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Abstract: This research explains the fabrication of polyacrylomitrile tubular construction nanofibers by using
against the charge electrospun process and important of the constant working parameters such as high polymer
concentration and high rotational speed mandrel collector with utilized voltage and feed rate to perform the
effect of each one on the diameter, adjustment, porosity, average surface area and average pore size of
nanofibers. Results showed that the growth in the flow rate of the polymer solution considerably increased the
nanofibers diameter, a scale of the average diameters, the nanofibers diameter arrangement were regularly
joining. Otherwise, the nanofibers diameter, the scale of the average diameters reduced and the nanofibers
diameter arrangement have been regularly smaller as the applied voltage raised. While changing both the
utilized voltage and feed rate of polymer solution leads to umprove the porosity percentage, heights mtensity
(Y%), average surface area (nm®) and limited the average pore size (nm).
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INTRODUCTION

The generation rate of nanofibres from a single
needle setup or traditional electrospimning method 1s
considerably low and limiting the large-scale application
comparied with multi-needles (Alghoraibi and Alomari,
2018), therefore, for production aligned fibers must be
applied to the different kinds of collectors such as
rotating drums or mandrel collectors (SalehHudin et af.,
2018). Because the low generation rate and non-oriented
nanofiber production plays a negative role m the
development of the electrospinning method (Rafie1 ef al.,
2013; Savva and Krasia-Christoforou, 2018). The rotating
collector can be applied to manufacture the 3D nanofibers
by using the rotation speed which supports a serious role
i limiting the degree of amsotropy. Furthermore, the
geometry of the collector can be chosen according to the
application. For example, a cylindrical can be used to form
a film while a rotating mandrel can be used to produce a
tubular structure (31ill and von Recum, 2008; Yuan et al.,
2018). One of the important advantages of using a mandrel
or dirum collector is a fast drying process occurrence that
can prevent the fusion at the contact sites and keep the
original fiber shape (Shum ef af., 2010). Also, these fibers
accumulated at a higher drum or mandrel rotation speed
have a closer arrangement of fiber alignment with high
porosity (Xiang ef al., 2011; Jin et al., 2018, Savva and

Krasia-Christoforow, 2018) . To fabricate fibers that are not
only non-woven meshes but also aligned, patterned,
twisted yarn and three-dimensional structures, developing
new techmques for controlling the deposition behavior
of the fibers either by mandrel collector shaft, rotating
drums or parallel electrodes are
required used the reverse charge nozzle’s to align 3-D

disk collectors

)

nanofibers into a uniaxial array (Dabirian and Hosseim,
2009; Xie et at., 2010, Chen et al., 2017) .

They modified the typical set-up by installing two
needles in reverse directions and pumping the polymer
solution into needles by two syringe liquid pumps with
the same injection rate (Xie et al, 2010). The
polyacrylonitrile nanofibers that are geometrically aligned
and oriented are prepared using an unconventional
method, using two needles in two opposite positions and
an orthogonal rotational collector with the needle axis
(Mottaghitalab and Haghi, 2011). The electrospinning
parameters such as polymer concentration, applied
voltage and solution flow rate strongly affects the rate of
solidification in the resulting nanofibers. The rapid
expansion and fastening of the polymer chains lead to
another important effect: the low crystallization of the
polymer nanofibers, since, the stretched chains do not
have enough time to form the crystal. However, these
non-crystalline polymer chains in nanofibers are strongly
oriented (Zong et al., 2002; Garg and Bowlin, 2011). The
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electrical applied voltage is the most important factor of
the electrospinning method which directly affects the
dynamics of the fluid. In the electrospiming method, the
polymer solution 1s equipped with high voltages to
increase the electrical charge of the polymer solution.
However, the changes in applied voltage, reflected in
the droplet shape suspended m the spmdle nozzle
(Jacobs et al., 2010, Stocco et al, 2018). Taking into
account the effects of electrospinning factors on the
diameter of the nanofibers and keeping the other factors
constant. The diameter of the nanofibers decreases with
the increased electrical applied voltage on the polymer
solution (Panda, 2007, Ren, 2013; Stocco et al, 2018). The
expansion in the applied veltage (i.e., by increasing the
electric field strength), raises the electrostatic opposing
force on the flud jet which ultimately chooses the
reduction of fiber diameter (Deitzel et al., 2001; Ren, 2013;
Rogina, 2014). Increases the applied voltage due to
mcreasing the temporary forces that try to align the
nanofibers in spite of increases whipping instability of
electrospinning jet (Jalili et al, 2006). In addition, the
increase the electric forces lead to enhance a surface area
of the jet accelerated the evaporation rate of the solvent,
decreasing the radius loop and slower elongation rate of
the electrospinning jet at higher polymer concentrations
(Thompson et al., 2007). On the other hand, the rising
flow rate due to improving the production rate and
diameter of the fibers (Dippold et al., 2017, Wang et al,,
2017), also at igher flow rates as more matenals are drawn
from the nozzle tip and the time for the jet to dry is
reduced (Garg and Bowlin, 2011). Fiber morphology is
controlled by experimental design and depends on
solution delivery, a polarity of the solvent, solution
concentration, polymer viscosity, molecular weight an
applied voltage (Jalili ef af., 2006; Shalumon ef al., 2018).
Therefore, using the reverse charge electrospinmung
method of spinmng n polyacrylomtrile/DMF solution. In
order to produce three-dimensional nanomaterials with
good morphological properties, electrical parameters such
as applied voltages and polymer flow rate, rapid vapor
evaporation of the solvent should controlled while the jet
is accelerated towards the agsembly drive to improve the
electrospinning of the polymer solution (Shim et al.,
2010). By Bonam et af. (2011) developed a new duplicate
electrospinning system for producing the biohybrid
nanofiber constructs they found high results in
anisotropic properties of tubular structure nanofibers by
using this system. Therefore, one of the aims in this
research 1s to create a structure that reproduces
anisotropic properties by collection of the collector shape
and the collector rotation enables to produce a tubular
structure with tunable anisotropic properties by using the

highly concentrated polymer solutions in electrospinning.
It offers a unique collection of control over tubular
structure nanofibrous at approximately high production
rates and mcreased the percentage of porosity, mean
pores diameter with standard deviation and average
surface area with standard deviation.

MATERIALS AND METHODS

Commercial Polyacrylonitrile (PAN) powder with a
molecular weight of 100,000 (g/mol) was supplied by the
Poly Acryl Company, Tran and Dimethyl Formaldehyde
(DMF) was obtamed from Merck (Schuchardt OHG 85662
Hchenbrunn, Germany).

Product of the electrospinning polymeric solutions:
The appropriate amounts of PAN and DMF mixed
using a heating magnetic stirrer at a temperature of 40°C
for 4 h to obtain a well-dissolved transparent light yellow
homogeneous polymer solution, ready schematic diagram
of the experimental setup shown (Fig. 1). To produce the
corresponding to the electrospinning provisions used for
production tubular structure nanofibrous by the influence
of the flow rate of polymer solution and applied voltage
are already in Table 1.

“Scanning Electron Microscopy” (SEM) and nanofibers
morphology analysis: The structural and morphological
characterizations of the pure polymeric structures were
done by Scanning Electron Microscopy (SEM),
KYKY-EM 3200 Model, the surface of specimens was
spread with a layer of gold with the thickness of
100 A by using the sputter coater KYKY-SBC12, the mean
diameter with Standard Deviation (SD) calculated by
using Digimizer image analysis software Version 5.3.3 and
the frequency histograms of the distribution of nanofibers
diameter was plotted by the XLSTAT analysis Software,
2016 for Microsoft Excel versions.

@ Collector,,
Polymer solution > Polymer solution
ol ] ——ll

High voltagi.e power supply

Fig. 1:a) Schematic diagram of the adverse charge
electrospinning set-up fpr aligning nanofibers; b)
1.00 KX1, 10 um SEM images and c¢) Tubular
structure sample
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Table 1: The electrospinning conditions used for production tubular structure nanofibrous by the effect of the applied voltage and flow rate of polymer solution

Utilized voltage electrospun conditions Values Feed rate electrospun conditions Values
Applied Voltage change (k'V) 12, 16, 20 Applied Voltages (kV) 20.00
Polymer concentration (wt.%4) 15.00 Polymer concentration (wt.%4) 15.00
Rotational speed (rpm) 4328.0 Rotational speed (rpm) 4328.0
Distance between the needles and collector (cm) 20.00 Distance between the needles and collector (cm) 20.00
Distance between two opposite needles (crmn) 10.00 Distance between two opposite needles (cin) 10.00

Flow rate of solution (mL/h) 00.5 Flow rate of solution change (mlL/h) 0.3, 04, 0.5

Statistical analysis: All the data were analyzed regarding
to Kruskal-Wallis test (XLSTAT Analysis Software, 2016
for Microsoft Excel Versions) to determine if the data
were normally or non-normally distributed. The data from
which all of the specimens extracted follows a normal
distribution. Data of pore diameter distribution according
to statistical (one-way ANOVA) indication did allow at
p=0.05.

Alignment of nanofibrous amalysis: “Fast Fourer
Transform”™ (FFT) method was used to identify the
functional set and vibrational modes of the materials as
well as to quantify the alignment of nanofibers. SPIP (TM)
Version 6.7.4 image metrology A/S, Horsholm, Denmark
software analysis (Scanning probe image processor)
converted to 8-bit grayscale TTF files and typical images
are 256x256 or 512x512 pixels for the FFT/PSD analysis
used to calculate the fast “Founer transform™ and power
spectrum density with two-dimensional is calculated as
the power value normalized with the area size of each
element. PSD (u, v) = P (u, v)/(x Range™y Range). Where
x Range and y Range are physical extents of the source
image and (u, v) are u, v the discrete Fourier indexes =0,
1, 2. For 1D average Y- PSD, The PSD Line medium uses
will determine PSD spectra for each Y column and then
determine the medium PSD spectrum. Here, each Z value
1s calculated as the power value normalized with are the
size of each element. PSD (u) =P (u) range where P (u) is
the power value for the Fourier index vou and range 1s the
physical range of the profiles if the graph will possess a
higher accuracy it must be calculated in high-resolution
mode and the four highest peaks have been detected
(MI1-M4).

Surface areas and porosity of nano fibers analysis:
There are some ways of testing the porosity such as
image analysis (Savva and Krasia-Christoforou, 2018) by
using SPIP (TM) Version 6.7.4 image metrology A/S,
Horsholm, Denmark software analysis (Scanning Probe
Tmage Processor) to detect the pores in the SEM
mmage and calculated the porosity (%), average surface
area (NM) 2+standard deviation, mean pores diameter
(NM)tstandard deviation and the heights intensity (Y%)
of distribution pores using the threshold method
according to the following:

»  Limited the mspection box on the surface of the
mage

s Detected the diameter of the average pore with
Standard Deviation (SD) In addition, surface area
with (SD) On the surface of image

¢ Plotted the histogram with limited the heights
intensity of pore distribution (Y%) and porosity%

RESULTS AND DISCUSSION

Influence of the electrospinning parameters on
nanofibers diameter: The applied electric field is one of
the most essential parameters in the electrospinning
method due to its direct influence on the dynamics of the
fluid flow. The adverse charge set-up showed a set of
experiments with the high-applied voltage varying from
12-16 and to 20 kV. The other parameters were put fixed
for the purpose of comparison were shown in the
(Table 1). Figure 2 explains the medium fiber diameter with
a Standard Deviation (SD) produced from 15 wt.%
Polymer solutions produced by the reverse charge set-up
as a function of the three applied voltages. And Fig. 3
present the SEM micrographs and frequency histogram of
the distribution of the nanofibers diameter at 15 wt.% of
PAN solution concentration for three different applied
voltages. From the Fig. 2 it can be noted that on
extending in the applied voltage. Due to decrease the
average diameter of the nanofibers wluch can be
associated with the expanded the effect of pulling
force two needles. Other researchers observed this

900
8001
é 700 7
é 600 |
S 400
g i
& 300 |
I
S 200
100 4

O T T 1
12 16 20

Flow rate (mL/h)

Fig. 2. The average fiber diameter produced from
15 wt.%. Polymer solutions by the opposite
charge set-up as a function of the three applied
voltages
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Fig. 3: a-¢) SEM micrographs and the frequency histograms of nanofibers diameter distribution with the many polymer
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Fig. 4: Influence of the polymer feed on the nanofibers
diameter at 4328 rpm mandrel speeds

(Panda, 2007, Jacobs et al, 2010). Increasing the
applied voltage due to quickening liquid jets from the
tip of a capillary to collector and decreasing the time

interval  for manufacturing the nanofibers. Other
researchers summarized this result as well (Deitzel et al.,
2001; Dmg ef af., 2002; Boppa, 2009). Otherwise, from
Fig. 3 it was noted that, rising in applied voltage of 12, 16
and 20 kV lead to variation in p-values until 0.113,
0.04 and 0.027 which significate to the distribution of
the nanofibers diameter locked to zero were deemed
normal  distribution and narrowing the nanofibers

diameter distribution with uniform the solution
concentrations and enhancing the production rate of
aligned nanofibers (rising the density of nanofibers
deposition) (Peterson, 2010) because the electrospinming
jets produced by reverse charge system due to
adding the mechanical force to electrical forces which
provided a higher generation rate of nanofibers compared
to single-jet electrospiming methods (Fig. 4). Therefore,

the best voltage applied chosen as 20 kV should be large
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quality fibers and high quantity of mnanofibers
precipitation. Considering the effect of the applied voltage
on the medium diameter of PAN electrospun nanofibers
manufactured at 15 wt.%. Of polymer solution as the
voltage raised, the fibers became smaller which compared
with the previous studies performed by Lee ef al. (2004)
and Wu et al. (2010). The mfluence of the polymer flow
rate on the nanofibers morphology was investigated by
boosting it from 0.3 in 0.5 mL/h in a set of experiments
performed by using the inverse charge method where
the following conditions were kept constant (Table 1).
Figure 4 and 5 illustrate the influence of the polymer
flow rate on the nanofibers diameter at the 4328-rpm
mandrel speeds performed by mverse charge set-up
and present the SEM micrographs with frequency
histograms of the distribution of nanofibers diameter
with the polymer flow rate of 0.3, 0.4 and 0.5 mL/h,
respectively.

Frequency

Increasing density of nano-fibers deposition

O P N W H» U1 O N ©

10.00 KX, 1 mm SEM images

(b) 10 -

The obtained data as displayed in Fig. 4 and 5 well
llustrate that, upon rasing the solution flow rate, the
electrospun nanofibers became thicker and more irregular.
At lugher flow rates, the hanging droplet at the end of the
needle becomes larger and the solution jet can carry the
fluid away with a faster velocity. From micrographs of
SEM immages (Fig. 5) The nise in the flow rate lead to
raising the production rate of nanofibers (improve the
frequency of precipitation nanofibers on rotating mandrel
collector) which conforms with the summarized results
from (Peterson, 2010). Some studies have regularly
reviewed the relation between solution feed and fiber
morphology. In usual it was determined that lowering flow
rates produced fibers with thinner diameters (Zong ef af.,
2002; Wu et al., 2010).

The flow rate that was too high resulted in beading,
since, fibers did not have an opportunity to dry prior to
reaching the collector (Min et af., 2004; Wannatong ef af.,

| Mean=630.93
| SD=186.08

350 478 607 735 992

Mean = 638.43
SD =194.56

370 468 567 665 764 862

Mean = 649.84
SD = 117.06

429 499 570 640 711 851

Diameter distribution histograms

Fig. 5. a-¢) SEM micrographs and the frequemcy histograms of nanofibers diameter distribution with the many polymer

flow rates
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Fig. &6 a-c¢) SEM micrographs, 1T average Y-PSD and 2D FFT/PSD analysis of SEM images of the nanofibers produced
from the 15 wt.% polymer solutions at many applied voltages

2004; Zhang et al., 2005). The laboratory data acquired in
this research explain that, the distribution of nanofibers
diameter is progressively broader with increased flow rate
of the selution from 0.3-0.5 mL/h and the p-values change
from 0.34, 0.273 and 0.027 according to Kruskal-Wallis
testing method which corresponds with the summarized
results from (Subbiah ef al, 2005). The best result at
0.5 mL/h. Having the good quality of nanofibers and hugh
frequency of nanofibers depositions.

Effect of the electrospinning parameters on alignment
of mnanofibers: A group of tests was performed by
the opposite charge set-up with the high applied voltage
varying from 12-16 and to 20 kV. The other parameters
kept constant for the purpose of comparison Figure
6 shows that the SEM micrographs, the average
heights intensity (Y)-Power Spectrum Density (PSD) and
2-dimensional Fast Fourier Transform (FFT) per power
spectral density for analysis of SEM images (Lai ef al,
2011; Kim et af., 2016) of the nanofibers produced

from the 15 wt.% polymer solutions in three different
appled voltages obtamned through opposite charge
electrospinning method. In 1D Average Y-PSD testing
(Fig. 6), the first and lighest peak reflects the pitch
distance which was changed from 115.74, 82.732 and
55.242 pixels and the average Power Spectrum Density
(PSD) were changed from 7649, 4243 and 7659,
respectively where the applied voltage varied from 12, 16
and 20 kV. The FFT test of the SEM images of the
nanofiber specimens used to convert the anisotropy of
the scaffolds to digitize the alignment level of the
nanofibers. Pattemned, grayscale pixels distributed in
the output image of the 2D FFT/PSD analysis to reflect
the degree of fiber alighment of the original data
image. The FFT data of the image with aligned fibers
results m an output mmage with non-randomly and
elliptically distribution pixels at 12, 16 and 20kV. The pixel
intengities plotted between 0-360° and the degree of
alignment 1n the FFT data reflected the shape and height
of the peak, also, the mereased the intensity and fewer
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Fig. 7. a-¢) SEM micrographs, 1D average Y-PSD and 2D FFT/PSD fourier images analysis of SEM images of the
nanofibers produced from the 15 wt.% polymer solution at 4328 rpm and at many polymer flow rates

occurrences of peaks indicate that the slightly altemating
alignment with voltage because the directional electric
field mtensity toward the electrodes lead to align
nanofibers and increase the bending instability the
optimum results of the nanofibers alignment are presented
m the 20 kV. The mfluence of voltage spotted in these
tests may be as regards to the “whipping™ mstability. The
many leading elements operating during electrospinning
is the fast increase of a whipping instability that creates
bending and lets the electrical forces to stretch the jet
(Rahmam ef al., 2014). Raising the utilized voltage, rise the
whipping instability and then raises the as-spun
nanofibers texture which makes uniformity of nanofibers
more complicated but moreover, raises the influential
forces which try to uniform the nanofibers at 12 kV and
above. The curent results obtained agree with the
previous experiments reported by Jalili et al. (2006) and
Rahmam et al. (2014). On the other hand, the effect of the
polymer flow rate on the resulting nanofibers morphology

was studied by increasing it from 0.3-0.5 mL/h in a set of
experiments performed by using the opposite charge
method. Figure 7 shows that the SEM micrographs, 1D
average Y-PSD and 2D FFT/PSD analysis of SEM
images of the nanofibers produced from the 15 wt.%
polymer solution at (0.3, 0.4, 0.5) mL/h. Flow rates of
polymer fabricated through the opposite electrospimming
set-up.

According to Fig. 7, we noted that formation fours
highest peaks with high resolution mode were varied the
flow rate, the first and highest peak reflects the pitch
distance which were changed from 48.768, 89.512 and
55.352 pixels and the average Power Spectrum Density
(PSD) were changed from 4077, 5824 and 7659 when
increased the flow rate from 0.3, 0.4 and 0.5 mL/,
respectively. Using the FFT test of the SEM images of the
nanofiber specimens to describe the anisotropy of the
nanofibers and digiize the umiformity level of the
nanofibers. Patterned, grayscale pixels distributed in the
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Fig. 8: SEM micrographs after thersholding, detected pores and height intensity histrogram analysis of the nanofibers
produced from the 15 wt.% polymer solution at 4328 rpm with many applied voltages, N = 6, p<0.05

Table 2: The results of porosity (%), mean surface area, mean pores diameter and height intensity of pores distribution (Y%o) by SPIP image processing
software after effect of increased the applied voltage and flow rate of 15 wt.% of polymer concentration

Samples Porosity (%6) Height intensity (¥ %) Mean surface area (nm) Mean pore diameter (nm)
12kV 48.06 1.265 21940.2+81 .45 511+£3.23
16kV 40.31 0.893 5371.9+71.16 6.15£3.31
20KV 51.50 1.339 T6983.1+98.16 3.72+1.52
0.3 mL/h 41.50 0.818 7618.5£8017.5 7.00+3.41
0.4 mL/h 44.10 0.372 6257.3+4541.3 5.33£2.76
0.5 mL/h 51.50 1.339 76983.1+£98.16 3.7241.52
output image of the 2D FFT/PSD analysis to distribution by using the threshold method to detect the

reflect the degree of fiber alignment of the origmal
data image.

Effect of the electrospinning parameters on porosity and
surface area of nanofibers: Figure 8 and 9 and Table 2,
show the effect of electrospimuing parameters such as
applied voltage and flow rate of polymer solution on
porosity (%), mean surface area (nm)® with Standard
Deviation (SD), mean pore diameter with Standard
Deviation (SD) (nm), height mtensity (Y%) of pores

pores in the SEM images with SPIP (TM) Software
analysis (Catena et al, 2016, Tahalyam et al, 2018).
When increased the applied voltage from 12, 16 and 20 k'V
slightly increased the percentage height, intensity of pore
distribution, percentage porosity and the mean surface
area while decreased the mean pore diameter with
increased the applied voltage (Fig. 8 Table 2). The
highest porosity (%), surface area (nm®) and highest
intensity (Y%) of distribution pores on histogram curves
and lowest mean pore size at20 kV. The analyzed using
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Fig. 9: a-¢) SEM micrographs after thersholding, detected pores and height intensity histogram analysis of the
nanofibers produced from the 15 wt.% polymer solution at 4328 rpm with many flow rates, N = 6, p<0.01

Kruskal-Wallis  test (XLSTAT Analysis Software,
one-way ANOVA) for the change m the pore
size was not normally distributed. The statistical data
reported about the changes in mean pore size+(SD)
was accepted at p<0.05 with increasing in the applied
voltage.

On the others hand when increased the flow rate of
polymer solution lead to increasing the porosity (%), the
mean surface area (nm)* and height intensity (Y%) of
distribution pores on histogram curves with decreased
the mean pores diameter (nm) (Fig. 9, Table 2) and the
changes in mean pore size=(SD) with increased the flow
rate was accepted at p<0.01, the lughest porosity (%),
surface area (nm)’ and highest intensity (Y%) of
distribution pores on histogram cwves at 0.5 mL/h.
Therefore, we noted that, a polymeric nanofibers web
containing the heights, surface area with a lowest pore
size and pores diameter distribution become more
narrowing with increasing the applied voltage and flow
rate of polymer solution (Subbiah et al., 2005), also, at
high polymer concentration and high rotational speed
of mandrel collector we found a good relationship
between the uniformity, aligned with porosity and surface
area of nanofibers. Because controlling of the nanofibers
deposition with rotating collector lead to linear straight jet

by mereased the flow rate especially at lngh concentration

compared with the conventional electrospinning method
(Zhou et al., 2015).

CONCLUSION

PAN tubular structures produced from highly aligned
contimious and uniform nanofibers through obverse
charge electrospirming methods. Raising the feed rate of
the polymer solution considerably increased the average
nanofibers diameter with Standard Deviation (SD) and the
range of diameter of the nanofibers. The highest
alignment, porosity (percentage), mean surface area (nm)’,
height mtensity (Y%) of pores distribution of nanofibers
and lowest mean pores diameter (nm) at 0.5 mL/h. Of
polymer solution, among the three flow rates of polymer
solutions studied. On the other hand, the diameter with
Standard Deviation (SD) and range of nanofibers
reduced as the utilized voltage increased and the highest
alignment, porosity (%) mean surface area (nm)*, height
wntensity (Y%) of pore distribution of nanofibers and
lowest mean pore diameter (nm) at 20 kV applied
voltage, among the three applied voltages. The
nanofibers produced from higher concentrations of
polymer solutions as well as higher take-up speeds at
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higher flow rate and applied voltage as they had a higher
directional alignment, mean surface area and porosity and
lowest mean pore size.
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