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Abstract

The diameter and morphology of polycaprolactone (PCL) nanofibers were optimized by varying electrospinning conditions including applied
voltage, concentration of PCL solution, feed rate, and spinneret-collector distance, to obtain smooth and bead-free nanofibers. Scanning
electron microscope and Fourier-transform infrared spectroscopy were used to characterize the obtained nanofibers. The results revealed that
smooth, bead-free PCL nanofibers were acquired at an applied voltage of 20 kV, polymer concentration of 10.0 m/v %, feed rate of 0.5 mL h°
! and spinneret-collector distance of 15.0 cm. SEM image show continuos uniform and smooth surface fibrous structure of electrospun PCL
fibers with average diameter of 170.87nm. This demonstrated the synergistic effect of optimizing multiple electrospinning parameters on the
diameter and morphology of PCL nanofibers.
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1-Introduction

Recent advances in nanotechnology have enabled the fabrication of functional polymeric nanofibers that show promising
utilization in various fields that include water treatment, tissue engineering, biosensing, drug delivery, and more[1-3]. Initial
research on tissue regeneration focused on natural polymers like alginate, chitosan, gelatin, silk, and collagen, due to their
biocompatibility, biodegradability, and solubility[4]. However, these materials faced challenges like poor mechanical
properties, high cost, difficult processability, and limited availability[5,6]. This prompted the creation of artificial
biodegradable polymer fibers, which not only provide advantages like flexible, controllable designs, and tailored mechanics,
but also eliminate these disadvantages[7]. Various research groups have explored the use of artificial polymers including
polycaprolactone (PCL), polyvinyl alcohol, polylactic acid (PLA), and others for diverse applications[6-9]. These synthetic
polymers provide more flexibility in tuning mechanical strength, degradation rates, and fabrication processes to meet the
demands of different bioengineering applications. To fully realize the potential of creative synthetic polymeric nanofiber
systems in environmental remediation, medicine, and other fields, more research is still required[4,10].

Polycaprolactone (PCL) is the best material to prepare nanofibers with a procedure for electrospinning that produces superior
biocompatibility[11-13]. PCL is a nontoxic, biodegradable, thermal stable polymer with good biocompatibility[14]. PCL is
involved in many applications including wound dressings, bone engineering, artificial blood vessels, membrane and food
packaging systems[13,15,16]. The technique of electrospinning allows for the preparation of fibers from a variety of materials
at the micro-to nano scale. When a liquid polymer is exposed to a high voltage, a continuous jet strand is ejected from the
spinneret and moves in the direction of a grounded collector. The supplied electric field overcomes the polymer droplet's
surface tension. After that, the droplet elongates to create a "Taylor cone," which is then extruded to create a fiber jet. As the
fiber jets pass through the environment, the solvent in them evaporates, depositing solid polymer fibers as a nonwoven web on
the metal collector[17]. As has been extensively documented, several processing factors, such as voltage, flow rate, type of
collector, and distance of collector, have a major effect on the fiber morphology during the electrospinning process. In
addition, there are solution factors that also influence the size and morphology of nanofiber such as concentration, viscosity,
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type of polymer, and molecular weight of polymer, as well as ambient conditions (humidity and room temperature)[18-23].
The applied voltage and concentration of the polymer solution are the most crucial factors for regulating the nanofibers'
morphology, which is necessary for the jet formation to occur. When the applied voltage is low, the surface tension of the
polymer solution is not sufficiently overcome by the Coulombic forces, causing droplets or beads to form rather than smooth
fibers[24]. As the voltage is raised, the balance of the viscoelastic and superficial tension creates a charged jet and small fiber
diameters. Higher applied voltages cause the jet to break and larger diameters to be produced because the Coulombic forces
outweigh the viscoelastic forces[24]. The concentration affects the viscosity of the solution so when the concentration is very
low the electrospray is produced instead of smooth fiber. By increasing the concentration until reach the adjusted
concentration, the fiber without beads will be prepared but at a very high concentration, for the fiber with micro diameter, not
nano[4].

The presented work aimed to modify the different electrospinning parameters such as applied voltage, polymer solution
concentration, feed rate, and spinneret-collector distance to generate homogenous PCL nanofibers for scaffolds for tissue
engineering and water treatment are provided by the findings.

2. Experimental (Materials and Methods)

2.1. Materials

PCL (average molecular weight of 80000 g/mol) was obtained from Sigma-Aldrich Co., USA. Dimethyl formamide (DMF,
99.9% purity) and chloroform (CHCl;, 99.8% purity) were used as solvents in this work are all analytical grade.

2.2. Preparation of PCL nanofibers

PCL solution (10 m/v%) was prepared by stirring an appropriate amount of PCL in chloroform: DMF mixture (8:2) for 4 h.
Chloroform was good solvent for PCL but small amount of DMF was added to improve the conductivity of the solution
because surface tension cannot be overcome by electrostatic force if the solution is completely insulating or if the applied
voltage is insufficient. On the other hand, a polymer solution's spinnability improves with increasing conductivity. As a result,
it was concluded that using mix of chloroform and DMF as a solvent made electrospin fibers extremely thin, similar result
with another solvent was reported[25]. The obtained solution was loaded into a plastic syringe. The technique of
electrospinning (electrospinning-Nanon-01A) was used to create electrospun nanofibers. Sampling was achieved at a
temperature of 25+2°C and a relative humidity of 50%=1% in the laboratory. To enable the evaporation of any remaining
solvent, all samples were allowed to dry for a full night prior to analysis. To obtain electrospun PCL fibrous samples at 15, 20,
and 25 kV, the voltage that was applied was regarded as a variable, while the other parameters remained unchanged as
indicated in Table 1. Likewise, the Spinneret-Collector distance was used as a variable for preparing PCL fibers at 12, 13, and
15 cm with constant other parameters as illustrated in Table 1. Various concentrations (7, 10, and 14 m/v%) were prepared to
study the effect of solution concentration with keeping the remaining other parameters constant. In addition to the feed rate
(0.2, 0.5, and 1.0 mL.h™") were taken as variable parameters while maintaining other parameters constant as shown in Table 1.
2.3. Characterization

2.3.1 Scanning electron microscope

Field emission Quanta 250 FEG Scanning Electron Microscope (SEM) (FEI Company, Netherlands) was utilized to study the
morphology of the prepared fibers.

2.3.2 Fourier transform infrared (FTIR)

It was performed on i10 Nicolet FTIR (Thermo Fisher, MA, USA). The scans were performed from 4000 - 400 cem’! o
elucidate the chemical composition.

Table 1: Preparation of nanofiber samples with different parameters

Variables Voltage S-C Distance Feed Rate Conc of PCL solution Diameter of fiber
kV) (cm) (ml/h) (m/v%) (nm)
Concentration 20 15 0.5 7.0 -
20 15 0.5 10 170.87
20 15 0.5 14 282.92
Applied 15 15 0.5 10 241.30
Voltage 20 15 0.5 10 237.83
25 15 0.5 10 251.74
Feed Rate 20 15 0.2 10 302.5
20 15 0.5 10 225.56
20 15 1.0 10 454.73
S-C Distance 20 12 0.5 10 336.48
20 15 0.5 10 351.36
20 15 0.5 10 351.36

Egypt. J. Chem. 68, No. 5 (2025)



TUNING ELECTROSPINNING CONDITIONS FOR PCL NANOFIBERS.. 265

3. Results and discussion

3.1. FTIR analysis

Fig.1 shows FTIR spectra data of PCL in the wave number range of 4000-500 cm™. Asymmetric and symmetric CH,
stretching around 2935 cm™' and 2848 cm™! respectively can be observed[26,27]. A sharp signal at 1720 cm™ was related to the
carbonyl stretching group (C=0). The peak at 1286 cm™ represents the C-O and C-C groups. Asymmetric COC stretching and
OC-O stretching was appeared around 1238 cm™ and 1163 cm', respectively.
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Figure 1: FTIR of PCL nanofiber

3.2. SEM micrographs

SEM micrographs in Fig.2 were obtained with voltages of 15, 20, and 25 kV. It was observed at a voltage <15 kV, that droplet
and beads formed on the fiber’s membrane. The applied voltage has a direct impact on the quantity of charges carried by the
jet, the strength of its interactions with the external electric field, and the degree of electrostatic repulsion between the charged
species. Higher voltages typically encourage a decrease in fiber thickness, but they can also cause more fluid to be ejected,
which causes fibers to form with thicker diameters [28]. From Fig.2, we can see that increasing the voltage to 20 kV decreases
in mean fiber diameter. This might have occurred because the stream performed more charge at higher applied voltages,
enhancing the Coulomb repulsive and electrostatic forces. This, in turn, may have increased the tensile force on the jet,
causing the fiber diameter to decrease. However, it was observed the mean fiber diameter rose when the voltage increased
from 20 to 25 kV (from 237.83 to 251.74 nm) as shown in (Fig.2, Tablel). The reason for this could be that at higher voltages
25 kV, more polymer liquid is induced to be ejected. Furthermore, we can deduce from the observed data that, at the applied
voltage of 20kV, uniform smooth fibers without beads were produced. Concentration was less than or equal to 7 m/v%, it was
observed that electrospraying formed instead of nanofibers poor fiber uniformity, as shown in Fig.3. When the concentration
of the polymer solution exceeded 14 m/v%, the syringe needle would frequently block because of the viscosity of the solution
and form a fiber with a high diameter. Thus, the optimum concentration is between 7 and 14 m/v% PCL. It was observed
from Fig.3, 4 at 10 m/v% the fibers without beads were formed with thin diameter 170.87nm. A higher concentration of the
polymeric solution causes the solution to become more viscous and increases the entanglements in the polymer chains, which
increases the size of the fibers [29], its diameter was282.92nm Tablel. Additionally, we can deduce from the observed data
that uniform, bead-free fibers were achieved at 10 m/v% PCL solution. As shown in Fig.5, the SEM images were acquired at
feed rates of 0.2, 0.5, and 1.0 mL.h™". Through the process, it was observed that under 0.5 mlh’, the feed rate was very low to
see the Taylor cone creation and form electrospray instead of fiber or form fiber with beads, and the fibers’ diameter reduced
from 302.50 to 225.56 nm as the flow rate increased. However, at a high feed rate >1.0 mLh™' the diameter of the fibers
increases as shown in Tablel and fibers contain a few beads because with high feed rate does not give the solution sufficient
time to charge. Thus, the optimum feed rates tested were within the range of 0.5 to 1.0 mLh'. A statistically significant
reduction in the average diameter as the feed rate is raised has not been documented in many studies. However, some
researchers found that an increase in feed rate caused an increase in the volume that was ejected, which in turn caused the
fiber diameter to increase[30,31]. Furthermore, we can conclude from the observed data that a uniform bead-free fiber flow
rate of 0.5 mL.h™" was achieved.
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Figure 2: SEM images acquired at voltages applied of (a) 15 kV (b) 20 kV (c) 25 kV as well as their distribution charts, respectively.

Figure 3: Camera picture of fibers at concentrations of the polymer solution of (a) 7 m/v%, (b) 10 m/v%, and (c) 14 m/v%.

\

0

9,
e 8 .
s 7
36 6
= [
@ g5
= s
s >4
@ g
= 3
2
1
0

100 15 200 250 300 350
Diameter (nm)

100 200 300 400 500 600
Diameter (nm)

Figure 4: SEM images acquired at concentrations of the polymer solution of (a) 7 m/v%, (b) 10 m/v%, and (c) 14 m/v% as well as their
distribution charts, respectively.

The SEM images acquired at spinneret-collector distances of 12, 13, and 15 cm were illustrated in Fig.6, respectively. The
Spinneret-Collector distance of 12 cm shows the presence of a bead formation. The tested spinneret-collector distances at a
high distance because a perfect spinneret-collector distances varies depending on the polymer system and ought to ensure that
the jets fully extend and solidify, forming solid fibers as a result. It was observed from Fig.6 that when the spinneret-collector
distances increase from 12 to 15 cm, the fiber diameter decreases. It was shown from Tablel at distance 12cm, the fiber with
small diameter was formed but with beads. This aligns with research carried out by Matabola et al. and Wang et al. with
various polymer systems[32,33]. Based on the data, we can deduce that consistent fibers without beads were obtained at a
Spinneret-Collector distance of 15 cm.
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Figure 5: SEM pictures obtained at polymer solution feed rates of (a) 0. 2mlLh?, (b)0.5mLh”, and (c) 1.0 mLh™ as well as their
distribution charts, respectively.
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Figure 6: SEM pictures obtained at distance between tip and collector (A) 12cm, (B) 13cm, and (C) 15cm as well as their distribution charts,
respectively.

Future research is required to ascertain whether these nanofibers can be used in a variety of applications by examining the
relationship between the morphology and mean fiber diameters and mechanical properties. Therefore, to achieve a PCL
membrane, mechanical properties must be optimized by adjusting different electrospinning parameters.

4. Conclusion

In conclusion, this study demonstrated that fine-tuning key electrospinning parameters has a significant impact on the size and
morphology of electrospun PCL nanofibers. The applied voltage of 20 kV resulted in uniform fibers, while higher voltages
caused beading. An optimal polymer concentration of 10 m/v% was established. Lower concentrations yielded non-uniform
fibers while higher ones caused clogging. A feed rate of 0.5 mlh"' produced nanofibers without beads. Furthermore,
increasing the spinneret-collector distance reduced fiber diameter. The average diameter of PCL nanofiber is 170.87nm.
Ultimately, the synergistic optimization of multiple electrospinning variables is necessary to fabricate bead-free PCL
nanofibers with the desired morphology and diameter. In the future, nanofibers will be updated by some additive and will be
used for water treatment.
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