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Abstract

Electro-spun polyvinylidene fluoride (P\VVDF) nano fiber membranes were prepared and compared with PVVDF casted membranes prepared by
the phase inversion method. The membranes were modified in two steps to obtain super-hydrophobicity: acid treatment followed by
silanization using a low-surface-energy fluoroalkyl silane (FAS). The modified membranes were tested for water desalination using a vacuum
membrane distillation system. The porosity, water contact angle, and surface morphology of the membranes were examined. The porosity of
the electro-spun modified nano fiber membrane (EMNM) was 94% compared to 81% for the cast modified membrane having the same
composition. The EMNM showed a significant hydrophibicity of 150° compared to 119.3° for the casted modified membrane. The EMNM
proved also superior to the casted modified membrane with respect to water flux, 41 lit/m2.hr versus 25 lit/m2.hr and salt rejection of 99.2%
versus 92.7%.

Keywords: Electrospinning; Phase inversion; Nano fiber membrane; Superhydrophobicity; Vacuum membrane distillation; Desalination.

1. Introduction

Water scarcity is currently one of the most pressing and increasingly addressed environmental issues. The challenge of
supplying clean drinking water, aggravated by population increase, climate change, and industrialization, has become one of
the most pressing issues of our time [1]. It is expected that the growing global population, industry and urbanization, would
aggravate the fresh water in crisis in many areas [2]. The quality of the few remaining freshwater sources has significantly
deteriorated as a result of water pollution due to wastewater discharge into surface water bodies causing illnesses and fatalities
[3, 4]. This instigated increased reliance and research in the area of desalination technology [5].

Desalination can be accomplished using a variety of methods, including electrochemical desalination cells, thermal
distillation, and selective membrane technology [6]. Thermal distillation (TD) techniques [7] range between thermal vapor
compression, multi-stage flash distillation (MSF), and multi-effect distillation (MED). The most commonly used selective
membrane technology for producing fresh water from brackish water or seawater is reverse osmosis (RO) [8]. Its main
disadvantage is flowing restrictions due to fouling and scaling issues, as well as its relatively high energy consumption.
Membrane distillation (MD) received significant attention in the past two decades as freshwater is recovered from hypersaline
sources using low-grade heat energy to power the filtration process [9]. It has been efficiently applied in desalination,
wastewater treatment, and separation of volatile organic solvents [10].

MD is a non-isothermal separation process relying on microporous hydrophobic membranes. The less volatile solutes
remain in the feed while the evaporated vapor molecules from the heated feed pass through the membrane and condense on
the lower pressure permeate side [11]. An MD membrane should have high hydrophobicity, high void volume fraction
(porosity), low pore tortuosity, low thermal conductivity, narrow pore size distribution, good scaling resistance properties, and
be robust enough for prolonged operation [10, 12]. However, obtaining a membrane that combines high productivity and high
salt rejection is still one of the most important challenges facing the membrane distillation process. More research is needed
for the development of durable, high-flux, high-rejection, and energy-efficient membranes [13].

The polymers used most widely to produce membranes for MD applications are polyvinylidene fluoride (PVDF),
polypropylene (PP), polyethylene (PE) and polytetrafluoroethylene (PTFE) [14]. Recent investigations concentrated on
enhancing the properties of membranes made from these well-established materials by adding chemicals to the membrane
matrix to reduce thermal conductivity or to boost hydrophobicity [11, 15]. In order to produce high-performance composite
membranes, a variety of transition metal oxides, including silicon dioxide (SiO2), aluminum dioxide (Al.0s), magnesium
oxide MgO, zinc oxide (Zn0O), and zirconium dioxide (ZrOz2), have been investigated as nano fillers. One of the major metal
oxides that is frequently utilized to create mixed matrix membranes is silicon dioxide nano particles (SNPs) [16].

Phase inversion, stretching, interfacial polymerization, electrospinning, and track-etching are the most widely utilized
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methods for the production of polymeric membranes [17]. The methods used in this research for producing polymeric
membranes are phase inversion and electrospinning. The phase inversion technique forms polymeric membranes as thin film
sheets or hollow fibers by submerging a homogenous polymeric solution in a water bath, which controls the process of turning
the solution from a liquid to a solid phase [18]. Electrospinning has become a viable method for creating nano fibrous
membranes [19]. The electrospinning process is highly flexible, relatively inexpensive, and enables easy arrangement of the
different nano fibers into 3D networks with varying thicknesses in spite of the instabilities of the electrified jet caused by the
electric field [20]. Electro-spun nano fibrous membranes (ENMs) are interesting options for the MD process because of their
high porosity, interconnected structure, pore size, and thickness adjustability [21]. ENMs also have high mechanical
resistance, good ratio of surface to volume, and easily soluble functional groups that increase their hydrophobicity [22, 23].

ENMs have been modified using a variety of pre and post techniques to decrease pore size and increase surface
hydrophobicity while preserving higher permeate flows [24, 25]. By functionalizing ENMs with nano particles (NPs),
hierarchical surface structures can be created, increasing surface roughness and producing a large number of air pockets,
which increases hydrophobicity [26]. There are several methods to introduce the nano particles including adhesive deposition
or dip coating, mixing with the electrospinning dope solutions, and electrospraying the nano particles while electrospinning
the membranes [27]. For membrane superhydrophobicity, a membrane with low surface energy and high surface roughness is
more effective. Fluoro alkylsilane (FAS) compounds have low surface energy and a hydrophobic fluoroalkyl group at one
end. These compounds can be applied to membranes or nano particles to create a superhydrophobic surface which enhances
the MD process.

In the present work, hydrophobic modified PVDF/SNP membranes were prepared. An indirect modification technique was
used to help the hydrophobic fluoroalkyl group to graft more effectively and steadily onto the membrane surface. Several
analytical methods were used to characterize and evaluate the modified membranes including scanning electron microscopy
(SEM), mechanical properties, contact angles, pore size distribution and porosity measurement. The prepared membranes
performance was assessed in a vacuum membrane distillation system for water desalination.

2. Materials and Methods
2.1. Materials

A commercial water insoluble polyvinylidene fluoride (PVDF) powder is used to prepare the hydrophobic porous
membrane, having a density of 1.78 g/cm?® (Alfa Aesar Inc, Germany). 1-Methyl-2-Pyrrolidinone (NMP), Mwt 99 g/mole and
99% purity was used as the solvent without further purification (Sigma Aldrich, USA). N, N-dimethyleformamide (DMF)
(purity ~99.7%) was procured from Fisher Scientific, Germany. Lithium chloride (LiCl), 99% purity, was used as a modifying
agent to act as a non-solvent additive to the casting solution (Sigma Aldrich, USA). Ethylene glycol (EG), assay 99%, boiling
range 149-199°C, (Fisher Scientific, Germeny). Silicon dioxide (SiOz) nano powder (SNP) (purity ~99.5%, particle size: 10-
20 nm) was obtained from Sigma Aldrich USA. FAS compound 1H,1H,2H,2H -Perfluoroocyltriethoxysilane, 97% was
obtained from Thermo Scientific, product of China. Hydrochloric acid (HCI) and hexane were obtained from El Nasr
Pharmaceutical Chemicals Co. and Piochem respectively. Isopropanol, 99% purity, Mwt 60 g/mole, density 10 g/mol (ROTH
Company, Germany).

2.2. Dope solution preparation

The dope solution was prepared by dissolving the dried PVVDF powder in a mixture of 90% DMF and 10% NMP by
volume with the addition of 1% by weight EG. The PVDF solution was prepared by dissolving 14 wt.% PVDF in the solvent
mixture and stirring for 6 hours at 70°C. 2 wt.% of SNPs were ultrasonically mixed in the solvent mixture at ambient
temperature for half an hour. This solution was then combined with a separately produced PVDF dope solution as shown in
Figure 1. To improve the electro-spinability and conductivity of the dope solution, a trace quantity of LiCl (0.004 weight
percent) was added [28]. The dope solution prepared was degassed at room temperature for one day. To guarantee uniform
dispersion of the nano particles, the dope solutions were also sonicated for ten minutes before the electospinning procedure.

2.3. Preparation of the cast membranes
Phase inversion was used to prepare the cast membranes using a polymeric dope solution. A liquid solution was poured
onto the glass plate and a film of casting solution spread with a wet-casting thickness of 300 um using a doctor knife tool at
room temperature. After casting, coagulation was carried out by placing the membrane in a water bath to evaporate the solvent
thus leaving a thin uniform polymeric membrane sheet. When the membrane came into contact with water, it became opaque,
indicating that the polymer in the solution had coagulated and precipitated. The formed membrane was dried in open air at
room temperature before testing.

2.4. Electrospinning setup
The electrospinning process was carried out at a high voltage to create the composite polymeric nano fiber [20]. As seen in
Figure 1, a typical electrospinning setup consists of up of three main parts: (1) Needle of small diameter; (2) high voltage
power supply; and (3) aluminum foil collector. High voltage was applied to a polymer solution jet that was electrically
charged. The jet stretches before it reaches the collector, after which the solvent evaporates and the polymer solidifies as nano

fibers on the collector [3, 29].
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Fig.1. lllustrative diagram of Preparation dope solution and nano fiber preparations via. electrospinning setup.

2.5 Preparation of the electrospun nano fiber membranes

For fabrication, an electrospinning machine (Nano NC) utilized a high voltage generator, a flat collector, and a syringe
pump. A stainless-steel needle (23G X 1 in. accuracy, Becton-Dickinson & Co., Franklin Lakes, NJ) was positioned vertically
15 cm above the flat collector, and the 12 ml tip plastic syringe (Luer Lock, HENKE-JECT, Germany) was connected to it.
The flat collector was covered with an aluminum foil on which the fibers deposited. Since the needle was attached to a high
voltage (20-30 kV) source, the electrostatic field between the needle tip and the flat collector caused the solution to deform as
soon as it exits the needle.

The electrostatic force between the flat metal collector (negative side) and the needle tip (positive side), causes the
distortion of the polymer solution into a conical shape known as a Taylor cone, from which a fiber jet is released. This fiber
jet is elongated and stretched. The solvent is evaporated along the tip-collector distance (TCD) path and fibers are deposited
on the 25x25 cm flat collector surface. The fiber mat was removed from the foil after it had formed, allowed to dry at room
temperature, and then stored in a desiccator until it was used. The spinning process was carried out in a closed chamber under
the following conditions: a flow rate of 1 ml/h, a temperature of 25 £ 5 °C, and a humidity of 30 £ 5%. The same set of
electrospinning parameters and operating conditions were used to produce each membrane. Figure 2 is a schematic
representation of the electrospinning system.
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Fig. 2. Schematic representation of the electrospinning system.

2.6. Surface modification of cast and nano fiber membranes
This study used a two-step modification technique. In order to strengthen the free Si—-OH groups for bond formation in the
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following phase, the manufactured membranes were first treated with a 1 M hydrochloric acid solution at 60°C for 1 hour
[30]. The membranes were then rinsed three times with distilled water and dried at room temperature. The second step
involved submerging the membranes for eight hours at room temperature in a hexane solution containing 1% v/v FAS to
fluorinate the membrane surface. After rinsing the fluorinated membranes with hexane to get rid of the extra FAS, the
membranes were left to dry overnight. The two types of membranes were modified using the same modification process.
Figure 3 shows the membrane fabrication and modification steps.
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Fig. 3. Composite membranes fabrication and modification steps.

2.7. Membrane Characterization

2.7.1 Scanning Electronic Microscopy (SEM)

Using field emission SEM (JEOL 5410), NRC, Egypt [31], images of membrane samples were acquired in order to
ascertain the shape of the surface structure. All samples had a tiny layer of gold sputtered on them to create a conducting face
prior to SEM analysis. The accelerating voltage used for imaging was 20 kV [18]. The SEM was coupled with an energy-
dispersive X-ray device (EDX) to identify the surface composition of the membrane. To provide electrical conductivity gold
sputtering was applied to the dry samples.

2.7.2 BET Surface Area

The nitrogen adsorption/desorption process known as Brunauer-Emmett-Teller (BET) was used to gain insight into the
pore-level of the membrane. For a full day, the membrane sample was surface activated by degassing it at 60°C and 2-10 bar
vacuum. Subsequently, the sample cell was moved to a Bel Sorp Max device (Japan) to determine its nitrogen adsorption-
desorption isotherm at the temperature of liquid nitrogen. Using the NLDFT method, the pore size distribution is then
calculated, and the specific surface area is estimated from the isotherm.

2.7.3 Porosity

Using the gravimetric approach, the porosity of each membrane sample was determined [11]. This approach used an
electronic weight balance to weigh membrane samples that were both fully wetted and dried, and the following equation (1)
was used to determine the porosity:

. _ (WW_Wd)/pl

Porosity, € = Wy=Wa)/p1+Wa/p1 &)
Where Ww and Wd represents the weights of the wet and dry membrane samples, respectively, in grams, pp is the polymer
density (g/mq), and p, is density (g/m?) of iso-propyl alcohol. Each membrane was tested at least three times.

2.7.4 Water Contact Angle (WCA)

A contact angle measuring instrument (OCA 15EC, NRC, Egypt) was used to measure the water contact angle of the
produced membranes in order to determine their wettability. For each membrane sample, the contact angle was considered to
be the average measured in three separate locations [9].

2.8. Membrane performance using vacuum membrane distillation (VMD)

The prepared membranes were evaluated and assessed for application as hydrophobic porous membranes using the VMD
unit at the National Research Centre, Egypt shown in Figure 4. The membrane was fixed in a specially constructed membrane
cell (effective area 100 cm?) for the VMD test, which was connected to the feed and permeate sides via silicon tubes. An
aqueous salt solution (3.5 wt% NaCl) was added to the feed tank, which was then heated to 70°C by a continuously stirred hot
plate (MSH-20D, DAIHAN Scientific co, Korea). The heated feed was circulated at 15 cm?s using a peristaltic pump
(YT600-1JKZ35, longer pump co, China) across the membrane cell. Using a vacuum pump (1 bar) (vacuum pump- SH-V40,
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SH SCIENTIFIC, Korea), water vapor removed from the permeate side was condensed in a tube condenser cooled by water at
10 °C. The flux and conductivity of the condensate/permeate were measured every 30 minutes. In order to maintain a
consistent feed concentration, the same volume of distilled water was added to the feed tank.

The rate at which the mass and salinity (conductivity) of the permeate changed was used to calculate the VMD permeate flux

and salt rejection. The water permeation flux was determined from equation (2):
AW

] = A XAt (2)

Where J is the permeate flux, lit/ (m? h), W is the volume of distilled water, lit, A is the membrane area (m?), and the time (h).
Salinity was measured by a portable conductivity meter (AD 8000, Adwa instrument, Romania). The salt rejection was
recorded at different salt concentrations of feed and permeates. The salt rejection (SR) is obtained assuming that the salt
concentration to its electrical conductivity using equation (3): where Cp is the final salt concentration (conductivity) of the
permeate stream and Cf is the initial salt concentration (conductivity) of the feed. The salt rejection was calculated from

SR ="%2x100 @)
Cr

Salt selution
Hotplate

w o o=

Peristaltic pump
4. Membrane modele

| s Membrane

Condensate waler

- -—
| |
v £ Vacuwm trap
; "_
}' 9 Vacuwm pump
; | | 2
l : - = 1

Fig. 4. Schematic of the lab scale VMD unit.
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3. Results and Discussion

3.1. Membrane Morphology

Electrospinning is a widely recognized and adaptable method for fabricating membranes having high porosity and
enhanced hydrophobicity [32]. Because of its porous structure and three-dimensional (3D) network, the ENMs have a large
surface area and surface functions that can be further modified [33]. In this study, membranes were fabricated using two
different methods namely electrospinning and phase inversion. Every membrane sample was examined under a scanning
electron microscope to examine its intricate surface shape and formation.

Figure 5, 6 shows the SEM images of the ENMs (Pe1, Pez) fabricated before and after modification. It is evident that the
ENMs displayed an entangled nanostructure with nanonets, as well as randomly oriented 3D woven membranes. Furthermore,
it is evident that the nano fibers include beads [34]. Before modification, the Pe; membrane was found to have a homogeneous
fiber diameter and a smooth surface, indicating that the electrospinning parameters were well optimized [35].

The results show that the modified ENM is composed of a regular network system with nodes which improve membrane
separation performance in MD. The Pe2 membrane after modification incorporated FAS compound and appeared relatively
rough on the surface because of the deposition of the nano particles on the nano fibers. Also, there was some aggregation of
nano particles. Numerous studies have documented nano particle aggregation within nano fibrous composite membranes,
which is a common restriction associated with nano particles due to their tiny size and high surface energy [36]. Nevertheless,
the inclusion of nano particles in the polymer solution causes bead formation during fabrication, which improves the
hydrophobicity and surface roughness of the membrane [37].

The Pe2 was then selected for additional analysis through EDX. To find the elements in this membrane, line scanning was
done on its cross-section as shown in Figure 6. This EDX image showed the elements silica (Si), carbon (C), oxygen (O), and
fluorine (F). The detected elements depict PDVF polymer and hydrophobic modified nano fiber membrane with silane
solution.

The elemental compositions, in the modified membranes, were measured. It was noted that elemental peaks with 36.58 wt.
%, 54.75 wt%, 2.97 wt. %, and 5.7 wt. % were observed corresponding to the carbon, fluorine, oxygen and silica. It implies
that the nanoparticles were activated and their free Si-OH groups were increased through this acid treatment. Also, the alkyl-
silane group of FAS was successfully crosslinked with the Si—OH group of SNP.It is noted that the C and F elements account
for the highest proportion of elements on the sample surface, because the body polymer PVDF is made of hydrocarbon
compounds [38, 39].

Egypt. J. Chem. 68, No. 11 (2025)



270 E. T. Desouky et.al.

Figure 7 shows the SEM images of the cast membranes (Pc1, Pcz) fabricated using the phase inversion technique before and
after modification. It is evident that the size of the macrovoids decreases for membrane Pc. after modification. Therefore, the
modification steps make the membrane denser with a narrower pore size and resulting in a smoother surface morphology. This
improves the performance of membrane due to increased salt rejection [40].

Fig. 5. SEM micrographs for electrospun nano fiber membranes before Pe;. The images on the right are a magnification at 40000 x of the
indicated areas.
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Fig. 6. SEM micrographs and EDX for electrospun nano fiber membranes after modifications Pe,. The images on the right are a magnification
at 40000 x of the indicated areas.
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Fig. 7. SEM micrographs for cast membranes before and after modifications (a) Pc; and (b) Pc,. The images on the right are a magnification
at 15000 x of the indicated areas.

3.2. Pore size distribution
Pore size distribution is another membrane property that is crucial for determining the effectiveness of membranes in water
desalination [41]. With a restricted pore size distribution as the target, the perfect nano fibrous membrane is to enable high
permeability and superior separation efficiency [24, 42]. Figure 8 presents the pore size distribution of the prepared
membranes after modification. It is evident that the distribution of pore sizes narrowed around the mean pore size of 7.2 nm
and 10.5 nm for Pc2 and Pez, respectively. The increase in average pore size from Pcz to Pe2 membrane leads to an increased
permeability. This also increases the rejection efficiency of membrane [43].
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Fig.8. Pore size distribution histograms on the surfaces of modified membranes: (a) Pc; and (b) Pe,.

3.3. Porosity

In membrane distillation systems, porosity is a critical characteristic that determines the membrane performance. The
concept of high porosity is used to develop the perfect nano fibrous membrane with high permeability and superior separation
efficiency [42]. While having a large porosity is ideal for achieving high penetration rates, this also raises the danger of
wetability and decreases the membrane's acceptance efficiency [43]. The prepared nano fibrous membrane Pe: after
modification possess several salient characteristics including excellent porosity of ranging between 74% and 94%. The
measured porosity of the fabricated electrospun nano fiber membranes increased from (83% for Pei) to (94% for Pez) after
modification of membranes. The measured porosity of the cast membranes increased from (74% for Pc1) to (81% for Pc2)
after modification of the membranes.

3.4. Water contact angle and membrane hydrophobicity

Hydrophobicity is a desirable membrane property for the MD process since it decreases wettability resulting in a high
rejection rate [44]. Prior findings for surface roughness indicate a clear correlation between the contact angle and surface
roughness. It has been reported that nano fiber membranes with the lowest water contact angle also had the highest surface
roughness. This means that higher surface roughness is associated with a higher hydrophobicity of the nano fiber surface [45].
In the present work, the water contact angle (WCA) of all membranes varied between 60 and 150 degrees. Figure 9 shows the
images of the contact angle of the various membranes. It is seen that the WCA of Pc1 and Pc: flat sheet membranes increased
from 61.3 to 119.3 after modification while the WCA of the nano fiber membranes Pe1 and Pez increased from 100.7° to 150°.
This increase in the WCA is attributable to the increased membranes' surface roughness after modification [28, 46].

Figure 10 compares the WCA of cast and nano fiber membranes before and after modification. Compared to other
membranes prior to alteration, the modified Pc2 and Pe2 membranes demonstrated a significantly enhanced contact angle; as a
result, the electrospinning approach was able to produce super-hydrophobicity in Pe2. Comparing the modified membrane to
the smooth nano fibers of PVDF membrane, the increased surface roughness produced by SNPs and the better attachment of
hydrophobic silane groups onto its surface are what give it its super-hydrophobicity [11, 13]. This may attributed to the acid
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pre-treatment step which strengthens the OH group on the silica nano particles and intensifies the condensation process
between the OH group of SNPs and the Si—O-alkyl groups of silane compound [25, 47]

Additionally, it can be shown that the electrospun membranes have larger contact angles compared to the cast membranes
when electrospinning and phase inversion are compared. Therefore, electrospun membranes are more hydrophobic than the
membranes produced by the phase inversion process.
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Fig. 9. Image of Water contact angle for the produced membranes (a) Pc;, (b) Pc,, (c) Pey, (d) Pe,.
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Fig. 10. Water contact angles of all membranes with and without modification.

3.5 VMD performance of the prepared membranes

The membrane requirements for membrane distillation are high flux and high salt rejection (SR). The VMD experiments
were conducted for a feed solution having a concentration of 3.5 wt% NaCl at a flow rate of 15 cm®/s and a temperature of
70°C with a permeate side vacuum pressure of about 1 bar. After 30 minutes, the weight of the permeate and salt rejection
were recorded. Figure 11 compares the water permeate flux for the cast membranes before and after modification. It is seen
that the water permeate flux was 17 kg/m?2.h for (Pc1) which is lower than that of (Pc2) (25 kg/m?2.h). The increased porosity of
the redesigned cast membrane is responsible for this increase in permeate flux. The salt rejection for (Pc1) before modification
was 86.3%, and was lower than 92.67% for (Pc2) after modification. Figure 11 also presents the permeate flux and salt
rejection of the electrospun nano fiber membranes before and after modification. (Pel) gave a permeate flux of 32 kg/m2.h
and a salt rejection of 94.6%. The above figures increase up to 41 kg/m2.h and 99.2%respectively after modification for (Pe2).
This is explained by the increased porosity and hydrophobicity on the surface of (Pez).
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Fig. 11. Membrane performance in VMD experiments for water permeate flux and salt rejection of the prepared membranes.

4. Conclusions

The present study compared the suitability of two PVDF membranes fabricated by two different techniques to be used in
vacuum membrane distillation for sea water desalination. Cast PVDF membranes were prepared by phase inversion and nano
fiber PVDF membranes were prepared by electrospinning. Both membranes were subjected to a two-step surface modification
process including acid treatment and fluorosilanization using FAS. The acid treatment increased the free Si—-OH group thus
providing for more FAS crosslinking sites. The modified electrospun nano fiber membrane gave better hydrophobicity with a
WCA of 150° versus 119.3° for the modified cast membrane. The porosity of the modified membranes was 94% for the
ENMs, while it was 81% for the cast membrane.The VMD tests undertaken also indicated a superior permeate flux and salt
rejection for the modified ENM of 41 lit/m2.hr and 99.2% compared with 25 lit/m2.hr and 92.7% for the modified cast
membrane. This indicates the suitability of the prepared modified superhydrophobic ENMs for VMD desalination application.
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