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Abstract

Poly(ethylene-terphthalate) (PET) was electorspun using constant
PET concentrations (15 wt %) in Trifluoroacetic acid (TFA) and
Dichlormethae (DCM) solution (50:50 ratio of solvents). The
applied voltage and the distance between the needle and the
ground collector kept constant, while the flow rate of polymer
solution was varied from 0.005 to 0.05 ml/min and two needle
diameters were used. The effect of solution flow rate and needle
diameters on the fiber formation was investigated for better control
of the electrospinning process. The resulting nanofibers were
observed using Scanning Electron Microscopy (SEM). The
obtained results showed nanofibers formation with droplets and
beads formation, however, at critical flow rates of PET solution
uniform beadless electrospun nanofibers was organized, and
uniform morphology of nanofiber was obtained.
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1. Introduction

Nowadays electrospinning has become the most widely used
technique in producing nanofibers material [1]. Since its first use
in the early 20th century, significant improvements have been
made in the instrument design, material used, and nanomaterials
produced [2]. Fibers produced by electrospinning approach are
smaller in diameter than those produced by conventional fiber
production methods like melt or solution spinning [3]. The average
diameter of these submicron polymeric fibers are in the range of
10 nm to 1 um [4-6]. Examples of application of nanofibers are in
tissue engineering, drug delivery systems, wound dressings,
antibacterial study, filtration, desalination, protective clothing
fabrication, and biosensors. Several reviews have comprehensively
summarized significant advances in the electrospinning area [7,8].

An electrospinning apparatus includes a pump, a needle, a high
voltage power supply, and a collector [9]. During electrospinning,
a precursor solution is pumped and forced through a narrow orifice
to form dependent droplets at the needle tip. As the voltage
increases, the repulsive force pulls out the solution into a Taylor
cone. Once the voltage reaches a critical value, the repulsive force
overcomes the surface tension of the solution and a liquid jet is
ejected from the Taylor cone to the collector. During this process,
the fiber jet experiences whipping and bending to allow the solvent
to evaporate before fibers are accumulated on the collector, and the
whole process usually takes place in milliseconds [9,10].
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Electrospinning technique offers an attractive method for
mimicking the natural extracellular matrix for tissue engineering
applications. However, a major problem in electrospinning is the
accumulation of fibres and beads formations, which can be limited
by controlling several parameters. The production of nanomaterials
(nanofibers) via electrospinning is affected by many operating
parameters such as applied electric field, distance between the
needle and collector and flow rate, needle diameter. However,
other parameters have great affect on the nanofibers fabrication
such as solution parameters (polymer concentration, viscosity,
solvent and solution conductivity) and environmental parameters
(relativity humidity and temperature). These different parameters
can also be used to control the fabrication of fibers [11,12].

The flow rate of the polymer solution may determine the
morphology of the produced nanofibers. Uniform bead free
electrospun nanofibers might be prepared via a critical flow rate.
The value of the critical flow rate varies with the polymer types. In
some cases increasing the flow rate above the critical value lead to
the formation of beads, as reported for polystyrene, when the flow
rate was increased to 0.10 mL/min, bead formation was observed.
However, when the flow rate was reduced to 0.07 mL/min, bead-
free nanofibers were formed. Increasing the flow rate beyond a
critical value not only leads to increase in the fibre diameter but
also to bead formation (due to incomplete drying of the nanofiber
jet during the flight between the needle tip and metallic collector)
[13]. Because increases and decreases in the flow rate affect the
nanofiber formation and diameter, a minimum flow rate is
preferred to maintain a balance between the leaving polymeric
solution and replacement of that solution with a new one during jet
formation[14]. In addition to bead formation, at high flow rate,
ribbon-like defects and droplets have also been reported in the
literature [13,15].

Furthermore few studies contributed to investigate the effect of
needle diameter on the electrospun nanofiber production and
diameter. One study by Macossay el al. reported that there is no
correlation between the needle diameter and electrospun poly
methyl methacrylate (PMMA) nanofibers [16]. While other studies
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show very clear effect to the needle diameter, when different
polymer systems were used [17,18].

On the light of the previous mentioned complexity of the
electrospinning process parameters, only two operating parameters
are chosen to be investigated in this paper, namely the flow rate
and the needle diameter. Poly(ethylene-terphthalate) (PET) was
used in this study. Poly(ethylene-terphthalate) is a semi crystalline
polymer and a thermo plastic, made by melt polymerization, which
is heavily used in engineering. It is soluble in few solvents, the
most effective solvents being Trifluoroacetic acid (TFA) and O-
ChloroPhenol (OCP) [19,20]. PET is used in a variety of
applications due to its resistant to environmental effects and good
mechanical properties [21]. It is used in the automotive and
packaging industry extensively, however lately PET nanofiber
mats were used for filtration [22], protective clothing [23], and
tissue engineering scaffolds [24].

In this research a constant PET concentration in mixture of
Trifluoroacetic acid (TFA) and Dichlormethae (DCM) solution are
used. The applied voltage and the distance between the needle and
the ground collector are also kept constant. The flow rate of
polymer solution was varied from 0.005 to 0.05 ml/min and two
needle diameters were used.

2. Experimental Work

High purity Poly(ethylene-terphthalate) with 40,000 molecular
mass (Mn) was obtained from Polymer Analytic Lab., and was
used in this study as received. The complete characterization of
this polymer is shown in Table 1. Poly(ethylene-terphthalate)
solution was prepared in mixture of TFA and DCM, and the
obtained solutions was continuously stirred for sufficient time
(from 2 to 3 hours) at room temperature to increase homogeneity.

TABLE 1. Poly(ethylene-terphthalate) Characteristics and

Properties.

M, M,, Polydispersity Melting Glass

(g/mol) (g/mol) temperature (k) temperature (k)
40,000 62,000 1.52 525 350
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Figure (1) illustrates the applied electrospinning apparatus, in its
simplest form. The experimental set-up consisted of a 10-ml
syringe to hold the polymer solution and stainless steel needle, a
syringe pump, two electrodes, a DC voltage supply in the kV
range, and a ground collector ( see Figure (1)). The variable high
voltage supply (built in-house and capable of a voltage up to 50
kV) was used to apply a potential difference between the spinneret
and the grounded collector plate. The presence of polymer in
solution leads to the formation of fine solid fibres as the solvent
evaporates. The charge on the fibres eventually dissipates into the
surrounding environment [25]. A Hamilton SGE gas tight syringe
used as the spinning solution reservoir was placed in a Kent
Scientific (model: Genie Plus) pump, which fed the PET solution
through a needle (gauge 26) at specified predetermined rate.

Polymer Solution

Taylor Cone

T Supply
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Figure 1. Schematic representation of the applied electrospinning
process.

In order to investigated the effect of polymer solution flow rate on
the nanofibre diameter and formation four different volumetric
flow rate are used namely 0.05, 0.02, 0.01 and 0.005 ml/min.
(15% wt.) poly(ethylene-terphthalate) concentrations was used in
mixture of solvents (TFA and DCM ) with 50:50 volume percent.
In all the experiments a voltage of 15 kV was kept constant and
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was applied to the solution and the solution jet emerging from the
needle was collected on the aluminum foil ground collector. The
distance between needle tip and collector was also constant at 15
cm, room temperature and relative humidity were 25 °C and 65%,
respectively. To consider the effect of the needle diameter in the
electrospinning process two size of needle diameters were used
0.26 and 0.21 mm.

Scanning Electron Microscope (SEM) analysis was done to
confirm the nanofibers formation and to obtain the morphology of
the electrospun nanofibres. The instrument used was a Zeiss
Merlin Field Emission Scanning Electron Microscope (FE-SEM)
with the Zeiss Smart-SEM software. The electrospun nanofibre
mats were loaded into the chamber of the SEM instrument and
images were recorded under vacuum at 7 KV voltage with 250 pA
beam current and a working distance of 4.0 mm, the column was in
high resolution mode.

3. Results and Discussion

SEM micrographs of Poly(ethylene-terphthalate) (PET) nanofibers
obtained using four different flow rates and with two different
types of needle diameters are presented in Figures from Figure (2)
to Figure (5).

Figure 2(a) and 2(b) present the SEM for nanofibers fabricated
using 0.05 ml/min flow rate using needles with 0.26 mm and 0.21
mm internal diameter (ID), respectively. In this figure one can see
very small length nanofibers formed in-between the large droplets
or agglomeration of polymer that clearly observed in SEM image.
The agglomeration of PET formation can be due to the chain
entanglement and aggregate because the insufficient solvent
evaporation. Small changes in the electrospun fibres (determined
using SEM micrographs) were obtained by varying the needle
diameter from 0.21(Figure 2(a)) to 0,26 mm (Figure 2(b)).
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Figure 2. SEM micrographs of PET nanofibers using 0.05 ml/min, flow
rate and (a) 0.21 mm (b) 0.26 mm ID of needle

As shown in Figures 3 (a) and 3(b), PET electronspun using 0.02
ml/min, flow rate produced nanofibers that are beaded and
branched in shape with a few of agglomeration. The agglomeration
are seen more frequently in the case of larger needle diameter
(0.26 mm) as seen in Figure 3(b).
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Figure 3. SEM micrographs of PET nanofibers using 0.02 ml/min, flow
rate and (a) 0.21 mm (b) 0.26 mm ID of needle.

In addition to that, the average diameter for 25 individual
nanofibers of each sample was measured. The results show that
large needle diameter (0.26 mm), give nanofibers with average
diameter of 107 nm * 32, while smaller needle diameter (0.21
mm), give nanofibers with average diameter of 93 nm * 40. This
difference in the nanofiber diameters might be explained as
following; when small needle diameter is used a small drop will
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form from the polymer solution at the tip of the needle, while in
the case of using large needle diameter large drop will form. The
small drop will has high surface tension compared with the large
one needle, which needs very high potential difference to
overcome the surface tension and form polymer jet. The high
potential difference increases a force called electrostatic force
which is responsible about stretching the polymer jet, so thinner
nanofibers will be formed and collected on the ground plate, in the
case of small needle diameter [17].
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Figure 4. SEM micrographs of PET nanofibers using 0.01 ml/min, flow
rate and (a) 0.21 mm (b) 0.26 mm ID of needle.

Figures 4(a) and 4(b) present the SEM for nanofibers fabricated
using 0.01 ml/min flow rate using needles with different needle
diameter. As shown in Figures (3) in both Figures 4(a) and 4(b),
PET nanofibers is produced with less beads and agglomeration.
However, ribbon-like structure is obtained in several images as
seen two of them in Figure 4(a) and one in Figure 4(b). The
formation of beads and ribbon-like structures could be mainly
attributed to the large amount of solvent that needed to be
evaporated as well as to the low stretching of the solution in the
flight between the needle and metallic collector. The presence of
such beads and ribbon-like structures could be also attributed o the
influence of the gravitational force [15]. The same effect could
also be attributed to an increase in diameter of the nanofibers with
an increase in the flow rate [26]. The average diameter for the
large needle diameter (0.26 mm), the average diameter was 102
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nm * 25, while for the smaller needle diameter (0.21 mm), the

average diameter was 88 nm + 43.
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Figure 5. SEM micrographs of PET nanofibers using 0.005 ml/min, flow
rate and (a) 0.21 mm (b) 0.26 mm ID of needle

Figures 5 (a) and 5(b), demonstrate the electrospun nanofibers
obtained using 0.005 ml/min, flow rate by 0.21, 0.26 mm needle
diameters. In this case thinner, smoother and bead free without
agglomeration nanofibers was observed with both small and large
needle diameter compared with nanofibers previously obtained by
large PET solution flow rates. The average nanofibers diameter in
the case of 0.26 mm needle diameter was 95 nm + 27, while with
0.21 mm, the average diameter was 82 nm = 38.

Therefore, with small needle diameter, the nanofibers were
thinner.

The nanofibers average diameter variations as a result of PET
solution flow rate change and due to using two different sizes
(diameters) of needle are shown in Figure (6).

In general there is clear trend with positive proportion as the
flow rate increases the average diameters increased and as the
needle diameter increases the average diameters increased as well.
Furthermore, the large variation in the nanofibers diameters
distribution as shown from the standard deviation values for
smaller needle diameter when compared with large needle
diameter. This could be due to cone jets formation secondary
stable and not stable jet cone formation during the electrospinning
process, these jets are continuously replaced by cone jets. As a
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result of this phenomenon, nanofibers with a wide range diameter
are formed [15].
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Figure 6. The nanofibers average diameter change with PET solution
flow rate change and using different needle diameters.

From the resulting images, in general, it is observed that the
increasing of Poly(ethylene-terphthalate) solution flow rate leads
to increase the diameter of nanofibers. This can be due to the
increasing in the chain entanglement as the solvent evaporated. On
the other hand, the lower the flow rate the more solvent will
evaporated and stable nanofibers will form, and this appeared to
lead to decrease the diameter of the nanofibers, as the polymer
cone will stretch much longer after the solvent has been
evaporated. On the other hand, when the Poly(ethylene-
terphthalate) solution flow rate is very high, the polymer chains
may not have enough to construct stable nanofibers due to the
large quantity of solvent that needed to be evaporated.

4. Conclusions

Electrospinning is a rapid, simple, and relatively inexpensive
method to fabricate high aspect ratio, submicron diameter size
fibres with high surface area. In this paper, the effect of flow rate
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and needle diameter on the morphology of electrospun PET
nanofibers was investigated. It was found that:

1) Decreasing the PET solution flow rate from 0.05 to 0.005
ml/min, lead to decreasing in the nanofiber diameter and less bead
formation was observed, which may leads to decreasing the pore.

2) Small needle diameters with 0.21 mm ID produced thinner and
often beadless nanofibres (fibres without agglomeration)
compared with large needle diameter 0.26 mm. These results
contributed to electrostatic force, which responsible about
stretching and thinning the polymer jet.
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