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SYNOPSIS 

T h e  polymerization of acrylonitrile (AN) using the Ce(1V)-citric acid (CA) redox system 
as a n  initiator in aqueous nitric acid solution, in the  presence of a n  anionic surfactant, 
sodium dodecyl sulfate (SDS), has  been kinetically studied a t  a temperature range of 25- 
45°C. T h e  rate of polymerization (R,) and disappearance of Ce(IV) ( -Rce)  increase with 
increasing concentration of SDS, above its critical micelle concentration (cmc), when the  
surfactant molecules are organized. R, was found to  be proportional to  [AN]1s and  [CAI". 
With other organic substrates, R, follows the  increasing order of sorbitol 2 mannitol 
> glycerol > CA. But  it was found to  decrease considerably in the presence of cationic 
surfactant (CTAB), and  nonionic surfactant (Triton-X-100) had no eRect on the  rate. -Rc. 
varies linearly with [Ce(IV)] and [CAI. Both Rp and -Rce increase with increasing tem- 
perature. T h e  overall activation energy was found to  be 18.31 and 13.72 kcal/mol in the 
absence and presence of 0.015M SDS, respectively. T h e  chain length o f t h e  polyacrylonitrile 
has also increased with increasing SDS concentration. (0 1996 .John Wiley & Sons, Inc. 

INTRODUCTION 

A considerable amount of work has been done on the 
kinetics of polymerization of vinyl monomers using 
different redox systems. Various workers'-7 have viv- 
idly studied vinyl polymerization initiated by a redox 
system with Ce(1V). A review of the literature reveals 
that the polymerization of vinyl monomers has been 
studied in the micellar emulsions,14~'9 inverse 
emulsions,*"~" and microemulsion media2' using var- 
ious redox systems as initiator. The present work deals 
with the kinetics of polymerization of acylonitrile in 
the micellar aggregates of SDS mainly using Ce(1V)- 
citric acid as the redox system. 

EXPERIMENTAL 

Materials 

Acrylonitrile (AN) (Sisco Chemical) was purified by 
washing with 5% NaOH, 3% Ortho phosphoric acid, 
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and finally with triply distilled water and distilling 
under reduced pressure. Sodium dodecyl sulfate 
(SDS) [(British Drug House sample)] was recrys- 
tallized from absolute alcohol and methanol se- 
quentially. Ceric ammonium nitrate, citric acid (CA), 
sodium nitrate, and nitric acid were analar-grade 
chemicals and were used as  such, without further 
purification. Solutions for the study were prepared 
with triply distilled water free from oxygen. The ni- 
trogen gas, used for deaeration, was made free from 
oxygen and other impurities by passing through 
several columns of Fieser's solution, a column of 
saturated solution of lead acetate, and finally 
through a bottle containing triply distilled water. 

Method of Polymerization 

The polymerization was carried out in a Pyrex tube 
of 150 mL capacity, which was sealed at the bottom 
and fitted at the top with a standard joint stopper 
that had inlet and outlet tubes for passing of nitrogen 
and a microburette fitted vertically to the stopper. 
The aqueous solution of AN, CA, HN03, NaN03 (to 
maintain proper ionic strength), and SDS in appro- 
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Figure 1 Effect of SDS concentration on percent of 
conversion. [AN] = 0.694M; [CAI = 0.108M; [Ce(IV)] 
= 5.01 X 10-3M; [H+] = 0.495M; p = 0.5M; temperature 
= 35°C. 

priate concentrations were taken in the reaction 
tube. Nitrogen gas was bubbled for about half an 
hour, and stop-cocks were closed. The solution was 
thermostated to attain the desired temperature fol- 
lowed by addition of ceric ammonium nitrate solu- 
tion in 1M HN03 from the microburette. The vol- 
ume of the reaction mixture was adjusted to 20 mL. 
The appearance of turbidity indicates starting of 
polymerization. After a definite 20 min, the reaction 
was quenched by 2 mL of 0.01M excess standard 
ferrous ammonium sulfate solution. The polymer so 
obtained was filtered off through a G, crucible and 
kept at 50-60°C until a constant weight was at- 
tained. The filtrate was analyzed for residual Ce(1V) 
by cerimetry using ferroin as an indicator. 

Intrinsic Viscosity 

The intrinsic viscosity was measured by a suspended 
level Ubblehode viscometer at  30"C, using Huggin's 
and Kramer's relationship.23 

RESULT AND DISCUSSION 

Effect of Surfactant 

The interesting observations in this polymerization 
in the presence of an anionic surfactant are as fol- 
lows: 

1. An increase of the rate of polymerization with 
an increase in surfactant (SDS) concentra- 
tion 

2. An increase of the percentage conversion of 
monomer with an increase in the SDS con- 
centration 

3. A change of nature (i.e., chain length) of the 
polymer in the presence of SDS. 

In aqueous medium, above the critical micelle 
concentration (cmc), the surfactant molecules be- 
come aggregated to form mi~elles.*~ The vinyl 
monomer (AN) and organic substrate (CA) are sol- 
ubilized in the micellar core of SDS, due to the hy- 
drophobic interaction. The concentration of Ce(1V) 
increased at the Stern layer of the anionic micellar 
due to electrostatic attraction, as a result of which 
the rate of polymerization (R,) as well as the per- 
centage of conversion have increased (Fig. 1). The 
R, decreased considerably in the presence of cationic 
surfactant (CTAB) due to nonavailability of Ce( IV) 
at  the Stern layer, which can be explained by elec- 
trostatic repulsion of Ce(1V) with the positively 
charged Stern layer of the CTAB micelle. This ob- 
servation indicates that mostly the monomer and 
citric acid get solubilized in the micellar core. The 
solubility of acrylonitrile in water is appreciable (i.e., 
7.5 g per 100 mL*"). Hence the overall polymeriza- 
tion rate Rp can be assumed as the sum of the rates 
of polymerization in the bulk phase (R,) and that 
in the micellar phase (R,") (i.e., Rp(olls) = R, + R,"). 
But beyond cmc of the surfactant, Rp << R," = Rp (oh$)- 
The nonionic surfactant (Triton-X-100) has no ef- 
fect on the Rp. Similar types of changes were also 
observed by other workers.26 The rate of Ce(1V) dis- 

Table I 
and -Rce 

Effect of Surfactant Concentration on R, 

R, x lo4 - R ~ ,  x 107 
(mol L-' s-l) (mol L-'S-') 

Surfactant 
(mol L-') SDS CTAB SDS CTAB 

0.000 0.80 - 0.75 - 

0.005 0.82 0.56 0.75 0.40 
0.010 0.96 0.32 2.25 0.15 
0.015 1.37 0.20 4.50 0.15 
0.020 1.75 0.21 8.75 0.15 
0.025 2.05 0.18 12.50 0.15 
0.030 2.19 0.18 13.50 0.15 

[AN] = 0.694M; [CAI = 0.108M, [Ce(IV)] = 5.01 X lW3M, 
[H+] = 0.495M, p = 0.5M, temperature = 35OC. 
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Figure 2 
p = 0.5M; temperature = 35OC. 

[M]2/RE(,b., vs. l/[MI. [Ce(IV)I = 5.01 X 10-3M; [CAI = 0.10811.1; [H'] = 0.49511.1; 

appearance ( -Rce)  has also increased with increas- 
ing [SDS] (Table I). 

Reaction Mechanism and Kinetic Scheme 

Based on the aforementioned facts, it is concluded 
that the polymerization process occurs mostly in the 
micellar phase, in the presence of anionic surfactant 
(SDS), above its cmc. Hence, to explain the kinetic 
results, the following free radical mechanism is pro- 
posed: 

nS S ,  

M + S, 5 MS, 

CA + S, 2 CAS, 

CAS, + Ce(IV) !Y CAS, + Ce(II1) + H+ 

CAS, + Ce(1V) 2 Product of Oxidation 
K m  

Initiation: CAS, + MS,  MISn 

(where MIS, = CA - M - S,) 

Propagation: M,s, + MS, + KP" M,s, 

Mx-lSn + MS, 2 MIS, 
K $  Termination: M,S, + M y S ,  + Polymer 

where M is the monomer; S is the surfactant; S, is 
the micelles; K1, K2 are association constants; and 
KY, Kp", K;", K,", and K r  are different rate con- 
stants. 

In the preceding scheme, the possibility of linear 
termination is ruled out due to the absence of Ce(1V) 
in the polymer chain. Using steady-state assumption 
and mutual termination, the rate of polymerization 
(R,) and the rate of Ce(1V) disappearance (-RC,) 
are expressed as 

Kp" [ MSn]1.5[ Ce(IV)]o.s 
Rp" = 

(K;")o.s 

On squaring eq. (1) with proper substitution and 
taking the reciprocal, it can be rearranged to 
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Figure 3 Effect of Ce(1V) concentration on rate of po- 
lymerization and rate of Ce(IV) disappearance. [AN] 
=0.694M; [CAI = 0.108M; [SDS] = 0.015M; [H'] 
= 0.495M; p = 0.5M; temperature = 35°C. 

[MI' - K;" -- 
K:K2(K,")K,"[Ce(IV)][CA][S,]3 

Rate Parameter 

From the plots of [Ml2/(RP)' versus 1/[M] (Fig. 2) 
and [M]2/(R,)2 versus l/[Ce(IV)] (not shown), 
(Kr/KTKl) were calculated to be 0.358 and 
0.371 mol - L-', respectively. Substituting the value 
of K,/Kj that obtain from the plot of [M]2/(R,)2 ver- 
sus l / [M] (Fig. 2) in absence of surfactant, K 1  was 
computed as 7.92 X lo2 mol-l. From the plot of 
-Rce(abs) versus [CAI (not shown), K, was found to 
be 19.96 X mol-' L s-'. Using the values of K, 
and S ,  in eq. (Z), K2 was found to be 0.892 X lo4 
mol-' L. To  calculate S,, with the help of the 
expression [S,] = ( C ,  - C M C ) / N ,  the aggregation 
number N has been taken to  be 62.24 

Effect of Acrylonitrile Concentration 

The R, (ubs, was found to  be proportional to 1.5 power 
of concentration of acrylonitrile, which was observed 
from the straight-line plot of Rp(obs) versus 

0 0.04 0.08 0.12 0.16 0.20 0.24 
[Orgonic Substrotel in mol. 1-' - 

Figure 4 Effect of organic substrate concentration on 
rate of polymerization. [AN] = 0.694M; [Ce(IV)] = 5.01 
X 10-'M; [SDS] = 0.015M; [H+] = 0.495M; p = 0.5M; 
temperature = 35°C. 

which passes through the origin. This type of result 
in fact supports the mutual type of termination. On 
increasing the concentration of acrylonitrile (0.4- 
0.8M), its solubilization increases in the SDS mi- 
celles, which leads to a greater number of free radical 
formation in the micellar media, resulting in an in- 
crease in the rate as well as percentage conversion. 
This fact also supports our proposed kinetic scheme 
and has also been observed by other  worker^.'^.^.^^ 
The plot of [M]2/R&I,,, versus 1/[M] is a straight 
line having an intercept, which explains the rate 

Table I1 
and -Rce 

Effect of Acid Concentration on Rp 

0.206 5.0 1.54 5.90 
0.298 5.0 1.48 5.40 
0.396 5.0 1.42 4.95 
0.495 5.0 1.37 4.50 
0.295 3.0 1.34 4.45 
0.395 4.0 1.30 4.50 

[SDS] = 0.015M; [AN] = 0.69411.1; [Ce(IV)]  = 5.01 X lW3M; 
[CAI = 0.108M. temperature = 35°C. 
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Table I11 
Chain Length 

Effect of SDS Concentration on [ Q ]  and 

0.000 
0.005 
0.010 
0.015 
0.020 
0.025 
0.030 

0.71 
0.72 
0.99 
1.26 
1.48 
1.63 
1.73 

787 
894 

1230 
1691 
2096 
2384 
2581 

expression. The rate of disappearance of Ce(IV) also 
increases with increasing [AN]. 

Effect of [Ce(lV)] 

It was observed that Rp(ohs) increases with increasing 
Ce(IV) concentration (2.5 X 10-3-10.0 X 10-3M). 
This can be explained by an increasing number of 
Ce(IV) in the Stern layer of SDS micelles due to 
electrostatic attraction. The plot of Rp (ohs) vs. 
[Ce(IV)] shows a straight line passing through the 
origin (Fig. 3),  which is in confirmation with eq. (1). 
Similar findings are reported by other  worker^.^.^."' 
The rate of Ce(IV) disappearance was directly pro- 
portional to [Ce(IV)]. The plot of -RCe(ohs, vs. 
[Ce(IV)] (Fig. 3) is a straight line passing through 
the origin.'.:' 

Effect of Organic Substrate 

On increasing the concentration of CA (0.05-0.2M), 
the rate of polymerization, Rp (ohs), The 
plots of Rp(&) versus [CAI (Fig. 4) are linear and 
have passed through the origin, supporting our ki- 
netic scheme.'" The effect of other polyhydroxylic 
substrates on the rate were examined and compared 
with that of CA. The sequence was found to be in 
the order of sorbitol 2 mannitol > glycerol > citric 
acid (Fig. 4). Some workemla have reported the same 
trend of reactivity of these substrates on Rp. The 
redox action of the polyols is most likely facilitated 
by the number of hydroxyl groups, as there is a direct 
correlation between the number of hydroxyl groups 
and Rp(ohs) (Fig. 4) in this study. A higher number 
of hydroxyl groups promotes redox more effectively, 
thereby increasing radical flux and hence R, (ohs). The 
-RCe(obs) also increases on increasing the substrate 
concentration. The plot of -RCe(obs, versus [sub- 

strate] has also shown a straight line passing through 
the origin, which is according to eq. (2)'". 

Effect of [H'] 

The increase in concentration of acid leads to a de- 
crease in the rate, Rp(ohs), at a constant ionic strength 
( p  = 0.5M). But Rp(ohs, was independent of [H+] 
when ionic strength was not maintained (Table 11). 
This may be attributed to the formation of less active 
Ce(IV) species given by the following equilibrium, 
as suggested by Hardwick and Robertsonz7: 

Ce(IV) + HSO, * Ce(SO,)(II) + H+ 

At constant [HSO;], the increase in (H+] will lead 
to a decrease in the ratio Ce(S0,) (II)/Ce(IV). Hence 
with lower [H+], the reactivity Ce(S0,) (11) pre- 
dominates whereas a t  higher [H+], the effect is re- 
ver~ed.';'~;'' The rate of Ce( IV) disappearance ( -RCJ 
was also found to decrease on increasing [acid] a t  
constant ionic strength. Other workers28 have also 
observed similar types of changes while studying 
oxidation of citric acid by Ce(1V). 

Effect of Temperature 

The rate of enhancement of polymerization has also 
been seen on increasing the temperature from 30 to 

31 32 33 34 
1 - T x 1 0 4 ; K q -  

Figure 5 Arrhenius plot: log Rp vs. 1/T. [AN] = 0.694M; 
[Ce(IV)] = 5.01 X 10-3M; [CAI = 0.108M; [H+] = 0.495M; 
p = 0.5M; temperature = 35OC. 
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45°C with and without SDS in reaction mixture. 
The solubilization of AN and CA increases on in- 
creasing the temperature, resulting in an accelera- 
tion of rate. From a plot of log Rp(obs) versus 1/T 
(Fig. 5), the overall activation energy for the process 
was computed to be 18.31 and 13.72 kcal/mol in the 
absence and presence of 0.015M SDS, respectively. 
The overall decrease in activation energy of poly- 
merization in the presence of surfactant indicates 
positive catalysis due to  m i c e l l e ~ . ~ ~ ' ~  

Chain length 

The  molecular weight (Mu,)  of the polymers was 
determined viscometrically using Mark-Howink 
relationship3": 

[77] = 2.43 X 10-4[Mu,]0.75 (in DMF) 

where 7 is the intrinsic viscosities a t  25°C. 
The chain length of the polymer was calculated 

from Mu, and found to increase on increasing SDS 
concentration (Table 111). A similar result has been 
reported by Kim31 while studying the effect of CTAB 
on polymerization of acrylamide and methyl acrylate 
initiated by sodium bisulfite. 

CONCLUSION 

The increase in the rate of polymerization and per- 
centage of conversion of monomers to yield polymers 
in the presence of SDS is probably due to  greater 
solubilization of monomers and citric acid molecules 
in the micellar phase for hydrophobic interaction. 
In addition, due to coulombic interaction of anionic 
micelles, the increased concentration of Ce ( IV)  may 
become more favorable to  catalyze this polymeriza- 
tion. 

The authors are thankful to the head of the Department 
of Chemistry, Sambalpur University, for extending lab- 
oratory facilities and to U.G.C. for providing financial as- 
sistance for this study. 
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