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A new synthetic protocol for the production of the carbon fibre precursor polyacrylonitrile (PAN) and its 

block copolymers with polyethylene glycol (PEG) is proposed here. The constant flux of radical species 

produced at low concentration during the oscillating Belousov-Zhabotinsky (BZ) reaction was properly 

exploited to initiate the radical polymerization reaction. Compared with conventional methods, this 

oscillating initiation decreases the probability of chain termination, thus favouring the production of high 

molecular weight polymers, and does not require inert atmosphere and high temperature to be produced. The 

solubility of the polymeric chains during the polymerization reaction was improved by adding the anionic 

micelle-forming surfactant sodium dodecyl sulphate (SDS). Following the initiation step, short oligomer 

chains are able to overcame the micellar interface, thereby reaching a favourable environment for the 

increasing of the polymeric chains.  This strongly contribute to the increase of the molecular weight of the 

fibres’ precursors. The synthesis was carried out by adding the monomer acrylonitrile (AN) to the 

unperturbed and PEG-perturbed BZ system after the onset of the oscillations, in the absence and presence of 

increasing amounts of the SDS surfactant.  The potentiometric technique was utilized to detect the dynamics 

of the oscillatory reaction. Preliminarily, the response of the BZ system to the monomer addition was 

investigated. Additional information was provided from the study of the effect of the SDS and PEG 

concentration on the dynamics of the BZ reaction during AN polymerization, thus obtaining a deepening in 

the understanding of the BZ mechanism. The characterization of the obtained polymers and copolymers, by 

melting point measurements, molecular weight determinations, FTIR, XRD analyses, and thermal 

treatments, indicated that the proposed synthetic method produces carbon fibre precursors with high 

molecular weight and good thermal stability.  The addition of the surfactant was revealed as a good method 

to improve and/or properly tune the precursor molecular weight. The proposed synthetic protocol represents 

a valuable alternative to conventional methods to produce high-performant precursors of carbon fibres. 
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1. Introduction 

The present paper is based on the idea to bring together two different scientific fields, i.e. 

nonlinear dynamics and material science. Concerning this issue, different studies [1–7] were 

performed aiming at exploiting the far-from-equilibrium behaviour to optimize the synthetic 

protocol of polymeric materials or to improve the properties of the obtained materials, including at 

the interface (Idumah & Obele 2021).  

A great deal of attention was reserved to the oscillating Belousov-Zhabotinsky (BZ) 

reaction, consisting in the oxidation of organic molecules (such as malonic or citric acid) in the 

presence of a strong acid with the assistance of metal catalysts. 

Although the main scheme of the mechanism was understood (see paragraph 1.1 for a brief 

description), researchers in the field of non-linear dynamics are still involved in the whole 

elucidation of the BZ oscillator and important contributions are provided from the study of the 

effect of additives, such as surfactant, polymers, monomers, on the dynamics of the reactions [8–

15]. 

Following the pioneering work of  Váradi & Beck  [16] and Pojman et al. [17] who first 

showed that acrylonitrile (AN) polymerized periodically when added to the BZ reaction, several 

works were performed aimed at interpreting the  mechanism for polymerization coupled to 

oscillations [4,18].  

The results of these studies suggested that the radical species, produced periodically during 

the oscillating reaction, can initiate a reaction of radical polymerization, thus opening route to the 

opportunity to trade on this periodic initiation to produce the polymer polyacrilonitrile (PAN).   

PAN and its block copolymers attracted broad academic and industrial interest since they are 

recognized as the most important and promising precursors for high-performance carbon fibres [19–

24].  

Traditional approaches for preparing PAN polymers and copolymers have considerable economic 

and ecological disadvantages [25] and require the use of toxic solvents, inert atmosphere and high 

temperatures [26,27]. 

The employment of the radical species produced periodically during the oscillating BZ 

reaction represents a valuable alternative to the conventional radical polymerization. The constant 

flux of radical initiators at low concentration allows to keep low the concentration of growing 



chains and, consequently, to reduce the probability of chain termination, thus producing high 

molecular weight PAN precursor, which is the main prerequisite for preparation of high 

performance carbon fibers [28–30]. 

Quenching of free radicals by molecular oxygen (O2), which represents one of the most 

challenging problems in conventional radical polymerization processes [26,27] , is also avoided. 

The polymerization procedure can also affect thermal stabilization of PAN copolymers, which  is 

recognized as one of the most important stages for preparing carbon fibers fibres  [31,32]. 

Further control of the whole process can be obtained by performing the radical 

polymerization in the presence of surfactant. The emulsion polymerization process has indeed 

several distinct advantages. One of the most important is the possibility to obtain high molecular 

weight polymers with a very low polydispersion degree and high reaction rates.  

Despite the quite copious literature on the mechanistic investigation of polymerization 

coupled to BZ reaction, a thorough evaluation of the synthetic process and of the influence of this 

oscillating initiation on the features of the obtained PAN polymers is still lacking. To the best of 

authors knowledge, no study on the polymerization and copolymerization in emulsion coupled to 

oscillating chemical reactions so far exists. With the aim to investigate this new synthetic process, 

the polymerization of the acrylonitrile and its block copolymers with the non-ionic polymer 

polyethylene glicole (PEG) in emulsion and exploiting initiators systems formed during the 

oscillating BZ reaction was then undertaken. 

This way, the twofold aim to (i) provide a contribution to the elucidation of the BZ 

mechanism and (i) propose a synthetic procedure for the production of high performant carbon 

fibers precursors, is accomplished.  

The choice of PEG is in line with recent literature which reports several studies on the 

synthesis and characterization of  PEG based copolymers with interesting  features [33–38].  

Moreover, the influence of the PEG copolymer onto the dynamics of the BZ reaction was already 

explored in a previous work [9].  

The synthesis of the polymers was conducted in the absence and in the presence of 

increasing amounts of the anionic micelle-forming surfactant sodium dodecyl sulphate (SDS) and 

the polymer PEG.  

The effect of the AN addition to the dynamics of the BZ system was investigated. 

Additional information was provided from the study of the effect of the SDS and PEG 

concentration on the oscillating reaction during the polymerization. 

The successive step consisted in the characterization of the polymers and copolymers 

synthesized in the different reaction media, by melting point measurements, molecular weight 



determinations, Fourrier-Transform Infrared Spectroscopy (FTIR), X-Ray Diffraction (XRD) 

analyses and thermal stabilization processes.  

 

1.1. Belousov-Zhabotinsky reaction 

The general stoichiometry of the BZ reaction has the form: 

 

                                        2BrO3
- + 3MA + 2H+  2BrMA + 4H2O + 3CO2                              (R1) 

 

Where MA is the malonic (CH2(COOH)2 ) acid  and BrMA is bromomalonic acid 

(BrCH(COOH)2). 

Although only a few kinds of reagents are employed to initiate the BZ reaction, the detailed 

reaction mechanism is quite complex because many intermediates appear during the reaction 

process.  

One of the first proposed models, the so-called FKN, proposed by Fields, Körös and Noyes 

[39], consists of 10 elementary processes, as reported in Table 1. 

 

Table 1. Reaction steps in the FKN model  

FKN 1 HBrO+Br−+H+↔Br2+H2O 

FKN 2 HBrO2+Br−+H+→2HBrO 

FKN 3 Br−+BrO3−+2H+↔HBrO+HBrO2 

FKN 4 2HBrO2→BrO−3+HBrO+H+ 

FKN 5 BrO3−+HBrO2+H+↔2BrO2⋅+H2O 

FKN 6 BrO⋅2+Ce3++H+↔HBrO2+Ce4+ 

FKN 7 BrO2⋅+Ce4++H2O→BrO3−+2H+ 

FKN 8 Br2+MA→BrMA+Br−+H+ 

FKN 9 6Ce4++MA+2H2O→6Ce3++HCOOH+2CO2+6H+ 

FKN 10 4Ce4++BrMA+2H2O→Br−+4Ce3++HCOOH+2CO2+5H+ 

 

The whole mechanism can be modelled through a relatively simple scheme, which comprises three 

set of reactions indicated as A, B and C. 

Each of these processes has a net effect on the overall reaction.  The control of the system 

switches back and forth between process A and B that are coupled by the third set of reactions, C. 



The bromide ion is the key species in this reaction mechanism. During the reaction its concentration 

dictates whether process A or B is in control at a particular time. 

Process A consists in the three-step (FKN1-FNK3) reduction of bromate to bromine. The net 

effect of Process A is a reduction in the concentration of bromide ions in the solution, according to 

the following net reaction: 

BrO3
- + 5Br- + 6H+             3Br2 + 3H2O

 

 

As a result of these reactions, the bromate is reduced and the concentration of bromide eventually 

falls below some critical level [Br-]cr. At this point that the system switches to process B, that is 

called positive feedback of the overall reaction. 

The net transformation that takes place in Process B (combination of steps FKN4-FKN8) is as 

follows: 

BrO3
-+4Ce(III)+5H+              HBrO + 4Ce(IV)+2H2O  

 

This overall reaction indicates a sequence that provides the autocatalytic oxidation of Ce(III) and 

generates HBrO2 autocatalytically.  At this point, for the system oscillate, a process is required 

which regenerates the bromide ion and reduces the metal ion catalyst back to its lower oxidation 

state. This is done via process C that regenerates the bromide ion via a negative feedback 

(inhibition) with the reduction of Ce(IV). 

2Ce(IV)+MA(enol)+BrMA             fBr- + 2Ce(III)+ other products
 

 

where f is a stoichiometric parameter that depends on the malonic/bromomalonic acid ratio.  

The FKN mechanism is able to describe the fundamental processes involved in the 

oscillating reaction and was applied to model oscillation and other nonlinear phenomena in the BZ 

reaction.  

In the last years, models that substantiate the principal features of the FKN mechanism and 

consider some subsequent experimental results were developed. Among them, one of the most 

efficient is a  48-steps reaction mechanism, the Marburg–Budapest–Missoula (MBM) mechanism 

[40].  In the present paper the MBM model was used to investigate the effect of additives on the 

dynamics of the BZ reaction.  

 

(A) 

 (B) 

(C) 



2. Experimental section  

     2.1. Materials  

Ce(SO4)2·4H2O (Ce(IV)), malonic acid (MA), sodium bromate, sulfuric acid, poly(ethylene glycol) 

with molecular weight 2000 g mol-1 (PEG 2000), and acrylonitrile (AN) were of commercial 

analytical quality (Fluka) and were used without further purification. Sodium dodecyl sulphate 

(SDS) obtained from Fluka was purified by crystallization from ethanol. Stock solutions of all 

chemicals used were prepared by weight before use. Deionized water from reverse osmosis (Elga, 

model Option 3), having a resistivity higher than 1 MΩ·cm, was used to prepare all solutions. 

 

2.2. Kinetic measurements 

The reactants of the BZ reactions were mixed following the procedure reported in Sciascia 

et al. 2007 [8]. Briefly, appropriate aliquots of stock solutions of NaBrO3, Ce(IV) in sulfuric acid,  

MA sulfuric acid and additives (SDS and/or PEG) at the desired concentration were added in a 

double walled glass reactor in order to obtain the appropriate initial concentrations of reactants. The 

kinetic profiles of the oscillating reaction were followed, under stirred batch condition at 25.0 ± 0.1 

°C, by monitoring the redox potential as a function of time by means of a platinum electrode in 

combination with a Hg/HgSO4 reference electrode. Data were collected through a Hewlett-Packard 

multimeter.  

 

2.3. Synthesis of polymers and copolymers 

The synthesis of the polymer poly(acrylonitrile) was performed by adding the monomer 

acrylonitrile to the BZ system after the onset of the oscillations both in absence and in presence of 

different amounts of the anionic surfactant SDS. For the synthesis of the copolymer with the 

poly(ethylene glycol) the AN was added to the BZ system perturbed with different amounts of PEG. 

The polymerization was allowed to proceed with stirring for 2 h. The precipitated product was 

filtered and washed several times with water to remove any trace of unreacted PEG or AN. Thus, 

the synthesized products were dissolved in dimethylsulfoxide (DMSO) and reprecipitated with 

water, filtered and dried at air for at least 48 h.   

For heat treatment, the powder samples were heated at 50°C, 100°C, 150 ° and 200°C for 30 

minutes, in an air oven with a temperature accuracy of 1 °C. 

 

2.4. Characterization of the polymers and copolymers 

The melting points of the prepared samples were measured with a capillary melting point apparatus. 



The molecular weights (Mw) of the prepared samples were estimated from viscosity measurements, 

performed through an Ostwald viscosimeter. DMF solutions for both polymers and copolymers 

were used and the following equation [41]  was applied: 

                                                              [] = 2.83·10-4 Mw
0.758                                                     (1)  

 

where [η] is the intrinsic viscosity of the polymers solutions. 

The FTIR spectra were recorded on a Perkin-Elmer (Spectrum BX) Spectrometer between 4800 and 

800 cm-1 at a resolution of 0.5 cm-1 

The samples were crushed in an agata mortar, then, about 5 mg were ground up with 500 mg FTIR 

grade KBr and compressed into a pellet.  

All measurements above described were carried out at constant temperature of 25.0 C. 

XRD patterns were acquired at room temperature with a Philips X-ray diffractometer (PW 1729, 

Netherland) using Ni-filtered Cu Kα radiation with λ = 0.15406 nm, in the range of scattering 

angles 2θ= 5–60°   at the rate of 0.01 ° min-1. 

The current and voltage values were 40 mA and 40 kV, respectively.  

The crystallite size of the laterally order domains (Lc), normal to the crystal plane (100) 

corresponding to the Bragg angle chosen, was estimated by the Scherrer formula as follows [42,43] 

: 

 

 

𝐿𝐶 =
𝑘𝜆

𝐵𝑐𝑜𝑠𝜗
 

(2) 

    

where λ is the wavelength of Cu Kα radiation, θ is the Bragg angle, B is the full width at half 

maximum intensity (FWHM) of the peak, and k is a constant 0.89.  

The crystallinity (CI) was determined by Bell and Dumbleton method [42]: 

 

𝐶𝐼 =
𝐴𝐶

(𝐴𝑐 + 𝐴𝑎)
 

        (3)  

  

where Ac is the integral area of crystalline zone and Aa is the integral area of amorphous zone. 

Ac was calculated using straight line segments from 2θ = 14° to 2θ =20° as the baseline, while the 

total integral area A (A=Ac + Aa) using straight line segments from 2θ = 11° to 2θ =35° as the 

baseline. 



 

3. Results and discussion 

 

3.1. Dynamics of the emulsion polymerization of AN coupled to BZ reaction  

Figure 1 shows a typical kinetic profile of the reaction of polymerization of acrylonitrile coupled to 

BZ reaction.  

 

Figure 1. Potential of a Pt electrode during the BZ reaction perturbed with (a) 0.36 mol dm-3 of AN.  [MA]0 

= 0.1mol dm-; [BrO3
-]0=7.50 ∙ 10-2 mol dm-3; [Ce(IV)]0 =  6.32∙10-3 mol dm-3; [H2SO4]0 =  0.90 mol dm-3; T = 

25.0 °C. 

 

As widely reported in literature [17,18], when the reactants of the BZ reaction are mixed, the 

potential of the solution monotonically decreases and then, after an induction period (IP1) the 

system begins to oscillate with a constant oscillation period (τ).  The addition of the monomer 

acrylonitrile inhibits oscillations and places the reaction in a high Ce(IV) quasi-steady state for a 

time period (second induction period, IP2) dependent on its concentration. At the end of the IP2 the 

formation of a white precipitate of polyacrylonitrile is observed. The same qualitative behaviour is 

observed in the presence of the surfactant SDS. The effect of the anionic surfactant on both IP1 and 

τ was already discussed in Sciascia et al. 2007 [8] 

Figure 2 reports the effect of AN concentration on the extent of IP2 both in the absence and 

in the presence of SDS.  

 



 

Figure 2. Plot of the second induction period (IP2) as a function of the AN concentration for the BZ system 

(●) in the absence and (○) in the presence of 1.0 ∙ 10-2 mol dm-3 of SDS. [MA]0 = 0.1mol dm-3;  [BrO3
-]0=7.50 

∙ 10-2 mol dm-3; [Ce(IV)]0 =  6.32∙10-3 mol dm-3; [H2SO4]0 =  0.90 mol dm-3; T= 25.0 °C. 

 

As clearly evidenced in Figure 2, IP2 always increases on increasing AN concentration. 

Moreover, it was noted that when the AN concentration reaches a critical value (0.7 mol dm-3 and 

1.1 mol dm-3 in the presence and in the absence of SDS, respectively), the system is not able to start 

again the oscillations, at least for several hours.  

The effect of acrylonitrile on the dynamics of the BZ system can be explained in the light of 

the reactions of polymerisation previously proposed by Washington et al.1999 and Pojman et al. 

1992 [17,18] 

Initiation  PANMA  (R1) 

Propagation  PPAN  (R2) 

Termination PPP   (R3) 

PPIVCe )(  (R4) 

PPBrO 2  (R5) 

 

Because of these reactions, the reactions involving the malonic radical are hampered by the 

presence of the monomer AN to an extend that depend on its concentration. The reaction (MBM 32) 

is inhibited (the notations of the MBM model is applied  [40]):  



22 MABrOBrOMA        (MBM 32) 

This implies that the availability of the radical species BrO2∙ increases and the system 

require an higher concentration of BrMA to switch-off the autocatalytic cycle.  

Moreover, since acrylonitrile inhibits oscillations it can be assumed that it is affecting the 

production of bromomalonic acid by removing HBrO and bromine from the system: 

  HBrANBrBrAN 2            (R6) 

OHANBrHBrOAN 2     (R7) 

Since acrylonitrile subtracts HBrO and Br2 from the reaction system, the following reactions of 

formation bromomalonic acid will be hampered: 

  HBrBrMABrMA 2       (MBM 30) 

OHBrMAHBrOMA 2      (MBM  31) 

The proposed mechanism is confirmed by the observation of the effect of the surfactant SDS on the 

dynamics of the BZ reaction during AN polymerization (Figure 3). 

 

Figure 3. Plot of the second induction period as a function of surfactant concentration for the BZ system 

perturbed with 0.19 mol dm -3 of AN. [MA]0 = 0.1mol dm-3;  [BrO3
-]0=7.50 ∙ 10-2 mol dm-3; [Ce(IV)]0 =  

6.32∙10-3 mol dm-3; [H2SO4]0 =  0.90 mol dm-3; T = 25.0 °C. 

 



It is worth to mention that all the experiments were performed at surfactant concentration well 

above the critical micellar concentration (cmc) of the SDS obtained under the experimental 

conditions of the BZ reaction (3.2 ·10-5 mol dm-3) [8]. Therefore, the observed increase of IP2 with 

SDS concentration can be attributed to the presence of the anionic micelles which favours the 

reactions (R6) and (R7) allowing that reactants share the same micellar pseudo-phase.  

  

3.2. Dynamics of the emulsion copolymerization of AN with PEG coupled to BZ reaction   

The synthesis of the copolymers of the polyacrylonitrile with the polyethylene glycol was 

performed by adding the acrylonitrile to the PEG perturbed BZ system after the onset of oscillations 

in absence and in presence of different amounts of the anionic surfactant SDS.   

As already observed for the unperturbed BZ system, the acrylonitrile inhibits oscillations for a 

period indicated as second induction period, IP2, which depends on both the polymer and the 

surfactant concentrations. At the end of the IP2 the formation of a white precipitate is observed. 

Physical-chemical characterization of this precipitate proved that it is a copolymer of PEG and PAN 

(see paragraph 3.3).  

The formation of the copolymer was explained by taking into account that, as reported in 

[9], the interaction of the polymer PEG with the BZ system leads to the formation of the polymeric 

radicals PEG∙. As well documented in literature these radicals can initiate the vinyl polymerization 

of the monomer acrylonitrile: 

 ANPEGANPEG            (R8) 

After initiation, the polymer radical can propagate consuming more acrylonitrile: 

 PANPEGANANPEG            (R9) 

Finally, the termination it is proposed to occurs throw recombination of the different radicalic 

polymeric chains:  

PEGPANPANPEGPANPEGPANPEG x        (R10) 

       PEGPANPEGPANPEGPEG x        (R11) 

PANPEGPANPEG        (R12) 

   

In Figure 4 the effect of the [PEG] on the IP2 in the absence (Figure 4a) and in the presence (Figures 

4 b,c,d) of three different concentrations of SDS is depicted: 



 

Figure 4. Plot of the second induction period (IP2) as a function of PEG-2000 for the perturbed BZ system 

in the absence (a), in the presence of 5.0∙10-3 mol∙ dm-3 (b),  8.0∙10-3 mol∙ dm-3 (c), 1.0∙10-2 mol∙ dm-3  of 

SDS. [MA]0 = 0.1mol dm-3; [BrO3
-]0=7.50 ∙ 10-2 mol dm-3; [Ce(IV)]0 =  6.32∙10-3 mol dm-3; [H2SO4]0 = 0.90 

mol dm-3; t = 25.0 °C 

 

Perusal of the figure indicates that in the absence of surfactant, the IP2 first increases and then starts 

to decrease on increasing PEG concentration, while, in the presence of the surfactant, it always 

decreases.  

From a comparison with the data reported in [9], it can be noted that, the second induction 

period shows the same trend of the first induction period, thus indicating that the dynamic of the BZ 



reaction is still mainly influenced from the reactions previously proposed for the polymer effect on 

the IP1. At lower PEG concentration, the reactions involving the polymeric chain of the PEG, 

dominates leading to an increase of the IP2, while, at higher PEG concentration, the reactions 

involving the alcoholic end-groups are responsible for the decrease of the induction period. 

Moreover, it can be proposed that the reactions of formation of the copolymers contribute to the 

decrease of the IP2. In fact, the occurrence of the reaction (R8) inhibits the reaction (R1) between 

malonic acid and acrylonitrile leading to an increase of the availability of the malonic acid that can 

scavenge the autocatalytic species BrO2·. 

The presence of the surfactant micelles seems to inhibit the reactions of the polymer chains, 

probably due to the partition of the Br2 [8]. 

 

 

3.3.  Polymers characterization 

 

3.3.1. Melting point measurements 

The thermal analysis of the PAN homopolymers showed that, in agreements with literature data 

[44], poly(acrylonitrile) decomposed before melting.  

As for the PAN-PEG copolymers prepared under the different experimental conditions, melting 

point values in the range 135-145°C were measured, while the value observed for a commercial 

sample of PEG was 62 °C, in agreement with literature. The shift in temperature is indicative of 

block copolymer formation. As a further proof, it was observed that a mixture of pure PEG and 

PAN homopolymers does not showed shifts in the melting point.  

 

3.3.2. FT-IR characterization  

Figure 5 shows the FT-IR spectra of the homo-PEG (a), homo-PAN(b), a mixture of the two 

copolymer (c) and the copolymer PAN-PEG : 



 

Figure 5.  Fourier-Transform IR spectra of (a) homo-PEG, (b) homo -PAN, (c) mixture of the two homo-

polymers and (d)  block copolymer. 

 

Examination of the Figure 5b indicates the presence of the peaks typical of the PAN 

structure. The peak at 2243 cm-1 is a clear indication of the presence of the CN group. The two 

peaks at 1065 and 1105 cm-1 can be assigned to the stretching C- C, the rocking of the methylene 

groups, the vibration of the C-C-CN and to the bending of the C-H. Moreover the absorption band 

from 1130 and 1335 cm-1 has been attributed to conjugate unsaturation, to C=N, C-N groups and to 

C-Hwag, CH2wag and C-Cstret. Finally, the two bans at 2000 and 2530 cm-1 seems to be due to the 

presence of H2O adsorbed on the analysed samples.  

Perusal of the Figure 5d indicates that the FT-IR spectrum of the copolymer shows peaks 

corresponding to both PEG and PAN. The absorption band at 3450 cm -1 can be assigned to the 



terminal hydroxyl groups of the PEG segment. The bands at 2950 cm-1 and 1400 cm-1 are due to the 

C-Hstr and C-Hdef of oxyethylene group respectively. Absorption at 1125 cm-1 is due to C-Ostr of 

PEG chain. A sharp peak at 2260 cm-1 corresponding to C≡Nstr is a clear indication of the presence 

of PAN segment in the block copolymer. Finally, a comparison between the spectra (c) and (d), 

especially in the fingerprint zone, clearly distinguishes the copolymer from the mixture of its 

homopolymers, thus confirming the formation of the block copolymers. Moreover, it is worth to 

note that the procedure of preparation of the copolymers does not allow for the presence of homo-

PEG in the precipitated samples, because this polymer has a high solubility in water. Therefore, it is 

possible to exclude that the samples are constituted from a mixture of the two polymers. 

 

3.3.3. Molecular weight determination  

The viscosity-average molecular weight (Mw) of the PAN homopolymers obtained under the 

different conditions was determined viscometrically.  

The following figure shows the effect of the monomer concentration on the molecular weight of the 

obtained polymers.  

 

 

Figure 6. Plot of the viscosimetric molecular weights of the PAN as a function of the AN concentration. 

 

Perusal of figure 6 shows that the molecular weight of the PAN polymers is affected from the initial 

concentration of the monomer, and it increases on increasing AN concentration. This trend can be 

easily explained by considering that an increase of the AN concentration will favour the reactions of 



propagation of the polymeric chain. This way, the polymers can reach higher molecular weights 

before the reaction of terminations occurs.   

Figure 6 shows that the effect of the anionic surfactant SDS on the molecular weight values 

of the obtained polymers is different on varying the AN concentration: 

 

 

Figure 6. Plot of the viscosimetric molecular weights of the PAN obtained from (a) 0.19 mol dm-3 and (b) 

0.95 mol dm-3 of AN, as a function of the SDS concentration 

 

It was found that at the lowest AN concentration the molecular weight of the polymers first 

increases on increasing SDS concentration and then starts to decrease.  

The increase of the molecular weights may be due to the better environment that the anionic 

micelle of the surfactant offers to the polymer chain growing process. Such trend was previously 

observed [45]  for AN polymerization with other redox systems. 



On the other hand, the decrease of the Mw at the highest SDS concentrations can be explained in 

the light of the interactions between the aggregates system and the species involved in the reactions 

(R6) and (R7). In fact, since both the monomer acrylonitrile, then the brominated species Br2 and 

HBrO, is confined into the micellar core of the micelles, the rate of the above-mentioned reactions 

are enhanced. This will decrease the concentration of the monomer AN available for the reactions 

of polymerization. This explanation is confirmed from the observation that at higher AN 

concentration the negative effect of the SDS became negligible.   

The surfactant concentration at which the Mw trend shows the discontinuity point coincides 

with the sphere-to-rod transition concentration reported in Sciascia et al. [8]. 

It is worth to note that the molecular weights of the polymers obtained with this new 

synthetic method are comparable or higher than those obtained with the other current approaches 

[41,46,47]. Moreover it has been observed that, unlike conventional methods , this way of synthesis 

can be carry out in the presence of air and at room temperature [26,27]. 

As for the PEG-PAN copolymers, it was found that the molecular weight values of the 

copolymers are greater than that of the homopolymer of PAN.  This is the results of the increase of 

the water solubility of the polymeric radicals during the process of lengthening the polymer chain 

due to the presence of the hydrophilic segment of the PEG. Moreover, Figure 7 shows that the 

molecular weight of the copolymers is affected by the initial concentration of the polymer PEG and 

since it increases on increasing PEG concentration. 

Bearing in mind that, according to the water solubility of the PEG homopolymer, the 

precipitated samples cannot contain this polymer, the dependence of the molecular weight on the 

PEG concentration further confirm their copolymeric nature. In fact, if the sample was just the 

homopolymer PAN, there should be no effects of the PEG concentration on the molecular weight.  

The increase of the molecular weight on increasing PEG concentration can be reasonably explained 

in the light of the increase of the PEG∙ radicals’ concentration which favours the reactions of chain 

propagation. 



 

Figure 7. Plot of the viscosimetric molecular weights of the PAN-PEG copolymer synthesized as a function 

of the PEG concentration. 

 

 

Figure 8 shows that, the molecular weights of the copolymers first increase on increasing 

SDS concentration and then start to decrease.  

 

Figure 8. Plot of the viscosimetric molecular weights of the PAN-PEG copolymer synthesized in the 

presence of 0.02 mol dm-3 of PEG as a function of the SDS concentration. 



 

The increase of the molecular weight may be due to the better environment provided by the 

micellar aggregates for the lengthening of the polymeric chain. The decrease at higher SDS 

concentrations is the results of the strong interaction between the polymeric backbones of the PEG 

and the anionic micelles, which inhibits the production of the polymeric radicals PEG·, leading to a 

decrease of the molecular weight. The above results showed that both the polymer and the 

surfactant concentrations affect the molecular weight of the obtained polymers, so that the correct 

choice of the concentrations of these two additives allows for the modulations of the molecular 

weight of the products.  

 

3.3.4. XRD characterization  

 

Typical XRD patterns of the PAN polymers and copolymers, prepared in the presence and in the 

absence of SDS, are presented in Figure 9.   

 

Figure 9. XRD patterns of PAN polymer prepared (a) in the absence and (b) in the presence of 

SDS, and PAN/PEG copolymers prepared (c) in the absence and (d) in the presence of SDS. 

 

 



The characteristic diffraction peaks at about 2θ ~17 ° and 2θ ~ 29 ° correspond to (100) and 

(101) crystalline planes of the pseudohexagonal cell, while the broad peak around 2θ~25° comes 

from the amorphous region [21,48].  

The peak at 2θ ~17 ° was analyzed to calculate the interplanar distance of the (100) planes 

(d), the crystallite size (Lc) and the degree of crystallinity (CI), through Eq. 1 and Eq. 2 (Table 2 ) 

 

  Table 2. Crystalline parameters of PAN and PEG/PAN powder samples.   

Sample name * 

 

Peak (°) d(Å) FMWH (°) Lc (Å) CI (%) Mw10-4(g mol-1) 

PAN 17,6 5,0 1,6 49.7 25,5 6,26 

PAN_s  17,4 5,0 0,85 94.2 24,6 11,42 

PEG/PAN 17,3 5,1 0,71 112.9 24,6 344 

PEG/PAN_s 17,4 5,1 0,84 94.6 24,9 140 

          *The subscript “_s “ stands for “prepared in the presence of surfactant” 

 

The presence of the polymer PEG determines an increase of the crystallite size, which may 

be attributed to the large volume of PEG. Analogous results were obtained for the b-

methylhydrogen itaconate (MHI) in Ju et al. [49]. As expected, the values of the crystallite size 

follow the same trend of the molecular weight values (see the values of Mw reported in table 2 for 

the analyzed samples).  

The crystallinity index values are well inside the range between 10 and 80%, usually 

observed for PAN polymers  which indicates that  PAN polymers crystallized PAN polymers often 

exist in semi crystalline state [50], 

The CI values are not affected from the presence of both polymer PEG and surfactant SDS, 

thus suggesting that the presence of the PEG polymer does not disrupt the regular macromolecular 

structure of the fiber precursor.  

To study the effect of heating temperature on stabilization of the prepared polymers and 

copolymers, the powder samples were stabilized at different temperatures (namely 50, 100, 150 and 

200°C) for 30 min and their XRD patterns were recorded.  

Figure 10 reports the results obtained in the case of PAN polymers. Analogous results were 

obtained in the case of the polymers and copolymers prepared in the absence and presence of SDS.  

 



 

Figure 10. XRD patterns of PAN polymer stabilized at different temperatures 

 

The changes on the XRD patterns, due to the heating treatments, are the consequence of the 

stabilization process converting the linear polymeric structure to a ladder structure, which could 

keep fibers infusible and nonflammable when carbonized at higher temperatures [32]. The structural 

changes during the stabilization agree well with the intensity changes of the peak around 2θ ~ 17°. 

Thus, the peak intensities of the peaks around 2θ ~ 17° were used to calculate the extent of 

stabilization (Stabilization Index, SI), reported in Table 3, through the following formula in Eq. 4 

[32]: 

  
1000 




S

S
I

I

II
S  (4) 

where I0 is the intensity of peak around 2θ ~ 17° from the original polymer, and Is is the intensity 

from the polymer stabilized for 30 min. 

 

 



Table 3. Stabilization Index (SI) results for PAN and PEG/PAN powder samples 

 PAN PAN_s PEG/PAN PEG/PAN_s 

Heat 

treatment 

temperature 

(°C)  

I 

(CPs) 

SI 

(%) 

I (CPs) SI 

(%) 

I (CPs) SI 

(%) 

I (CPs) SI (%) 

RT 402 0 421 0 410 0 428 0 

50 390 3 425 -1 400 2 430 0 

100 405 -1 415 1 406 1 435 -2 

150 196 51 200 55 222 47 250 44 

200 77 80 85 84 90 80 86 85 

 

When the heating temperature is lower than 150°C, the stabilization has not yet started, the 

SI is almost null. When the heating temperature is T≥150 °C, the peak intensity of 2θ ~ 17° starts to 

decrease significantly, thus confirming the polymer chains convert from linear to ladder structure.  

It could be highlighted that the stabilization process starts at lower temperature as compared to 

typical results data reported in literature  [19,49]. 

 

 

4. Conclusions 

A novel synthetic procedure for the production of high-performant carbon fibre precursors, i.e 

poly(acrilonitrile) (PAN) and its bock copolymers with poly(ethylene glycol) (PEG), was here 

successfully tested.  

Radical emulsion polymerization of acrylonitrile (AN) was carried out by using the anionic micelle-

forming surfactant sodium dodecyl sulphate (SDS) for the emulsification and the radical species, 

produced during the oscillating Belousov-Zhabotinsky (BZ) reaction as initiators.  

Preliminarily, the response of the BZ system to the perturbant (AN, SDS, and PEG) additions was 

investigated, thus obtaining a deepening in the understanding of the BZ mechanism.  

The characterization of the obtained polymers and copolymers, by melting point measurements, 

molecular weight determinations, FTIR, XRD analyses, and thermal treatments, indicated that the 

proposed synthetic procedure allow to overcome common drawbacks related to conventional 

methods to produce carbon fibre precursors with high molecular weight and good thermal stability. 
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