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Aqueous Polymerization of Acrylamide Initiated 
by Glycolic Acid/Ce4+ Redox System 

G. S. MISRA and B. D. ARYA 

Department of Chemistry 
University of Jammu 
Jammu 180001, India 

A B S T R A C T  

The aqueous polymerization of acrylamide initiated by the 
glycolic acid/Ce4' redox system was studied in sulfuric acid 
medium at 35 f 0.2"C under a nitrogen atmosphere. The 
initiation was carried out by the free radical generated in the 
decomposition of the complex formed between the oxidant and 
the reductant. The monomer disappearance was found to be 
proportional to [ GA] 
ion disappearance was found to be directly proportional to 
[ Ce"] and [ GA] but independent of [MI. The activation energy 
of the system was found to be 7.21 kcal/deg/mol. The molecular 
weight of polyacrylamide increased with increasing [ monomer] 
and decreased with increasing [catalyst]. The effect of pH was 
also studied in the pH range 2.22 to 1.44. 

Ce"] O e 5 '  [ M] "O,  and the rate of cer ic  

I N T R O D U C T I O N  

Ceric ion forms an effective redox pair with various reducing 
agents like alcohols [ 1, 21, aldehydes [ 31, and amines [ 41 for  the 
polymerization of vinyl monomers. Recently, hydroxy acids have 
been used with ceric ion for  the polymerization of various monomers. 
In the present investigation the glycolic acid-ceric ammonium sulfate 
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254 MISRA AND ARYA 

redox pair has been used for  the polymerization of acrylamide with a 
view to elucidate the mechanism involved in the process. 

E X P E R I M E N T A L  

M a t e r i a l s  

Acrylamide (SD's) was recrystallized twice from methanol. Ceric 
ammonium sulfate (Sarabhai M.) and glycolic acid (Reidel) were used 
a s  such. The water used a s  solvent in all the experiments was pre- 
pared by the redistillation of distilled water containing a small  amount 
of alkaline KMn04. 

P o l y m e r i z a t i o n  P r o c e d u r e  

The polymerization was followed by quantitative estimation of 
double bonds in acrylamide as described by Wallace et  al. [ 51. The 
experimental procedure was similar to that used by Misra et  al. 61. 

The rate of disappearance of cerium was estimated by cerimetry. 
The polymerization reaction was quenched af ter  a certain period of 
time by the addition of a known excess of standard ferrous ammonium 
sulfate solution, and the excess of Fez' was titrated with a standard 
Ce4' solution using ferroin as indicator. 

The molecular weight of polyacrylamide was determined using 
Schulz and Blaschke's [ 71 equation (Eq. 1) as well a s  the relationship 
of Dainton et  al. [ 81 (Eq. 2): 

[7?1300 = asp'C (where K' = 0.28) 

R E S U L T  A N D  DISCUSSION 

R a t e  of M o n o m e r  D i s a p p e a r a n c e  (RD) 

Rate Dependence on Activator 
The initial ra te  and the maximum conversion have been found to 

increase with increasing [glycolic acid] in the range studied (5.0 to 
20) x lo-' mo1/L a t  fixed [MI ,  [ Ce4'1, and [ HzSO~] (Fig. 1). 
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AQUEOUS POLYMERIZATION OF ACRYLAMIDE 255 

TIME IN MIN. 

FIG. 1. Time versus conversion curves for the aqueous polym- 
erization of acrylamide with var in initial concentrations of lycolic 

[ HnS+]  = 12.5 X l o 5  mol/L. Temperature = 35 f 0.2"C. 
x 10' mol/L, 0 =  10.0 X mol/L5 o = 12.5 X lo-'  mol/L, 
e = 15.0 x mol/L, Q = 20 X 10- mol/L. 

acid at constant [ M] = 5.0 X 10- z g  mol/L, [ Ce4'] = 10.0 X 10- f mol/L, 
o = 5.0 

Increasing [activator] increases the concentration of active free 
radicals, hence the rate of polymerization increases. The activator 
exponent of 0.89 (Fig. 2) shows a first-order dependence of the rate 
of polymerization on the [activator]. 
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I I 

0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5*A,8,C 

A+Z + LOGIMI; 8+2 + LOGLGAI; C+4 + LOG[Ce4+l 

FIG. 2. Double logarithmic plots of A ( 0 )  R (in mol/L/min) P 
versus [ M] in mol/L; B ( e ) R (in '-% conversion/min) versus [ GA] 

in mol/L; C ( Q ) R (in '-% conversion/min) versus [ Ce4'] in mol/L. 
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AQUEOUS POLYMERIZATION OF ACRYLAMIDE 25 7 

Rate and Molecular Weight Dependence on Catalyst 
The dependence of the rate of polymerization on the catalyst 

was studied in the range (5 to 20) X 
and [glycolic acid]. The variation of [ Ce"] showed an increase in 
initial ra te  up to a concentration of 15 X mol/L and in maximum 
conversion up to a concentration of 10 X mol/L. Above 15 x 

mol/L, both showed a decline. Since the activator is always 
present in excess of the catalyst, an increase in the catalyst will 
increase the production of active free radicals. Hence the rate  
increased up to a concentration of 15 X mol/L. Beyond this 
concentration, radicals are consumed in side reactions, thus decreas- 
ing the rate of polymerization. The catalyst exponent 0.57 (Fig. 2) 
indicates a bimolecular termination mechanism. Molecular weight 
determination (Table 1) showed a regular decrease with an increase 
in [ catalyst]. 

Rate and Molecular Weight Dependence on Monomer 

increase with increasing [monomer] in the range studied, (5 x lo-' 
to 25 X lo- '  mol/L) a t  fixed [ GA], [ Ce"] , and [ HzS04] (Fig. 3). 

The rate of polymerization was found to be proportional to the 
f i r s t  power of the monomer (Fig. 2), which rules out the possibility 
of premature chain transfer and primary radical termination. A 
s imilar  behavior has  been observed by Misra e t  al. [ 91 and Dainton 
et  al. [ 81. With the increase in monomer concentration the avail- 
ability of monomer molecules in the propagation step increases, 
resulting in an increase in the rate of polymerization. Molecular 
weight determination showed a regular increase with increasing 
[monomer] in the range studied (Table 2). 

Temperature Dependence 

the temperature range 30 to 50" C at  fixed [ Ce"], [MI,  and [ GA] . 
It was observed that the initial ra te  and the maximum conversion 
increased up to 35°C. Above 40°C, both showed a decline, which 
may be due to side reactions in which primary free radicals are 
consumed. The overall activation energy a s  calculated from an 
Arrhenius plot was found to be 7.21 kcal/deg/mol (30.21 kJ/deg/mol). 
Such lower activation energies have been reported by various workers 

mol/L a t  fixed [MI, [ HzS04], 

The initial rate as well as the maximum conversion were found to 

The dependence of the rate of polymerization has been studied in 

[ 10-121. 

Effect of DH 

In the pH range studied (2.22 to 1.44), maximum conversion was 
obtained a t  pH 1.65, corresponding to [ H2S04] = 12.5 x mol/L. 
This pH is sufficient to decompose the complex formed between the 
reductant (glycolic acid) and the oxidant (Ce" ) to produce primary 
free radicals (Re). 
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AQUEOUS POLYMERIZATION OF ACRYLAMIDE 259 

0 2 4 6  8 1 0  15 20 30 
TIME IN MIN. 

FIG. 3. Time versus conversion curves for the aqueous polym- 
erization of acrylamide with varying initial concentrations of mono- 
mer at constant [ GAS = 7.5 x lo- '  mol/L, [ Ce"] = 5.0 X 
[ HzS04] = 12.5 X 10- mol/L. Temperature = 35 i 0.2"C. Q = 
5, o = 10, 0 = 15, + = 20, -0- = 25; all x mol/L. 

mol/L, 
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4 8 12 16 20 24 28 32+A B ~~ 

0 5 10 15 20 25 30 35 4O+C 

A +  Ice4+] x 104(m01 I.'): B *  [GA] x lo3 (rnol I-'); C *  [GA].' x 10' (mol 

FIG. 4. Rate of cer ic  ion disappearance in mol/L/s versus  
(A) [ Ce4 '3, (B) [ GA] , and (C) [ GA] A ( 0 ): [ MI = 5.0 X 10- 
mol/L, [ GA] = 15.0 x mol/L, [ HzS04]  = 7.5 X lo- '  mol/L,, 
temperature = 35 * 0.2'C. B ( Q ) and C ( Q ): [ M] = 5 X 10- 
mol/L [ Ce'+] = 9.5 X loF4 mol/L, [ HzS04] = 7.5 X mol/L, 
temperature = 35 * 0.2"C. 
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262 MISRA AND ARYA 

R a t e  of C e r i c  I o n  D i s a p p e a r a n c e  

The rate was found to be directly proportional to [ Ce"] . The 
plot of -d[ Ce"] /dt versus  [ Ce"] gave a straight line passing through 
the origin (Fig. 4), which confirmed that cer ic  ion was not involved in 
the initiation reaction by direct interaction with the monomer or  in 
the process of termination. The rate  increased linearly with [ GA] . 
At higher [ GA] the change in the rate of disappearance of Ce4' was 
slightly lower. A plot of -d[ Ce4'] /dt versus  [ GA] gave a straight 
line up to a certain range, leaving an intercept on the ordinate. 
The presence of an intercept in the plot [rate]'' versus  [GAI-' 
shows complex formation between ceric ion and glycolic acid (Fig. 4). 
A yellowish complex has been isolated at  room temperature. It was 
insoluble in all solvents but dissolved in sulfuric acid. lR spectral 
studies cynfirmed the formation of a complex. A carbonyl peak a t  
1730 cm- in the spectrum of glycolic acid was absent in the spec- 
trum of the complex. C - 0  stretching showed a shFt from 1400 to 
I180 an-'. Zn addition to this, a peak a t  560 cm- corresponding to 
a metal-oxygen bond was also obtained in the case of the complex. 
This shows that the carboxylic group participates in complex forma- 
tion. 

Kinetic Scheme 

experimental results. 

Generation of primary free radicals: 

The following kinetic scheme is proposed a s  consonant with the 

( 3 )  ka K 
Ce* '+ R ==== [ complex] - R' + Ce3+ + COZ + H' 

H 2 so4 

where R is the activator molecule and R" is the primary free radical 
formed. 

Reaction of primary free radical R' with Ce4': 

kg R' + Ce4 ' -products + Ce3' + H' (4)  
fast 

Initiation of polymerization: 

ki RM. R' + M  (5) 
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AQUEOUS POLYMERIZATION OF ACRYLAMIDE 

Propagation: 
k 

RM' + M - RM2' 

Term inat ion: 

kt RMn' +RMm' - polymer 

2 63 

(6) 

Reactions (3) and (4)'can be illustrated by 

K 
CH~(OH)COOH + ce4+ -[ complex] CH~(OH)COC) + H+ + ce3+ 

(A), (B) and (C) may then undergo fast reactions to generate stable 
species instead of initiating polymerization: 

(A) + Ce4 +- HCOCOOH + Ce" + H' 
fast  

very fast 

fast 
(B) - (C) +coz 

(C) +Ce4+ HCHO + ce3+ + H+ 

Applying the steady-state assumption to both [ R'] and [ M'] sepa- 
rately and assuming that the concentration of the complex formed in 
Reaction (3) is smaller than both [ GA] and [ Ce"], the rate  equation 
for  the rate of disappearance of monomer and ceric ion can be de- 
rived as: 
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264 MISRA AND ARYA 

d[ Ce"] 

dt 
--- - ma[ R] [ Ce4+] (9)  

We have neglected the possibility of linear termination because the 
experimental results show a preponderance of bimolecular termination. 
In the initiation step Ce4' does not attack the monomer. It reacts with 
glycolic acid to produce the complex (Eq. 4) which gives primary free 
radicals on dissociation that initiate the reaction. 
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