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Introduction
In recent years, the development of electrospinning 
techniques has been increasingly investigated [1]. 
Electrospinning is considered as a simple and easy 
technique to fabricate the ultrafine continuous 
nanofibers morphology. Pure polymers, as well as 
the blending of a given polymer with other polymers/
oligomers, have been successfully electrospun into 
micro/ nanofiber matrices for various applications 
[2,3]. The fibers produced by this method have shown 
amazing characteristics, such as a very large surface-
to-volume ratio and a high porosity with a small pore 
size [4,5]. These characteristics make the electrospun 
fibers suitable for various potential applications such 
as filtration, protective clothing, tissue scaffold, 
wound dressing, drug delivery system, sensor, and 
optical materials [1,6-8].

The hybrid mats produced by electrospinning possess 

unique physical and chemical properties and therefore, 
research interest in the formation of polymer hybrid 
mats has been increased in the past decades. Despite 
the ease of nanofiber fabrication, it is yet challenging 
to fabricate electrospun nanofibers with a diameter 
of less than 10 nm. After the successful preparation 
of nano-net like fibers via electrospinning process 
by Ding’s group [9], benefits from the nano/sub-
nano fibers have been realized and several research 
activities have been directed towards the development 
of nano-net like structures for various applications 
[2,5,6,10]. An important property of a polymer blend 
is the miscibility of its components because it affects 
the mechanical properties, the morphology, and the 
permeability and degradation [2]. Consequently, 
in this study, we report the preparation of a hybrid 
spider-web like a mat of polymer and oligomer using 
a simple electrospinning technique with the diameter 
of fibers ranging from nanometer to sub-nanometer 
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scale. Nylon-6 is a biodegradable semi-crystalline 
polymeric material with good thermal, chemical, 
and mechanical properties [3,11]. Electrospinning 
of the blend solution of Nylon-6 and polyethylene 
oxide (PEO) may exhibit properties shown by both 
individual polymers and oligomer, thereby resulting 
in a material with improved properties. The choice of 
PEO is motivated by its wide variety of applications 
such as biomaterials including scaffolds, drug 
delivery [1], tissue engineering [12], wound healing, 
and conductive fibers.

Materials and Methods
Nylon-6 (medium molecular weight of KN 120 grade) 
was obtained from  Kolon, Korea. Formic acid and 
acetic acid were purchased from Showa, Chemicals, 
Japan. Poly (ethylene oxide) oligomer was obtained 
from Sigma-Aldrich, USA. All the chemicals were 
used without any purification.

Nylon-6/PEO blend solutions were prepared by 
mixing at different content of PEO (0.5%, 1%, 2%, 
and 4% PEO with respect to the weight of Nylon-6) 
in Nylon-6 at 20% final concentration. Formic acid 
and acetic acid (4:1) were used as the solvent. After 
stirring continuously to get a perfect blended solution, 
electrospinning was carried out. A high voltage power 
supply (CPS-60 K02 V1, Chungpa EMT, South 
Korea) of 22 kV to the syringe micro-tip was supplied 
to electrospun the nanofibers. The tip-to-collector 
distance was kept at 16 cm. The as-obtained nylon-6/
PEO nanofiber mats were vacuum dried in an oven 
at 30 oC for 12 h to remove the residual solvent and 
the samples were used for characterizations. The 
nanofiber mats containing 0.5, 1, 2, and 4% PEO 
in Nylon-6 were denoted as NP0.5, NP1, NP2, and 
NP4, respectively. For comparison, pristine Nylon-6 
nanofiber mat without using PEO is also prepared by 
the aforementioned process.

Characterizations

The morphology of the electrospun mats was 
investigated using FE-SEM (S-4700, Hitachi, Japan). 
Structural characterization was carried out by X-ray 
diffractometer (XRD, Rigaku, Japan) with Cu Kα (λ = 
1.540 Å) radiation over Bragg angles ranging from 10 
to 80˚. The bonding configurations of the samples were 
characterized by means of Fourier-transform infrared 
(FT-IR). Mechanical properties were measured with 
a  universal testing machine (AG-5000G, Shimadzu, 

Japan), under a crosshead speed of 10 mm/min. The 
samples were prepared in the form of a standard 
dumbbell-shaped according to ASTM Standard 638 
via die-cutting from the mat and tested in the machine 
direction. Five samples were tested for each mat. 

Results and Discussion
Figure 1 depicts the FE-SEM images of the as-
synthesized pristine Nylon-6 NFs and Nylon-6/
PEO composite NFs.  As in figure 1A, the pristine 
Nylon-6 nanofibers exhibited a smooth, bead free, 
and continuous nanofibrous morphology throughout 
their lengths. The average diameter of the pristine 
Nylon-6 NFs was recorded as 213 nm. In the case of 
composite nanofibers, a clear arrangement of spider-
web-like  morphology due to the ultrafine nanofiber 
network was observed. It can be seen that the ultrafine 
nanofibers are connected to the main fiber. This type 
of spider-net-like arrangement of nanofibers provides 
a large surface area to volume ratio, thereby widening 
the applications of nanofibers. The average diameters 
of ultrafine in Mats NP0.5, NP1, NP2, and NP4 were 
found to be 21, 28, 32, 40 nm, respectively. 

Figure 1: High magnification FESEM images of nanofibers: 
Nylon-6 (A), NP0.5 (B), NP1 (C), NP2 (D) and NP4 (E).
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Besides the variation in diameter, the arrangement 
of ultrafine nanofibers in the mats is different. The 
nanofibers in mat N2 show a three dimensional 
(3D) arrangement with multiple layers connecting 
to the main fiber body. At the lower content of PEO, 
the ultrafine nanofibers start to form, therefore they 
are distributed to the limited area (Figure 1B). With 
the increase in PEO content, a clear distribution of 
ultrafine fibers were observed; however, the pattern 
of arrangement is different. Among the four different 
samples, the best arrangement of spider-net fibers was 
observed in the NP2 sample (Figure 1C). Therefore, 
it can be concluded that 1% is the optimum content 
of PEO in the Nylon-6 solution for getting the nano/
sub-nano fibrous arrangement. The partial phase 
separation of homogeneously mixed higher molecular 
nylon and lower molecular PEO portion should be 
started from the stable jet region, and becomes more 
pronounced during vibrating and whipping of the jet 
during electrospinning [13]. During jet whipping, 
PEO forms a surface layer whereas nylon forms the 
core of the jet. From the surface PEO layer, sub-nano 
fibers (fiber diameter < 50nm) are formed whereas 
from core nylon, nanofibers (fiber diameter>200nm) 
are formed.

  Figure 2: XRD spectra of different formulations.

XRD analysis was carried out in order to examine 
the crystal structure of the prepared samples. 
Nylon-6 nanofiber exhibited a characteristic peak at 
approximately 2θ values of  20.5 °, which can be termed 
as α crystalline phase [13]. After blending with PEO, 
the diffraction peak was observed at approximately 

2θ values of 21.2°. This shifting towards the higher 
values of 2θ° indicated a conversion from α to γ phase 
[13]. 

Figure 3: IR spectra of Nylon-6 and Nylon-6/PEO 
composite nanofibers.

Figure 3 depicts the characteristic FTIR peaks of 
pristine nylon-6 and nylon-6/PEO blend nanofiber 
composites. In pristine Nylon-6 nanofibers, the bands 
appeared at 3300 and 3085 cm-1 correspond to the 
NH stretching vibrations [14]. The peaks at 2860 and 
2930 cm-1 belong to the C-H stretching vibrations. 
The bands at 1640 and 1445 cm-1 are associated with 
(C=O) amide I and (C-N) amide II, respectively 
[14,15]. These bands were observed to be decreased 

Figure 4: Stress-strain curves of various formulations of 
nanofiber mats.
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in the case of composite nanofibers, which may be 
due to the hydrogen bonding with PEO. We studied 
the mechanical properties of the as-synthesized mats 
by the UTM machine. The study revealed that at the 
lower content of PEO, the mechanical property of the 
Nylon-6 is increased, whereas with further increasing 
PEO content, the mechanical strength decreased. The 
highest mechanical performance  in the case of the NP1 
sample is attributed to the well-formed 3D spider-net 
like morphology. As compared to the other samples, 
the sub-nano fibers are highly interconnected with 
the main fibers in NP1.  The FESEM morphologies 
(Figure 1) also support the mechanical strength data.

Conclusion
Nylon-6 and PEO polymers are properly blended 
with each other to produce composite bimodal 
electrospun nanofibrous membranes. 3D spider-net 
morphology of Nylon-6/PEO composite nanofibers 
was successfully prepared by the electrospinning 
technique. The interconnected fibrous morphology 
improved the mechanical property of the hybrid 
fibers. Thus prepared high aspect ratio Nylon-6/PEO 
composite nanofibers can be used in different fields 
such as filtration, wound healing, etc.
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