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Abstract

The plasticized spinning and cyclization behaviors of polyacrylonitrile (PAN) and
polyacrylonitrile/functionalized carbon nanotube (PAN/CNT-COOH) composite fibers were
studied. The PAN/CNT-COOH fibers containing 0.8wt.% CNTs exhibit excellent tensile
strength and modulus, i.e. 0.475GPa and 10.93 GPa, which are 69.6% and 40.13%
improvement respectively, comparing to their precursor fibers. The changing trend of
crystallinity of PAN/CNT-COOH fibers is associated with the heat exchange rate and
oriented-crystallization rate, which can be confirmed by the X-ray diffraction (XRD) results.
The cyclization behaviors of the fibers were examined using X-ray photoelectron
spectrometer (XPS), differential scanning calorimeter (DSC) and X-ray diffraction (XRD).
The results show that cyclization of PAN/CNT-COOH fibers are initiated by three types of
initiating agents, i.e., modified CNTs (CNTs-COOH), oxygen containing groups generated
during the plasticized spinning and comonomers. Meanwhile, the PAN/CNT-COOH fibers

exhibit various cyclization behaviors induced by high spinning speed.
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1. Introduction

In recent decades, carbon fibers (CFs) have been widely utilized as a reinforcement for
high-strength composites due to their high strength-to-weight ratio and superior stiffness [1,2].
Nowadays, polyacrylonitrile (PAN) based CFs have dominated nearly 90% of all the carbon
consumption in the world [3]. Currently, a few percentages of carbon nanotubes (CNTs) are
incorporated to PAN matrix to improve the mechanical properties of resulting fibers since
CNTs have been considered as the excellent reinforcement for polymer [4-7]. The PAN/CNT
fibers are frequently fabricated through the wet spinning process, the utilize of the polar
solvents, e.g. dimethylacetamide [8,9] and dimethylformamide [10,11], leads to structural
defects, low production efficiency, environmental pollution, health problems and so on.

Nowadays, external plasticization of PAN/CNT system has obtained lots of attention due
to its high efficiency and low consumption of organic solvents. The introduction of plasticizes
to PAN matrix leads to decrease in glass transition temperature and melting point, elastic
modulus and so on[12,13]. Recent reports about using Ethylene carbonate (EC) as a
plasticizer for PAN/CNT system [14,15] to achieve the plasticized spinning of PAN/CNT
fibers. However, the reported values of mechanical strength of PAN/CNT fibers are far below
the predictions, due to the low polarity and thermal instability of EC, and agglomeration of
the CNTs induced by simple blending, giving rise to poor structure and large diameter i.e.
250um of the resulting fibers. Meanwhile, the conformational evolution and phase transition
of the PAN/CNT fibers caused by spinning speed has not been systematically studied. Such a
situation raises a critical demand for the researchers in the field to look for an alternative
plasticizer, which is also capable of improving the structures and mechanical properties of the
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fibers without occurrence of these problems. In our recent study [16], we have proved that
1-butyl-3-methylimidazolium chloride ([Bmim]Cl) can be employed as a excellent plasticizer
for PAN due to its high polarity and thermal stability.

In addition, it is worthy noted that the quality of CFs is strongly dependent on the
stabilization [17], which contains various chemical reactions, i.e., cyclization, oxidation and
dehydrogenation [18,19]. And cyclization is considered to be the most important reactions
[20-22] since another two reactions only occur in cyclized fibers [23]. The fast cyclization
reaction and high heat released (AH) result in poor mechanical properties and imperfect
structure of the fibers[24]. Consequently, slow cyclization reaction and low AH improve the
performances of the CFs. Therefore, it is very important to study the cyclization behaviors of
the PAN/CNT-COOH fibers to provide a better understanding on conformational changes of
the fibers during the cyclization process and furnish important information for the
development of CFs.

In this research, the plasticized spinning of PAN/CNT-COOH fibers was successfully
achieved, the fibers exhibit high strength than PAN fibers. To the best of our knowledge, we
have not identified any previous literature to report about the plasticized spinning of
PAN/CNT-COOH fibers. Moreover, it is found that the crystallinity of the fibers is closely
related to heat exchange rate and oriented-crystallization rate. Finally, the addition of
CNT-COOH to PAN fibers reduce the initiation temperature for cyclization and AH of the

fibers, which contributes to cyclization.
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2. Experimental section

2.1 Materials

I-chlorobutane and N-methylimidazole were purchased from Sinopharm Chemical
Reagent Co, Ltd.. PAN copolymer powder (Mn=1.5%x10"g/mol,
acrylonitrile/methylacrylate/acrylamide= 97.5/2.2/0.3 mol%) was also synthesized in our
laboratory. Pristine multi wall carbon nanotubes (length:1-5um, diameter: 40-50nm, nominal
purity>97%) were purchased from Shenzhen Nanotech Port Corporation Limited. To enhance
the compatibility with the polymer, the CNTs were oxidized by a concentrated H,SO4/HNO3
mixture (3:1) solution. The oxidation process was conducted according to the reference [25],
then the surface-oxidized CNTs (CNTs-COOH) were filtered with microfiltration membranes
(pore size 0.2 um, polytetrafluoroethylene). The CNTs were rinsed repeatedly with deionized

water until acid free, dried in a vacuum oven at 60°C for 48h.

2.2 Preparation of samples

The surface-oxidized CNTs (CNTs-COOH) are apt to aggregate after drying in an oven
due to the high van der Waals forces. It is very hard to disperse the lump CNTs-COOH (in
Fig. 1 a) in plasticizer due to its high viscosity. In order to better disperse the surface-oxidized
CNTs, in-suit synthesis method was adopted, that is CNTs-COOH was mixed with 0.105mol
I-chlorobutane and 0.095mol N-methylimidazole in a flask followed by sonication for 2h.
The mixture was conducted at 80°C with magnetic stirring under a nitrogen atmosphere. After
48h reaction, the [Bmim]Cl (PL) /CNT-COOH system was got (in Fig. 1 b). The same

PL/CNT-COOH system was fabricated by blending. 1-chlorobutane and N-methylimidazole
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with a molar ratio of 1:0.9 were also conducted in a flask at 80°C for 48h under continuous
magnetic stirring, finally the PL was obtained. All systems were washed using ethyl acetate
for three times, then dried under vacuum at 80°C to remove the volatile solvent residue. The
prepared PL/CNT-COOH and PL were mixed with 75g of PAN powder respectively under a

liquid nitrogen to ensure the blending homogeneity.

Fig. 1. The dispersion process of lump CNTs-COOH in 1-chlorobutane and
N-methylimidazole system: (a) the lump CNTs-COOH; (b) the [Bmim|ClI/CNT-COOH
system.

2.3 Plasticized spinning of PAN and PAN/CNT fibers

The PAN, PAN/CNT and PAN/CNT-COOH composite fibers were prepared under a
condition of constant temperature (20°C+1°C) and humidity (20%=+1°C) to ensure the
reproducibility of the experimental results. The plasticized spinning process was conducted at
the spinning speeds of about 30m/min, 40m/min and 50m/min,the fibers were fabricated via a
self-made extruder [16]. Feeding quality of the extruder in one minute was constant, a smaller
diameter of the fibers indicated a higher spinning speed was utilized. The as-spun fibers were
collected using a coiler. Then the prepared fibers were washed by deionized water to remove
the remaining PL and dried in an oven at 70°C for 48h.
2.4 Measurements

Transmission electron microscopy (TEM, JEM-2100, JEOL, Japan) was utilized to
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examine structure of the CNTs-COOH. A certain amount of CNTs-COOH were dispersed in
Methanol followed ultrasonic dispersion for Smin, then TEM observation was conducted.

The Infrared spectra (IR) spectrum was recorded using a FTIR (Spectrum BX 1], Perkin
Elmer, US) spectrometer in the range of 400-4000cm™ using KBr pellets.

Raman spectroscopy (inVia-Reflex, Renishaw, UK) was employed to investigate the
chemical bandings of the fibers. The measurements are performed using 633 nm excitation
laser at room temperature.

Optical microscope (59XD, Shanghai optical instrument factory, China) was utilized to
observe the morphological structures the fibers.

Scanning electron microscopy (SEM, S-4800, HITACHI, Japan) was used to observe the
cross-section of the fibers.

X-ray photoelectron spectrometer (XPS, AXIS ULTRA DLD, Japan) was used to
determine the surface chemical composition of the composite fibers. Al Ka (1486.6 eV) was
used as a the X-ray source, the takeoff angle of photoelectron radiation was set at 90°.

Differential scanning calorimeter (Q20, TA, US) was used to determine the thermal
performance of fibers under the nitrogen atmosphere, the fibers were cut into pieces and 2mg
fibers were employed. The heating rate was 10°C/min and the fibers were heated from room
temperature to 400 °C.

The X-ray diffraction analysis (XRD) using CuKa (A=0.1542 nm) for composite fibers
was conducted under the X-ray diffractometer (D/Max-2550 PC, RIGAKU, Japan), the
operation voltage and electricity were 30kv and 10mA respectively. The average crystal size
(Lc) was calculated according to the Scherrer equation[26]:

-6_
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(1)

where K is a constant, which was taken to be 0.89; A=0.1542 nm is the wavelength of the
X-rays; B is the full width at half maximum in radians at 26 =17°.
The crystallinity was determined from the XRD patterns of the fibers according to the

formula calculated by Hinrichsen’s method [27]:

Ac
Ac+Aa

C% = (2)
where Ac is the integral area of the crystalline region, and Aa is the integral area of the
amorphous region.

The orientation in crystalline of the fibers was measured by XRD diffraction, the fibers
was scanned around 20 =17°. and the degree of orientation was determined by the following

equation [28]:

(%) = 180-H

x100% (3)

where H is the full width at half the maximum intensity at 26=17° diffraction.

Peakfit soft (v4.12) was utilized for peak fitting of XRD spectra in the range of
20°-50°.

The fiber tensile strength machine (XQ-1, Shanghai New Fiber Instrument Co., Ltd.,
China) was used to measure the mechanical properties of PAN fibers at a gauge length of
20mm and at a cross-head speed of 20mm/min.

3. Results and discussion
3.1 Characterization of functionalized CNTs

The morphologies of pristine and carboxylic (-COOH) CNTs can be seen in Fig. 2. The
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CNTs-COOH were much shorter than the original ones due to the modification. The

CNTs-COOH had rougher walls and open ends [29], modification of the CNTs also can be

confirmed by FTIR and Raman spectra.

o

Fig. 2. TEM pictures of pristine CNTs (A) and carboxyl-functionalize

Rl

d CNTs (B).

As can be seen Fig. 3 a, the FTIR spectrum of the pristine CNTs basically do not show
any characteristic peaks. The FTIR spectrum of CNTs-COOH exhibits characteristic peaks of
OH at 3426.6cm™, CH at 2962.6, 2953.6 and 2851.2 cm™, C=0 at 1719.1 and 1633.62cm™,

indicating the appearance of the C=0 grafted on CNTs.

a Pristine CNTs b

|2, \ 12 = {\A
\ / 2962629536 1719%\/ /f\f

CNTs-COOH 1,1,-1.58

\/ 1633.62

3426.6

Intensity(a.u)

1/1,=137

Pristine CNTs

L . L
3000 2000 1000 500 1000 1500 2000
Wavenumber(cor') Raman shift(cm™)

Fig. 3. FTIR spectra (a) and Raman spectra (b) of pristine CNTs and functionalized
CNTs

In Fig. 3 b, both pristine CNTs and CNTs-COOH show two strong bands, the G-band at
around 1586 cm™ and the D-band at around 1353 cm™. The D-band corresponds to the
defects on the CNTs, whereas the G-band is due to the order carbon [30]. It is calculated that

the area ratio of D-band to G-band intensity (D/G ratio) of pristine CNTs is about 1.37, while
-8-
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the D/G ratio of CNTs-COOH is increased to 1.58, confirming the formation of defects site
on the CNTs induced by modification.
3.2 The interactions among the PAN, PL and CNTs-COOH

The interactions among the PAN, PL and CNTs-COOH can be seen in Fig. 4. After
heating at 160°C for 5 min, C=N vibration bands of PAN powder are observed at
2242.92c¢cm’™ and the C-H bands of imidazolium rings in PL are shown at 3132.52cm™ [31,32]
(in Fig. 4 a). The position of C=N groups is red-shifted to 2239.55cm™ in PAN/PL system,
meanwhile, the C-H bands of imidazolium rings are blue-shifted to 3146.11cm™. In our
recent study [14], it has been discussed that the interaction belongs to hydrogen bonding
(C-H:*N).

As can be seen in Fig. 4 (b), the position of C-H bands of imidazolium rings is
blue-shifted to 3150.89 cm™ in PAN/PL/CNT-COOH system, suggesting the formation of the
interaction between CNTs-COOH and PL through the “cation-n” interaction [33,34]. It is
worthy noted that the plasticizing process is accompanied with the formation of strong
interaction between PAN and plasticizer, and the weakness in interaction between C=N
groups, which can be confirmed by the movement of the C=N groups in FTIR spectra. It is
believed that a better plasticizing effect implies a greater red shift of C=N bands [16].
Consequently, compared with PAN/IL system, the position of the C=N groups is basically
not shifted for PAN/PL/CNT-COOH system, revealing that the plasticizing effect is not

affected as the CNT-COOH are incorporated.
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Fig. 4. The FTIR spectra of PAN, PL, PAN/PL and PAN/PL/CNT-COOH at 160°C temperature.

3.3 Morphological structures of the PAN/CNT composite fibers

Fig. 5 shows the optical micrographs of the PAN/CNT-COOH composite fibers. The

not been utilized in this paper.

diameter of all fibers is in the range of 27-34um, it is worthy noted that the post drawing has

A large number of black particles can be observed in the PAN/CNT-COOH fibers

well in the PAN /CNT-COOH fibers.

prepared by blending, suggesting the agglomeration of CNTs-COOH. However, it is hard to
observe black particles in the PAN/CNT-COOH fibers fabricated by in-suit synthesis even at

the high CNTs-COOH content, i.e. 1.2wt.%, indicating that the CNTs-COOH are dispersed

“-—Cu

Fig. 5. Optical micrographs of PAN/CNT-COOH (blending) and PAN/CNT-COOH
(in-suit synthesis) fibers: a'and a". 0.5wt.% CNTs-COOH ; b' and b"' 0.8wt.%
CNTs-COOH ; ¢' and ¢" 1wt.% CNTs-COOH ; d' and d'' 1.2wt.% CNTs-COOH .

The scanning electron microscopy (SEM) images of the fibers can be seen in Fig. 6,

-10-
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both fibers exhibit ductile fracture. Obvious extrusion mark (arrow direction in Fig. 6 (a)) on
the surface can be observed in PAN fibers, while the surface of the PAN/CNT-COOH fibers
becomes smoother. It is suggested that [15] the CNTs at the skin of the fibers modify their
interaction with the extrusion die, resulting in a smooth skin. The PAN/CNT-COOH fibers
with 0.5 wt.% CNTs-COOH exhibit a fairly uniform dispersion of apparently single CNT
within the PAN matrix, which is consistent well with the observation in optical micrographs.
The diameter of PAN/CNT-COOH fibers is similar to that of PAN fibers, confirming that
the plasticizing effect is not affected as the CNTs-COOH are added. These results are in good

agreement with the FTIR results.

500nm

Fig. 6. The surface and cross-section of the PAN (a, b, ¢) and PAN/CNT-COOH (a’, b’, ¢’)
fibers.
3.4 The mechanical properties of PAN and PAN/CNT-COOH composite fibers

Table 1 and Fig. 7 shows the mechanical properties of PAN and PAN/CNT-COOH
composite fibers fabricated by plasticized spinning. The maximum tensile strength and initial
modulus of PAN/CNT-COOH fibers are 0.475GPa and 10.93GPa, which are increased by
69.4% and 45.73% respectively compared with those of PAN fibers.

-11-



Interestingly, the elongation of PAN/CNT-COOH fibers with the CNTs-COOH content
lower than 1wt.% is larger than that of PAN fibers, revealing that the strong inter-molecular
interaction between C=N groups is weakened as the CNTs-COOH are added. Therefore, PAN
molecular chains are more likely to have a greater sliding motion, resulting in the increase in
elongation. When the CNTs content exceeds 0.8wt.%, agglomeration is likely to take place in

the fibers, this may destroy the orientation arrangement of PAN molecular chains, leading to

the decrease in elongation.

The orientation in crystalline region also can be seen in Table 1, it can be observed that
the PAN/CNT fibers exhibit a higher orientation than PAN fibers, revealing the addition of
CNTs promotes the orientation of the fibers. The changing trend of orientation is consistent

with tensile strength, indicating the orientation also improves the tensile strength of the

fibers.

RSC Advances

Table 1. Mechanical properties PAN, PAN/CNT and PAN/CNT-COOH fibers.

Sample CNTs-CO  Spinning Tensile Tensile Strain to  Orientati

OH content speed/m/  strength modulus  failure /% on/%

(Wt.% w.r.t min /GPa /GPa

PAN)

PAN fibers - 48.8 0.2804 7.5 14.21 71.8
0.5 49.2 0.378 7.84 14.64 73.2
PAN/CNT-CO 0.8 50 0.475 10.93 14.73 76.5
OH fibers 1 49 0.424 8.43 12.96 74.7
1.2 48.8 0.381 8.29 12.03 72.6

-12-
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Fig. 7. The mechanical properties of the PAN and PAN/CNT-COOH fibers.
3.5 Surface chemical composition of PAN and PAN/CNT-COOH fibers

XPS was measured for PAN powder and fibers to confirm the chemical change during
the plasticized spinning process. Table 2 shows the surface (5nm) atomic concentration of
PAN and PAN/CNT-COOH fibers, the oxygen concentration in the surface of PAN powder is
2.93%, it is increased to 15.51% and 15.32% for PAN and PAN/CNT-COOH fibers,
indicating the oxygen-containing groups are formed during the plasticized spinning process.
The formed oxygen-containing groups can initiate the cyclization[16,35], meanwhile, the
COOH groups in the CNTs-COOH also can initiate the cyclization[36]. Consequently, for the
PAN/CNT-COOH fibers, the cyclization can be initiated by three types of initiating agents,
i.e., carboxyl groups(-COOH) in CNTs, oxygen containing groups formed during the
plasticized spinning and comonomers (methylacrylate and acrylamide) in PAN[20].

It is very interesting to note that the nitrogen concentration is reduced sharply for PAN
and PAN/CNT-COOH fibers compared with PAN powder, especially the PAN fibers. This
may be due to that there exist strong inter-molecular interaction between the C=N groups in
the surface and those in the inner induced by conformational changes from helical to planar
zigzag (in Fig. 8), which can be further confirmed by XRD results in the later section. Lots of

-13-
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C=N groups in the surface are apt to arrange close to the center of fiber. Thus it is very hard
to detect the C=N groups in the surface. Meanwhile, the introduction of the CNTs-COOH to
PAN weakens the inter-molecular interaction[15], especially the molecular chains at the
amorphous region. It is speculated that partial C=N groups in the surface would form “m-m”
interaction with CNTs-COOH, but a large number of C=N groups would not have obvious
interaction with CNTs-COOH (in Fig. 8). As a result, these C=N groups would arrange close
to the surface of the fibers. Thus the PAN/CNT-COOH fibers exhibit higher nitrogen
concentration in comparison with PAN fibers.

As shown in Fig. 9, the Ny spectrum of the PAN powder shows a symmetrical peak at
B.E. of 398.2 eV, which is assigned to C=N groups. Partial C=N groups of both fibers are
converted to aromatic C=N groups due to the occurrence of cyclization during the plasticized

spinning process, which can be proved by the appearance of a new peak at B.E. of 399.4 eV

[37].
Table 2. Atomic concentration of surface of PAN and PAN/CNT-COOH fibers.
Sample Atomic concentration (%)
P C 0 N
PAN powder 79.81 2.93 17.27
PAN fibers 82.67 15.51 1.81
PAN/CNT-COOH fibers 81.12 15.32 3.56
[ ] PAN fiber [ J PAN/CNT-COOH fiber
—
Surface — Surface
Planar zigzag conformation
P, S
—sznn' 5 [ ﬁ "n-n" interation
N e T XXX XXX
ermieaio S,y i’é; a2 2660000000001
T T e e A LI LA L e
Planar zigzag conformation @~ T T T T
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Fig. 8 The possible arrangement of C=N groups in the surface of the fibers.
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Fig. 9. XPS spectra of PAN powder, PAN and PAN/CNT-COOH fibers: (1) PAN powder,
(2) PAN fibers (3) PAN-COOH fibers.

3.6 Crystallization and cyclization behaviors of PAN/CNT-COOH fibers

As can be seen in Table 2, with increasing the spinning speed, the crystallinity of the
fibers is decreased at first then increased. The fibers with high CNTs-COOH content exhibit
high crystallinity (similar spinning speed), indicating the introduction of CNTs-COOH
contributes to crystallization. The initiation temperature for cyclization (T;) is gradually
decreased, cyclization temperature for cyclization (T) exhibits a identical changing trend
compared with crystallinity, but the heat released (AH) for cyclization shows a opposite
changing trend.

The changing trend of crystallinity may be associated with oriented-crystallization of
PAN molecular chains and the heat exchange of the PAN/PL/COOH-CNT system during the
plasticized spinning. High oriented-crystallization rate contributes to the crystallinity, but
high heat exchange rate induced by high thermal conductivity of CNTs [38,39] is not
conducive to the crystallinity since it shortens the oriented-crystallization stage. Consequently,

these two factors have opposite effects on crystallinity. It is noted that the
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oriented-crystallization rate and heat exchange rate are both increased with increasing
spinning speed, thus the changing trend in crystallinity of the resulting fibers is strongly
dependent on spinning speed.

That is to say, the decrease in crystallinity of the fibers indicates that the high exchange
rate of the system plays a decisive role at this spinning speed. As the spinning speed is further
increased, high oriented-crystallization rate is considered to be the prime reason for the
increase in crystallinity. Table 2 also shows that the crystal size (1.1-1.32nm) of all fibers
prepared by plasticized spinning are obvious smaller than that (3.7-5nm) of and
PAN/CNT-COOH fibers fabricated by wet-spinning [9], this can be explained by high

spinning speed for plasticized spinning, which hinders the growth of the crystal.

Table 2. The Structural parameters of PAN/CNT-COOH fibers.

CNTs-COOH Spinning Crystallinity/% Crystal size/nm Meridional peak
content (wt.% w.r.t speed/m/min position (20)/°
PAN)

30.3 56.1 1.2 40.68

0.5 40.2 54.2 1.13 40.33

49.2 65.2 1.24 40.62

30 63.26 1.25 40.62

0.8 40.1 61.04 1.12 40.15

50 68 1.31 40.55

Fig.10 shows the XRD curves of the PAN/CNT-COOH fibers, where the peak position
at round 36° and 40° are ascribed to planar zigzag and helical sequences respectively[40].
Thus Peakfit soft (v4.12) was utilized for peak fitting of XRD spectra in the range of 20°-50°
and peak position (around 40°) was accurately calculated, as shown in Fig (a), Fig (a’) , Fig (b)
and Fig (b"). The shift of peak position at round 40° to the low angle indicates the increase in
planar zigzag conformation[10]. In this paper, the peak position (around 40°) of both fibers is

shifted to low angle at first, and then shifted to high angle, which is in agreement with the

=16 -
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crystallinity. This may reveal that the high spinning speed contributes to conformational
changes from helical to planar zigzag and conformational changes are apt to take place at
amorphous region other than crystallinity region. In this case, the fibers with higher
CNTs-COOH content (similar spinning speed) possess more planar zigzag conformation,

indicating the addition of CNTs-COOH is conducive to conformational changes.
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Fig. 10. XRD meridional scans of PAN/CNT-COOH fibers: (a) 5-55°, (a’) and (a'")
0.5wt.% CNTs; (b), (b’) and (b'") 0.8Wt% CNTs; A;: 30.3m/min, A,: 40.2m/min, Aj:
49.2m/min, By: 30m/min, B;: 40.1m/min, B;: 50m/min.

Cyclization reaction first occurs at amorphous region, then propagates to crystalline
region [41,42], consequently, the T; reflects the cyclization at amorphous region. As
mentioned before, the addition of CNTs-COOH to the PAN results in the formation of the
“n-n” interaction between PAN and CNTs-COOH (confirmed by FTIR), which would
weaken the intermolecular interaction between C=N groups of the fibers at amorphous region.
Furthermore, high spinning speed may leads to conformational changes of PAN molecular
chains from the helical to planar zigzag (confirmed by XRD results), which raises the

possibility of interaction between PAN molecular chains and CNTs-COOH. Consequently, it
-17-
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is reasonable to conclude that the intra-molecular cyclization [43] becomes easier to take
place at amorphous region, resulting in the decrease in the T;(in Table 3 and Fig. 11). It is
interesting to note that the fibers with 0.8wt.% CNTs-COOH show a lower T; (in Table 3 and

Fig. 11) compared with the ones with 0.5wt.% CNTs-COOH (similar spinning speed),

suggesting that the CNTs-COOH, like common acids [44], can lower the T;.

The AH (in Table 3) is increased at first, and then decreased. As mentioned before, the
high spinning may contributes to conformational changes of PAN molecular chains from
helical to planar zigzag, which facilitates the cyclization [17]. In this case, the fibers possess

more planar zigzag conformation exhibit higher AH, which is consistent with the XRD

results.

Table 3. The DSC data of PAN/CNT-COOH fibers in the range of 200°C-380°C.

CNTs-COOH content  Spinning speed/m/min T/°C T/°C AH /g’
(wt.% w.r.t PAN)
30.3 239 266.2 480.2
0.5 40.2 237.13 265.17 572.9
49.2 235.62 267.66 517.2
30 237.26 268.17 447.6
0.8 40.1 235.44 266.76 525.2
50 235.01 268.3 491.6
2 E—rw— Z — 30m/min '
—— 40.2n/min ; :‘;gi}%ﬁm

—— 49.2m/min

w Endo

L L
00 250 300 350

w Endo

00
(a) Temperature("C)

The fibers containing 0.5wt.% CNTs-COOH show a higher AH compared with the ones
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Fig. 11. The DSC curves of the PAN/CNT-COOH fibers: (a) 0.5wt.% CNTs-COOH content, (b)
0.8wt.% CNTs-COOH content.
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containing 0.8wt.% CNTs-COOH (similar spinning speed). In order to prove the effect of the
CNTs-COOH, the fibers with spinning speed of 30.3m/min (0.5wt.%) and 30m/min (0.8wt.%)
were used for measurement. These fibers were heated again to 400°C at the heat rate of
10m/min after the first heating, the results can be seen in Fig.12. No exothermic peak can be
observed for both fibers, indicating the vast majority of C=N groups are involved in the
cyclization as the fibers were heated for the first time. This further reveals that the
introduction of CNTs-COOH, just like comonomer[20], can reduce the AH for cyclization.

Thus, the fibers containing a higher CNTs-COOH content exhibit a lower AH.

Exo

——30.3m/min (0.5wt.%
30m/min (0.8wt.%)

\
\

=]
=
=
58} L I L L L L L
200 220 240 260 280 300 320 340

Temperature(°C)

Fig. 12. The DSC curves of both fibers after heating again.

4. Conclusion

[Bmim]Cl was utilized as a plasticizer to achieve the plasticized spinning of PAN and
PAN/CNT-COOH composite fibers. It is observed that the CNTs-COOH dispersed well in the
PAN/CNT-COOH fibers. The results show that the plasticizing effect of the
PAN/PL/CNT-COOH system is not affected as the the CNTs-COOH are added.

The maximum tensile strength and initial modulus of PAN/CNT-COOH fibers were
0.475GPa and 10.93GPa, which were increased by 69.4% and 45.73% respectively as
compared with the PAN fibers. The crystallinity of PAN/CNT-COOH is decreased with

-19-



RSC Advances Page 20 of 23

increasing the spinning speed, and then increased, which is associated with the high heat
exchange rate and high oriented-crystallization. The cyclization of the fibers was initiated by
three types of initiating agents. The T; of PAN/CNT-COOH fibers is decreased with
increasing spinning speed and higher CNT-COOH content contributes to initiation of
cyclization. The fibers possess more planar zigzag conformation exhibit higher AH,

suggesting the increase in planar zigzag conformation facilitates the cyclization.
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