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Abstract

A polyacrylonitrile (PAN) homopolymer and a copolymer with
methyl acrylate (MA) were analyzed by differential scanning
calorimetry (DSC) in order to establish a method for the kinetic
analysis of the stabilization reaction steps during heat
treatment. The application of a program rarely used for the study
of the chemical transformation of PAN and its copolymers resulted
in five separate steps, which can be assigned with large
probability to wvarious cyclization and oxidation reactions. A
more exact identification of the reactions need further
measurements and considerations. Overlapping peaks appearing in
the DSC traces were deconvoluted and then quantitatively
analyzed to obtain kinetic parameters. The kinetics of the
processes were described by the Kissinger model. The model could
be fitted well to four of the five processes indicating that
these belong to individual reactions of the first order. The
parameters obtained agree well with the few values published in
the literature up to now. The results have large practical
relevance, since the kinetic parameters obtained can be used in
the preparation of intermediates and for the optimization of the

stabilization process.
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1. Introduction

Polyacrylonitrile and related polymers have been studied in
different ways for several decades because of their importance
as precursors for carbon fiber production. The procedure
comprises of thermo-oxidative stabilization reactions, followed
by carbonization and graphitization in inert atmosphere. The
application of such materials in composites together with carbon
nanotubes is also of growing interest.

In carbon fiber production stabilization 1s necessary
before carbonization and it consists of a series of reaction
steps which transform the 1long chain linear polymer into a
partially cross-linked, cyclic structure. The mechanism of these
exothermic stabilization steps was studied by several groups in
the past, but all details have not been clarified yet. Several
papers summarizing the results obtained up to now were published
in 1991, 2009 and 2012 [1-3].

During the investigation of a complex, multi-step process,
researchers can either follow the overall chemical reaction and
its characteristics, or study each or some of the individual

elementary steps. The two approaches result in different values



for the kinetic parameters, which are used for the calculation
of reaction rates. The temperature dependence of reaction rate

is usually described by the Arrhenius-equation (1)

k:Aexp(— Fff‘l_j (1)

where k is the rate constant, A is the Arrhenius pre-exponential
factor, Ea is the activation energy (J/mol) of the reaction, T
the absolute temperature (K) and R the universal gas constant,
8.314 J/ (molK) .

Ea and A values have been reported by several authors for
the stabilization of PAN [4-29]. Some of them determined overall
rate and described these values for a single process [4-16],
while others calculated parameters for two individual processes
assuming that the two peaks appearing on the DSC trace represent
cyclization and oxidation [9,14,17-27]. Only a minority of the
papers reporting kinetic values distinguished three separate
reaction steps and usually identified them either as
cyclization, oxidation and cross-1linking (10,287, or as
cyclization, dehydrogenation and oxidation [25,29].

The use of such simplified approaches, which do not resolve
overlapping reaction steps, leads to the loss of some kinetic
information during the analysis. To make practical use of kinetic
parameters, e.g. to utilize them for prediction or explanation,

the kinetic analysis must be carried out with great care by
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choosing a suitable evaluation method. One can benefit from the
recommendations summarized in [30] by the Kinetics Committee of
the 1International Confederation for Thermal Analysis and
Calorimetry (ICTAC) for this purpose. This guide offers great
help to understand the differences among various kinetic methods
and their suitability for a given purpose.

A widely used integral isoconversional approach, called the
Ozawa-Flynn-Wall method [31] (or Ozawa method [32]), 1is simply
not recommended Dbecause of its rough approximation and
inaccuracy in the calculation of Es [30]. Values derived by this
approach and reported for the stabilization kinetics of PAN and
related copolymers are therefore inaccurate [9-12,14,
16,19,24,28].

The other frequently applied procedure for the calculation
of Ea and A 1is the method proposed by Kissinger [33]. Despite
its popularity, it has some limitations as well that must be
taken into consideration during its application [30]. Strictly
speaking, Kissinger plots for other than first order reactions
are biased by a systematic error. On the other hand, in the case
of reactions described by the nth-order or Avrami-Erofeev
models, the error made 1s negligible. The second important
limitation of the Kissinger method is that the Eas values obtained

can adequately describe only single-step processes. This results



in serious error during the application of the Kissinger method
for multiple, overlapping reactions steps not separated from
each other, and Dbiases numerous results reported in the
literature [4,7-10,14-17,26-29]. In a review of the Kissinger
equation [34], Baine and Kissinger himself gave some practical
recommendations for the proper application of the method for
kinetic analysis. We applied these technical suggestions during
the execution and evaluation of our DSC measurements.

The aim of the present work was to establish a way of
studying the stabilization reactions of acrylonitrile polymers
that provides reliable kinetic information and enables the
better understanding of the mechanism of the process. Instead of
carrying out DSC runs either only in air or nitrogen and then
performing a kinetic analysis on the overall trace recorded, we
decided to separate the reaction steps and analyze them
individually. We studied two of the simplest representatives of
these materials, a PAN homopolymer and the copolymer of
acrylonitrile and methyl acrylate. The latter could have been
investigated as a fiber or as a polymer powder. Since the
stabilization of fibers can be controlled by diffusion over
chemistry [2], 1in order to understand the reaction kinetics
better and to eliminate the effect of diffusion as much as

possible, it seemed to be more rewarding to perform the basic



analysis on polymer powder samples instead.

2. Experimental
2.1 Materials

The two samples analyzed in the present work are commercial
materials with the weight average molecular weight (My) of 150
kDa. The first is a homopolymer from Sigma-Aldrich Co. (US),
while the second is a copolymer from Haihang Industry Co. (China)
with 5.5 mol% MA content. Both samples were dried under nitrogen

gas at room temperature before DSC analysis.

2.2 Characterization

DSC analysis (Q2000, TA Instruments) was carried out in
order to separate stabilization reactions taking place during
the heat treatment of PAN. Non-isothermal temperature programs
were applied, the samples were heated first in nitrogen
atmosphere, followed by a second heating cycle in air. The flow
rate of the gases was 60 mL/min.

In order to compensate the ,tau lag” effect, the instrument
was calibrated at each heating rate applied with an indium
standard. The negative effect of the ,leading edge slope” was
corrected by indium calibration as well. Because of the self-

heating effect of exothermic reactions, the maximum heat



generation was kept under 8 mW. The sample mass was 1 mg with a
tolerance of £ 0.01 mg. To ensure sufficient gas exchange, pans
without 1lids were used (Tzero Aluminum Low-Mass Pan, pan mass
varied between 19.5-20.0 mg). Two runs were carried out and
averaged for each condition with heating rates of ¢ = 0.7, 1, 2,
4, 7, 10 K/min.

The Universal Analysis (TA Instruments) and the OriginPro
8.6 (OriginlLab) softwares were used for data analysis and for
the deconvolution of overlapping peaks, respectively. All
processes cannot be distinguished without deconvolution and in
the case of the severe overlap of two peaks, the determination
of the peak temperature is significantly biased. The lack of
deconvolution of multiple-step DSC peaks leads to inaccurate

results from the Kissinger method.

3. Results and Discussion
3.1 DSC analysis and deconvolution

Heating the homopolymer sample in nitrogen according to the
method described above resulted in two overlapping peaks which
could be easily distinguished, and in three others during the
second heating in air. These latter peaks are quite difficult to

differentiate and even the fitting of appropriate functions to



the peaks during deconvolution is slightly uncertain. We found
the best fit by using a Gaussian function for Processes II-V,
and a Lorentzian function in the case of Process I during
deconvolution.

Fig. 1 shows a typical DSC +trace recorded on the
homopolymer. The processes denoted as PI-V are presumably
different thermal and thermooxidative reaction steps. Processes
I and II are induced thermally, while Processes III-V occur only
in oxidative environment following Processes I and II. If
Processes I and II are not separated from the oxidative processes
by heating the sample in inert atmosphere first, and the sample
is investigated 1in air or oxygen from the beginning, the
overlapping of all five processes makes it very difficult to
separate or even distinguish them, as Fig. 2 shows. The
determination of their kinetic parameters is even more difficult
or even 1impossible. We presume that Processes I and II are
related to the formation of cyclic structures, while Processes
III-V are different reactions in which oxygen is bonded into the
structure.

In the case of the copolymer, Process II did not appear on
the DSC trace (Fig. 3). This peak could not be observed even
when the sample was heated up to higher temperatures during the

first run at faster heating rates. This indicates the formation



of different chemical structures for the homopolymer and the
copolymer during heating. Based on the results of DSC
measurements these differences cannot be identified, further
experiments must be carried out by NMR and FTIR spectroscopy for
this purpose.

In order to demonstrate the quality of the peak fitting
procedure, in Table 1 we summarize the determination
coefficients (R?) obtained. The values exceed 0.94 for every
trace and peak. The quality of the fitting is of high importance,

since all kinetic calculations use the fitted curves.

3.2 Kinetic analysis by the Kissinger method

Kinetic calculations were carried out for each process
according to the method of Kissinger [33] for both polymer
samples. The Kissinger equation (Eg. 2) 1s wused for the

determination of Es and A

In_?jzz—liza_rl+InAER (2)
p p a
where @ is the heating rate in K/min, Tp is the peak temperature
of the process analyzed, while A, FEa and R correspond to the
parameters of the Arrhenius equation (see Eg. 1).
After the deconvolution of overlapping peaks, the resulting

peak temperature of a certain process was determined from the

DSC traces at different heating rates (¢ = 0.7, 1, 2, 4, 7 and
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10 K/min). Subsequently, the 1n(®/T?%) quantity was plotted
against 1/T» and a linear function was fitted to the average
values. The intersection of the line gives 1n(AR/Ez), while its
slope corresponds to -Ea/R. The Kissinger plot obtained for
Process I occurring in the homopolymer during heating is shown
in Fig. 4.

The large R? values obtained during the linear fitting of
the Kissinger model to the data justify the use of the approach
for the description of the kinetics of chemical processes taking
place during the heating of the samples. Before the analysis we
decided not to accept linear fits with an R? value smaller than
0.75. We set this relatively low limit, because all processes do
not necessarily follow first order kinetics, and a small R? value
may indicate a different reaction order, the use of a wrong
function for deconvolution, or an error committed during the DSC
run.

The kinetic parameters calculated from the Kissinger
analysis for the two samples are summarized in Table 2. In the
case of Process I we could fit a straight line with extremely
large R? value for both the homopolymer and the copolymer. For
the third process we did not obtain a linear Kissinger plot for
either of the samples, R? values were smaller than 0.75 in both

cases. The fact that this reaction might not follow first order
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kinetics could be a plausible explanation for the small R?
values. Fast reaction rate in PIII might be another reason for
the deviation. After the preliminary steps taking place during
heating in nitrogen, oxidative reactions may start as soon as
the material contacts oxygen already at lower temperatures,
therefore even small deviations in the temperature program used
may result in differences in the first oxidation step. This may
also affect subsequent oxidation steps, the noticeable overlap
of the three processes and possible changes in the initiation of
the oxidation reactions may lead to the deviations experienced
in the repeated DSC runs. These effects may also explain the
small R? values obtained during the fitting of the Kissinger
model to Processes IV-V.

In the case of the copolymer, the second process was absent,
a significant difference which needs further study. The
occurrence of a Diels—-Alder cycloaddition reaction might offer
a tentative explanation for the phenomenon, as suggested by Sivy,
Gordon and Coleman [35]. That reaction does not take place during
the heat treatment of the copolymer because of its high comonomer
content and the smaller probability of the formation of PAN
segments with partially eliminated structures of suitable
tacticity, as shown in Fig. 5. Other possible reactions occurring

during cyclization are summarized and discussed by Bashir [1].
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The activation energy of the first and fifth reaction steps
were smaller by about 100 kJ/mol for the copolymer, than the
same values of the homopolymer. We assume that the large Ea of
both the cyclization and the oxidation reactions of the
homopolymer is caused by its more regular structure compared to

that of the copolymer.

3.3 Comparison of the results to previously reported data

The results of a kinetic analysis were reported by several
authors for PAN and for its copolymer with methyl acrylate [7, 9-
12,14,16-17,19,22,26]. Mostly the unresolved peaks of samples
heated in air were analyzed without any deconvolution. A DSC
trace measured under such conditions on the copolymer is shown
in Fig. 6. Some groups carried out a DSC run in nitrogen as well
[10,17,19]. In the case of the copolymer, the trace recorded in
inert atmosphere 1is wvery similar to the one produced by us
showing a single peak, which corresponds to Process I. The Fa
and 1nA values determined by us and published in the literature
before [10,17,28] are summarized in Table 3.

Fitzer and Miller reported an Ez of 106.8 + 2.5 kJ/mol and
InA of 22.4 £ 1.7 in 1975 [17]. These results are almost
identical to those determined by us (110.1 kJ/mol and 21.4). The

good agreement of these values can be attributed to the very
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similar composition of the investigated materials (5.0 and 5.5
mol percent MA content) as well as to the same method applied,
including the weight of the samples analyzed (2 mg and 1 mg,
respectively) .

Y. Liu et al. [10] studied a homopolymer PAN sample with a
similar method that we used, first heating the sample in nitrogen
and then in air. They found three peaks and identified them as
cyclization, oxidation and cross-linking, most  probably
corresponding to Processes I, IV and V in our nomenclature.
However, the kinetic parameters determined are quite different
(140.2 vs 210.1 kJ/mol and 98.1 vs 55.1 kJ/mol) for Processes I
and IV, which can be explained by the absence of deconvolution
in their analysis. On the other hand, the values are practically
the same (188.6 vs 185.5 kJ/mol and 1lnA of 36.3 wvs 36.5) for
Process V. Since it is the final reaction step of stabilization,
it may be affected the 1least by the overlap with previous
processes, which may explain the good agreement of these values.

H.C. Liu et al. [28] also applied similar DSC conditions in
their study. Despite the fact that they studied a polymer with
different characteristics (it was a copolymer with 4 wt% of
methacrylic acid, MAA), the results are comparable because of
the similar DSC method applied. The identification of the peaks

was the same as in [10], i.e. cyclization, oxidation and cross-
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linking. The effect of MAA can be observed on the resulted DSC
traces, namely a significantly lower initiation temperature and
lower temperature of the cyclization peak. The parameters
determined agree well (with this) for Processes I and V, showing
smaller Ea and 1nA values. However, the relatively large Ea of
Process IV may result from applying only fast heating rates for
the kinetic analysis (5, 10 and 15 K/min) and from the absence

of deconvolution.

4. Conclusions

The application of a heating program rarely used for the
study of the chemical transformation of PAN and its copolymers
resulted in five separate steps during the heating of the
samples. The heating regime used allowed the clear separation of
the five processes, which can be assigned with large probability
to wvarious cyclization and oxidation reactions. A more exact
identification of the reactions need further measurements and
considerations. The peaks appearing in the DSC traces were
deconvoluted and then quantitatively analyzed to obtain kinetic
parameters. The kinetics of the processes were described by the
Kissinger model. The model could be fitted well to four of the
five processes indicating that these belong to individual

reactions of the first order. The parameters obtained agree well
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with the few values published in the literature up to now. The
results have 1large practical relevance, since the kinetic
parameters obtained <can be used 1in the ©preparation of
intermediates and for the optimization of the stabilization

process.
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Table 1 Determination coefficients (R?) obtained during the
fitting of various functions to peaks appearing on the
DSC traces of PAN polymers
Polymer Process Function Determination coefficient
Range Average
Homopolymer PI-11 Lorentz 0.953-0.994 0.977
PII-V Gauss 0.950-0.999 0.987
Copolymer Pl Lorentz 0.945-0.992 0.987
PII-V Gauss 0.943-0.986 0.967
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Table 2 Kinetic parameters obtained by the fitting of the

Kissinger model to the DSC peaks after deconvolution

Polymer Process R? Ea InA
(kJ/mol)
Homopolymer I 0.994 210.1 44.4
I 0.955 77.9 13.2
" <0.750 - -
v 0.794 55.1 11.7
\% 0.752 185.5 36.5
Copolymer I 0.998 110.1 21.4
I - - -
" <0.750 - -
v 0.826 45.7 8.6
Vv 0.947 83.1 144
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Table 3

Comparison of kinetic parameters (Ea,

A)

determined

with the help of the Kissinger model to similar values

published in the literature

Polymer Process Ea InA Ref.
(kJ/mol)
Homopolymer I 210.1 444 this work
| 140.2 28.4 10
I 183.1 38.7 28
v 55.1 11.7 this work
v 98.1 23.6 10
v 87.7 20.6 28
\% 185.5 36.5 this work
V 188.6 36.3 10
V 127.0 26.3 28
Copolymer I 110.0 21.4 this work
I 106.8 22.4 17
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