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ABSTRACT: Nylon 6,6 nanofiber membranes were produced by electrospinning technique and mechanical properties of the nylon
6,6 membranes prepared with different solvent systems were investigated. Nylon 6,6 solutions were prepared by dissolving nylon 6,6
in the solvent system of formic acid/trifluoroethyl alcohol with the ratios of 50/50, 75/25 and 100/0 (v/v). Results showed that solvent
type has a pronounced effect on average fiber diameters and mechanical properties. Increasing formic acid led to lower average fiber
diameters and enhanced mechanical strength. The nylon 6,6 membrane prepared by using formic acid exhibited the tensile strength of
about 20 MPa with the average fiber diameter of about 400 nm.
Keywords: Nylon 6,6, electrospinning, nanofibers

NYLON 6,6 NANOLİF MEMBRANLARIN
MEKANİK ÖZELLİKLERİNİN İNCELENMESİ
ÖZET: Çalışmada naylon 6,6 nanolif membranlar elektroeğirme tekniği ile üretilmiştir ve değişik çözücü sistemleri ile üretilmiş
nylon 6,6 nanolif membranların mekanik özellikleri incelenmiştir. Naylon 6,6 çözeltileri naylon 6,6 nın formik asit/trifloroetil alkol
çözücü sisteminde 50/50, 75/25 ve 100/0 oranlarında çözünmesiyle hazırlanmıştır. Sonuçlar çözücü tipinin ortalama nanolif
çaplarında ve mekanik özelliklerde belirgin etkisi olduğunu göstermiştir. Formik asit artışı düşük nanolif çaplarına ve artan mekanik
mukavemete neden olmuştur. Formik asit kullanılarak hazırlanan membran 400 nm ortalama nanolif çapı ile 20MPa civarı
mukavemet göstermiştir.
Anahtar Kelimeler: Naylon 6,6, elektro eğirme yöntemi, nanolifler
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1. INTRODUCTION
Electrospinning is a widely used technique to produce nanofibers
and characteristics of nanofibers including small diameter and
extremely high surface area to volume ratio makes these nanosized fibers good candidates for many application areas such as
separators, electrodes, filtration, tissue engineering, wound
dressing, etc [1-4]. Electrospinning technique relies on
application of high voltage on polymer solution. Polymer
solution is fed to the needle tip and solution droplet turns into
conical shape (Taylor cone) under electric field. When critical
voltage is reached polymeric jets are formed and move to the
collector. Under the influence of electrical field, jets get thinner,
solvent evaporates and nano-sized fibers are formed on the
collector [5-7].
Process and solution parameters including solution composition,
polymer solution feed rate, applied voltage, and distance between
tip and the collector affect average nanofiber diameters [8]. In
general, as the applied voltage increases above the critical value,
the nanofiber diameter decreases and then increases after a
definite point. As the flow rate increases, the nanofiber diameter
increases. At a high polymer concentration, the viscoelastic force
resists the stretching repulsive forces of charge and leads to an
increase in nanofiber diameter. An increase in the distance
between the capillary and the collector results in decreased
diameters [9].
Solvent type is one of the most important parameter that affects
the morphology and properties of nanofiber membranes [10-12].
Jarusuwannapoomv et al. [13] studied eighteen different solvents
to dissolve and electrospin polystyrene. It was reported that
dipole moment, conductivity, boiling point, viscosity and surface
tension of the solutions are important factors to determine the
electrospinnability [13]. An increase in average fiber diameters
with increased TFE ratio for gelatin/acetic acid/TFE system was
reported by Choktaweesap et al. [14]. The result was attributed to
greater viscosity of the solvents by increasing TFE ratio. Mituppatham [15] et al. investigated nylon 6 in formic acid and mcresol solvent system and significant change in morphology was
observed when the content of m-cresol was increased owing to
the changes in solution properties [15].
Mechanical, chemical and thermal stability of nanofiber
membranes are critical properties that affect the performance of
nanofiber membranes for many applications especially battery
separation, filtration, protective clothing, sensors, composite
reinforcement
and
biomedical
applications
[16-19].
Polyacrylonitrile,
polyvinylidene
fluoride,
polymethyl
metacylate, polyethylene oxide, polyvinylalcohol, polyurethane,
etc. have been commonly used for fabrication nanofiber
membranes. However, mechanical properties of these
electrospun nanofiber membranes are limited and mechanical
strength of electrospun membranes can be enhanced by using
polymers with higher mechanical strength such as nylon 6,6
[20]. Nylon 6, 6 nanofibers have been preferred due to their high
mechanical strength and high thermal stability [16, 19, 21-25].
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Formic acid and trifluoroethyl alcohol are the most commonly
used solvents for electrospinning of nylon based polymers [22,
24, 26]. The solvent systems for different polymers including
polycaprolactone
[27-29],
cellulose
acetate
[30-32],
polymethylsilsesquioxane [33], polystyrene [13], polyurethane
[34], polylactic acid [11, 35], poly(ethylene oxide) [10], nylon 6
[36], polymethylmetacrylate [37] have been reported. However,
to the best of our knowledge, the effect of different solvent
system on the morphology and mechanical properties of
nylon6,6 nanofiber membrane has not been reported so far. In
this study, different solvent systems were utilized to prepare
nylon 6,6 nanofiber membranes. Morphological and mechanical
properties of these membranes were examined in order to
investigate the effect of solvent system on the performance of
nylon 6,6 nanofiber membranes.
2. MATERIALS AND METHODS
Nylon 6,6, formic acid (FA), and trifluoroethyl alcohol (TFE)
were purchased from Aldrich. All chemicals were used as
received without further purification. Nylon 6,6 solutions were
prepared by dissolving 18 wt % nylon 6,6 in formic
acid/trifluoroethyl alcohol with the ratios of 50/50, 75/25 and
100/0 (vol/vol). The solutions were stirred for 12 hours to
dissolve the polymer. During electrospinning process, a high
voltage of 20 kV was provided. The feeding rate used was 1 ml/h
and the tip-to-collector-distance was 11 cm. In order to
determine average fiber diameters, the SEM images were
analyzed by using Revolution software and 100 measurement
were used for each specimen. The mechanical properties of the
membranes were determined by using a universal tensile tester
with 100 N capacity load cell. The thicknesses were measured by
using a digital micrometer. The extension rate was 10 mm/min at
room temperature and at least 5 specimens with the average
thickness of 40 µm were tested for each specimen. The
procedure has been known as Huang`s [38] method and has been
commonly used for nanofiber membranes in the literature [16,
26, 38].
3. RESULTS AND DISCUSSION
SEM images and fiber diameter distributions of the nylon 6,6
nanofiber membranes are presented in Figure 1. For all studied
solvent systems (formic acid/trifluoroethyl alcohol with the
ratios of 50/50, 75/25 and 100/0 (vol/vol)), uniform fiber
morphology was observed and increasing FA content led to
thinner fiber diameters. Table 1 shows the average fiber
diameters with respect to solvent systems. When 50/50 FA/TFE
was used, average fiber diameters were reported as 3007 nm.
Increasing FA content to 75% led to a decrease in average fiber
diameters, 2234 nm. When only FA was used, the average fiber
diameter was reported as 399 nm. The dielectric constant of
solvent system is one of the most important factor which affects
the electrospinnability, morphological appearance, and average
fiber diameters [12, 28] .The significant decrease in average fiber
diameter could be explained by dielectric properties of the
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solvents. The dielectric constant of TFE is 8.55 whereas that of
formic acid is 58.5 [14, 31]. Due to the high dielectric constant
of formic acid, average nanofiber diameters decreased. Similar
results were observed in earlier studies. Nirmala et al. [36]
investigated different solvents, formic acid, dichloromethane,
acetic acid, chlorophenol, hexafluoroisopropanol, and

trifluoroacetic acid, and reported that when formic acid was
used, the thinnest fibers were observed. The result was attributed
to dielectric constant of the solvent. The electrospinning of
polymer from highly polar solvents led to smaller fiber diameters
[36].

Figure 1 SEM images of nylon 6,6 nanofibers prepared with FA/TFE with the ratios of 50/50 (N1), 75/25 (N2) and 100/0 (N3).

Table 1 Sample properties

Short form

Concentration

Formic acid/
Trifluoroethyl
alcohol

Average fiber diameter
(nm)

Nylon 6,6

N1

18%

50/50

3007±990

Nylon 6,6

N2

18%

75/25

2234±422

Nylon 6,6

N3

18%

100/0

399±74

Samples
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electrospinning, same characteristic peaks were observed from
the spectra of nylon 6,6 nanofiber membranes prepared by
different solvent systems.
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The main factors that affect the mechanical properties of
nanofibers are fiber structure, arrangement of fiber, single fiber
properties and interaction between fibers. Figure 2 and 3 show
the stress strain curves of nylon 6,6 nanofiber membranes. The
nylon 6,6 nanofiber membranes prepared with FA/TFE (50/50
and 75/25 vol/vol), showed the strength of about 0.5 MPa. When
only formic acid was used, the strength was increased to about
25 MPa. This increase could be attributed to the morphology of
the resultant membranes. The higher strength with decreasing
fiber diameter could be explained by larger contact area and high
cohesive force. More fiber cohesion with decreasing fiber
diameter resulted in higher strength. Huang et al. [38] also
studied the mechanical properties of gelatin nanofibers and
enhanced strength was explained by higher cohesive force
resulted from decreased average fiber diameters. Baji et al. [39]
also studied the mechanical properties of nanofibers and reported
an increase in strength as the average fiber diameter decreased.
Increased strength was attributed to dense packing and higher
orientation [39]. Maleki et al. [11] studied different solvent type
on the morphology and mechanical properties of electrospun
poly(L-lactide). Higher strength with decreased fiber diameters
was reported and explained by larger contact area between fibers
[11]. Even the strength value changed significantly with different
solvent systems, all membranes studied showed similar strain
value which was about 0.5.

0.0

0.0

0.1

0.2

0.3

0.4

0.5

0.6

Strain, mm/mm
Figure 3. Stress strain curve of nylon 6,6 nanofiber membrane
prepared with FA (N3)

0.20
5

5x10

5

4x10

5

3x10

5

2x10

5

N1
N2

FA/TFE, 100/0
FA/TFE, 75/25
FA/TFE, 50/50

0.15

A

Stress, Pa

6x10

0.10

0.05
1x10

5

0.00

0

0
0.0

0.1

0.2

0.3

0.4

0.5

1000

1500

2000

cm

Strain, mm/mm

2500

3000

3500

4000

4500

-1

Figure 4 FTIR spectra of nylon 6,6 nanofibers.

Figure 2. Stress strain curve of nylon 6,6 nanofiber membrane prepared
with FA/TFE with the ratios of 50/50 (N1) and 75/25 (N2).

Figure 4 shows the FTIR spectra of nylon 6,6 nanofibers. The
characteristic peaks of nylon 6,6 were observed for all
membranes. Free N―H axial deformation was seen at ~ 3300
cm-1. CH2-NH axial deformations were seen at about 2936 and
2862 cm-1. The peaks at about 1636 and 1537 cm-1 belonged to
C＝O axial deformation, amide I and C―N axial deformation
and CO―N―H angular deformation, amide II, respectively [19,
40]. Since solvent system was completely evaporated after
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4. CONCLUSIONS
Mechanical performance of nanofiber membranes limits their
application and the solvent type is critical factor to determine the
morphology and performance of nanofiber membranes. In this
study, nylon 6,6 nanofiber membranes were prepared by using
FA/TFE system with different ratios for the first time. The effect
of solvent type on the morphology and mechanical properties
was studied. It was observed that solvent type influence the
strength and average fiber diameters significantly. Nylon 6,6
nanofiber membranes prepared with formic acid showed the
highest strength with thinnest fiber diameters.
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