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Abstract: In this study, the electrical conductivities and hydrophobic/hydrophilic properties of Polyacrylonitrile (PAN) + Polymethyl 

methacrylate (PMMA) composite nanofibers reinforced with nanowires were be investigated. The nanofibers are produced by the electrospin 

method.  Their electrical conductivities and their hydrophobic/ hydrophilic properties were examined. The maximum the electrical 

conductivity value is 0.00298 S/cm at PAN + PMMA composite nanofibers with Ag nanowires (5 wt. %). The the biggest static contact angle 

occurred  in PAN+PMMA composite nanofibers with  1 wt. % Ag nanowire. The static contact angles of  all  PAN + PMMA composite 

nanofibers with Ag nanowire were found to be bigger than those of PAN + PMMA composite nanofibers. 
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1. Introduction   
 

      Nanotechnology is science, engineering, and 

technology conducted at the nanoscale, which is about 1 to 100 

nanometers. Nanoscience and nanotechnology are the study and 

application of extremely small things and can be used across all the 

other science fields, such as chemistry, biology, physics, materials 

science, and engineering [1]. A nanofiber is a fiber with a diameter 

of 100 nanometers or less. The properties of nanofibers have caused 

researchers and companies to consider using this material in several 

fields. A survey of the applications of nanofibers: Researchers are 

using nanofibers to capture individual cancer cells circulating in the 

blood stream. They use nanofibers coated with antibodies that bind 

to cancer cells, trapping the cancer cell for analysis. Nanofibers can 

stimulate the production of cartilage in damaged joints [2].  

       Electrospinning is most widely chosen tool for synthesizing 

one-dimensional (1D) nanostructures which include ribbons, fibers, 

filled and hollow tubes from the fact that it‟s quite simple, easy to 

use and relatively inexpensive technique. The unique features of 

such as-spun nanofibers are one-dimensional morphology, 

extraordinary length, large surface area and highly porous structures  

[3, 4, 5]. Electrospin production of polymer composite nanofibers is 

a remarkable work in recent years. The superior properties exhibited 

by polymer nanofibers make them suitable for many applications. 

Some of the studies on nanofibers have been presented below. 

        Bahrambeygi et al. investigated the sound absorption behavior 

of PAN nanofibers, nano clay, multi-walled carbon nanotubes and 

polyurethane combination. Bahrambeygi et al. Reported that the 

nanoparticle provided a significant improvement in sound absorption 

and had more positive results in multi-walled carbon nanotubes [6]. 

Piperno et al. [7] produced nanofibres with various percentages of 

PMMA. They have characterized the morphological structure and 

chemical composition of the nanofibers they have produced. Ozek et 

al. (2015) produced nanofibers with polyacrylonitrile (PAN) 

polymers using the electrospin method, the most common method of 

obtaining nanofibers. They have found that nanoclay-doped PAN 

nanofibers can be used as an alternative adsorbent [8]. 

     In this study, the electrical conductivities and hydrophobic / 

hydrophilic properties of (PAN + PMMA) / (PAN + PMMA + Ag 

nano wire) composite nanofibers were investigated. First, 8% by 

weight of a solution consisting of PAN + PMMA + DMF was 

prepared. Pure PAN + PMMA composite nanofiber was produced 

from this solution. After various proportions (1%, 3% and 5%) of 

silver nanowires + PEN + PMMA + in solution of DMF was  

 

prepared. PAN + PMMA composite nanofibers, which have been 

reinforced with nanoparticles, have been produced. Pure PAN + 

PMMA composite nanofiber and Ag nano wire PAN + PMMA the 

electrical conductivity and hydrophobic / hydrophilic properties of 

the composite nanofiber were investigated. 

 

2.Material and Method 
 

     In this study, PAN, PMMA, DMF, Ag nano wire were used.A 

PAN with an average molecular weight (Mw) of 150,000 g/mol, A 

PMMA with an average molecular weight (Mw) of 350,000 and N, 

N-Dimethylformamide anhydrous, 99.8% were purchased from the 

Sigma Aldrich Co.  

      Polyacrylonitrile: PAN molecule has strong polar nitrile groups. 

It is relatively insoluble in nature. PAN based carbon fibers possess 

very high strength compared to other polymeric precursors. When 

subjected to heat treatment, it can produce high carbon yield giving 

rise to thermally stable, highly oriented, graphite like molecular 

structure. Generating carbon-fiber from PAN based fiber is a 

combination of three processes-- namely stabilization, carbonization 

and graphitization [9]. 

 

 

 

 

 

Fig.1. Skeletal formula of the PAN 

 

       Poly(methyl methacrylate) : PMMA, also known 

as acrylic or acrylic glassas well as by the trade 

names Crylux, Plexiglas, Acrylite, Lucite, and Perspex among several 

others, is a transparent thermoplastic often used in sheet form as a 

lightweight or shatter-resistant alternative to glass. The same material 

can be used as a casting resin, in inks and coatings, and has many 

other uses. PMMA is a strong, tough, and lightweight material. It also 

has good impact strength, higher than both glass and polystyrene; 

however, PMMA's impact strength is still significantly lower than 

polycarbonate and some engineered polymers [10, 11, 12]. 
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Fig.2. Skeletal formula of the PMMA 

 

        

      N,N-Dimethylformamide anhydrous, 99.8% : N,N-

Dimethylformamide (DMF) is the commonly employed solvent for 

chemical reactions. DMF is a useful solvent employed for the 

isolation of chlorophyll from plant tissues. It is widely employed 

reagent in organic synthesis. It plays multiple roles in various 

reactions such as solvent, dehydrating agent, reducing agent as well 

as catalyst. N,N-Dimethylformamide is a polar solvent commonly 

used in organic synthesis. It also acts as a multipurpose precursor for 

formylation, amination, aminocarbonylation, amidation and 

cyanation reactions [13]. 

 
 

 

 

 

 

Fig.3. Chemical formula  of  N,N-Dimethylformamide anhydrous, 

99.8% 
 

      

    Ag nano wire : Silver nanowires are useful in a wide variety of 

conductive, optical and anti-microbial applications such as 

touchscreen displays, medical imaging and sterile clothing [14]. 

 

 

 

 

 

 

 

Fig. 4. The nanowires used in this study 

 

 

2.1.Fabrication of PAN + PMMA Composite 

Nanofibers/ PAN + PMMA Composite Nanofibers  

with Ag nanowires  
 

       In this study, four types of solutions were prepared. These are 

pure PAN+PMMA composite nanofibers 8 % and PAN+PMMA 

composite nanofibers 8 % with Ag nano wires (1 %, 3 %,5 %) by 

weight. The pure PAN+PMMA composite nanofibers and 

PAN+PMMA composite nanofibers with Ag nanowires were 

fabricated by electrospinning technique. The procedure for preparing 

pure PAN + PMMA and PAN+PMMA with Ag nano wires 

electrospinning solution is described below. 

 

      Fabrication of pure PAN+PMMA composite nanofibers : 
Firstly, PAN+PMMA/ DMF solution with polymer content of 8 wt 

% by mass were prepared. In order to prepare the electrospinning 

solutions, the PAN+PMMA sample was dissolved in its DMF 

solvent. Then, solution was stirred using a magnetic stirrer device at 

70°C and 500 rpm for three hours so as to obtain a homogeneous 

electrospinning solution. Once the homogenization process ended, the 

solution samples were waiting to the room temperature. In order to 

proceed with the electrospinning setup, the solution sample was 

poured into syringe of 2.5 mL and 0.8 mm as inner diameter. Then, 

the electrospinning process was carried out. The applied voltage was 

20 kV. The needle to the collector distance was 12 cm. The solution 

flow rate maintained at 2 mL/h.Rotating speed was 112.5 rpm 

(Fig.5).  

 

 

Fig.5. Electrospinning experimental setup 

 

 

       Fabrication of PAN+PMMA/Ag nanowires composite 

nanofibers :  In the same fashion, three samples of solution 

containing 8 wt. % of PAN+PMMA and % 92 of DMF as solvent 

were prepared under the same conditions and stirred in the similar 

conditions as it was done for each previous solution. Ag nanowires 

were added in the (PAN+PMMA)/DMF electrospinning solution at 

different rates (1, 3, 5 wt. %) (Fig. 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Pictures of PAN+PMMA/Ag nanowires composite nanofibers. 

(a) 1 wt. % Ag nanowires (b) 3 wt. % Ag nanowires, (c) 5wt. % Ag 

nanowires 
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2.2. Determination of Electrical Conductivity for 

PAN+PMMA Composite Nanofibers/ 

PAN+PMMA Composite Nanofibers with Ag 

nanowires 

 

 

        It is well known that one of the subatomic particles of an atom 

is the electron. The electrons carry a negative electrostatic charge 

and under certain conditions can move from atom to atom. The 

direction of movement between atoms is random unless a force 

causes the electrons to move in one direction. This directional 

movement of electrons due to an electromotive force is what is 

known as electricity. Electrical conductivity is a measure of how 

well a material accommodates the movement of an electric charge. It 

is the ratio of the current density to the electric field strength. 

Electrical conductivity is a very useful property since values are 

affected by such things as a substances chemical composition and 

the stress state of crystalline structures [15, 16]. 

A four-point probe device (ENTEK Elk. FPP-460 with Pt 

probes) was used to measure the electrical conductivity of 

nanofibers at room temperature. The used four point probe device is 

illustrated in Fig. 6 [17] 

 

 
 

Fig. 6. Four-point probe device (ENTEK Elk. FPP-460) 

 
       

        The results on electrical conductivity of pure PAN + PMMA 

composite nanofibers and PAN + PMMA composite nanofibers with 

Ag nanowires (1, 3, 5 wt. %) are compared in Fig 7.  

 

Fig. 7. Comparison of electrical conductivity of nanofibers. 

(a) Pure PAN+PMMA composite nanofiber, (b) PAN+PMMA 

composite nanofibers with  1 wt. % Ag nanowire, (c) PAN+PMMA 

composite nanofibers with  3 wt. % Ag nanowire (d) PAN+PMMA 

composite nanofibers with  5 wt. % Ag nanowire 

        

     Electrical conductivity values found from the four-point probe 

technique were 0.000837 S/cm for pure PAN+PMMA nanofibers 

and 0.00089,  0.00261 and  0.00298 S/cm for PAN + PMMA 

composite nanofibers with Ag nanowires, respectively. As can be 

seen from the Fig. 7 higher electrical conductivity were obtained at 

high Ag nanowires contents (5wt. %).  

 

 

2.3. Determination of  Hydrophobic/Hydrophilic 

Interaction for PAN+PMMA Composite 

Nanofibers/ PAN+PMMA Composite Nanofibers 

with Ag nanowires 

 

 

       Nonpolar molecules that repel the water molecules are said to be 

hydrophobic; molecules forming ionic or a hydrogen bond with the 

water molecule are said to be hydrophilic. This property of water was 

important for the evolution of life. Hydrophobic interaction plays the 

most critical roles in the formation of the lipid bilayer of the cell 

membrane and the folding of proteins and nucleic acids; therefore, 

hydrophobic interaction is the foundation for the existence of life 

[18]. The contact angle () is the angle, conventionally measured 

through the liquid, where a liquid–vapor interface meets 

a solid surface [19].  

 

             

 

 

Fig. 8.  The contact angle for hydrophobic/hydrophilic [20] 

 

 

 
       The hydrophobic/hydrophilic of PAN+PMMA composite 

nanofibers/ PAN+PMMA composite nanofibers with Ag nanowires 

were investigated using the contact angle measurement device 

(Dataphysics instruments GmbH, model OCA15EC, version 1.3).  

 

 

Fig. 9. OCA15EC with single-direct dosing system [21]  

 

 

      Fig. 10. shows the average static contact angles of pure PAN + 

PMMA composite nanofibers and PAN + PMMA composite 

nanofibers with Ag nanowires (1, 3, 5 wt. %) for left and rigth side. It 

has been found that all PAN + PMMA composite nanofibers with Ag 

nanowire have bigger static contact angles. The biggest static contact 

angle () occurred  in PAN+PMMA composite nanofibers with  1 wt. 

% Ag nanowire ( is 132.14o for left and right side). 
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Fig. 10. Comparison of  the average static contact angles for left 

and rigth side. (a) Pure PAN+PMMA composite nanofiber,                    

(b) PAN+PMMA composite nanofibers with  1 wt. % Ag nanowire, 

(c) PAN+PMMA composite nanofibers with  3 wt. % Ag nanowire, 

(d) PAN+PMMA composite nanofibers with  5 wt. % Ag nanowire 

 

3.Conclusions 
 

     In this study, the electrical conductivities and 

hydrophobic/hydrophilic properties of PAN + PMMA composite 

nanofibers/ PAN + PMMA composite nanofibers with nanowires 

were investigated. The maximum the electrical conductivity value is 

0.00298 S/cm at PAN + PMMA composite nanofibers with Ag 

nanowires (5 wt. %). The the biggest static contact angle occurred  

in PAN+PMMA composite nanofibers with  1 wt. % Ag nanowire. 
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