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Abstract. 
Nanofibres are very promising for water remediation due to their high porosity and small pore size. Mechanical properties of nanofibres restrict the application of pressure needed water treatments. Various PAN, PVDF, and PVDF/PAN nanofibre layers were produced, and mechanical properties were improved via a lamination process. Low vacuum plasma treatment was applied for the surface modification of nanofibres. Atmospheric air was used to improve hydrophilicity while sulphur hexafluoride gas was used to improve hydrophobicity of membranes. Hydrophilic membranes showed higher affinity to attach plasma particles compared to hydrophobic membranes.



1. Introduction
The applicability of nanofibres to daily life is increasing day by day. Nanofibres can be defined as a fibre smaller than 1,000 nm according to [1–3]. There are several advantages of nanofibres compared to common textile fibres [4–6]. Nanofibres have the huge surface area, high aspect ratio, small pore size, and extremely high porous structure. These features bring high-tech applications for their end use. Nanomaterials are a good candidate for application in areas such as filtration [7–10], wound dressing [11–13], tissue engineering [14, 15], artificial vessels [16, 17], drug delivery systems [18, 19], acoustic materials [20–22], cosmetics [23], lithium ion batteries [24, 25], distillation [26], and desalination [27].
Almost all nanofibre structures are naturally hydrophobic. Both hydrophilic and hydrophobic nanofibres have important applications. Hydrophobic nanofibre membranes are promising for application in areas such as membrane distillation [28–30], drug delivery system [31], and electrical devices [32–34]. Increasing the hydrophilic properties of nanofibres will improve the permeability of nanofibre layers for water filtration [35–37], microfiltration [38], seeding or attaching the cells on the surface of the layer [39–41], moisture absorbing [42, 43], the release of proteins [44], and so on.
Polyvinylidene fluoride (PVDF) is one of the most commonly used polymers in electrospinning systems for producing nanofibre layers due to their easy processing and good mechanical/chemical properties. PVDF is a very hydrophobic material. PVDF is highly insoluble and has a high thermal stability, good chemical resistance, and good electrical properties resulting from the polarity of alternating groups on the polymer chain.
Another common material for the electrospinning process is polyacrylonitrile (PAN). PAN nanofibres are hydrophobic but not as much as PVDF fibres. PAN has a highly polar group, which is attractive for water and makes PAN less hydrophobic than PVDF.
The mechanical properties of nanofibres are not sufficient for their application so a supporting layer is necessary for their end use. Lamination of nanofibres to a supporting surface is quite challenging. Knowledge of engineering as well as chemistry is necessary for the lamination of nanofibres onto a suitable substrate.
In this work, both PVDF and PAN polymer solutions and their mixtures were electrospun. The electrospun nanofibres were laminated on a supporting layer to enhance their mechanical properties, and their contact angle was measured. Highly hydrophobic and hydrophilic nanofibre composite layers were subjected to low plasma vacuum treatment to change their hydrophobicity. The hydrophilicity of the materials is increased using atmospheric gas plasma treatment. Otherwise, sulphur hexafluoride () was used to enhance the hydrophobicity of the materials. The polymer structure effect on the hydrophobicity/hydrophilicity of the material was evaluated.
Results are promising for an understanding of the effect of plasma treatment on hydrophilic PAN, hydrophobic PVDF, and PVD/PAN nanofibre layers. The polymer mixture has the combined advantages of both PAN and PVDF polymers in various ratios. New materials were designed according to desired hydrophilicity and thermal properties. The chemical structure of the fabricated nanofibres was analysed by Fourier transform infrared (FTIR) spectroscopy measurements.
2. Experimental
2.1. Materials and Equipment
Polyacrylonitrile (PAN) with an average molecular weight (Mw) of 150 kDa was purchased from Dimachema Pigment Corporation; N,N-dimethylformamide (DMF) and dimethylacetamide (DMAc) were purchased from Penta s.r.o; polyvinylidene fluoride (PVDF) was purchased from Solef. The supporting layer, a polyethylene/polypropylene (20/80) spunbond nonwoven bicomponent, was obtained from Pegas Nonwovens.
The zero-shear viscosity of the polymer solutions was measured using a Fungilab Expert viscometer at 23°C.
The average fibre diameter and diameter distribution were analysed using a scanning electron microscope (SEM, Tescan Vega3 SB). All of the samples were coated with a 7 nm layer of gold before SEM imaging. The Image-j software was used to measure the average fibre diameter from more than 100 randomly selected fibres. A Schut digital micrometer was used to gauge the thickness of the layers.
The contact angle was measured at different places on the samples at room temperature using a Kruss Drop Shape Analyzer DS4. A total of 2 μL of distilled water was put on the surface of a clean and dry membrane surface, and the average values were calculated.
Fourier transforms infrared spectroscopy (FTIR, Nicolet iZ10 by Thermo Scientific) was used to determine the mixture of PVDF/PAN nanofibres. Thermogravimetric analysis was performed to characterize the thermal stability in nitrogen atmospheres at a heating rate of 10°C/min from room temperature to 700°C with TA Instruments TGA Q500.
A low vacuum MF plasma system consisting of an MW generator with a radiofrequency of 2.45 GHz, 120-second treatment time, and working pressure of 100 Pa. was used in this study. Argon was used as the carrier gas, and , , and  were used for hydrophilic samples, and sulphur hexafluoride () was used for hydrophobic samples as the reactive gasses.
2.2. Preparation of the Nanofibre Layer
12% wt. PVDF polymers were mixed with DMAc/Acetone (4/1) solvents; 8% wt. PAN was mixed with the DMF solvent for 24 h. The mixtures were prepared using the 12% wt. PVDF and 8% wt. PAN at a weight ratio of PVDF/PAN-1/0, 2/1, 1/1, 1/2, and 0/1. New solutions were mixed for 24 h after the mixture of PVDF/PAN solutions.
All of the solutions were electrospun using Nanospider NS-Lab equipment under stable conditions. The working mechanism of the Nanospider equipment was explained in detail in the literature [45–51]. A fusing machine (Meyer Mini Fusing Equipment/Germany) with applied heat and temperature was used for laminating the materials.
3. Results and Discussion
3.1. Solution Properties
Table 1 shows the viscosity and abbreviations according to the ratio of the solutions.
Table 1: Viscosity and mixing ratio of PVDF/PAN solutions.
	

	Sample name	PVDF/PAN ratio	Viscosity in mPa·s @ 23°C
	

	S1	2/1	718
	S2	1/1	499.3
	S3	1/2	348.5
	S4	1/0	969.3
	S5	0/1	190.9
	



Viscosity of the solution is mainly affected by the concentration, molecular weight of the polymer, or additives. Solution viscosity is an effective parameter on the diameter of the nanofibres. Herein, the 12% wt. PVDF solution has almost 5 times higher viscosity than 8% wt. PAN due to its higher concentration or/and molecular weight.
3.2. Structural Characterization
The FTIR spectra were used to determine the structural characterization of PAN, PVDF, and the mixture of PVDF/PAN. TGA measurement of the samples before lamination and plasma treatment was performed. Figure 1 depicts the FTIR spectra of samples S1 to S5 with all of the characteristic transmission peaks from 630 to 3,350.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
			
		
			
		
			
		
			
		
		
			
				
		
		
			
				
					
				
					
				
					
				
				
					
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
		
		
		
	


Figure 1: FTIR spectra of PVDF, PAN, and mixtures of PVDF/PAN nanofibres.


As is seen in Figure 1, the prominent peaks for PAN around 2,923 cm−1, 2,240 cm−1, 1,735 cm−1, and 1,664 cm−1 are assigned to the stretching vibrations of the –CH, –C≡N, –C=O, and –C=N groups, respectively, whereas the peak at 1,452 cm−1 corresponds to the bending vibration of the –CH2 group [52–58]. The characteristic peak of the nitrile groups around 2,240 cm−1 (stretching vibration) significantly decreased, when the amount of PVDF increased. For the PVDF samples, the band at 1,173 cm−1 is associated with the symmetrical stretching of the –CF2 group, which is a characteristic peak of PVDF in the polymer blend of PVDF/PAN. Another characteristic absorption band of PVDF at 876 cm−1 is attributed to the C–F stretching vibration of the amorphous phase [59, 60].
3.3. Thermal Properties
The thermogravimetric analyses of PVDF, PAN, and PVDF/PAN nanofibres are shown in Figure 2. PAN fibres decompose abruptly in the range of 280–330°C and 450–480°C for PVDF fibres. Figure 2 indicates that the temperature of degradation of PVDF/PAN nanofibres significantly increases when the ratio of PVDF increases in the mixture. The PVDF/PAN nanofibres start to decompose at lower temperatures than the PVDF nanofibres. The degradation profile of the PVDF/PAN nanofibres is quite similar to the case of PAN. Adding PVDF changed the thermal stability of the fibres.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
					
				
					
				
					
				
					
				
				
					
				
					
			
			
				
					
				
					
				
					
				
					
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 2: TGA thermograms for PVDF, PAN, and mixtures of PVDF/PAN nanofibres.


The thermal stability of PVDF was higher than PAN, whereas the char formation is lower. The more char formation in the case of PAN could be due to a reaction of the nitrile groups with adjacent groups, whereby promoting more char formation.
3.4. Morphology of the Samples
3.4.1. SEM Images
The surface structures of the nanofibrous composite materials were determined using SEM images. Figure 3 shows the SEM images at 10kx magnification of the surface of the PVDF, PAN, and PVDF/PAN nanocomposite membranes before and after the lamination process.
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(e)
Figure 3: SEM images and fibre diameter distribution of samples (a) S1, (b) S2, (c) S3, (d) S4, and (e) S5 before (1) and after (2) the lamination process.


When comparing the SEM images, the PVDF nanofibre layers have a thicker fibre diameter and diameter distribution than the PAN nanofibres. The difference is almost twofold. The highest viscosity of the polymer solutions has the highest fibre diameter. It was found that a smaller fibre diameter yields a better filtration efficiency of nanofibre webs [61]. Additionally, it was observed that the lamination process did not change the fibre diameters of either the PVDF or PAN nanofibre webs.
3.4.2. Area Weight and Thickness of the Composite Materials
The area weight of the nanofibres is calculated by cutting the samples into  cm2 and measuring the weight. The results are shown in Table 2 in g/m2. The thickness of the nanofibrous webs was measured after the lamination process (Table 2).
Table 2: Area weight of nanofibres and the thickness of the nanofibre composite membranes.
	

	Sample	Thickness of composite in µm	Area weight in g/m2
	

	S1	63	5.21
	S2	57	4.35
	S3	56	3.96
	S4	68	5.50
	S5	56	2.99
	



PVDF nanofibres have a higher area weight than PAN under the same spinning conditions. Increasing the amount of PVDF in the PVDF/PAN mixture increases the area weight of the nanofibre layers. The thickness of the composite material depends on the thickness of the supporting layer and the nanofibre web. It is evident from the table that the highest area weight of the PVDF sample has the highest layer thickness. The thickness of the layer is an important parameter for air and water filtration. Li et al. found that the filtration efficiency of the nanofibrous composite filter media for nanoparticles was increased along with the thickness of the nanofibre mats [62]. In another work, it was suggested that decreasing the fibre diameter and the thickness of the nanofibre layer results in an increase in the flux together with high salt rejection [63]. For water treatment applications, the area weight and the thickness of the nanofibre web could be adjusted according to the desired combination of rejection and flux.
3.4.3. Contact Angle
PAN is a semicrystalline polymer with high polar nitrile groups possessing a high dipole moment. The high polarity of PAN polymers increases the hydrophilicity of the nanofibre layer. Unlike PAN, PVDF nanofibres are highly hydrophobic. PVDF polymers are durable and have high mechanical strength.
Low vacuum plasma treatment was used to change the hydrophilic structure of nanofibrous composite materials (Figure 4). Atmospheric air was used to increase the hydrophilicity of the nanofibres, whereas  was used to raise the hydrophobicity of the samples. A period of 120 seconds was chosen as the safe irradiation time to prevent the degradation and etching of the nanofibrous surface.




	
	
		
		
		
		
			
		
			
			
			
		
		
		
		
			
		
		
		
		
		
		
		
			
			
			
		
		
		
		
		
			
			
			
		
		
		
		
		
		
		
			
			
			
		
		
		
		
		
		
		
		
		
		
		
		
			
			
			
		
		
		
		
		
			
			
			
		
		
		
		
		
		
		
			
			
			
		
		
		
		
		
		
		
		
		
		
		
		
			
			
			
		
		
		
		
		
			
			
			
		
		
		
		
		
		
		
			
			
			
		
		
		
		
		
		
			
			
			
			
		
		
		
			
			
			
			
		
		
		
			
			
			
			
		
		
		
		
		
		
		
		
		
			
		
		
		
		
		
		
		
		
			
		
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
		
			
		
		
			
		
		
			
		
		
		
		
		
		
			
		
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
		
		
			
				
					
				
					
				
			
		
		
			
		
		
		
			
		
			
			
			
		
		
		
			
			
			
		
		
		
			
			
			
		
		
		
			
			
			
		
		
		
			
			
			
		
		
		
			
			
			
		
		
		
			
			
			
		
		
		
		
		
		
		
		
		
		
		
		
			
			
			
		
		
		
		
			
			
			
			
		
		
		
		
		
		
		
		
		
		
		
		
			
			
			
		
		
		
		
			
			
			
		
		
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
	


Figure 4: Diagram of the low-pressure vacuum MF plasma apparatus. The selected gases from the gas cylinders (A), connected to a mass flow controller (B), are controlling defined amount of gases to low-pressure vacuum plasma chamber (C) which is bound up with a vacuum pump (D). Defined work atmosphere is energized by MW (microwave) plasma head (E) which is powered by MW generator (F).


Contact angle measurements for the untreated and plasma-treated nanofibrous composite membranes were performed to determine the effect of the treatments on the surface hydrophilicity. Figure 5 shows the difference between the contact angles of the composite nanofibrous membranes before and after plasma treatment in the first 20 seconds of contact time with water droplets.




	
	
		
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
			
				
			
		
		
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
			
				
		
	


Figure 5: Changes in the contact angles of water droplets on the PAN, PVDF, and PVDF/PAN nanofibrous membranes without treatment and treated with air and with  plasma.


PAN nanofibrous composite membranes have a hydrophilic nature with a contact angle of less than 90° due to a high polarity backbone. On the other hand, the PVDF membranes are very hydrophobic with a contact angle of 131°. Increasing the amount of PAN in the PVDF decreased the contact angle of the material.
In the first experiment, atmospheric air was used to modify the surface of the membranes and increase the hydrophilicity. The hydrophilicity of the PVDF did not significantly improve. The results indicated that the low vacuum air plasma treatment is more effective for increasing the hydrophilicity layer on a hydrophilic base membrane. PAN nanofibre surfaces become more hydrophilic than PVDF due to the formation of high energy surface groups in reactions between the native surface groups of the polymer and the reactive plasma species.
In the second part of the experiment, SF6 gas was used for plasma enhancement to modify the hydrophobic surface. In general, fluorine-containing monomers are used to improve the hydrophobicity of the membranes [64–68]. Fluorine has a small atomic radius and the biggest electronegativity among atoms [69]. Figure 5 shows that plasma-treated PAN nanofibrous composite material has the highest hydrophobicity. When the ratio of PVDF/PAN is 2/1 and 1/1, the hydrophobicity of the material showed the same contact angle as that with a pristine PVDF layer. On the other hand, when the ratio of PAN is higher than PVDF (PVDF/PAN 1/2), the hydrophobic surface improved. It can be concluded that the plasma treatment promoted the interaction between the monomer and the nanofibrous composite membrane surfaces, in particular for the hydrophilic base membranes. Similar results were also reported for various polymers [69–76]. It was found that  plasma-treated polysulfone membranes show a higher contact angle than PVDF membranes [77]. The high surface polarity of PAN nanofibres showed significant surface modifications after plasma treatment, whereas PVDF has high chemical resistance to external chemicals or gases and showed less surface modification.
The increase in contact angle signifies a decrease in the wettability and hydrophilicity of the plasma-treated samples.
4. Conclusion
Various nanofibrous composite materials have been designed for possible application in areas of water treatment. PAN nanofibrous composite membranes showed hydrophilic characteristics, with a small fibre diameter of less than 100 nm, while high mechanical strength PVDF nanofibrous composite membranes showed hydrophobic properties with thick nanofibres of around 250 nm. PVDF nanofibres showed better thermal stability than PAN nanofibres. In order to benefit from both of the polymers, PVDF/PAN mixtures were prepared in various ratios. Various gasses were used for surface modification of the samples by low vacuum plasma treatment. The results indicate that the hydrophilic base membrane PAN showed better performance under plasma treatment. For instance, using atmospheric air, the contact angle of pristine PAN was reduced from 66.1° to 25.5°, while slight changes in the contact angle of pristine PVDF were observed from 131° to 123°. On the contrary, the hydrophobicity was increased using SF6 gasses. The contact angle of pristine PAN was increased from 66.1° to 150°, while changes for the pristine PVDF were from 131° to 140°. The contact angle of the mixture of PVDF/PAN nanofibres was mostly affected by the amount of PAN in the blend. It can be concluded that hydrophilic membranes have higher affinity to attach plasma particles compared to hydrophobic membranes.
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