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Abstract: This study focuses on the influence of electrospinning processes on the properties of electrospun fibres. We
have optimised the parameters: distance, voltage, concentration of electrospinning to analyse the influence of these
parameters on the properties, in particular the structure and morphology of the nano-fibres. The mass of the required
polyamide was measured using an analytical balance and dissolved in formic acid to obtain a homogeneous mixture. The
solution was stirred for 24 hours and then cooled and inserted into the syringe to be electro-threaded. The concentration of
the solution played a decisive role during the spinning process and influenced in particular the determination of the diameter
but also the morphology of the nanofibres. A concentration of 15% PA-6 and a low viscosity solution of 266 mPa allowed
us to obtain higher quality fibres. The results obtained by the SEM show that the increase in the electric field causes the
fibre diameter to increase from 170nm to 234nm. The structures, nano-fibre morphologies and thermal properties of PA-6
have been characterised using scanning electron microscopy (SEM), differential scanning calorimeter (DSC) and
thermogravimetric analysis (TGA). Defect-free fibres with extremely small diameters and a large specific surface area were
produced. Which we will use to manufacture photo deformable textiles. After spinning the flawless fibres, we can continue
this study in the near future by adding a fire retardant active ingredient to the polyamide solution, to improve the resistance
of the fibres and their morphology.
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1. Introduction

Many methods have been used to prepare polymer nano-
fibers in recent years, such as template synthesis [1-2], phase

separation [3], self-assembly [4, 5], and electrospinning [6, 7].

The latter would be the already most efficient method, and
can be further improved, for the mass production of micro-
and nano-spinning of various polymers [8]. More than sixty
polymers have been processed by this method, leading to
fibrous structures with diameters ranging from the
micrometer to the nanometer [9]. Experimentally, an electro-
threading device (Figure 1) consists of three basic parts: an
injector with a metal needle installed on a pump, a metal
collector and a high-voltage source.

The polymer solution is well homogenized before being
introduced into the injector. Its concentration is adjusted to
obtain regular fibers. This concentration must be sufficient to
obtain a continuous jet of solution, ensuring the polarization
of the electrospinning solution, the other electrode being
fixed to the collector, usually simply grounded [10]. From a
mechanical point of view, in order to ensure the
electrospinning process, a high voltage (14-20 kV) is applied
in order to create a jet, electrically charged, of the polymer
solution out of the needle. The charges on the surface of the
solution cause a force directly opposite to the surface voltage
[11-13], so as the electric field strength increases, the
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hemispherical surface of the solution at the tip of the needle
becomes increasingly pointed, forming a so-called Taylor
cone. When the electric force is sufficiently high in relation
to the surface tension, which tends to gather the volume of
the liquid, a jet of solution is expelled towards the collector.
Before the polymer solution reaches the collector, the solvent
evaporates significantly and continuous polymer fibers are
deposited on the surface of the collector [14-16]. The control
of electrospinning parameters strongly influences the results
of the experiments and is critical to preserve homogeneous
fiber morphology.

The main parameters are:

1) The concentration of the initial solution, i.e. the
viscosity of the mixture, in order to make the fiber as
continuous as possible [17].

2) The potential difference at the origin of the mixing jet

3) The distance between the needle and the collector as
well as the ambient temperature, which influence the
evaporation time of the solvent [18].

4) Solution flow rate

In our own experiments, these parameters will be

optimized so that our nano-fibers are continuous and
homogeneous in order to observe the influence of the process
on the properties of polyamide-6 fibers. On the other hand,
the thermal properties of the nano-fibrous film of polyamide-
6 fibers will be studied.
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Figure 1. Vertical set up of electrospinning apparatus.

2. Materials

Polyamide 6 was supplied by the BASF SE (Europe)
Group, formic acid (99%, purchased from Prolabo, France)
as a solvent. The parameters, which were kept constant
during all experiments, are presented in Table 1.

Table 1. Parameters for electrospinning of PA-6.

3. Method

3.1. Electrostatic Spinning

PA-6/AF solutions with the desired concentration were
poured into a 10 mL syringe, typically attached to a needle.
The flow rate of the solution exiting through the metal
capillary of the needle was fixed and a potential difference
was applied. When the high voltage is applied, a jet of the
polymer solution is formed and ejected to be received by the
manifold. This jet is deposited on a specimen holder in the
form of a porous non-woven fabric. The formation of the
membrane of reasonable volume takes between 1 and 15 min
of tension application. After this period, the tension is
removed and the quantity deposited on the collector is stored
to prevent moisture.

Céne de Taylor

Figure 2. Presentation of Taylor cone and jet.

3.2. Preparation of Electro-spinning Solution

Description of polymers and solvents used the mass of
polyamide required was measured with an analytical balance
and dissolved in formic acid to obtain a homogencous
mixture. The concentration of the solution is 15% PA-6 and
85% AF. The solution was stirred for 24 hours and then
cooled and inserted into the syringe to be electro-threaded.

Table 2. Description of used polymers and solvents.

Polyamide: PA-6

Molecular weight (g/mol) 10,000
Density (g/mL) 1.084
Formic acid (AF)
Molecular weight (g/mol) 46,02
Density (g/mL) 1,22
Purity (%) 99

Flow Flow rate (ml/h): 0,1
Needle Needle diameter (G): 55
Ambient Parameter Temperature (°C): 23
Humidity 22%

Spinning time 15mn

4. Results and Discussions
4.1. Solution Characterization Technique

The electro-wiring process is based on the phenomenon of
stretching of the charged jet. It is affected by the physico-
chemical properties of the PA-6/AF solution. The
concentration or viscosity of the solution is the first
parameter that must be optimized to obtain the desired nano-
fiber morphology.

This concentration, which is neither too low nor too high,
gives us an ideal solution for spinning. The PA-6/AF polymer
solution has a high electrical conductivity, which allows a



12 Mohamed Moussa et al.: Influence of Processes on the Properties of Nano-fibrous
Fibers of the Electro-spinning Polyamide-6

high surface charge density to make the solution electro-

threadable.

Table 3. Physico-chemical properties of the polymer solution.

Concentration (%) Viscosity (mPa)

Electrical conductivity (uS/cm) Surface tension (mNm)

PA-6/AF 15 266
AF 99 86,80

4962 39
354,36 33,30

4.2. Optimization of PA-6/AF Electro-wiring

The electro-spinning of the PA-6/AF was carried out
according to a design of experiment (DoE), based on the
response surface method (RSM) and shown in the table
below.

Table 4. Selected Parameters with Different Levels in DOE.

Electro-spinning Abbreviation  Units Levels
Concentration of solution in PA-6  C % 15

Distance D cm 12, 15,20
Voltage \ kV 14,16, 18, 20

Total number of experience: 3*6=12
The feed rate was maintained at 0.1 ml/hour.

The average diameters (50 fibers measured), the standard
of deviation of the PA-6 -electro-spinning nano-fibers

produced are presented in the DoE detailed in the table above.

Table 5. DoE development for electro-spinning of PA-6.

No C (%) Distance (cm) Voltage (kV) Mean.Dia (nm) St.Dev
12 14 164 57
16 210 35
18 234 23
20 223 51
PA-6 15 15 14 212 28
16 164 48
18 123 39
20 234 58
18 14 137 43
16 119 52
18 122 54
20 244 26

The experiments concerning the electro-spinning of PA-6
have been finalized according to the DoE presented above. It
can be seen from the table that the diameter of the PA-6
nano-fibres in DoE varied between 119 and 244 nm.

Hold Value
C 15% PA-6

244

Mean Dia(nm)

171
20

137 18
Voltage (kV)
15

Distance(cm)

Figure 3. Surface plots for effect of inputs on PA-6 nanofiber diameter.

The combined effects of two parameters on the diameter
can be visualized by this surface plot in the figure above. As

shown in the surface plot above, the lowest value of the
diameter is in the right corner of the graph, it is related to a
distance of 15cm and a voltage of 14kV.

a. Effect of distance

Figure 4. SEM images of an electro-spinning PA-6, voltage: 20 kV, distance:
12,15, 18 cm.

The distance between the tip of the needle and the collector,
also known as the working distance. Also has a significant
influence on the morphology of the formed fibers. To evaluate
the effect of distance on the morphology of PA-6 nano-fibers,
we have carried out the electro-wiring of PA-6 by varying the
distance between 12, 15 and 18cm. As shown in the figure
above, the average fiber diameter of PA-6 increased from 202
nm (12 cm) to 117 nm (15 cm). Whereas at a distance of 12 cm,
the fibers obtained have a homogeneous morphology.

b. Effect of voltage

Figure 5. SEM images of an electro-spinning PA-6 solution according to
different parameters: concentration: 15% PA-6, voltage: 14, 16, 18, 20 kV,
distance: 12cm.

According to the results obtained, the nano-fibers are
uniformly formed and the average diameter increases with
increasing voltage. The best condition to have nano-fibers
with a good and homogenecous morphology is to fix the
voltage at 20kV. In conclusion, and from the SEM photos
presented above, it can be deduced that the optimal
conditions for electrofiling PA-6 are: a concentration of 15%
by weight PA-6, a voltage of 20 kV, a flow rate of 0.1 mL/h,
a distance of 20 cm. Using these parameters, nano-fibers with
an average diameter of less than 117 nm can be obtained.

C. Effect of concentration
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Figure 6. Influence of the 15% PA-6 concentration: 16kV, 14kV: 12cm.

Figure 7. Influence of the 15% PA-6 concentration: 16kV, 14kV: 15 cm.

5. Thermal Analysis
5.1. Thermogravimetric Analysis (TGA)

Figure 8. Influence of 15% PA-6 concentration: 14kV: 18cm.

These photos illustrate the morphologies obtained as a
function of concentration. Thus, in our case, the best
concentration for obtaining nano-fibers with a homogeneous
and equally thin fiber distribution was 15% by weight of PA-6.
The figure above indicates that there is a slight increase in the
diameter of the average fiber, from 170 nm to 234 nm, with a
decrease in the applied electric field. A considerable amount of
fine fibers with diameters less than 170 nm was then observed
with a narrow diameter distribution and a wide diameter
distribution beyond 180nm. The jet is extracted more violently
from the Taylor cone resulting in filaments of larger diameters.

Figure 9. TG and DTG curve of PA-6 nano-fiber films.

Table 6. Thermogravimetric results of PA-6 nano-fibre films.

Voltage Initial degradation Weight loss (100- Maximum degradation = Maximum Degradation Residue at 700°C
temperature 500°C) (%) temperature (°C) rat (%/°C) (%)

14V 372,29 +£2,2 36,70 + 1,6 41420+ 1,5 2,2+0,1 0,15+0,1

16V 347,51+ 1,1 57,03+ 1,0 396,23 + 1,1 0,2+0,1 0,11+0,2

18V 324,16 £2,1 77,76 £ 0,5 410,10 +£2,1 0,7+ 0,01 0,13+0,2

20V 292,98 £ 1,5 96,11 £0,3 397,30 £2,6 1,0+0,1 0,16 £0,3

The thermal behaviour of electro-spinning PA-6 nano-
fibres was studied using thermogravimetric analysis (TGA).
The mass loss of the nano-fibres is presented in the following
table. The thermogram shows a maximum initial mass loss of
96% up to an initial degradation temperature of 292°C,
which can be attributed to the removal of residual solvent or

molecules trapped in the lattice pores. When the initial
degradation temperature is high, we observe a decrease in
mass loss of nano-fibers of PA-6.

5.2. Differential Scanning Calorimetry Analysis (DSC)

The following figures represent the DSC thermograms
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recorded during the heating and cooling cycle of polyamide-6

nano-fibers at 20°C/min to 10°C/min.

Figure 10. DSC thermograms of electro-spinning fibers from PA-6.

The thermograms obtained by DSC allowed us to measure
the glass transition temperatures Tg, melting temperature T;
and crystallization temperature Tc, as well as the enthalpies
of melting AH; and crystallization AH; of our samples. The
table below summarizes these results. It was used to
determine the effects of electro-spinning fibers compared to
the electrospinning process on polyamide-6. The DSC
thermograms show that the maximum melting temperature

208°C and crystallization temperature 184°C are due to the
re-generation of the hydrogen bond between the polyamide
chains, on the other hand this tempera-tures decrease when
the voltage used for the process increases. This corresponds
to a degree of crystallinity of 32.59%. The increase and the
decrease of the voltage on the electrospinning also affect the
melting enthalpy on the electros-spinning fibers of
polyamide-6.

Table 7. Thermal properties of PA-6 nano-fibre films.

Materials Voltage (kV) T, (°C) T; (°C) T, (°C) AH, (J/g) AH; (J/g) X, (%)
14V 18429422 208,10£1,5 59,0£0,1 59,23+0,4 54,46+0,9 32,59+0,3
Films PA-6 16V 183,11+1,3 208,2442,2 59,040,1 51,44%0,1 49,36+0,2 28,09+0,2
(nano-fiber) 18V 18324422 207,1643,2 58,0+0,2 51,560,5 452340, 28,1703
20V 182,1943,1 206,88+2,6 56,0+0,1 61,26+0,2 43,1140,2 31,650, 1

6. Conclusion

A DoE based on the response surface method has been
developed to determine the impact of key electrospinning
parameters on the morphology of nano-fibers. By optimizing
the electro-threading conditions of PA-6, we have been able
to study the influence of these processes. The morphology of
the fiber structures was studied by SEM. The results obtained
were processed by the Image J software. These results show
that the diameter as well as the morphology of the filaments
depends on the voltage and voltage but also on the humidity
level in the electro-spinning cabin. By varying these electro-
spinning parameters such as voltage and distance, we were
able to observe different non-woven structures in terms of
diameter and especially in terms of the presence, or not, of
"pearl" structural defects. Regardless of how we varied these
parameters, nano-fibrous size fibers are always obtained.
Thus, we produced PA-6 nano-fibers with an average
diameter that did not exceed 244 nm, using a concentration
of 15% by weight of PA-6. Fibres were produced without
defects, with extremely small diameters and a large specific
surface area. This will be used to manufacture photo
deformable textiles. After spinning the flawless fibres, we

can continue this study in the near future by adding a fire
retardant active ingredient to the polyamide solution to
improve the resistance of the fibres and their morphology.
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