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Abstract 

Polyvinylidene fluoride (PVDF) was used to create microporous, hydrophobic/hydrophilic dual-layer, tri-bore hollow fiber 

membranes under various operating conditions and with various polymeric dope compositions. Nanoparticles of silicon 

dioxide and titanium dioxide were added to both the outer and interior layers. To produce fibers with various morphologies, 

the concentration of SiO2 nano powder in the inner dope solution was changed. The created membranes were examined under 

a microscope to determine their shape, level of roughness (AFM), contact angle, and mechanical characteristics. The produced 

membrane's suitability for vacuum membrane distillation (VMD) is assessed. This study aims to relate the polymeric dope 

composition and spinning conditions to the preparation parameters, namely the hydrophobic/hydrophilic tri-bore hollow fiber 

membrane flux. 

 

Keywords: triple orifice, hydrophobic/hydrophilic dual-layer membrane, multi-bore hollow fibers, membrane distillation, 

nanoparticles. 

 

  

Introduction

  

To solve the global water shortage, a number of 

solutions have been suggested, including desalination 

and wastewater recycling [1]. Membrane distillation 

(MD), a new and promising technique, has been 

given a lot of thought when it comes to alternatives 

for desalinating water. A microporous hydrophobic 

membrane is used in vacuum membrane distillation 

(VMD) as a barrier to prevent contact between the 

aqueous feed stream and the produced water vapor 

[2-4]. Higher permeation flux, improved thermal 

efficiency, and the ability to use sustainable energy 

sources including geothermal resources, solar energy, 

and waste heat streams make VMD superior to 

previous MD designs [5-7]. 

 

The membrane is an important component of the 

desalination process in MD setups. To avoid being 

wet by the feed solution, the optimal MD membrane 

ought to be hydrophobic. It should have good 

mechanical qualities, a high penetration flux, and 

excellent salt rejection. [8,9]. Due to its high 

operability and tunable membrane forming qualities, 

polyvinylidene fluoride (PVDF) is used extensively. 

PVDF membranes for VMD should be rationally 

designed with high mechanical strength, adequate 

stability for frequent usage, and long-term 

preservation in consideration [10-13]. For VMD 

applications, numerous PVDF hollow fiber 

membranes have been created. The increase in 

permeation flux is favored by large porosity and thin 

walls, however this compromises the mechanical 

strength of the resulting membranes. [14-23]. 

 

In an effort to modify the membrane structure and 

enhance its qualities, appropriate additives are added 

to the PVDF dope solution as part of efforts to 

improve the mechanical properties of PVDF 
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membranes. To strengthen the structure of PVDF 

membranes, mixed matrix membranes including 

nanoparticles were created [24-29]. 

Hydrophilic/hydrophobic dual-layer membranes for 

VMD have been observed to increase the permeate 

water flux while retaining high salt rejection and 

membrane high mechanical strength [30-36]. It has 

also been suggested that using multi-bore hollow 

fibers (MBHF) will increase the membrane's 

mechanical stiffness [37-44]. In these attempts, 

PVDF was frequently employed as the structural 

matrix support [45-48]. Thus, the intrinsic properties 

of PVDF continued to govern the total mechanical 

strength of the membrane. A better option for 

creating MD membranes with synergistic features 

would be if the mechanical strength of PVDF could 

be increased by the addition of various hydrophilic 

substrates to create a composite multi bore hollow 

fiber membrane. 

 

The two primary methods for producing 

hydrophilic/hydrophobic dual-layer (H/H DL) 

composite hollow fiber membranes for VMD are co-

extruding and surface coating modification. Through 

the use of a co-extrusion method, a triple-nozzle 

spinning technology has been created for the one-step 

preparation of composite dual-layer hollow-fiber 

membranes. [49-50]. 

 

To far, no (H/H DL) composite multi bore hollow 

fibers (MBHFC) have been co-spun employing a 

triple orifice spinneret from two compatible dope 

solutions for MD applications. While silicon dioxide 

nanoparticles (SiNPs) were chosen as an additive to 

the PVDF inner layer due to their good elastic 

properties, slight hydrophilicity, and moderate 

compatibility with PVDF, fluorinated titanium 

dioxide nanoparticles (FTiNPs) were used to create a 

highly hydrophobic PVDF outer layer. To improve 

its mechanical stretchability, the inner layer was 

treated with a non-toxic solvent called tri ethyl citrate 

(TEC). 

To design and optimise each layer with a particular 

purpose, a thorough examination of the spinning 

principles of composite tri-bore hollow fibres 

(TbHFC), three-needle triple orifice spinneret is 

done. The characteristics of the hydrophilic-

hydrophobic tri-bore hollow fibre membranes (H/H-

TBF) made from composite PVDF were then 

identified. In order to be effective for VMD 

applications, the resulting TbHFC membrane must 

concurrently exhibit acceptable wetting resistance, 

permeation flux, salt rejection, and mechanical 

stability. 

 

 

1. Experimental  

2.1 Materials 

  

PVDF powder, 1H, 1H, 2H, 2H-

perfluorooctyltriethoxysilane, and fluorinated alkyl 

silane (FAS) used for the functionalization of TiO2 

were acquired from Alfa Aesar. 1-Methyl -2- 

pyrrolidinone (NMP), Titanium dioxide (TiO2) 

powder (particle size: 20 nm), silicon dioxide nano 

powder (SiNPs) (10-20 nm particle size) and Tri 

ethyl citrate (TEC) were purchased from Sigma 

Aldrich. Lithium Chloride (LiCl) (anhydrous 99%, 

MW= 42.39 g/mol) was obtained from Alpha 

Chemica. Absolute ethanol, propan-2-ol and glycerol 

were acquired from Fisher. 

 

 

2.2 Synthesis of fluorinated TiO2 

nanoparticles as a hydrophobic enhancer 

 

The contact angle (CA) of a water droplet on a solid 

surface, which is influenced by both the surface's 

geometric microstructure and chemical makeup, is 

typically used to measure wettability. The intrinsic 

CA of PVDF is roughly 86°.TiO2 nanoparticles have 

a high surface energy and are hydrophilic due to the 

many hydroxyl groups on their surface. They also 

have a tendency to form irregular aggregates. FAS 

molecules are easily altered on the surface of 

hydroxyl rich films despite the fact that they are 

hydrophobic and have a contact angle of 109° on a 

flat surface. Due to the existence of C-F and C-H 

groups, TiO2 nanoparticles were efficiently treated 

with FAS in the current work to minimize their 

surface-free energy. TiO2nanoparticle dispersion in 

organic solvents is enhanced by FAS, which also 

reduces nanoparticle agglomeration and increases the 

membrane's hydrophobic characteristics.  [51-53]. 

 

Using a hydrothermal reaction technique, 30 g of 

TiO2 particles were combined with 100 ml of ethanol 

that included 1 ml of FAS to create the modified TiO2 

particles. The hydrophobic modified-TiO2 particles 

(FTiNPs) were formed after repeated washing with 

ethanol and drying at 120°C for 2 hours while the 

mixture was aggressively agitated at 50 o for 2 hours 

at 600 rpm. These TiO2 particles are known as 

FTiNPs because FAS molecules have partially 

replaced the hydroxyl groups on the particle surface 

[51]. 

 

2.3 Characterization of the fluorinated TiO2 

particles  

A Fourier-transform infrared (FT-IR) spectroscope 

was used to analyze the phases of untreated and 

treated TiO2 particles (Burker vertex 70). By pressing 
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the sample with KBr on a pellet and using scans with 

a signal averaging 4000-400 cm-1 scans at a 

resolution of 4 cm-1, each spectrum was acquired in 

transfer mode. Infrared (IR) cards were used to 

produce transparent films. 

 

2.4 H/H-TBF dopes preparation 

 

To prepare the outer layer spinning dope, the 

predetermined amount of FTNPs was added to the 

organic solvent NMP and the solution was 

ultrasonicated for 30 min at 55 °C to prevent 

nanoparticles’ agglomeration. PVDF and LiCl (pore-

forming additive) were added gradually into the 

prepared solution of NMP and FTNPs. The mixed 

solution was mechanically stirred at 400 rpm for 6 h 

at 55 °C to form a homogeneous solution. After 6 h 

of continuous stirring, a clear four-component 

solution was obtained. 

To prepare the inner layer dope solution with perfect 

adhesion and stability with the outer dope solution of 

TbHFC membranes, three dope solutions are 

prepared with different compositions of SiNPs. The 

concentrations of PVDF, LiCl, TEC and NMP are 

kept constant for all blends while only the SiNPs 

content was changed. SiNPs were added into the 

organic solvent NMP in various mass ratios and the 

solution was ultrasonicated for 30 min at 55 °C to 

prevent nanoparticles agglomeration. PVDF, TEC 

and LiCl (pore-forming additive) were added 

gradually into the prepared solution of NMP and 

SiNPs. The mixed solution was mechanically stirred 

at 400 rpm for 6 h at 55 °C to obtain a homogeneous 

solution. The solutions were stored in containers at 

room temperature and degassed for 12 h before being 

transferred to the spinning step. Hollow fibers were 

spun by the dry/wet technique described in section 

(2.6). The dope compositions for the three inner 

dopes and the outer dope are summarized in Table 1. 

 

Table 1: Compositions of dopes and coagulants used in the preparation of the dual-layer hollow fiber 

membranes. 

 

 

 

 

TBF 

Outer layer composition (wt. %) Inner layer composition (wt. %) 

Bore fluid 

composition 

(wt. %) 

External coagulant 

(v. %) 

PVDF NMP LiCl *FTiNPs PVDF NMP LiCL TEC aSiNPs 

Water:80 

NMP: 20 

First second 

1H/H 

17 82 1 0.5 15 82 1 2 

0.1 Water : 

100 

Water:97.8 

IPA:2 
Glycerol:0.2 

2H/H 0.2 

3H/H 0.4 

             
* Concentration of FTNPs was based on total weight of the mixed solution. 
a Concentration of SiNPs was based on total weight of the mixed solution. 

 

2.5 Preparation of flat-sheet membranes  

 

The H/H2-TBF membrane outer and inner layers 

were created as the top and support layers of the 

modified PVDF dual-layered flat sheet membrane 

(MT), respectively. For comparison, a tidy PVDF 

membrane (M0) comprised of 17 percent PVDF, 82 

percent NMP, and 1 percent LiCl was created. A 400 

m-gap casting knife was used to cast a dope onto a 

glass plate. To mimic the phase inversion process that 

would occur when NMP/water solution was 

employed as the bore fluid, the glass plate was 

immediately submerged into an NMP/water bath. 

Following their removal from the glass plate in the 

water bath, the developing flat-sheet membranes 

were transferred to a treatment bath containing water, 

IPA, and glycerol with corresponding compositions 

of 97.8, 2, and 0.2 v percent for 2 days to remove the 

remaining solvent. For subsequent measurements, the 

flat-sheet membranes were dried. 

 

2.6  Spinneret and block design  

 

Triple orifice spinnerets -three passages: one for 

inner bore fluid, one for the first polymer layer (inner 

surface), and the third for the second polymer layer 

(outer surface)) and their block- were designed by E. 

El Zanati, and locally manufactured at Hassco. The 

spinnerets have three bores as shown in Figure 1. 

Unlike the conventional single-bore spinneret, the 3-

bore H/H TBF spinneret has three needles, uniformly 

distributed within the spinneret space. The spinning 

block shown in Figure 2 was designed to hold the 

spinnerets. It has three input ports for the bore fluid, 

polymer 1, and polymer 2 respectively, and a passage 

for the heating fluid, to keep the polymers inside the 

block in the liquid state. The following sections 

present the measures undertaken to investigate and 

optimize the spinning process and the operating 

parameters which would affect the TbHFC membrane  

preparation.  

 

2.7 H/H-TBF Spinning 

 

A typical hollow fiber spinning process with liquid 

bore (NMP/water), a coagulation bath, and the 
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treatment bath are shown in Figure 3. During 

spinning, the two diluted polymer solutions are co-

extruded with an inert bore fluid at specified flow 

rates through the spinneret by three precise peristaltic 

pumps (BT100-2J). The bore fluid is extruded at 

room temperature, whilst hot water (~ 45oC) enters 

the heating circuit of the block. As the nascent 

membrane passes through a certain air gap, a small 

amount of its solvent is evaporated before entering 

the liquid nonsolvent (water) coagulating bath by free 

fall. The fiber undergoes rapid coagulation/cooling in 

the liquid bath causing the solidification of the 

polymer-rich region and forming the membrane. 

Figure 4 depicts the bench scale spinning system (a) 

and its front view (b).  

 
 

 
Figure 2: Assembled and detailed spinneret block 

 

 

 

 

 

Figure 1: 

Spinnerets of 

Three with Triple 

Orifices 

 

The parametric study is conducted on the preparation 

conditions of the composite H/H-TBF membranes. 

The influencing parameters are the flow rates of the  

two dope solutions, the flow rate of bore fluid, and 

the air gap distance from the block end to the water  

surface interface at the coagulation bath. The results 

of the optimum blends of inner and outer layers 

compositions were used in the parametric study for 

the spinning conditions. The details of the spinning 

conditions are summarized in Table 2. To effectively 

control phase inversion during membrane formation 

and to obtain the desirable membrane structure and 

morphology, the solidified fiber was immersed in a 

second bath for the treatment process. The nascent 

fibers were immersed in a treatment bath containing 

water/IPA/glycerol with composition 97.8, 2 and 0.2 

v% respectively for 3–5 days to remove the residual 

solvent and non-solvent. Finally, they were cut into 

15 cm long pieces and dried under ambient 

conditions.  

 

 

 

Table 2: Parameters of the different spinning conditions  

 
 

TBF1 TBF2 TBF3 TBF4 TBF5 TBF6 TBF7 TBF8 
TBF 

9 

TBF 

10 

Outer dope flow rate 

(ml/s) 

1.6 

 

Inner dope flow rate 

(ml/s) 0.63 

 

0.29 

 

0.63 0.95 1.3 

 

1.6 

 

0.95 

Bore fluid flow rate (ml/s) 0.29 0.42 0.55 0.29 

Air gap (cm) 3 0 6 

Take up rate (cm/min) Free fall 

 

Inner 

dope 
Outer 

dope  

Bore 

fluid  
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                Figure 3: Lab scale spinning system set-up a) flow diagram and b) frontal view 

 

 

 

 

2.8 Module fabrication  

 

The membrane module was specifically designed and 

fabricated in the National Research Center 

laboratory. Five hydrophobic/hydrophilic hollow 

fibers were coaxially packed into an acrylic housing. 

A five-holed cover was welded to each end of the 

acrylic housing. Each hollow fiber was introduced 

through the corresponding hole of the top and bottom 

covers and then it was fixed with epoxy resin at both 

ends as shown in figure (4. a). The five-holed covers 

were designed to maintain the hollow fibers parallel 

inside the tubular module, keeping a constant space 

between them and between the fibers and the tubing 

surface. The effective length of the VMD tubular 

module was 10 cm. Both sides of the assembled 

module were covered with end caps with ports to 

facilitate the process of connecting hoses as shown in 

figure (4.b). 
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Figure 4: a) final shape of hollow fiber module, b) fibers packing steps in to acrylic tube 

 

 

2.9 Membrane Characterization 

 

Scanning electronic microscopy (SEM) 

 

SEM was used to characterize the membrane 

morphology and surface topography. The dry 

samples were covered with a gold sputtering to 

provide for electrical conductivity. Images were 

taken on a JEOL 5410 scanning electron microscope 

(SEM), operating at 10 kV.  

 

     Atomic force microscope (AFM) 

The topography of the prepared membranes was 

monitored via the AFM, Flexaxiom Nanosurf, and 

C3000 at the dynamic mode (non-contact) to confirm 

hydrophobic modification and to detect the changes 

to the membrane surface. The AFM measurements 

were conducted at room temperature using an NCLR 

rectangular -shaped silicon cantilever with a 

resonance frequency of 9 kHz. 

Contact angle  

 

 

 

 

 

 

 

 

 

The contact angles of the prepared PVDF membranes 

were determined by (SCA 20, OCA 15EC) using the 

sessile drop method (Preparation and finishing of  

cellulosic fibers, Textile research Division, NRC). 

The volume and contact time were 10µl and 10s 

respectively. This was carried out five times for each 

of the membranes.   

 

Mechanical properties 

 

The mechanical properties for hollow fiber 

membranes were determined with an Instron 

Tensiometer (Model 5542) from Instron Corp. at 

room temperature. The fiber was clamped at both 

ends with an initial length of 50 mm. A constant 

elongation rate of 50 mm/min was fixed for all 

measurements. For each spinning condition, the 

average value obtained from at least three samples 

was reported. 

Epoxy glue  

Hollow fiber 

membrane  

Five - holed cover Screen  

vacuum 

Feed  

Port  End cap 5-hold screen  

Housing 
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2.10 VMD desalination experiments  

 

The VMD experiments were carried out to evaluate 

the permeation flux and salt rejection percentage 

(SR%) of the 3- bore hollow fiber membranes under 

optimized operating conditions. After ensuring that 

the membrane module was water tight, the VMD 

experiments were carried out. Figure 5 illustrates the 

lab-scale VMD unit using the prepared H/H TbHF 

membrane module. The feed saline solution 

temperature and flow rate were adjusted at 65°C and 

0.62 l/min, respectively, while an approximately -1 

bar pressure (zero absolute pressure) was applied to 

induce the evaporation of the solution through the 

membrane. The heated feed is introduced on the 

lumen side of the fibers through a peristaltic pump. 

Vacuum is applied on the outer side (module shell 

side) through a vacuum pump. The generated vapor is 

transferred through the membrane and is directed to 

the condenser. All experiments were carried out for 

30 min. The flux was calculated using equation (1): 

 

𝐽𝑊 = V/A                                                                                         

(1)  

Where: 

𝐽𝑊 is the volumetric membrane flux; l/m2.h, 𝑉 is the 

volumetric flow rate of the permeate; l/h and A is the 

effective membrane area; m2. The salt rejection (SR) 

is calculated from equation (2):  

 

𝑆𝑅 = (1 − CP/CF) ∗ 100                                                                    

(2) 

Where: 

𝐶𝑃 is the final salt concentration of the permeate 

stream and 𝐶𝐹 is the initial salt concentration of the 

feed. 

 

 

  

Figure 5: Process diagram of the lab scale VMD unit 

 

 

 

3. Results and discussion 
 

3.1 Fourier Transform Infrared 

Spectrophotometer (FTIR)  

To ensure non-wetting of the membrane in VMD 

operation, the ideal material for MD membranes is 

required to possess low free surface energy. 

Polytetrafluoroethylene (PTFE) with a low free 

surface energy of 18.5 mN/m and polyethylene (PE) 

of 20–25 mN/m free surface energy are better than 

PVDF which has a surface energy of 30.3 mN/m 

[54]. However, polyethylene has a low melting point, 

while PTFE is difficult to process. PVDF is more 

processable as it can be dissolved in common organic 

solvents and hence, membrane fabrication by the 

non-solvent induced phase inversion process is 

possible. To lower the surface energy, self-

synthesized FTiNPs were incorporated into the outer 

layer of the dual-layer PVDF hollow fiber membrane. 

Figures 6. a and 6. b show the FTIR spectra of the 

unmodified TiO2 and Fluorinated TiO2 nano particles 

as a hydrophobic enhancer. The band at 950.17cm-1 is  

 

 

 

attributed to the asymmetric stretching vibration of 

the Si–O–Ti species as shown in Figure (7. b), which  

proves the dehydration reaction of hydrolytic FAS 

molecules and TiO2 particles [53].  

Compared to the spectrum of unmodified TiO2 in 

Figure (6. a), the FTiNPs have three peaks at 1144, 

1210, and 1240.27 cm-1, which are attributed to the 

stretching vibration of –CF2– and –CF3 groups, 

indicating that the fluorine containing FAS has been 

successfully synthesized. Figure 7 is a photograph of 

a spherulitic water droplet on the FTiNPs which 

confirms powder hydrophobicity. 
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Figure 6: a) FTIR spectra of TiO2 particles, b) FTIR spectra of FTiNPs particles 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Digital photo of water droplet on FTiNPs particle 

 

 

 

  

A 
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3.2 Membrane morphology 

 

a. Effect of adding SiNPs in the inner layer  

 

Membrane integrity is an important r 

equirement for dual-layer hollow fibers. Strong 

molecular interaction may occur between the outer 

and inner layers. Therefore, delamination-free dual-

layer hollow fibers may be achieved. Figure 8 

displays the SEM cross-section and enlarged cross-

section morphology of dual-layer fibers spun from 

the homogenous two dopes with different inner dope 

compositions. Overall, there is no delamination 

between the two polymer layers. Other than the 

polymer interaction, many factors also contribute to 

the delamination-free dual-layer structure. In the 

dope formulation, the inner layer dope has a lower 

polymer concentration than the outer layer. This 

results in a higher shrinkage rate in the outer layer 

than in the inner layer during phase inversion. As a 

consequence, the outer layer would tighten around 

the inner layer and form a seamless interface [55]. 

Also, since the inner layer materials TEC and FSiNPs 

are stretchable and the outer layer PVDF/FTiNPs is 

mechanically strong, this helps the easy adherence of 

the outer layer around the inner layer [56-57]. Figure 

9 is a cross-section showing the morphology of the 

H/H-TBF composite membranes, at concentrations of 

0.1, 0.2, and 0.4 wt. % SiNPs in the inner layer dope 

solution under the same spinning condition. The 

outer layer of the composite fiber is about to 

disappear when the SiNPs wt.% increased more than 

0.2 wt.%. It is noticeable that the size and the shape 

of holes at 0.2 wt.% of SiNPs are homogeneous and 

perfectly rounded, which follows the distribution 

profile of dope velocity along the spinneret channel. 

 

 
 

 

Figure 8: Cross-section and enlarged cross section morphology of TBHF Composite (dual-layer) membranes at      

different SiNPs wt.% 

 

 

a. Effect of bore fluid flow rate  

 

The influence of bore fluid flow rate on the 

membrane characteristics and performance, were 

investigated. Figure 9 depicts the SEM photos for 

H/H-TBF composite membranes with inner and outer 

dope flow rates of 0.63 and 1.6 ml/s respectively, at 

bore fluid flow rates of 0.29, 0.42 and 0.55 ml/s. The 

test was accomplished at the TBF blend composition 

of the combined outer and inner polymer coded H/H2. 

As observed in Figure 10, the deformation in the TBF 

composite membrane occurred when the flow rate of 

the bore fluid is increased over 0.29 ml/s causing a 

remarkable deformation of TBF composite 

membrane. This deformation can be attributed to the 

uneven stress distribution on increasing the bore fluid 

flow rate. The high linear speed caused severe bore 

collapse between the three extruding streams from 

spinneret needles [58]. Figure 10 indicates good 

appearance of bores and approximate homogeneity in 

the bores arrangement at a bore fluid flow rate of 

0.29 ml/s.  
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Figure 9: Cross-section morphology and magnification of TBHF Composite (dual-layer) membrane at different 

bore fluid flow rates (ml/s) 

 

 

b. Effect of inner dope flow rate  

 

The effect of the inner dope flow rate on the prepared 

TBF blend of the combined outer and inner polymer 

coded H/H2 is investigated in the range of 0.29-1.6 

ml/s. Figure 10 presents the SEM images of TBHF 

composite membranes under different flow rates of 

the inner dope solution (0.29, 0.63, 0.95, 1.3, 1.6  

ml/s) at a fixed outer dope flow rate of 1.6 ml/s, bore 

fluid flow rate at 0.29 ml/s and at a 3 cm air gap 

distance. It is seen that the trend of approximate  

 

 

 

 

symmetric morphology transition of the holes and the 

size of the formed bore at an inner dope flow rate in 

the range of 0.63 and 0.95 ml/s. Increasing the inner 

dope solution flow rate beyond 0.95 ml/s leads to 

deforming the shape of the holes, and incomplete 

cohesion between the two-layer interfaces [58,59]. 

Figure 10 also indicates a decrease in the outer layer 

thickness as the flow rate of the inner dope increased 

beyond 0.95 ml/s. Accordingly, the optimum 

configuration was obtained at 0.95 ml/s inner dope 

flow rate. 

 

  

Figure 10: Cross-section of TBHF Composite (dual-layer) at different inner dope flow rates (ml/s) 
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c.  Effect of increasing air gap distance  

 

Figure 11 illustrates that the air gap distance of 3 cm 

gives a smooth shape of the fiber surface. In contrast, 

at an air gap of 0 cm deformation and irregular beaks 

 

 are observed. When the air gap distance was 

increased over 3 cm, the deformation returned back. 

This happened due to the effect of the ambient 

conditions on the fibers for a relatively long time. 

 

 
 

Figure 11: The external shape of TBHF Composite (dual-layer) membrane at various air gap distance (cm) 

 

 

3.3 Membrane hydrophobicity  

 
Surface hydrophobicity was measured in terms of the 

contact angle of the water droplet on the horizontal 

surface of the membrane. Surface hydrophobicity can 

be enhanced either by increasing surface roughness  

via nanoparticle blending and/or by reducing surface 

free energy via chemical modification [52]. The high 

surface hydrophobicity of the membranes is 

important when used in membrane distillation to 

avoid pore wetting and fouling. The contact angle 

increases when the additives are incorporated into the 

spinning solution. The TBHF composite membrane 

had the highest contact angle of 138.8° as shown in 

Figure 12. This is due to the positive contribution of 

the low surface tension fluorocarbon compound in 

FTiNPs particles. The cross-linked structure of the 

PVDF entangled the FTiNPs through attractive 

electrostatic forces which lead to form micro/nano  

 

 

 

 

 

 

structures. The MD membrane M0 had the lowest 

contact angle. Adding the FTiNPs to the dope 

solution, the hydrophobicity of the prepared 

membranes was enhanced as shown in figure 13. 

The roughness of the resulting surface of the 

FTiNPs/PVDF composite surface increased. This 

nano-structure with multi-scale roughness was 

conducive to an excellent super-hydrophobic effect. 

Interestingly, PVDF-FTiNPs modified membranes 

exhibited hydrophobic characteristics as shown in 

Figure 12 and Figure 13. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

                  Figure 12: Water droplet on TBHF Composite membrane and its contact angle 
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Figure 13: Contact angles for M0, MT and H/H TBF membranes  

 

 

 

It is to be noted that the hydrophobicity of M0 could 

be achieved through the enhancement of surface 

roughness by adding FTiNPs nanoparticles [52,53]. 

The surface roughness of M0 and MT was further 

analyzed using topography images generated by the 

AFM instrument. Three-dimensional images shown 

in Figure 14 indicate that the addition of FTiNPs 

affected surface roughness dramatically in the case of 

MT flat sheet membrane.  

 

The surface roughness (Rq) of M0 is 5.46 nm, while 

that of the FAS-TiO2/ PVDF composite (MT) 

increased to 13.6 nm. As the CA of air is 180°, it is a 

hydrophobic material, indicating that trapping air 

contributes to strengthening surface hydrophobicity. 

Surface roughness plays a crucial role because air 

trapping in the rough surface drastically enhances 

surface hydrophobicity. The air is easy to be trapped 

in the apertures as FTiNPs/PVDF composite surface 

is rough enough, the AFM results further confirmed 

that the micro/nano structure is formed on the 

composite surface [60]. 

 

In the AFM images at a scan size of 100 nm, the 

brightest area presents the highest point of the 

membrane surface and the dark regions indicate 

valley or membrane pores. This clearly indicates that 

the surface morphologies of membranes were 

influenced by the addition of FTiNPs nanoparticles in 

the casting solution. It visually seems that the surface 

porosities of membranes prepared by adding 0.5 

wt.% of FTiNPs are high compared to un-modified 

membranes. The pore sizes of the membranes 

decreased because of the filling of the membrane 

pores by entrapping inorganic n-particles in the 

polymeric matrix. This results in improved 

membrane porosity and an increase in the number of 

small pores with micro and nanostructures as shown 

in figure 15 [61]. 

 

3.4 Mechanical properties of TBHFC membrane 

 

The newly developed dual-layer TBHF composite 

membrane has a much higher maximum tensile strain 

compared to other PVDF fibers [38,48]. Compared to 

tri-bore and dual-layered PVDF fibers, the maximum 

strain increases to about 200% and 500%, 

respectively as shown in Figure 16. Although the 

multi-bore PVDF fibers have better mechanical 

properties than single-bore fibers, they are still 

mechanically weaker than the dual-layer TBHFC 

fibers. Incorporating SiNPs and TEC in the inner 

layer dope, reinforces the dual-layer hollow fiber thus 

enhancing the mechanical properties of the inner 

support layer. The newly developed multi-bore dual-

layer membranes would thus be suitable for MD 

applications, especially VMD because it has stringent 

requirements on membrane mechanical strength. 
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Figure 14. Three -dimension AFM pictures depicting the change of outer surface morphology for a) M0, b) MT  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 15: SEM images of top surface magnification 3000x for H/H2- TBF6 membrane 
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Figure 16: Tensile strain at break of different investigated membranes 

 

 

 

3.5 Membranes performance in VMD unit  

 
The performance of the fabricated H/H TBF (TBF-6), 

M0, and MT membranes in VMD desalination is 

conducted for 30 min. The inlet temperature of the 

feed solution is increased to 65°C. The permeation 

flux and salt rejection are presented in Table 3, which 

shows that the permeation flux is slightly increased 

when MT is used. A noticeable increase when using 

 

 TBF-6 instead of MT flat sheet membrane is evident. 

The permeation flux reached 27.3 l/m2.h and 19.4 

l/m2.h for the hydrophobic/hydrophilic TBF (TBF6) 

and the flat sheet membrane (MT) prepared from the 

same outer layer dope composition, respectively. 

TBF membrane also gave an acceptable salt rejection, 

97.8% of the salt was not allowed to penetrate 

through the membrane. 

 

 

 

 

 

 

Table 3 membranes performance in VMD unit  

 

Membrane code  .h)2ate flux (lit/mPerme Salt rejection % 

M0 15.5 98.9 

MT 19.4 98.8 

H/H2-TBF6 27.3 97.8 

 
4. Conclusions 

A dual-layer tri-bore hollow fiber (H/H -TBF) 

membranes with super hydrophobic outer layer were 

prepared by a dry-wet jet spinning process using 

polyvinylidene, superhydrophobic TiO2 nanoparticles  

in the outer layer, and SiO2 in the inner layer. The 

thin top layer was optimized by adding 0.5 wt% of 

FTiNPs in the dope solution. The contact angle  

 

increased to 138.8°. Moreover, the membrane 

became more elastic and stretchable due to adding 

0.2 wt.% SiO2 nanoparticles and TEC into the inner 

layer. The prepared membrane showed a comparable 

strain at a break of 44.51% with the dual-layered  

single bore hollow fiber PVDF membrane having a 

strain of 7.9%. Combining the outer layer with micro 

and nanostructures with a porous support layer, 

0
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membranes can be used for a stable membrane 

distillation process with high flux. The prepared H/H- 

TBF membrane showed a higher flux than the dual-

layered flat sheet membrane. Due to its enhanced 

properties such as significantly higher 

hydrophobicity, strain%, and porosity, the prepared 

H/H -TBF membrane exhibited higher flux (27.3 lm−2 

h−1) compared to the flat sheet PVDF membrane 

(15.5 lm−2 h−1) while still maintaining a stable 

operation. 
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