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ABSTRACT
In this paper, the morphology, structure and
properties
of
electrospun
Polysulfonamide
(PSA)/multi-walled carbon nanotubes (MWCNTs)
fibers are investigated systematically. The
experimental results indicate that the diameter of
electrospun PSA fiber increased by the blending of
MWCNTs while its crystallinity decreased. Both the
conductivity and mechanical properties of
PSA/MWCNT fibers were improved by the blending
of MWCNTs at a concentration below 5% MWCNT.
The thermal behavior of the electrospun fibers was
influenced by the MWCNT concentrations through
the Thermogravimetric Analysis (TGA).The new
developed PSA/MWCNTs composite nanofiber has
excellent thermal stability and mechanical properties
compared with the usual PSA fibers.

assembly approach, preparing sensitive mesoporous
ZnO-SnO2 (m-Z-S) nanofibers. They showed the
mesoporous fiber film exhibited high sensitivity,
quick response and recovery properties [6]. Desai et
al. electrospun Chitosan/PEO blended solutions onto
a spun-bonded non-woven polypropylene substrate,
fabricating nano-fibrous filter media [12].
Recently, there have been many studies focusing on
the development of functional nano composites using
the electrospun polymer/nano-particles fibers [25, 26].
Through the electrospinning of the blended polymer
and functional particles, some new multifunctional
electrospun fibers have been developed. Among these
nano particles, carbon nanotube (CNT) is the most
promising one, which has attracted a great attention
due to its excellent electrical conductivity properties
and mechanical properties [27-31]. Zhou et al. used
the electrospinning method to prepare PEO
(polyethylene oxide) and PVA (polyvinyl alcohol)
nanofibers containing MWCNTs (multi-walled
carbon nanotubes) and made an investigation of the
interaction between MWCNTs and the polymer
matrix[32]. Saeed et al. fabricated MWNT/PCL nano
composites
(multi-walled
carbon
nanotube/polycaprolactone) where the MWNTs were
used as the reinforcing materials [33]. They found the
MWNTs can be embedded within the nanofibers and
well oriented along the axes of the electrospun
nanofibers. Jose et al. synthesized the aligned
nanocomposite of Nylon 6 and surface-modified
MWNTs through electrospinning [34]. Ra et al.
investigated the effect of CNTs on the conductivity
of the PAN (polyacrylonitrile) fiber. They found that
both the conductivity and morphology of the
electrospun fibers can be affected by the CNT
concentration [35]. Sen et al. blended the
SWCNTs(single walled carbon nanotubes) with the
PS (polystyrene) solution and electrospun the PS/
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INTRODUCTION
Electrospinning is one of the most frequently used
methods for the preparation of various kinds of
polymer fibers at the nano-metric scale; a high
specific surface area and high porosity can be
achieved through this means [1, 2]. Due to its
advantages, electro-spun fibers have been widely
used for many applications, such as reinforcing
materials [3, 4], sensors [5-10], filtering
materials[11-13], catalytic carrier [14], luminescent
materials [15, 16], individual protection materials [17,
18], biomedical materials (including drug delivery
[19, 20], tissue engineering [21-23], and enzyme
immobilization [24]). Among these research studies,
Wang et al. electrospun polyelectrolyte and located
its membrane on a quartz crystal microbalance,
fabricating a novel humidity sensor. It was reported
that the sensors exhibited high sensitivity [5]. Song et
al. combined electrospinning with surfactant-directed
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CNTs nano-fibers [36]. In 2009, Saeedeh Mazinani,
et al. [26] studied the dispersion of CNTs in the PS
initial electrospinning solution and evaluated the
electrical properties and mechanical characteristic of
the electrospun PS/CNT mats with different CNT
contents.

Electo-Spinning
Surface modification technology was employed to
improve the dispersion of MWCNT in PSA solution.
The MWCNTs were first dispersed using an
ultrasonic machine in a mixed solvent of 70% nitric
acid and 98% sulfuric acid for 1h. The mixed solvent
with MWCNTs was added in an oil bath to reflux and
condense at 120 degrees for another 1h and then
washed using distilled water repeatedly until the PH
of the mixed solution reached 7.0. The surface
modified MWCNTs were obtained after drying over
24h.

However, very few researches have been reported on
the fabricating PSA (Polysulfonamide)/CNT
nanofibers. Polysulfonamide (PSA) is one kind of
heat-resistant polymer owing to –NHOC, -SO2group in its molecular [37-39]. Its LOT (limit oxygen
index) is 33 and no melting and shrinking occurs
when it is burned, which show the PSA material has
excellent flame resistance. Compared to Aramid 1313
polymer, the heat resistance of the PSA is much
better. Under the 350 degrees environment, the
strength of PSA fiber is reduced to 38% while the
Aramid 1313 is destroyed thoroughly. In addition,
PSA also shows excellent radiation performance,
chemical stability and dying properties. It has
obtained a great attention and can be used in many
fields like aerospace, high-temperature environments
and civil fields with flame retardant requirements.
However, the electrical resistance of PSA is high and
its breaking tenacity is low, which limit its
application in the development of protective textile
products.

A calculated amount of treated MWCNTs were
dispersed in DMAC using ultrasonic vibration for 30
min, then added into 12% PSA/DMAC solution and
stirred mechanically for 0.5h. The MWCNT/PSA
composite spinning solutions with different contents
were prepared after mechanical stirring for 1h and
ultrasonic vibration for 1h. The experimental data are
showed in Table I.
TABLE I. The specifications of PSA/MWCNTs composite
spinning solution.

In our research, the PSA nanocomposite fibers were
prepared by the electrospinning method using the
PSA solution blended with the different
concentrations of MWCNT. The effect of MWCNT
on fiber’s morphologies and properties including
electrical conductivity and mechanical properties
were studied qualitatively and systematically.

DMAC: dimethylacetamide

The schematic of electrospinning set-up employed in
this work is shown in Figure 1. The prepared
PSA/MWCNTs solutions were fist injected into a
plastic syringe with a stainless steel needle (1.2 mm
inner diameter, Changzhou Yuekang Medical
Equipment Co. LTD.). A constant volume of the
PSA/MWCNTs solution was delivered to the needle
at a flow rate of 0.1 m/h using a syringe pump. A
high potential of 28 kV provided by a high-voltage
generator (Model: ES-203, Shanghai Lingshi
Electronic Co. LTD) was used during the spinning of
the polymer solution. The prepared nanocomposite
fibers were collected on the aluminum foil stuck to a
rotating drum with the rotation velocity set to be
42rpm. The drum located at 15cm distance from the
needle tip was connected to the ground.

EXPERIMENTAL
Materials
The materials used in this study include PSA solution
(2.0~2.5dl/g intrinsic viscosity and12% weight mass
ratio
(12wt
%)
concentration),
DMAC
(dimethylacetamide) solvent and MWCNTs. These
materials above are supplied by Shanghai Tanlon
Fiber Co. LTD.
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RESULTS AND DISCUSSION
Scanning Electron Microscope (SEM)

(a) 0wt% MWCNTs / PSA

FIGURE 1. System set-up of the electro-spinning unit for
manufacturing PSA fibers.
(b) 1wt% MWCNTs / PSA

Measurements and Characterization
The morphology and the MWCNT distribution in the
PSA/MWCNTs
composite
nanofibers
were
investigated using SEM (S-3400N) and TEM (J1OL
JEM-2100).
X-ray
diffraction
(XRD)
(k780FirmV_06) using Cuka radiation (λ=0.154nm)
was employed to measure the crystallinity of fibers
with the Bragg angle (2θ) ranging from 5° to 90°.
The XRD experiments were performed at 40kV and
40mA, with a scan rate of 0.8°/step. Fourier
transform infrared (FTIR) spectra were conducted
using AVATAR 370 FR-IR spectrometer.
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The conductivity of PSA/MWCNTs nanocomposite
fibers with different MWCNT concentrations were
measured using both ZC26 (Shanghai AnBiao
electronic co., LTD) and UT70A conductivity meter
(Shanghai YiZhu electric co., LTD). Five electrospun
fibrous mats with 10cm×10cm in size of each sample
were prepared and measured.
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(d) 5wt% MWCNTs / PSA

A single fiber mechanical tester (YG006) was
employed to measure the mechanical properties of
fibers. Each sample with dimensions of 150mm and
5mm (length and width) after a standard conditioning
were weighted and measured 10 times. The extension
rate was set to be 10 mm/min at room temperature.

(e) 7wt% MWCNTs / PSA
FIGURE 2. SEM images and diameter distribution of 12% PSA
electrospun fibers with different MWCNT concentrations.

Thermogravimetric
analysis
(STA
PT-1000,
Germany) was used to characterize the thermal
behaviors of the PSA/MWCNTs fibers. For each
sample, 15 mg of PSA fibers was loaded in a
platinum pan and heated at a rate of 20℃/min from
room temperature to 700℃ at the nitrogen
environment with the gas flow set to be 80-100
L/min.
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Figure 2a-e illustrates the morphological features of
PSA/MWCNTs nanocomposite fibers with different
MWCNT concentrations. As depicted, the blending
of MWCNTs can lead to an increase of the average
fiber diameter and a more roughly fiber surface. The
reason is that the blending of MWCNTs can increase
the viscosity of the PSA solution, so as to increase
the resistance of fiber drawing from polymer matrix.
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However, it is interesting to find that there is a slight
decrease of fiber average diameter as the MWCNT
concentration is increased from 1% to 5%. The
addition of MWCNT enhanced the conductivity of
polymer due to its excellent conductivity. When the
MWCNT concentration below 5%, no large
agglomerates have been found in the blending
polymer system and a conductive network can be
formatted gradually as the MWCNT concentration
increasing, thus the tension acted on jet is increased
and it favors the formation of thinner fibers.
Baumgarten et al [40] suggested that the fibers
diameter is highly correlated to the cubic root of the
conductivity of the spinning solution. However, when
the concentration of MWCNT was increased further,
large agglomerates can be found (over 6mm in scale),
it thus limits the conductivity performance of
MWCNTs and the formation of the integrated
conductive network. Therefore, the spinning tension
is decreased and the average diameter of fibers is
increased accordingly as illustrated in Figure 2e.

matrix. Second, ultrasonic vibration was employed to
disperse MWCNTs. Local high temperature and
atmospheric pressure could be produced by the
ultrasonic cleaner, it contributes to the effectively
dispersing the MWCNTs in matrix.
XRD Analysis of PSA/MWCNTs Nanofibers
As shown in Figure 4, the blending of MWCNTs
affected the crystallinity of fibers considerably. The
curve of the Electrospun PSA fibers has a peak at
about 22.15°, which indicates that there are still some
of macromolecules orderly aligned although no
integrated crystals appears. However, the peak at
22.5° is found to be disappeared after adding
MWCNTs into PSA matrix, which illustrates that the
addition of MWCNTs decreases the crystallinity of
the blended fibers [46, 47]. Some literatures have
reported that MWCNTs can act as a nucleation agent
which can improve the crystallinity of fibers.
However, MWCNTs hindered the movement of
polymer matrix’s molecular chains, which limits the
crystal growth on the other side.

Transmission Electron Microscopy (TEM)
TEM was employed to evaluate the dispersion of
MWCNT in fibers. Figure 3 illustrates the
PSA/MWCNT fibers with 3% MWCNTs.

0wt% MWCNTs/PSA
1wt% MWCNTs/PSA
3wt% MWCNTs/PSA
5wt% MWCNTs/PSA
7wt% MWCNTs/PSA
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FIGURE 4. The X-ray Diffraction Intensity Curve of the
PSA/MWCNTs Fibers.

FTIR Analysis of PSA/MWCNTs Fibers
The FTIR spectra of PSA/MWCNT nanofibers are
show in Figure 5. The result shows that the MWCNT
has few effects on the position and shape of peaks
along the FTIR curve of PSA/MWCNTs fibers,
indicating that the MWCNTs have no significant
influences on the molecular structure and chemical
composition of composite fibers.

FIGURE 3. TEM images of MWCNTs/PSA electrospun fibers
with 3% MWCNTs.

As illustrated in Figure 3, MWCNTs can be arranged
along the PSA fiber axial when the concentration of
MWCNTs was 3%. Two main factors may affect the
dispersion of MWCNTs in PSA matrix. First,
MWCNTs used in this work were treated by acid and
there were many –OH– hydrophilic groups on their
surface, leading to a close connection with PSA
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The amide N-H stretching vibration occurred at
3351cm-1. The characteristic peak at 1645cm-1 was
amino link -C=O- stretching vibration absorption
~

peak that is the absorption band of N . The
characteristic peak at 1589 cm-1 is attributed to the
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stretching vibration of -C-C-. Both the flexural
vibrations of -NH- in -CONH- and the stretching
vibration of -CN- correspond to the characteristic
peak at about 1550 cm-1. The absorption peak at
/
about 1257cm-1 is the absorption band of O , caused
by coupled vibrations of -NH- and -C-N-. It indicates
the presence of -CONH- in polymers. The
characteristic peaks at 1321cm-1 and 1149cm-1 are
caused by symmetrical stretching vibration and
anti-symmetric stretching vibration of –SO2–
respectively. Para replace characteristic peak of
benzene ring occurs at 831cm-1. It could be deduced
that one of the components of the blended
polymer/particle system is Polysulfonamide. In
addition, there was a weak absorption peak detected
at around 831cm-1 that is the characteristic peak of
-C-Cl. The presence of this peak was because that
acyl chloride and DMAC interacted, consuming
monomer and producing CH3Cl.

conductivity of fibers. At low concentration,
MWCNTs could be dispersed into solution by
ultrasonic vibration and mechanical stirring, and most
of the MWCNTs are isolated with each other, which
limits the formation of a conductive network.
Increasing the MWCNT concentration can increase
the opportunity to connect with each other and
shorten the distance among MWCNTs, favoring the
formation of a conductive network. Therefore, at
below 5% concentration, the surface specific
resistance rate of nanocomposite fibers can be
decreased with the addition of more and more
MWCNT. However, at above 5% concentration,
large agglomerates have been found (over 6mm in
scale), it leads a severely decreasing of the
conductivity of MWCNTs. In addition, some broken
circuit occurs in the network due to agglomeration,
the surface specific resistance rate increasing and the
conductivity decreasing.
Order of magnitude of surface
specific resistance rate
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FIGURE 6. The surface specific resistance rate of PSA/MWCNTs
fibers prepared with different MWCNT concentrations.

FIGURE 5. FTIR Curves of the electrospun PSA/MWCNTs fibers.

Mechanical
Properties
of
Electrospun
PSA/MWCNTs Nanofibers
The breaking tenacity of PSA/MWCNTs fibers with
different MWCNT concentration is demonstrated in
Figure 7. The results obtained show the addition of
MWCNTs causes an increase in breaking tenacity
before percolation threshold. The breaking tenacity of
fibers can be improved gradually when the MWCNT
concentration ranges from 1% to 3%. In contrast,
when the concentration is over 3%, the crystallinity
begins to decrease. The crystallinity can decrease to
0.306 when 7% MWCNT concentration, it is 23.3%
lower in comparison with the electrospun PSA fibers.
The main parameter affecting the breaking tenacity of
fiber mats is the interface bonding state between the
MWCNT and PSA matrix[41].

Electrical Conductivity of Fiber Mats
As illustrated in Figure 6, when the MWCNT
concentration ranges from 1% to 5%, the surface
specific resistance rate of the composite nano-fibers
decreases, meanwhile the reduction amplitude
increases gradually. However, there is an increase in
surface specific resistance rate when the
concentration of MWCNTs is over 5%. There are
four parameters affecting the conductivity of the fiber
mats: the conductive property of MWCNTs,
MWCNT size, MWCNT concentration and MWCNT
dispersion in polymer solution. The mechanism of
MWCNT electrical conduction is related to the
unpaired electron. Sp2 hybridization occurs among
carbon atoms and an unpaired electro of each carbon
atom is on π orbit that is perpendicular to the layers.
Therefore, MWCNTs show excellent conductivity
properties. The addition of MWCNTs increases the
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FIGURE 7. The breaking tenacity of the electrospun
PSA/MWCNTs fibers with different MWCNT concentrations.

(a) MWCNT debonding from the PSA/MWCNTs interface layer

When the composite fibers are drawn from the PSA
matrix under tension, usually some flaw will appear
and continue to expand due to the poor breaking
tenacity of PSA matrix until it meets MWCNTs
blended inside the PSA matrix. At low concentration,
MWCNTs could be dispersed uniformly in PSA
matrix by ultrasonic vibration and mechanical stirring,
wrapped with PSA matrix closely. When the
MWCNTs debonding with the PSA matrix or itself
occurs (Figure 8a), it dissipates energy. Therefore,
the mechanical property can be improved. When the
tension is increased further, the flaw expands along
the MWCNTs until it reaches the weak regions
between MWCNTs and the PSA matrix, and then the
MWCNT can be extracted from the PSA matrix [42]
as shown in Figure 8b. Energy must be dissipated
during the separation of MWCNTs with the PSA
matrix, thus it can improve the mechanism property
of the composite fibers. Moreover, there are many
interspaces and holes left in solution during the
stirring of the spinning solution. MWCNTs may be
embedded into these interspaces and holes, making
the materials structure tighter and improving the
breaking tenacity of fibers.

(b) PSA matrix debonding from the PSA/MWCNTs layer
FIGURE 8. The Failure Model of the PSA/MWCNTs composite
fibers.

The
Thermal
Stability
of
Electro-spun
PSA/MWCNTs Nanofibers
Figure
9
and
Figure
10
present
the
thermo-gravimetric (TG) curve and differential
thermo-gravimetric curve (DTG) of PSA/MWCNTs
nano-fibers with different MWCNT concentrations.
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FIGURE 9. The TG curves of PSA/MWCNTs fibers with different
MWCNT concentrations.
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It can be observed that the thermal decomposition of
PSA/MWCNTs samples is a decomposition process
of mass loss. All the PSA/MWCNTs samples have a
high mass loss rate at about 100℃ as shown in
Figure 10. The reason is that samples are not dried
before thermogravimetric test and there is some
DMAC solvent and water left inside the samples. The
volatilization of the DMAC solvent and water leads
to a high mass loss rate.

Derivative weight( %/℃)

0.4

deviate from the baseline [45]. The results obtained
from Table II show that the addition of MWCNTs
considerably delays the decomposition time of fibers,
and increases the mass residual ratio at 700 degrees,
improving the initial decomposition temperature of
fibers effectively. In addition, it is interesting to find
that the T0 order of the samples is
3wt%MWCNTs/PSA>1wt%MWCNTs/PSA>
5wt%MWCNTs/PSA>7wt%MWCNTs/PSA, which
indicates that the order of the thermostability is
3wt%MWCNTs/PSA>1wt%MWCNTs/PSA>5wt%
MWCNTs/PSA>7wt%MWCNTs/PSA. It attributes
to the dispersion of MWCNTs in PSA matrix. At low
concentration, MWCNTs could be dispersed in PSA
matrix by the ultrasonic vibration and mechanical
stirring. Moreover, the MWCNTs in this work have
been treated using acid and there are many - OH
hydrophilic group on their surface, leading to a tight
coupling with the matrix. The effective bonding
between MWCNTs and PSA matrix limits the
movement of PSA molecular chains and favors the
formation of a thermally stable network by which the
heat could be delivered, the thermo stability of the
fibers can be improved considerably. However, at a
high concentration, MWCNTs could not be dispersed
homogenously in matrix and large agglomerates have
been found, the thermal network of PSA/MWCNTs
system is not established well and thus the
thermostability of fibers decreases.

1wt% MWCNTs/PSA
3wt% MWCNTs/PSA
5wt% MWCNTs/PSA
7wt% MWCNTs/PSA
0wt% MWCNTs/PSA

0.3
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0.0

100 200 300 400 500 600 700 800 900
Temperature(℃)

FIGURE 10. The DTG curve of PSA/MWCNTs fibers with
different MWCNT concentrations.

Significant mass drop occurs between T0 and 700
degrees. Macromolecular chains of the PSA polymer
moved severely until the breakage accompanied with
the release of small molecules and gas, leading to the
mass loss. For example, at 500~600℃,
macromolecular chains of PSA decompose at C-N
section, and then SO2, NH3 and CO2 will be released
[43, 44]. The key thermal degradation indexes have
been summarized in Table II.

CONCLUSION
PSA/MWCNTs composite fibers with different
concentrations of MWCNTs were electrospun in this
research. The effects of MWCNTs on the
morphology and properties of fibers were
investigated. Our experimental results can be
summarized as follows: (1) the addition of MWCNTs
can lead to an increase of the average diameter of
PSA fibers and lead to a more roughly fiber surface.
The fiber average diameter increases slightly as the
MWCNT concentration increases from 1% to 5%; (2)
The addition of MWCNTs decreases the crystallinity
of the PSA fibers; (3) The conductivity of PSA fibers
increases gradually when the MWCNT concentration
increases from 1% to 5%; (4) An increase of the fiber
mechanical properties can be observed with an
increasing of the MWCNT concentration below 3%
MWCNT. Over 3% MWCNT, the breaking tenacity
of the PSA fibers decreases. At 7% MWCNT
concentration, the mechanical strength of the PSA
/MWCNTs fiber could be even less than that of the
electrospun pure PSA fibers; (5) The MWCNTs can
improve the thermostability of the fibers effectively.

TABLE II. Thermal characteristic parameters from TG and DTG
curves of PSA/MWCNTs fibers

T0—the initial decomposition temperature;

dα / dt —the maximum thermal decomposition rate;
Tmax/degree—the temperature of the maximum
decomposition rate;
α —the mass residual ration at 700 degrees.

thermal

The T0 is defined as the initial decomposition
temperature at which the change of accumulation
mass can be detected by the thermal-balance. It
represents the temperature that TG curve begins to
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