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Abstract: Polytetrafluoroethylene (PTFE) is a fully fluorinated linear polymer with a (CF2-CF2)n 
backbone. High molecular weight PTFEs are chemically inert while possessing excellent hydrophobic 
surface properties attributed to their low surface energy. These characteristics make PTFE an excellent 
candidate for membrane distillation application among all other hydrophobic polymers. In this review, 
the electrospinning processes of PTFE fibers are discussed in detail with a focus on various 
electrospinning effects on the resulting fiber morphologies and structures. Due to the high chemical 
resistance and low solvent solubility, PTFE is typically electrospin with a polymer carrier, such as 
polyvinyl alcohol (PVA) and/or polyethylene oxide (PEO), using emulsion electrospinning followed 
by a sintering process. The amount of PTFE in emulsion, types of polymer carriers, electrospinning 
parameters, and sintering conditions have interconnected effects on the resulting morphological 
structures of PFTE fibers (e.g., beading or continuous fibers). In addition, electrospun PTFE fibers are 
further functionalized using methods of co-electrospinning with other hydrophobic polymers as well 
as incorporations of metallic (ZnO) and inorganic particles (POSS) to improve their performance in 
membrane distillation. Water contact angles, permeation fluxes, salt rejection rates, and hours of 
operations are reported for various functionalized electrospun PTFE fibrous membranes to demonstrate 
their feasibility in membrane distillation applications. In general, this article provides a scientific 
understanding of electrospun PTFE fibers and their engineering application in membrane distillation. 
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1. Introduction 

Polytetrafluoroethylene (PTFE), commercially known as Teflon, is a fully fluorinated polymer 
derived from the monomer of tetrafluoroethylene (TFE) with the molecular formula (CF2-CF2)n [1]. It 
is known for its white appearance, hydrophobic surface properties, and chemical resistance. It 
showcases properties heavily reliant on its molecular weight. For example, high molecular weight 
PTFE remains chemically inert and insoluble in various solvents, including hot fluorinated liquids. 
PTFE is synthesized through conventional-radical polymerization and typically adopts a linear chain 
structure without branches or loop formations [2]. The helical conformation of PTFE is influenced by 
polymerization conditions, such as temperature and pressure [3]. This helical structure imparts a rigid 
and rodlike character to the polymer chain, leading to crystallites characterized by large regions of 
long, straight, and ordered chain packing. Such arrangement contributes to the high crystallinity 
observed in both virgin and sintered PTFE. Different initiation methods may yield variations in 
microstructure, such as branching seen in PTFE synthesized via γ radiation initiation [4]. It exhibits a 
semi-crystalline nature owing to its high molecular weight and is resistant to chemicals due to the 
strong C–F bond [5,6]. Figure 1 shows the radical polymerization process of PTFE forming a linear 
and helical conformation with a carbon backbone surrounded by fluorine atoms. 

 

Figure 1. Schematic of the PTFE molecular structure and its polymerization process from 
TFE monomers. 

Membrane distillation (MD) presents a promising avenue for desalination powered by thermal 
energy. This process requires a hydrophobic membrane that selectively allows pure water to permeate 
through the membrane in the form of vapor while repelling the remaining impurities [7]. In MD, saline 
feedwater is heated and passed over a microporous hydrophobic membrane, prompting vaporization 
and subsequent passages through the membrane’s pores, driven by the vapor pressure differences 
between the feed and permeate sides. This yields a vapor-liquid interface across the membrane pores, 
allowing volatile substances to evaporate, diffuse, and/or convect across the membrane before 
condensing or being eliminated on the opposite side. There are four main MD configurations, as shown 
in Figure 2 [8]: (a) direct contact membrane distillation (DCMD), where the permeating side is a 
condensing fluid in direct contact with the membrane; (b) air gap membrane distillation (AGMD), 
where an air gap separates the condensing surface from the membrane allowing vaporized solvents to 
be recovered; (c) sweep gas membrane distillation (SGMD), where vaporized solvent is removed by a 
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sweep gas; and (d) vacuum membrane distillation (VMD), where the vaporized solvent is recovered 
under vacuum. 

 

Figure 2. Schematic of four main MD configurations, including (a) DCMD, (b) AGMD, 
(c) SGMD, and (d) VMD (Reproduced from Ref. [8] with permission). 

In DCMD, a hot feed solution is brought into contact with the membrane, and evaporation 
produces a gas phase driven by pressure difference to the permeate side of the membrane. Due to the 
hydrophobic nature of the membrane, only the gas phase can move across to the permeate side of the 
membrane. In VMD, a pump creates a vacuum that causes vapor molecules to be sucked out at the 
permeate side, and condensation occurs outside the membrane module. In AGMD, feed solutions are 
brought into contact with the hot side of the membrane, and stagnant air is introduced between the 
membrane and condensation surface; vapor moves across the air gap to condense over the cold surface 
inside the membrane cell. In SGMD, inert gas is used to move vapor at the permeate membrane side 
to condense outside the membrane module. The main advantage of DCMD and VMD over AGMD 
and SGMD is that both have high permeate flux and are commercially viable; however, DCMD has a 
problem of conductive heat loss, which AGMD and SGMD solve. VMD has a problem with membrane 
pore wetting. 
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Various studies have demonstrated the performance of DCMD and VMD mentioned above. For 
example, Li et al. electrospun colloid solutions of polyvinylidene fluoride (PVDF) containing silica 
nanoparticles into fibrous membranes to study their DCMD performance over 24 h, and the results 
demonstrated a permeate flux of 41.1 kg/m2/h [9]. In comparison, Dong et al. electrospun 
superhydrophobic fibrous membranes using blend PVDF and PTFE solutions for VMD performance 
over 15 h, and the results showed a significantly lower permeate flux of 18.5 kg/m2/h [10]. While 
DCMD appeared to have a higher permeate flux than VMD when using the electrospun PVDF fibrous 
membranes, a direct comparison based on the permeate flux between these two methods may be 
insufficient. Silica nanoparticles have been shown to improve distillation performance by making the 
fiber surfaces more hydrophobic, surpassing the effect of blending with superhydrophobic polymers [11]. 
To better determine the performance of DCMD and VMD, Efome et al. reported permeate fluxes    
of 6.5 and 3.2 kg/m2/h from DCMD and VMD tests, respectively, using flat sheets of electrospun 
PVDF and silica nanoparticles composite membranes [12]. These composite fibrous membranes were 
more stable in the long-term testing of DCMD and VMD than those of the pristine silica nanoparticle-
embedded PVDF fibers. 

The selection of a suitable hydrophobic and microporous membrane is pivotal for effective MD. 
An optimal membrane should exhibit high permeability, low thermal conductivity, and high liquid 
entry pressure, alongside robust thermal stability and chemical resistance to feed streams. The process 
efficiency relies on optimizing mass and heat transfer, which are determined by the membrane’s 
morphological and structural properties [13]. Organic membranes, widely used in industrial contexts, 
offer appealing characteristics including compactness, lightweight, and high packing density [14,15]. 
Among the commonly employed hydrophobic membrane materials, polypropylene (PP), PVDF, and 
PTFE membranes appear to be the ideal candidates for MD applications. These synthetic polymers 
boast exceptional chemical stability, heat resistance, hydrophobicity, and fracture toughness due to 
their high crystallization, strong C–C and C–F bonds, and a protective helical sheath formed by the 
electron clouds of outer fluorine atoms [16,17]. PTFE membranes are favored in MD due to their low 
thermal conductivity, hydrophobic nature, low liquid entry pressure, and suitable pore structure (~0.5 µm), 
which collectively minimize heat loss and facilitate efficient vapor transport [13]. 

With these advantages in MD, fabrications of the PTFE membranes are of particular interest, 
especially for fibrous membranes with average fiber diameters in the range of nano- to micro-scaled 
fibers. Specifically, electrospinning is ideal for producing small-diameter fibers with large surface area 
and pore size. The objective of this review is to provide an overview of the recent advancements and 
applications of electrospun PTFE membranes in MD. We briefly discuss the electrospinning principle 
and the processing parameters that affect the electrospun fibers. Moreover, PTFE fibers are produced 
by emulsion electrospinning, where a polymer carrier is typically used in the process followed by a 
sintering stage to remove it. More importantly, we review current works of electrospun PTFE fibers in 
MD on their properties and performance, including water contact angles, permeation fluxes, salt 
rejection rates, and hours of operation. In general, this article provides a review of the electrospinning 
of PTFE fibers while also illustrating the use of PEFT fibers in MD. 

2. Membrane fabrication 

During fabrication, two characteristics of membranes need to be considered: hydrophobicity and 
porosity. PTFE exhibits exceptionally good characteristics on both fronts. These membranes can be in 
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the form of unsupported, supported, composite dual-layer membranes, single-layer membranes, and 
composite triple-layer membranes. The mean pore size of membranes used in membrane distillation 
is between 10 nm and 1 µm. There are numerous methods for membrane fabrication, including track 
etching, phase inversion, sintering, and fiber electrospinning. Among these methods, phase inversion 
is the most prevalent method [18]. However, other membrane fabrication methods involve more than 
one method. For example, Xu et al. fabricated a membrane by combining extrusion, sintering, and 
stretching [19]. In phase inversion, a polymeric solution is solidified by processes such as evaporation-
induced phase separation, thermally induced phase separation, non-solvent-induced phase separation, 
or vapor-induced phase separation in a controlled manner [20]. Among these, the non-solvent-induced 
phase separation and thermally induced phase separation methods are the most used. In the former, a 
polymer solution is cast on glass or support followed by putting them in a non-solvent bath. The solvent 
miscibility occurs until the whole polymeric solution becomes solid. In the thermally induced phase 
separation method, a diluent is used to make the polymer solution followed by a cooling process to 
precipitate the polymer. The removal of the diluent from the polymer solution results in pore 
formation [21,22]. 

However, in recent years, electrospun fiber membranes have emerged as a viable alternative to 
phase inversion methods in membrane distillation [23,24]. To make an electrospun nanofibrous 
membrane, a polymeric solution is poured into a syringe attached to a needle followed by setting them 
on a syringe pump to slowly dispense the polymer solution. A direct current voltage is applied to the 
needle and the collector to create the electric field to draw the polymer solution. When the applied 
electric field overcomes the surface tension of the polymer solution, a polymeric jet is formed and 
collected on a stationary collector or a rotating drum in the form of fiber mats. The electrospinning of 
various fibers has been documented in our previous works [25–30].  

3. Electrospun fibers 

The concept of producing artificial small-diameter fibers from electric charges has existed for 
many years. However, dried polymers/fibers at the tip of the collector due to fast solvent evaporation 
have made these attempts difficult [31]. Formhals first used an electric field to spin cellulose acetate 
in acetone [32]. The fiber spinning technique consisted of a mobile collecting device to collect fibers 
on rotating devices so that the unwinding of the fibers occurred continuously. However, the short 
distance between the spinneret and collector made it difficult for the fibers to dry. This process was 
further refined by altering the distance between the spinneret and collector. In 1969, Taylor introduced 
the fundamental concept of electrospinning by studying the jet formation process: the polymer droplet 
at the needle tip. A cone is formed when an electric field is applied between the needle tip and the 
collector, called the Taylor cone. Despite this, not much attention was given to this process until    
the 1990s [33], when the advent of new polymers and new applications of nanotechnology led researchers 
and universities to focus on electrospinning. 

3.1. Electrospinning process description 

The electrospinning process consists of three components, as shown in Figure 3: a high-voltage 
source, a needle with a syringe pump setup, and a metal collector [34]. The drawing of a polymer 
solution is driven by the applied electrical force over a distance. When a sufficiently high voltage is 
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attained, the electrical force overcomes the surface tension of the polymer solution at the tip of the 
needle, resulting in the deformation of the polymer droplet into a Taylor cone [33], leading to the 
ejection of the polymer solution in a thin jet. At first, the jet undergoes a short distance of stable 
stretching before undergoing an undefined bending and whipping (i.e., jet instability) that leads to 
polymer jet stretching with the effects of solvent evaporation and charge repulsion. The solidified 
fibers on the collector can attain diameters in the range of sub-microns, with various fiber orientations 
depending on the collectors used [35]. 

 

Figure 3. Schematic of the single nozzle electrospinning process using a stationary 
collector and the resulting fiber structure. The SEM image of the electrospun fibers was 
produced by the authors using polyester for representation purposes. 

3.2. Operation parameters of electrospinning 

The electrospinning technique is generally noted for its high output and low cost of nano/micro-
sized fibers. In addition, the control of pore size in the fiber mats and fiber arrangements can be 
achieved with electrospinning. The electrospinning parameters can be divided into three major groups, 
namely (1) electrospinning parameters, (2) polymer solution parameters, and (3) environmental 
parameters. The following sections will briefly discuss these parameters. 

3.2.1. Electrospinning parameters 

Several groups have studied the effects of the applied voltages on electrospun fibers. For example, 
Beachley and Wen reported that polycaprolactone fiber length and fiber diameter decreased directly 
proportionally to the applied voltage [36]. However, the fiber diameter was the only outcome that 
decreased significantly with the applied voltage. In addition, an increase in applied voltage led to more 
uniform fibers. In another study, Yördem et al. studied the effects of applied voltages on the average 
fiber diameters of electrospun polyacrylonitrile fibers at various solution concentrations and collector 
distances [37]. Zhang et al. showed the effects of the applied voltage on the fiber diameter of polyvinyl 
alcohol (PVA) mats and found that there was an increase in fiber diameter with the increase of the 
applied voltage [38]. It can be summarized that the applied voltage influences fiber diameter, where a 
higher applied voltage leads to a smaller fiber diameter. 
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Another important electrospinning parameter is the flow rate of the polymer solution. A proper 
flow rate in combination with the appropriate applied voltage allows the generation of the polymer jet 
from the Taylor cone. For example, Zargam et al. studied the effects of flow rate on the morphology 
of nylon 6 [39]. Results showed that a small droplet formed at low flow rates, whereas a great amount 
of the polymers were electrosprayed at higher flow rates. 

In electrospinning, the tip-to-collector distance affects fiber morphology. If the distance is short, 
wet fibers have insufficient time to dry and solidify before reaching the collector. If the distance is too 
long, the number of beads can increase by a significant amount. Homayoni et al. reported that tip-to-
collector distance had a direct influence on jet fight time and electric field strength [40]. A decrease in 
the collector distance reduces the flight time of the polymer jets, which minimizes the time for solvent 
evaporation before reaching the collector. 

3.2.2. Polymer solution parameters 

Preparation of the polymer solution is the first and most important step in making electrospun 
fibrous membranes. Polymers must be dissolved in the appropriate solvent; factors such as polymer 
concentrations and their molecular weights can significantly affect electrospinning and the resulting 
fiber morphology. These polymer solution properties include concentration, viscosity, conductivity, 
and surface tension. 

Polymer concentration is a key parameter in electrospinning. Using a low polymer concentration 
typically leads to electrospraying rather than electrospinning. Tan et al. showed that the electrospun 
fiber diameter had a direct correlation with polymer concentrations [41]. The study also reported the 
minimum polymer concentration at which fiber electrospinning occurred. In another study, Liu et al. 
observed that polymer concentration affected the number of beads and the efficacy of the electrospinning 
process [42]. Finally, He et al. demonstrated that the fiber diameter of electrospun polyacrylonitrile 
fibers linearly depended on the corresponding polymer solution concentrations [43]. 

The viscosity of a polymer solution can be seen from its degree of polymer chain entanglement. 
The chain entanglement is a function of the molecular weight of the linear polymer. Koski et al. 
observed that fiber diameter increased with increasing polymer molecular weight [44].        
Mit-uppatham et al. studied the effects of solution properties on the morphology and fiber diameters 
of as-spun polyamide-6 fibers [45]. Results showed that an increase in polymer concentration 
increased the solution viscosity, with polymer solutions transiting from low to high viscosity. Due to 
the increase of polymer solution viscosity, the electrospinning results changed from small droplets to 
a combination of droplets followed by fibers when reaching the critical viscosity in the polymer solution. 

Surface tension of the polymer solution affects electrospinning and is directly influenced by the 
polymer solvent composition. Jarusuwannapoom et al. investigated the effect of 18 solvents on the 
morphological appearance of as-spun polystyrene fibers [46]. Results showed that lower values of 
surface tension were a good starting point for fiber electrospinning. Jia and Qin studied the effects of 
different surfactants on electrospinning of PVA [47]. Results demonstrated that surface tension 
decreased markedly when surfactant content was less than 1%. The fiber diameter of PVA fiber mats 
decreased from 405 to 100 nm in this range. This suggests that lower surface tension is desired       
in electrospinning. 

The conductivity of a polymer solution affects charge density. When a polymer solution of low 
charge density is put into an electrospinning system, the applied voltage needs to be higher than usual 
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to generate the required surface tension for fiber formation [48]. Solution conductivity can be improved 
by adding ionic salts and/or organic acids to dope solutions, such as lithium chloride and sodium nitrate. 
Improving solution conductivity generally results in fibers with a more uniform diameter and smooth 
structure [49,50]. 

Solvent volatility has a considerable effect on fiber production and morphology. Low-volatility 
solvents typically form wet fibers. This defect can be offset by using highly volatile solvents. However, 
highly volatile solvents can lead to inconsistent electrospinning due to polymer solidification at the tip 
of the spinneret [51,52]. In addition, highly volatile solvents can form flat or ribbon-like fibers or even 
fibers with pore-on-surface structures [53,54]. 

3.2.3. Environmental parameters 

Ambient conditions affect electrospinning, especially temperature and relative humidity.      
De Vrieze et al. investigated the effect of temperature and humidity on the properties and formation of 
electrospun cellulose acetate and polyvinylpyrrolidone fibers [55]. Results showed that the average 
fiber diameter was a function of relative humidity, which also influenced fiber morphology. Hardick et al. 
observed that levels of relative humidity were the most significant factor in beading during the 
electrospinning of cellulose acetate fibers [56]. The average fiber diameter of electrospun cellulose 
acetate fibers increased with increasing temperature and relative humidity. 

4. Emulsion electrospinning of PTFE fibrous membranes 

Direct electrospinning of PTFE fibers is difficult due to PTFE’s thermal stability and high 
chemical resistance, rendering it almost impossible to obtain a PTFE solution for electrospinning. Also, 
high molecular weights are required to achieve sufficient mechanical strength since PTFE is a linear 
polymer without any branches and/or side groups for enhanced chain entanglements [57,58]. Such a 
high molecular weight gives rise to a high solution viscosity, which makes electrospinning of PTFE 
difficult [59]. 

To overcome the problem of low solubility of PTFE in various organic solvents and to avoid 
using highly toxic solvents to improve the solubility of PTPE, an environmentally friendly method, 
known as emulsion electrospinning, has emerged for the fabrication of electrospun PTFE fiber 
membranes [60]. This method utilizes the blending of water-soluble polymers (e.g., polyethylene oxide, 
polyvinyl alcohol) and water-insoluble PTFE for emulsion electrospinning to fabricate fibers [61]. 
Several studies have described the process of emulsion electrospinning [62–64]; a schematic 
illustration of the process is shown in Figure 4 [65]. During emulsion electrospinning, the resulting 
microstructure is the host water-soluble polymer fiber loaded with PTFE particles. A sintering step is 
usually done to remove the host water-soluble polymer and fuse the unspinnable PTFE particles into 
continuous fibers. Table 1 summarizes the emulsion electrospinning of PTFE fibers, their processing 
parameters, and fiber diameters. 
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Figure 4. Schematic of emulsion electrospinning using polyethylene oxide (PEO) as the 
carrier for PTFE particles followed by a sintering process to remove the carrier and joining 
of the PTFE particles into solid fibers (Reproduced from Ref. [65] with permission). 

Table 1. Emulsion electrospinning of PTFE fibers and fiber diameters. 

PTFE/carrier ratio  Electrospinning parameters Sintering temperature Fiber diameter Ref. 

PTFE/PVA (70/30) Voltage: 15 kV 

Spinning distance: 15 cm 

Flow rate: 0.01 mL/h 

390 °C 300 nm without sintering [63] 

PTFE/PVA (14/1) Voltage: 16 kV 

Spinning distance: 15 cm 

Flow rate: 0.4 mL/h 

380 °C 506 nm, 8 h of sintering [62] 

PTFE/PEO (92/8) Voltage: 10 kV 

Spinning distance: 12 cm 

Flow rate: 0.1 mL/h 

340–400 °C 0.21 µm without sintering [64] 

Xiong et al. fabricated PTFE porous membranes by electrospinning [63]. PTFE was blended with 
PVA at different mass concentrations and blend ratios to study the effects of blend polymer ratios on 
fiber morphology and diameter. The fiber morphologies changed from bead-like to fibrous membranes 
when the amount of PVA in the blend fibers was increased. However, to have the maximum amount 
of PTFE in the fibers, the study suggested an optimum blend ratio of 30/70 for blend PVA/PTFE fibers. 
In addition, the effect of polymer concentration on the blend PVA/PTFE fibers showed bead-like fiber 
structures when polymer concentration was lower than 22%. As the polymer concentration increased, 
results showed continuous and uniform fibers with large diameters. There were no statistical differences 
in the average fiber diameters for those PVA/PTFE fibers obtained from solution concentrations      
of 22% or 26%. Using the optimum PVA/PTFE blend ratio of 30/70, a polymer solution was prepared 
for electrospinning at a concentration of 26% at voltage levels of 7, 9, 11, 13, and 15 kV with a tip-to-
collector distance of 15 cm and a flow rate of 0.01 mL/min. When the electrospinning voltages were 
within the range of 7–11 kV, fiber diameter decreased from 550 to 420 nm. At higher electrospinning 
voltages, from 11 to 15 kV, there were minimal changes in the fiber diameter. Comparing the sintered 
fiber membranes to the pristine fiber membranes, the strength of the sintered fibers increased from 4 
to 10 MPa, the elastic moduli of the sintered fibers increased from 22 to 260 MPa, and the failure strain 
of the sintered fibers increased from 63% to 69%. It was also determined that the appropriate sintering 
temperature range for the PVA/PTFE porous membranes was between 300 and 400 °C. 
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Qing et al. fabricated PTFE fibrous membranes by emulsion electrospinning using PVA as a 
carrier followed by a sintering process [62]. Standard single nozzle electrospinning was used to produce 
PVA/PTFE fibers with an applied voltage of 16 kV, a tip-to-collector distance of 15 cm, and a flow 
rate of 0.4 mL/h. The PTFE particles were evenly distributed in PVA host fibers followed by thermal 
sintering at 380 °C to obtain PTFE fibrous membranes. The sintered PTFE fibers had a tensile strength 
of 19.7 MPa, much higher than the tensile strength of the as-prepared PVA/PTFE fibers (7.5 MPa). 
The PTFE fibers had a fiber diameter of approximately 1 µm. The sintered PTFE fiber membrane was 
superhydrophobic with a water contact angle of 155°. The excellent corrosion resistance and the 
mechanical stability of PTFE fibers suggested the application in phase separation, where a gravity-driven 
oil/water separation test using the synthesized PTFE membranes showed a permeate flux of 1215 L/m2/h. 

Zhao et al. fabricated PTFE fiber membranes using PEO as the polymer carrier followed by a 
sintering process to obtain PTFE fibrous membranes [59]. The electrospinning parameters of the 
PEO/PTFE fibers were 15 kV for the applied voltage, 15 cm for the tip-to-collector distance,      
and 0.5 mL/h for the flow rate. By transitioning the mixing weight ratio of PEO/PTFE from 0.07     
to 0.12 in the blend PEO/PTFE fibers, the resulting fiber diameters increased from 700 to 1100 nm. 
This study demonstrated the use of PEO as a carrier to electrospun PTFE fibers with the correlations 
to polymer blending on the effects of average fiber diameter. 

Su et al. fabricated hollow PTFE fiber membranes while investigating the fundamental 
electrospinning parameters including PTFE/PEO blending ratios and sintering temperatures [64]. The 
electrospinning process was performed at a flow rate of 0.1 mL/h, a tip-to-collector distance of 12 cm, 
and an applied voltage of 10 kV. Results from fiber surface morphology studies suggested that the 
optimized PTFE/PEO mass ratio was 92/8, much lower than the reported PTFE/PVA ratio of 70/30. 
Using PTFE/PEO at 92/8, the bead-to-string structures were eliminated where uniform and continuous 
fibers were observed. Sintering was done at four different temperatures (340, 360, 380, and 400 °C), 
with sintered membranes showing continuous fibers and typical fibrous web-like network structure. In 
addition, PTFE/PEO membrane sintered at 380 °C received the highest tensile strength, Young’s 
modulus, and strain at break of 30.5 MPa, 53 MPa, and 315%, respectively. 

Emulsion electrospinning followed by sintering can be used for near-field electrospinning (NFES). 
Cheng et al. developed a novel PTFE membrane with a regular geometric pore structure using the 
NFES method [66]. The process started with designing the membrane’s pore geometry using 
computer-aided design software. The PTFE electrospinning solution included PTFE emulsion and an 
aqueous carrier of PVA solution to produce the electrospun PTFE/PVA membrane. The obtained 
PTFE/PVA membrane was sintered at a temperature of 380 °C. The electrospinning parameters used 
consisted of an applied voltage of 2.85 kV, a flow rate of 4.2 µL/min, and a spinneret-to-collector 
distance of 4 cm at 25 ± 5°C and relative humidity of 40% ± 10%. The study addressed the effects of 
sintering temperatures on the fiber morphology of the membranes. 

TFE-based co-polymers can be electrospun into fibers due to their processing ability as 
melts/solutions, which is limited to perfluorinated solvents and electrospinning using the coaxial  
setup [67]. For example, Han and Steckl fabricated superhydrophobic and oleophobic core/shell fibers 
using polycaprolactone (PCL) as the core and Teflon AF 2400 as the shell [68]. The flow rates    
were 1.5 mL/h for the 10 wt% PCL in 2,2,2-trifluoroethanol core solution and 1.0 mL/h for the 1 wt% 
Teflon AF 2400 in FC-75 shell solution. The distance between the tip of the coaxial nozzle and the 
collector was 25 cm, and the applied voltage was 12.5 kV. The ambient temperature was between 70 
and 75 °F, and relative humidity was between 20% and 45%. Results showed that PCL core solution 
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had a great effect on fiber diameter, where 10 wt% PCL core solution resulted in fiber diameters     
of 1–2 m. At lower PCL core concentrations, beadings were found in the core/shell fiber mats. An 
increase in Teflon AF 2400 shell concentration also led to the formation of beads. The stiffness of the 
core/shell fiber membranes was 13 MPa, which was much lower than that of the Teflon AF 2400  
films (i.e., 1.5 GPa). Also, core/shell fiber membranes had a lower ultimate tensile strength of 2.3 MPa 
as compared to that of the pristine PCL fiber membranes (i.e., 3.1 MPa). 

5. Applications of electrospun PTFE fibers in membrane distillation 

The use of electrospun fibers in MD has gained traction due to the development of emulsion 
electrospinning of hydrophobic PVDF materials, an important factor for achieving effective separation. 
Feng et al. electrospun PVDF fibrous membranes to produce drinking water from saline water through 
the air-gap membrane distillation technique [69]. The study reported a salt rejection rate of over 98% 
for a 6 wt% sodium chloride solution with fluxes ranging from 5 to 28 kg/m2/h, where higher 
temperature differences resulted in higher fluxes. To reduce the energy consumption in MD, Prince et al. 
incorporated clay nanocomposites into the electrospun PVDF fibers [70]. The clay-PVDF composite 
membranes substantially increased the water contact angle to 154.2°. However, the clay-PVDF 
composite membranes had a relatively low water flux of less than 5.5 kg/m2/h. This study demonstrated 
a well-known trade-off effect in membrane fabrication and distillation, namely the inverse relationship 
between hydrophobicity and permeation rates of the membranes. 

Although electrospun PVDF fibrous membranes were first reported to be used in a membrane 
distillation process, other hydrophobic polymers, such as PP, polyethylene (PE), and PTFE, were 
reviewed for potential applications in membrane distillation [71]. Among these polymers, PTFE stands 
out as the most ideal polymer for electrospun fibers in membrane distillation since PTFE has the 
highest hydrophobicity and the least surface energy at 9–20 mN/m due to its carbon backbone and 
fluorinated side groups. Table 2 summarizes the electrospun PTFE fibers and their performances in 
membrane distillation. 

To solve the problem of low water flux in various electrospun fibrous membranes, Dong et al. 
fabricated a superhydrophobic PVDF-PTFE electrospun fibrous membranes with a high water flux by 
incorporating PTFE into the PVDF dope solution to improve the surface hydrophobicity of the 
membrane [10]. The inclusion of PTFE into the PVDF matrix not only increased the hydrophobicity (e.g., 
water contact angles up to 152.2°) but also significantly improved water flux (18.5 kg/m2/h) and salt 
rejection (99.9%) when tested with a 3.5 wt% sodium chloride feed solution. To produce the    
PVDF-PTFE electrospun fibrous membranes, an applied voltage of 18 kV, a flow rate of 0.5 mL/h, 
and a tip-to-collector distance of 15 cm were used under a relative humidity of 50% ± 5% and an 
ambient temperature of 25 ± 1 °C. Results showed that increasing PTFE contents in the PVDF-PTFE 
fibers from 0% to 12% increased the water contact angles from 130.4 to 152.2° and the liquid entry 
pressure from 84 to 137 kPa. Using a feed solution of 3.5 wt% NaCl, the reported permeation flux  
was 18.5 kg/m2/h, which was higher than those of commercial PTFE membrane membranes under 
similar circumstances (~15 kg/m2/h). In addition, the salt rejection rate was around 99.9% in 15 h, 
suggesting the viability of the fibrous membranes for commercial applications. This finding highlights 
the importance of composite membrane systems in overcoming the flux limitations typically observed 
in pure polymer membranes. Their study brought attention to the optimization of the PTFE concentration  
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in the PVDF-PTFE blend fibers, as higher PTFE concentrations in the blend fibers resulted in a higher 
liquid entry pressure and more hydrophobic surfaces (e.g., increased water angles). 

PTFE has the highest hydrophobicity among all hydrophobic polymers. In addition, PTFE’s 
properties, namely being environmentally benign, inert, and mechanically stable and having high 
resistance to UV and oxidation by radicals and malleability, make it an ideal candidate for membrane 
distillation applications [72,73]. PTFE fibrous membranes are suitable supports for titanium oxide 
particles, which indicates potential optoelectronic applications in membrane distillation applications. 
Reports showed that titanium oxide had a large excitation binding energy of 60 meV with a wide band 
gap of 3.3 eV at 300 K [74,75]. 

Huang et al. electrospun PTFE/PVA/zinc acetate composite membranes to evaluate the 
photocatalytic rejection of wastewater discharge while investigating the self-cleaning performance of 
the composite membrane by reporting rejection and permeate flux recovery in vacuum distillation [76]. 
Electrospinning of the fiber composites was performed at 25 kV, a tip-to-collector distance of 10 cm, 
and a flow rate of 0.008 mL/min. The resulting electrospun fiber composites were sintered at 380 °C 
to remove the PVA carrier and to introduce the ZnO particles. The reported self-cleaning performances 
of PTFE/ZnO membranes using rejection and permeate flux recovery in vacuum membrane distillation 
assays under UV irradiation showed a salt rejection of 99.7% using a flux of 16.5 L/m2/h. Despite the 
reduction in flux and salt rejection in time, the fouled membrane could be cleaned after 3 h with a 
permeate flux recovery rate of more than 94%. The dye removal rate was up to 45% after 10 h of 
operation. The ability of self-cleaning provides an alternative to solve the problem of fouling and 
scaling, which are common challenges in MD systems. The use of ZnO nanoparticles provides a dual 
benefit to MD, including the improvement of both the hydrophobicity of the membrane and its ability 
to degrade contaminants on the membrane surface to enhance the membrane’s longevity to reduce 
maintenance requirements. 

Despite the advantages of strong hydrophobic nature, PTFE membranes are susceptible to scaling 
or wetting by organic contaminants or hypersaline solutions leading to a decrease in salt rejection [77]. 
This effect is due to the presence of amphiphilic organic compounds in the feed solution. To solve this 
problem, Xu et al. co-electrospun PTFE/PVA and polyacrylonitrile (PAN) to produce amphiphilic 
PTFE fibrous membranes with great anti-fouling and anti-wetting properties [78]. The electrospinning 
conditions included an applied voltage of 25 ± 0.2 kV, a spinning distance of 10.0 ± 0.5 cm, and a flow 
rate of 0.48 mL/h for PTFE/PVA solution and 0.48 mL/h for PAN solution. After electrospinning, the 
fibers were sintered at 380 °C to remove PVA. To make the fibrous membrane amphiphilic, silicon 
dioxide nanoparticles were fixed on PAN and PTFE fibers followed by fluorination with tri-
methoxy (1H,1H,2H,2H-heptadecafluorodecyl) silane (17-FAS). These nanoparticles had a high 
surface roughness and low surface energy to repel liquids with low surface tension [77]. To investigate 
the amphiphilic nature of the PTFE/SiO2 fibrous membranes, the water contact angle was 166.9°, and 
the oil contact angle was 134.5°. The PTFE/SiO2 fibrous membranes maintained a stable membrane 
distillation flux of 17.09 L/m2/h and a salt rejection rate higher than 99.96% during the 24 h operation. 
The reported permeate flux was 6.91 L/m2/h in the presence of sodium dodecyl sulfate, suggesting 
anti-wetting properties. This work highlights the importance of electrospinning amphiphilic membranes 
that were able to resist fouling, thereby improving the operational lifetime of MD systems in diverse 
feedwater conditions. 

To overcome the fouling and wetting properties of the fibrous membranes, Ju et al. electrospun 
hydrophobic 8 vinyl-grafted polyhedral oligomeric silsesquioxane (vinyl-POSS) nanoparticles with 
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PTFE fibers [79]. POSS nanoparticles have hollow rigid cage or semi-cage structures consisting of 
organic-inorganic hybrid segments [80]. The eight vertices attached to the organic segments (–CH=CH2) 
in the POSS nanoparticles make them highly compatible with polymer matrix as compared to the 
traditional inorganic silicon dioxide nanoparticles [81]. As such, POSS/polymer fibrous membranes 
have attracted much attention in membrane distillation applications. In the reported study, 
POSS/PTFE/PVA fibers were electrospun using an applied voltage of 28 kV, a flow rate of 1.0 mL/h, 
and a tip-to-collector distance of 18 cm under a temperature of 25 ± 5 °C and a relative humidity     
of 35% ± 5% followed by a sintering temperature of 390 °C to remove PVA. The resulting POSS/PTFE 
fibrous membranes had a water contact angle of 151 ± 4°. The water flux was 40 ± 2 L/m2/h when the 
feed and permeate temperatures were 60 and 20 °C, exhibiting excellent long-term stability in      
the 200-hour direct-contact membrane distillation process. This ability suggests that POSS could play 
a crucial role in enhancing both the flux and durability of MD membranes. 

Recently, a novel approach to the development of fibrous membranes in MD was reported by 
electrospinning of PTFE fibers without the inclusion of nanoparticles in the fibrous membranes. Liu et al. 
used a low-temperature crosslinking and fluorination approach to produce PTFE/PVA fibers for 
surface property modifications [82]. Their PTFE fibrous membranes demonstrated robust amphiphobicity 
with a water contact angle of 155.2° and an oil contact angle of 132.7°. PTFE fibrous membranes 
showed stable permeation flux of 52.1 and 26.7 L/m2/h when feeding with 3.5 and 25.0 wt% sodium 
chloride solutions, respectively. The reported salt rejection performance was at and/or above 99.99% 
at a continuous operation for 24 h, demonstrating exceptional anti-scaling performance. This article 
indicated further applications of MD in salt feeds containing sodium dodecyl sulfate (SDS) or diesel 
oil with robust anti-wetting and anti-fouling properties. It demonstrated the effectiveness of seawater 
desalination across diverse concentrations of inorganic salts. This work demonstrated a system for the 
development of cost-effective, hyper-salinity-resistant, and reliable MD desalination systems. 

Table 2. Electrospun PTFE fibrous membranes in MD. 

Polymer/Carrier Parameter MD performance Ref. 

PTFE/PVDF Voltage: 18 kV 

Spinning distance: 15 cm 

Flow rate: 0.5 mL/h 

Permeate flux: 18.5 kg/m2 

Salt rejection: 99.9% 

[10] 

PTFE/PVA/zinc acetate Voltage: 18 kV 

Spinning distance: 10 cm 

Flow rate: 0.008 mL/min 

Permeate flux: 16.5 L/m2/h 

Salt rejection: 99.7% 

[76] 

PTFE/PVA/PAN Voltage: 25 kV 

Spinning distance: 10 cm 

Flow rate: 0.48 mL/h 

Permeate flux: 17.09 L/m2/h 

Salt rejection: 99.6% 

 

[78] 

6. Conclusions and future directions 

In general, electrospun PTFE fibrous membranes represent a great advancement in membrane 
distillation with their excellent hydrophobicity and chemical inertness. One of the notable strengths of 
electrospun PTFE membranes lies in their high pore interconnectivity and relatively uniform pore size 
distribution, both of which are pivotal for improved membrane performance in distillation. This review 
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addresses the molecular structure of PFTE, electrospinning of PTFE fibers, and their applications in 
membrane distillation. The high surface area of PTFE fibers makes them easily functional, allowing 
for customization to fit specific conditions in membrane distillation. These functional modifications 
include nanoparticle coating, chemical treatment, heat treatment, grafting, and interfacial polymerization 
to improve membrane distillation efficiency and reduce wetting and fouling of the membranes. Despite 
these advantages of electrospun PTFE fibers in membrane distillation, there are still scientific 
bottlenecks to improving fiber morphologies and membrane structures to avoid microcracking and 
temperature-induced defects. In addition, large-scale commercialization and manufacturing quality 
controls remain a technical challenge in the scientific field. Overall, our review provides a scientific 
understanding of the electrospinning of PFTE fibers and the engineering application of these fibers in 
membrane distillation. 
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