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ABSTRACT

Nanofibers are materials that present high elasticity, strength, porosity and surface-area-to-volume ratio. The
electrospinning method is the most widely adopted technique for forming polymeric nanofibers due to
repeatability, easy scale-up process and production of long and continuous nanofibers. This method produces
nanofibers with diameters ranging from 10 nm to 1000 nm. The process is regulated by many parameters
which significantly affecting the morphology of the nanofibers, and through the proper handling of these
parameters are obtained desired nanofibers in morphology and diameters. Based on this, the objective of this
work was to evaluate the size and morphology of nanofibers obtained by different conditions of the
electrospinning process. The electrospinning technique will be utilized to produce nanofibers with
polyacrylonitrile (PAN) polymer and solvent N, N-dimethylformamide (DMF). The polymer solutions (10%
(w/v)) were injected through of the capillary with diameter 0.45; 0.55; 0.70 and 0.80 mm. The distances from
the collector to the capillary were tested between 100 and 200 mm, voltage between 15 and 25 kV, and feed
rate of the solution between 100 and 1000 pL/h. All of the tests were conducted at 22 °C with the relative
humidity level controlled at 65+1%. The morphology and size of nanofibers were evaluated by Scanning
Electron Microscopy (SEM). Thus, the development of nanofibers with small diameter and high pore volume
facilitate bioactive molecules loading and / or transport of nutrients and wastes, and allow the polymeric
nanofibers become important class of biomaterials.
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1. INTRODUCTION

Nanotechnology is the science that involves obtaining, manipulation and characterization of functional struc-
tures composed of particles with at least one of its dimensions measured in nanometers. On this scale, physi-
cal, chemical and biological properties of materials are enhanced by reducing the size that provides greater
contact surface and reactivity of the material [1].

Nanotechnology is providing new solutions and opportunities to ensure sustainable energy and envi-
ronments for the future. Materials of nanofiberous morphology are attractive to solve numerous energy and
environmental issues [2], presenting great potential as adsorbents for capture and storage of carbon dioxide
(COy) [3]. Polymeric nanofibers have different functionality with respect to their mechanical, electrical and
thermal properties, and demonstrate potential for applications in many areas [4].

The electrospinning method is the most widely adopted technique for forming polymer nanofibers due
to repeatability, ease of scale-up the process and production of long and continuous nanofibers. This method
produces nanofibers ranging from 10 nm to 1000 nm in diameter, that present high elasticity, strength and
surface area relative to volume, depending on the polymer used [5].

The electrospinning essentially consists of a capillary or a syringe filled containing the polymer solu-
tion, a high voltage source and a grounded conductive collector screen. The needle of the syringe typically
serves as an electrode to electrically charge the polymer solution and the counter-electrode is connected to
the conductive collector screen [6].
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Electrospinning is carried out by applying a high voltage to a polymer solution in a process that results
in nanofiber formation and lengthening due to electrostatic repulsion.The polymer solution is fed at a con-
stant flow rate through a capillary charged with a high voltage (10 kV to 30 kV).When the electric field at-
tains enough energy to overcome surface tension at the tip of the capillary, a “Taylor Cone” forms and the
nanofibers are deposited in a stationary or rotating collector where the solvent evaporates and the nanofibers
collect [7].

The electrospinning process is conducted by many factors classified in parameters of solution, of the
process and environmental. Solution parameters include: polymer concentration; volatile solvent; molecular
weight; viscosity; superficial tension and conductivity/surface charge density. Process parameters include
electrical potential; flow rate; types of collectors; diameter of the capillary and distance from capillary to the
collector. Environmental parameters include: humidity, temperature and air flow.

Each of these parameters significantly affect the fibers morphology obtained as a result of electrospin-
ning, and by proper manipulation of these parameters we can get nanofibers of desired morphology and di-
ameters [8]. Thus, the objective of this work was to evaluate the size and morphology of the nanofibers ob-
tained with different parameters of the electrospinning process.

2. MATERIALS AND METHODS

2.1 Preparation of the polymer solutions

The polymer utilized was polyacrylonitrile (PAN) of molecular weight 150,000 g/mol (Sigma-Aldrich®,
United States). The polymer solution of 10% (w/v) was prepared with solvent N, N-dimethylformamide
(DMF). The mixture was left under continuous agitation with magnetic stirrer at ambient temperature of 23°C
for at least 24 hours.

2.2 Electrospinning

The electrospinning method was used to produce the polymeric nanofibers. Figure 1 shows a schematic illus-
tration of the basic configuration of the technique. The polymer solution was injected through of the capillary
with diameter 0.45; 0.55; 0.70 and 0.80 mm. The electric potential was evaluated in 15, 20 and 25 kV. The
distance from the collector to the capillary was fixed in 140 mm and feed rate of the solution in 500 puL/h. All
of the tests were conducted at 22 °C with the relative humidity level controlled at 65+1%.
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Figure 1: Schematic diagram of the electrospinning process.

2.3 Shape and diameter of the nanofibers

Images and 30 measurements of the diameters of the nanofibers were obtained using a scanning electron
microscope (SEM) (JEOL JSM-6610 LV, Japan). Before the analyses, the samples were fixed in a metallic
holder with carbon tape and coated with gold using a sputtering diode (Denton Vacuum 111 CAR001-0038,
USA).

2.4 Statistical Analysis
The results were evaluated by analysis of variance (ANOVA) and Tukey test to compare the means of the
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studied response, with a significance level of 99% (p<0,01).

3. RESULTS AND DISCUSSION

In the electrospinning technique, the following parameters that had been determined in preliminary tests were
used: distance from the capillary to the collector of 140 mm and solution feed rate of 500 puL/h. The process
parameters, capillary diameter and the electric potential were evaluated on the conditions shown in Table 1.

Table 1: Results of variation the parameters of the electrospinning process.

Capillary (mm) Electric potential (kV) Diameter (nm)
15 556120
0.45 20 501156
25 472+£120%
15 364+63°
0.55 20 376x71%
25 415+80%
15 409491
0.70 20 780+202%
25 806+399°
15 966+262f
0.80 20 716+210%
25 646+170%

The same letters in the column indicate that the results did not differ significantly with 95% confidence level.

In accordance with RAMAKRISHNA, ef al. [9], the effect of the electrospinning process, with the
PAN polymer and solvent DMF, the dimensions of the nanofibers results in production of continuous nano-
fibers with diameters of up to 1000 nm. BARHATE, et al. [10] have obtained porous nanofibers with the
PAN polymer (Mw = 150,000) of 500 nm by electrospinning method. The large surface area of these struc-
tures provides nanofibers with high pore volume and different sizes.

These pores facilitate bioactive molecules loading and transport of nutrients and waste, and allow the
polymer nanofibers become important class of biomaterials [11]. Under suitable conditions, uniform and
defect-free nanofibers are deposited on the collector. Dynamic interactions between polymer chains, such as
entanglement, hydrophobic interaction and hydrogen bonding, are essential for reducing the fiber diameter to
the nanoscale level and maintaining continuous fiber formation [12].

In this study, the lowest average diameter of the nanofibers obtained was 364 + 63 nm, with 10% con-
centration of polymer solution PAN / DMF, electric potential of 15 kV and capillary diameter of 0.55 mm,
with no significant difference (p <0 05) to the results obtained with the capillaries of 0.45 to 0.55 mm. Ac-
cording RAMAKRISHNA, et al. [9] the reduction of the capillary diameter decreases the diameter of the
nanofibers, as can be seen in the results of Table 1 into the capillaries of 0.45 to 0.55 mm.

The small diameter also reduces the occurrence of clogging of the capillary, due to the lower exposure
of the solution at ambient atmosphere during the electrospinning process [9]. According to the SHIN, et al.
[13], obtaining fibers with reduced diameter is important for promoting the stability of the jet during electro-
spinning.

The solution concentration is the most important parameter to affect the nanofiber diameter. Lower
solution concentration produces finer nanofiber diameters but at the same time supports bead formation. On
the other side, raising the concentration increases the diameter [14]. Generally, the high molecular weight
polymer is used in electrospinning, because they provide the desired viscosity for fiber production [8]. The
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polymer solution at 10% exhibited sufficiently high concentration and viscosity (346,9 mPa.s) to produce
uniform nanofibers.

REN, et al. [15] have obtained nanofibers with diameter smaller (480 = 58 nm) with 10% polymer so-
lution PAN with DMF. GU, et al. [16] have obtained nanofibers with diameters between 130 and 280 nm
with 10% of the same solution. According KIRECCI, et al. [14] the best nanofibers (without formation of
beads) can be obtained with a 10% solution concentration.

Figure 2 shows SEM images of the morphological structure of nanofibres, which presented morpholo-
gies (without beads), continuous and three dimensional structure.
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Figure 2: SEM images of nanofibers surface 10% PAN with DMF (a) image magnification 500x (b) 1600x and (c)
6000x.

The variation of electrical potential as a function of capillary 0.45 and 0.55 mm, did not influence the
size of the nanofibers (p<0.05) (Table 1). In these conditions were obtained uniform nanofibers and continu-
ous (Fig. 2). With the 0.70 mm capillary, the increased electric potential increased diameter of nanofibres,
because of the formation of beads under these conditions. This may have occurred due to larger amount of
polymer solution exiting from the capillary, and not evaporation of the solvent until deposition on the collec-
tor. According BHARDWAJ and KUNDU [8], with higher potential is most likely the granule formation.

With the capillary of 0.80 mm, the increase of electric potential reduced the diameter and were ob-
tained uniform and continuous nanofibers (Fig. 2). In the electrospinning process a crucial element is the
applied voltage to the solution. There is an ideal range of applied voltage or electric field intensity for a given
polymer-solvent system, wherein the nanofiber formation is desirable [17]. The increase in the applied volt-
age, i.e., by increasing the electric field strength, increases the electrostatic repulsive force on the fluid jet
which ultimately favours the narrowing of fiber diameter.

In most cases, a higher voltage causes greater stretching of the solution due to the greater columbic
forces in the jet as well as a stronger electric field. Thus, voltage influences fiber diameter, but the level of
significance varies with the polymer solution concentration and on the distance between the tip and the col-
lector [8, 18].

4. CONCLUSIONS

Polymer nanofibers PAN with DMF (10% w/v) were produced by different conditions of the electrospinning
process. Through the variation the process parameters was obtained nanofibers with different sizes and shape.
Nanofibers continuous, uniforms and with reduced diameter were obtained with the diameters of the capillary
of 0.45 mm (472 £ 120 nm) and 0,55 mm (364 + 63 nm), differing statistically from the others results ob-
tained with capillary diameters of 0, 70 and 0.80 mm. Thus, the manipulation of electrospinning parameters
results in nanofibers with high surface area relative to volume, with the potential to significantly improve the
current technology and find applications in new areas.
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