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Abstract The effect of plasma treatment on the stabiliza-
tion of copolymer P(AN-MA) containing 6.1 mol% methyl
acrylate (MA) prepared by an electrospinning technique has
been investigated at various oxygen contents (10 %, 20 %
and 30 %) and different exposure times. The morphology
and chemical structural evolution of electrospun and oxi-
dized nanofibers were studied using field—emission scanning
electron microscopy (FE-SEM), Fourier transform infrared
(FT-IR) spectroscopy and differential scanning calorimetry
(DSC). FT-IR analysis indicated that the treated nanofibers
were effectively oxidized under different contents of oxy-
gen and prolonged plasma exposure times by increasing the
peak intensities of polar groups at 1730 and 3400 cm~! cor-
responding to C=O stretching band and OH stretching vi-
bration mode, respectively. Additionally, a reduction in the
extent of the cyclization reaction is observed with further
increase in exposure times and contents of oxygen, which
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implies lower conversion of C=N bands into C=N ones in
the copolymer chain. According to the FE-SEM studies, the
surfaces of the treated nanofibers were completely etched
after 15 min of treatment due to the existence of strong ion
bombardment and a reduction in the average fiber diameters
was observed.

1 Introduction

Polyacrylonitrile (PAN) and its copolymers are used as pre-
cursors for the production of high strength and modulus car-
bon fibers. This can make PAN and its copolymers ideal
strengthening agents in the production of lightweight com-
posites for automotive applications, aerospace technologies
and many other utilities. PAN is considered as the best
candidate for the production of high performance carbon
fibers comparable to the other applicable precursors includ-
ing rayon or pitch [1-5].

Developing carbon fiber from PAN-based fiber is gener-
ally subjected to three processes; stabilization, carboniza-
tion and graphitization [6]. Stabilization is an important step
and key to the carbon fiber production compared to other
essential stages which can be performed under heat treat-
ment in air or oxygen-containing atmosphere. Cyclization,
dehydrogenation and oxidation are three major chemical re-
actions that occur in the production of carbon fibers. Cy-
clization can play the key factor in controlling the quality of
the produced carbon fiber. Cyclization reaction leads to the
development of ladder structures by oligomerization of ni-
trile (C=N) groups through a free radical or ionic mechanic
pathway [5-10]. The mechanic pathway of cyclization de-
pends on numerous factors including the polymer structure
and stabilization environment [10]. The oligomerizations of
nitrile groups are affected by different parameters including
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the method of polymerization, nature of comonomers, addi-
tives and preheat treatment [11].

PAN homopolymer demonstrates a sharp exothermic be-
havior as well as poor properties and processability, mak-
ing it a non-ideal candidate for the preparation of carbon
fibers [7, 10]. As a result, various acidic, neutral or alka-
line comonomers are incorporated into PAN polymer chains
to relax the exothermic reaction, lower the stabilization
temperature and exothermic peak temperature, decrease the
peak height as well as improve the stabilization [9, 10].
Acrylate, methacrylate and methylacrylate are among other
comonomers that exhibit a diluent effect on the exothermic
reactions without inhibiting the reaction during heat treat-
ment of PAN. However, acidic comonomers behave dif-
ferently and show a marked inhibiting effect on the nitrile
oligomerization [9-13].

There are different techniques in the literature for pro-
duction of PAN-based carbon nanofibers including the tra-
ditional vapor growth method or the plasma enhanced chem-
ical vapor deposition method, which is often expensive and
complex [2, 14—16]. However, the production of PAN-based
carbon nanofiber through a versatile and cost-effective tech-
nique well known as the electrospinning process is possible.
This process utilizes further thermal reactions including sta-
bilizing, carbonizing and activating electrospun precursors.
Electrospinning is a simple and efficient technique for pro-
duction of nanoscale fibers. It is done by applying an electric
field between a droplet of polymer solution or melt held at
the end of a capillary and a grounded collector. The nanome-
ter’s diameter dimension allows for a high specific surface
area and durable physical properties in the compression pro-
cess [17-21].

Advanced oxidation and stabilization of the electrospun
PAN-based carbon nanofibers can be achieved under heat
treatment in the presence of oxygen and a specific temper-
ature zone or under plasma treatment at different exposure
times and various contents of oxygen. PAN-based carbon
nanofibers have a low cost, good environmental sustain-
ability, high efficiency and low energy consumption. The
surface of polymer materials is chemically modified under
plasma physical etching or strong ion bombardment with in-
creasing exposure time and oxygen content without affect-
ing its bulk properties [22-27].

To the best of our knowledge and our literature review,
there is no prior focused research aimed at studying the ef-
fect of plasma conditions, namely oxygen contents and vary-
ing exposure times. This research was conducted to exam-
ine these important aspects of the oxidized and stabilized
P(AN/MA) electrospun nanofibers. In this work, the elec-
trospun P(AN/MA) nanofibers were oxidized and stabilized
at various contents of Ar/O, mixed gas at different expo-
sure times (5, 10 and 15 min). Plasma oxidation and stabi-
lization of electrospun P(AN/MA) nanofibers took place at
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room temperature. Using a low-pressure plasma process for
producing stabilized nanofiber can assure satisfactory per-
formance of carbon nanofibers. The results of studies of the
morphological and structural transformations of the electro-
spun and stabilized nanofibers during plasma treatment are
presented.

2 Experimental
2.1 Materials and solution preparation

A commercial acrylic fiber containing 6.1 % methyl acry-
late (MA) and 0.9 % methyl allylsulfonate as comonomers
with 300,000-500,000 M,, was purchased from Isfahan
Polyacryl Inc. (Iran). This material was dissolved in N,
N dimethyl formamide (DMF) to yield 15 % solution by
weight. The applied polymer contained a small amount of
methyl allylsulfonate; the effect of this comonomer was ig-
nored during the whole process. The produced P(AN/MA)/
DMF solution was stirred with an electromagnetically
driven magnet at room temperature for 6 h in order to obtain
a homogeneous solution.

2.2 Electrospinning process

As described above, P(AN/MA) nanofiber with an aver-
age fiber diameter of 377 nm was prepared from 15 wt%
P(AN/MA)/DMF solution during an electrospinning pro-
cess. The prepared solution was first placed into a 15 ml
plastic syringe equipped with an 18-gauge stainless steel
needle. The syringe was fixed on an electric syringe pump
(Top5300, Tokyo, Japan) set to maintain a constant feed rate
of 0.5 ml/h. A high-voltage power supply (GammaES40P-
20 W/DAM) was employed to apply positive charge to the
needle tip, and a grounded metal plate covered with an alu-
minum foil served as the collector. The applied voltage and
the distance between the needle tip and the collector were
18 kV and 19 cm, respectively, during the process. The pro-
duced P(AN/MA) nanofiber was electrospun for 240 min.

2.3 Atmospheric plasma treatment

The produced electrospun P(AN/MA) nanofibers were sta-
bilized in the presence of various contents of Ar/O, mixed
gas at different plasma exposure times. A schematic of the
plasma treatment configuration is shown in Fig. 1; the reac-
tor is a Pyrex cylinder 12 cm long and 16 cm in diameter
with two internal Al electrodes separated by a distance of
8 cm. The prepared samples were placed in the middle of
the chamber using a glass support. Samples were treated by
(Ar/O;) mixed gas in different contents of oxygen (10 %,
20 % and 30 %) and exposed to plasma for three different
durations of time (5, 10 and 15 min).
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Fig. 1 Schematic of the low-pressure DC plasma generator

The chamber was evacuated up to 5 x 10~ mbar via ro-
tary and turbo pumps prior to the beginning of each experi-
ment. The mixed gas was fed into the chamber via a needle-
valve controller at a low pressure. The chamber kept the vac-
uum at 6 x 10~2 mbar during the process.

Plasma consists of numerous gas ions which can directly
treat the samples located in the chamber. The mixed gas was
ionized and converted into the plasma by means of a DC
high-voltage power supply.

2.4 Characterization

The diameters and surface morphologies of the electro-
spun and stabilized P(AN/MA) nanofibers at various con-
tents of Ar/O, mixed gas and different plasma exposure
times were observed using the SU8000 family of ultra-high-
resolution field-emission scanning electron microscopy
(FE-SEM). The surface chemical functional groups and
structural changes in the electrospun and stabilized samples
were characterized by Fourier transform infrared (FT-IR)
spectroscopy (FTIR-IFSS88 infrared instrument) in the
range 4000-500 cm™~!. The differential scanning calorime-
try (DSC) measurements were carried out to investigate the
structural changes occurring during plasma treatment using
a 2010 DSCV44E (Universal V3 8 B TA Instruments). The
samples were analyzed at 10 °C/min and subjected to heat
treatment at a constant temperature, 400 °C, in air atmo-
sphere in a DSC cell.

3 Results and discussion

3.1 Effect of plasma treatment on the stabilization of
electrospun nanofiber

Stabilization is the integral part and can be regarded as
the key step of the carbon fiber production amongst the
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Fig. 2 Chemical structure of P(AN/MA) copolymer [13]

other essential stages. High-performance carbon nanofiber
can be obtained from PAN precursor oxidized in an oxygen-
containing atmosphere during the stabilization process. In
fact, PAN precursor acquires stability by an oxidative cross-
linking reaction of adjoining molecules in the stabilization
along with a cyclization reaction of nitrile groups under an
oxidizing atmosphere with plasma [5, 28]. Oxygen is con-
sidered to affect stabilization of polymers based on PAN
precursor. Oxygen can act as a dehydrogenation agent in
the conversion of C—C to C=C bands which combines it
with the cyclization reaction resulting in the formation of a
conjugated naphthyridine ring structure. It can also generate
oxygen groups in the polymer backbone including —OH and
C=0 etc. These groups promote intermolecular cross link-
ing of the polymer chains and provide greater stability to
sustain high-temperature carbonization treatment [12]. The
types of applied gas as well as its oxygen content, exposure
times and the stabilization temperatures were observed to in-
crease the rate at which the stabilization reactions take place
[28].

The chemical reactions taking place in PAN fibers or
nanofibers due to any modification techniques were most
commonly characterized by FT-IR measurement [3, 5, 7,
8, 10, 11, 13, 29]. So, the chemical reactions forming in
the oxidized samples at different exposure times (5, 10 and
15 min) and in the various oxygen contents (10 %, 20 % and
30 %) were investigated via FT-IR measurements as shown
in Fig. 4.

It is generally accepted that the chemical functional
species in P(AN/MA) nanofibers include [3, 13] carbon
chains, the nitrile group (C=N), methylene groups (CH-
and CH»-) and oxygen-containing groups such as —C-
OCHj3 and C=O0 due to the existence of MA comonomer
in the structure as shown in Fig. 2.

The linear structure was chemically transformed into
a planar structure by ring formation and aromatization
through a free-radical mechanism during the stabilization
process under plasma oxygen flow (Fig. 3). The proposed
structures are based on earlier published work [30]. The
possibility of some intermolecular cross-linking structure
increases during cyclization reactions due to the existence of
oxygen and free radicals leading to the formation of undis-
solvable structures. One possibility of formation of free rad-
icals is from the intermediate acrylamide, a mechanism pro-
posed by Grassie and McGuchan [9].

The cyclization reaction can be initiated at many more
sites by the activated pair of unshared electrons in the pres-
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Fig. 3 The proposed structure of oxygen-stabilized P(AN/MA) copolymer in the plasma process [30]

ence of Oy nucleophile and thus cause the structure to reach
the stabilized state much faster. Generally, a gradual de-
crease in the strong nitrile and the formation of the imine
bands in the cyclic structure reveal the extent of cyclization
[13].

The FT-IR spectrum of electrospun P(AN/MA) nanofiber
before any treatment process is shown in Fig. 4. A charac-
teristic band at 1730 cm™! appears due to the ester group
of C=O0 stretching in the comonomer MA units. Of partic-
ular interest is the band at 2242 cm™!, which is assigned
to the C=N stretching of the acrylonitrile unit in the poly-
mer chain. Other absorption bands correspond to 2930 cm ™!
(ve_p in CHp), 1448 cm™! (8c_y in CHa), 1358 cm™!
(8c—y in CH), 3400 cm~! (OH and COOH), 1730 cm™!
(C=0) and 1070 cm™! (C-C) in the FT-IR spectra [7, 31].
Moreover, with an increase in exposure times and oxygen
flows, a new band at 1655 cm™! appears with a gradual in-
crease in the cyclic structure. This is due to the combination
of vibrations of C=C and C=N stretching and NH in-plane
bending of the ladder-frame structure of the stabilized one
related to -C=C-C=N and -C=N-C=N- chemical struc-
tures illustrated in Fig. 3. This new band confirms the cy-
clization reaction through nitrile groups. The formation of
the —NH band is mainly due to hydrogen atoms in broken
triple bands [7, 11].

It is thought that the hydrophilic functional groups con-
taining the OH group at the surface could be induced by
plasma modification, especially by O, and N, plasma treat-
ments [24, 32, 33]. As shown in Fig. 4, a sharp increase in
peak intensities at 1730 cm™! (C=O0 stretching band) due
to the oxidation process in the plasma treatment and a grad-
ual increase in peak intensities at 3400 cm~! (OH stretch-
ing vibration mode) and 1655 cm~! (C=C, C=N and -NH
mixed) can be seen with an increase in exposure time at dif-
ferent oxygen flows. This implies the effective conversion
of C—C into C=C bands as well as producing more oxygen
groups including —OH and C=0 under plasma oxidative en-
vironment. Furthermore, an increase of —CH groups in the
formation of the C—-CH=C structure at 1448 cm~! [7, 31] at-
tributed to c—yg in CH; can be observed after the treatment
at prolonged exposure times and greater oxygen flows. This
is mainly due to the extent of dehydrogenation in conversion
of C-C to C=C in combination with cyclization resulting in
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the formation of a conjugated naphthyridine ring structure,
whereas a peak at 1358 cm~! (8¢ in CH) is nearly con-
stant even at prolonged exposure times (see Fig. 4).

A gradual decrease in the formation of the C=N bands
at 2358 cm™! is observed at prolonged exposure times and
higher oxygen contents, which implies the lower extent of
cyclization. The extent of oxidation is more dominant than
the extent of cyclization reaction with increase in exposure
time and oxygen flow under plasma oxidative environment.

The highest oligomerizations of nitrile groups in the
cyclic structures of P(AN/MA) nanofibers are observed
when they were treated under 10 %, 20 % and 30 % of oxy-
gen flow after 5, 10 and 15 min of plasma exposure times,
respectively (see Fig. 4). This implies the highest conversion
of C=N into C=N bands under the mentioned conditions.

Although the oxidation rate reaches its maximum extent
under 30 % oxygen flow and prolonged exposure times as
shown by a sharp increase in peak intensities at 1730 cm™!
(C=0) and 1655 cm~! (C=C, C=N and -NH mixed), it
does not seem to be considered as an optimum condition.
This is due to higher tendency in the surface of the treated
samples to be etched or even decomposed at severe condi-
tions (Fig. 4c). At severe plasma conditions; the occurrence
of the etching effect is highly probable due to the increase in
the amount of strong ion bombardment throughout the pro-
cess.

Since both the cyclization rate in the conversion of C=N
bands into C=N ones and the oxidation reaction pertaining
to C=0 bands are high in the PCAN/MA) nanofibers treated
at 20 % of oxygen and 10 min of exposure, it is considered
to be an optimum stabilization condition for production of
high-performance carbon nanofiber under further processing
based on FT-IR results (Fig. 4b).

3.2 Effect of plasma treatment on the average fiber
diameters and the morphology of P(AN/MA) nanofiber

Plasma interacts in numerous ways with a polymer surface.
In severe conditions, the polymer surface is subject to etch-
ing effects, whereby the polymer is continuously degraded.
In fact, physical etching occurs under strong ion bombard-
ment. When plasma gas was irradiated on the surface of
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Fig. 4 FT-IR spectra of an untreated nanofiber and treated nanofibers
by plasma with (a) 90/10 (Ar/O,), (b) 80/20 (Ar/O;) and (c) 70/30
(Ar/O,) mixed gas contents and different exposure times of 5, 10 and
15 min (v is stretching vibration and § is bending vibration)

polymers, C-H and OH bands are broken down and conse-
quently free radicals are produced which then interact with
the ambient oxygen. In this way, oxygen-containing groups
(carbonyl, carboxyl etc.) are created, which increases the

polymer surface polarity. Therefore, plasma can change sur-
face properties using etching and chemical methods [24,
34].

According to the FE-SEM images of Fig. 5, the treated
nanofibers have been rougher under plasma physical etching
or strong ion bombardment with increasing exposure time
and oxygen content. Oxygen plasma shows a greater etching
effect on P(AN/MA) surfaces at prolonged exposure time
and higher oxygen containing mixed gas. The etching effect
is more severe on the surface than in the bulk of the plasma-
treated nanofiber after prolonged exposures, as shown in the
FE-SEM images of Figs. 5d, 5g and 5j.

Additionally, the average fiber diameters of the electro-
spun and stabilized P(AN/MA) nanofibers under different
contents of Ar/O, mixed gases and various exposure times
have been determined from the FE-SEM images. Accord-
ing to Fig. 6, the average fiber diameters were reduced from
377 nm in the electrospun P(AN/MA) nanofiber to 180, 150
and 130 nm in the stabilized ones under 10 %, 20 % and
30 % of oxygen for 15 min of plasma exposure, respectively.

The reduction in the average fiber diameters of the mod-
ified P(AN/MA) nanofibers may be due to the oxidation of
P(AN/MA) precursor and the escape of oxygen in the form
of CO and CO; gases in the samples subjected to a larger
amount of Oy and higher exposure times during the plasma
treatments as well as the transformation of the P(AN/MA)
linear chain into the ladder form [34]. In fact, with increas-
ing treatment times and oxygen exposure, more oxygen-
bearing groups including —OH and C=O0 etc. are created
in the polymer backbone. This can promote intermolecular
cross linking of the polymer chains and formation of hy-
drogen bonding and cause a decrease of the average fiber
diameter.

3.3 DSC measurements

The qualitative and quantitative kinetics of stabilization can
be investigated either through the isothermal curve ver-
sus time or from a non-isothermal curve versus tempera-
ture [35]. In this research, differential scanning calorime-
try (DSC) was used to study the reaction time, reaction heat
(A H) and reaction peak temperature (7},) of the electrospun
and modified PCAN/MA) nanofibers under plasma exposure.
The various parameters obtained from these exotherms—
namely, initial induction time (#;), complete reaction time
(#f), reaction time (At = fr — t;), peak temperature (7p),
reaction heat (AH) and the heat liberated per unit time
(AH/At)—are listed in Table 1. The initial induction time
shows the time needed for the reaction to start under the
isotherm conditions and can be found from the starting point
of the exothermic curve. The reaction time is shown by the
time taken from the start until the end of the curve. The reac-
tion time depends on the isothermal treatment time and oxy-
gen content as shown in Table 1. The initial induction time
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Fig. 5 FE-SEM images of the
electrospun and stabilized
nanofibers under different
contents of Ar/O, mixed gases
and various exposure times:

(a) electrospun nanofiber, (b, c,
d) stabilized nanofiber at 90/10
(Ar/O»), (e, £, g) stabilized
nanofiber at 80/20 (Ar/O;) and
(h, i, j) stabilized nanofiber at
70/30 (Ar/O3) and exposure

times of 5, 10 and 15 min,
respectively

does not vary much even at prolonged exposure times and
higher oxygen contents for any of the oxidized specimens.
This indicates that the initiation of the exothermic reaction
is not much affected by an increase in the oxygen contents
or exposure times (Table 1). However, the reaction times in
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the electrospun specimen decrease from 14.4 min to lower
times in the oxidized ones.

The heat released by the reaction (A H) is directly pro-
portional to the amount of nitriles oligomerized, which can
be calculated from peak areas (see Table 1). With an increase
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in exposure times under 10 % and 30 % of oxygen content,
the heat released by the reaction is decreased, which results
in fewer nitriles being oligomerized. However, in the case
of 20 % O, flow, the heat liberation is first increased from
1868 Jg~! for 20 % PAs to 2020 Jg~! for 20 % PA ;¢ and
then decreased with further exposures. The lowest AH val-
ues among the treated copolymers under different contents
of oxygen belong to 10 % PAs, 20 % PA s and 30 % PA 5
(1850, 1573 and 1479 J g~ !, respectively).

From the data, it can be concluded that the rate of cy-
clization reactions will retard with further increase in expo-
sure times and oxygen contents that results in reducing the
amount of nitriles being oligomerized. The reduction in the
amount of heat liberation implies that the oxidative reaction
tends to be more dominant in the case of highly concen-
trated produced oxygen-containing groups including —OH
and C=O0, etching the conversion of C=N bands into C=N
ones in the copolymer chain.

v e 10% 0,
E 350 4 v 20%0,
£ ° m 30% O,
5 300 4
T v
g M .
._g 250 4
)
= v
= 200 1
o ) .
14
§ 150 4 :
<
100 4
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0 5 10 15

Exposure time (min)

Fig. 6 The effect of different plasma mixed gas contents and various
exposure times on the average fiber diameters of PCAN/MA) nanofiber

As shown in Table 1, the heat liberated per unit time
for P(AN/MA) copolymers treated under 20 % oxygen
flow for different exposure times and in the case of 30 %
PAip and 30 % PA;s are much lower than the others.
This makes them the best candidates for producing high-
performance carbon fibers (20 % PAs; 205.2, 20 % PAjo;
226.9, 20 % PA1s; 201.6, 30 % PA1¢; 212.6 and 30 % PA;s;
202.6 J g~ ! min~!). The higher rate of heat evolution during
thermo-oxidative stabilization would lead to burning out of
the core, resulting into a poor quality of the carbon fibers
[11].

DSC exotherms of PCAN/MA) with heat rate of 10 °C/min
are attributable to the variety of reactions occurring un-
der different oxygen-containing gases and various exposure
times, as shown in Fig. 7. Broadly, these reactions may be
mainly classified as oxidative reactions and cyclization re-
actions. Oxidative reactions involve a group of reactions
(i.e. dehydrogenation and other elimination reactions) that
cause the conversion of C—C to C=C structures and generate
oxygen-containing groups such as —OH and C=0 etc. Cy-
clization reactions lead to the development of ladder struc-
tures by oligomerization of nitrile (C=N) groups [12]. The
combination of chemical reactions taking place during sta-
bilization and their relative importance remain unclear. De-
pending on the composition of the polymer, the stabilization
environment and the temperature profile, different reactions
take place, making it difficult to determine the exact reaction
paths and the final chemical structures. This case is further
complicated because of possible additional reaction mecha-
nisms with different amounts of oxygen and exposure times
in the oxidative environment.

The DSC exotherm in the case of PAg has the appear-
ance of doublets with superposition of two peaks initiated
at about 227 and 281 °C (22.7 and 28.1 min) and centered

Table 1 The initial induction time, complete reaction time, peak temperature, reaction heat and the heat liberated per unit time of the electrospun
and stabilized PCAN/MA) nanofiber under different contents of Ar/O, mixed gases and various exposure times

Polymer Code 0 (%) Exposure time (min) £ (min) # (min) At (min) T, (°C) AH Jg~') AH/At (Jg~'min7})

Electrospun PAg 0 0 ti1; 22.7 t61;23.3 144 Tp15 231 27 96.8

P(AN-MA) t2; 28.1 123 37.1 Ty2;305 1368

nanofiber
10 % PAs 10 5 27.4 36.5 9.1 314 3109 341.6
10 % PAj 10 28.7 36.3 7.6 315 2349 309.0
10 % PA;5 15 29.5 36.1 6.6 326 1850 280.3
20 % PAs 20 5 27.7 36.8 9.1 316 1868 205.2
20 % PA 1o 10 28 36.9 8.9 324 2020 226.9
20 % PA5 15 28.3 36.1 7.8 323 1573 201.6
30 % PAs 30 5 29 36.5 75 322 2245 299.3
30 % PA 1o 10 28.3 36.1 7.8 320 1659 212.6
30 % PAls 15 29 36.3 7.3 317 1479 202.6
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Fig.7 Isothermal DSC thermograms of the electrospun and stabilized P(AN/MA) nanofiber under different exposure times and (a) 90/10 (Ar/O),

(b) 80/20 (Ar/O3) and (c) 70/30 (Ar/O,) mixed gas

at 231 and 305 °C respectively (Figs. 7a and 7c). However,
this doublet characteristic is diminished in the case of the
modified PCAN/MA) copolymers at higher oxygen contents
and prolonged exposure times. The modified P(AN/MA)
nanofibers at different exposure times under 20 % of oxygen
content exhibit only one exothermic peak initiated at about
277,280 and 283 °C (27.7, 28.0 and 28.3 min) and centered
at 316, 324 and 323 °C, respectively (Fig. 7b). However, the
exothermic peaks in the modified specimen under 30 % of
oxygen content were initiated at about 290, 283 and 290 °C
(29, 28.3 and 29 min) and centered at 322, 320 and 317 °C,
respectively (Fig. 7c).

Theoretically, the appearance of two separated peaks in
copolymers implies the occurrence of two distinct reactions
under two different pathways [10]. Therefore, the doublet
reaction occurring in the electrospun P(AN/MA) nanofiber
may be attributed to the PAN and MA as a comonomer that
initiates the reactions at a lower temperature (227 °C). Even
though MA is considered to be a poor initiator compared
to the acidic comonomers, it can still initiate the reaction

@ Springer

at lower temperatures, accelerate the cyclization reactions
and enhance the stabilization. In the case of fibers containing
MA, a nucleophilic attack can also occur at the comonomer
sites, generating new functionalities leading to enhanced cy-
clization and other reactions through a free-radical mecha-
nism that reduces the initial induction time [9—-13].

It seems to be logical to make an assumption that the
appearance of only one distinct exothermic peak found in
the oxidized P(AN-MA) copolymer under different oxygen-
containing gases and exposures is probably due to the over-
lapping of the free-radical cyclization reactions and other
exothermic reactions including oxidation and cyclization
processes. The oxidative reaction is more dominant than cy-
clization reactions in the oxygen environment causing the
formation of only one distinct exothermic peak under dif-
ferent oxygen contents and exposure times, which is in a
complete accordance with the obtained FT-IR results.

According to all the DSC exotherms examined, a peak
forms at the initial stage of the reaction and then the curve
falls until the reaction ceases. However, the slope depends
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on the exposure time and oxygen content in the plasma treat-
ment. At prolonged exposure times, the exothermic peaks
nearly shift to a lower heat flow, as shown in Fig. 7. The
broadening of the exothermic peak can be probably con-
tributed to the oxidation process and the contribution of
comonomer MA, which initiates cyclization at a lower tem-
perature through a free-radical mechanism. The broader
exotherms (higher reaction times) are observed in the mod-
ified specimens in the case of 10 % PAs, 20 % PAs5 and
30 % PA1p. Additionally, the exothermic peaks for 10 %
PAs, 20 % PAs and 30 % PA | shift to lower initial tem-
peratures (274, 277 and 283 °C, respectively) that cause
the exothermic reaction to become relaxed (Table 1). The
broad exotherms and lower #; values in P(AN/MA) copoly-
mer suggest a different reaction mechanism and relatively
much slower propagation for producing ladder polymers.

4 Conclusion

The electrospun P(AN/MA) nanofibers were stabilized and
oxidized under plasma environments at different contents of
oxygen (10 %, 20 % and 30 %) and various times of expo-
sure (5, 10 and 15 min). These nanofibers can be used in
the production of carbon nanofibers under further heat treat-
ment. Different techniques including FT-IR, DSC and FE-
SEM were applied to investigate chemical reaction, kinetics
of the stabilization and the morphology of the electrospun
and oxidized PAN nanofibers.

Based on the FT-IR analysis, the intensities of oxygen-
containing groups, namely C=0 and —OH groups, were in-
creased with plasma exposure time and oxygen content in
the oxidation and stabilization under plasma environment
due to effective conversion of C—C into C=C bands. How-
ever, the extent of cyclization reaction in the conversion of
C=N bands into C=N ones was decreased at higher con-
tents of oxygen and plasma exposure times. According to the
FE-SEM observations, some clues were formed on the sur-
face of the treated nanofibers under plasma physical etching
or strong ion bombardment with increasing exposure time
and oxygen content. The average fiber diameters were re-
duced from 377 nm in the electrospun P(AN/MA) nanofiber
to 180, 150 and 130 nm in the stabilized ones under 10 %,
20 % and 30 % of oxygen for 15 min of plasma exposure,
respectively.

The DSC thermograms exhibited two exothermic peaks
initiated at about 227 and 281 °C (22.7 and 28.1 min, re-
spectively) in the case of electrospun P(AN/MA) nanofiber,
while only one exothermic peak appeared in the case of
the oxidized samples, which is initiated at higher temper-
atures. The occurrence of two peaks in the electrospun sam-
ples is believed to be attributed to the PAN and MA as a
comonomer which causes the reactions to initiate at a lower

temperature due to the initiating effect of MA. On the other
hand, the presence of only one exothermic peak may be re-
lated to the strong oxidative reaction under plasma oxygen
environment. The heat released by the reaction (A H) is di-
minished with increasing exposure time under 10 % and
30 % of oxygen contents, while, in the case of 20 % O,
flow, it is first increased from 1868 J/g~! to 2020 J/g~! and
then decreased under further exposures. Among the treated
copolymers, on the basis of # values, it seems that the 10 %
PAs, 20 % PAs and 30 % PA g initiate the reaction at lower
temperatures. However, the lowest AH values among the
treated copolymers under different contents of oxygen be-
long to 10 % PA;s, 20 % PA15 and 30 % PA s, resulting in
fewer nitriles being oligomerized and indicates the degree of
cyclization. Based on FT-IR, FE-SEM and DSC data, 20 %
PA g is considered as an optimum stabilization condition for
producing high-performance carbon nanofiber.

Although in the present work we have investigated the
effect of plasma treatment on the stabilization of PAN at
various oxygen contents and different exposure times, car-
bon nanofibers have not been produced. Hence, a compari-
son between the carbon nanofibers produced on the plasma-
and heat-treated samples can be a possible extension to this
work.
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