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ABSTRACT: 

The polymerization of acrylonitrile, initiated by the free radicals formed in situ a manganese(lII)-

triethanolamine redox system, was studied in aqueous sulphuric acid medium in the temperature range 

of 30-60 °C. The rate of polymerization (Rp) and the rate of manganese (III) disappearance have been 

measured. The effect of some water miscible organic solvents, surfactants and complexing agents on the 

rate of polymerization we investigated. The temperature dependence of the rate was studied and the 

activation parameters were computed using the Arrhenius and Erying plots. A mechanism consistent 

with the experiment data, involving manganese (III)-triethanolamine complex formation, which 

generates free radicals, is suggested. The chain termination step of the polymerization reaction is by 

mutual interaction of free radicals. 

 

INTRODUCTION: 

Transition metal ions in their higher oxidation states in, conjunction with suitable reducing agnts 

have been reported to form efficient systems for the radical polymerization of vinyl monomers1-11. This 

paper reports a kinetic study of a polymerization reaction of acrylonitrile initiated by manganese (III)-

triethanolamine redox system in aqueous sulphuric acid medium in the temperature range of 30-60°C. 

The anamolous kinetic features associated with acrylonitrile polymerization in aqueous solution12  and 

the importance of polyacrylonitrile in the fiber industry lead us to the choice of acrylonitrile fo this 

investigation. Several features including the biological role of manganese, its ability to interact with a 

broad range of electron donors. Manganese (III) sulphate is prepared by electrolytic oxidation of an 

appropriate manganese (II) solution and used13. An aqueous stock solution of Triethanolamine is 

Prepared as, and when required. All other chemicals such as H2SO4, NaHSO4, HCIO4, ZnSO4, etc. are of 

AR grade. The acrylonitrile is purified by the usual method. 

 

http://www.ijcrt.org/


www.ijcspub.org                                    © 2022 IJCSPUB | Volume 12, Issue 3 August 2022 | ISSN: 2250-1770 

IJCSP22C1150 International Journal of Current Science (IJCSPUB) www.ijcspub.org 227 
 

KINETIC MEASUREMENT: 

Reactions are performed under the inert atmosphere of nitrogen in Pyrex glass vessels. In a 

typical kinetic run, a mixture of solutions containing requisite amount of the acrylonitrile monomer (M). 

Triethanolamine, manganese (II), the acid (sulphuric acid-sodium bisulphate to maintain known acid 

concentration), sodium perchlorate (to maintain a constant ionic strength) and water (to keep the total 

volume constant) is thermally equilibrated in a water bath at a desired temperature. A wash bottle 

containing an aqueous solution of acrylonitrile, whose concentration is the same as in the reaction 

vessel, interposed between the nitrogen train and the reaction vessel to avoid any loss of monomer 

during deaeration. Oxygen free nitrogen is bubbled through the solution for a given period (ca. 30 min) 

and then the solution of the oxidant manganese (III), is added. The reaction vessel is sealed with a 

rubber gasket. The reaction is arrested by adding a known amount of standard ferrous ammonium 

sulphate or by cooling the reaction mixture to 0°C and blowing air in. The rate of manganese (III) 

disappearance (-Rm) is followed spectrophotometrically at its max (490 nm) by determining the 

concentration of manganese (III) before and after polymerization. The initial rate of polymerization (Rp) 

is determined gravimetrically. The molecular weights M, of the purified samples of polymer is 

determined by the viscosity method using the equation, [ղ] = (2.43x10-4) Mv
0.75 at 25 °C for PAN in 

DMF solvent.  

RESULTS AND DISCUSSION: 

 Kinetics of the oxidation of triethanolamine by manganese (III) in aqueous sulphuric acid 

medium has been studied. The stoichiometry of manganese (III) oxidation of triethanolamine was found 

to be 1:6 according to 

(HOCH2CH2)3N   +  3H2O   +   6Mn3+                      6CH2O   +  NH4
+   +  6Mn2+   +   5H+ 

 The kinetic orders of the reactants were found from log(k) versus log (concentration) plots. The 

orders were found by varying the concentrations of manganese (III), trtiethanolamine, sulphuric acid in 

turn while keeping the others constant. The kinetic orders were found to be first order with respect to 

[Mn(III)] and [TEA] and inverse fractional order with respect to [H+].                             

 

  K1 

(HOCH2CH2)3NH+   + Mn(OH)2+                      Mn(OH)2+ [(OHCH2CH2)3N]  +  H+  

 

Mn(OH)2+ [(OHCH2CH2)3N]        k2      CH2O  + H+  +  . CH2N(CH2CH2OH)2  + Mn(OH)+ 

                                                     Slow 

 
. CH2N(CH2CH2OH)2  + 5Mn(OH)2+ + 3H2O       k3     5 CH2O + NH4

+  + 5 Mn(OH)+ + 4H+ 

        Fast 

 

The polymerization of acrylonitrile initiated by manganese (III)-triethanolamine redox systems 

takes place at a measurable rate at 40 °C. No induction period is observed under deaerated conditions, 

there exists an induction period if the solution is not deaerated. Thus, it is evident that the 
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polymerization is initiated by free radicals formed in situ by the redox system5. The steady state is 

attained within 60 minutes. The rate of manganese (III) disappearance (-Rm) is found to be independent 

of acrylonitrile concentration. but plots of-Rm versus log [Mn (III)] are linear and pass through the 

origin. A plot of -1/Rm versus 1/[triethanolamine] is linear with an intercept on the rate axis, indicating 

Liner weaver-Burk kinetics for complex formation14 (Fig. a). 

  

 

Effect of monomer concentration: 

The effect of monomer concentration on polymerization rate (Rp) is studied in the region in the 

(0.3034-0.7586 mol/dm3).The initial rate and percentage conversions are found to increase with the 

increase in monomer concentration. When the concentration of the monomer increased, the availability 

of monomer molecules in the propagation step increases, which obviously increases the rate of 

polymerization. A plot of log Rp verses log [M] was found to be linear with the slope to 0.95 (Fig. b). 
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Effect of manganese (III) concentration: 

The initial rate as well as the maximum conversion increases with increases in the manganese 

(III) concentration in the range (0.5-2.0) x 10-3 mol/dm3. At higher concentration of the catalyst, a 

decrease in Rp was observed. This might be due to the fact  that at a higher concentration of the catalyst 

the oxidation rate becomes relatively rapid compared to the polymerization rate,as suggested by Nayak 

et al15. 

Effect of manganese (II) concentration: 

The Rp and the maximum conversion increased with increasing [Mn(II)] in the range 0.015-0.03 

moldm-3. The Rp and the maximum conversion decreased with the [Mn(II)] was  increased above 0.6 

moldm-3. This probably points to the involvement of an equilibrium, 2Mn(III)              Mn(IV)  +   

Mn(II),  as suggested by Rosseinsky16. The increase in [Mn(II)] shifts the equilibrium to the left there by 

causing a rise in the reaction rate bdue to the increase in [Mn(III)]. But at very high [Mn(II)] , the rate of 

oxidation becomes rapid compared to the rate of polymerization. The order with respect to [Mn(II)] was 

found to be 0.5. 

 

Effect of Triethanolamine concentration: 

 

The initial rate and limiting conversion are found to increase with concentration of 

triethanolamine in the range (2.0-8.0) x 10-2 mol dm-3. When the initial concentration of triethanolamine 

is increased, the rate increases due to the production of primary radical. The exponent of triethanolamine 

concentration is found to be one half from the plot of log Rp, versus log [Triethanolamine] showed a 

fractional order(0.5) dependence on [TEA]. The decrease in M, further supports the possibility of 

bimolecular termination by mutual combination of growing polymer chain radicals (Fig. c). At higher 

[TEA], the polymer yield decreased due to the over concentration of free radicals17. 
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Effect of temperature: 

The rate of polymerization increases with temperature. At a higher temperature the maximum 

conversion decreases. The energy of activation is calculated from the Arrhenius plot of log Rp versus 

1/T. As the temperature increases, the rate of production of free Radical also increases, thus causing an 

increase in rate of polymerisation, the energy of activation for polymerisation in temperature range 30 – 

60 oC (Fig. d), was 79.3±0.5 kJ mol-1.  

 

Effect of H+ ion concentration: 

Kinetic measurements are performed in H2SO4 – NaHSO4 solutions of different H+ ion 

concentration. The effective hydrogen ion concentrations are evaluated from the calibration plot of kemp 

and waters18. The rate of polymerisation decreases with an increase in H+ ion concentration indicating 

that the hydrolysed species of manganese (III) is more reactive than unhydrolyzed species, and also that 

the unprotonated from of triethanolamine is more reactive than the protonated form. The order with 

respect to H+ ion concentration is found to be unity from the plot of log Rp versus log [H+] with the slope 

equal to 1.88 indicates the second order dependence of the rate on [H+] (Fig.e). 
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Effect of organic solvents: 

Addition of water miscible-organic solvents (5% v/v) such as MeOH, EtOH and DMF to the 

reaction mixture depresses the initial rate as well as the maximum conversion. This is probably due to 

the decrease in the area of shielding of a strong hydration in the aqueous medium, resulting in the 

termination of radical end of the growing chain19, or due to the increase in the regulated rate of 

production of primary radicals caused by the solvent, which renders the termination rate to be relatively 

fast compared to the growth of the polymer chains, as shown by Schulz et al" Konar and palit" have 

made similar observation even with the homogeneous medium in which water is the additive. The inter 

chain hydrogen bonding interlocking the polymer chain is not rigid causing a premature mutual 

combination of the polymer chains. 

Effects of surfactants on the rate: 

Addition of anionic surfactant, sodium oleate increases the R, above and below the CMC value. 

The cationic surfactants like, cetyltrim ethyl ammonium bromide decreases the rate above and below the 

CMC value. In contrast, the non-ionic surfactants like Triton X-100 have no effect on the rate. 

Hydrophobic interactions and electrostatic attractions are mainly responsible for the enhancement or the 

inhibition of the rate of polymerization. 

Effect of ionic strength: 

The rate of polymerization decreases when the ionic strength of the medium increased by 

varying NaClO4 concentration, showing a negative salt effect. But when the ionic strength is varied by 

using ZnSO4 there is an increase in the rate of polymerization due to the catalysing effect of SO4
2-. 

Effect of added salts: 

Manganese (II) is the reduced product of the oxidant and its effect on rection is investigated. As 

the initial concentration of manganese(II) is increased, the rate of polymerization progressively 

decreases. This indicates that Mn(IV) is not involved in the oxidation reaction. 
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The effect of complexing agents like pyrophosphate, fluoride and chloride ions on the rate of 

reaction are also investigated. Addition of sodium pyrophosphate, sodium chloride or sodium fluoride 

had a retardation effect. This may be attributed to the displacement of co-ordinate sulphate ligand 

leading to the establishment of a new Mn (III)-Mn (II) couple with P2O7
4-, F-, CI- as ligands such redox 

couples have lower redox potentials, thereby decreasing the rate. This also means that Mn (III) is the 

reactive species under experimental conditions. 

Sulphate ions had catalytic effect on the rate of polymerization. Added [SO4
2-] was varied 

between (1.68-1.92 mol dm) at constant ionic strength, [H+] and temperature. The rate of polymerization 

increased gradually. This behaviour has been explained with the aid of additional equilibrium. 

This brings down the effective[H+] in the reaction mixture, thereby increasing the rate of 

reaction. 

Mechanism and the rate law: 

The reaction mixture, which was initially homogeneous, became heterogeneous as soon as the 

polymerization starts due to the formation of an insoluble product. Control experiments involving the 

individual addition of Mn (III) or TEA to the monomer solution did not induce polymerization 

suggesting that the free radicals formed in situ by the Mn (III) -TEA redox system were responsible for 

polymerization. Based on the above results the following mechanistic scheme is proposed.  

  K1 

Mn(III)   +    TEA              Mn(III) – TEA complex            .............(1) 

Mn(III) – TEA complex        kr
   R .   +    Mn(II)   +  H+                                     .............(2) 

  R .    +      Mn(II)                 ko        Mn(II)   +   Product                                            .............(3) 

 R .    +      M                ki
                R – M1

.                                                                .............(4) 

 R – M1
.  +     M          kp

             R – M2
.                                                                    .............(5) 

 R–Mn
. + R - Mm

.        kt            Polymer                                                                   .............(6) 

 

Since the radical reactivity is effectively independent of the radical length or the size of the 

growing polymer molecule, the application of the steady state concept to the primary radical R and the 

growing radical R – Mn. leads to the rate law as follows: 

rate = -d[Mn(III)] /dt = kr[Mn(III) – TEA complex] +  ko[R
.] [Mn(III)]                       ..........(7) 

[R.] = kr[Mn(III) – TEA complex] /  {ko[Mn(III) + ki[M]}                                           ..........(8) 

From equilibrium step (1) in the scheme, 

[Mn(III) – TEA complex] = K1[Mn(III)]eq [TEA]                                                         ..........(9) 

By substituting for  R . and [Mn(III) – TEA complex] in equation (7), one gets  

-d[Mn(III)] /dt = krK1[Mn(III)]eq[TEA]+{K1krko[Mn(III)]2
eq[TEA]/(ko[Mn(III)]eq + ki[M])} 

or assuming 
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ko[Mn(III)]eq >> ki[M], 

-d[Mn(III)] /dt = 2krK1[Mn(III)]eq[TEA]                                                                    ..........(10) 

Since the measured rate of decrease in [Mn(III)] applies to the total Mn(III) species, [Mn(III)]T is given 

by, 

or  [Mn(III)]T = [Mn(III)]eq  +  [Mn(III) – TEA complex] 

or  [Mn(III)]T = [Mn(III)]eq  + K1 [Mn(III)]eq [TEA] 

or  [Mn(III)]eq = [Mn(III)]T /  (1 + K1[ TEA])      ..........(11) 

substitution for [Mn(III)]eq in equation (10) gives,  

-d[Mn(III)] /dt = 2 kr K1[Mn(III)]T[TEA]  / (1 + K1[ TEA])                                       .........(12) 

Since propagation is the stage that involves the major consumption of the monomer, the rate of 

monomer loss can be expressed in terms of propagation only. 

Rp  = -d[M] / dt = kp [R - Mi] [M]                                                                               .........(13) 

Based on the usual assumption that the radical reactivity is independent of the radical chain length, the 

rate of polymerization equation (13) becomes 

Rp  = kp [R – Mn.] [M]                                                                                                  .........(14) 

In the overall polymerization the rate of initiation and the rate of termination become equal, resulting in 

a steady state concentration of free radicals, 

ki [R
.] [M] = kt [R-Mn.]2   where R-Mn. = R-Mr . 

or [R-Mn.]2 = ki [R
.] [M] / kt 

[R-Mn.] =  ki
1/2

 [R
.]1/2 [M]1/2 / kt

1/2                                                      .........(15) 

The equations (8), (9) and (15) can be combined to solve for [R-Mn.], 

[R-Mn.] = ki
1/2

 [R
.]1/2 kt

1/2 [Mn(III) – TEA complex]1/2 / kt
1/2{ko[Mn(III) + ki[M]}1/2 

[R-Mn.] = (ki kr / kt)
1/2 [M]1/2{K1[Mn(III)]eq [TEA]1/2 / {ko[Mn(III)]eq + ki[M]}1/2   .........(16)  

By substituting for [R-Mn.] from equation (16) in equation (14), one gets  

Rp = kp(K1ki kr)
1/2 [Mn(III)]1/2

eq [TEA]1/2[M]3/2 / (kt)
1/2{ko[Mn(III)] eq + ki[M]}1/2   .........(17)  

Assuming that ko[Mn(III)]eq >> ki[M], o0ne obtains  

Rp = kp(K1ki kr)
1/2 [TEA]1/2[M]3/2 / (kt ko)

1/2                                                                                    .........(18) 

By squaring equation (17) and substituting for [Mn(III)] eq from equation (11), one gets  

Rp
2=kp

2K1kikr[Mn(III)]T [TEA] [M]3 / kt ko[Mn(III)]T+ ktki[M]+K1ktki[TEA][M]     .........(19)  

Rearrangement of the reciprocal of equation (19) gives 

[M]3/Rp
2= kt ko/K1kp

2kikr[TEA]+1/[Mn(III)]T{kt[M]/K1kp
2kr[TEA]+ kt [M]/ kp

2kr}
     .........(20) 

or 

1/Rp
2=kt/kp

2kr[Mn(III)]T[M]2+1/[TEA]{ktko/ K1kp
2kikr[M]3+ kt/ kt ko/ K1kp

2kr[Mn(III)]T [M]2}    

                                                                                        .........(21) 

Based on equation (21), a plot of 1/Rp
2 versus 1/[TEA], at constant [Mn(III)]T, [M] and temperature is 

linear (Fig.f). Similarly based on equation (20), a plot of [M]3/Rp
2 versus 1/[Mn(III)]T at constant [TEA], 
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[M] and temperature is linear (Fig.g). The two double reciprocal plots of figure and which are linear 

support the proposed mechanism. 

  

 

CONCLUSION: 

The existence of rigid state, resulting from an associated process, is consistent with the negative 

△S' of reactions of transition metal complexes involving associative mechanism, the highly 

negative△S" also suggests that the transition state involves an associated species, formed probably by 

solvation, responsible for lowering the entropy. The low energy of activation is an indication of the high 

reactivity of the initiator and provides direct experimental evidence for the existence of Mn (III)-TEA 

redox system. This allows the identification of radicals as end group of the polymer. 
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