
INTRODUCTION

The demand of carbon fiber which has been increasing

exponentially in the past decades suggests that the material

may be one of the most successful commercialized products1,2.

Its excellent properties, including low density, high stiffness

and strength, good resistance to chemical and environmental

effects have earned carbon fibers an important place in both

civilian usages and high-tech areas such as aerospace, civil

engineering, military and motors ports, along with other

competition sports1,3-5. There are many precursors, such as

polyacrylonitrile, rayon, pitch, lignin, polyethylene and poly(p-

phenylene benzobisoxazole) to produce carbon fiber. Among

these precursors, polyacrylonitrile is one of the most widely

used precursor polymers for making high performance carbon

fibers6-10. However, the production of polyacrylonitrile-based

carbon fiber is very complicated process and parameters of

each process have a strong influence on the reluctant carbon

fiber, particularly for thermal stabilization11.

Thermal stabilization of polyacrylonitrile precursor, which

is commonly performed in air between 180-30 ºC, is an

essential and most time-consuming step in the producing

carbon fibers12. It has been known that during the stabilization

polyacrylonitrile fibers undergo various chemical and physical

changes due to a variety of exothermic chemical reactions,

including dehydrogenation, cyclization, oxidation, crosslinking

and fragmentation13-15. During the process, the linear polyacry-
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lonitrile polymer chains are converted into a infusible ladder

polymer containing aromatized and aliphatic groups which

significantly enhanced thermal stability, easily facilitating

heating to high temperature for carbonization16,17. Previous

researchers have studied the ladder polyacrylonitrile structure,

in the beginning, Houtz etc.18-22 had proposed the pyridine

structures [Fig. 1(a)], considering the precursor was stabilized

in air atmosphere, the cyclized structure may be oxidized, then.

Standage and others23-25 proposed including those containing

bridging ether links, those containing carbonyl group and those

in which each nitrogen atom donates its lone pair of electron

to an oxygen [Fig. 1(b-d)] accounting for the presence of oxygen,

finally, Morita et al.26 proposed a model [Fig. 1(e)] which is

well accepted, containing acridone (40 %), pyridine ring

(30 %), oxidized naphthyridine ring (20 %) and other struc-

tures (10 %) considering all the possible reactions during

stabilization.

Aromatic structure determines heat-resistance of stabi-

lized fibers. Increasing heat treated temperature and extent

the stabilization time can increase the extent of stabilization

and enhance the infusibility of fiber. However, the precursor

containing non-carbon atoms or introduced in stabilization will

expelled in carbinzation, leaving microporous on the surface

of the fibers and the properties of the reluctant carbon fiber

decreased significantly. So the pyrolysis of detailed study of

the stabilized fiber with different aromatization degree in N2

atmosphere is essential.
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Fig. 1. Proposed structures of oxidized polyacrylonitrile: (a) bridging ether

links; (b) carbonyl groups; (c) donation of lone pair electron to

oxygen atom; (d) carbonyl groups; (e) model

In the present study, the thermal degradation behaviour

of stabilized polyacrylonitrile fiber with different aromatization

degree ( stabilized at 25 ºC for 0, 30 and 60 min, respectively)

was studied by TG-FTIR to analyze the changes of the evolved

gases at different temperature. Characteristics and mechanism

of thermal degradation are described.

EXPERIMENTAL

High molecular polyacrylonitrile fibers were conducted

at 25 ºC and in a precision controlled tube furnace with tempe-

rature accuracy of 1 ºC. After the temperature in furnace

reached to the settled temperature, precursor fibers were placed

into the furnace. Pre-oxidation reactions started immediately

and samples with different reaction degree were obtained at

various reaction time (0, 30, 60 min).

FTIR spectroscopy: Fourier transform infrared (FTIR)

measurement was conducted on an American Bruker Vector

22 spectrometer using KBr disks pressed by mixing 1 mg

sample which was dried at 80 ºC under vacuum for 24 h, with

200 mg KBr. The FTIR spectra were recorded within the 4000-

400 cm-1.

TG-FTIR: TG-FTIR measurements were carried out

using a Seiko TG220 thermogravimetric analyzer (TG) coupled

with a Jasco FTIR7000 Fourier-transform infrared (FTIR)

spectrometer equipped with an IR gas cell where the volatiles

are analyzed by FTIR spectroscopy. The transfer line consisted

of a Teflon tube of 750 mm in length and heated at a constant

temperature of 230 ºC. Quantitative analysis of the evolved

gases along with the weight loss measurement of the TG

balance establishes mass balance. In this study, 8 mg of sample

was heated in N2 at the heat rate of 5 ºC/min from 35-800 ºC

for pyrolysis.

RESULTS AND DISCUSSION

FTIR analysis of fibers with different extent of stabili-

zation: Fig. 2 shows changes of the IR spectra for high

molecular polyacrylonitrile fibers heated at 250 ºC, for different

time. (a) presents the original spectrum of polyacrylonitrile

precursor, The band at 2243 cm-1 corresponds to CN stretching

vibration of acrylonitrile unit in the polymer chain, absorption

bands at 2939 and 1454 cm-1 were assigned to CH2 stretching

and CH bending vibration, respectively. The assignments of

some other absorption bands are given as follows: 1369 cm-1

(bending of the aliphatic CH group), 1227 cm-1 (twist vibration

of -CH2)
27. The weak absorption at 1632 cm-1 is probably due

to termination by disproportionation, which can be confirmed

by the discoloration of dilute bromine water28, the wide

absorption between 3520-3200 cm-1 is correspond to vibration

of -OH of unsaturated water. By comparing the spectra of heat

treated polyacrylonitrile for different time (0, 30 and 60 min).

It is seen that with the extension of heat-treated time, obvious

decrease happens to -CN stretching band (2243 cm-1), which

is almost disappeared for long-treated time, so does the -CH2

stretching and -CH bending at 2939 and 1454 cm-1, respec-

tively. The absorption band appearing at 1590 cm-1 was charac-

teristic of C=C and C=N combinations vibration of ladder

structure. As shown in Fig. 2(c), a wide shoulder band appears

at 1730 cm-1 due to C=O is assigned to stretching of ketone,

due to oxygen up taken reaction. The changes of spectra from

(a) to (c) indicated that nitrile groups are converted into cyclized

C=N groups and cyclization, dehydrogenation, even oxidation

started progressing to great extent as pre-oxidation proceeded.
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Fig. 2. FTIR spectra of polyacrylonitrile fiber heated for (a) 0, (b) 30, (c)

60 min at 250 ºC

The extent of stabilization of fibers heated at 250 ºC for

different times can be calculated from the following equation:
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where A is the absorbance defined as A = log (T0/T), T0 and T

are the transmittances at baseline and maximum, respectively29.

From calculation the extension of stabilization of the fibers at

250 ºC for 0, 30, 60 min is 0, 3.1, 5.8, (0, 62.3 and 81.2 %),

respectively.

TG analysis of the polyacrylonitrile fibers with diffe-

rent extension of stabilizion: TG and DTG curves of pyrolysis

of polyacrylonitrile precursor and fibers with different exten-

sion of stabilization are shown in and special temperature and

weight loss of fibers of pyrolysis are presented in Fig. 3.

Shape of the three TG curves looks familiar and the pro-

cess of the pyrolysis in N2 atmosphere can be mainly divided

into three stages. In the first stage, the weight loss under such

temperature range of each fiber is slight for almost none chain

secession reaction happens and the weight loss of the fibers

were less than 1 %. As pyrolysis temperature increasing, the

linear polymer chains cannot withstand such high temperature
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Fig. 3. TG curves of fibers with different extent of stabilization to 800 ºC

may crack into volatile gases, resulting into weight loss in

second stage of samples dramatically decreased and the on

set temperature of fiber were 266, 280 and 284 ºC for the

fibers of stabilized for 0, 30, 60 min, respectively and the

precursor fibers started its decomposition a bit earlier than the

others. Weight loss of precursor fibers decreased from 99.10

to 53.82 % in the second stage from 266 to 445 ºC, which is

far more loss than the stabilized fiber 29.82 and 23.64 % with

different extent of stabilization, since the ladder structure of

stabilized fibers can afford the high temperature treatment than

the precursor fiber.

As temperature continue increasing, cyclization reactions

happens to some of the precursor fibers chains or the residual

nitrile groups of stabilized fibers, so that weight loss of the

fibers in the third stage decreased, comparing to the former

stages and the final weight loss of the fibers to 800 ºC are

52.72, 40.31 and 37.33 %. It is noted that the thermal stability of

fibers is closely related to the extent of stabilization (Table-1).

3D FTIR spectra analysis: In the present work, TG-FTIR

was used to study the volatile gases product during pyrolysis

to 800 ºC, the 3D FTIR spectrogram (absorbance wavenumber-

minute) of volatiles under the heating rate of 5 ºC/min are

shown in Fig. 4. The three-dimensional diagram in which the

transmittance corresponding to the vibration modes of the

different bonds or functional groups is represented by the wave-

number and the temperature, can provide a qualitative picture

of the overall information for the evolution of the gaseous

volatiles in the process of the pyrolysis in N2
30 (Fig. 4).

Specific FTIR spectra: It is desirable to analyze the IR

spectra at different temperatures in each stage of fibers during

pyrolysis in order to acquiring the evolution of gases with tempe-

rature. Table-2 listed the characteristic absorption bands of

gases detected by FTIR spectroscopy. The typical spectra of
Fig. 4. 3D spectra of TG-FTIR of fibers with different extent of stabilization

under the heating rate of 5 k/min to 800 ºC

TABLE-1 

SPECIAL TEMPERATURES AND WEIGHT LOSSES IN THE PYROLYSIS PROCESS 

 
Stage 1 Stage 2 Stage 3 

a b c a b c a b c 

Temperature range (ºC) 0-266 0-280 0-284 266-445 280-508 284-440 >445 >508 >440 

Residue (%) 99.1 97.91 97.21 53.82 68.09 77.59 43.28 59.69 62.67 

Weight loss (%) 0.9 2.09 2.79 46.18 31.91 22.41 54.72 40.31 37.33 

Where a, b and c are fibers stabilized at 250 ºC for 0, 30 and 60 min, respectively. 
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TABLE-2 

PEAKS OF THE EVOLUTION OF GASEOUS 

PRODUCTS DETECTED BY TG-FTIR 

Wavnumber 
(cm-1) 

Peak 
(cm-1) 

Assignment 
(bond) 

Vibration Product 

4000-3500 3737 O-H Stretching H2O 

1873-1275 1507 H-O-H Bending – 

2396-2269 2350 C=O Bending CO2 

736-605 669 C=O Stretching – 

712 3316 C≡N Stretching HCN 

3200-2700 2930 C-H Stretching CH4 

964-931 962 N-H Stretching NH4 
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Fig. 5. FTIR spectra for gaseous products at 245 ºC evolving from fibers

stabilized for (a) 0; (b) 30; (c) 60 min

volatile gases from polyacrylonitrile precursor stabilized at

250 ºC for 0, 30, 60 min are given in Figs. 5-7, respectively.

Fig. 5 presents a set spectra of fibers with different extent

of stabilization at 245 ºC, as we can see, the strong intensity at

bands around 1500 and 3700 cm-1, also weak the intensity at

band of 950 cm-1 which were attributed to H2O and NH3,

respectively (Fig. 5a), indicating cyclization initiated by

itaconic acid, which was dominant in the first stage of pyrolysis

for precursor fiber, coupled with small amount of terminal

cleavage reaction shown in Fig. 5c). However, the production

of H2O (1875-1275 cm-1) decreased in (b-c), meanwhile, bands

of 2400-2250 and 780-600 cm-1 which were attributed to CO2

could be observed for the crack reaction of oxidized structure

shown in (b) it is hard to ascertain the main peak position at

the bands around 3336-3287 cm-1, because the interaction

between different components may cause interference, hydro-

carbon organics (bands around 3336-3287 cm-1) could be found

dominant in the volatile gases from all kinds of fibers since,

more aliphatic chains were been produced to light hydro-

carbons31. The results suggest that an initial slight weight loss

occurs for the release of water from the fibers, besides there

was also some decomposition of unstable chains which

released CO2 for stabilized fibers.

Fig. 6 shows the FTIR of 352 ºC in second stages in which

significant weight loss of the fibers occurred. The presence of

intense band at 712 cm-1 in Fig 6(a) reflects the existence of

HCN, which was the product of the cyclization of the neigh-

boring nitrile groups shown in (a-b) at low temperature and

cross-linking reaction of ladder structure at high temperature

shown in (c), meanwhile there were weak intensity at 712 cm-1

can be noticed from Fig. 6(b-c) for the cyclization of the
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Fig. 6. FTIR spectrum for gaseous products at 352 ºC evolving from fibers

stabilized for (a) 0; (b) 30; (c) 60 min
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Fig. 7. FTIR spectrum for gaseous products at 602 ºC evolving from fibers

stabilized for (a) 0; (b) 30; (c) 60 min

residual nitrile groups in stabilized fibers. The band around

962 cm-1 could be observed in Fig. 6(a-c) could be attributed

to release of NH3. The strong intensity at the band in Fig. 6(a)

indicated that the large amount of NH3 released from precursor

fibers. However, few NH3 was detected from stabilized fibers

from the weak intensity of the band comparing to the precur-

sors. It is evident that the intensity of CO2 in stabilized fibers

Fig. 6(b-c) were stronger than the precursor fiber Fig. 6(a),

the main reason was that higher extension of the stabilization

of the fiber has high content of oxygen-containing functional

groups such as carboxyl, hydroxyl and carbonyl groups32.

In the last stage of pyrolysis, the amount volatile gases of

all fibers decreased. There were chain secession under such

high temperature and more and more non-carbon atoms were

expelled during pyrolysis. There were no significant changes

in the FTIR spectrum (Fig. 7) shown in at 650 ºC, H2O, CO2,

tars and small amount of NH3 were main product. However,

the amount of the each gas decreased for the diminished

residual nitrile groups and perfect formation of ladder structure.

From integrated intensity of the IR spectrum shown in,

the evolution of the tar (hydrocarbon organic) was the most

released gas in all three fibers and its amount increased as

pyrolysis temperature increasing.

An intense evolution of NH3 occurred and reach the

maximum rate at 242, 267, 300 ºC for fibers stabilized for 0,

30, 60 min, respectively, which is together with fast weight

8800  Zhang et al. Asian J. Chem.
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Fig. 9. Evolution with the temperature of pyrolysis of the absorbance of

band characteristics of fibers stabilized for (a) 0; (b) 30; (c) 60 min

loss. The release centers of NH3 increased with extent of

stabilization and the amount of release NH3 is: a > b > c.

The evolution of CO2 from a had two peaks centered at

447 and 694 ºC, however, only a single peak of intensity which

centered at 402 and 345 ºC could be observed for ‘b’, ‘c’

respective. Meanwhile, highly stabilized fiber ‘c’ released

highest CO2 for the oxygen-contained groups.

The evolution of H2O, stating from 150-800 ºC, were

steady and dominant for all the fibers during the whole

pyrolysis process (Figs. 8 and 9).

As expected, the evolution of HCN could be detected from

infrared spectrum in the fibers starting from 200-800 ºC.

Compared with ‘b’ and ‘c’. (a) Show the most intense evolution

of HCN with absorption at band round 713 cm-1. The precursor

fiber without treatment, the emission of HCN would be larger,

corresponds well to the maximum weight loss rate of precursor.

For stabilized fibers in (b-c), the residual un-reacted poly-

acrylonitrile polymer chains could be cyclized to form ladder

structure.

Conclusion

Extensive experiment using thermogravimetric analysis

coupled with Fourier transform infrared analysis (TG-FTIR)

is performed to investigate the pyrolysis of fibers with different

extent stabilization. The result found that the pyrolysis can be

divided into three stages and most of the weight loss occurs at

the second stage. In another word, thermal stability of fibers

increased with extent of stabilization; H2O, CO2, HCN, NH3

and tars are main evolved gases in the pyrolysis for dehydro-

genation and cracking reaction of polymer chain and amount

of each gases is related to extent of stabilization which is the

most critical factors influence the reluctant carbon fibers.
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