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Abstract
In this paper, polysulfonamide/carbon nanotube (PSA/CNT) composite solutions with dif-
ferent CNT contents were prepared using the physical blending method.  Corresponding 
composite fibers were extruded and fabricated through a set of wet spinning units, and  
composite membranes were prepared by the spin-coating method. The PSA/CNT composite 
fibers and membranes were characterised by means of SEM, FTIR and XRD among others. 
The mechanical, thermal and electrical properties were also analysed in this study. The ex-
perimental results show that CNT at low contents can be distributed homogeneously in the 
PSA matrix. Furthermore the molecular structure and chemical composition of PSA does 
not undergo an obvious change.  Crystallisation in the PSA can be promoted at low CNT 
contents because the nano-particles can act as a nucleation agent. Moreover the electrical 
conductivity of PSA can be improved significantly by the blending of CNT.

Key words: polysulfonamide, carbon nanotube, nano composites, thermal property, electri-
cal conductivity.

der  nitrogen pressure and then goes into 
a water bath. Nascent fibers were formed 
after  solvent precipitation into a coagu-
lation bath, which were then dried in an 
electrical blast oven for 24 hours to finish 
the thermosetting process and remove the 
residual solvent.  PSA/CNT composite 
fibers with various contents: 0, 1, 3, 5 and 
7 wt% could be obtained for  systemati-
cal investigation.

Preparation of nano composite 
membranes
PSA/CNT composite membranes were 
prepared using SJT-B digital spin-coat-
ing instruments. An appropriate amount 
of spinning solution was  spread on the 
substrate of the instrument so as to form 
a thin liquid film undertaken at a rota-
tional speed of 2000 r.p.m. for 5 s and 
4000 r.p.m. for 20 s. Then  the mem-
branes were put into water to remove the 
solvent.  PSA composite membranes with 
different contents: 0, 1, 3, 5 and 7 wt% 
were obtained after drying in an electri-
cal blast oven for 24 hours. The thickness 

n Experimental
Materials
PSA polymer was used as spinning solu-
tion with an intrinsic viscosity of 2.0 ~ 
2.5 dL/g, and relative molecular mass 
of 462. Multi-walled carbon nanotubes 
(S-MWNT-1020, short for CNT) were 
blended as functional particles with a di-
ameter of 10 ~ 20 nm and  length of 1 ~ 
2 µm. CNT was used after being treated 
with a mixed solvent of 70% nitric acid 
(20 ml) and 98% sulfuric acid (60 ml) 
for 2 hours. The degree of purity of the 
treated CNT was about 93%. Dimethy-
lacetamide (DMAC) was selected as a 
dissolvent in this study. These materials 
were supplied by Shanghai Tanlon Fiber 
Co. LTD.

Preparation of PSA/CNT composites
A certain amount of the treated CNTs 
was added to a conical flask with DMAC, 
pre-distributed using ultrasonic vibration 
for 30 minutes, and then added to the 
PSA. Different contents of PSA/CNT 
composite spinning solutions were pre-
pared after mechanical stirring for 1 hour 
and ultrasonic vibration for 2 hours.

Preparation process of wet spinning
The PSA fibers and  corresponding com-
posite fibers were prepared using  small-
scale and single-screw wet spinning ap-
paratus (Figure 1).

The spinning solution was poured into a 
barrel and then flowed to a spinning noz-
zle with a hole size of (0.18 ± 0.03) mm. 
As shown in Figure 1, the spinning trick-
le is forced out of the spinning nozzle un-

Polysulfonamide (PSA) fiber be-
longs to the series of poly (para-phe-
nylene terephthalamide) (PPTA)  

fibers, being a new kind of high-perform-
ance synthetic fibers [1]. PSA fiber has 
some excellent properties such as heat 
resistance, thermal stability and flame 
retardancy etc. Therefore it can be ap-
plied to develop protective textile mate-
rials used in aerospace, high-temperature 
environments and civil fields with flame 
retardant requirements [2, 3].  PSA fibers 
and  related products are also widely used 
in modern military industry.

However, pure PSA products generally 
demonstrate poor mechanical properties 
and high electrical resistivity; these prop-
erties lead to some difficulties in their 
manufacturing procedures and limit their 
application in the development of func-
tional textiles. Therefore, it is  important 
work to improve the mechanical proper-
ties and electrical conductivity of PSA. 

It has been proved that  carbonano-
tubes (CNT) is a promising candidate 
to improve the mechanical properties of 
composites because of its high Young’s 
modulus (1.4 TPa) and tensile strength 
(above 100 GPa) [4]. Moreover,  CNT is 
said to improve the electrical conductiv-
ity of polymer/CNT reinforced matrixes 
due to its unique electrical properties [5], 
derived from its one dimensional charac-
ter and the peculiar electronic structure of 
graphite.

Figure 1. Schematic diagram of the wet 
spinning process; 1) barrel, 2) water bath, 
3) spinning nozzle, 4) guide stick, 5) wind-
ing device.
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of the membranes was about 1 mm, pre-
pared for the electrical conductivity test.

Characterisations
A S-3400N Scanning Electron Micro-
scope (SEM) with  a nano-scale resolution 
was used to characterise the morphologi-
cal surface of the PSA /CNT composites. 
The machine was operated at 10 ~ 15 kV. 

An American AVATAR 370 Fourier 
Transform Infrared Spectroscopy (FTIR) 
Thermo Nicolet was used to investigate 
the molecular structure and chemical 
composition of the composite fibers. 
Spectra data were recorded from 4000 
to 500 cm-1, with a 4 cm-1 resolution 
over 32 scans, and a step size of about 
1.929 cm-1. 

A k780 FirmV_06 X-Ray Diffraction 
(XRD) was used to characterise the crys-
talline structure of the composite fibers 
using CuKα radiation (λ = 0.154 nm) 
at a voltage of 40 kV and  current of 40 
mA. Spectra were obtained at a 2θ angle 
range of 5° ~ 90° with a scanning speed 
of 0.8 sec/step.

A YG006 Electronic Single Fiber 
Strength Tester was used to investigate 
the mechanical properties of the com-
posite fibers. The sample gauge length 
was 10 mm, and the elongation speed - 
20 mm/min. Measurements of each sam-
ple were conducted  10 times, and the av-
erage value was used for  result analysis. 

A Germany STA PT-1000 Thermal 
Gravimetric Analyser (TGA) was used to 

and position of the PSA’s characteristic 
peaks. The absorption peaks  at about 
3300 cm-1 are attributed to the amide 
N-H stretching vibration; the obviously 
narrow and sharp absorption peaks at 
about 1660 cm-1 indicate a C=C bond; 
at about 1590 cm-1 corresponds to the 
absorption peaks of C-N stretching vi-
bration; absorption peaks at about 1500 
~ 1300 cm-1 are attributed to the plane 
bending vibration caused by C-H;  1300 
~ 1000 cm-1 corresponds to the C-C skel-
eton vibration, and  1000 ~ 650 cm-1 is 
the plane bending vibration of C-H. At 
about 1149.94 cm-1 is the characteristic 
peak of -SO2-.

In Figure 3, except for the 7 wt% sam-
ple, the characteristic peaks of PSA 
composites at about 3300 cm-1 shift to a 
short-wave range compared with the pure 
PSA, which is attributed to the quantum 
size effect [6] of the nano-particles. The 
agglomeration of nano-particles becomes 
more serious as the CNT content is in-
creased to 7 wt%, and then the nano ef-
fect is reduced. 

X-Ray Diffraction analysis  
of PSA/CNT
It is found that all the samples in Fig-
ure 4 show diffraction peaks at  2θ of 
11.85° and 21.25°. The obviously sharp 
diffraction peaks of PSA composites 
at 11.85° suggest there is a crystalline 
structure in the materials [7]. In addition, 
the sharpening degree of the diffraction 
peaks at 11.85° changes significantly 
with an increase in CNT content  from 0 

investigate the thermal stability of com-
posite fibers. The TGA experiment was 
carried out in a nitrogen atmosphere with 
a gas flow of 80 ~ 100 ml/min. Samples 
were heated from room temperature to 
700 °C at a heating rate of 20 °C/min. 

A ZC36 high resistance meter with a 
measuring range of 108 ~ 1017 Ω and a 
UT70A Universal Digital Multi-meter 
with a higher limit of the measuring 
range of about 108 Ω were used to meas-
ure the surface resistivity of the compos-
ite membranes.

n Results and discussions
Distribution of CNTs in PSA 
composites
As shown in Figure 2, a small amount 
of CNT (1 or 3 wt%) can be dispersed 
uniformly through the PSA matrix. The 
size of most nano-particles is about  
30 ~ 50 nm; however, a little aggrega-
tion is observed, the size of which is 
about 100 nm. When the CNT content 
increased to 5 wt%, the distribution of 
nano-particles becomes inhomogeneous. 
When the CNT content is increased to 
7 wt%, the agglomeration is more serious 
and it is hard for the CNT at high con-
tents to disperse evenly throughout the 
PSA matrix. The size of the aggregated 
particles is about 150 ~ 200 nm.

Fourier transform infrared analysis of 
PSA/CNT composites
As can be observed in Figure 3, CNTs 
have no obvious influence on the shape 

Figure 2. SEM images of partial cross-
section of PSA/CNT composite fibers: 
a) PSA, b) 1 wt% PSA/CNT, c) 3 wt% 
PSA/CNT, d) 5 wt% PSA/CNT, e) 7 wt% 
PSA/CNT.

a) b) c)

d) e)
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at low contents can be distributed homo-
geneously in the PSA matrix, forming a 
good interface with PSA.

As demonstrated in Table 1, the elonga-
tion at break of PSA/CNT composite fib-
ers is lower than  that of pure PSA, and 
the initial modulus of the composites  in-
creases with an increase in the CNT con-
tent  from 1 to 5 wt%, which is attributed 
to the fact  that CNT has high modulus 
and strength properties. Moreover, the 
CNTs dispersed in the PSA matrix can 

play the role of physically cross-linking 
points, forming a network-like structure 
[9]. Therefore the PSA macromolecular 
chains can be closely connected. 

Thermal stability of PSA/CNT
Figures 5 and Figure 6 present the TG 
curves and  DTG curves of PSA/CNT 
composites, respectively. The key pa-
rameters of the curves are summarised in 
Table 2 (see page 24). In Figure 5, the 
thermal decomposition of the composites 
can be divided into three sections.

to 3 wt%, indicating that  crystallisation 
in PSA is promoted at low CNT contents 
because the nano-particles can act as a 
nucleation agent. What is more, the shape 
of the diffraction peaks at about 21.25° 
of PSA composites obviously broadens 
with an increase in CNT content, proving 
that the size of crystal region becomes 
smaller [8].

Mechanical properties of PSA/CNT
As presented in Table 1, 1 wt% PSA/
CNT fiber has the maximum improving 
degree of breaking tenacity. When the 
CNT content is continuously increased 
to 3 wt%, the improvement begins to 
decrease, and when the CNT content is 
increased to 7 wt%, the breaking tenac-
ity of the composite is lower than that of  
pure PSA. That is because CNT, with ex-
cellent mechanical properties, is an ideal 
nano-enhanced material. Besides, CNT 

Figure 3. FTIR images of PSA/CNT composite fibers. Figure 4. XRD images of PSA/CNT composite fibers.

Figure 5. TG curves of PSA/CNT composites. Figure 6. DTG curves of PSA/CNT composites.

2θ, °

Table 1. Indexes of PSA/CNT composite fibers’ mechanical properties; (10 tests with the 
coefficient of variation less than 10%).

Sample Tenacity,  
cN/dtex

Elongation 
at break, %

Initial modulus,  
cN/dtex

PSA 0.411 29.70 0.098
1 wt% PSA/CNT 0.606 22.39 0.142
3 wt% PSA/CNT 0.531 15.10 0.162
5 wt% PSA/CNT 0.517 13.05 0.184
7 wt% PSA/CNT 0.310 16.42 0.060
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The first section is the stage of small 
mass loss from room temperature to 
400 °C. At this stage, the volatilisation 
of additives and the water bound  among 
the molecules lead to the reduction of 
material’s weight from room temperature 
to about 100 °C. With the temperature 
continuously increasing to 400 °C, the 
decomposition of oligomers with a small 
molecular weight leads to the mass loss 
of the composites.

As shown in Figure 5 (see page 23), the 
change in mass loss of each PSA/CNT 
composite presents a similar trend, but  
pure PSA has a significantly high mass 
loss compared with the other samples. As 
the temperature increases to 300 °C, the 
TG curves of each sample begin to de-
crease slowly, and then reach a plateau. 
As can be seen in Table 2, the composite 
has a high temperature of T10wt; how-
ever, the mass loss of pure PSA reaches 
10% at 170.19 °C, suggesting that it is 
hard for  PSA blending with CNT to de-
compose in a high-temperature environ-
ment, hence its thermal stability can be 
improved significantly.

The second section is the stage of ther-
mal decomposition (400 ~ 600 °C). In the 
TGA, the mass loss at high temperature 
can be attributed to the increasing move-
ment rate of polymer macromolecular 
chains. Simultaneously the small mol-
ecules are released in the form of gases, 
leading to  mass loss. In a nitrogen envi-
ronment, the C-N in PSA  decomposes at 
500 ~ 600 °C [10-11]. According to the 
bond energy analysis [12] and  structure 
of PSA, the mass loss at this stage is as-
cribed to the production of gases such as 
SO2, NH3 and CO2. 

As presented in Table 2, the To of PSA 
composites increases with the blending 
of CNT, and the thermal stability of the 
composites can be improved correspond-
ingly. As can be seen in Figure 5 (see 
page 23), each TG curve shows a rapid 
decomposition at about 500 °C. Cor-
responding to the rapid decomposition, 
there is a mass loss peak in the DTG 
curve (Figure 6, see page 23) and the 
Tmax can be determined according to the 
value of the maximum peak [13]. 

The third section is the stable phase of 
carbon formation (600 ~ 700 °C). At this 
stage, most of the polymers are carbon-
ised, and the rising temperature has less 
impact on the mass loss of the residues. 
As depicted in Figure 5 (see page 23), 

the residual mass at the terminal temper-
ature of the composites tends towards a 
steady state, while the mass loss of PSA  
decreases. 

Electrical conductivity of PSA/CNT 
composite films
The content of conductive particles in the 
composites is one of the most important 
parameters influencing the materials’ 
electrical conductivity. The CNT shows 
a high aspect ratio, thus it is easy for the 
nanotubes to establish an electrical con-
ductive network throughout the PSA ma-
trix. Moreover CNT    has large numbers 
of freely moving electrons in the nano-
tubes. Therefore the electrical conductiv-
ity of PSA composites can be obviously 
improved by the blending of CNT.

The sketch [14] presented in Figure 7 
simulates the formation of an electrical 
conductive network in PSA/CNT com-
posites. It is difficult for CNT at a low 
contents (1 wt%, Figure 7.a) to form a 
completely conductive network. With the 
CNT content continuously increasing to 
the percolation threshold (3 wt%, Fig-
ure 7.b), the distance among the particles 
begins to decrease. The local conductive 
network in the matrix can be basically 
established  when the maximum distance 
is less than 10 nm. In this circumstance, 
the electrical resistivity of the composites 

declines sharply and the conductivity can 
improve. With a further increase in CNT 
content, more and more conductive par-
ticles connect directly and a completely 
conductive network can be developed (5 
or 7 wt%, Figure 7.c). 

As can be seen in Table 3, the surface 
resistivity of PSA composites shows a 
downward trend with an increase in CNT 
content,  whereby the electrical conduc-
tivity (the reciprocal of the resistivity) of 
the blending system can be improved sig-
nificantly. This suggests that the blending 
of CNT can improve the electrical con-
ductivity of PSA. However, the improv-
ing degree of electrical conductivity de-
creases as the CNT content continuously 
increases from 3 to 7 wt%,  suggesting 
that it is difficult for   high CNT contents 
to distribute evenly in the PSA matrix, 
thus impairing the outstanding electrical 
properties of CNT correspondingly. 

n Conclusions 
PSA composite fibers and membranes 
with different CNT contents were pre-
pared. The experimental results of their 
properties can be summarised as follows. 
1) CNT at low contents (1 or 3 wt%) 

can be distributed homogeneously in 
the PSA matrix; however, it is hard 
for the CNT with high contents (5 

Table 2. Parameters of different PSA composites during the thermal decomposition; (The 
test with the coefficient of variation less than 2%), To - The initial decomposition tempera-
ture; T10wt - The temperature corresponding to the mass loss of 10%; Tmax - The tempera-
ture of the maximum thermal decomposition rate.

Sample To, °C T10wt, °C Tmax, °C Residual mass at 700 °, %
PSA 460.90 170.19 495.41 40.52

1 wt% PSA/CNT 467.06 352.36 496.42 44.74
3 wt% PSA/CNT 467.79 425.80 498.81 46.06
5 wt% PSA/CNT 469.93 425.79 497.74 46.58
7 wt% PSA/CNT 468.47 450.38 499.75 47.48

a) b) c)

Figure 7. Sketch of formation of electrical conductive network in polymer matrix; a) 1 wt% 
PSA/CNT, b) 3 wt% PSA/CNT, c) 5 wt% or 7 wt% PSA/CNT.

Table 3. Surface resistivity of PSA/CNT composites in Ω.

Average PSA
Contents PSA/CNT, wt%

1 3 5 7
Surface 

resistivity 3.10×1012 1.13×1011 5.96×106 4.70×105 2.10×104
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or 7 wt%) to distribute evenly in the 
blending system.

2) There is no significant change in 
the molecular structure and chemi-
cal composition of PSA by  blending  
CNT. 

3) Crystallization in the PSA was pro-
moted at low CNT contents because 
CNT can act as a nucleation agent.

4) Mechanical properties such as the 
breaking tenacity and initial modulus 
of PSA composites can be  obviously 
improved by the blending of CNT; 
however, the elongation at break of 
PSA/CNT composite fibers decreas-
es.

5) The blending of CNT can improve the 
electrical conductivity of PSA com-
posites and the percolation threshold 
of the system at about 3 wt%.

Acknowledgment
This paper was supported by the Excellent 
Young Teachers Program of Shanghai Mu-
nicipal Education Commission (gjd10013), 
Shanghai University of Engineering Science 
Doctoral Fund (A-0501-10-006) and Techno-
logical Innovation Fund of Shangtex Holding 
(Group) Corporation (2011-zx-03-2).

References
  1. Wang Xiaofeng, Wang Fenghua, Ren 

Jiarong, et al. The performance and ap-
plication of PSA fibers. In: Yu Mingfang, 
The symposium of development and ap-
plication of high- temperature PSA fibers 
in 2009 [C]. Shanghai, 2009: 3-7. 

  2. Wang Jiaming. Development Survey 
and Market Prospect of Polysulphona-
mide Fiber. Fine Chemical Industrial 
Raw Materials & Intermediates 2009; 
6-7: 18-24.

  3. Ren Jiarong, Wang Xiaofeng, Zhang 
Yuhua. Development for market and 
application of polyphenylene sulphona-
mide fiber. Technical Textiles 2007; 
25(5): 1-6.

  4. Yu Minfeng, Bradley S. Files, Sivaram 
Arepalli, et al. Tensile loading of ropes of 
single wall carbon nanotubes and their 
mechanical properties. Physical Review 
Letters 2000; 84(24): 5552-5555. 

  5. Ph. Avouris, J. Appenzeller, R. Martel, 
et al. Carbon nanotube electronics. In: 
IEEE, 2003; 91(11): 1772-1784.

  6. Zhang Lide, Mou Jimei. The structures 
of nano materials. Beijing: Science 
Press, 2001: 420-476.

  7. Yang Waitai. The characterization and 
testing of polymer. Beijing: China Light 
Industry Press, 2008: 72-80.

  8. Meng Qinghao, Hu Jinlian, Zhu Yong. 
Shape-Memory Polyurethane/Multi-

walled Carbon Nanotube Fibers. Journal 
of Applied Polymer Science 2007; 106: 
837-848.

  9. Liu Jiexia, Tang Zhiyong, Zhang Deren, 
et al. Preparation and performance of 
polysulfonamide nanocomposites and 
it’s fiber [J]. Technical Textiles 2007; 2: 
14-20.

10. Broadbelt LJ, Dziennik S, aKlein MT. 
Thermal stability and degradation of 
aromatic polyamides. Part 2 Structure-
reactivity relationships in the pyrolysis 
and hydrolysis of benzamides. Polym 
Degrad Stab 1994; 45 (1): 57-70.

11. Broadbelt LJ, Dziennik S,  Klein MT. 
Thermal stability and degradation of aro-
matic polyamides. Part 1 Pyrolysis and 
hydrolysis pathways, kinetics and mech-
anisms of N-phenyl benzamide. Polym 
Degrad Stab 1994; 44 (2): 137-144.

12. Zhang XY, Cheng Y, Zhao. JB. Polymer 
chemistry. Beijing: China Light Industry 
Press, 2000: 285.

13. Yang Wantai. Characterization and test-
ing of polymer materials. Beijing: China 
Light Industry Press, 2008: 144. 

14. Jiang Fengdan. Study on the prepara-
tion and structure and performance of 
the Cool polyurethane / CNT nano com-
posites. Beijing: Beijing University of 
Chemical Technology, 2009.

Received 01.11.2011         Reviewed 16.06.2012

Lodz University of Technology
Faculty of Material Technologies and Textile Design

Department of Man-Made Fibres
Research:
The Department of Man-Made Fibres has more than 50 years of history and experience in man-made fibres.
The main scientific interest of the Department can be divided into several fields: composite interactive cellulose fibres 
based on NMMO, nanofibres from biodegradable polymers, advanced materials based on biodegradable polymers for 
medical and technical applications, special fibres based on advanced polymers.

The Department is equipped with advanced devices for spinning solution preparation and fabrication of  fibres and na-
nofibres by different methods (melt state, dry-wet, wet spinning).

Cooperation:
The Department is currently looking for  partners from academia or industry.

We offer:
The Department is equipped with various devices for the determination of the properties of fibres and polymers: thermal 
analysis (TGA and DSC), rheometers and devices to determine the melt flow rate, devices for determining the mechani-
cal properties of fibres (e.g. tensile tester), spectrometers (FTIR, UV-vis), optical microscopes.

For more information please contact:

Department of Man-Made Fibres
Lodz University of Technology

ul. Zeromskiego 116, 90-924 Łódź, Poland
tel.: (48) 42-631-33-59  e-mail: Piotr.Kulpinski@p.lodz.pl   website: http://www.k41.p.lodz.pl/


