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ABSTRACT: The kinetics of dehydrogenation reaction and the structural evolution in polyacrylonitrile precursor fibers during thermal
stabilization in air have been studied by Fourier transform infrared spectroscopy. The results indicate that, with the progress of dehy-
drogenation, the absorbance of methylene groups (—CH,—) gradually decreases, whereas that of methine groups (=CH—) gradually
increases. The dehydrogenation reaction in the fibers is basically completed after 20-min stabilization above 255°C. According to the
Beer—Lambert law, the values of the absorbance for both —CH,— groups and the resulting =CH— groups have been calculated and
converted into the concentration fractions of —CH,— groups via the Lorentzian multipeak fitting. According to the principles of
chemical kinetics, the dehydrogenation reaction has been determined as a pseudo-second-order reaction with an activation energy of

107.6 kJ mol . © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2012
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INTRODUCTION

Carbon fibers made from the precursor fibers of polyacryloni-
trile (PAN) are an important type of structural materials with
superior properties including, but not limited to, high tensile
strength and Young’s modulus, excellent heat resistance, and
low density.'™ Albeit carbon fibers can also be made from other
precursor fibers (e.g., the fibers of petroleum and/or synthetic
pitch), PAN fibers are the most commonly adopted precursor
for producing carbon fibers with superior tensile strength. Cur-
rently, the T1000® carbon fibers produced by Toray Industries
(Beijing, China) are among the strongest carbon fibers available
commercially; the T1000® carbon fibers possess the tensile
strength of ~ 7.1 GPa and a Young’s modulus of ~ 290 GPa.®™"°
During the production, PAN undergoes a series of tempera-
ture-, atmosphere-, and tension-controlled processes (e.g.,
stabilization in oxidative environment such as in air and car-
bonization in inert environment such as in nitrogen).>®!'~'¢
Stabilization is the most complicated and time-consuming steps
in the production of carbon fibers'”™"% in a typical process,
PAN precursor fibers are placed in an open air furnace and stabi-
lized for 1-2 h in the temperature range from 180 to
300°C.>'7?°2* During the process, a series of gas—solid phase
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chemical reactions would occur, and these reactions primarily
include three types: cyclization, dehydrogenation, and oxida-
tion.”>**2® The dehydrogenation reaction results in the forma-
tion of carbon—carbon double bond and conjugated structures in
the precursor fibers.'”*>*” This type of reaction together with the
cyclization reaction would lead to ladder-like molecular
structures, making the oxidized PAN fibers heat resistant and
infusible>?% thus, the fibers would maintain the dimensions
during the subsequent higher temperature carbonization.'”*”

It is known that the formation of heat-resistant structures in
PAN precursor fibers during thermal stabilization has a vital
effect on the ultimate graphite-like structures and mechanical
properties of carbon fibers; hence, the in-depth understanding
and precise control of thermal stabilization are crucial. To opti-
mize the processing parameters, chemical reactions during ther-
mal stabilization of PAN fibers need to be further investigated,
particularly the chemical kinetic mechanisms.

In recent decades, numerous research endeavors on the chem-
ical kinetics of thermal stabilization for PAN fibers have been
carried out by thermal analysis techniques, such as the Kis-
singer method and Ozawa method; nonetheless, most of the
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Scheme 1. The dehydrogenation reaction in PAN during thermal stabiliza-
tion in air: (a) initial PAN, (b) cyclized PAN.

studies only targeted on the cyclization kinetics of various
PAN copolymers.”"****>% For thermal analyses, the differen-
tial thermal analysis (DTA) or differential scanning calorime-
try (DSC) exotherm of cyclization is usually superposed on
that of the dehydrogenation in oxidizing atmosphere; whereas
in inert atmosphere, there is only the exotherm of the
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Figure 1. FTIR spectra of PAN precursor fibers stabilized for varied time
periods at 225°C: (a) the band of v,(—CH,—) and (b) the band of
7(=CH—).
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Figure 2. FTIR spectra of PAN precursor fibers stabilized for 30 min at
varied temperatures: (a) the band of v,(—CH,—) and (b) the band of
y(=CH—).

2631 Consequently, these two types of reactions

cyclization.
cannot be quantitatively investigated simultaneously. Further-
more, the Kissinger method and Ozawa method are designed
for the first-order reactions; they might not be applicable to
the dehydrogenation and/or oxidation reactions with unknown

reaction orders.

Fourier transform infrared spectroscopy (FTIR) has often been
used to study the structural evolution of PAN during thermal
stabilization. The qualitative investigations®’ have indicated
that IR intensities of the characteristic groups (such as
—CH,—) decrease with the progress of dehydrogenation. Bah-
rami et al.”®> reported the reaction rate constants of cyclization
and dehydrogenation for three different PAN copolymers at
230°C in air; however, they did not confirm the reaction order
and activation energy.

In this study, the kinetics of dehydrogenation reaction as well
as the structural evolution of an industrial precursor fiber of
PAN copolymer during the thermal stabilization in air was
quantitatively investigated by FTIR and Lorentzian multipeak
fitting. The values of reaction order (), reaction rate con-
stants (k) at various temperatures, activation energy (E,), and
pre-exponential factor (A) for the dehydrogenation reaction
were obtained.
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Figure 3. The Lorentzian fitting results for FTIR bands of PAN precursor
fibers stabilized at 225°C for 30 min: (a) v,((—CH,—) and (b) y(=CH—).

EXPERIMENTAL

Material

The precursor fibers used in this study were the Special Acrylic
Fibers (S.A.E. 3K) provided by the Courtaulds (Nottingham,
UK). SAF 3K fibers were in the form of bundle with 3000 indi-
vidual fibers of a PAN copolymer. Each fiber had the diameter
of ~ 11 um (1.22 dtex), and the copolymer was synthesized
from acrylonitrile together with 1.2 wt % of itaconic acid and
6.0 wt % of methyl acrylate.

Thermal Stabilization

The continuous bundle of precursor fibers was first cut into fil-
ament tows with the length of 60 cm. These filament tows were
then fixed on a stainless steel shelf to keep length and restrain
shrinkage during thermal stabilization. Subsequently, the shelf
on which filament tows were fixed was placed in an open fur-
nace with constant flow of air. The furnace was set at five differ-
ent temperatures of 210, 225, 240, 255, and 270°C, respectively;
while at each temperature, the samples of oxidized PAN fibers
were collected after stabilization for 10-100 min with an inter-
val of 10 min. Finally, 50 samples of oxidized PAN fibers were
obtained for FTIR analysis; for comparison, the as-received SAF
3K fibers were also analyzed by FTIR.
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FTIR

A Bruker Tensor 27 FTIR spectrometer (Bruker Optics, Ger-
many) equipped with a liquid nitrogen-cooled mercury-cad-
mium-telluride detector was used to carry out this study. The
acquired FTIR spectra had the resolution of 0.5 cm™ ', wave-
number precision of 10°® cm ™', and wavenumber range from
400 to 4000 cm . For the preparation of FTIR specimens, the
fiber samples were first cut into powder; thereafter, ~ 5 mg of
each powder sample was ground with 300 mg KBr powder
for mixing uniformly. Prior to the preparation, each fiber sam-
ple, as well as KBr, was desiccated in a vacuum oven at 60°C
for 48 h.

RESULTS AND DISCUSSION

Chemical Reaction and FTIR Analysis

Upon  dehydrogenation, double  bonds
(—C=C—) and conjugated structures would be generated in
PAN precursor fibers. In general, the dehydrogenation reaction
includes the processes of oxidation and water removal; these
can occur in both initial PAN [Scheme 1(a)] and cyclized PAN
[Scheme 1(b)].'”*¢

carbon—carbon

As illustrated in Scheme 1, there are three carbon atoms in a
repeating unit of PAN macromolecule. The first carbon atom
bonds to a nitrile group and a hydrogen atom, the second one
is the carbon atom in methylene (—CH,—) group, whereas the
third carbon atom is the one in the nitrile group. Upon dehy-
drogenation, a carbon—carbon double bond (—C=C—) would
be generated between the first and second carbon atoms
through removal of a hydrogen atom from each of the carbon
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Figure 4. Dependence on the reaction time of the FTIR absorbing peak
height (A;): (a) v,s(—CH,—) and (b) y(=CH—).
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Figure 5. Dependence on the reaction time of the FTIR absorbing peak
area (A,): (a) v,(—CH,—) and (b) y(=CH—).

atom, leading to the conversion of —CH,— into =CH—. The
evidences for the evolution of functional groups can be acquired
from the following FTIR analyses.

As shown in Figure 1, the FTIR spectra of PAN precursor fibers
stabilized for varied time periods at 225°C illustrate the evolu-
tion of functional groups of —CH,— and =CH— during dehy-
drogenation. In Figure 1(a), the band centered at ~ 2930 cm™!
is assigned to the asymmetric stretching vibration of methylene
(viz. v, in —CH,—),**° whereas Figure 1(b) shows the band
centered at ~ 807 cm ™', which is attributed to the out of plane
bending vibration of methine (viz. y in =CH—).>**** Figure 1
indicates that, with the progress of stabilization, from the as-
received PAN precursor fibers to the fibers treated for 100 min,
the band intensity of v,(—CH,—) at 2930 cm ' keeps decreas-
ing, whereas that of y(=CH—) at 807 cm™' keeps increasing.
Therefore, as the dehydrogenation proceeds, the amount of
—CH,— continuously decreases due to the conversion of
—CH,— into =CH—.

Figure 2 shows the FTIR spectra of PAN precursor fibers stabi-
lized for 30 min at varied temperatures. Figure 2(a,b) indicates
more obviously the decreasing trend of the absorbance for
—CH,— and the increasing trend of the absorbance for =CH—
than Figure 1. Upon the examination of Figure 2(a), it is evi-
dent that, after as-received PAN fibers undergo the thermal sta-
bilization at temperatures from 210 to 270°C for 30 min, the
absorbance of v,(—CH,—) band centered at 2930 cm '
becomes lower, indicating that in the case of constant reaction
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time the reaction degree is enhanced along with the increase of
temperature. When the temperature is 255°C or higher, differ-
ences of the bands centered at 2930 cm ™' are not appreciable;
this proves that the dehydrogenation rate considerably decreases
after the fibers being stabilized for 30 min at 255°C or higher.
On the contrary, in Figure 2(b), the step-like band correspond-
ing to y(=CH—) centered at 807 cm~ ! becomes more evident,
as the temperature increases. Similar to that in Figure 2(a), the
differences of the absorbance curves for the temperature above
255°C are small, indicating that the reaction rate for dehydro-
genation reduces after thermal stabilization for 30 min.

Reaction Rate Equation

With the progress of dehydrogenation reaction, —CH,— groups
are gradually converted into =CH— groups. Rendering
C(—CH,—) to represent the amount of methylene and
C(=CH—) to represent the amount of methine, the total
amount of the repeating units in macromolecular chains
remains constant and is represented by C; thus, the fraction of
—CH,—, that is, x(—CH,—), could be expressed as:

) C(—CH,) _ C(—CH,-)
x(—CH,—) = C(—CH,-) + C(=CH-) c v

According to the Beer—Lambert law, the concentrations of func-
tional groups have a linear relation with their infrared absorb-
ance. The equations for values of group absorbance are

A(—CH,—) = ¢(—CH,—) - L- C(~CH,—) (2)
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Figure 6. Dependence on the reaction time of the FTIR absorbance of
y(=CH—) for PAN precursor fibers stabilized at 225°C: (a) A, (IR
absorbing peak height) and (b) A, (IR absorbing peak area).
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Table I. Values of r at Varied Temperatures

ARTICLE

Peak height method

Peak area method

Temperature (°C) A(—CH>—)o A(=CH—) r A(—CH>—)o Al=CH—), r

210 0.14728 0.03525 4.18 11.68019 0.55648 20.99

225 0.14728 0.04941 2.98 11.68019 0.61619 18.96

240 0.14728 0.05084 2.90 11.68019 0.63998 18.25

255 0.14728 0.05094 2.89 11.68019 0.67569 17.29

270 0.14728 0.06494 2.27 11.68019 0.73385 15.92
A(= CH-) = ¢(= CH-) - L- C(= CH-) (3) Multipeak Fitting for FTIR Bands and Evaluation of r

where A(—CH,—) and A(=CH—) are the absorbance values of
—CH,— and =CH—, respectively. ¢(—CH,—) and ¢(=CH—)
stand for the absorption coefficient of —CH,— and =CH—,
respectively. L is the path length and remains constant, because
each sample has the same thickness. The absorbance values can
be obtained by the peak height or peak area of FTIR absorption
bands for both —CH,— and =CH—.

Hence, x(—CH,—) can be further written as:

_ A(—CH,—)/[¢e(—CH,—) - ]
A(—CH,)/[e(—CH,—) - L] + A(= CH-) /[o(= CH—) - I]
(4)

In this equation, L could be eliminated. Under the definition
above,

8(—CH2—)
S e 5
" (= CHO) )
is the ratio of the absorption coefficients,”® eq. (4) could be
transformed into

A(—CH,—)
A(—CH,—) + r-A(= CH — )

x(—CHz—) = (6)

Referring to Scheme 1 and the principles of chemical kinetics,
the reaction rate equation of the dehydrogenation is

_dx(=CHy—) _ K - x(—CH,—)" - x(0,)" (7)
dt

where t is the reaction time, K is the reaction rate constant,
x(0,) is the nondimensional concentration of oxygen, n and '
are the reaction orders for —CH,— and O,, respectively. As the
air is continuously flowed into the furnace, the oxygen concen-
tration can be considered as a constant during the reaction.
Therefore, the term of x(0,)"” combined with K can be
expressed as a constant k. As shown in eq. (8)

dx(chzf) _1. o \n
- SR ke x(—cHy-) (®)

the dehydrogenation is thus considered as a pseudo-nth-order
reaction.
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To evaluate the absorbance, the FTIR bands centered at 2930
and 807 cm ™' are fitted according to the Lorentzian function.
Taking the spectrum of PAN precursor fibers stabilized at 225°C
for 30 min, for example, there are two overlap peaks ranging
from 2990 to 2880 cm ' in Figure 3(a). These two peaks are fit-
ted according to the Lorentzian function for deconvolution. The
absorbing peak around 2930 cm™' is assigned to
Vo(—CH,—), and the small peak around 2935 cm ' is
assigned to the methyl asymmetric stretching vibration (viz.
vos iIn —CHj). The solid curve is the overall fitting curve.
The dash dot curves are individual fitting curves, and the
shadow region is the peak area for the absorbing peak
around 2930 cm™'. The peak value of individual fitting curve
is termed as the peak height (A;), and the integral area of
the shadow is defined as the peak area (A,).
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Figure 7. Dependence on the reaction time of the concentration fraction
of methylene x(—CH,—): (a) the peak height method and (b) the peak
area method.
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In Figure 3(b), there are three peaks ranging from 820 to 730
cm Y, which overlap with each other. For deconvolution of the
absorbing peak around 807 cm ™, these overlap peaks are fitted
and separated into three individual peaks (dash dot curves).
The peak around 807 cm™' (shadow part) is corresponding
to p(=CH—). Similarly, A, and A, can also be calculated by
the fitting function data, and the results are shown in Figures 4
and 5.

Figures 4(a) and 5(a) depict that the FTIR absorbance of meth-
ylene gradually decreases during the dehydrogenation reaction.
However, the decreasing rate of methylene absorbance is gradu-
ally enhanced, and the absorbance profile moves downward
from 210 to 270°C, suggesting that the reaction degree has been
improved. Between 210 and 240°C, the decreasing rate of ab-
sorbance is relatively low as far as 100 min, which is represented
by the distinct decay curves; whereas above 255°C the absorb-
ance of —CH,— rapidly decreases at the beginning of the reac-
tion until 20 min, when a platform period begins till the end. It
is demonstrated that the dehydrogenation reaction in PAN pre-
cursor fibers is almost completed after 20-min stabilization
above 255°C. This may be due to the reason that the tautomeri-
zation occurring inside the cyclized structure has replaced the
dehydrogenation, cyclization, and oxidation to become the
major reaction at certain temperature or time during stabiliza-
tion®”?%; hence, the effective reaction time for the dehydrogena-
tion from 255 to 270°C would be 20 min.

Figures 4(b) and 5(b) depict that the FTIR absorbance of
methine increases with the progress of dehydrogenation. In
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addition, from 210 to 270°C, the absorbance profile moves
upward, suggesting that the reaction degree is enhanced. Fur-
thermore, between 210 and 240°C, the increasing rate of ab-
sorbance is relatively low till 100 min, which appears to be
logistic curves. Above 255°C, the absorbance of =CH— rapidly
increases at the beginning of the reaction until 20 min, and
then a platform occurs for a short time period. Subsequently,
the absorbance of =CH— tends to decrease from 50 min to the
end. This is probably due to the oxidation that converts =CH—
into oxygen-containing groups® and eventually makes the
methine absorbance decrease.

The ratio of the absorption coefficients (r) can be calculated by
the limit method?® as follows:

_o(=CHy)  A(-CHy)/C(-CHy)y
"TE=CH-)  A(=CH-)_/C(= CH-)_

where A(—CH,—), and C(—CH,—), represent the initial ab-
sorbance and concentration of methylene group, respectively,
A(=CH—),, and C(=CH—)., mean the methine absorbance
and concentration, respectively, at prolonged time after all of
methylene groups have reacted. A(—CH,—), is confirmed by
the Lorentzian multipeak fitting. Assuming all of methylene
groups have been converted into the methine groups as t—o0,
thus C(—CH,—),=C(=CH—),, =G; thus, eq. (9) can be writ-
ten as:

A(=CH,—),
=—2 10
"TA(=cHo), (10)
0 2000 4000 6000
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Figure 9. Dependence on the reaction time of 1/x: (a) the peak height
method and (b) the peak area method.
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Table II. Values of k at Varied Temperatures (Results Acquired from the Linear Regression)
Peak height method Peak area method
Temperature (°C) k x 10* S x 10° RP k x 10* S x 10° R
210 3.74 3.03 0.97180 8.8 4.05 0.93220
225 7.47 5.96 0.97254 10.6 8.88 0.97005
240 9.28 6.85 0.98288 16.2 11.5 0.98168
255 42.3 4.46 0.99939 45.7 9.89 0.99743
270 61.8 8.89 0.98820 62.5 8.50 0.98875

aStandard error, °Correlation coefficient.

The value of A(=CH—),, can be calculated by the nonlinear
fitting.

The solid curves in Figure 6 are the fitting curves of absorbance,
which are consistent with the first-order exponential decay
function; therefore, the relation between A and t is

—t
A=A +a-e & (11)
where A, a, and 1 are constants. Corresponding to the fitting
curves in Figure 6, it is obtained that A’ > 0, a < 0 and 7 > 0.
The value of A(=CH—), is just the limit of function A as t —
00, as is shown in the following equation

—t
Ay = lim A=A+ lim a-e T=A+0=A4

t—+00 t—+00

(12)

Through combination of eq. (10) with the fitting results of
A(=CH—), the values of r at varied temperatures are calculated
and listed in Table I.

Kinetic Parameters of the Dehydrogenation Reaction
According to the calculated results of A(—CH,—), A(=CH—),
and r, the concentration fraction of methylene, namely,
x(—CH,—) could be obtained by eq. (6), as illustrated in
Figure 7.

Figure 7 shows the plots of x(—CH,—) versus time. The values
of scattered points are calculated by the peak height method
and peak area method, respectively. In addition, these points are
fitted according to the first-order exponential decay function as
shown by the curves. Between 210 and 240°C, the profiles of
x(—CH,—) are basically consistent with those of A(—CH,—) in
Figures 4(a) and 5(a), which corresponds to the Beer—-Lambert
law. Between 255 and 270°C, only from 0 to 20 min, Figure 7
shows the values of x(—CH,—). In Figures 4 and 5, the dehy-
drogenation in PAN precursor fibers has only lasted for 20 min
between 255 and 270°C. Therefore, the scattered points of ab-
sorbance for 255 and 270°C are also fitted according to the
first-order exponential decay function as shown in Figure 7; and
the fitting function values before 20 min are selected to figure
out x(—CH,—) by eq. (7).

In kinetic equations that coincide with eq. (8), if In x has a lin-
ear relation with ¢, this reaction is then a first-order reaction; if
1/x""! has a linear relation with #, this reaction is then an nth-
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order reaction (n # 1). Based on this principle, the plots of
In[x(—CH,—)] versus reaction time are obtained and shown in
Figure 8.

In Figure 8, the fitting results are still in accordance with the
exponential function, and the degree of decay is enhanced with
the increase of temperature; this indicates that In x does not
have a linear relation with .

Moreover, Figure 9 shows that the profile of 1/x(—CH,—)
exhibits a linear relation with ¢ and is fitted according to the
linear regression, which has proved that the dehydrogenation in
PAN precursor fibers is a pseudo-second-order reaction (viz.,
n = 2) as shown by eq. (8). The reaction rate constants at var-
ied temperatures are represented by the slopes of fitting lines
and listed in Table II.
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Figure 10. Activation energy analysis: dependence on 1/T of In k, (a) the
peak height method and (b) the peak area method.
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Table III. Values of E, and A (Results Acquired from the Linear
Regression)

E In

Method —EJR kJmol™t) A A
Peak height -12,800.3 106.42 18.46 1.04
method x 108
Peak area -13,083.9 108.78 19.18 214
method x 108
Referring to the Arrhenius equation,
E, 1
Ink=InA—-=2_ 13
n n RT (13)

where E, is the activation energy, and A is the pre-exponential
factor. The plots of In k versus 1/T are shown in Figure 10.

The slopes of fitting lines are obtained via —E,/R, and
the intercepts are obtained via In A. According to the
above fitting results, the values of E, and A are acquired
(Table III).

As shown in Table III, the method of peak height and peak area
give almost the similar values of E,, namely, 106.42 and 108.78
kJ mol ', respectively. Hence, the average value of E, for the
dehydrogenation reaction in PAN precursor fibers is 107.6 kJ
mol .

CONCLUSIONS

The FTIR spectra of PAN precursor fibers stabilized at different
temperatures for varied time periods have been studied to
understand the evolution of functional groups. The results indi-
cate that the infrared absorbance of methylene group (—CH,—)
(v,s at 2930 cm ™) in the fibers gradually decreases and that of
the generated methine group (=CH—) (7 at 807 cm™ ') gradu-
ally increases during the thermal stabilization. This indicates the
process of the dehydrogenation and the formation of carbon—
carbon double bond (—C=C—) and/or conjugated structures in
macromolecular chains. The results also indicate that, upon sta-
bilization above 255°C for 20 min, the dehydrogenation reac-
tion is close to completion.

Using the Lorentzian multipeak fitting, the height and area of
FTIR absorbing peaks are obtained to represent the absorbance
values of functional groups. Through combination with the
Beer—Lambert law and the principles of chemical kinetics, the
dehydrogenation reaction in PAN precursor fibers during ther-
mal stabilization is determined to be a pseudo-second-order
reaction, and the kinetic parameters, namely, k, E,, and A are
obtained. The values of E, calculated by the peak height method
and peak area method are similar, and the average value is
107.6 kJ mol .
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