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Abstract — PAN homo-polymer, acrylonitrile (AN) - acrylic 

acid (AA) co-polymers and AN-AA-itaconic acid (IA) 

terpolymers have been synthesized by redox polymerisation 

using sodium bisulphite (SBS) and potassium persulphate 

(KSP) as intiators at 40
o
C for 3 hours. AN-co-AA and AN-

AA-IA terpolymers exhibited lower Ti (initiation temperature 

of cyclisation/dehydrogenation) as compared to PAN homo-

polymer. At 900
o
C, TGA thermogram of ter-polymers 

(80/19/1) showed a greater char yield compared to that of the 

AN-co-AA (80/20). It was shown that the inclusion of IA is 

capable to improve the thermal stability of PAN. Rheological 

behavior of commercial PAN homo-polymer and AN-AA-IA 

terpolymers shows that the viscosity decreases exponentially 

with increasing temperature. However, AN-AA-IA 

terpolymers showed a reduced viscosity by 83% at 20
o
C 

compared to commercial PAN homo-polymer. 
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I. INTRODUCTION  

Polyacrylonitrile (PAN) is a resinous, fibrous, or rubbery 

organic polymer. Almost all polyacrylonitrile resins are co-

polymers made from various monomers; with acrylonitrile as 

the main component [1]. Thermal behavior of acrylonitrile 

homo- and copolymers has always been the subject of great 

interest. Polyacrylonitrile and its co-polymers are used as 

precursors for the production of high-strength carbon fibers. 

The demand for high-quality carbon fibers in composite 

materials has intensified the interest in thermal 

characterisation of acrylic polymers particularly under 

programmed conditions. The oligomerisation of nitrile groups, 

an important step in the manufacturing of carbon fibers from 

polyacrylonitrile, is dependent on the method of 

polymerisation, nature of co-monomers, additives, as well as 

pre-heat treatment [2].  

Carbon fiber is most notably used as a reinforcing agent 

in composite materials, particularly the class of materials 

known as graphite reinforced plastic. These materials are used 

in high-performance vehicles, sports equipment, and other 

demanding mechanical applications [3]. Since PAN homo-

polymer results in poor quality carbon fibers, it is usually 

modified by incorporation of suitable acidic co-monomer such 

as acrylic acid (AA) during polymerisation, which has been 

studied in some previous works [4,5]. Certain co-monomer 

can enhance the segmental mobility of the polymer chains and 

reduce the initiation temperature of cyclisation. Acid co-

monomers also help in perfecting the cyclized ladder-like 

structure of the precursor fibers, leading to carbon fibers with 

improved mechanical properties [4]. 

  The major co-monomer currently used in the 

production of PAN co-polymers is acrylic acid (AA). Acrylic 

acid (AA) was used to reduce the glass transition temperature, 

Tg [6] and the initial temperature of cyclisation. Bajaj et al. [7] 

reported that co-polymerisation of AN with acrylic acid 

enhanced the conversion better than methyl methacrylate and 

itaconic acid (IA). Although AA and IA have been used as co-

monomers, the function of each acid is different. AA primarily 

acts to increase the free volume of the PAN system and reduce 

the dipole-dipole interaction of AN groups, which is indirectly 

observed by the Tg dipression. IA, on the other hand initiates 

the cyclisation of the nitrile group at a lower temperature by 

ionic mechanism and facilitates the stabilisation process [8,9]. 

This could be attributed to some potential interaction between 

the carboxylic groups in IA and nitrile groups in AN, which 

could reduce the chain mobility, leading to a higher Tg of PAN 

terpolymer as the amount of IA increases. The main reason for 

the superiority of IA over other acid monomers is the presence 

of two carboxylic groups, which increases the possibility of 

interaction of carboxylic group and nitrile group during 

cyclisation reaction [5,10]. Rangarajan et al. [3] have reported 

that the use of IA in small concentration (<5 mol%) could 

assist in the cyclisation and crosslinking reactions under 

stabilisation condition while still maintaining the melt 

processability of the PAN at low temperature.  

This study investigated thermal and rheological 

properties of terpolymer, namely AN-AA-IA terpolymer in 

comparison to PAN homo-polymer and AN-AA co-polymer. 
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All polymers were synthesized via redox polymerization. The 

redox method is a solvent free, water based process which 

utilizes mild reaction conditions and yet afforded high 

conversion [7]. 

II. EXPERIMENTAL 

A. Materials 

Acrylonitrile (AN), acrylic acid (AA) and itaconic acid 

(IA), potassium persulphate and sodium bisulphite were 

obtained from Aldrich. The liquid monomers were passed over 

alumina to remove the inhibitor. Deionized water was used for 

aqueous polymerisation using redox initiator. 

B. Redox Polymerisation 

The reactor was a 500 mL 3-necked flask fitted with a 

condenser, nitrogen inlet tube, thermocouple probe and stirrer. 

The flask was charged with 340 mL of de-ionized water and 

purged with dry nitrogen for 30 minutes while heating to the 

reaction temperature (40-50
o
C). The mixture of AN, AA and 

IA was then added followed by sodium bisulphite in 10 mL 

de-ionized water. After 5 minutes, potassium persulphate was 

added and the reaction was allowed to proceed for 3 h. The 

product was then filtered and washed with large amount of de-

ionized water and methanol and dried under vacuum at 70
o
C 

for 24 h.  

C. Characterisation 

Differential scanning calorimetry (DSC) was performed 

using Perkin Elmer, in nitrogen atmosphere at a heating rate of 

10 
o
C/min and the sample (1-3 mg) was heated from room 

temperature to 350 
o
C. Thermogravimetric analysis (TGA) 

was performed using a Perkin Elmer Thermogravimetric 

Analyzer Pyris 1 TGA. The sample (10-20 mg) was heated 

under N2 from ~50
o
C to 900

o
C at a heating rate of 10

o
C/min. 

The measurement of the rheological behavior of PAN 

solutions (3%) was carried out using Rheometer Paar Physica 

MCR300. 

III. RESULTS AND DISCUSSION 

A. Differential Scanning Calorimetry 

DSC exotherms of PAN homopolymer, copolymers of 

acrylonitrile with AA and terpolymers with IA are shown in 

Fig. 1. Various parameters obtained from these exotherms 

namely, glass transition (Tg), initial temperature of cyclisation 

(Ti), final temperature of cyclisation (Tf) and their difference 

(∆T = Tf - Ti) are listed in Table I. PAN homopolymer (Po) had 

a Tg of 171
o
C, whereas the Tg for AN/AA copolymers dropped 

to 48
o
C. This behavior is attributed to the AA which primarily 

acts to increase the free volume of PAN system and reduce the 

dipole-dipole interaction of AN groups. However, the 

incorporation of IA into the system shows a higher Tg than co-

polymer, PA. The result showed that as the amount of IA 

increased from 1 to 4 mol%, the Tg gradually increased. The 

major reason for the superiority of IA over other acids is the 

occurrence of two acid groups, which increases the probability 

of interaction between the carboxylic group and nitrile group. 

Owing to the dicarboxylic structure of IA, if one of the 

carboxylic groups moves away due to dipolar repulsion, the 

other carboxylic group moves to the vicinity of the nitrile 

group and takes part in the cyclisation reaction [5]. While 

cyclisation reaction increases, the crosslinking reaction will 

increase which enhances the Tg value of the polymer.  

DSC exotherms of PAN homo-polymer, AN-AA co-

polymer and AN-AA-IA ter-polymer are attributable to a few 

reactions occurring in temperature range ~109
o
C to ~341

o
C. 

Broadly, these reactions may be classified as oxidative 

reaction and cyclisation reactions. Oxidative reactions involve 

a group of reactions i.e., dehydrogenation and other 

elimination reactions which cause the conversion of C−C 

structure and thus generate oxygen-containing groups such as 

−OH, >C=O, etc. Cyclisation reactions lead to the 

development of ladder structures by oligomerisation of nitrile 

(C≡N) groups. In the PAN homo-polymer (Po), the cyclisation 

initiated through a radical mechanism, whereas in AN 

copolymers with acrylic acids, it follows an ionic mechanism. 

Ionic mechanism affects the cyclisation reaction with initiation 

starting at lower temperature. The distribution of carboxylic 

units in the chain also affects the Ti of exothermic reaction.  

 
Fig. 1. DSC exotherm of PAN homo-polymer recorded under nitrogen 

atmosphere at a heating rate of 10oC/min. 

TABLE I.  PARAMETERS OBTAINED FROM DSC THERMOGRAMS 

Polymer  

code 

Composition 

(mol%) 

Tg 

(
o
C) 

Ti 

(
o
C) 

Tf 

(
o
C) 

∆T 

(
o
C) 

P0 100/0/0 171.6 265 285 20 

PA 80/20/0 48.3 253 306 53 

P1 80/19/1 58.0 115 341 226 

P2 80/18/2 58.4 112 336 224 

P3 80/17/3 67.7 110 334 224 

P4 80/16/4 69.5 109 338 229 
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Cyclisation reaction initiated through radical mechanism is 

faster (smaller ∆T and narrower exothermic peak) and initiates 

at a higher temperature than the cyclisation which is initiated 

through ionic mechanism [12], whereas in the case of the AN 

copolymer, the cyclisation starts at a lower temperature, 

propagates at a slower rate, as evidenced from the broader 

exotherm (bigger ∆T). The Ti values for copolymer (PA) is 

12
o
C lower than the Ti value for the homopolymer PAN (P0) 

i.e., 265
o
C, suggesting a greater ease of initiation of the 

exothermic process in the presence of co-monomer studied.  

The effect of varying the amount of IA (1-4mol%) was 

studied at a fix amount of AN (80%). With the inclusion of 1 

mol% IA as the ter-monomer in AN-AA system, the initiation 

temperature for cyclisation dropped to about 115
o
C and did 

not change significantly with varying amount of IA (1-4 

mol%). This suggested that the stablisation reaction is 

facilitated in the presence, and by the nature, of the acid group 

rather than by the amount of acid monomer, as also reported 

by other researchers [7,12]. This indicates that the initiation of 

the exothermic reaction is not affected by an increase in the 

concentration of reaction sites (i.e., the termonomer unit, 

which are believed to initiate the exothermic reaction). The 

DSC thermograms also revealed a broader exotherm peak in 

the presence of ter-monomer IA, suggesting a slower reaction, 

as compared to the more intense peak observed for homo-

polymer PAN and did not change significantly with AN-AA 

co-polymer system, which seem to corroborate the speculation 

that IA helps in spreading the dehydrogenation and oxidation 

reaction rates over a broader temperature range. Multiple 

exothermic peaks are observed for the AN-AA-IA system and 

the doublet exothermic peaks are observed for PAN homo-

polymer (Po), as opposed to a single exothermic peak for PA. 

Gupta et al. [10] attributed the doublet peaks to the exothermic 

cyclisation and oxidative reactions, which proceeded fairly 

simultaneously, but the initiation of the oxidation reaction 

preceded the onset (Ti) of cyclisation. They assigned the first 

peak to the oxidative and cyclisation reactions and the second 

peak to the secondary oxidative reaction leading to chain 

scissions which caused the evolution of HCN, CO2 and CO.  

B. Thermogravimetric Analysis 

The TGA thermograms were used to determine the carbon 

content of the systems by measuring the char yield (the mass 

remaining at the end of heating). This could provide a more 

realistic indication of the final carbon content for conversion 

to carbon fiber under actual test conditions. In the 

thermogravimetric curve of the PAN homo-polymer (Fig. 2), 

three zones, i.e., up to 274
o
C, 274-287

o
C and above 287

o
C, are 

apparent. There is no substantial weight loss in the first zone. 

The rate of weight loss is maximum and rapid in the second 

zone, the final zone show a steady and slow weight loss up to 

900
o
C. It can be seen in Fig. 2 that the weight loss at 900

o
C 

was 46%. Rangarajan et al. [5] reported that the theoretical 

amount of carbon in PAN homo-polymer, which is the 

maximum attainable carbon yield after stabilization and 

carbonization, is about 50 wt%. This shows that the char yield 

of the PAN homo-polymer (Po) (Table II), is similar to that 

theoretical amount of carbon in PAN homo-polymer. The char 

yield of the AN-AA-IA for increasing amount of IA was 

similar (~43%). This lead us to conclude that higher levels of 

the IA termonomer (up to 4 mol%) do not significantly reduce 

the char yield. This could be due to presence of acid groups on 

the latter which slow down the rate of the highly exothermic 

reaction [3]. Thereby the chain scission reactions and the loss 

of volatile products are minimized, leading to lesser weight 

loss. However, they also serve as initiators for cyclization 

reactions to occur. As the amount of acid ter-monomer 

increases, the reaction sites associated with these reactions 

also increase, leading to the initiation of cyclisation reactions 

at a number of places in the polymer chain simultaneously. 

This would lead to increased heat generation and loss of 

volatile chain scission products such as HCN and NH3. Hence, 

the increased number of acid groups would actually decrease 

the carbon yield, which is evidenced for 4 mol% IA, that 

contains two carboxylic acids for every molecule of IA. 

C. Rheology 

In this work, dimethyl sulfoxide (DMSO) was used to prepare 

the solution of the precursor and the effect of temperature on 

the viscosity of the solution was studied. The relationship 

between parameters and spinnability has been discussed. 

Viscosity of samples at different temperature are plotted (Fig. 

3). The rheological behavior of the commercial PAN homo-

polymer and AN-AA-IA ter-polymers at different feed 

composition were studied. 

 

Fig. 2. Char yield of PAN homo-polymer and AN-AA-IA ter-polymers. 
 

TABLE II.   CHAR YIELD OF P0, COPOLYMER PA AND TERPOLYMERS (P1, 

P2, P3 & P4) AT 900OC 

Polymer  

code 

Char yield (%) 

 at 900
o
C 

P0 54                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

PA 40 

P1 45 

P2 43 

P3 42 

P4 42 
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Obviously, as shown in Fig. 3, the viscosity decreases with the 

increasing temperature. As we expected earlier, AN-AA/-IA 

ter-polymers showed a reduced viscosity by 83% at 20
o
C 

compared to commercial PAN homo-polymer. This indicates, 

the incorporation of AA as co-monomer helps to reduce the 

viscosity of PAN system. AA has a diluent effect which helps 

in disrupting the dipole-dipole interactions present in the AN 

sequence and enhances the segmental mobility of the polymer 

chains. However, the ter-monomer IA content (1-4 mol%) 

does not significantly changed the viscosity of PAN system. 

The value of shear stress, τ characterizes the spinnability of 

spinning solution. The lower the value of τ, the better 

spinnability of the solution will be. It has been pointed out by 

other researchers [14] that the τ of the solution is low when the 

temperature of solution is recommended to be about 130
o
C, 

the spinnability of the UHMW-PAN solution is good. The 

similar characteristics of PAN solution were obtained as 

shown in Table III, that τ decreases at higher temperatures 

(20
o
C-60

o
C). It clearly shows that commercial PAN homo-

polymer gave higher shear stress,  compared to ter-polymer, 

which indicates that the advantage of using ter-polymer due to 

easy processing. This might be due to AA in terpolymer 

enhanced the mobility of the polymer chains, facilitating their 

flowability. However, with varying the amount of IA (1-4 

mol%),  did not reduced significantly. 

 

Fig. 3. Viscosity of samples at different temperature 

TABLE III.  SHEAR STRESS VALUE OF THE PRECURSOR WITH INCREASING 

TEMPERATURE AT CONSTAT SHEAR RATE,  

Temp. 
Commercial 

PAN homo-

polymer 

P(80/19/1) P(80/18/2) P(80/17/3) P(80/16/4) 

[°C] [Pa] [Pa] [Pa] [Pa] [Pa] 

20 0.593 0.103 0.089 0.107 0.092 

30 0.461 0.085 0.072 0.085 0.073 

40 0.373 0.067 0.058 0.068 0.060 

50 0.305 0.056 0.055 0.056 0.049 

60 0.247 0.050 0.044 0.047 0.041 

 

IV. CONCLUSION 

The PAN homo-polymer, AN-AA copolymers and AN-AA-IA 

ter-polymers were successfully synthesized by redox 

polymerisation. Incorporation of acid co- and ter-monomer 

has reduced the Tg values and the initiation temperature (Ti) of 

cyclisation/dehydrogenation. Terpolymers of AN-AA-IA 

appears to be more effective in separating the exothermic 

reactions corresponding to pre-oxidation stages in DSC curves 

lead to better stabilisation. In TGA curves, heat treatment at 

900
o
C showed that ter-polymers have greater char yield 

compared to that of the co-polymer PA4. Rheological behavior 

of PAN commercial homo-polymer and AN-AA-IA 

terpolymers shows that the viscosity decrease exponentially 

with the increasing temperature. However, AN-AA-IA 

terpolymers showed a reduced viscosity by 83% at 20
o
C 

compared to commercial PAN homo-polymer. 
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