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ABSTRACT: The rate of polymerization of acrylonitrile,
using the Ce(IV)–cyclohexanone redox system as an initia-
tor, was studied kinetically, in the presence of 0.015M so-
dium dodecyl sulfate (SDS), over a temperature range of
25–45°C. The rate of polymerization (RP), percentage of
monomer conversion, and rate of Ce(IV) consumption
(�RCe) were found to increase with the concentration of
SDS, above its CMC. The effect of [AN], [Ce(IV)], [H�], and

the ionic strength were also studied. The overall activation
energies for the polymerization processes were computed to
be 23.14 and 17.64 kcal/mol in the absence and presence of
0.015M SDS. A suitable kinetic mechanistic scheme for the
free-radical mechanism was proposed. © 2003 Wiley Periodi-
cals, Inc. J Appl Polym Sci 90: 2066–2072, 2003
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INTRODUCTION

A review of the literature reveals that surfactants have
been used in vinyl polymerization initiated by various
redox systems in different forms, for example, emul-
sions,1–9 microemulsions,10–15 micelles,16–18 and ad-
solubilaztion.19 Some work has been done on the effect
of a surfactant on polymerization processes using
Ce(IV) as an initiator.20 The mechanism and kinetics of
the polymerization of vinyl monomers, that is, acry-
lonitrile, acrylamide, methyl acrylate, methyl methac-
rylate, etc., involving Ce(IV) alone and with a reduc-
ing substrate, such as alcohol,21–23 diols,24,25 and poly-
ols,26 in an aqueous medium have been reported. It is
generally known that both Ce(IV) and the primary
free radicals, that is, obtained from the decomposition
of the complex of Ce(IV) and a reducing agent, can
participate in the initiation processes, while the termi-
nation occurs exclusively by the interaction of grow-
ing chain radicals with themselves or with Ce(IV).22

The present work deals with the effect of an anionic
surfactant, sodium dodecyl sulfate, on Ce(IV)-initiated
polymerization kinetics of acrylonitrile in the presence
of cyclohexanone.

EXPERIMENTAL

Materials

Acrylonitrile (AN: SISCO Chemical) was purified by
washing with 5% NaOH, 3% orthophosphoric acid,
and, finally, triply distilled water. Finally, it was dis-
tilled under reduced pressure. Sodium dodecyl sulfate
(SDS; British Drug House sample) was recrystallized
from absolute alcohol and methanol sequentially. Cy-
clohexanone (Merck) was distilled under reduced
pressure twice and kept in a refrigerator. Other chem-
icals like ceric ammonium sulfate (SISCO Chemical),
sulfuric acid (SISCO Chemical), sodium bisulfate (Gl-
axo), etc., were of reagent grade and were used as such
without further purification. All solutions for the
study were prepared with triply distilled water free
from oxygen. Nitrogen gas, used for deaeration, was
made free from oxygen and other impurities by pass-
ing through several columns of Fieser’s solution, a
column of a saturated solution of lead acetate, and,
finally, through a bottle containing triply distilled wa-
ter.

Methods

The polymerization was carried out in a Pyrex tube of
150-mL capacity, which was sealed at the bottom and
the top was fitted with a standard joint stopper having
inlet and outlet tubes for the passing of nitrogen. A
microburette was fitted vertically on the stopper. The
aqueous solutions of AN, cyclohexanone (CH), sulfu-
ric acid, sodium bisulfate (to maintain proper ionic
strength), and SDS in appropriate concentrations were
taken in the reaction tube. Nitrogen gas was bubbled
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for about 0.5 h and the stopcocks were closed. The
solution was thermostated to attain the desired tem-
perature, followed by the addition of the Ce(IV) solu-
tion from the microburette, and then mixed by shak-
ing. The volume of the reaction mixture was adjusted
to 20 mL. The polymerization started immediately
after the addition of the Ce(IV) solution. After a defi-
nite interval of time, the reaction was quenched by the
addition of the excess of a standard ferrous ammo-
nium sulfate solution. The polymer formed was fil-
tered off through a G4 crucible and kept at 50–60°C
until a constant weight was attained. The filtrate,
along with washings after separation of the polymer,
was estimated for residual Ce(IV) by cerimetry using
feroin as an indicator. The rate of polymerization and
the rate of Ce(IV) consumption were calculated from
the initial slope of the curve of the percentage of
monomer conversion versus time and Ce(IV) con-
sumption versus the time curve, respectively.16,17,20

RESULTS AND DISCUSSION

Effect of surfactant

The most interesting features observed in these poly-
merization processes, in the presence of the anionic
surfactant, are

(i) An enhancement of the rate of polymerization,
RP(obs), with an increase in the SDS concentration
(Table I).

(ii) An enhancement of the percentage of the mono-
mer conversion with an increase in the SDS
concentration (Fig. 1).

In an aqueous medium, the surfactant molecules, be-
yond the critical micelle concentration (CMC), self-
aggregate to form micelles, resulting in a biphase sys-
tem, namely, bulk and micellar phases. AN and CH
become solubilized in the micellar phase due to a
hydrophobic interaction. From the spectroscopic
study, it was found that the percentage of the solubil-
ity of AN in pure water was 7.95, whereas that in a
0.015M SDS solution was 32.82.20 In other words, the

solubility of the monomer increased about four times
in the 0.015M SDS solution as compared to that in
pure water. Similarly, due to the electrostatic attrac-
tion of Ce(IV) for the negatively charged Stern layer of
SDS micelles, the concentration of Ce(IV) is high at the
micellar surface. As a result, RP(obs) and �RCe were
increased with an increasing SDS concentration, above
its CMC. A similar type of observation was noted by
Behari et al.27and Sinha et al.30

Effect of monomer concentration

For AN polymerization, RP(obs) was found to be pro-
portional to a 1.5 power concentration of the mono-
mer, which supports that termination is mutual16 (Ta-
ble II). The slope of the bilogarithmic plot of RP(obs)
versus [AN] was found to be 1.5 . These values are in
good agreement with the results published by San-
tappa et al.28 The rate of Ce(IV) consumption, � RCe,
was also linearly dependent on the monomer concen-
tration, since the slope obtained from the log–log plot
of �RCe versus [AN] was approximately one. This
may be due to greater number of monomers available

TABLE I
Effect of Surfactant Concentration on the Rates

[SDS]
(mol L�1)

104 � RP (mol L�1 s�1) 107 � (�RCe) (mol L�1 s�1)

25°C 30°C 35°C 40°C 25°C 30°C 35°C 40°C

0.000 1.08 1.60 2.11 2.63 3.16 5.18 8.22 9.77
0.005 1.16 1.71 2.13 2.69 3.34 5.39 8.31 9.88
0.010 1.30 1.86 2.42 3.16 3.76 5.92 9.02 10.65
0.015 1.47 2.01 2.72 3.56 4.26 6.58 9.96 11.70
0.020 1.62 2.23 3.01 4.09 5.73 7.17 10.68 12.63
0.025 1.70 2.34 3.23 4.46 6.08 7.59 11.16 13.11
0.030 1.72 2.40 3.35 4.69 6.19 7.74 11.35 13.33

[AN] � 0.5 mol L�1; [Ce(IV)] � 5.08 mmol L�1; [CH] � 01.08 mol L�1; [H�] � 0.5 mol L�1; [�] � 0.6 mol L�1,

Figure 1 Percentage of conversion of AN with time in the
presence of SDS at 25°C: (E) 0.000M SDS; (F) 0.005M SDS;
(‚) 0.010M SDS; (Œ) 0.015M SDS; (�) 0.020M SDS; (■)
0.025M SDS; (�) 0.030M SDS.
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in a favorable reaction site, that is, a micellar core or
micellar interface.

Effect of [ce(IV)]

On increasing the concentration of [Ce(IV)] (2.5–12.5
� 10�2 M), it was found that RP(obs) (Table III) as well
as the percent of the monomer conversion increased.
The order of RP(obs) with respect to [Ce(IV)] is half,
which was confirmed by the value of the slope (0.5) of
the bilogarithmic plot of RP(obs) versus [Ce(IV)]. Due to
the electrostatic attraction of Ce(IV) for the Stern layer
of SDS micelles, a greater number of Ce(IV) species
were available at the micellar surface on increasing the
concentration in the reaction mixture, which amelio-
rated the free-radical formation, resulting higher val-
ues of RP(obs). The square-root dependence of RP(obs)
on the Ce(IV) concentration was also reported by
other workers earlier.27,28 The rate of Ce(IV) consump-
tion, � RCe, has a linear dependence on the Ce(IV)
concentration. Such Ce(IV) dependence in the poly-
merization process was reported earlier.29 This also
was confirmed by the slope of the bilogarithmic plot
(Table III).

Effect of CH concentration

On increasing the concentration of CH (0.05–0.25M),
the RP(obs) also increased (Table IV). The bilogarithmic
plot of RP(obs) versus [CH] produces straight lines
having slopes of 0.50 for all the temperatures. With

increase of the concentration of CH in the reaction
medium, its solubilization increases in the micellar
phase, resulting in a better environment for rapid
polymerization.16,20 In the absence of CH, no polymer-
ization took place in the case of AN. � RCe is linearly
dependent on [CH] and the order was unity obtained
from the log–log plot of � RCe versus [CH].

Effect of [H�]

At a constant ionic strength (0.5M), increasing the acid
concentration leads to an increase in RP(obs) (Table V)
in 0.015M SDS. The localization [H�] at the Stern layer
of the micelles of SDS, at its higher concentration,30 led
to the enhancement of the rates. When the ionic
strength was not maintained, RP(obs) was found to be
independent of [H�].

Effect of temperature

An enhancement of the rate of polymerization was
observed, both in the absence and the presence of
0.015M SDS in the reaction medium, on increasing the
temperature from 25–450C. Perhaps it is the increased
propagation rate constant and �RCe with the temper-
ature that promotes the rate of polymerization. From
the Arrhenius plot (Fig. 2), the overall activation en-
ergy for the polymerization processes were computed
to be 23.14 and 17.64 kcal/mol in the absence and
presence of 0.015 M SDS. A decrease of 5.5 kcal/mol in

TABLE III
Effect of Ce(IV) Concentration on the Rates

[Ce(IV)]
(mol L�1)

104 � RP (mol L�1 s�1) 107 � (�RCe) (mol L�1 s�1)

25°C 30°C 35°C 40°C 25°C 30°C 35°C 40°C

5.03 1.47 2.01 2.72 3.56 4.26 6.58 9.96 11.70
10.08 1.94 2.85 3.86 5.06 8.48 13.17 19.99 23.45
15.09 2.37 3.51 4.73 6.19 12.75 19.73 30.21 34.98
20.03 2.73 4.03 5.45 7.14 16.98 26.35 39.89 46.66
25.05 3.04 4.49 6.06 7.95 21.21 32.91 49.88 58.51

[SDS] � 0.015 mol L�1; [AN] � 0.5 mol L�1; [CH] � 01.08 mol L�1; [H�] � 0.5 mol L�1;
[�] � 0.6 mol L�1.

TABLE II
Effect of Acrylonitrile Concentration on the Rates

[AN]
(mol L�1)

104 � RP (mol L�1 s�1) 107 � (�RCe) (mol L�1 s�1)

25°C 30°C 35°C 40°C 25°C 30°C 35°C 40°C

0.4 0.98 1.46 1.97 2.58 6.81 10.53 16.12 18.77
0.5 1.47 2.01 2.72 3.55 8.48 13.17 19.99 23.45
0.6 1.78 2.64 3.56 4.66 10.17 15.84 24.11 28.15
0.7 2.26 3.33 4.49 5.83 11.22 18.45 28.07 32.83
0.8 2.71 4.04 5.46 7.15 13.57 21.03 32.01 37.55

[SDS] � 0.015 mol L�1; [Ce(IV)] � 5.08 mmol L�1; [CH] � 01.08 mol L�1; [H�] � 0.5 mol
L�1; [�] � 0.6 mol L�1.
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the activation energy supports the positive catalytic
role of the surfactant.16,17,20

Reaction mechanism and kinetic scheme

Taking into account all the aforementioned facts, it is
concluded that the polymerization process occurs
mostly in the micellar phase of the anionic surfactant,
SDS. To explain this, a free-radical mechanistic scheme
was proposed for redox polymerization, which is as
follows:

nS º Sn

AN � SnL|;
K1

ANSn

CH � SnL|;
K2

CHSn

Reaction of Ce(IV) with Cyclohexanone:

Ce�IV� � CHSn ¡
k1

Ce�IV� � Product � 1

Formation of free radical:

Ce�IV� � CHSnL|;
K3

ComplexO¡
km

R• � Product � 2

Initiation by Primary radical:

R• � ANSnO¡
ki

m

RANSn

•

Initiation by Ce (IV):

Ce�IV� � ANSnO¡
ki

m�

ANSn

•

� Ce�III� � H�

Propagation:

ANSn � RȦNSnO¡
kp

m

RȦN2Sn

ANSn � RȦN2SnO¡
kp

m

RȦN3Sn

TABLE IV
Effect of Cyclohexanone Concentration on the Rates

[CH]
(mol L�1)

104 � RP (mol L�1 s�1) 107 � (�RCe) (mol L�1 s�1)

25°C 30°C 35°C 40°C 25°C 30°C 35°C 40°C

0.054 0.96 1.41 1.91 2.50 2.15 3.29 4.45 5.82
0.108 1.47 2.01 2.72 3.56 4.26 6.58 9.96 11.70
0.152 1.66 2.43 3.28 4.29 6.47 9.91 15.12 17.41
0.206 1.91 2.84 3.84 5.03 8.63 13.18 20.23 23.29
0.262 2.15 3.16 4.27 5.59 10.74 16.48 24.89 29.11

[SDS] � 0.015 mol L�1; [AN] � 0.5 mol L�1; [Ce(IV)] � 5.08 mmol L�1; [H�] � 0.5 mol
L�1; [�] � 0.6 mol L�1.

TABLE V
Effect of [H�] and Ionic Strength on the Rates

[H�]
(mol L�1) � (mol L�1)

104 � RP1
(mol L�1 s�1) 107 � (�RCe)1 (mol L�1 s�1)

25°C 30°C 35°C 40°C 25°C 30°C 35°C 40°C

0.1 0.5 0.67 0.92 1.33 1.79 2.12 3.83 4.99 7.12
0.2 0.5 0.81 1.22 1.71 2.22 3.29 5.44 9.88 10.32
0.3 0.5 1.09 1.54 2.02 2.72 4.39 8.19 12.52 14.89
0.4 0.5 1.32 1.76 2.39 3.01 6.11 10.77 16.31 18.33
0.5 0.5 1.47 2.01 2.72 3.55 8.48 13.17 19.99 23.45
0.2 0.2 1.49 1.99 2.72 3.57 8.46 13.19 19.98 23.48
0.3 0.3 1.48 2.02 2.69 3.56 8.47 13.16 20.01 23.43
0.4 0.4 1.47 2.00 2.69 3.56 8.46 13.15 19.97 23.44

[SDS] � 0.015 mol L�1; [AN] � 0.5 mol L�1; [Ce(IV)] � 5.08 mmol L�1; [CH] � 01.08 mol L�1.
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ANSn � RȦN�x�1�SnO¡
kp

m

RȦNxSn

Linear termination:

RȦNxSn � Cr�VI�O¡
kt

m

Polymer

Mutual termination:

RȦNxSn � RȦNySnO¡
kt

m

Polymer

Reaction of Ṙ with Ce(VI):

Ce�IV� � ṘO¡
ko

m

Product � 3

where R is the primary radical; S, the surfactant; Sn,
micelles; AN, acrylonitrile; and ki

m, kp
m, and kt

m, the
respective rate constants. The superscript m indicates
the micellar phase.

Using a steady-state assumption for the free radical,
the expression for the rate of polymerization (Rp

m) and
the rate of Ce(VI) consumption (�RCe

m) can be de-
rived as follows:

For linear termination,

RP
m �

kp
m�ANSn	

2

kt
m �

k��CHSn	

�ANSn	 � �k0
m

ki
m��Ce�IV�	

� ki
m�� (1)

�RCe
m � 2�Ce�IV�	
k��CHSn	 � ki

m��ANSn	� (2)

For mutual termination,

RP
m �

kp
m�ANSn	

1.5�Ce�IV�	0.5

�kt
m�0.5

� �
k��CHSn	

�ANSn	 � �k0
m

ki
m��Ce�IV�	

� ki
m��

0.5

(3)

�RCe
m � �Ce�IV�	
k��CHSn	 � ki

m��ANSn	� (4)

It was observed that no polymerization took place
in the absence of an organic substrate, that is, Ce(IV)
alone could not initiate polymerization, leading to the
elimination of the term k0

m. Since the polymer ob-
tained was found not to contain Ce(IV), the linear
termination was also not considered. Hence, the rate
expression be given as

RP
m �

kp
m�ANSn	

1.5�Ce�IV�	0.5

�kt
m�0.5 �

k��CHSn	

�ANSn	 � �k0
m

ki
m��Ce�IV�	�

0.5

(5)

TABLE VI
Rate Parameters for Polymerization of Acrylonitrile

in Presence of Cyclohexanone by Ce(IV)

Temperature

(k0
m/ki

m) � 103 kp
m/kt

m0.5

1 2 1 2

25 2.41 2.43 1.86 1.81
30 1.81 1.78 2.41 2.40
35 1.66 1.62 3.12 3.19
40 1.44 1.48 3.98 4.10

1, From {[AN]/Rp(obs)}
2 versus 1/[AN].

2, From {[AN]/Rp(obs)}
2 versus 1/[Ce(IV)].

Figure 2 Arrhenius plot: log RP(obs) versus 1/T.
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�RCe
m � �Ce�IV�	
k��CHSn	 � ki

m��ANSn	� (6)

�RCe
m � k�K2�Ce�IV�	�CH	�Sn	 (7)

The observed rate of polymerization, RP(obs), can be
taken as the sum of the polymerization in the bulk
phase, RP

b, and that in the micellar phase, Rp
m, that is,

RP(obs) � RP
b � Rp

m. Since at a higher concentration of
the surfactant, above its CMC, the rate of the observed
polymerization is almost equal to the rate of polymer-
ization in the micellar phase, due to the high solubili-
zation of AN and CH,17 that is, RP(obs)�Rp

m. Then, eq.
(5) can be rearranged after squaring and with proper
substitution as follows:

�AN	2

RP�obs�
2 �

km
t

K1
2K2kp

m2k�kt
m�AN	�CH	�Sn	

3

�
k0

mkt
m

K1
3K2kp

m2k�ki
m�AN	�CH	�Sn	

4 (8)

Rate parameters

The values of k0
m/ki

m and kp
m/kt

m0.5 for AN at various
concentrations were calculated from the plot of
{[AN]/RP(obs)}

2 versus 1/[AN} (Fig. 3) and {[AN]/
RP(obs)}

2 versus 1/[Ce(IV)} (Fig. 4) on substituting the
value of [Sn] obtained from the relationship [Sn] � (CD

� CMC)/N, where CD is the concentration of the
surfactant, and N, the aggregation number, which was
taken as 62 (ref. 31), and the values of K1 and K2, (i.e.,
7.92 � 102 mol L�1 and 9.11 � 104 mol L�1) were
obtained previously16,20 and are furnished in Table III,
using following relationship:

From plot {[AN]/RP(obs)}
2 versus 1/[AN]

k0
m

ki
m �

slope
intercept

K1�Sn	

�Ce�IV�	
(9)

kp
m

kt
m0.5 �

k0
m/ki

m


intercept � K1
2K2k��Ce�IV�	�CH	�Sn	

3�
(10)

From plot {[AN]/RP(obs)}
2 versus 1/[Ce(IV)]

k0
m

ki
m �

slope
intercept

1
K1�AN	�Sn	

(11)

kp
m

kt
m0.5 �

k0
m/ki

m


intercept K1
3K2k��AN	�CH	�Sn	

4�
(12)

CONCLUSIONS

The increase in RP(obs) as well as the percent of the
conversion of AN in the presence of SDS is probably
due to the hydrophobic interaction of the monomer
and organic substrate for the micellar core as well as
the electrostatic interaction of the Ce(IV) species for
the negatively charged Stern region of the SDS mi-
celles.

The authors are thankful to UGC, New Delhi (DRS-SAP),
and DST, India (FIST), and one of the authors (M. P.) to
CSIR, New Delhi for the RA position.
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