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Abstract The structure evolution and thermal behaviors
of polyacrylonitrile homopolymer (PAN) and terpolymer
[P(AN-MMA-IA)] containing about 4.19 wt% methyl
methacrylate (MMA), 0.98 wt% itaconic acid (IA) and
94.83 wt% acrylonitrile (AN) during heat treatments were
studied by Fourier transform infrared (FTIR), differential
scanning calorimetry and thermogravimetry. It was found
that the presence of IA comonomer in PAN promoted the
cyclization reactions significantly though initiating the
cyclization reactions at lower temperature and proceeding
at a faster rate than these of PAN homopolymer. Moreover,
it was found that the dehydrogenation was based on the
formation of cyclized structures. From the results of FTIR
analysis, we found the MMA comonomer blocked the
cyclization reactions to some extent. Extent of cyclization
reactions at different temperatures was calculated through
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the data of FTIR. The sequence of reactions happened
during the stabilization was oxidation > cycliza-
tion > dehydrogenation. The higher rate constant k implied
that the ionic mechanism actually showed a kinetic
advantage at low temperature over the free radical mech-
anism, even though the MMA comonomer inhibited
cyclization reactions to some extent.

Keywords Polyacrylonitrile - Stabilization - FTIR -
Mechanism - Kinetics

Introduction

Carbon fibers, due to excellent mechanical properties, good
chemical and high temperature inertness and low weight-
to-volume ratio, have been widely used in the high-tech
aerospace and defense areas in the recent years [1-4].
Although carbon fibers can be from pitch, rayon and
polyacrylonitrile (PAN) [5-7], due to low cast, good pro-
cessibility, and greater carbon yield [8, 9], PAN commonly
containing a small amount of comonomers has been found
to be the most suitable precursors for producing high-per-
formance carbon fibers compared to pitch and rayon [10,
11]. When convert PAN fibers into carbon fibers, two heat
treatment stages are needed. The first stage is mostly
conducted in the oxidative atmosphere at the temperature
range of 200-300 °C with a ladder-like formed, namely
‘pre-oxidation’ or thermal-oxidative ‘stabilization.” This
second stage is usually carried out at temperature above
1000 °C in an inert atmosphere, with the formation of a
graphite-like structure [10-12].

The stabilization stage is one of the most complicated
stages, since a lot of chemical reactions take place, pri-
marily dehydrogenation, oxidative and cyclization [10, 11].
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These three types of reactions would lead to the formation
of a ladder-like structure, making the oxidized PAN fibers
heat-resistant and infusible; and most properties of the
resulting carbon fibers depend greatly on this stage.
Moreover, the oxidized fibers would maintain the dimen-
sions during the subsequent higher temperature carbon-
ization, in which the non-carbon atoms, such as nitrogen,
oxygen and hydrogen, would be kept out, leaving of a
graphite structure [13-15].

Due to comonomers play an important role in PAN
precursor fibers [16—18], the effects of comonomers on the
physicochemical properties of PAN copolymers during
thermal-stabilization are always highly attractive to
researchers. In the past decades, studies have been carried
out to investigate the chemical changes in PAN and related
copolymers during the heat treatments and different
mechanisms have been postulated according to the exper-
iment results. Coleman and Sivy [19] studied the degra-
dation of the polyacrylonitrile copolymers containing vinyl
acetate (VAc), acryamide (AM) and methacrylic acid
(MAA), under a reduced pressure condition by Fourier
transform IR (FTIR), indicating that the rate of degradation
was markedly dependent on the chemical structure of the
commoner. Grsssie and McGuchan [20] studied the pyro-
lysis of PAN copolymers containing the comonomers
acrylic acid (AA), MAA, TA and AM, respectively, using
DTA, TGA and TVA. The results showed that the corpo-
ration of certain comonomers reduced the intensity of the
exotherm during heat treatments. Watt and Johnson [21]
studied homopolymer PAN and copolymer PAN with
carboxylic acid comonomer in oxidative atmosphere. They
found that the oxygen uptake at 230 °C was greater for the
acid-containing copolymer. By now, it is widely accepted
that cyclization of homopolymer PAN is a radical mecha-
nism, while cyclization of acidic PAN copolymers, such as
itaconic acid, methacrylic acid and acrylic acid, is thought
to occur by a ionic mechanism which is initiated at acid
groups in the polymer backbone and lowers the initiation
temperature of cyclization reactions, in the meanwhile
moderates exothermic reactions during heat treatments
[10-25]. FTIR spectroscopy has been proved to be an
excellent technique to study the structure evolution of PAN
and related copolymers during stabilization. For example,
Collins et al. [26] have studied the kinetic relationships
between heat degradation and nitrile consumption in the
reaction of PAN homopolymer and PAN copolymer in air
at 265 °C by FTIR. Furthermore, some attentions [26—30]
have been given to the solubility, hydrophilicity, draw-
ability and spinnability, which can be improved by some
neutral comonomers such as methyl acrylate (MA) and
methyl methacrylate (MMA) efficiently, to get better car-
bon fiber precursors. But the influences of the neutral
comonomers on the cyclization have rarely been

investigated, in the meanwhile, the sequence of the dehy-
drogenation, cyclization and oxidation is always the focus
of debate. So, to optimize the process of the stabilization,
the chemical reactions in PAN polymers need to be
investigated particularly the chemical kinetic and
mechanism.

In the present work, the composition of P(AN-MMA~—
IA) was investigated by '*C NMR. FTIR, DSC and TG
were used to study the structure evolution and thermal
behaviors of PAN during the heat treatments, as compared
to a PAN homopolymer. Moreover, a quantitative calcu-
lation of the extent of stabilization was made based on
FTIR spectroscopy, and kinetic parameters of cyclization
of homopolymer PAN and terpolymer PAN were deter-
mined based on DSC data to better understand the role of
the IA comonomer in the stabilization and the influence of
MMA comonomer on the cyclization. And the isothermal
TG mode was used to investigate the thermal behavior of
PAN polymers. Additionally, an attempt was made to give
the sequence of the dehydrogenation, cyclization and oxi-
dation during the stabilization.

Experimental
Materials

Polyacrylonitrile homopolymer and polyacrylonitrile
copolymer [P(AN-MMA)] containing about 2 wt% MMA
were prepared by precipitation polymerization in water with
ammonium persulphate as initiator at 50 °C under nitrogen.
Polyacrylonitrile terpolymer [P(AN-MMA-IA)], fed about
3 wt% MMA and 1 wt% IA, was kindly provided by JILIN
CHEMICAL FIBRE CO. LTD. Both of the polyacryloni-
trile homopolymer and polyacrylonitrile copolymer have a
viscosity-average molecular weight of about 17.5 x 10°,
and that of terpolymer is about 2.2 x 10°.

Treatment and characterization

Thin films of the samples were prepared for heat treatments
and the following FTIR analysis. The process used was as
follows: First, a solution containing about 2 wt% polymers
in dimethylformamide (DMF) was prepared, and then, the
dilute solution was cast onto a horizontal glass slice,
leaving a transparent thin polymer film. Second, the film
was extracted in methanol at 50 °C for 24 h to remove the
residual DMF. Finally, the film was dried at 75 °C for 24 h
under vacuum with the thickness about 7 um. All films
were prepared by casting the same volume of the dilute
solution onto the same horizontal glass slice. The films for
heat treatment were prepared by cutting the dried films into
approximately 2 cm by 2 cm. Particular care was taken to
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remove the non-uniform edges from the cast film, forming
a usable portion from which heat treatment samples could
be cut. Stabilization was carried out in an air oven at a
constant temperature with a temperature accuracy of 1 °C.
3C NMR sample was dissolved in deuterated dimethyl
sulfoxide (DMSO-d¢) (20 %, w/w polymer solution) and
analysis was performed at room temperature in a 5 mm o.d.
NMR tube using Bruker AVANCE III 400 Spectrometer
operating at 100 MHz, with a recycle time of 10 s.

The Nicolet AVATR-360 FTIR spectrometer was used
to detect the structural changes during the heat treatment in
4000-400 cm ™' range at a resolution of 4 cm™'. Powdered
samples of PAN homopolymer, copolymer and terpolymer
were used for TG analysis using a PerkinElmer TGA PY-
RIS-1 thermal analyzer at the temperature range between
50 and 600 °C. Isothermal TG was carried out at 200, 220
and 250 °C, respectively. The same samples were used for
DSC analysis using a PerkinElmer DSC-7 thermal analyzer
at the temperature range between 30 and 330 °C.

Results and discussion
Composition of polyacrylonitrile terpolymer

A typical *C NMR spectrum of a polyacrylonitrile ter-
polymer is shown in Fig. 1. The ratio of integrations of the
nitrile carbons, methyl carbons and carboxyl carbons
(shown as a, b and c) was used to calculate the composi-
tions by Egs. (1-3):
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Fig. 1 A typical >C NMR spectrum of polyacrylonitrile terpolymer
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where A, Ay and A, are the areas of peaks a, b and ¢
shown as in Fig. 1. And f1a), fimma) and fian, are the mole
fractions of IA, MMA and AN in P(AN-MMA-IA) ter-
polymer, respectively.

The result is that the polyacrylonitrile terpolymer con-
tains 0.98 wt% (IA) and 4.19 wt% MMA and 94.83 wt%
AN, respectively. However, the content of MMA como-
nomer in PLAN-MMA-IA) is higher than that in the feed.
That is because that the reactivity of acrylonitrile como-
nomers is lower than that of ester comonomers.

Structure evolution of PAN terpolymer during heat
treatments

The structure evolution of PCAN-MMA-IA) polymer was
measured by means of FTIR technology during the heat
treatments in air. Fig. 2 shows the spectra of PLAN-MMA—
IA) terpolymer heated at 250 °C for different times. The
vibrations characteristic of PAN structure is those of CN
nitrile group at 2242 cm ™', and the bands in the regions
2939-2870, 1460-1450, 13801350 and 1270-1220 cm ™"
assigned to the aliphatic CH group vibrations of different
modes in CHz, CH, and CH [9, 31]. The strong band at
1735 cm ™! is attributed to the C=0 stretching due to the
presence of ester or acid [9, 31]. It can be seen clearly that
the most prominent structure changes are the decrease in
the intensity of 2939, 2871, 2243, 1735 and 1454 cm ™!
band as a function of heat treatment time. In the mean-
while, the bands of 1620-1600 and 810 cm™ ' occur and
increase with the increasing of treatment time, which are
assigned to a mix of C=N, C=C, N-H and the out-plane
bending of C=C-H, respectively [9, 31]. All of these
indicate that the cyclization and dehydrogenation reactions
have occurred during the heat treatments and progressed
with the time increasing. By careful observation of the
spectra, one can see that the bands of 1735 and 1600 cm ™!
shift to 1715 and 1592 cm™' gradually combined a
shoulder-like peak at 1660 cm ™" generates as the treatment
time increasing, respectively, indicating that some conju-
gation structures have generated and became perfect
gradually. In addition, a shoulder-like appearance at
2197 cm ™! near the characteristic absorption for CN may
be attributed to the formation of amino-substituted unsat-
urated nitriles and aminonitriles as a result of partial
cyclization or thermal degradation [8, 31, 32]. But, to our
surprise, even after treated at 250 °C for 12 h, there still is
a small peak around 2230 cm ™' due to residual isolated CN
groups in the molecular chains, which are difficult to
convert into a ladder-like polymer structure and will be lost
at higher temperature during carbonization [22, 23].

Also, some significant changes are in the region of
3200-3650 cm™". In the initial stage of heat treatment, the
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Fig. 2 FTIR spectra of P(AN-MMA-IA) terpolymer heated at
250 °C for different times
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Fig. 3 FTIR spectra of P(AN-MMA-IA) terpolymer heated at
220 °C for different times

peaks around 3630 cm ™! (due to OH) [33], 3340 and
3250 cm ™! (due to NH) [19] appear and increase the
intensity with time increasing, but the peak of 3630 cm™'
seems to appear sooner than 3340 and 3250 cm™'. More
clear evidence can be shown in Figs. 3 and 4 that FTIR
spectra of P(AN-MMA-IA) terpolymer heated at 220 and
200 °C for different times, respectively. This implies that
oxygen uptake reaction may be easier to happen than the
reaction between two nitriles. It is believed that the oxygen
uptake reaction happens through the formation of hydro-
peroxide, and in the following step, the hydroperoxide
decomposes into ketone with the removal of water [33]. As
shown in Figs. 2, 3 and 4, the oxygen uptake reaction in
P(AN-MMA-IA) is difficult to be identified through the
generation of C=0, because the new generated C=0 bands
are overlapped by the ones of the comonomers. But two
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Fig. 4 FTIR spectra of P(AN-MMA-IA) terpolymer heated at
200 °C for different times

shoulder-likes at 1715 and 1660 cm_l, which may be due to
oxygen uptake reaction, can be probably explained to be
C=0 stretching vibration of a free ketone and a conjugated
ketone. It is an interesting phenomenon to be noticed that
the band of 810 cm™' emerges only when the band of
1620-1600 cm ™' increases to a certain extent. So we
believe that the dehydrogenation is based on the premise of
the formed cyclized structures, because the cyclized struc-
tures generate very active site of allylic hydrogen, which
can be dehydrogenated in the form of H, (Scheme 1).

Structure evolution of PAN homopolymer during heat
treatments

Figures 5, 6 and 7 show the spectra of PAN homopolymer
heated at different temperatures as a function of time. By
comparing the spectra of PAN terpolymer and homopoly-
mer, we find that the overall trends are similar during the
heat treatments. The intensity of bands at 2939, 2871, 2243
and 1454 cm ™' decreases as a function of heat treatment
time. The increasing of intensity of the bands at 3630,
3340, 3250, 1620-1600 cm~! can be seen clearly and the
appearance of 810 cm ™' can be observed as a function of
treatment time. And the shift of 1620-1600 to 1592 cm ™"
and the shoulder-like peaks of 1715 and 1660 cm™"' can
also be found. All of these indicate that the reactions of
cyclization, dehydrogenation and oxidative have occurred
during the heat treatments. But some differences should be
noticed that the spectra changes in PAN homopolymer
seem to be slower than that of PAN terpolymer. For
example, the changes in spectrum of PAN terpolymer are
more significant than that of PAN homopolymer at 250 °C
for 10 min, especially the bands of 1620 and 810 cm™".
This shows that the corporation of IA comonomer into
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Scheme 1 Dehydrogenation
during the heat treatments
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Fig. 5 FTIR spectra of PAN homopolymer heated at 250 °C for
different times

PAN chains has promoted the cyclization reactions as well
as dehydrogenation reactions to some extent. This can be
explained by the different mechanisms of cyclization.
Cyclization of PAN homopolymer is thought to occur by a
free radical mechanism (Scheme 2) which a higher tem-
perature is needed to make homolysis of CN, and difficult
to be controlled once it is triggered [18, 22-24]. In the
contrast to the PAN homopolymer, cyclization of PAN
terpolymer can be initiated by an ionic mechanism
(Scheme 3), in which the hydroxyl group attacks the
adjacent nitrile carbon, accompanied by subsequent proton
transfer [16-24]. The ionic mechanism can be initiated by
acid comonomers at a faster rate, which is the reason why
the spectra of PAN terpolymer change faster. In order to
investigate the role of MMA comonomer in P(AN-MMA-
IA) during the stabilization, the P(CAN-MMA) copolymer
was used to be heated at 220 °C in air for 60 min. The
results are shown in Fig. 8. We find that the changes in
PAN are clear, but the changes in P(AN-MMA) are still
small, indicating that the MMA comonomer in PAN chains
not only do not promote but also inhibit the cyclization
reactions. So it is necessary to find a monomer with the
ability to improve the spinnability and promote the cycli-
zation reactions in the same time to replace the MMA
commoner.

The extent of cyclization was calculated from the
infrared spectrum of each film sample by the following
formula which has been previously derived in the literature
[26]:
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. ABS(2240)
CN fract ted =
rACHON UNreacted = A BS(2240) + f x ABS(1590)
(1)
where ABS(2240) = absorbance of nitrile groups,

ABS(1590) = absorbance of -C=N- groups, f = ration of
CN and —C=N- group absorptivity constants = 0.29.

The extent of cyclization of PAN terpolymer and
homopolymer at different temperatures as a function of
time are shown in Figs. 9 and 10, respectively. With the
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Scheme 2 Cyclization in PAN
initiated through a free radical
mechanism

Scheme 3 Cyclization in P
(AN-MMA-IA) initiated
through an ionic mechanism
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Fig. 8 FTIR spectra of PCAN-MMA) copolymer heated at 220 °C for

60 min
increasing of the treatment time, CN fraction decreases and 1.0 E 2
° By e Y
reaches a constant level at last for 250, 220 and 200 °C, \A\.\
respectively. From the cyclization data, we can see that as 08
the increasing of temperature, the rate of cyclization e

becomes faster and the extent of cyclization is higher,
showing that the reaction of nitriles depends significantly
on temperature. The induction period is less distinct or not
present in the cyclization data for PAN terpolymer, but for
PAN homopolymer, there is a distinct induction period,
especially the data for 200 °C. There is no clear decrease in
CN fraction of PAN homopolymer even when the film was
heated at 200 °C for 240 min. While for PAN terpolymer
at 200 °C for 240 min, CN fraction reaches a decay period 0.0
of a value near 0.65. So we believe that at low temperature,
such as 200 °C, there is no occurrence of cyclization of
PAN homopolymer through free radical mechanism, but by
ionic mechanism, cyclization reactions are easily initiated
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Fig. 9 CN fraction of PCAN-MMA-IA) terpolymer heated at 200,
220, 250 °C for different times
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Fig. 10 CN fraction of PAN homopolymer heated at 200, 220,
250 °C for different times
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Fig. 11 DSC curves of PAN and P(AN-MMA-IA) heated at 7 °C/
min in N,

because of the stronger nucleophilicity of the hydroxyl
group. In addition, even at high temperature of 250 °C, it
can be seen clearly that the rate of cyclization of PAN
terpolymer is greater than that of PAN homopolymer
during the initial period.

DSC and TG analyses of PAN homopolymer
and terpolymer

The DCS curves of PAN and P(AN-MMA-IA) heated at
7 °C/min under N, are shown in Fig. 11 Under the condi-
tion of N, and no oxidative reactions occurred during this
process, the DSC exotherms of PAN homopolymer and
P(AN-MMA-IA) terpolymer can be attributed to the
cyclization reactions. As shown in Fig. 11, there is only one
sharp exothermic peak in PAN homopolymer. It is well
known that the cyclization reactions are initiated by a free
radical mechanism, causing a large amount of heat to be
released at the same time, which results in the breakage of
molecular chains giving off some kinds of volatile com-
ponents and poor performance of resultant carbon fiber [16—
18, 23, 24]. The DSC curve of P(AN-MMA-IA) also
exhibits one peak, but the peak is broader than that of PAN
homopolymer, showing that the cyclization reactions were
initiated by ionic mechanism at lower temperature and the
sharply exothermic reactions were diluted to an extent in the
presence of IA comonomer, which is beneficial to making
high-performance carbon fibers. Furthermore, the results of
DSC curves are consistent with that of FTIR spectra.
Typical TG curves of PAN homopolymer and terpoly-
mer recorded under air atmosphere at a programmed
heating rate of 5 °C/min are shown in Fig. 12. These
curves can be roughly divided into three steps according to
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Fig. 12 TG curves of PAN and PCAN-MMA-IA) heated at 5 °C/min

the extent of weight loss. The first weight step is up to
250 °C, where it is nominal and occurs at a very slow rate.
In combination of the DSC results, we roughly believe that
there is only cyclization occurring in the step. The second
step is up to about 400 °C. During this step, the rate of
weight loss becomes rapid, which is mainly attributed to
the dehydrogenation, the evolution of hydrogencyanide
(HCN), aliphatic species and the moieties containing —CN
or CN structures, which lead to weight loss greatly [17, 34].
As shown in Fig. 12, it is apparent that the weight loss of
P(AN-MMA-TA) is larger than in this step that of PAN
around 280 °C, which shows that IA comonomer has
promoted the dehydrogenation to some extent. In the last
step, 400-600 °C, the rate of weight loss is quiet steady; in
this step, the weight loss of P(CAN-MMA-IA) is smaller
than that of PAN at the same temperature, suggesting that
the structure changes from linear to ladder formed by
cyclization reactions have been promoted by IA comono-
mer, which gives PLAN-MMA-IA) terpolymer better sta-
bility than PAN homopolymer at higher temperature.
During the TG experiment, on the one hand, the frag-
mentation of chains occurs leading to weight loss, and on
the other hand, the oxygen uptake reaction takes place,
which causes amount of weight gain through the generation
of oxygen-bearing groups, as discussed above. So, the net
weight loss is the total of weight gain and weight loss.

In order to better understand the thermal behaviors of
PAN and P(AN-MMA-IA) during the heat treatment at
different temperatures, the isothermal TG mode was
adapted to track the behavior of weight loss of PAN
polymers. The specific steps are as follows: At first, the rate
of 25 °C/min was adapted to rise temperature from 40 °C
to a certain temperature (200, 220 and 250 °C). And then,
the temperature was kept for 300 min. The results of
P(AN-MMA-IA) and PAN are shown in Figs. 13 and 14,
respectively. Figures 13 and 14 only show the results of
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Fig. 13 Isothermal TG curves of P(AN-MMA-IA) terpolymer at
different temperatures

isothermal step by subtracting the dynamic step from the
original curves. One can see that at the beginning of iso-
thermal step, there is about 1 wt% weight loss, which may
be attributed to the loss of water at temperature raising
step. As the increasing of treatment time, the weight losses
increase gradually both for PAN and P(AN-MMA-IA). By
comparing Figs. 13 and 14, we can find that all the weight
losses of P(AN-MMA-IA) are greater than that of PAN,
and the net weight losses are within 4 wt% at 220 and
200 °C as shown in Table 1. Although some side reactions
of carboxyl may be happened, such as the formation of
cyclicanhydrides, we believe that most carboxyls were
used to initiate the cyclization reactions. So the weight loss
of PAN and P(AN-MMA-IA) is attributed to dehydroge-
nation in general at the temperature of 220 and 200 °C.
From Figs. 13 and 14, we find that the presence of IA has
promoted the dehydrogenation to some extent and this is
consistent with the results of FTIR spectra. To our surprise,
the weight losses of PAN and P(AN-MMA-IA) at 250 °C
are around 10 wt%, which cannot be solely attributed to
dehydrogenation. Some side reactions may happened dur-
ing the heat treatments giving off ammonia (NH;), HCN,
and the moieties containing —CN or CN structures and so
on [17, 34]. It seems to be contradictory between the data
of dynamic and isothermal TG. But it is reasonable when
notice that the weight loss is still small even at 250 °C for
300 min. That is to say that the rate of weight loss is very
slow even at 250 °C. Additionally, the residence time
around 250 °C is very short in dynamic TG measurement
even at a rate of 5 °C/min. So the weight loss in the
dynamic mode can be neglected. From the TG data, we can
be sure that there is no occurrence of vast chain scissions
occurred, and only the removal of some side groups and
chain scissions at weak bonds of chains happened at around
250 °C.
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Fig. 14 Isothermal TG curves of PAN homopolymer at different
temperatures

Table 1 Net weight loss of PAN and P(AN-MMA-IA) at different
temperatures for 300 min

Temperature (°C) P(AN-MMA-IA) wt% PAN wt%
200 1.6 0.7
220 3.8 1.8
250 9.9 8.1

Evaluation of kinetic parameters of cyclization
reactions

Figures 15 and 16 give the DSC curves of PAN and P(AN-
MMA-IA) heated at different rates (3, 5, 7, and 9 °C/min)
from ambient temperature to 330 °C under N,. As the
increasing of the heating rate, all exotherms shift to higher
temperature and the peaks become more and more strong.
The apparent activation energy (E,) of cyclization was
determined by using Kissinger method and Ozawa method
[35, 36]. These two methods are mostly adapted to calcu-
late E, in the literatures, because no prior knowledge of
reaction mechanism is required to quantify E,, but just
requiring a series of DSC curves heated at different rates.
Table 2 gives the parameters obtained from DSC curves.

The equation of Kissinger’s method is as follows:
_Ea_dlin(@/T3)] @

R~ d(1/Tn)
where T), is the temperature corresponding to the maxi-
mum peak of DSC curve at a heating rate ¢. E, is calcu-
lated from the slope of the linear plot of ln(¢/T,2n) versus
1000/T,, as shown in Fig. 17.

Ozawa method makes use of the following equation:

E, .d(log¢)
—§_2.15m (5)
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Fig. 15 DSC curves of PAN heated at different rates in N,
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Fig. 16 DSC curves of PLAN-MMA-IA) heated at different rates in

N,

Table 2 DSC peak maxima for PAN and P(AN-MMA-IA)

Heating rate (°C/min) PAN P(AN-MMA-IA)
T (°C) T (°C)

3 272.3 271.4

5 283.8 281.3

7 293.3 289.5

9 296.1 293.7

E, is calculated from the slope of the linear plot of In(¢/T; 2)

versus 1000/7,, as shown in Fig. 18.

The pre-exponential factor A was calculated in both

cases from the following relation [37]:

PE. _E,RT,
A =Lkt
RT2,
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Fig. 18 Plots of log¢ versus 10*/T,, according to Ozawa method for
PAN and P(AN-MMA-IA)

The calculated results of E, and A values are listed in
Table 3. It is found that the values of E, and A calculated
from Kissinger and Ozawa method are almost the same.
But, the value of apparent activation energy of P(AN-
MMA-IA) is greater than that of PAN. It is contrary to the
results reported in the literatures [18, 23]. We believe that
it is attributed to the presence of MMA comonomer in PAN
chains, which blocked the cyclization to an extent. And it is
consistent with the results of FTIR.

The rate constant k at different temperatures was calcu-

lated from E, and A by Arrhenius equation,k = Ae_Ea/RT,

and shown in Fig. 19. It shows that the rate of cyclization of
P(AN-MMA-IA) is faster than that of PAN, although the
value E, of PLAN-MMA-IA) is greater than that of PAN.
This indicates that the presence of IA comonomer in PAN
chains has promoted cyclization significantly.
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Table 3 Kinetic parameters determined by Kissinger and Ozawa
methods

Kissinger method Ozawa method

E, K/  AGhH E, (kJ/ A
mol) mol)
PAN 108.02 294 x 10°  107.25 247 x 10°
P (AN-MMA-  120.64 5.48 x 10" 119.76 4.49 x 10"
1A)
1.0
0.8F
. -PAN
o P(AN-MMA-1A)” /
@ .
-
04+
0.2+
0.0 . 1 L
150 200 250 300 350

Temperature/°C

Fig. 19 Temperature dependency of rate constants for PAN and
P(AN-MMA-IA)

Conclusions

In the present work, the structure evolution and thermal
behaviors of polyacrylonitrile and related copolymers
during the stabilization were studied by FTIR, DSC and TG
technologies. The following conclusion can be drawn
based on the results above:

1. The presence of IA comonomer in PAN promoted
cyclization reactions by means of initiating at lower
temperature and proceeding at faster rate than these of
PAN homopolymer. In the meanwhile, the IA como-
nomer broadened the DSC curves and eased the
sudden heat release.

2. The sequence of reactions happened during the heat
treatments was oxidative > cyclization > dehydrogenation.

3. The presence of MMA comonomer in PAN chains
blocked the cyclization reactions to some extent and
increased the apparent activation energy of cyclization
reactions. However, the higher rate constant k showed
that the ionic mechanism actually had a Kkinetic
advantage at lowing cyclization reactions temperature
and accelerating cyclization reactions over the free
radical mechanism.
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