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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].  

 

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 aqueous 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. 
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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 = ℎ𝑚(𝑇𝑓,𝑚 − 𝑇𝑝,𝑚) + 𝐽𝛥𝐻𝑣 (1) 

According to Figure 2, convective heat transfer at the feed side 𝑄𝑓 can be defined by Eq. (2): 

𝑄𝑓 = ℎ𝑓(𝑇𝑓 − 𝑇𝑓,𝑚) (2) 

while convective heat transfer at the permeate side 𝑄𝑝 is described by Eq. (3): 

𝑄𝑝 = ℎ𝑝(𝑇𝑝,𝑚 − 𝑇𝑝) (3) 

where hm, hf, and hp are the heat transfer coefficients of the membrane, feed, and permeate, respectively, and 

Tf,m, Tp,m, Tf, 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 (ψ) and is 

defined as follows: 

𝜓 =
𝑇𝑓,𝑚−𝑇𝑝,𝑚

𝑇𝑓−𝑇𝑝
 (4) 
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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).  

𝑁′ =  
𝜀

𝜏𝛿

𝑃𝐷𝑖𝑗

𝑅𝑇

(𝑝1−𝑝2)

|𝑝𝑎|𝑙𝑛
 (5) 

where ε, P, D, p1, p2, τ, δ, 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). 

𝑁′ =  
1

𝑅𝑇

2 𝜀𝑟

3𝜏
(

8𝑅𝑇

𝜋𝑀𝑖
)

1/2 (𝑝1−𝑝2)

𝛿
 (6) 

where r and Mi 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): 

𝐶𝑃𝐶 =
𝑐𝑓,𝑚

𝑐𝑓
 (7) 

where 𝑐𝑓,𝑚 is the concentration of the solute close to the membrane surface (liquid/gas interface) and 𝑐𝑓 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).  
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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 γLV, γSL, and γSV, 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): 

𝑐𝑜𝑠𝜃𝑒 =
𝛾𝑆𝑉−𝛾𝑆𝐿

𝛾𝐿𝑉
 (8) 

where 𝜃𝑒 is the instantaneous (dynamic) contact angle and 𝛾𝑆𝑉 , 𝛾𝑆𝑉, and 𝛾𝐿𝑉 are the solid–vapor, solid–liquid, 

and liquid-vapor interfacial tensions. This approach works well with smooth and homogenous surfaces. 
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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 0o; however, the 

surface is considered as hydrophilic for all cases when γSV<γSL, 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 180o; however, a surface is conventionally described as 

hydrophobic when γSV>γSL, with the contact angle being greater than 90°. 

 

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 ± 2.7o [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]: 

𝑐𝑜𝑠𝜃𝑟 = 𝑟𝑐𝑜𝑠𝜃𝑒 (9) 

where 𝑟 is the roughness factor, 𝜃𝑟 is the CA on a rough surface, and 𝜃𝑒 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 θe value equals 90°, where there is a changeover in the sign 

of the cosine term. It means that for hydrophilic surfaces with θ<90°, the roughness factor’s enhancement will 

cause a further reduction in the Wenzel contact angle toward 0°, whereas for hydrophobic surfaces with 

θ>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 

θ
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γSL γSV θ θ
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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: 

𝑐𝑜𝑠𝜃𝐶𝐵 = 𝑓1𝑐𝑜𝑠𝜃𝑒 − (1 − 𝑓1) (10) 

where 𝜃𝐶𝐵 is the heterogeneous CA, 𝑓1 is the fraction of the contact line of the liquid with the solid, and thus 

(1 − 𝑓1) is the area bridged between solid surface features.  

According to equation (10), 𝜃𝐶𝐵 will increase as 𝑓1 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.  

 

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 (Ra). 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. 
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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 150o 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. 

 

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, I conducted a literature review aimed at selecting the newest methods of fabricating 

superhydrophobic membranes for desalination using MD. I 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. I 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, I 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. I 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: 

• 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. 

• 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. 

• Understanding the effect of graphene introduction to the membrane structure on membrane surface 

and transport properties. 

• 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. Gontarek-Castro, E.; Castro-Muñoz, 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. 

P2. 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/C9NR02581B, IF: 7.790, Q1, 140 points. 

P3. Gontarek-Castro, E.; Rybarczyk, M. K.; Castro-Muñoz, R.; Morales-Jiménez, M.; Barragán-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. 

P4. 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. 

 

 

 

 

 

 

 

 

 



 
 

 
FACULTY OF CHEMISTRY 

 

 

 
 

22 
 

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 PVDF 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/m2 h): 

Rejection: References: 

DCMD 

3.5 wt.% NaCl 

Tf: 70 oC 

Tp: 25 oC 

TiO2  163 o ± 3 o 190 kPa 

 

8 h ~ 30 - 

 

[31] 

DCMD 

3.5 wt.% NaCl 

Tf: 60 oC 

Tp: 20 oC 

SiO2  >150 o 150 kPa  

 

 

25 h 

 

 

 

24.6 ± 1.2 

 

>99.99% [40] 

DCMD 

3.5 wt% NaCl 

Tf: 60 oC 

Tp: 20 oC 

Ag 153o ± 4o 146 ± 12 kPa 

 

8 h 31.6 - 

 

[39] 

VMD 

200 g/L NaCl 

Tf: 60 oC 

ΔP: 80 kPa 

ZnO 152 o 277 ± 8 kPa 8h 4.5 ~99.99% [41] 

DCMD 

3.5 wt.% NaCl 

Tf: 70 oC 

Tp: 20 oC 

SiO2  156 o 275 kPa  

 

 

 

15 h 

 

~8  

 

99.99% 

 

 

[42] 

VMD 

15 wt% NaCl + 6 wt% MgCl2 

Tf: 80 oC 

ΔP: 0.096 MPa 

SiO2  150o - 

 

12 h ~4.5 - [43] 

DCMD 

70 g/L NaCl 

Tf: 60 ± 1 oC 

CNT 158.5 o ± 1.5 o 99 kPa  5 h 29.5 >99.99% [44] 
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Tp: 20 ± 1 oC  

DCMD 

35 g/L NaCl 

Tf: 60 oC 

Tp: 20 oC 

CNT 150.4 o ± 0.8 o 40.5 ± 2.8 kPa 6 h 48.1 >99.98% 

 

[36] 

DCMD 

3.5 wt% NaCl 

Tf: 60 oC 

Tp: 20 oC 

SiO2 153.9 o 179 kPa 

 

50 h 18.9 - 

 

[45] 

DCMD 

3.5 wt% NaCl 

Tf: 60 oC 

Tp: 20 oC 

SiO2 155.6 o 230 kPa 

 

24 h 41.1 >99.99% [37] 

DCMD 

30×103 mgL−1 NaCl  

Tf: 60 oC 

Tp: 20 oC 

SiO2  >150o 84.2± 2.8 kPa 50 h 34.2 >99.9% [46] 

DCMD 

3.5 wt% NaCl 

Tf: 70 oC 

Tp: 25 oC 

TiO2  157.1 o 158 kPa 10 h 

 

 

 

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 153o and 154o for silver- and silica-modified 

membranes, respectively. Other authors prepared superhydrophobic MD membranes by modifying 

poly (vinylidene fluoride-co-hexafluoropropylene) (PcH) membranes with TiO2 [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 o. In another study, 

TiO2 coating and fluorination resulted in an increase in the water CA from 125o for pristine PVDF up to 163o 

after modification [31]. Moreover, the modified membrane exhibited a significantly higher flux recovery 

compared to the unmodified one. 

 

 

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 PVDF 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/m2h for PVDF nanofiber 

membranes, up to 18.9 kg/m2h 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/m2h).  

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. 

 

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/m2h. In another study, using a similar modification, the authors observed increased surface roughness, 

which led to a CA increase up to 158o. 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 TiO2 coated with perfluoroalkylsilyl groups 

resulted in the water CA increasing from 134o to 160o [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 152o 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 lS/cm and 10.19 lS/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 (>162o), 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 sp2 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, I 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 oC. 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 µm, 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. 

 

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-1 and 0.005 mgmL-1. 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 α and γ 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-1 and 2500-3720 

cm-1 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 μm and an overall porosity (ε) 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 µm down to 0.27 and 0.24 µm, 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]. 

 

 

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

151±3 ° 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 GNP0.5%, 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 MMMs 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). 

 

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 ± 4o and 124 ± 4o 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 ± 2o. 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 PVDF 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-1 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−1 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 

GNP0.5% 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 

quantum 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. I 

provided an overview of superhydrophobic membranes used in the MD process, together with the mechanisms 

leading to effective MD performance. I 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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