one of the most dynamically developing desalination technique is membrane-based
technology. Membrane technologies are becoming more popular due to their lower energy consumption,
compact modular construction, lower environmental footprint, and the possibility of regenerating spent media
[4]. Among membrane-based technologies, the dominant one used for desalination (in terms of the amount of
treated water) is reverse osmosis (RO), which, according to the literature, produces up to 60% of the world’s
desalted water (Figure 1) [5].

Participation of various technologies in
desalination worldwide

61%

=RO =MSF = MED =ED = Other

Figure 1. Participation of various technologies in desalination worldwide [6].
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In contrast, thermal techniques such as multi-stage flash (MSF) and multi-effect distillation (MED)
comprise 26% and 8% of the global share, respectively. One of the major challenges in using RO in seawater
desalination is the energy cost of a RO plant, which is generated by the high feed pressure required for the
process. Membrane distillation (MD), which can operate using low-grade or waste heat, is a potentially
promising technique for seawater desalination. The driving force of the process is based on a vapor pressure
gradient across the membrane. This gradient is induced by the temperature difference between the feed and
permeate solutions. The solutions are separated by a hydrophobic microporous membrane that allows the
diffusion of vapor and prevents the permeation of the aqueous phase. Water evaporates at the solid/liquid
interface on the heated feed side of the membrane, then diffuses through the air trapped in the membrane
pores, and finally condenses at the cooler permeate side. Simultaneously, non-volatile substances remain in
the aqueous feed solution. Although RO is more energy efficient, MD gives the capacity to utilize low-grade
thermal energy and to treat high-salinity brines. Thus, the application of MD is highly advantageous in cases
where low-grade or renewable heat sources, including waste heat from industrial processes or solar thermal
collectors, can be used [7].

1.2. MD - process fundamentals and principles

MD was first described by Bodell [8] in 1963, who patented the devices and method for converting non-
potable agqueous solutions to potable water. The basis of the operation of this apparatus was that the vapor, but
not the liquid, was permeable through a silicone rubber membrane. In 1967, Weyl [9] patented the use of a
porous hydrophobic membrane for improving the efficiency of desalination. In the late 1960s, Findley
published a study on vaporization through a porous membrane using various membrane materialsand also a
basic theoretical study on direct contact MD (DCMD) [10,11]. The author noted the potential of MD as an
economical method of evaporation; however, he pointed out that first low-cost and long-life membranes with
appropriate properties needed to be developed. At that time, the interest in MD process decreased rapidly;
however, the advent of new membrane manufacturing techniques in the early 1980s renewed interest in this
process, as membranes with a high porosity value and low thickness became available.

1.2.1. Heat and mass transfer

Water vapor diffusing through the membrane generates the transfer of both mass and heat. There are two main
mechanisms of heat transfer. The first is conductive heat transfer, which occurs together with vapor diffusion
along the membrane pores and leads to temperature changes at the feed and permeate membrane boundary
layers. This generates a temperature gradient between the bulk and boundary layer in both the feed and
permeate solutions and induces convective heat transfer. A schematic illustration of heat transfer with the
direct contact configuration of MD is shown in Figure 2.

12
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Figure 2. Schematic illustration of heat transfer with the direct contact configuration of MD [12].

The conductive heat transfer that occurs together with the vapor diffusion across the membranes is defined by
Eq. (1):

Qm = hn(Trm — Tpm) +JAH, (1)
According to Figure 2, convective heat transfer at the feed side @ can be defined by Eqg. (2):
Qr = he(Ty = Tpm) (2)
while convective heat transfer at the permeate side Q,, is described by Eg. (3):
Q@ = hp(Tpm = T) (3)

where hn, hy, and h, are the heat transfer coefficients of the membrane, feed, and permeate, respectively, and
Ttm, Tpm, Tr, and Tp stand for the temperature of the feed in the boundary layer, the temperature of the
permeate in the boundary layer, the temperature of the feed, and the temperature of the permeate, respectively
[13]. The temperature differences between the boundary layers and the bulk phases at both membrane sides
reduce the driving force for vapor diffusion. This phenomenon is called temperature polarization (y) and is
defined as follows:

= Irm=Tpm
Y = - 4)

13



GDANSK UNIVERSITY
£ OF TECHNOLOGY

FACULTY OF CHEMISTRY

According to Eq. (4), when the temperature polarization value is equal to 1, the feed and permeate
temperatures are constant regardless of the distance from the membrane. However, this is the ideal situation
and could only happen if the membrane did not conduct heat at all. Otherwise, when the value reaches 0, the
temperature at the feed boundary layer is similar to the temperature at the permeate boundary layer, making
the negative effect of temperature polarization very significant. The average value of the temperature
polarization for the direct contact configuration of MD lies between 0.4 and 0.7 [14].

Mass transfer in the MD process occurs due to the vapor transport that is induced by the driving force
of the process. In the case of MD, mass transfer can be generalized by a molecular diffusion or Knudsen
diffusion model. The applicable type of model depends on the membrane pore size [14]. Molecular diffusion
applies to membranes with a relatively large pore size. It states that collisions between diffusing molecules
predominate, as described by Eq. (5).

;1 _ & PDij(p1—p2)
N'= 5% am O
where €, P, D, p1, p2, T, 9, and pa are the porosity, the total pressure in the pore, Fick’s diffusion coefficient,
the partial vapor pressure at the feed membrane surface, the partial vapor pressure at the permeate membrane
surface, the tortuosity, the membrane thickness, and the air pressure in the pore, respectively.

The Knudsen model applies to systems where the collisions between diffusing molecules and the pore

walls determine the mass transfer, as denoted by Eq. (6).

, 1 2er (8RT\Y/2 (p,—p,)
N= (D) PR

where r and M; are the pore radius and molecular weight of water vapor, respectively.

While the MD process operates, the concentration of solutes in the feed solution increases at the
liquid/gas interface and is higher than the concentration in the bulk feed. This phenomenon is called
concentration polarization and its coefficient (CPC) is given by equation (7):

CcPC =12 (7)
f

where ¢, is the concentration of the solute close to the membrane surface (liquid/gas interface) and cy is the
concentration of the solute in the bulk feed.

1.2.2. MD configurations

There are different configurations of the MD process, such as direct contact MD (DCMD), air gap MD
(AGMD), sweeping gas MD (SGMD) and vacuum MD (VMD). In general, the main difference between them
is the method used for vapor condensation on the permeate side (Figure 3).

14
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Figure 3. Schemes of MD configurations [12].

In the case of DCMD, both the feed and permeate solutions are in direct contact with the surface of
the membrane. As the permeate is cooler than the feed it takes on the role of a condensing fluid. The DCMD
setup is known to be the simplest among the various configurations, and thus it is the one most often used in
laboratories. However, the main disadvantage of this configuration is the significant heat loss across the
membrane, due to the direct contact of liquids with the membrane. In the AGMD configuration, diffusing
vapor condenses on the cold surface on the distillate side. Between the membrane and cold surface there is an
air gap, which is meant to effectively reduce the heat loss generated by the vapor transport. In the SGMD
configuration, vapor diffusing through the membrane is swept away by a cold inert gas and carried outside the
membrane module where it condenses. Although this configuration causes low heat loss, its higher operational
cost makes it relatively rarely used. VMD is characterized by a vacuum applied on the permeate side, which
acts as the driving force of the process. Due to the low pressure on the permeate side, vapor diffusion through
the membrane is facilitated. One of the major advantages of VMD is the negligible conductive heat loss
through the membrane. On the other hand, the degradation of the hydrophobic properties of the membrane can
lead to membrane wetting and direct permeation of the feed liquid.

1.3.The theory of surface wettability

Water droplets that rest on the solid surface generate three interfacial tensions y.v, ys., and ysv, which relate to
the existence of interfaces between the liquid and vapor, solid and liquid, and solid and vapor, respectively.
The balance between them determines whether a droplet spreads on the surface or takes a spherical-like shape
(Figure 4) [15]. The balance of forces at the contact line between these three interfaces can be represented by
Young’s equation (8):

cosb, = —VS‘;_VSL (8)
LV

where 6, is the instantaneous (dynamic) contact angle and ysy, ¥sy, and y; are the solid—vapor, solid-liquid,
and liquid-vapor interfacial tensions. This approach works well with smooth and homogenous surfaces.

15
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1.3.1. Contact angle

The contact angle (CA) is usually used to determine the wettability of a surface with specific liquids. On a
completely hydrophilic surface, a water droplet spreads and creates a CA with the surface of 0°; however, the
surface is considered as hydrophilic for all cases when ysy<ys., with the contact angle being lower than 90°.
On the contrary, on a completely hydrophobic surface a water droplet doesn’t have any contact with the
surface, which corresponds to contact angle equal to 180°; however, a surface is conventionally described as
hydrophobic when ysy>ys, with the contact angle being greater than 90°.

A B C

Figure 4. A) the contact angle of a droplet resting on a solid surface and the three interfacial tensions; B) a
droplet resting on a hydrophilic surface and its contact angle; C) a droplet resting on a hydrophobic surface
and its contact angle.

Those surfaces with highly wetting-resistant properties and a water contact angle of more than 150°
are known as superhydrophobic surfaces. There has been a great interest in their use in membrane
development for various separation processes. Some plants and animal furs are examples of surfaces with
strongly water-repellent properties that can be found in nature. The microstructure of these surfaces reveals
their specific topography. For instance, the surface of lotus leaves, which are the most popular biological
example of superhydrophobic surfaces, consists of an epicuticular wax and a combination of two-scale
roughness, existing on a microscale and nanoscale [16]. Such surfaces are also referred to as hierarchical. The
water CA of a lotus leaf reaches 161 & 2.7° [17]. Due to its properties and structure, a phenomenon called the
“lotus effect” is observed, which refers to the self-cleaning properties of the lotus leaf. As droplets roll away
on its surface, they gather and transport dust, which results in the cleaning of the plant surfaces [16] [18].
Properties similar to those of lotus leaves can be achieved by creating a rough, hydrophobic surface. The
roughness further enhances the contact angle of hydrophobic surfaces [19]. It can be accurately described by
the Wenzel equation (9) [20]:

cos0, = rcosb, (9)

where r is the roughness factor, 8,. is the CA on a rough surface, and 8, is Young’s equilibrium CA.
According to equation (9), the roughness amplifies the effect of the surface chemistry. As a result,
small changes in Young’s equilibrium CA become larger changes in the CA of a rough surface. It is worth
pointing out the importance of the point when the 8¢ value equals 90°, where there is a changeover in the sign
of the cosine term. It means that for hydrophilic surfaces with 6<90°, the roughness factor’s enhancement will
cause a further reduction in the Wenzel contact angle toward 0°, whereas for hydrophobic surfaces with
0>90°, it will lead to a further increase in the Wenzel contact angle toward 180°. However, the Wenzel
equation is limited only to homogeneous surfaces and was extended by Cassie and Baxter in 1944 [21]. The
Cassie-Baxter equation applies to porous heterogeneous surface. The presence of air in the pores prevents the

16
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pores from being filled with water, and the water only bridges between parts of the solid surface. Although the
Cassie—Baxter equation (10) refers to topographically structured surface, the roughness factor does not enter
directly into the equation:

cosOcp = ficos6, — (1 — f1) (10)

where 6.5 is the heterogeneous CA, f; is the fraction of the contact line of the liquid with the solid, and thus
(1 — f7) is the area bridged between solid surface features.

According to equation (10), 8.5 will increase as f; decreases, meaning that to improve the surface
hydrophobicity, the area of contact between the liquid and solid must be kept to a minimum. Therefore, the
surface roughness does matter in this case, but only indirectly, since it defines the fraction of the solid surface
in contact with the droplet.

Figure 5 shows a droplet of water on a hydrophobic surface according to the A) Wenzel and B)
Cassie-Baxter state. In the case of the Wenzel state, the droplet is in contact with the whole rough surface,
while in the case of the Cassie-Baxter state, the droplet remains suspended on top of the surface protrusions.
For hydrophobic surfaces, both states lead to an increase in the CA; however, only the Cassie-Baxter state
provides low CA hysteresis.

A B

Figure 5. A droplet on a rough hydrophobic surface according to the A) Wenzel state, B) Cassie-Baxter state.

1.3.2. Surface roughness and morphology

All the irregularities on the surface of the material represent surface roughness. The roughness factor is
defined as the ratio between the area of the actual surface and geometric surface [22]. Quantitative roughness
statistics can be obtained from instrumental analyses such as atomic force microscopy (AFM). Membrane
surface roughness is usually represented by two parameters, Rrms (RQ) and Raverage (R2). Rq is defined as the
average of the measured height deviations taken within the evaluation area and measured from the mean linear
surface, while Ra is the arithmetical mean deviation of the roughness profile. Both are functions of height
deviations from mean surface levels [23]. Not only surface roughness, but also membrane morphology, affects
surface wettability. According to Tuteja et al. [24], a so-called re-entrant geometry of the surface is one of the
critical factors in the design of materials with superior antiwetting properties. A re-entrant structure refers to a
concave topography in which the cross-sectional solid area decreases from the top to the bottom [25]. Re-
entrant morphology together with a low surface tension can easily achieve a Cassie-Baxter state for the liquid-
solid-vapor interfaces with most liquids.

17
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1.3.3. Superhydrophobicity of MD membranes

Although the MD process has many advantages, there are still some open issues, such as fouling and wetting,
that need to be solved [26]. MD fouling takes different forms, depending on the chemical composition of the
feed solution, namely inorganic, organic, and biological fouling. For instance, the desalination of brine often
results in scale formation [27] or the growth a crystal layer at the membrane surface while desalination
proceeds. On the other hand, during the treatment of protein-type solutions, it is common to observe their
adsorption at the membrane surface [28]. Biofouling occurs through the growth of bacteria, fungi, and algae.
Fouling phenomena reduce the vapor transport through the membrane in two possible ways. Firstly, a
homogeneous layer of foulant leads to pore clogging, generating additional mass transfer resistance. Secondly,
a porous fouling layer can increase heat transfer and simultaneously increase susceptibility to the temperature
polarization effect, which consequently reduces the driving force of the process. The molecules of foulants are
attached to the membrane surface through physical interactions or chemical bonds [29]. The formation of any
deposit carries a risk that the pores may be filled with the feed liquid, resulting in a wetting phenomenon [30].
The use of an appropriate membrane material may hinder fouling and wetting phenomena.

For efficient desalination via the MD process, the membrane should exhibit strongly hydrophobic
properties. This feature is highly desired since it may effectively repel the water molecules in the liquid state
and promote vapor transport. Therefore, superhydrophobic membranes with a CA value over 150° have gained
great attention in the MD process. It was observed that superhydrophobic membrane surfaces have a positive
effect on the elimination of undesirable phenomena such as pore fouling and wetting, due to the creation of
micro- and nanostructured surfaces [24,25]. For instance, the complex topography of a membrane creating a
Cassie-Baxter state inhibits or reduces the penetration of liquid into the surface. Therefore, a strongly water
repellent membrane can be created through the formation of a micro- and nanostructured surface, as shown in
Figure 6.

A B

Figure 6. Schematic illustrations of water drop on different membrane surfaces. (a) Flat surface, (b)
Microstructured surface, (c) Hierarchical surface, and (d) Nanostructured surface.
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In our study, | conducted a literature review aimed at selecting the newest methods of fabricating
superhydrophobic membranes for desalination using MD. | paid special attention to methods using
nanomaterials, as it turned out that they can have a positive impact on many aspects of the operation of the
MD process. | provided an overview of the typical nanomaterials used for the modification of MD membranes
as well as the underlying mechanism leading to an improvement in MD performance. Subsequently, | tried to
obtain superhydrophobic membranes for desalination through MD. As the availability of membranes designed
for efficient MD is limited, nanocomposite membranes represent an interesting field to be explored, since they
offer novel functionalities generally not achievable in pristine materials. Two approaches have been used to
prepare MD membranes. The first was to mix a nanomaterial into the polymeric structure. | planned to use
multilayer graphene nanoplatelets (GNPs), with a thickness of around five graphene layers, as a nanofiller for
spherulitic-like PVDF membranes. Such membranes showed assisted transport mechanisms when tested in
DCMD. As a result, potable water was produced from salt solutions. My results show the absence of thermal
polarization, outstanding anti-wetting properties, enhanced breaking resistance, and antifungal activity. This
study presents evidence about the role of interactions activated at the water/graphene interface that result in
assisted vapor transport. In the second approach, a nanostructured coating of GNPs was created on the surface
of a pristine PVDF membrane. The complex surface topography formed after graphene coating gave rise to
much improved antiwetting and antifouling properties. The effectiveness of GNP-coated membranes was
tested during desalination via the DCMD process using mixtures of NaCl and humic acid (HA) as a feed
solution, and the results showed that these new functional membranes are promising materials for application
in high-performing MD operations.
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Chapter 2

Research goals

The scientific purpose of this PhD work was to obtain graphene-modified hydrophobic membranes for
desalination using MD with enhanced transport properties and stability.

To achieve the intended goal, the following steps were carried out:

e An up-to-date and critical literature review in order to identify the need for the undertaken research
and to place it within the context of the existing literature. The main topics covered in the review
concerned the role of nanomaterials in the formation of hydrophobic surfaces and the effect of
increased hydrophobicity on the performance of membranes in the MD process.

e The preparation of polymeric PVDF membranes and their modification with graphene using two
different approaches: the creation of mixed matrix membranes (MMMs) and coated membranes.

e Understanding the effect of graphene introduction to the membrane structure on membrane surface
and transport properties.

e Correlation of the morphological and structural properties of the membranes with their operation
during the MD process. An explanation of graphene’s role in the desalination mechanism.
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Chapter 3

Research description

The research topics and results related to this PhD dissertation are discussed in detail in the following four
publications:

P1.

P2.

P3.

P4.

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 2022, 52, 2104-2149,
https://doi.org/10.1080/10643389.2021.1877032, IF: 12.561, Q1, 200 points.

Gontarek-Castro, E.; Macedonio, F.; Militano, F.; Giorno, L.; Lieder, M.; Politano, A.; Drioli, E.;
Gugliuzza, A. Adsorption-assisted transport of water vapour in super-hydrophobic membranes filled
with multilayer graphene platelets. Nanoscale 2019, 11, 11521-11529,
https://doi.org/10.1039/CONR02581B, IF: 7.790, Q1, 140 points.

Gontarek-Castro, E.; Rybarczyk, M. K.; Castro-Muifioz, R.; Morales-Jiménez, M.; Barragan-Huerta,
B.;Lieder, M. Characterization of PVDF/Graphene Nanocomposite Membranes for Water
Desalination ~ with  Enhanced  Antifungal  Activity, Water 2021, 13, 1279-1290,
https://doi.org/10.3390/w13091279, IF: 3.103, Q2, 100 points.

Gontarek-Castro, E.; Luca, G.D.; Lieder, M.; Gugliuzza, A. Graphene-Coated PVDF Membranes:
Effects of Multi-Scale Rough Structure on Membrane Distillation Performance. Membranes 2022, 12,
511. https://doi.org/10.3390/membranes12050511, IF: 4.11, Q2, 100 points.

The above-mentioned scientific publications are attached in accordance with the numbering in the
Attachments. Briefly, the most important achievements of each paper are discussed below.
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3.1. The role of inorganic materials in hydrophobicity enhancement for
MD membranes

Various studies have proven that the incorporation of nanomaterials in polymeric membranes can tune their
structural and physicochemical properties, such as hydrophobicity, porosity, surface charge density, and their
chemical, thermal, and mechanical stability [33]. Recently, a new trend in hydrophobic MD membrane
preparation has been to incorporate inorganic materials into the membrane structure. The most popular are
nanomaterials such as carbon nanotubes, graphene, and nanoparticles of silica and titanium dioxide. The
detailed characteristics of these additives are summarized in the manuscript P1. Although modification with
nanomaterials brings many benefits, there are some issues that make the preparation of such membranes
challenging.

For instance, during nanocomposite fabrication one of the most commonly occurring phenomena is
nanoparticle aggregation. The susceptibility to aggregation increases with the concentration of nanomaterial in
the polymer matrix. On the other hand, the concentration of nanomaterial is often a critical parameter in the
optimization of membrane performance and durability. Aggregation causes porosity and reductions in
mechanical strength and vapor flux [34]. According to the literature, mechanical dispersion, ultrasonication,
stirring, and chemical modification proved to be effective strategies for improved dispersion of nanomaterials
[35][36][37]. The addition of inorganic nanoparticles to MD polymeric membranes has beneficial effects
visible during the desalination process (Figure 7). Firstly, the influence of nanomaterials on the surface
properties of the membrane often leads to strong water repellency, a hierarchical and rough structure, and a
large effective surface area. These features may contribute to increased membrane flux and prevent salt
deposition. Additionally, for MMMs, superhydrophobic nanofillers may accelerate diffusion in the membrane
pores. Three positive changes took place in the MD process after the modification of membranes with
nanomaterials:

1) stable performance,
2) flux enhancement,
3) improved permeate quality.

Table 1 summarizes the most important studies on preparing superhydrophobic MD membranes using
different nanomaterials, together with their performance details. [P1]

3.1.1. Performance stability

Various processes and phenomena such as fouling, concentration polarization, and heat transfer may hamper
flux stability during the MD process. For instance, the deposition of foulants on membrane surfaces can lead
to a reduction in the vapor diffusion rate through the pores in two possible ways. Firstly, the creation of a
homogeneous fouling layer on the membrane surface causes pore clogging and flow rate reduction due to the
increased mass transfer resistance. On the other hand, a porous layer created on the membrane surface by the
foulants increases susceptibility to temperature polarization effects. Thus, the small contact area between solid
and liquid that is offered by superhydrophobic surfaces may effectively reduce the contact between inorganic
foulants and membrane surfaces, preventing their deposition [38]. Modification of the membranes using
nanoparticles was found to be an effective method in fouling control and wetting mitigation. For example,
surface-modified P\VVDF membranes using silver nanoparticles exhibited a stable performance during DCMD,
in contrast to unmodified PVDF, even though both membranes were characterized by a similar pore size
distribution [39].
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Table 1. Relevant papers on preparing superhydrophobic membranes for desalination using MD.

MD configuration and process parameters:

Nanomaterial used:

Contact angle:

LEP:

Operating
time:

Flux
(kg/m? h):

Rejection:

References:

DCMD
3.5 wt.% NaCl
Tf: 70°C
Tp: 25°C

TiO;

163°+3°

190 kPa

8h

~30

[31]

DCMD
3.5wt.% NaCl
Tf: 60 °C

Tp: 20°C

SiO;

>150°

150 kPa

25h

246+ 1.2

>99.99%

[40]

DCMD

3.5 wt% NaCl
Tf: 60 °C

Tp: 20°C

Ag

153° + 4°

146 + 12 kPa

8h

31.6

[39]

VMD

200 g/L NaCl
Tf. 60 °C
AP: 80 kPa

Zn0O

152°

277 + 8 kPa

8h

45

~99.99%

[41]

DCMD

3.5 wt.% NaCl
Tf. 70 °C

Tp: 20°C

SiO;

156°

275 kPa

15h

99.99%

[42]

VMD

15 wt% NaCl + 6 wt% MgCl,
Tf. 80 °C

AP: 0.096 MPa

SiO2

150°

12 h

[43]

DCMD
70 g/L NaCl
Tf: 60+ 1°C

CNT

1585°+1.5°

99 kPa

5h

29.5

>99.99%

[44]
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Tp:20=1°C

DCMD
35 g/L NaCl
Tf: 60 °C
Tp: 20°C

CNT

150.4°+£0.8°

40.5 + 2.8 kPa

6h

48.1

>99.98%

[36]

DCMD

3.5 wt% NaCl
Tf: 60 °C

Tp: 20 °C

SiO;

153.9°

179 kPa

50 h

18.9

[45]

DCMD

3.5 wt% NaCl
Tf: 60 °C

Tp: 20°C

SiO;

155.6°

230 kPa

24 h

41.1

>99.99%

[37]

DCMD

30x10° mgL ! NaCl
Tf: 60 °C
Tp:20°C

SiO;

>150°

84.2+ 2.8 kPa

50 h

34.2

>99.9%

[46]

DCMD
3.5 wt% NaCl
Tf: 70 °C
Tp: 25°C

TiO»

157.1°

158 kPa

10h

73.4

99.99%

[47]
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In both cases, the stability enhancement was wholly attributed to the better surface water repellency of
the modified membranes. The water contact angle was 153° and 154° for silver- and silica-modified
membranes, respectively. Other authors prepared superhydrophobic MD membranes by modifying
poly (vinylidene fluoride-co-hexafluoropropylene) (PcH) membranes with TiO; [48]. It turned out to be an
effective method for membrane regeneration during real seawater desalination. After a 5-day test, the water
CA of the nanoparticle-modified membrane was still recoverable up to values of 150.2 °. In another study,
TiO; coating and fluorination resulted in an increase in the water CA from 125° for pristine PVDF up to 163°
after modification [31]. Moreover, the modified membrane exhibited a significantly higher flux recovery

compared to the unmodified one.
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Figure 7. Schematic illustration of the nanoparticles’ effect on the MD membrane’s characteristics and
performance.

3.1.2. Flux enhancement

In general, there are two strategies to increase the vapor flux through the membrane. The first one includes
various approaches to increasing the driving force through the membrane, and the second is to reduce the
resistance to mass transport. The driving force of the MD process is the difference in vapor pressure between
the different sides of the membrane. Therefore, an increase in the temperature gradient between the feed and
permeate, or an increase in the effective evaporation area on the feed side, will both lead to driving force
enhancement. It was observed that an increase in hydrophobicity can generate higher vapor fluxes thanks to
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the effective evaporation area increasing. As the hydrophobic surface prevents the water from penetrating the
membrane pores, the susceptibility of pores to flooding is minimized, and consequently the available surface
area for vapor exchange increases. Silica nanoparticles were used by several authors to prepare
superhydrophobic membranes [37][45][40]. These modified membranes, besides stable performance, were
also characterized by increased flux when compared to unmodified ones. Surface characterization revealed the
strong water repellency of these membranes, which was achieved by incorporating silica nanoparticles,
resulting in superhydrophobic nanocomposite PVDF membranes. They offered a higher effective liquid
evaporation area than pristine PVVDF nanofiber membranes. The multiscale rough surface provided numerous
holes and slots, which reduced the membrane/liquid contact area and simultaneously increased the
membrane/vapor contact area. For instance, the vapor flux increased from 12.3 kg/m?h for PVDF nanofiber
membranes, up to 18.9 kg/m?h for silica/PVDF nanocomposite membranes. Moreover, this value of vapor flux
made this membrane a competitive alternative to commercial flat-sheet PVDF membranes (vapor flux around
10 kg/m?h).

Mass transfer resistance through the membranes comes from collisions between vapor molecules and
the pore walls (Knudsen diffusion model) as well as from collisions between diffusing vapor and air
molecules inside the membrane pores (molecular diffusion). The hydrophobic properties of the membrane can
promote mass transfer through reducing the friction between the membrane pore walls and diffusing vapor
molecules. Thus, mass transfer through a hydrophobic membrane is a method facilitating vapor flux through
the membrane. Recently, the term adsorption-assisted transport has appeared in the literature, which mainly
concerns membranes modified with carbon nanomaterials [36][44]. These membranes also show improved
vapor flux, which results from the reduction in the collisions between the pore walls and vapor molecules. The
scheme of assisted transport is shown in Figure 8. Chaotic unassisted transport results in many collisions that
prolong the path of vapor molecules from one side of the membrane to the other. On the other hand, assisted
diffusion, due to the adsorption/desorption assistance, facilitates the transport of vapor molecules.
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® ~ ® ® B
A A AN A )
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Q Q Q Q =
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Figure 8. Schematic illustrations of unassisted and assisted diffusion through the membrane during MD.
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A positive effect of assisted transport was observed for electrospun nanofiber membranes with
anchored functionalized carbon nanotubes [36]. Homogeneous dispersion of this nanomaterial resulted in the
membrane acquiring superhydrophobic properties, which facilitated transport by Knudsen and molecular
diffusion. These authors observed a 35% higher vapor flux for the modified membrane, which reached 48.1
L/m?h. In another study, using a similar modification, the authors observed increased surface roughness,
which led to a CA increase up to 158° The incorporation of carbon nanotubes into nanofiber membranes
contributed to 33% and 59% higher vapor fluxes, for 35 and 70 g/L NaCl feed solutions, respectively.

3.1.3. Permeate quality

Desalination by MD often leads to salt crystallization on the membrane surface. Salt deposition generates
partial wetting, as the pores can be filled with the saline feed solution, and consequently increases the salt
concentration on the permeate side [30]. A highly hydrophobic membrane effectively reduces the salt
deposition, decreases the susceptibility of the membrane to wetting, and thus increases the permeate quality
[49]. For instance, a superhydrophobic surface incorporating TiO. coated with perfluoroalkylsilyl groups
resulted in the water CA increasing from 134° to 160° [29]. After modification, the membrane exhibited a
higher resistance to concentrated salt solutions than non-modified membranes. The as-prepared membrane
surface was characterized by a reduced contact area with the feed solution as a result of its strongly water
repellent properties. Other studies stated that rougher surfaces reduced the susceptibility to partial membrane
wetting and increased the capability for salt rejection. A novel ZnO-modified PVDF membrane with a
micro/nanoscale rough structure and a superhydrophobic surface with a CA of 152° was used in an 8 h VMD
run [41]. Although, the modification did not affect the vapor flux, a much higher quality of permeate was
observed for the modified membrane compared to a pristine one. The ionic conductivities of the permeate
reached 190.88 IS/cm and 10.19 IS/cm for the pristine PVDF membrane and ZnO-modified membrane,
respectively. Finally, a graphene modified PcH membrane showed complete salt rejection (100%) during
long-term MD, while the commercial membrane tested over the same conditions displayed only 99.2% [50].
Such promising results were explained by the formation of multilevel roughness and the following suitable
morphological properties: LEP (>186 kPa), CA (>162°), and porosity (>88%).

Graphene gains increasing attention as a unique nanofiller material that can provide interesting
functionalities to the nanocomposite material for various research fields [51]. Graphene is two-dimensional
material composed of sp? carbon atoms in hexagonal honeycomb lattices. This nanomaterial possess
characteristic particularly attractive for MD application, such as hydrophobicity, high mechanical stiffness,
and anti-fouling properties [52]. Moreover, literature refers about the ability of graphene to promote a partial
and reversible dissociation of water molecules [53], which may result in promoted water vapor transport.
Thus, | exploited the desired properties of graphene to enhance the overall properties of a PVDF membrane
towards the production of a hydrophobic membrane for effective membrane distillation. Since excellent
properties of graphene makes it competitive with other nanomaterials, it was worth to investigate how
graphene modification can affect process stability, flux and permeate quality during desalination using
DCMD. Moreover, it was crucial to describe the mechanisms of vapor permeation through graphene-modified
membranes.
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3.2. The preparation of PVDF membranes and their modification with
graphene

The preparation procedures for the graphene-modified polymeric PVDF membranes included two different
approaches. The first was to produce a MMM. GNPs were dispersed in 1-Methyl-2-pyrrolidinone (NMP)
using an ultrasonic bath alternated with mechanical stirring for 2 hours at 30 °C. Dispersions with various
graphene loadings were prepared (0.33%, 0.5%, 5%, 10%, and 20%). PVDF was added to the dispersions at a
concentration of 12 wt%, and the mixtures were left under mechanical stirring at 30 °C for 24 h. For the
preparation of pristine PVDF membranes, 12 wt% of PVDF powder was dissolved in NMP under mechanical
stirring for 24 h at 30 °C. After the stirring, the solution was left for 3—4 hours without stirring for the removal
of bubbles. The membranes were deposited onto glass with a micrometric film applicator using a gap size of
250 pm, immersed sequentially for 10 min in 2-propanol for coagulation, and cleaned several times with
deionized water. The membrane was then dried at room temperature overnight. Five different mixed
membranes were prepared in this step, named as GNP0.33%, GNP0.5%, GNP5%, GNP10%, and GNP20%,
referring to the content of the nanofiller. A schematic diagram of the mixed matrix PVDF/GNP membrane
fabrication is shown in Figure 9.

GNP

PVDF NMP

Mechanical stirring Coagulation bath

—pp - o

24h, 30°C 10 min, IPA

mixed matrix PVDF/GNP
membrane

Figure 9. Schematic illustration of mixed matrix PVDF/GNP membrane fabrication.

The second approach was to prepare graphene-coated PVDF membranes. These membranes were
fabricated through a combined phase inversion and wet-filtration approach, starting with the preparation of a
dispersion of GNPs. The GNPs were added to a water/2-propanol mixture (volume ratio 7/3) at concentrations
of 0.05 mgmL* and 0.005 mgmL™. Each suspension then underwent approximately 20 stirring/sonication
cycles to create fine dispersions. A dead-end filtration cell was applied for graphene deposition onto the
surface of pristine PVDF membranes. 20 ml of dispersion was poured into the cell and left to distribute
uniformly on the membrane surface. After 10 minutes, pressure was applied (~1 bar) for 10 min. The
permeate was clean and did not contain any graphene contamination. The membrane was then dried in air for
24 h. The flat sheet phase-inversed PVDF membrane was denoted as pristine PVDF and used for comparison.
Two different graphene-coated membranes were prepared in this step, named as 0.05G/PVDF and
0.005G/PVDF, which referred to the concentration of the dispersion used for coating. A schematic diagram of
the graphene-coated membrane fabrication is shown in Figure 10.
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Figure 10. Schematic illustration of graphene-coated membrane fabrication.

Mixed matrix PVDF/GNP membranes and graphene-coated membranes were successfully fabricated.
FTIR spectroscopy and X-ray diffractometry were performed on all the samples to gain insight into the
structure of the obtained membranes and confirm the presence of graphene. PVDF is a semi-crystalline
material, and XRD analysis revealed that its structure was dominated by both the o and y crystalline phases.
The coexistence of these forms was further confirmed by FTIR analysis. Importantly, the addition of graphene
did not generate any change in the membrane characteristics in terms of their crystalline phase. Furthermore,
XRD spectra collected on graphene-modified membranes showed additional peaks at 26.5 (002) and 54.6°
(004), which represented the perpendicular direction (c-axis) to the graphite hexagonal planes [54]. In the case
of graphene-coated membranes, additional broad IR adsorptions in the regions 1500-2000 cm* and 2500-3720
cm™ were detected, especially in the case of the membranes coated with the highly concentrated graphene
dispersion (0.05G/PVDF). Pore size and porosity measurements, as well as SEM analysis, were carried out for
all the samples, in order to investigate the changes in the structure of the modified membranes.

As an effect of wet-phase inversion, a method for the preparation of flat sheet porous membranes with
a mean pore size of 0.2-0.5 pum and an overall porosity (&) ranging from 60 to 80% was obtained [P2-P4]. In
the case of MMMs, GNPs were found to be clearly discernable inside the polymeric matrix. The high overall
porosity values indicated that the free volume fraction of the membranes was preserved. A slight decrease in
the value was observed due to cluster formation, but only for the membrane with the highest graphene
loading. The topography of these membranes was complex, considering the presence of the graphene platelets,
which were randomly dispersed in the polymeric structure. Detailed structural and morphological
characteristic can be found in P3. SEM analysis confirmed the presence of GNP in the PVDF matrix. The
pristine PVDF showed a sponge-like structure and a relatively smooth surface, which became more compact
with the graphene addition. The structural changes were indicated by a significant reduction in pore size,
especially for GNP5% and GNP10% (from 0.5 pm down to 0.27 and 0.24 pum, respectively). A uniform and
well-dispersed distribution of GNPs was found for GNP0.33% and GNP0.5% (Figure 11). In the case of
graphene-coated membranes, 0.005G/PVDF showed values for the mean and largest pore size comparable to
pristine PVDF, while a reduction was observed for 0.05G/PVDF. On the other hand, the overall porosity and
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the thickness were similar for all samples. This may suggest that the structure of each membrane was
preserved, and GNPs were confined to the membrane surface. SEM images of the membrane cross section
showed the formation of a thin graphene layer on the top of the PVDF surface, especially visible at higher
concentrations of graphene. These micrographs confirmed that there were no nanoplatelets inside the
membrane structure (Figure 12). The polymeric membrane was characterized by a sponge-like morphology,
which was particularly pronounced for the PVDF pristine membrane. The deposition of a larger amount of
graphene flakes caused the formation of a cracked graphene layer on the top of the membrane, which reduced
the size of, or entirely clogged, the pores on the top surface. In the case of the graphene dispersion with a
lower concentration, it did not form a uniform graphene layer on the top, but rather a random distribution of
GNPs throughout the surface was obtained, and thus the pores were not covered [P4].

PVDF/GPs20%

Figure 11. SEM images of the cross-section of mixed-matrix graphene/PVDF membranes.

30



GDANSK UNIVERSITY
e OF TECHNOLOGY

FACULTY OF CHEMISTRY

Figure 12. SEM images of the top surface (first and second column) and cross-section (third column) of
graphene-coated PVDF membranes.

3.3. Physicochemical properties of graphene-modified membranes

The membranes were further tested in order to evaluate the feasibility of applying them in the MD
desalination process. CA measurements were crucial to evaluating the hydrophobicity of the membranes,
which ensured the diffusion of only the gas phase in the pores, which is a basic condition of MD. The
incorporation of nanofiller inside the polymeric matrix caused a general increase in hydrophobicity.
Importantly, a significant increase in the CA value was noted for the graphene fraction of 0.5%, yielding
15143 ° when in contact with saline water (0.6 M NaCl solution). The results of the enhanced water resistance
were further supported by the values of the resistance to liquid entry pressure (LEP), which reached around 1
bar for each MMM. These parameters were found to be suitable for the use of such membranes in the MD
process.

Importantly, nanofiller addition gave the further advantage of making the membrane more durable.
After strength testing, an increase in the Young’s modulus up to 1400 N mm~2 was obtained for GNP0.5%.
Moreover, at lower GNP loadings, an increase in the resistance to stretching was also observed, with values up
to 85 + 10%. Nevertheless, a further addition of nanofiller to the membrane matrix made the membrane
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particularly brittle and unmanageable, especially for GNP20%. Due to its poor mechanical properties, the
GNP20% membrane was not approved for further tests and measurements.

According to the AFM images, the non-modified PVDF membrane possessed a smooth microporous
surface, with an Rq value of around 289 nm. After the incorporation of nanofiller, this roughness parameter
increased up to 524 and 375 nm for GNP0.33% and GNPO0.5%, respectively. On the other hand, graphene
aggregation led to an Rq reduction down to 292 and 183 nm for GNP5% and GNP10%, respectively. Thus,
the roughness enhancement only occurred for well-dispersed GNPs in the membrane matrix with lower
nanofiller loading [55]. It is believed that complex surface topography forms an air gap between the surface
protrusions and creates a gas—liquid interface that separates the feed liquid and membrane surface. These
features are beneficial while dealing with wetting and fouling issues in MD [P3].

The membrane material used for sea water desalination should possess antifungal activity to produce
potable water free from microbial pathogens and to mitigate biofouling, which significantly reduces the
productivity and efficiency of the process. Curvularia sp. is one of the common fungi that have been detected
in drinking water distribution systems [56], so this hyphomycete fungus was chosen for the antifungal test. To
the best of our knowledge, the antifungal activity of PVDF/GNP MMMSs hasn’t been evaluated so far, thus in
study P3, we carried out this tests for the first time. The results were presented as an inhibition percentage
against a Curvularia sp. fungal strain after 72 h. The most promising antifungal properties were achieved for
the GNP0.33% and GNP0.5% membranes, with an inhibition percentage of 74.9% and 75.7%, respectively. A
slightly lower inhibition percentage was observed for GNP5% (61.7%), while pristine PVDF and GNP10%
showed very weak antifungal activity. A clear antimicrobial effect of graphene-modified membranes can be
observed in photographs taken after 72 h of fungal growth on the membranes (Figure 13).

PVDF PVDF_0.33G PVDF_0.5G

PVDF_5G PVDF_10G

Figure 13. Photographs taken after 72 h of fungal growth on the membranes.

In the case of graphene-coated membranes, chemical and morphological changes brought variations in
the wetting behavior. The deposition of a low content of graphene dispersion on the PVDF surface gave rise to
improved hydrophobicity with CA values of 136 + 4° and 124 + 4° for 0.005G/PVDF and pristine PVDF,
respectively. On the other hand, the deposition of more highly concentrated graphene dispersions generated a
reduction in hydrophobicity down to 97 + 2° The fluctuations in these values result from the fact that the
degree of graphene hydrophobicity depends on numerous features, such as the degree of oxidation, the
number of sheets, the presence of defects in the structure, the supporting substrate, and the presence of
impurities [57][58]. The high hydrophobicity values for the 0.005G/PVDF membranes may be a consequence
of the fact that the deposition formed a non-uniform graphene layer on the membrane surface. Therefore, the
effects of both the liquid-graphene and liquid-substrate interactions, as well as the chemical affinity, surface
heterogeneities, and surface roughness, could be responsible for the CA enhancement. In study P4, it was also
relevant to observe how the water droplet spread within the first 30 min on the surface of pristine PVDF,
0.005G/PVDF, and 0.05G/PVDF. A reduction in the CA by 10 and 12% was calculated for pristine P\VDF and
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0.05G/PVDF compared to the initial values. Importantly, the 0.005G/PVDF exhibited stable wetting
resistance over time with a just slight decrease of 4% in the CA value. AFM images proved that graphene
introduces additional nanoscale structures on the membrane surfaces. The presence of micro- and nanoscale
roughness was observed for graphene-coated membranes obtained from 0.005 mgmL™ graphene liquid
dispersions, exhibiting Ra = 272 + 10 nm. A larger deposition of GNPs led to the creation of a more flattened
surface with values of Ra = 97 + 7 nm, which was the lowest surface roughness among the coated samples.
Thus, the 0.05G/PVDF membrane was expected to produce a lower resistance to liquid spreading. In contrast,
the pristine PVDF surface showed surface roughness values of Ra =214 + 19 nm, due to the presence of pores
and other surface deformities that resulted from its spherulitic-like polymer structure.

3.4. The effect of graphene on membrane transport properties

The structural and chemical features of MMMs fit well with MD criteria, so the membranes were further
tested in order to assess the involvement of GNPs in water vapor diffusion [P2]. Compared to pristine PVDF
membranes, higher values of the MD coefficient (defined as the ratio between the flux and partial pressure
gradient) were detected for membranes with a lower graphene loading, namely GNP0.33% and GNP0.5%. A
further increase in the graphene loading resulted in a reduced diffusion of water vapor. The MD coefficient
calculated for MMMs showed a fluctuating trend as the driving force of the process increased. FTIR spectra
were collected on membrane samples after water vapor had passed through. Additional absorption bands were
observed around 3850 and 3750 cm™* for MMMs. These bands were previously noted in pressurized water
vapor [59], and their presence can be regarded as a proof of water decomposition at GNP defects and edges.
Importantly, more intense absorptions shifted to higher wavenumbers were detected for the GNP0.33% and
GNPO0.5% membranes. For GNP10%, a shift toward lower wavenumbers was observed, which may indicate
stronger interactions established with water vapor resulting in a lower mass transfer. The diffusion of water
vapor through the MMMs seemed to be assisted by intermolecular interactions between the defect sites of the
filler and water vapor molecules. A low graphene concentration in the polymer matrix activated adhesive
interactions resulting in enhanced vapor transport. On the other hand, a significant increase in the
concentration of the graphene could cause massive water absorption, generating potential competition
between adhesive and cohesive forces, which could prolong the presence of water vapor molecules inside the
membrane matrix. This hypothesis was confirmed by the observation of the onset of the permeation of water
vapor through the membrane. When the concentration of nanofiller increased, a longer time was required for
collecting water at the permeate side, suggesting a longer residence of the water vapor inside the matrix.
Based on the experimental results, the GNP0.5% membrane was found to be the one exhibiting a well-
balanced sorption—desorption mechanism of the water vapor on graphene edges and vacancies, thus resulting
in the highest flux value. Therefore, this sample was chosen for a long-term test. Figure 14 confirms the
stability of the membrane over 18 h of the MD desalination process, together with a high permeate quality of
around 99.86% for the final rejection factor.
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Figure 14. The changes in MD coefficient during desalination using DCMD.

In the case of the graphene-coated membranes, 6 h DCMD tests were carried out in order to evaluate
their desalination ability [P4]. A better performance in terms of higher fluxes was observed for the graphene-
coated membranes. For instance, increases of 106% and 77% in flux were detected for 0.005G/PVDF and
41% and 31% for 0.05G/PVDF compared to the pristine membrane, when working with pure water and 0.6 M
NaCl solution, respectively. Importantly, a total salt rejection (100%) was obtained during desalination using
0.005G/PVDF, and a value of 99.84 % was noted for 0.05G/PVDF. In general, the worse performance of
0.05G/PVDF was attributed to its smaller pore size, which resulted in additional mass transfer resistance.
Moreover, this membrane presented less MD-suitable morphological features, such as a lower resistance to
wetting and a smoother surface. Thus, further tests were applied to pristine PVDF and 0.005G/PVDF
membranes only.

A mixture of humic acid (HA) and NaCl was used as a feed solution in order to investigate the
antifouling properties and reliability of uncoated and coated membranes. Although a reduction in the flux was
detected for both tested membranes, 0.005G/PVDF continued to exhibit a better performance in this
experiment. Higher fluxes, total salt rejection, and antifouling properties resulted from the presence of
multiscale roughness on 0.005G/PVDF. The created holes and slots throughout the graphene-coated surface
reduced the contact area between the membrane and liquid feed, thus enhancing the effective surface area.
Moreover, considering the increased flow through the membrane, the role of graphene in providing effective
sorption sites that are available for water vapor molecules cannot be neglected. Figure 15 schematically shows
the proposed mechanism of the improved 0.005G/PVDF membrane operation.
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Figure 15. The mechanism of the improved 0.005G/PVDF membrane operation.

We compared our results with other studies on the modification of MD membranes using graphene-
based materials. It turned out that the random distribution of GNPs deposited on the surface led to the best
performance in terms of productivity, selectivity, and economics [P4]. The membrane produced in our study
(0.005G/PVDF) was considered competitive due to the following reasons:

(a) We obtained a relatively high flux with respect to employing a low feed temperature and using small
temperature differences across the membranes, compared to other studies;

(b) We proved that the simpler and less expensive DCMD configuration can be used to achieve better
productivity and selectivity compared to the VMD configuration;

(c) Other literature studies reported the modification of PVDF membranes using graphene oxide or graphene
guantum dots, while GNPs have not been employed to date as additives for PVDF surface modification by the
wet-filtration approach.
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Chapter 4

Conclusions

The results discussed in this dissertation were obtained from the research conducted within the scope
of the PhD toward understanding the research aims and achieving the research goals presented in Chapter 2. |
provided an overview of superhydrophobic membranes used in the MD process, together with the mechanisms
leading to effective MD performance. | demonstrated that nanomaterial-modified membranes may improve
the membrane stability in long-term MD processes, increase the vapor flux, and enhance the permeate quality.
Subsequently, we examined the effects of graphene incorporation inside the PVDF matrix and on its surface.
When applied in MD processes, there was a possibility of assisted or hindered transport of water vapor in both
cases, depending on the graphene content. Importantly, this study presents the feasibility of PVDF membrane
modification using GNPs. Complex topography due to the incorporation of an additional nanoscale structure
was detected on the graphene-coated membranes. The multiscale surface roughness is considered to be
responsible for the improved antiwetting and antifouling behavior and an increase in the effective evaporation
area of the modified membrane. After six hours of desalination tests, membranes exhibited good stability and
total recovery of the initial water. My findings suggest a great potential for graphene-modified membranes in
high-performance MD processes.

The novelty of the presented work is summarized in the following statements:

a) The use of GNPs in MD led to the fabrication of membranes that could be used for adsorption-
assisted transport through the exploitation of water vapor interactions at the vacancy and edge sites of
the nanofiller;

b) PVDF membranes with well-dispersed graphene in the matrix can be potentially used in real seawater
desalination using the MD process due to their anti-wetting and antifungal activity;

c) Graphene-coated membranes led to a high vapor flux at a lower feed temperature, using the simpler
and less expensive configuration of DCMD, compared to other graphene-based membranes, resulting
in a cheaper process.
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New insights of nanomaterials usage toward
superhydrophobic membranes for water desalination
via membrane distillation: A review
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ABSTRACT
Membrane distillation (MD) is a
promising IEChﬂQ‘lﬂ'gﬁ' for sea- HY B P T EY

water desalination due to the
ability to process high-salinity
waters and the ability to be
driven by low-grade or waste
heat. However, practical applica-
tions of MD membranes are lim- RN
ited by the low vapor flux and
fouling problem. Recently, there is
a growing interest in developing f

ATERINDEOTIIOECTTY

novel MD membrane materials [
with enhanced hydrophobicity to :
improve the efficiency of desalin- - ,
ation performance. Interestingly, B

the incorporation of nanomaterials for tailoring superhydrophobic properties of MD
membranes has attracted enormaous attention in MD. Herein, according to the new insights
of the available literature data, the current trend for achieving superhydrophobic MD mem-
branes 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 superhydropho-
bic membrane surfaces, and future trends are also given for the new readers in the field.

KEYWORDS Desalination; membrane distillation; nanematerials; superhiydrophobic membranes; vapor transport;
water treatment

1. Introduction

Membrane distillation is a thermally-driven process, which is known for its
high potential for water treatment. Briefly, the real possibility of applica-
tion, especially in seawater desalination processes, regards to its high water

CONTACT Emilia Gontarek-Castro @ emilia.gontarek@pg.edu.pl @ Faculty of Chemistry, Department of Process
Engineering and Chemical Technology, Gdansk University of Technology, Gdansk, Poland; Roberte Castro-Munaz
@ food biotechnologyB8@gmail.com, castromr@tecmx g Tecnalogico de Monterrey, Campus Toluca, Avenida
Eduardo Monroy Cardenas 2000 5an Antonio Buenavista, Toluca de Lerdo, Mexico.
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Nomenclature
AGMD  air gap membrane distillation PTFE polytetrafluoroethylene
B geometric factor determined by PVDF poly (vinylidene fluoride)
pore structure RO reverse 0smosis
CNT carbon nanotube SDS sodium dodecyl sulfate
FAS fluoroalkylsilane VMD vacuum membrane distillation
GO graphene oxide Y surface tension
LEP liquid entry pressure d pore diameter
M molecular weight € porosity
MD membrane distillation I8 heat of vaporization
MMM mixed matrix membranes T tortuosity
PcH Polyvinylidene fluoride-co- & membrane thickness
hexafluoropropylene
pp polypropylene

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 perme-
ation. 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 hydrophobi-
city, vapor is the only one able to pass through the membrane pores,
making MD a good candidate for the separation of nonvolatile com-
pounds 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 illus-
trated 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, Hitsov, 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.

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 spe-
cial attention in MD process. Such a term implies to those membranes that
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Figure 1. The scheme of direct contact membrane distillation (DCMD).

may display a high water contact angle (over 150 ). However, most of the
membrane materials do not display such a high contact angle, as shown in
Table 1.

For this reason, there is a growing trend in developing new strategies for
improving the existing materials, as well as 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.

Furthermore, few review papers dedicated to membranes for MD appli-
cation have been published within the last years. Evkens, De Sitter, et al.
(2017) provided a literature review on the different methods for MD
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Table 1. Some examples of hydrophobic membrane materials and their water contact angles.

Membrane Chemical structure Water contact angle References
PVOF (GE Osmonics) (CH,CF,), n3° Zhang et al. (2010)
Nanofibrous PVDF (CH,CF,), >135° Liao, Wang, Tian, et al. (2013)
PTFE (Membrane Solutions) (CF,CF,), 126° Zhang et al. (2010)
PP (Membrana GmbH) [CH;CHICHA)], 98° Gryta (2018)
Matrimid 5218 3,3'-4, 4'-benzophenone 85° Francis et al. (2013)
tetracarboxylic-dianhydride
diaminophenylindane
Nanofibrous Matrimid 3,34, 4'-benzophenone 130° Francis et al. (2013)
tetracarboxylic-dianhydride
diaminophenylindane
Nanofibrous polystyrene  [CH,CHICHS)], 114° Ke et al. (2016)
Polysulfone [CeHa-4-C{CH;);CaH4-4-0CH-4- 106° Peng et al. (2013)
S0,CHs-4-0],
Hyflon AD (CaF603In{CF el 130-150° Gugliuzza et al. {2006)

300,

250

Publication number
- - (%)
(=] w o
o o o

o
(=]

2005 2007 2009 2011 2013 2015 2017 2019
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Figure 2. Publication trend on developing superhydrophobic membranes over the last 10 years
(source Web of Science, Keywords: superhydrophobic membrane).

membranes synthesis including basic process principle, parameters evalu-
ation 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. (2019) provided a comprehensive review regarding MD process, add-
itionally, some examples of membrane modification by incorporation of
nanoparticles were discussed. Pan et al. (2019) reviewed electrospun nanofi-
brous membranes for MD applications, emphasized on the research devel-
opments 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 men-
tioned works were mainly devoted to methods of membrane preparation
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and synthesis. Considering the recent updates in MD regarding the role of
nanomaterials in tailoring membrane morphology and water vapor trans-
port 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 superhydro-
phobic MD membranes for desalination, giving special attention to poly-
meric 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 per-
formance has been introduced. In addition to this, we provide the theoret-
ical principles and requirements for MDD membranes.

2. Theoretical principles of MD process

2.1. Mass transfer

Within membrane distillation process, the mass transfer takes place due to
the vapor pressure gradient between feed and permeate. First, volatile spe-
cies are transported from the bulk feed to the membrane surface, subse-
quently 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):

N L2 (ERT) 2 (pr—p2)

1
RT 3t \mM,; ) (1)

where &, r, 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:
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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 phe-
nomenon is called concentration polarization. Concentration polarization
coefficient (CPC) is given by Eq. (3):

cpc = L (3)

L
where ¢, is a concentration of the solute at the membrane surface and ¢
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 heat
transfer 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):
Qr = hy(Ty — Ty, (4)
while for permeate at the boundary layer:
Qp = hy(Tps = Ty) (5)
In the case of the heat transfer across the membrane, it can be denoted
by Eq. (6):
Qun = h(Ty.s — Tps) + JAH, (6)

where hy, h, and hy, represent the heat transfer coefficients of the feed, per-
meate and membrane, respectively, Ty and T, are the temperature of the
feed and permeate, respectively. Ty, and T, are the surface temperatures
on the feed and permeate side, respectively.

With the increasing difference between the bulk feed and permeate tem-
peratures, as well as the surface temperature at the corresponding side of
the membrane, the effect of temperature polarization also raises
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(Termpiyakul et al., 2005). Temperature polarization () is defined as
follows:

. rf.s_Tp.s

V=F—F (7)

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 r 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 foul-
ing in MD can occur in various forms depending on the chemical compos-
ition 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 emul-
sified 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 wet-
ting (Goh et al., 2013). To improve the MD stability against different foul-
ing types, membranes with special surface wettability, such as Janus,
omniphobic and superhydrophobic have been developed (Yao et al., 2020).

3. Membrane requirements for MD process

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
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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 block-
ing and wetting. However, the feed solution during MD sea water desalin-
ation 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 pres-
ence 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 technol-
ogy of MD membrane preparation faces few challenges including pore wet-
ting, mineral scaling, and membrane fouling (Horseman et al., 2021). Several
studies have been devoted to 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 poly-
mers, such as polypropylene (PP} (Tang et al., 2010), polytetrafluoroethylene
(PTFE) (Zhu et al.,, 2013) and poly (vinylidene fluoride) (PVDEF) (Devi et al.,
2014). Ceramic materials are less used since they display high thermal con-
ductivity, leading to heat loss through the membrane (Wang et al, 2016).
Furthermore, ceramic-based materials are usually more expensive than poly-
meric 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 opera-
tions (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, con-
tact 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, De Sitter,
et al,, 2017). Therefore, to fill this gap on the membrane market, there is a
need to develop MDD} membranes with high mass transfer, excellent anti-wet-
ting 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 effi-
ciency, this phenomenon is described in detail in next sections. To evaluate
the membrane susceptibility to wetting, the liquid entry pressure (LEP) par-
ameter must be determined. LEP is defined as the pressure value that is
required for the liquid to pass through the membrane. According to the
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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:

By, cosB

LEP, = (8)

rﬂ‘]l’lx
where B is a geometric factor of pore structure (equal to 1 for cylindrical
pores), 7; is the surface tension of the liguid, 0 is the liquid/membrane
contact angle and r,,, 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 mem-
brane thickness for a MD membrane should be in the range of 30-60pum
(Lagana et al, 2000). However, it is important to point out that this value
may vary depending on the feed concentration, process conditions and mem-
brane 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 pro-
portional 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 mem-
brane material, the porosity can be calculated with the method proposed by
Smolders and Franken (Smolders & Franken, 1989):

— pm
p"l.ﬂf

Furthermore, it has been also reported that higher porosity reduces con-
ductive 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 (7). 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):

(9)

=1
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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 pm, while El-Bourawi et al. (2006) noted
that this range can be extended to 0.1-1pm. 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 opti-
mal 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 import-
ant 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 conductiv-
ities 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
0.27Wm™'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
1807, 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).

The phenomena of surface wetting by a liquid and its physicochemical
principle have been already well studied. A droplet resting on a solid sur-
face 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 ten-
sions that relate to the existence of an interface between liquid and vapor,
solid and liquid and solid and vapor (Shirtcliffe et al., 2010). The wettabil-
ity of the solid surface is mainly dominated by its chemical composition
and structure.

The design of superhydrophobic surface has been inspired by the struc-
ture of lotus leaves with a contact angle in excess of 150° and self-cleaning
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Figure 3. Timeline of MD and superhydrophobic surface developments (Findley, 1987, Ma
et al,, 2005).

properties. This effect can be achieved by creating a rough and hydropho-
bic surface. The roughness enhances the contact angle of hydrophobic sur-
faces well beyond that possible to achieve by chemistry itself (McHale
et al, 2004). This was well described by Wenzel equation (11) (Wenzel,
1936):

cosl, = reosh, (11)

where r is a roughness factor, 0, is a contact angle on a rough surface, and
B, is Young's equilibrium contact angle. According to the Wenzel's equa-
tion, the surface roughness amplifies the effect of the surface chemistry
which in this equation is determined as cost,. The equation shows that for
hydrophilic surfaces with 0= 90°, the roughness factor enhancement will
cause further reduction of the Wenzel contact angle toward 0°, whereas for
hydrophobic surfaces with 8 =907, 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):

cosblcy = fi cosb, — (1 - f1) (12)

where B¢p is heterogeneous contact angle, f, is a fraction of the contact line
of liquid with the solid, thus (1 — f}) is the area bridged between solid sur-
face features. According to Cassie-Baxter equation, O will increase with
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Figure 4. Scheme of the A) Wenzel and B) Cassie — Baxter state for a droplet.

the decrease of f,. It means that to enhance the hydrophobicity of the sur-
face the contact line of liquid with the solid has to be minimized. Thus, the
roughness indirectly matters because it determines the solid surface frac-
tion. Thus, a Cassie — Baxter state is one in which the liquid does not pene-
trate 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).

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 technol-
ogies starting from the chemical modification (Ogawa et al., 2007), electro-
spinning (Liao, Wang, Tian, et al, 2013), nanocomposite preparation
(Tijing et al., 2016), sol-gel approach (Zhang & Wang, 2013) through nano-
particles 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.

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 PVDF, 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
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Table 2. Different approaches for hydrophobicity enhancement.
Initial Firal
Polymer  contact  contact

Strateqy used type angle (") angle (%) LEF Referemoes
CFs plasma treatment PVDF 137 1625 - Yang et al. {2015)
Spray deposition of PDMS/5I0; PVDF 107 156 275kPa  Zhang et al. {(2013)

nanoparticles mixture
Maodification with fluorinated silica laver  PEI 66.7 1248 - Ihang and

Wang (2013)

Dispersion of detonation nanodiamonds ~ FVDF 110 19 - Bhadra et al. (2014)
Clay nanocompaosite formation FVDF 128 154.2 200kPa  Prince et al, (2012)
5i; coating and fluorination PP 120 150 - Shao et al. (2019}
Electrospinning of PYDF-silica layer PVDF 135 =150 150kPa  Liao, Wang, et al. (2014)
Chemical modification with FVDF 83 115 390kPa  Yang et al. (2011)

perflusropolyether
Coagulation bath with Psf 105 144 260kPa  Tian et al. (2015)

N-methylpyrclidone

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 5. In such approach, the authors obtained complex
topography via depositing TiQ; nanoparticles on microporous PVDF mem-
branes (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 sur-
face 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 electrospin-
ning technique. Electrospinning of polymers allows fabricating nanofiber
membranes. During electrospinning process, polymeric solution is
exposed to the electric field. When the applied electrostatic force over-
come 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 nano-
scale fibers in the structure, the electrospun membranes are highly porous
and have high surface-to-volume ratio and three-dimensional intercon-
nected 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
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membrane synthesis that is limited to the polymers such as PVDF, PP,
PTFE (as mentioned in previous section). As an example, styrene-buta-
dienestyrene (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 nanoma-
terials, such as graphene, CNTs or silica nanoparticles into electrospin-
ning dope solutions (Liao, Wang, et al,, 2014; Tijing et al, 2016; Woo,
Tijing, et al., 2016). For instance, Tijing et al. (2016) added different con-
centrations (1-5wt%) of carbon nanotubes (CNTs) 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 99 kPa due to presence of CNTs in/on the nanofibers which
produced beads on the surface of the membrane leading to increased rough-
ness. An effective method to functionalize electrospun membranes is electro-
spraying in order to cover the nanofibrous membrane with inorganic/organic
micro/nano particles. The combination of electrospinning and electrospray-
ing 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,

HYDROPHOBICITY SUPERHYDROPHOBICITY

micro scale roughness multi level roughness (micro and
nano)/hierarchical structure

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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4,2, Incorporation of inerganic nanomaterials

Different studies have shown that the incorporation of nanofillers into pol-
ymers could tune the structure and physicochemical properties of mem-
branes, such as hydrophobicity but also porosity, surface charge density,
chemical, thermal and mechanical stability (Castro-Munoz, Ahmad & Fila,
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 pro-
ven 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 pro-
posed, e.g. Nair et al. (2012) suggested a network of parallel channels
between stacked graphene oxide layers (see Figure 6). Such channels are
arranged perpendicularly to a mass transport vector. The bottom and ceil-
ing of these channels are usually permeable to water or ions due to pres-
ence 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-Munoz, 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 spac-
ing. 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 13.5A, and concurrently makes the membrane permeable to
most of the hydrated ions (as the diameter of most of the hydrated ions is
smaller than 13.5A) (Abraham et al, 2017). After chemical or thermal
reduction, this interlayer spacing decreases to only 3.6 A due to nanochan-
nels collapse (Su et al., 2014). This space is not enough for water and also
other molecules to permeate between graphene sheets. Thus, the only per-
meation path is through the structural defects. Nevertheless, the addition of
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Figure 6. Scheme of the possible permeation route of water molecules through GO and
G0 layers.

graphene into materials can bring desired benefits of a different mechan-
ism. Graphene in the membrane matrix reduces the mass transfer resist-
ance 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).

The use of graphene for polymeric membrane modification has been
proposed by different researchers. Leaper et al. (2018) prepared mixed-
matrix PVDF membranes incorporating GO for AGMD and observed the
enhancement of the permeate flux by 52% compared to pure PVDE.
Bhadra et al. (2016) prepared GO immobilized PTFE membrane with the
enhanced water vapor transport during DCMD. They suggested that mul-
tiple 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 mem-
brane had a contact angle 1107, 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, Kim, et al. (2016) proved the robustness graphene-modified
PVDF membrane with improved wetting resistance in long-term air gap
membrane distillation. Jafari et al. (2018) prepared a nanofibrous
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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 PVDF 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
water molecules can diffuse through polymer/CNTs mixed matrix mem-
branes (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 perspec-
tive 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 nanoparticles
Recently, sphere-like nanoparticles, such as TiO,, 5i0, and ZnO, have been
reported for MD to create nano-roughness on membrane surfaces. This

75



GDANSK UNIVERSITY
e OF TECHNOLOGY

FACULTY OF CHEMISTRY

18 @ E. GONTAREK-CASTRO ET AL

bioinspired surface is supposed to mimic the lotus effect and create water
super-repellency (Chen, Guo, et al., 2016). Usually, this super-hydrophob-
ization 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 prin-
ciple, it is widely known as an abundant, nontoxic and stable semicon-
ductor 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 suc-
cessful 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; nano-
particles 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 tetraethoxysilane or alkoxysilane (Petcu
et al., 2017). These methods provide rough nanoparticles with low inter-
facial 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 sur-
face 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 super-
hydrophobic surfaces by incorporating silica fumes in the dope solutions.
The deposition of modified SiNPs can tune the morphology of various sur-
faces into superhydrophobic through the formation of a dual-scale rough-
ness 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
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weakens the mechanical strength, therefore, they are usually used together
with reinforcement additives such as MWCNTSs. Zhou et al. (2019) studied
the effect of integrated MWCNTs and SiO, on the morphology and per-
formance of the PVYDF membrane. When the amount of 510, 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 5i0, causes the growth of the macro-
voids. However, the effect brought by MWCNTs was more dominant. On
the other hand, increasing the amount of 510, led to the disappearance of
asymmetric structure and low mechanical strength.

Useful properties and rich variety of nanostructures made ZnQ 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
(Kolodziejczak-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 oper-
ational conditions and stronger antibacterial property than 5i0, and TiO,
(Adams et al., 2006; Anitha et al., 2013; Suresh et al, 2018). Membrane
functionalized with ZnO nanoparticles exhibit a rough hierarchical morph-
ology, high contact angle values and low solid/liquid interface energy (Deka
et al., 2019). Additionally, ZnO nanoparticles were found to be more eco-
nomical than other nanoparticles such as TiO,, and AlL,O; (Liang et al.,
2012). In the case of alumina, it already gained a huge interest for modifi-
cation of MF and UF membranes (Gu et al., 2020; Yan et al., 2006; Zhu,
Liu, Guan, et al., 2019), however, there are only a few works describing the
effect of Al;O; nanoparticles on polymeric membranes for desalination
through MD. Although, it was shown recently that it is possible to achieve
superhydrophobic surfaces and enhanced PVDF nanofibrous membrane
performance using alumina nanoparticles (Attia et al., 2017), the addition
of Al;O; has been mainly explored for ceramic MD membranes (Fang
et al., 2012; Garcia-Ferndandez et al,, 2017; Subramanian et al., 2019).

4.2.4. Clays

Less popular are clay-based nanocomposites. Although the clay nanocom-
posites 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 surfac-
tants through organic cations exchange process, their surface can be easily
transformed into hydrophobic (Naderi-Samani et al., 2017). Generally, the
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addition of clay nanofiller enhances the thermal and surface properties of
nanocomposites. The researchers have found out that PVDF-clay hollow
fiber membranes showed an increased hydrophobicity and membrane per-
formance during MD testing (Bonyadi & Chung, 2007) than pristine mem-
branes. 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 (Z1Fs) represent a new class of porous nano-
structures. They are a special subclass of metal-organic frameworks (MOFs)
with a 3D tetrahedral framework in which metal cations are linked with imi-
dazolate anions. The zeolites framework consists of many cavities and chan-
nels (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 ZIF/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 3.1bar and the permeate water
flux increased about 350% for modified membrane. Li et al. (2020) formed
porous hydrophobic ZIF/PVDF layer on the outer surface of PVDF hollow
fiber 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 mem-
brane 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 nanoma-
terials 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
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neat PcH to 82.3% for electrospun membrane with 10 wt% graphene load-
ing. Moreover, it has been proved that the agglomerates result in dimin-
ished mechanical strength of nanocomposite. Few strategies have been
proposed for improved dispersion of nanofillers including mechanical dis-
persion, ultrasonication, stirring, chemical modification and physical
method (Ma et al., 2010). An et al. (2017) proposed chemical functionaliza-
tion of CNTs. Non-modified CNTs showed strong agglomeration in
entangled bundles. Surface fluorosilanization using FTES led to the signifi-
cant reduction of agglomeration, improved stability of CNTs and to the
fabrication of a well-dispersed membrane. Li et al. (2015) performed the
hydrophobization of 5i0; NPs using OTS in order to improve their disper-
sion in the PVDF matrix and avoid the nanoparticles agglomeration. Liao,
Wang, et al. (2014) grafted perfluoropolyether (Fluorolink 5§10) onto the sil-
ica surface to assure the homogeneity of dope solution during electrospin-
ning. 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
TiO, NPs, affects plant growth parameters (Movafeghi et al,, 2018), high con-
centrations 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 mate-
rials are often less toxic, however, the dose is one of the most important tox-
icity factor (Guo & Mei, 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, 2019).

As a preliminary conclusion of this section, we can notice that specific
emerging nano-sized materials are releasing interesting properties to the pris-
tine 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
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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 7. Additionally, in case of MMMs,
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 subsec-
tions describe in detail the influence of these superhydrophobic pore walls
and surface on membrane performance and have been divided into: i) sta-
ble performance, ii) flux enhancement and i) permeate quality. For
instance, Table 3 enlists the most relevant development works in preparing
superhydrophobic membranes, and their performance in desalination
applications.

5.1. Performance stability

The durability of the MD system can be hampered by various processes
and phenomena, including fouling, heat transfer and concentration polar-
ization. The deposition of foulants can cause the reduction of the flow rate
through the membrane in two possible ways, depending on the fouling
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Figure 7. The effect of superhydrophobic additives on MD membrane.
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layer structure, e.g. a homogeneous fouling layer causes pore clogging and
reduces the flow rate due to mass transfer resistance, while a porous foul-
ing 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 nano-
particles on a hydrophilic glass fiber membrane via chemical bath depos-
ition method followed by the surface fluorination and the addition of a
polymer coating. The SEM images showed that the ZnO nanoparticles cre-
ated 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 and Fane
(2013) 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 PVDF membranes, integrally-modi-
fied PVDF membranes have been firstly wetted ensuring the introduction
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 character-
ized by a similar pore size distribution, the reason of stable performance in
DCMD process for integrally-modified PVDF 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-PVDF composite superhydrophobic selective layer made by
electrospinning. The membrane exhibited great durability in a continuous
DCMD test. Stable performance was observed over 50h of tests, with the
flux of 18.9kg/m® h, while the PVDF nanofiber membrane without a
superhydrophobic selective layer displayed only 12.3kg/m® 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 SiO, nanoparticles on PVDF sur-
face which contributed to roughness increase. As prepared membranes
were characterized with a water contact angle of 156, and higher LEP
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value compared 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 resist-
ance to mass transfer. However, the permeate conductivity of spray-depos-
ited 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 con-
ductivity 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 180h 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 PVDF 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 41.1 kg/m* h, and low per-
meate conductivity (~2.45 pS/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
8h of operating time. However, the flux of electrospun PVDF-clay pre-
sented during DCMD was quite low (~5.5kg/m’h) 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 fol-
lowed by the surface fluorosilanization. The enhancement of surface hydro-
phobicity 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 PVDF up to 163 +
3 for TiO, coated and fluorosilanizated membranes. Moreover, the result-
ing membranes were characterized with good mechanical and thermal sta-
bility. 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 190kPa. 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 mem-
brane regeneration during real seawater desalination by membrane distilla-
tion. For instance, Guo et al. (2019) fabricated nanofiber 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, MDD achieved an improved fouling control. After 5-10days
of MD operation, the water contact angle of the TiQ, 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 scal-
ing 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 poly-
mer phase which arises from very limited interaction of the liquid and the
membrane surface. Wang et al. (2020) performed a robust superhydro-
phobization process by incorporating CNT intermediate layer over com-
mercial PYDF membrane followed with grafting the FAS. As a result,
they achieved a 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/m*h and a super-
lor wetting resistance against 0.4 mM SDS were 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 differ-
ent 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 PVDEF-Si-FAS membrane with a slippery surface
postponed the induction of water flux decline due to gypsum scaling by
~100 min compared to pristine PVDF membrane. Similar mitigating
effect of membrane with an engineered “slippery” surface on gypsum scal-
ing was reported by Karanikola et al. (2018).
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The stability of the coating nanomaterial layers plays an important role
in maintaining the membrane performance. However, during MD applica-
tions (especially DCMD), membranes are often exposed to high tempera-
tures 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 sta-
ble vapor flux, for superhydrophobic membranes with hierarchical surface
prepared through nanoparticles deposition. As long as we observe a con-
stant 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 con-
tact angle after immersing membranes in NaCl solution over 10 days, which
indicates high chemical stability of the coating. Razmjou et al. (2012) ana-
lyzed the thermal stability of the TiO, coated PVDF 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 encapsu-
lated in the polymeric nanofibers. Very recently, Gontarek et al. (2019) col-
lected a vibrational spectra of 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
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pores flooding is minimized, the available vapor exchange surface increases,
thus leading to higher vapor flux.

Liao, Loh, et al. (2014) have proposed two different methods for super-
hydrophobic membrane preparation via electrospinning. In the first
approach, a 3D superhydrophobic PVDF-silica ultrathin skin was electro-
spun on nanofibrous PVDF support. Second approach comprised the elec-
trospinning of the thicker layer of 3 D superhydrophobic PVDE-silica onto
commercial nonwoven support. The superhydrophobic nature of the mem-
brane 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 nano-
fiber 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. (2014) 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. (2014) also noticed strong
water repellency of the surface, which was achieved using silica nanopar-
ticles that prevented the membrane from water droplets. The superhydro-
phobic composite PVDF membrane offered higher effective liquid
evaporation area than PVDF nanofiber membrane (see Figure 8).
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 conse-
quence, they have observed flux enhancement from 12.3kg/m’h for
PVDF nanofiber membrane, up to 18.9 kg/m°h for silica/PVDF composite
membranes. Importantly, such permeation rates make these membranes
highly competitive when compared to commercial flat-sheet PYDF mem-
branes (vapor flux around 10kg/m’h). Li et al. (2020) observed an
increased vapor flux through ZIFs-PVDF hollow fiber composite mem-
brane up to 27.1 kg/m’h. They found that their results could be attributed
to four positive effects that emerged with the meodification of the mem-
branes. 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 8. Schematic illustration depicting the enlargement of effective evaporation area for sil-
ica composite PYDF membranes (figure taken from Liao, Wang, et al. (2014)).

Theoretically, the overall resistance to mass transfer is given by the recip-
rocal of mass transfer coefficient (k), as follows:

1 1 1 1

k- oEte T .
where 1/k" is the feed boundary layer resistance, 1/k™ is membrane resist-
ance 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 mole-
cules (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 consid-
ered 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 9, 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 adsorp-
tion/desorption capacity of pore walls may facilitate the vapor mol-
ecule transport.

A positive effect of increasing the water vapor flow was seen in mem-
branes modified with CNTs. An et al. (2017) prepared electrospun nanofi-
bres membranes with anchored functionalized CNTs. Due to the covalent
modification and fluorination of CNTs, the well dispersibility within the
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Figure 9. Schematic illustration showing the path of the vapor molecule through the mem-
brane in the case of unassisted and assisted diffusion.

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 superhydropho-
bicity and effective water vapor molecules repelling, which lead to facili-
tated 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 (~48.1 L/m”h) than that without
CNT modification (~33.6L/m*h). Tijing et al. (2016) prepared mixed
matrix PcH with different concentrations of CNTs. This particular modifi-
cation gave the possibility to obtain membranes with comparable pore size
to the commercial PVDF 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
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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 cap-
acity of CNT allows the vapor molecules to follow a surface diffusion pat-
tern, 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 60-80°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/m’h) for commercial membrane, up to 22.9 LMH for
electrospun PcH/graphene membrane. Gontarek et al. (2019) have prepared
PVDEF/graphene composite membranes, and later tested them in DCMD
set-up. The results showed a constant water vapor flux for over 18h of
operating time. Higher wvalues of MDD coefficient were observed in the
membranes containing low graphene concentration when compared to
pristine PVDF 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 cor-
related 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 mem-
brane material may enable the control of partial wetting, thus increasing the
permeate guality. According to the literature, a highly hydrophobic mem-
brane 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
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behavior of nanocomposite PVDF membranes. They have prepared superhy-
drophobic 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 compar-
ing to pristine membranes. In case of pristine PVDF and PTFE, a fast wet-
ting has occurred due to the close contact with salt crystals that move across
the surface, causing local pore enhancement, salt deposition and partial wet-
ting. 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 mem-
brane with a micro/nanoscale hierarchical 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 mem-
brane showed a stable superhydrophobic surface with a contact angle of
1527, easy cleaning property, and unique antifouling and antiwetting prop-
erties. After 8h VMD, the modified membrane showed a similar permeate
flux compared to the pristine PYDF membrane but a much higher quality
of permeate. The ionic conductivities of the permeate from the pristine
PVDF membrane reach 190.88 uS/cm after 8 h, while from the Zn0O modi-
fied membranes only 10.19 pS/cm. Woo, 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 gra-
phene and the formation of a multilevel roughness. Shao et al. (2019)
modified PP membrane through SiO; nanoparticles coating and fluorin-
ation for simultaneously enhancement the interface roughness and superhy-
drophobicity. The membrane was used for highly concentrated saline
solution treatment in VMD process. In the case of non-modified PP mem-
branes, the serious membrane fouling in the form of salt crystallization in
pores as the water evaporates was observed along with the progressive con-
centration polarization phenomena. In the contrary, modified membrane
presented excellent wetting and fouling resistance during long-term con-
centration of NaCl and MgCl, 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 con-
centration (15wt% NaCl, 9wt% MgCl,) and was four times higher than
that of the modified membrane.
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In some cases, additional layer of nanomaterials reduces the vapor flux.
Nthunya et al. (2020) prepared the superhydrophobic 5i0;-embedded
PVDF 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 50h 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 appli-
cation is presented, highlighting the mechanisms leading to improved MD
performance. This paper also demonstrates that the MMMs and nanopar-
ticles modified membranes attract a lot of attention in superhydrophobic
membranes preparation. In general, the recent findings imply the prepar-
ation 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 mem-
branes 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 rec-
lamation with the low-surface-tension contaminants (Lu et al., 2019). In
addition to high hydrophobicity and low solid/liquid interface energy, reen-
trant structure plays an important role in creating omniphobic properties
in a membrane, and allows achieving strong repellence toward liquids with
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a wide range of surface tensions. Thus, omniphobic membranes appear to
have promising properties for a real seawater desalination.
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The effects of confinement of multilaver graphene platelets in hydrophobic microporaus polymeric
membranes are here examined. Intermolecular interactions bebween water vapour molecules and nano-
compaosite membranes are envisaged to origingte asssted transport of water vapour in membrane distilla-
tion processes when a suitable fillar-polyrmer ratio is reached, Mass transport coafficients are estimated
under different working conditions, suggesting a strong dependence of the transpart on molecular inter-
actions. Remarkably, no thermal polarization 15 observed, although the filler exhibits ultraligh thermal
conductivity. In contrast, enhanced resistance to wetting as well a5 outstanding mechanical ard chemical
stabdlity mieets the basic requirements of water purification wia membrane distillation. As a result, a signifi-
caril improvemeant of the productivity—efficiency trade-all s achieved with respect to the pristine paly-
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Introduction

The exceptional mechanical, electronic and thermal condue-
tivity properties of atomically thin layers of graphene have
enabled novel applications in the fields of optoelectronics,”™
palymeric nanommp-nsil:cﬁ,"’” camlysis,'z'“ and  energy
storage'™ " as well as biosensing."™ ™" In particular, several
studies have demonstrated the capabilities of multilayer gra-
phene and few-layer graphite in membrane te:hno]nm',“'”
mostly for gas separation™ and water purification.™ For the
latter processes, it is erucial to identify the mechanisms of gas
selectivity and ion filoration through nanopores, holes and/or
interspaves.”” Herein, we propose to use multilaver graphene
platelets [GPs), with a distribution of the thickness of around
5 layers, as fillers of spherulitic-like PYDF membranes, These
kinds of membranes cnable assisted transport mechanisms
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meric membrare when low amounts of platelets are confined in spherulitic-like PYDF networks,

when tested in direct contact membrane distillation [DCMD),
which uses a temperature gradient between two sides of the
membrane to produce a gradient of partial pressure and,
hence, induce the passage of water vapour through the pores
from the hoe side (feed solution) to the cold side {permeate
solution], in which condensation occurs. As a result, fresh
water is produced from salt salutions. In this ease, the mem-
brane acts as a physical barrier between two agueous phases
preventing their mixing. Currently, the major concern is the
limited mailability of membranes designed for efficlent mem-
brane distillation {MD).*""' Composite membranes represent
a promising field w explore, since they offer complementary
functionalities in unique interfaces, generally not achievable
in pristine materials. """

specifically, lavered materials are regarded as a potential
source of innovative features, which can favour the implemen-
tation of new-concept membrane desalination.™ Graphitic
systems would be advised against usage in thermally driven
membrane processes, due to their very high thermal condue-
thvity (~5000 W om™" K" in the in-plane direction at 300 K for
graphene™ and ~2000 W m™' K" for graphite™], as they
could originate significant polarization events with severe
reduction and/or zeroing of the fluxes. Given that one of the
passible real driving forces of DEMD processes is the tempera-
ture gradient, the use of GPs in thermally driven operations
could be in principle unsuitable, Nevertheless, our results
demonstrate the total absence of thermal polarization, which
combined with outstanding anti-wetting behaviour and break-
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ing resistance make GPs suitable for filling a polymer matrix.
Conversely, water-GP interactions are envisaged to preside
over mass transfer, yielding diffusion locally dependent on
GPs confined in the polymer network., This work provides
insightful evidence about the role of adhesive interactions acti-
vated at the water/graphene interface when a low amount of
filler is entrapped in the polymer matrix, thus resulting in a
fruitful assisted vapour transport. A further increase in the
concentration of the filler induces a competition between
adhesive and cohesive forces, which causes the penetrant to
prolong its permanence inside of the membrane with conse-
quent reduction of the mass transfer. Based on the experi-
mental evidence, chemisorption at the vacancy and edge sites
of confined fillers can be exploited to activate novel mecha-
nisms for water purification wa membrane  distillation
technology.

Results and discussion

We have prepared composite membranes by dispersing com-
mereial GPs in NMP under alternated cycles of sonieation and
mechanical stirring for 2 h at 30 °C. Then, powder of PVDF
has been added to the mixtures and stirred for further 24 h at
30 °C, After degassing, the solutions have been cast on glass
supports and, then, coagulated in IPA and washed with de-
ionized water. As an effect of solid-liquid demixing,” flat
membranes with particulate morphology, a mean pore size of
0.2-0.5 pm and overall porosity (¢) within the range of 60 to
&% have been obtained.

Commercial GPs used in this work are layered materials
with a maximum peaked around 5 layers, as confirmed by
Raman spectroscopy [see the ESI®), This feature appears to be
preserved when the filler is confined in membranes at various
loadings. Mo filler sedimentation or dominant phase separ-
ation is observed macroscopically, but rather a fair distribution
of GPs along the entire section of the membranes is detectable
(Fig. 1).

Discrete domains are well discernable inside the polymeric
matrix whilst a large number of free gaps, in which water
vapour can freely diffuse through, are preserved. Table 1 shows
high values of the overall porosity, which is regarded as the
free volume fraction of membranes. Just a slight decrease in
the value is observed at the highest loading of the filler due to
a local formation of clusters, However, water vapour trans-
mission rate (WVTR) experiments yield a tangible indication
about a good diffusion of water vapour through all composite
membranes (Fig. 2). Despite that a better capability to perme-
ate is estimated for membranes containing GPs up to 5%,
membranes with 10% of filler continue to exhibit a mass trans-
port comparable to that observed for the pristine PVDF mem-
brane independently of the decreased porosity. Assisted trans-
port mechanisms could be, hence, conceivable.

Mechanically, the addition of the filler takes a further
advantage of making the membrane stiffer so that an increase

in the Young's modulus up to 1400 N mm™ "~ is obtained. At
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lower coneentration, an increase in the resistance to stretehing
is also detectable with values up to 85 + 10% for 0.5% of GPs.
A further increase in the GP content causes the membranes to
be particularly brittle and unmanageable (Fig. 3a). This behav-
iour is fully consistent with the highest number of crystalline
domains detected by DSC analyses (Fig. 3b). Indeed, it is not
surprising that inorganic fillers play a key role in crystallization
processes, because they can modify the properties of semi-crys-
talline polymers.***

Accordingly, the membranes with a GP loading of 0.5% can
be envisaged to be much mare durable and, therefore, suitable
for long-term MD experiments.

It is further interesting to observe that the addition of
fillers to the polymeric solution causes a general amplification
of the waterproofness with contact angle values up to 151 + 3°
as the filler fraction is 0.5% (Fig. 4).

Undoubtedly, the topography and chemistry of these mem-
branes are rather complex, considering the fact that graphene
platelets are randomly dispersed in perfluorinated environ-
ments. So, different local factors would be considered at the
nanoscale level in order to explain which events control the
wetting for. However, this purpose is over the aim of this worl,
whereas the definitive result can be regarded as a further tar-
geted accomplishment for MD implementation. Furthermore,
values of resistance to liquid entry pressure (LEP) around 1 bar
endorse the goodness of all membranes so that each mem-
brane enables a large resistance to the passage of salt solution,
resulting in NaCl rejection values of 99,97 to 99.99% after 6
running hours of the MD process,

Fig. 5 confirms the goodness of the membrane with time, It
shows a constant run over 18 running hours of the MD coeffi-
cient (B), defined as the ratio between the flux and partial
pressure gradient at the membrane surface, with an estimation
of 99.86% for the final rejection factor.

It should be noted that neither scaling nor thermal polariz-
ation affected water vapour diffusion, yielding a clear indication
about the stability of the composite matrixes and thermal inert-
ness of GPs. Vibrational spectra collected on filtered residue
from feed and permeate streams at the end of experiments indi-
cate no leaking of materials from membranes.

Concerning thermal polarization events, the confined five
layer graphene platelets do not form a thermal continuum
inside the insulating polymeric matrix, but rather discrete
units andfor small accumulation at the highest concentrations.
This kind of restriction prevents the formation of networks in
the hosting polymer matrix, resulting in an ultralow thermal
conductivity. This finding matches well with the concept of
thermal interfacial resistance induced by confinement of the
fillers."*

Although structural and chemical features well fit with cri-
teria of MD and the process is preserved from undesired
wetting and thermal polarization, the open issue is about the
involvement of GPs in water vapour diffusion.

In this regard, it is interesting to observe how GPs loaded
in the matrix can affect the mass transfer through the mem-
brane when increasing driving force is applied (Fig. 6).

This joumal is © The Royal Society of Chemistry 2019
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Fig. 1 SEM micrographs collected along the cross section of PVDF/GP composite membranes, including the pristine membrane and membranes
with a loading of 0.33 to 20%. The scale bar denotes 10 ym.

Table 1 Overall porosity (¢) estimated for membranes uploading
different amounts of multilayer graphene platelets

GP [%] e [%)]
0 7742
0.33 77+2
0.5 6912
5.0 6513
10 6126
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Compared to pristine PVDF membranes, higher values of B
can be estimated at 0.33 and 0.5% of GP loading, respectively.
A further increase in the content of the filler causes instead
additional resistance to mass transfer, resulting in a lower
diffusion of water vapour. Also, an unusual diffusion for all
samples is observed with respect to the pristine PVDF mem-
brane. Specifically, the mass transport coefficient B estimated
for composite membranes shows a singular and fluctuating
behaviour as the driving force of the process is increased
(Fig. 6).

This behaviour could be plausibly ascribed to the establish-
ment of local interactions between water and the filler in the
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Fig. 4 Resistance to wetting of PVDF/GP membranes coming in
contact to NaCl solution 0.6 M.

matrix.” This hypothesis is indeed corroborated by some

experimental evidence provided by attenuated total reflection

[ATR) analysis (Fig. 7). Spectra have been collected on samples, 25803 [

after water vapour passed through for 2 hours at 25 “C, accord- o li eI DB, T, = LT
ing to the procedure used to estimate the WVIR. Notably, — AT=IAT G R 00BN
high-frequency extra absorption modes are observed around E 1.5E-08 g

3850 and 3750 em™' for composite membranes, while in E Lo et v v P Nem oy owon o
spectra collected on pristine PYDF membranes these absorp- 2

tions are not detectable, Previously, this feature has been S

revealed in pressurized water vapour™ and its origin has been 006400

discussed in terms of stable and metastable dimers.™ . e b - o o 2200

These vibrational modes can be regarded as a fingerprint of T

water decomposition at GP defects and edges, as previously Fig. 5 MD coefficient (B) vs. working time estimated for membranes
observed for epitaxial graphene on metals.®" It is worth point-  'oaded with 0.5% of GPs.
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Fig. 3 {a) Breaking resistance evaluated for PYDF/GP membranes at different loadings of filler; (bl degree of crystallinity calculated from the ratio of
the measured fusion heat AH,, to fusion heat AH}, of 100% crystalline PVDF (AH,, = 104.7 J g™ '),
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Fig. 7 ATR spectra collected on PYVDF membranes at different loadings
of GPs

ing out that the presence of a metal substrate is not an essen-
tial prerequisite for the dissociation of water molecules, as
demonstrated by results for graphene grown on the semicon-
ducting 5iC** [blue curve in Fig. 8). Furthermore, the strength
of the interaction with the substrate only plays a minor role, as
indicated by the small energy shift in the C-H stretching
recorded on strongly interacting graphene on Ni(111) (red
curve in Fig. 8), for which the Dirac cone is washed out by the
interaction with Ni d bands,*® compared to the case of
quasi-freestanding graphene on Pt{111) (green curve in Fig. 8);
this means that the Dirac cone is preserved.”™ Actually, water
decomposition has been predicted to oceur also for defective
graphite™ ™ (black curve in Fig. 8), suggesting that dissocia-
tive adsorption of water can also take place at graphitic
materials, in proximity to defects and edges.

Concerning adsorption of O-H groups suggests however
different scenarios. Much more intense absorptions shifred to
higher wavenumbers are observed for membranes containing
0.5 and 0.33% of filler, whilst a shift towards lower wavenum-
bers is detected at a higher content of filler. This suggests that
a much stronger interaction is established with water at the
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Fig. 8 Dissociative adsorption of atmospheric molecules at edges and
vacancikes on the surface of graphene. Red and green curves répresent
vibrational spectra acquired by HREELS for graphene/Mi(lll] and gra-
phene/Ptilill, respectively, The blue curve is the vibrational spectrum
acquired by IRAS linfrared absorption spectroscopy) for epitaxial gra-
phene on 5iC exposed in ambient air humidity (data taken from ref. 62).
Finally, theoretical data for alr-exposed defective graphite in the black
curve were taken from ref. 70,

highest loading of the filler, thereby justifving a lower and irre-
gular mass transfer,

Penetration and diffusion of water molecules through free
gaps between GPs and polymers seem to take place vig inter-
maolecular interactions at defect sites of the filler, including
edges and vacancies. At a low amount of the filler in the
polymer matrix, adhesive interactions could be activated at the
water/GP interface, resulting in assisted vapour transport. A
further increase in the concentration of the filler can instead
cause massive water uptake over the space between the GPs
and polymer network, thus resulting in a potential compe-

Manoscaks, 2019, 11 11521-11529 | 11525
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tition between adhesive and cohesive forces, which causes the
penetrant to prolong its permanence inside of the membrane.
Likewise, local arrangements of platelets can affect nearby the
interactions, thus causing locally increased or reduced vapour
diffusion.

This hypothesis is further corroborated by the transient
state of each experiment carried out with membranes at
different loadings of GPs. When the concentration of GPs is
significantly inereased, a longer time is required for collecting
water at the permeate side. Fig, 9a shows the time necessary to
water molecules for moving from the feed to the permeate side
through all membranes examined in this work when the Th.eg
is 30-40 °C. This event continues to be detectable, within all
ranges of Tp.q, for the membrane containing the highest
amount of filler (GPs 10%, Fig. 9b).

In this case, even up to four running hours are required to
abserve the onset of permeation of water vapour through the
membrane, thereby suggesting a longer permanence of the
penetrant inside the matrix. Therefore, one can conclude that
intermolecular water-platelets  interactions may assist or

100
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Fig. 10 Rejection-resistance to transport trade-off estimated for PYDF/
GPs and pristine PYDF membranes at around AF = 9000 Pa.
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inhibit diffusion of water molecules through membranes
depending on the concentration of GPs. Based on experi-
mental findings, a GP concentration of 0.5% can be regarded
as a suitable compromise to promote well-balanced kinetics of
sorption—desorption of the penetrant at GP edges and
vacancies, thus leading to assisted transport. Differently, a
massive concentration of GPs vields a considerable amount of
stagnant and bonded water inside the membrane, resulting in
slowed down transport.

In this context, GPs could bring benefits to water vapour
transport through membranes, which equip the MD plant, if
the amount and rearrangement inte the matrix are well
equilibrated.

Fig. 10 yields indication about a better substrate-filler ratio
to obtain good PVDF/GP membrane performance for MD
purposes, suggesting a GP loading of 0.5% to get enhanced
productivity-efficiency trade-off as compared to pristine PYDF
and other GPs/PVDF membranes.

Conclusions

We examined the effects of the confinement of GPs in superhy-
drophobic membranes concerning the possibility of assisted
or hindered transport of water vapour when MD processes are
implemented. The use of GPs in membrane distillation
appears to be a practical route to replace the state-of-the-art
membranes working as physical barriers with interactive inter-
faces through the exploitation of chemisorption at the vacancy
and edge sites of confined fillers in order to activate novel
mechanisms of water purification.

Experimental results indicate that composite membranes
are able to take up water vapour wia intermolecular inter-
actions. The latter are demonstrated to play a key role in
assisted transport mechanisms when low concentrations of
filler are well rearranged inside of the matrix, whereas water
fragments are expected to be stably adsorbed over free space
between the polymer and graphene, thus leading to additional
resistance to transport. Interestingly, this study provides a
useful indication about the feasibility to use stacks of few
layers of graphene in membranes to be tested in thermally

This joumal is © The | | Society of Cherristry 2019
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driven membrane operations such as membrane distillation.
No thermal polarization is observed, contrary to common
expectations on the basis of the ultrahigh thermal conductivity
of graphene. Conversely, improved resistance to wetting
together with mechanical and chemical stability over time can
be obtained when the amount of the filler inside of the mem-
brane is well calibrated and rearranged. As a result, significant
improvement in terms of transport and salt rejection is
achieved as compared to pristine PVDF. In this perspective,
the use of GP-based membranes appears to be promising for
boosting the implementation of new-concept fruitful purifi-
cation processes in membrane technology.

Experimental section

Materials

PVDF (Solef®6020, Solvay Solexis: water adsorption <0.040%
@23 °C after 24 h; d, = 1.78 kg m™*) was kindly supplied by
Solavy Solexis. Graphene platelet (GP) powder (Sigma Aldrich:
carbon, 95 wt%; oxygen, <2 wt%; area, 10000 nm?* mor-
phology, irregular symmetry typical of flakes) was used. The
Raman spectrum collected on GP powder strongly resembles
the reference spectrum for five layers (see the ESIT), thereby
yielding an indication about the distribution of the thick-
nesses peaking at around five layers, This feature is preserved
when GPs are confined in the membrane at various concen-
trations. 1-Methyl-2-pyrrolidinone (NMP, Riedel de Haém: max
0.05% in water, d = 1.03 kg m~*) and propan-2-olo (IPA, WWR
PROLABO: d = 0.78 kg m™) were used as the solvent and non-
solvent, respectively. Fluorinert (FCO, Novec) was used for gas-
liquid displacement measurements. Ultra-pure water (filtered
by using a USF ELGA plant) and NaCl solution 0.6 M were
used as probe liquids to perform contact angle measurements.
All materials were used as received.

Membrane preparation. The membranes were prepared by
dry-wet phase inversion according to the procedure detailed in
ref. 52. GPs were dispersed in NMP using an ultrasonic bath
alternated with mechanical stirring for 2 hours at 30 °C. PVDF
was, then, added to the mixture at a concentration of 12 wt%
and the mixtures were left under mechanical stirring at 30 °C
for 24 h, in the GP loading range from 0.33 to 20%. Herein,
the content of the filler will be referred to as GPs0.33%,
GPS0.5%, GPs5%, GPs10%, and GPs20%. After degassing, the
dopes were uniformly cast on glass plates by using a casting
knife regulated on 250 pm (Elcometer Instruments Inc.). The
casting solutions were coagulated and left for 10 min in a bath
containing IPA in order to promote solid-liquid demixing and
then washed with ultra-pure water. The films were air-dried at
room temperature overnight and, finally, annealed at 30 °C for
1 hour.

Methods

Structural and physicochemical properties. Structural fea-
tures of the polymeric matrix were examined by SEM (Zeiss
EVO MA10, Germany). The pore size and distribution were esti-
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mated according to the gas-liquid displacement technique
(PM, Instruments). Samples with an effective area of 3.5 em?
were filled with FCO and the liquid was displaced from bigger
to smaller pores with increasing pressure. The overall porosity
was measured by filling them with FCO. The membrane
weight was estimated before and after filling and the porosity
was expressed in percentage as the ratio between the volume
occupied by the fluorinert liquid and the volume of the mem-
brane. Six specimens were tested for each kind of nano-
composite membrane. Changes in mechanical resistance were
evaluated by using a tensile stress-strain meter (Roell/Zwick);
an average of 4-5 specimens with an area of 10 cm® were
tested at 20 °C. ATR spectra were directly collected and aver-
aged from the sample surfaces after fluxing water vapour for
2 hours at 25 °C (UATR crystal Diamond/ZnSe-Spectrum One
System by PerkinElmer Instruments). Raman spectroscopy
measurements were carried out on the hybrid-membranes at
room temperature using a Thermo Fisher DXR Raman micro-
scope equipped with OMNICxi Raman imaging software 1.0.
The 532.0 nm line was used at an incident power output of
3 mwW.

High-resolution  electron energy loss spectroscopy
(HREELS) was performed with a Delta 0.5 spectrometer by
Specs GmbH on a sample of monolayer graphene on Ni(111),
successively exposed to water under ultrahigh vacuum up to
saturation. The impinging energy was 3 eV, with an energy
resolution of 4 meV. The resistance to liquid entry pressure of
water (LEP,,) was measured in static mode by connecting the
membrane in a container filled with distilled water. The con-
tainer was pressurized with nitrogen and the pressure was
read on a calibrated gauge. A slight pressure of nitrogen was
applied to water for 15 min with an increasing pressure of 0.1
bar every 20 min. The pressure difference at which the liquid
penetrates into the pore of the membrane is indicated as
LEP,,. Three samples with a surface area of 12.56 ¢cm® were
tested for each kind of membrane. The resistance to wetting
from pure water and salt solutions was investigated by measur-
ing the contact angle value with time according to the sessile
drop method (Cam 200 KSV instruments, Ltd).

Transport properties. The water vapor transmission rate
(WVTR) was tested within a range of temperatures (25-65 °C)
according to the cup-right method (ASTM E96B).”" Thermally
driven MD experiments were executed according to the
Membrane Direct Contact (DC) configuration using NaCl solu-
tions 0.6 M - flow rate = 100 mL min~"; Treeq = 38 to 56 °C and
Tperm = 15 °C. Retentate and distillate streams were converged,
in a counter-current way, toward the membrane module con-
taining the membrane, where the liquid water was evaporated.
On the retentate side, a pump was taking and sending the
heated feed to the membrane module. Also on the distillate
side, a second pump ensured the counter-current recycle of
the cold stream in order to remove from the solution the
vapour diffusing through the membrane pores. The trans-
membrane fluxes were estimated by evaluating the weight vari-
ations in the distillate tanks. The thermal efficiency was calcu-
lated considering each single layer forming the tailor-made

Nanoscafe, 2019, 11, 11521-11529 | 11527
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membrane, The salt conductibility of the feed and permeate
streams was measured by using a conductive meter (Eutech
Instruments PC 2700].
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Abstract: Seawater desalination is a worldwide concern for the sustainable production of drink-
ing water. In this regard, membrane distillation (MD) has shown the potential for effective brine
treatment. However, the lack of appropriate MD membranes limits its industrial expansion since
they experience fouling and wetting issues. Therefore, hydrophobic membranes are promising
candidates to successfully deal with such phenomena that are typical for commercially available
membranes. Here, several graphene/polyvinylidene (PVDF_G) membranes with different graphene
loading (0-10 wt?%) were prepared through a phase inversion method. After full characterization
of the resulting membranes, the surface revealed that the well-dispersed graphene in the polymer
matrix (0.33 and 0.5 wt% graphene loading) led to excellent water repellence together with a rough
structure, and a large effective surface area. Importantly, antifungal activity tests of films indicated
an increase in the inhibition percentage for PVDF_G membranes against the Curvularia sp. fungal
strain. However, the antifungal surface properties were found to be the synergistic result of graphene
toxicity and surface topography.

Keywords: membrane distillation; graphene; membranes; anti-fungal activity

1. Introduction

Due to the current lack of drinking water, there is an urgent need to develop advanced
processes for its production from natural sources. State-of-the-art technologies enable
the treatment of sea water using selective membrane processes, such as reverse osmosis
(RO) [1], pervaporation (PV) [2], and membrane distillation (MD) [3]. The latter is more
affordable and economical due to the lower temperatures and process pressures, along
with a higher salt rejection rate and lower susceptibility to concentration polarization.
Unfortunately, the drawbacks of existing membrane materials, mainly fouling and wetting
susceptibility, significantly limit their use in MD as a method of water desalination. There-
fore, it is necessary to design novel structural materials to exploit the full potential of this
membrane process.

Membrane fouling mitigation has been one of the main research challenges over the
last years [4]. The fouling in MD depends on the physicochemical composition of the
feed solution provoking organic, inorganic, and biological fouling, whereas the operating
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parameters in MD also influence the fouling generation. In principle, the biological fouling
(called biofouling) is initiated by the adhesion, growth, and replication of either bacterial or
fungal species on the membrane surface [5]. The biofouling affects the membrane hydraulic
permeability, which causes an increase in maintenance costs and the deterioration of the
power density [6-8]. To date, a number of strategies, such as polymerization, chemical
grafting, nanocomposite preparation, and surface coating, have been applied to obtain
specific surface morphology and membrane properties [9,10]. When dealing with the
use of any additive, the main disadvantage is weak interaction between the polymer and
additives, which affects the long-term durability of the surface modification layer, fur-
ther causing its release outside the membrane. Recent developments have shown that
the modification of polymeric membranes with inorganic nanomaterials may improve
the MD stability against different types of fouling [11], together with the upgrading of
other important membrane properties (such as the mechanical and thermal properties
of membranes) [12,13]. For instance, the hydrophobicity of graphene and its exceptional
properties [14] make it a promising material for improving the performance of polymeric
membranes toward MD. In our previous studies, we investigated the role of adhesive inter-
actions activated at the water/graphene interface on the assisted vapor transport during
MD tests, where the increase of the flux was observed in the membranes containing low
graphene concentration when compared with pristine PVDF membrane [15]. In addition,
graphene and graphene derivatives were reported to exhibit broad-spectrum antimicrobial
and antifungal activity [16]. These properties of graphene-based nanostructures are based
on their capacity to induce membrane and oxidative stress, which compromise bacterial
and fungal proliferation and sporulation [17-19].

In this work, hydrophobic porous membranes were prepared based on polyvinylidene
fluoride (PVDF) and different graphene nanoplatelets (GNP) loading. PVDF was chosen as
a membrane component due to its low cost and good thermal, mechanical, and chemical
stability. The role of the incorporated graphene in the polymeric membrane matrix was
investigated in terms of membrane characterization (such as porosity, pore size, hydropho-
bicity, and roughness) and antifungal activity. To the best of our knowledge, we are the first
to evaluate the antifungal activity of PVDF/GNP nanocomposite membranes. To evaluate
the antifungal properties of the membranes, Curvularia sp. (closely related with the genus
Cochliobolus) was chosen. This hyphomycete fungus causes severe crop losses worldwide
and has been detected in drinking water distribution systems and in groundwater supply
systems [20]. The membrane material used for water treatment should possess antifungal
activity to mitigate membrane biofouling and to produce water free of microbial pathogens.
Thus, for the antifungal test, we selected one of many examples of phytopathogenic fungus
that can be found in water.

2. Materials and Methods
2.1. Materials

PVDF (SolefE6020, Solvay Specialty Polymers, Diisseldorf, Germany), graphene
nanoplatelets (GNP), powder, hydrophobic (Sigma-Aldrich, Poznan, Poland), N-methyl-2-
pyrrolidone (NMP, ACS reagent >99.0%, Sigma Aldrich, Poznan, Poland), and isopropanol
(POCH, Gliwice, Poland) were used for membrane preparation. Fluorinert™ FC-40 (Sigma-
Aldrich, Poznan, Poland) was used for overall porosity estimation.

2.2. Membrane Preparation

The polymeric solution was prepared by dissolving 11.7 wt% of PVDF powder in
NMP under mechanical stirring for 24 h in 30 °C. After this, the solution was left for 3-4 h
without stirring for the removal of bubbles. The membranes were later cast on a glass
and spread with the micrometric film applicator (Elcometer) using a gap size of 250 um,
immersed sequentially for 10 min in isopropanol, and cleaned with deionized water. Then,
the membranes were dried at room temperature overnight. For PVDF/graphene membrane
preparation, GNP were first dispersed in NMP using an ultrasonic bath alternated with
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mechanical stirring for 1.5 h. PYDF was then added to the mixture, and the membranes
were prepared analogously to the PVYDF ones. The GNT loading in PYDF membranes
ranged from .33 to 10 wt%, and the membranes were named PVDF_0.33G, PVDF_0.5G,
PVDF_5G, and PVDF_10G according to the GNP content.

2.3. Membrane Characterization

The morphology of the resulting membranes was analyzed using scanning electron
microscopy (SEM, Zeiss-EVO MA10, Oberkochen, Germany) and an atomic force micro-
scope. The atomic force microscopy was performed in a MultiMode 8, Nanoscope V
(Veeco-Bruker, Plainview, NY, USA) using tapping mode and 5 » 5 um of scan size. The
average roughness (Ra) and the root mean square roughness (Rq) were calculated from the
obtained images in NanoScope Analysis 1.4 software (Bruker Corporation, Billerica, MA,
USA). The overall porosity is expressed as the total void inside the membrane. The pore size
was estimated according to the gas-liquid displacement technique using a capillary flow
porometer (PM, Instruments, CFI* 1500, AXEL, [thaca, NY, USA). The resistance to wetting
with pure water was investigated by measuring the contact angle value (OCA 15 apparatus,
Dataphysics, Filderstadt, Germany). Fourier transform infrared spectroscopy (FTIR) was
used to collect spectra of the membranes in the scan range of 4004000 cm ™" in ATR mode
with a resolution of 16 cm™! using a Nicolet i510 FTIR spectrometer {Thermo Scientific
Instrument Co., Boston, MA, USA). The X-ray diffraction patterns were recorded using an
X-ray diffractometer (XRD, Rigaku MiniFlex 600, The Woodlands, TX, USA) in the range of
20 = 5-80° with Cu-Ko radiation.

2.4, Antifungal Activity

The antifungal activity assay was performed on natural potato dextrose agar (PDA),
prepared according to the procedure described in the literature [21]. Both 0.37 mg/mL of
lincomycin and 0.37 mg/mL of chloramphenicol were used to minimize contamination
with bacteria. The antifungal activity assay was tested on Curvularia sp. fungal species
according to the method described previously [22]. All PVDF /GNP membranes were cut
in square sized pieces (1 » 1) and assayed; pristine PVDF membrane was also evaluated
and taken as a negative control and bioactive film from microalgae-based biopolymer
as a positive control. The square-shaped membranes were placed on the center of PDA
plates. After inoculation with a mycelial plug on the film surface, plates were incubated for
three days at 28 “C in the dark. All trials were performed three times. The radial growth
was measured and is expressed in cm, and the inhibition percentage was calculated using
Equation (1), as follows:

negativecontrolarea — treatmentarea
negativecontrolarea

Inhibition (%) = = 100% (1)

area = T X (2)

3. Results and Discussion

The characteristics and morphologies of the pristine and PYDF/GNF membranes are
shown in Table 1. Although all the fabricated membranes showed highly porous struc-
tures between 64% and 77%, the composition of the membrane significantly influenced the
membrane morphology and surface properties, such as roughness, pore size, and hydropho-
bicity. The surface of the pristine PVDF and PVDF/GNF membranes was analyzed by
SEM, as shown in Figure 1. The analysis confirmed a successful incorporation of graphene
nanoplatelets into the PVDF matrix. The pristine PVDF showed a sponge-like structure
and relatively smooth surface, which is typical for porous polymeric membranes [23]. With
the addition of graphene, this structure became more compact. This was confirmed by
slightly reduced overall porosity values and a significant reduction in pore size, (especially
for PVDF_5G and PVDF_10G), for which a smaller value was detected (from 0.5 um to 0.27
and 0.24 pm, respectively). In the graphene-incorporated PVDF membranes, where GNI”
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were uniformly distributed in the membrane matrix (PVDF_0.33G and PVDF_0.5G), an
enhancement in surface roughness was observed (Figure 1D,F). Nevertheless, with excess
addition of GNP, they aggregated in the membrane matrix, as exhibited by PVDF_5G
and PVDF_10G (Figure 1G,I). This led to porosity and pore size reduction, while the sur-
face morphology tuned by the graphene incorporation was expected to affect the surface
hydrophobicity. Similar results were observed previously when the aggregation of the
graphene nanoparticles in the membrane matrix led to a smaller pore size, lower porosity,
and increased thickness of the fabricated membranes [24].

In practice, the hydrophobicity of the surface depends on the high surface roughness
and low surface energy of materials [25]. Moreover, the hydrophobicity in MD membranes
is of particular importance, since it maintains the gas phase in the pores, which is required
for MD. Thus, the surface roughness of the membranes has a strong influence on their
wetting performance. For instance, the AFM images of all the membranes are shown in
Figure 1B,D,EH ]), while the Rq and Ra values of the membranes and their surface area are
reported in Table 1. The pristine PVDF membrane, according to the SEM and AFM images,
possessed a smooth and microporous surface, and the measured value of the Rq was about
289 nm. After incorporation of GNPs, the Rq parameter increased up to 524 and 375 nm
for PVDF_0.33G and PVDF_0.5G, respectively. This confirms that graphene intercalation
provides PVDF a rougher membrane surface. In general, the incorporation of nanomaterial
in the polymeric membrane enhances its roughness, which is caused by the introduction of
nano-scaled protrusions [26-28]. However, GNP aggregation, as observed for PVDF_5G
and PVDF_10G, led to an Rq reduction of 292 and 183 nm, respectively. Thus, the highly
rough surface of the PVDF_0.33G and PVDF_0.5G membranes can be attributed to the
well-dispersed graphene nanoplatelets in the membrane matrix [12]. In general, rough
surfaces are able to form an air gap between the surface protrusions, creating a gas-liquid
interface between the liquid and the membrane surface, which is beneficial to enhancing
the anti-wettability and anti-fouling properties of the membranes in MD [29].

Table 1. Properties of the pristine PVDF membrane and its graphene-based composites. Porosity and mean pore size
analyses were performed 3 times for every sample and the values are reported as mean + standard deviation.

Membrane Porosity (%) Mean Pore Size (um) Rq (nm) Ra (nm) Surface Area (um?)
PVDF 7742 048 (£0.09) 289 222 43
PVDF_0.33G 77+2 053 (£0.02) 524 430 58.2
PVDF_0.5G 69 +2 056 (+0.06) 375 310 50.4
PVDF_5G 6543 027 (+0.01) 292 226 46.1
PVDF_10G 6446 024 (£0.01) 183 152 36.6

Figure 1. Cont.
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Figure 1. Top view SEM images (the scale bars in the images are 2 um) and AFM 3D images (5 % 5 um) of all the membranes:
(A,B) pristine PVDF, (C,D) PVDF_0.33G, (E,F) PVDF_0.5G, (G ,H) PVDF _5G, and (LJ) PVDF_10G.
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The wetting property of membranes is a crucial characteristic for MD membranes
since it reduces the performance by blocking the passages of vapor [30]. Thus, the contact
angle (CA) is an efficient indicator used to measure the wettability of a membrane surface;
therefore, the CA values of the resulting membranes surface toward water were measured
and are illustrated in Figure 2. In principle, the initial water CA values were 110.9° + 0.7°,
130.7° £0.9°,139.5° = 1.6°,129.9° 4 2.2°, and 119.6° £ 2.2° for pristine PVDF, PVDF_0.33G,
PVDEF_0.5G, PVDF_5G, and PVDF_10G, respectively. These results indicate that well-
dispersed GNP in a polymeric matrix improved the hydrophobicity of the fabricated
membrane. However, the presence of GNP is not enough to impart suitable hydrophobic
properties. For instance, PVDF_0.5G exhibited remarkable enhancement in hydrophobicity
due to the highly enhanced surface roughness, as confirmed by AFM and SEM, whereas
for PVDF_10G, only a slight increase was observed. In general, the CA values followed a
similar trend as the surface roughness values described in the previous section. Importantly,
the change in water CA value over time was determined. As shown in Figure 2, all of
the samples showed a tendency of water droplets spreading on their surface over 30 min
of observation. In the case of PVDF_0.5Gparticularly, the anti-wetting properties tended
to be more stable over time, as it exhibited a decrease in the water CA value by only
8% (final water CA value equal 128.3° & 2.3°). For other samples, a reduction in the
water CA value by 15%, 13%, 15%, and 14% was noted for pristine PVDF (94.5° +1.1°),
PVDF_0.33G (113.7° £+ 1.7°), PVDF_5G (110.1° £ 1.8°), and PVDF_10G (102.6° = 2.9°),
respectively. Therefore, it is likely that the PVDF_0.5G membrane was sufficient to create a
water-resistant surface.
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Figure 2. Water contact angle values for pristine PVDF membrane and its graphene-based composites.
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Figure 3 presents the FTIR spectra of all fabricated membranes. In general, pristine
PVDF and graphene nanocomposite membranes revealed the same typical absorption
bands and basic structural characteristics of PVDE The strong peaks at 839, 875, 1074,
1175, 1270, and 1400 cm—! correspond to CH; rocking and CF; asymmetric stretching,
C—C asymmetric stretching, C—C asymmetric stretching, CF; symmetric stretching, CF
out-of-plane deformation, and CH; wagging vibration, respectively [31,32]. This means
that the addition of graphene did not produce any change in the membrane characteristics
in terms of the crystalline phase. Particularly, an additional weak signal was observed for
compaosites at 1730 cm ™ 1 This represents the C=0 stretching of the carbonyl and carboxylic
groups present on the graphene sheets [33]. Thus, this confirms the successful incorporation
of nanofiller inside the PVDF matrix.
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Figure 3. FTIR spectra comparison for pristine PVDF membrane and its graphene-based composites.

XRD analyses revealed the presence of the filler inside the membranes (Figure 4).
The (002} and (004) peaks at 26.5° and 54.6°, respectively, represent the perpendicular
direction (c-axis) to the hexagonal planes of graphite [34]. They were detected in GNP
material as well as in PVDF /GNP membrane patterns, and their intensity increased with
raising concentration as an effect of GNP confinement in the polymer matrix. The rest
of the signals in nanocomposite membranes were from the PVDF crystalline phase. For
example, medium reflections at 18.4” and 20°, and a weaker one at 35.9°, correspond to the
reflections of 020, 110, and 200 of monoclinic a-phase crystal, respectively, while the peak
at 39.1° refers to diffraction peak on the(211) planes of monoclinic y-phase crystal [35].
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Figure 4. XRD patterns of pristine PVDF membrane and its graphene-based composites.

Figure 5 shows the inhibition percentage against Curvularia sp. fungal strain after 72 h.
The best growth inhibition was achieved by PVDF_0.33G and PVDF_0.5G membranes,
with an inhibition percentage of 74.9% and 75.7%, respectively. PVDF_5G exhibited a
slightly lower inhibition percentage, reaching 61.7%. Such obtained values are in the range
of studies evaluating the antibacterial properties of graphene-based materials against E. coli,
S. aureus [36], and B. subtilis [37], with values between 60% and 99%. Pristine PVDF and
PVDF_10G presented very weak antifungal activity in comparison with other samples. In
general, there is a clear antimicrobial effect of the graphene when incorporated into PVDF
membranes, as illustrated in Figure 6.
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Figure 5. Antifungal inhibitions (%) of all fabricated membranes against Curvularia sp. fungal strain.
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Figure 6. Photographs of antifungal inhibition of all fabricated membranes against Curvularia sp. fungal strain after 72 h.

Notably, the antibacterial and antifungal mechanism of graphene materials was previ-
ously reported [38]. To date, graphene materials were also combined with other inorganic
nanoparticles (such as Ag, Ti, and Co) to attain 100% antimicrobial inhibition [39]. Different
studies revealed that direct contact with graphene nanowalls can damage bacterial cell
membranes, inhibiting the growth of the microorganism due to their extremely sharp
edges [19,40]. Nevertheless, it is the oxidative stress that is the major mechanism of
graphene toxicity [41]. Moreover, its antimicrobial activity was also explained with electron
transfer, as graphene acts as an electron acceptor and abstracts electrons from the bacterial
membrane, which may adversely affect the integrity of the membrane [42]. Notably, the
presence of graphene in the membranes does not appear to be sufficient to provide total
fungal growth inhibition. According to our results, the antifungal properties of membranes
depend on the graphene content in the sample. This observation may be explained by the
larger surface area of PVDF_0.33G and PVDF_0.5G compared with other samples, which
could have promoted further interactions with the fungal cells. In general, antimicrobial
properties of graphene-based materials increase with the graphene concentration [43].
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Nevertheless, the antimicrobial surface properties should be considered as the synergistic
results of the surface chemical composition and surface topography [44]. For example,
some studies have reported the potential use of superhydrophobic surfaces in preventing
biofilm formation [45,46]. Other studies revealed that an increase in surface roughness did
not influence or even inhibit the adhesion of bacteria [47,48]. Perera-Costa et al. [49] created
various surface patterns on polydimethylsiloxane (PDMS). The results indicated that all
patterned surfaces were distinguished by a significant reduction in bacterial adhesion in
contrast to the flat surfaces. In our studies, the addition of GNP to the polymeric matrix
significantly influenced the topographic features of the membrane surface, as described in
detail in the previous paragraphs. Thus, the weaker antifungal activity of PVDF_5G and
PVDF_10G may be a direct result of their inferior water-repellent properties and less-rough
surface compared with PVDF_0.33G and PVDF_0.5G samples. However, further studies
are needed for a deeper analysis of cell-surface interactions in the case of graphene-based
membranes and evaluation of the importance of different surface topography. Neverthe-
less, it can be stated that the inhibition of fungal growth showed by PVDF_0.33G and
PVDF_0.5G is a promising result for the development of an antibiofouling membrane.
Surface properties, such as hydrophobicity and topography, prevent biofilm formation
through the inhibition of microorganism adhesion, whereas graphene addition provides
the toxicity effect of oxidative stress against them.

4. Conclusions

In this work, PVDF/graphene composite membranes were successfully fabricated
by a phase inversion method. GNPs were well-dispersed in the PVDF membrane matrix
when low nanofiller loading was used (0.33 and 0.5 wt%), which was confirmed by SEM
images. Among all the PVDF/GNP fabricated membranes, thePVDF_0.5G membrane
(i.e., 0.5 wt% graphene loading) exhibited the most suitable properties in terms of pore
size (~0.56 um), porosity (~69%,) and hydrophobicity (~139.5°) for application to water
desalination in the MD process. When GNP concentration was increased to over 0.5 wt%,
the prepared membranes tended to have smaller pore size, lower overall porosity, and
lower water CA values than that of the PVDF_(0.5G membrane, which could be due to the
nanofiller agglomeration. Notably, the highest antifungal inhibition against Curvularia sp.
fungal strain was observed in the PVDF_0.5G membrane. The results found in this work
indicate that well-dispersed graphene nanoplatelets in aPVDF membrane matrix can be
potentially useful in real seawater desalination and disinfection using MD approaches.
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Abstract: Graphene-coated membranes for membrane distillation have been fabricated by using a
wet-filtration approach. Graphene nanoplatelets have been deposited onto PVDF membrane surfaces.
Morphology and physicochemical properties have been explored to evaluate the changes in the
surface topography and related effects on the membrane performance in water desalination. The
membranes have been tested in membrane distillation plants by using mixtures of sodium chloride
and humic acid. The multi-scale rough structure of the surface has been envisaged to amplify the
wetting and fouling resistance of the graphene-coated membranes so that a better flux and full salt
rejection have been achieved in comparison with pristine PVDF. Total salt rejection and an increase of
77% in flux have been observed for coated membrane with optimized graphene content when worked
with NaCl 0.6 M (DCMD, AT == 24 °C) over a test period of 6 h. The experimental findings suggrest
these novel graphene-coated membranes as promising materials to develop functional membranes
for high-performing water desalination.

Keywords: membrane distillation; graphene; multi-scale ioughness; antiwetting and antifouling properties

1. Introduction

In the last century, population and industrial growth have increased producing world-
wide demand for water. This request will become even more amplified due to the further
demographic and economic expansion along with the persistent exploitation of water
basins. The World Water Council estimates that a few billion people living on Earth will
suffer from water scarcity or poor water quality by 2030 [1]. Therefore, there is an urgency
to identify suitable and eco-sustainable strategies for the management of natural water
resources and the production of freshwater. Membrane technology takes advantages over
many other technologies due to its easier maintenance, compact modular construction,
higher separation factor, no use of chemical additives, and regeneration of spent media [2].
Nowadays, a lot of research is focused on reliable approaches to improve separation perfor-
mances through the fabrication of novel membranes and /or modification of the existing
ones [3-5].

Membrane distillation (MD) is a promising and eco-sustainable alternative for sea-
water desalination [6]. It requires the use of hydrophobic micro-porous membranes that
separate feed and permeate streams preventing their mixing. MD is driven by the vapor
pressure difference across the membrane, which can be induced by a gradient of tempera-
ture or concentration. Numerous hydrophobic membranes have been developed and tested
in laboratory on a model brine solution, proving the efficiency of MD in water desalina-
tion [7-9]. Among them, polypropylene (PF) [10], polytetrafluorcethylene (FTFE) [11] and
poly (vinylidene fluoride) (PVDF) [12] are the most popular ones. Nevertheless, membrane
fouling and wetting still remain open issues, especially for real seawater processing [13].
For instance, desalination of hypersaline solutions usually leads to scaling at the membrane
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surface [14], while the treatment of solutions containing organic compounds, including
acids and protein-type macromolecules, causes frequently fouling with the subsequent de-
cline of the flux [15]. Due to the interactions between components dissolved in the streams
and membrane functional groups, additional layers formation on the membrane surface
and pore plugging take place causing increased resistance to the transport [16-19]. Properly
selected membrane materials may reduce the susceptibility to wetting and fouling phenom-
ena [20,21]. Chemical and morphological features can be well addressed in controlling the
final performance of membrane separations including membrane distillation [22,23].

It was observed that the creation of a superhydrophobic membrane could effectively
deal with wetting and fouling phenomena [7]. There are two main criteria for enhanc-
ing membrane hydrophobicity. Membrane surface energy can be reduced and surface
roughness can be manipulated [24]. The first criterion is usually achieved using fluoro-
polymers or low surface energy modifiers. In the context of surface roughness, it has
been observed that the creation of micro- and nanostructured surfaces, also called hier-
archical structures, can bring excellent antiwetting properties [25,26]. According to the
Cassie-Baxter model [26], rough and complex topography prevent the surface from being
penetrated and wetted by the liquid as the air trapped in the grooves between solid sub-
strate protrusions forms an air/solid hydrophobic surface. Due to the increased number of
sharp and narrow protrusions for multi-scale rough structures, there is an unusually strong
water-repellency on the surfaces, as the contact area between liquid and solid is reduced.
A favorable manner to achieve the hierarchical structure is by nanoparticle incorporation.
Usually, nanoparticles are incorporated onto a membrane surface by dip-coating method
or deposition. For instance, silver nanoparticles have been deposited on PYDF membrane
and fabricated membranes showed an increase in the CA and roughness value from 126°
up to 1367 and from 99.1 to 157.6 nm, respectively [27]. In other studies, polystyrene (PS)
microspheres with silica nanoparticles have been coated onto commercial membranes. As
fabricated hierarchical membrane exhibited a significant increase in surface roughness
value of 343 nm, while the pristine membrane had a roughness of 99 nm [28].

Based on this concept, in this study, a nanostructured coating of graphene nanoplatelets
(GNPs) has been fabricated onto the surface of the flat sheet PYDF membrane by using
a wet-filtration method. The complex surface topography generated after graphene de-
position has been demonstrated to impart much-improved antiwetting and antifouling
properties with respect to pristine surfaces. The effectiveness of graphene-coated FVDF
membranes has been evaluated during desalination via the direct contact membrane distil-
lation (DCMD) process by working mixtures of NaCl and humic acid (HA) with a degree
of salinity of 35 gL'1—ty'pical content of salts in seawater. Effects on the flux and rejection
as well as recovery of initial permeation properties have been investigated. Based on
the results achieved, this kind of graphene-coated membrane exhibits structure-transport
properties relationships suitable to enhance their efficiency during the MD process with
respect to the non-modified PYDF membranes. The capability of these composite mem-
branes to recover water flux after simple washing cycles with distilled water has been also
investigated, resulting in an eco-sustainable cleaning procedure. Thus, the performance
of these graphene-coated membranes is promising for the realization of new functional
membrane materials to be worked in high-performing MD operations.

2. Materials and Methods
2.1. Materials

PVDE (Solef®a020, Solvay Solexis: water adsorption < 0.040% @23 °C after 24 h;
d=178 I(g_/mg) was donated by Solvay Solexis (Milan, Italy). Hydrophobic graphene
nanoplatelets (GPNs) powder with a lateral size > 25 um, (Sigma-Aldrich, Milan, Italy,
Carbon = 95 wt.%; Oxygen < 2 wt%) was used for membrane coating. N-methyl-2-
pirrolidinone (NMP, Riedel de Haém, Milan, Italy) and 2-propanol (IPA, WWR PROLABO,
Milan, Italy) were used for membrane preparation. POREWICK was used for pore size
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investigation. Sodium chloride (NaCl, WVR PROLABO, Milan, Italy) and Humic acid (HA,
Sigma-Aldrich, Milan, Italy) were used for preparing stream solutions.

2.2. Preparation of PVDF Membranes

Polymeric solutions were prepared by dissolving 12 wt.% of PVDF powder in NMP
under mechanical stirring for 24 h at 30 “C. Then, the solutions were left for 4 h without
stirring in order to remove air bubbles. The solutions were cast on a glass support by using
a micrometric film applicator (Elcometer) with a gap size of 250 um. The casting solutions
were then coagulated in 2-propanol and washed with deionized water.

2.3. WET-Filtration Method

Graphene dispersion was prepared by adding graphene to water/2-propanol mixture
(volume ratio 7/3) at concentrations of 0.05 mgmL~! and 0.005 mgmL~". Each solution
underwent approximately 20 stirring/sonication cycles (20/20 min) to well-disperse the
nanomaterials in the solvents. A dead-end filtration cell was used to deposit graphene
on the skin layer of PVDF membranes with a diameter of 7 cm. For each dispersion,
a volume of 20 mL was poured into the cell and left for 10 min in contact with a membrane
surface. Then, a pressure of 1 bar was applied for 10 min in order to remove the mixture of
solvents. Each membrane was dried in the air for 24 h. The flat sheet phase inversed PVDF
membrane was denoted as pristine PVDF and used for comparison. The coated membranes
underwent the leaching test in order to evaluate the stability of attachment of GNPs to the
membrane surfaces. A vigorous stirring in distilled water for a period of 24 h was applied
for pieces of both coated membranes. Then, the water was filtrated through PTFE filters
with 0.2 um pore size and the filters were subjected to XRD analysis. No graphene traces
were found on the filter. A schematic diagram for the fabrication of the graphene-coated
membrane is shown in Figure 1.

PVDF | NMP
Mechanical stirring Coagulation bath
. -y
”
4 0C - = W min PA N e

PVDF membrane

GNP H,0, IPA
Stirring/sonication Fittration
10 min, 1 b

/‘_‘ GNP coated PVDF

PYOF memitrane

Figure 1. Schematic diagram for the fabrication of the graphene-coated membrane.

2.4. Membrane Characterization

The morphology of the membranes was analyzed based on the images taken by
scanning electron microscope (SEM; Quanta 200, FEI Company, Oberkochen, Germany)
and atomic force microscope (AFM, MultiMode 8, NanoScope V, Veeco-Bruker, Plainview,
NY, USA). The overall porosity values corresponded to the total void inside the membranes.
The pore size was estimated using capillary flow porometer (CFP 1500 AXEL, Porous
Materials Inc., Ithaca, NY, USA) [5]. The wetting resistance with pure water and 0.6 M NaCl
solution was examined by measuring the contact angle value (Cam 200 KSV instruments,
LTD, Helsinki, Finland). Infrared spectra were collected on the top surface of membranes
by using a Nicolet iS10 FTIR spectrometer (Thermo Scientific Instrument Co., Boston, MA,
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USA). X-ray diffractometer ({(XRD, Rigaku MiniFlex 600, The Woodlands, TX, USA))} was
used to identify the crystalline structure in the range from 5% to 80°.

2.5. Membrane Distillation Tests

Thermally-driven MD experiments were performed by using a flat circular module
with area of 2.27 cm?. The DCMD configuration was chosen and 0.6 M NaCl solutions
and related mixtures with HA (0.5 and 1.0 mgmL ) were tested. A flow rate of 2.68 Lh~!
at the feed side and 2.23 Lh™! at the permeate side were used. The temperature of feed
was kept around 40 °C and a difference of temperature (AT) of ~24 “C was applied across
the membrane. Each experiment was run for 6 h continuously; retentate and distillate
fractions were led in a counter-current flow, toward the membrane cell. The skin side
of the membrane was facing the hyper-saline solutions, whereas the reverse side of the
membrane was contacting the distillate stream. Two pumps were used to transport the
heated feed and cooled permeate to and from the membrane module. The trans-membrane
fluxes were estimated by taking into account the weight variations in the distillate with
time and the effective surface area of membranes. The salt rejection (R) was determined by
measuring the salt concentration on the feed side and permeate side by using a conductivity
meter (HI 2300 bench meter supplied by Hanna Instruments, Woonsocket, RI, USA). After
MD experiments, the membranes were washed with water at 50 °C for three consecutive
cycles, each one of 30 min. Water permeation testing was repeated after working each
saline stream.

3. Results and Discussion
3.1. Chemical and Morphological Features of Membranes

Graphene-coated membranes have been fabricated through a combined phase inver-
sion and wet-filtration approach. Microporous PVDF substrate has been realized according
to the immersion precipitation phase inversion and successively has been immobilized by
filtration of graphene nanoplates dispersing solutions.

PVDF is a semi-crystalline material and related membranes exhibit a particulate-like
morphology while graphene nanoplatelets are dispersed randomly through the membrane
surface. XRD crystallographic analyses reveal that PVDF crystalline phase is dominated
by both the o and y phase, as indicated by medium reflections at 18.4 and 20° and weaker
at 35.9 corresponding to the reflections of 020, 110, and 200 of monoclinic a-phase crystal
as well as weak 39.1 peak corresponding to diffraction peak on planes (211) of mono-
clinic y-phase crystal [29] (Figure 2a). The coexistence of two crystalline forms is further
confirmed by infrared analysis (Figure 3), showing small peaks at 976 cm—! typical of
o-PVDF form, while the band at 833 cm ! is exclusively assigned to the y-PVDF phase [30].
Further, the crystalline phase of PYDF membranes is dominated by the « phase. XRD
spectra collected on 0.05G/PVDF and 0.005G/PVDF membranes show additional peaks at
26.5 (002) and 54.6° (004), which are usually the strongest two in the XRD pattern of natural
graphite (Figure 2b). They represent a perpendicular direction (c-axis) to the graphite
hexagonal planes, which indicates the presence of graphene on the membranes [31]. FTIR
spectra of graphene-coated membranes show additional broad adsorptions in the regions
15002000 cm ! and 25003720 cm'l, especially in the case of the membranes with the
largest amount of graphene {0.05G /PVDF). The wide signal centered around 3750 em~lis
associated with hydroxyl groups, whereas the broad region, 1500-2000 cm~! arises from
the overlapping of different bands usually falling in the region of 1635-1570 em~! and
assigned to ~C=C conjugated stretching and around 1720 cm~! corresponding to C=0
stretching vibrations [32]. This yields indication about oxidation and defects of graphene
flakes deposited onto the surface.
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Figure 2. XRD patterns of PVDF and graphene-coated PVDF membranes (a), XRD of graphene
nanoplatelets (b).
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Figure 3. ATR spectra of PVDF and graphene-coated PVDF membranes.

The crystallization of PVDF polymer chains yields particulate-like morphology during
the demixing process leading to the formation of symmetric structures wherein polymer
particles are intercalated by voids uniformly distributed through the network (Figure 4a).
These free gaps represent the pores of the membranes and determine the overall porosity
of the structures, as summarized in Table 1.

PVDF and 0.005G/PVDF membranes show comparable mean and the largest pore size,
whereas a reduction is tuned for 0.05G/PVDE. The overall porosity, as well as the thickness,
are instead comparable for all membranes. This suggests that the bulk of each membrane is
preserved, while graphene platelets are confined to the membrane surface exclusively. SEM
micrographs collected across the membrane sections show the formation of a tiny layer
onto the top surface of the membranes, especially at higher concentrations of graphene,
and confirm that there is no inclusion of flakes inside the membrane structure (Figure 4).
The deposition of a larger amount of graphene flakes gives rise to a major obstruction of
the free gaps (pores) distributed through the surface, resulting in the formation of a cracked
graphene layer mainly (Figure 4b). In the case of lower concentrated graphene dispersion,
a random distribution of graphene nanoplatelets is instead observed so that the pores are
not clogged, and a large number of free gaps are preserved (Figure 4c).
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pristing PVDE <210 pm

Figure 4. SEM micrographs collected onto membrane surface (first and second column) and across
the section (third column) of pristine PVDF (a), 0.05G/PVDF (b) and 0.005G/PVDF (¢) membranes.

Table 1. Structural properties estimated for all membranes.

Thickness . Largest Pore Size Mean Pore Size
S (um) Pt el (um) (um)
PVDF 5041 65+ 4 07 £ 0.1 0.48 + 0.09
0.05G/PVDF 5041 6242 043 £+ 0.09 0.24 £ 0.01
0.005G /PVDF 50 + 4 63+2 0.80 + 0.06 0.49 + 0.01

3.2. Wetting Properties of Membranes

Chemical and morphological changes in the surface bring inevitably variations in the
wetting behavior (Figure 5). A water contact angle value of 124 + 4° is detected on an
unmodified PVDF membrane surface, whereas the deposition of low content of graphene
gives rise to the enhanced waterproofness reaching values up to 136 £ 4°. On the contrary,
the deposition of a higher concentrated graphene layer causes a significant reduction of
hydrophobicity of the surface with contact angle values down to 97 + 2°. In general, the
degree of hydrophobicity of graphene cannot be unequivocally defined, since it is strongly
dependent on numerous features such as graphene type, number of layers, defects in the
structure, supporting substrate, and impurities, including polymer residues 33,34]. For
instance, the study of Wang et al. [35] shows that the water contact angle on a stack of a few
graphene layers reached values of 98° while it increases significantly to 127° on a graphene
monolayer. On the other hand, Taherian et al. [36], proved that the value of 127° is an
unrealistic estimate. They stated that the expected value would be in the range between
95° and 100°. Therefore, the CA estimated for 0.05G/PVDF represents the typical value for
the graphene layer. Further, the function of intermolecular interactions established at the
graphene and droplet interface and the role of the morphological component of the surface
cannot be neglected. In the case of 0.005G/PVDF membranes, the deposition of graphene
leads to a non-uniform graphene distribution on the membrane surface with stacked layers
that reach thicknesses of 19 & 5 nm, whilst the surface of 0.05G/PVDF membrane appears to
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be covered almost entirely with an extent of assembled layers up to 190 = 24 nm (Figure 2).
Consequently, for 0.005G/FPVDF membranes effects of both liquid-graphene and liquid-
substrate interactions as well as chemical affinity, surface heterogeneities, and surface
roughness play a key role in the waterproofness enhancement [37]. The time-dependent
images of water droplets within the first 30 min of contact with membrane surfaces confirm
improved wetting resistance properties. In this study, it is interesting to observe how
water droplet spreads more quickly in the first 30 min when in contact with pristine PVDF
and 0.05G/PVDE A reduction of 10 and 12% can be estimated for the respective contact
angle values. Instead, the 0.005G,/PVDF membrane continues to exhibit a relatively stable
wetting resistance over time with a slight decrease of 4% in the contact angle value.

(a) (b)

B vater
1404 [ 0.6M MaC)

pristine PVDF

contact angle(”)
8

0.05G/PVDF

pristine PYVDF 0.05GPVDF 0.005G/PVDF

0.005G/PVDF

30 min
—
Figure 5. Resistance to wetting of membranes: (a) water contact angle of water and 0.6 M NaCl
solution at zero time; (b) ime-dependent images of water droplets within the first 30 min of contact

with membrane surfaces.

With this regard, it is helpful to consider the slight linear decrease of the droplet
size and CA value with time as a consequence of liquid evaporation as well. As known,
there are three different evaporation mechanisms that occur in water droplet evaporation
on a solid surface [38]. They include a constant contact radius (CCR) configuration with
a continuous decrement of the CA values, a constant contact angle (CCA) configuration
with a gradual decrease of the solid-liquid interface area (contact radius), and a mixed
mode where mixed behavior is observed. The trend of the evaporation rate of water
droplets placed over the smooth surfaces depends on the absolute value of CA values;
in other words, CCR mode takes place when the CA value is lower than 90° while CCA
mode occurs when the CA value tends to be greater than 90°, without considering any
effect of surface morphology, as well as the surfaces’ composition [39]. As CCR mode
originates from the three-phase contact line pinned to the surface, it is more likely that
drop evaporation mode depends strongly on the CA hysteresis than on the absolute
CA value [40]. Shin et al. [41] stated that the surface features substantially influence
the evaporation rate, and the overall evaporation time takes longer as the membrane
surface presents a more hydrophobic nature. In our study, the decrement in the CA
value of the tested samples can be observed as the evaporation proceeds. In the case
of a 0.05G/PVDF membrane, no contact radius reduction is observed, thus the droplet
follows CCR evaporation mode with time, indicating a competitive hydrophilic nature
of the surface (Figure 6). Instead, the contact area line of water on pristine PVDF and
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0.005G /PVDF recedes, and no pinning is observed. According to Shin et al. [41], there
is no pinning (CCR mode) during droplet evaporation on a superhydrophobic surface
and the water droplet maintains the spherical shape until the end of evaporation. Our
observations prove that 0.005G/PVDF membrane surface shows hydrophobic behavior
decisively since the droplet remains in spherical shape—only a slight drop of contact angle
is noted—throughout the time of droplet evaporation.

\ / (b) f «©

Figure 6. The time-dependent changes in contact radius and contact angle of evaporating droplet on
(a) pristine PVDF, (b) 0.05G/PVDF and (¢) 0.005G/PVDF surface.

In the case of 0.05G /PVDF, the slight degree of oxidation could facilitate local graphene-
water interactions; however, the dependence of wetting behavior on the nanoscale structure
needs to be examined. AFM micrographs reveal that the presence of a low amount of
graphene introduces additional nanoscale structures in the surfaces (Figure 7). The signif-
icance of multi-scale rough structure on surface hydrophobicity enhancement has been
inspired by nature and is already well understood [42]. For instance, the structure of
lotus leaves—one of the most famous examples of naturally occurring superhydropho-
bic surfaces—consists of a combination of micro-roughness (around 10 um) and nano-
roughness (around 100 nm) [43]. The coexistence of these two morphological effects
has been demonstrated to enhance antiwetting properties in a membrane coated with
fluorinated TiO; or SiO; nanoparticles [44,45]. In our study, AFM analysis indicates an ad-
ditional fine-structure mainly in graphene-coated membranes obtained from 0.005 mgmL‘1
graphene liquid dispersions (Figure 7b).

This second topography scale is expected to induce a series of mixed states between
Wenzel and Cassie-Baxter with an important contribution to the last one wherein the
graphene groove scale is predominant. Values of Ra 272 + 10 nm, Rq 327 + 6 nm, and
Rz 767 + 73 have been calculated throughout the 0.005G/PVDE. In a more targeted manner,
Rz value is the average of the highest peaks and deepest valleys, the PVDF (Table 2). So,
the strongest anti-wetting property of 0.005G/PVDF can be plausibly attributed to the
multi-scale rough structure.

A larger deposition of graphene flakes produces a new one-scale situation predomi-
nantly (Figure 7c), which leads to a more flattened surface with values of Ra 97 = 7 nm,
Rq 133 £ 15 nm, and Rz 180 £ 16 nm. The lowest surface roughness associated with
local graphene oxidation is hence expected to produce a lower resistance to the liquid
spreading for 0.05G/PVDF membrane surface. Differently from two graphene-coated mem-
branes, the pristine PVDF surface exhibits surface roughness values of Ra 214 + 19 nm,
Rq 272 = 10 nm, and Rz 499 =+ 21 nm, respectively. In this case, Figure 7a shows the pres-
ence of pores and other surface deformities due to spherulitic-like polymer particles, which
cause a reasonable predominant Wenzel regime with contact angle values of 124 + 4° and
a quicker receding of the contact area line of water (Figures 5 and 6).
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Figure 7. 3D AFM images of (a) pristine PVDF, (b) 0.005G/PVDF, (¢) 0.05G/PVDF membranes
(projected surface 1 pm x 1 um) and 2D AFM images of (d) pristine PVDF, (e) 0.005G/PVDF,
(f) 0.05G/PVDF membranes (projected surface 5 um x 5 um).

Table 2. Surface roughness estimated for all membranes.

Ra Rq Rz
Sesaple (nm) (nm) (nm)
PVDF 214+ 19 272+ 10 499 + 21
0.05G/PVDF 9747 133+ 15 180 + 16
0.005G/PVDF 272 + 10 327+ 6 767 + 73

Itis quite important to observe as NaCl solution spreads less than pure water (Figure 5a).
This indicates no interaction between salt, polymer, and graphene in full agreement with the
literature. Palacio et al. [46] demonstrated that in NaCl/graphene interface NaCl films adapt
to the graphene without disrupting its morphology; no chemical interactions or intercalation
takes place with graphene, confirming the total inertness of materials.
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3.3. Membrane Distillation Experiments

DCMD tests have been carried out on pristine PVDF, 0.05G/PVDE, and 0.005G/PVDF
membranes. After six running hours, better performance has been tuned for the graphene-
coated membranes with an incremental ratio of the flux decisively higher for 0.005G/PVDF
as compared to the pristine PVDF membrane (Figure 5a).

(a) (b)

120 0 -.—— 3 100
®0.005G/PVDF ¥ 0.05G/PVDF

100
s s L eas
= R« 100% £
In - ;
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E | z . N

9 — ° %
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Figure 8. Transport measured through all membranes coming in contact with pure water, NaCl
0.6 M and mixtures of NaCl and HA (0.6 M/0.5 mg mL~" and 0.6 M/1.0 mg mL~'): (a) Incremental
ratio in the flux for 0.005G/PVDF and 0.05G/PVDF membranes with respect to pristine PVDF
membrane at Tgegq = 33 “C; (b) Flux (J) and salt rejection (R) estimated at Tj.g = 40 °C for pristine
and 0.005G/PVDF membranes.

An increase of 106 and 77% in flux is measured through 0.005G/PVDF when worked
with pure water and NaCl 0.6 M, respectively. Under similar conditions, for 0.05G/PVDF
membrane the incremental ratio is of 41% with pure water and 31% with NaCl 0.6 M.
A total salt rejection (100%) is obtained with 0.005G /PVDF against a value of 99.84% for
0.05G/PVDF (Figure 8a). The under-performance of 0.05G /PVDF is basically due to smaller
pore size (Table 1) and lower resistance to wetting (Figure 5). Subsequently, additional
resistance to transport opposes water vapor diffusion while liquid spreading let small
saline droplets pass through the membrane pores, reducing slightly the efficiency of the
separation. In this context, further experiments have been continued on pristine PVDF and
0.005G/PVDF membranes in order to investigate the antifouling properties and reliability
of uncoated and coated membranes. Since humic acid (HA) is considered one of the most
significant sources in feed water causing organic fouling, mixtures of NaCl (0.6 M) and HA
(0.5and 1.0 mg mL~ 1) have been processed for 6 h at Ty, of 40 °C and under a difference
of temperature (AT) of ~24 “C across the membranes. Figure 8b shows that already small
amounts of HA affect visibly the performance of the pristine PVDF membrane with a
reduction of 59% of the flux. A lowering of 30% is instead valued for 0.005G/PVDF ata
lower HA concentration (0.5 mg mL ™) in the feed. At higher content of HA, an important
reduction of the flux is detected for both the membranes, although 0.005G /PVDF continues
to exhibit a better performance whatever the operative context examined.

As is well known, there are two possible ways to increase the vapor flux through the
membrane during the MD process: (a) to increase the driving force; (b) to reduce the mass
transport resistance [7]. The driving force of the process can be increased by enhancing the
vapor pressure difference across the membrane. A common approach is to increase the
temperature difference between feed and permeate or to increase the effective evaporation
area on the feed side. In this study, multi-scale roughness amplifies the mass transfer
through the graphene-coated membrane, preventing pore wetting concurrently. The results
are higher fluxes along with a total salt rejection (Figure 8b). Indeed, the numerous holes
and slots distributed through the graphene-coated surface reduce the contact area between
solid and liquid increasing the contact area between membrane and water vapor. As
mentioned, 0.005G/PVDF exhibits the highest surface roughness values with the highest
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standard deviation of the height distribution (Rg) and the uppermost average (Rz) of the
five highest peaks and the deepest valleys along the sampling length (Table 2). Considering
that Rq is much more sensitive than Ra and provides an indication about the nanoscale
texture of surface roughness and Rz yields indication about skews and kurtosis resulting
from the surface roughness profile irregularities, we can assume that the protuberances
distributed through 0.005G/PVDF surface cause entrapment of air bubbles. In this way,
liquid spreading and intrusion are prevented according to the Cassie-Baxter rules, thereby
resulting in a major ability of the membrane to contrast wetting and flooding events. On the
other hand, water in a vapor state finds a larger number of free gaps through which it can
diffuse. Moreover, considering the defective structure of graphene nanoplatelets, effective
sorption sites are available for water vapor molecules, which are, unlike water molecules,
devoid of hydrogen bonds. The result is a major interfacial area associated with mass
transfer assistance. In our previous study [8], the involvement of graphene nanoplatelets
in mass transport during membrane distillation experiments has been demonstrated; the
dependence of the mass transport coefficient of water on the amount of graphene confined
inside the membranes has been found, thus confirming the occurrence of assisted diffusion
of water vapor through the membranes. Therefore, it is not surprising to observe an increase
in fluxes when working membrane with graphene flakes onto the surface. The schematic
summarization of enhanced water vapor flux is depicted in Figure 9.

Reduced solid/liquid

Enhanced evaporation
contact area @

LA area
Assisted diffusion of
water vapour

e ¢ o ©
GNP coated PVDF

@ @ @ ©
. _ WATER VAPOUR
© HA A NaCl @ MOLECULE

Figure 9. The schematic summarization of enhanced water vapor flux through GNP coated

® WATER MOLECULE

PVDF membranes.

It is also relevant to observe how graphene is actively involved in the mitigation of
fouling (Figure 10). The normalized flux is regarded as a good indicator of the capability
of membranes to counteract the adhesion of foulants onto the surface. After two running
hours, pristine PVDF membranes show a gradual decline in the flux that becomes more
pronounced when salt solution is added with HA. On the contrary, the normalized fluxes
estimated for the 0.005G/PVDF membrane increase with time, yielding a clear indication
of the ability of the graphene nanoplatelets to assist water vapor diffusion through the
membranes while aggregations of salts and humic acid onto the surface are contrasted.
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Figure 10. Normalized flux estimated for pristine PYDF (a) and 0.005G/PVDF (b) when working
different NaCl/HA mixtures at Ty, 40 °C.

Despite that the antifouling properties of graphene are known, nano and micro-scale
structures responsible for a multi-level roughness can be further envisaged to prevent
wetting inside the membrane pores according to the Cassie-Baxter model. Again, the
contact area of water and membrane is reduced as water is supported by a rough surface
comprising the protrusions of the membrane and the air pockets between these protrusions.
Subsequently, the susceptibility to foulants deposition is expected to decrease differently
from what occurs on pristine PVDF membrane surface that is in a predominant Wenzel
state [16,47]. In this case, the foulant adsorption takes place more easily leading to an
additional resistance to water diffusion.

The fouling is totally reversible for the graphene-coated membrane after three cycles
of washing with water at 50 °C (Figure 11). A loss of 9% is instead estimated for pristine
PVDF membranes. To sum up, 0.005G/PVDF provides the appropriate roughness without
affecting the pore size and porosity of pristine PVDE. Graphene addition generates multi-
level roughness on the membrane surface, which leads to waterproofness and enhanced
mass transfer and protects against undesired phenomena such as fouling and wetting,.
As a result, an improved productivity-efficiency trade-off is obtained along with higher
durability and chemical resistance.

10
ClpvoF ] 0.005G/PVDF
. ) —
] —
-~ & | ——
£
=2 4t
3
-
2
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Before After After
NaCl NaCl/HA 0.5 mg mL NaCl/HA 1.0 mg mL"

Figure 11. Water flux (Jw) measured before testing NaCl 0.6 M and after testing NaCl/HA (0.5 and
1.0 mng_'l} splutions at 40 “C (Tjeed).
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A comparative analysis reveals as a few graphene nanoplatelets deposited throughout
the surface yield the best performance from productivity, selectivity, and economic points
of view (Table 3). Although, the examined membranes exhibit a wide range of vapor fluxes
{from 3 up to 18 L/m? h), the one produced in this work (0.005G /PVDF) can be considered
competitive for the following reasons:

Table 3. Structural properties estimated for all membranes.

Membrane

MD Configuration Process Parameters Flux (Lim*> h)  Rejection  Reference

PVDF + GNP (0.5 wt%)

0.6 M NaCl
DCMD TE: 56 °C -9 99.9%, [8]
Tp: 15°C

PVDF-f-G

0.5 M NaCl
DCMD TE 70°C -3 99.9%, [48]
Tp: 20°C

PVDF + GQDs (0.3) wt%

0.6 M NaCl
AGMD TE 60 °C 18 998, [49]
Tp: 20°C

PVDF + GO- APTS 0.3%

0.6 M NaCl
AGMD TE 85°C 54 996 [50]
Tp: 23°C

PVDF + GO- APTS 0.3%

0.6 M NaCl
AGMD T£ 85°C 6.25 99.9% [50]
Tp: 25 °C

Coated 0.005G/PVDF

0.6 M NaCl
DCMD TE 40°C 75 100%
Tp: 16 °C

This
work

{a) Large flux is obtained at lower feed temperature and using small temperature differ-
ences across the membranes, resulting in a cheaper process.

{b) Asimpler and inexpensive DCMD configuration can be used to get the best-performing
processes for productivity and selectivity under softer working conditions without
the necessity to increase electric energy inputs like the VMDD configuration.

Most of the works found in the literature report PVDF membranes modified with
graphene oxide (GO) or graphene quantum dots (GQDs), while graphene nanoplatelets are
not usually employed as additives for surface modification by the wet-filtration approach.

4, Conclusions

A new kind of PVDF surface modification by the wet-filtration method has been
proposed. Complex topographies due to additional nanoscale structure have been detected
on the graphene-coated membranes, especially when low graphene content dispersing
solutions have been used. The multilevel surface roughness has been regarded as re-
sponsible for a better antiwetting and anti-flooding behavior and an effective evaporation
area. MD experiments have been performed using complex mixtures of NaCl and humic
acid. Graphene-coated membranes have been demonstrated to have a performance higher
than non-modified PVDF and other graphene-functionalized membranes, with a better
productivity-rejection trade-off under softer working conditions. After six running hours,
the membranes exhibit good stability, mitigated fouling, and total recovery of the initial
water permeation. These findings suggest great potential of graphene-coated membranes
for highly performing MD processes.
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