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ABSTRACT: The polymerization of acrylonitrile (M), ini-
tiated by the free radicals formed in situ in the Ce (IV)-su-
crose redox system, was studied in aqueous sulfuric acid
medium under nitrogen atmosphere in the temperature
range of 30–608C. The rate of polymerization is propor-
tional to [M],1.0 [R],0.76 [Ce(IV)]0.8, and [H1]20.46. The rate
of Ceric ion disappearance and the rate of polymerization
Rp have been measured. The effects of some water–misci-
ble organic solvents, surfactants, ionic strength, and com-
plexing agents on the rate of polymerization were investi-

gated. The temperature-dependence of the rate was stud-
ied and the activation parameters were computed using
the Arrhenius and Eyring plots. A mechanism consistent
with the experimental data, involving Ce(IV)-sucrose com-
plex formation, which generates free radicals, is suggested.
The chain termination step of the polymerization reaction
was determined. � 2008 Wiley Periodicals, Inc. J Appl Polym
Sci 108: 3760–3768, 2008
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INTRODUCTION

Redox polymerization of vinyl monomers initiated
by transition metal ions in their higher oxidation
states in an aqueous medium can provide valuable
information regarding the mechanistic details of the
elementary steps.1–11 Sucrose is an ordinary table
sugar. It occurs mainly in cane sugars followed by
sugar beet. Other sources are honey, pineapples, ba-
nana, and several other fruits. Sucrose does not con-
tain a free aldehydic or kenotic group. When sucrose
boiled with a dilute acid or treated with enzyme in-
vertase, sucrose is hydrolyzed to equal amounts of
glucose and fructose. The kinetics of oxidation of
sugars with various metal ions12,13 and strong oxi-
dants14 in alkaline medium has been extensively
studied. Oxidations of reducing sugars with oxidants
like Ce(IV) are not found in literature. Monosaccha-
rides such as glucose and fructose have wide syn-
thetic applications. Glucose is a source of energy in
plants and animals and also serves as the mono-
meric units of cellulose, the structural framework in
woody plants. Hence, the reactions involving carbo-
hydrates are of considerable interest. In the recent
years, the use of tetravalent cerium as an initiator of

the graft polymerization of vinyl monomers on cellu-
losic and other textile materials has gained consider-
able importance on account of its high grafting effi-
ciency,15,16 compared with the other known redox
systems such as ferrous-hydrogen peroxide and
thiosulfate-persulfate.17,18 There is a research pro-
grammed to investigate the vinyl graft polymeriza-
tion onto various natural fibers using Ce(IV) as cata-
lyst and carbohydrates i.e., glucose, sucrose etc, as
catalyst with a view to achieving higher grafting effi-
ciency. The use of sucrose in particular, as the reduc-
ing component is of great industrial importance.

Several reports19,20 have been appeared on the
mechanism and kinetics of polymerization involving
Ceric ion-alcohols redox system, Ceric ion-aldehydes
redox system21 and Ceric ion-D-glucose22 and Ceric
ion-ketones23 for the polymerization of vinyl mono-
mers. Recently D-glucose has been used with Ceric
ion for the polymerization of various vinyl mono-
mers. In the present investigation Ce (IV)-sucrose
pair24 has been used for the polymerization of acry-
lonitrile with elucidate the mechanism involved in
the process.

EXPERIMENTAL

Materials and methods

Acrylonitrile (S.d fine Chem.) was free from inhibitor
and purified by the method of Bamford and
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Jenkins.25 Ceric ammonium sulfate (S.d.Fine Chem),
sucrose, H2SO4, sodium bisulfate, sodiumperchlo-
rate, ferrous ammonium sulfate, sodium oleate, zinc
sulfate, cetyltrimethyl ammonium bromide and Tri-
ton-X-100, methanol, DMF were used of analar
grade. Triple distilled water was used throughout
the experiment. Pure nitrogen, obtained by passing
through a column of Fieser’s solution and distilled
water, was used for the deaeration of all experimen-
tal systems. Ceric ion concentration was determined
by titration against standard ferrous ammonium sul-
fate solution in sulfuric acid medium, barium diphe-
nylamine sulfonate as an internal indicator.

Kinetic measurements

Reactions were performed under the inert atmos-
phere of nitrogen in Pyrex glass vessels. In a typical
kinetic run, a mixture of solutions containing requi-
site amounts of the acrylonitrile monomer (M), su-
crose, Ce(IV), the acid (sulfuric acid 1 sodium sul-
fate to maintain a known acid concentration), zinc
sulfate, (to maintain a constant ionic strength), and
water (to keep the total volume constant) was ther-
mally equilibrated in a water bath at a desired tem-
perature. A wash bottle containing an aqueous solu-
tion of acrylonitrile, whose concentration is the same
as in the reaction vessel was interposed between the
nitrogen train and the reaction vessel to avoid any
loss of monomer due to deaeration. Oxygen-free
nitrogen was bubbled through the solution for a
given period (ca. 30 min) and then the solution of
the oxidant, Cerium (IV), was added. The reaction
vessel was sealed with a rubber gasket. The reaction
was arrested by adding a known amount of stand-
ard ferrous ammonium sulfate or by cooling the
reaction mixture to 08C and blowing air in. The rate
of Cerium (IV) disappearance (2Rm) was followed
spectrophotometrically at its kmax (440 nm) by deter-
mining [Cerium (IV) ] before and after polymeriza-
tion. The rate of polymerization (RP) was determined
gravimetrically.26–29

Stoichiometry and product analysis

Reaction mixture of various constitutions of Ce (IV),
sucrose, acrylonitrile, and H2SO4 were equilibrated
at 508C for 24 h. The reaction mixture showed that 1
mole of Ce (IV) was consumed per mole of sucrose
according to equations as follows:

CeðSO4Þ2 þHSO�
4 �CeðSO4Þ2�3 þHþ (i)

CeðSO4Þ2 þ C12H21O
�
11 �CeðSO4Þ2�C12H20O

2�
11 þHþ

(ii)

CeðSO4Þ2 þ C12H20O
2�
11 �CeðSO4Þ2 þ �C12H20O

2�
11

(iii)

CeðSO4Þ2 þ C12H20O
2�
11 þ �C12H20O11 �! CeðSO4Þ2

þ C12H20O11
2�12Cþ 10H2Oþ 1=2O2 ðivÞ

Molecular weight determination

The molecular weight (Mv) of the purified samples
of polyacrylonitrile product were determined by
viscometry. A 0.1% solution of the polymer in N,N-
dimethyl formamide (DMF) was filtered through a
fitted glass filter and placed in an Ubbelohde-type
suspended-level dilution viscometer. The intrinsic
viscosity (/h/) was determined and the Mv value
was evaluated using the following Mark-Houwink
equation given by the Stockmayer and Cleland30

/h/ 5 (3.335 3 1024) 3 Mv
0.72 at 308C for polyacry-

lonitrile in DMF. The molecular weight of the poly-
mer product, under standard condition, was found
to be 1.41 3 106. It increases with increase in mono-
mer concentration and decreases with increase in
[Ce (IV)], [Sucrose], or temperature. This effect is
attributed to the fact that increases in [Ce (IV)], [Su-
crose], or temperature provides more chances for
premature termination of growing chain radicals,
thus reducing the degree of polymerization. Similar
effects have been reported by Behari et al.31

RESULTS AND DISCUSSION

The polymerization of acrylonitrile initiated by Ce
(IV)-sucrose redox system takes place at a measura-
ble rate at 508C. Although no induction period was
observed under deaerated conditions, there exists an
induction period if the solution was not deaerated.
Thus, it was evident that the polymerization was ini-
tiated by free radicals formed in situ by the redox
system. The steady state was attained within 60 min.
The rate of Ce (IV) disappearance (2Rm) was found
to be independent of monomer concentration. For
[Ce (IV)] 5 4.0 3 1023 mol/dm3, a plot of (2Rm)
versus [Ce (IV)] was linear and passes through ori-
gin. A plot of 21/Rm versus 1/[sucrose] was linear
with an intercept on the rate axis, indicating Line
Weaver and Burk32 kinetics for complex formation
(Fig. 1, Table I). Density of the polymer was found
to be 1.20 g/cm3, the refractive index of the polya-
crylonitrile is found to be 1.433.

Effect of [Ce (IV)] on the rate of polymerization

The initial rate, as well as the maximum conversion
increases with increase in the Ce(IV) concentration
in the range (2.0 3 1023 mol/dm3 to 25.0 3 1023
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mol/dm3). This is due to the fact that increase in Ce
(IV) concentration increases the rate of production of
primary radicals, and hence, the number of propa-
gating polymer radicals, which in turn increases the
polymerization rate and the maximum conversion.
The order with respect to [Ce (IV)] was found to be
fractional from a plot of log Rp versus log [Ce (IV)]
(Fig. 2, Table III), which clearly indicate that
termination occurs through bimolecular interaction
of growing polymer chain radicals.33,34 The Mv de-
creases with increase of Ce(IV) concentration, which
can be explained by the fact that increasing con-
centration of Ce(IV) provides more chance for pre-
mature termination of growing chain radicals,
which inturn reduces the degree of poly-
merization.33,34

Rate of Ce (IV) disappearance (2Rm) on
the rate of polymerization

The rate of Ce (IV) disappearance (2Rm) was found
to be independent of monomer concentration. For

[Ce (IV)] 5 4.0 3 1023 mol/dm3, a plot of (2Rm)
versus [Ce (IV)] was linear and passed through ori-
gin. A plot of (21/Rm) versus 1/[su] was linear with
an intercept on the rate axis, indicating Line Weaver
Burk kinetics for complex formation Table I.

Effect of [sucrose] on the rate of polymerization

The rate of polymerization increases with increase of
sucrose concentration, and gradually decreases. The
order of the reaction with respect to sucrose concen-
tration was found to be (0.76) fractional order, from
the plot of log Rp versus log [sucrose] in the concen-
tration range (2.0–20.0 3 103 mol/dm3). When the
initial concentratin of sucrose was increased, the rate
increases due to the production of primary radicals.
The exponent of sucrose concentration was found to
be fractional. At higher concentration of sucrose rate
of polymerization decreases due to chain transfer of
sucrose (Fig. 3, Table III).

Effect of monomer concentration on the
rate of polymerization

The effect of monomer concentration on polymeriza-
tion rate (Rp) was studied in the region (1.5168–3.792
3 103 mol dm23). The initial rate and percentage
conversions were found to increase with the increase
in monomer concentration, when the concentration
of the monomer is increased. The availability of
monomer molecules in the propagation step
increases which obviously increase the rate of poly-
merization. The exponent with respect to monomer
concentration was found to be 1.0. The order of the
reaction with respect to monomer concentration is
calculated from the plot of log Rp versus log [M]
(Fig. 4, Table III). The order with respect to mono-
mer concentration was found to be unity in the

Figure 1 Inverse Plot of Ce(IV) disappearance versus 1/
[Sucrose], [Ce(IV)] 5 4.0 3 1023 mol/dm3, [Su] 54.0 3
1023 mol/dm3, [AN] 5 1.5168 3 1023 mol/dm3, [H2SO4]
5 2.0 3 1023 mol/dm3, temperature 5 3238K.

TABLE I
Plots of 21/Rm Versus 1/[Su]

21/Rm 1/[Su]

98.167 500
72.149 333.33
57.980 250
48.958 200
34.270 125
28.924 100
29.525 83.33
29.412 50

Figure 2 Effect of [Ce (IV)] on the rate of polymerization,
[Ce(IV)] 5 4.0 3 103 – 25.0 3 103 mol/dm3, [SU] 5 4.0 3
103 mol/dm3, [AN] 5 1.5168 3 103 mol/dm3, [H2SO4] 5
2.0 3 103 mol/dm3, temperature 3238K.
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range 1.5168–3.792 3 103 mol dm23. At higher con-
centration of monomer, the rate decreases because of
increases in viscosity of the medium, due to the sol-
ubility of the polymer in the monomer rendering the
diffusion of the ions higher than unity is indicative
of the occurrence of cage effect.35

Effect of H2SO4 concentration on the
rate of polymerization

Kinetic measurements were performed in H2SO4–Na
HSO4 solutions of different H1 ion concentration.

The effective hydrogen ion concentrations were eval-

uated from the calibration plot of Kemp and
Waters.36 The rate of polymerization decreases with

an increasing in H1 ion concentration indicating that
the hydrolyzed species of Ce (IV) is more reactive

than the unhydrolyzed species, and also that the
unprotonated form of sucrose is more reactive than
the protonated form. The order with respect to H1

ion concentration was found to be fractional
from the plot of log Rp against log [H1] (Fig. 5,

Table III).

TABLE III
Effect of Variation of [Sucrose], [Ce (IV)], [H2SO4] [Monomer], and Temperature

Ce (IV) 3 103

mole/dm3
[SU] 3 103

mole/dm3
[AN] 3 103

mole/dm3
[H2SO4] 3 103

mol/dm3 Temp (K)
Rp 3 104

mole/dm3

2.0 4.0 1.5168 2.0 323 3.80
4.0 4.0 1.5168 2.0 323 6.62
8.0 4.0 1.5168 2.0 323 11.52

16.0 4.0 1.5168 2.0 323 20.00
20.0 4.0 1.5168 2.0 323 18.98
25.0 4.0 1.5168 2.0 323 15.03
4.0 2.0 1.5168 2.0 323 3.91
4.0 3.0 1.5168 2.0 323 5.32
4.0 4.0 1.5168 2.0 323 6.62
4.0 5.0 1.5168 2.0 323 7.84
4.0 8.0 1.5168 2.0 323 11.20
4.0 10.0 1.5168 2.0 323 13.27
4.0 12.0 1.5168 2.0 323 13.00
4.0 20.0 1.5168 2.0 323 13.05
4.0 4.0 0.3792 2.0 323 1.09
4.0 4.0 0.7584 2.0 323 2.50
4.0 4.0 1.1376 2.0 323 4.42
4.0 4.0 1.5168 2.0 323 6.62
4.0 4.0 1.896 2.0 323 9.05
4.0 4.0 2.275 2.0 323 11.67
4.0 4.0 2.651 2.0 323 14.48
4.0 4.0 3.033 2.0 323 17.45
4.0 4.0 3.792 2.0 323 17.00
4.0 4.0 1.5168 1.0 323 9.10
4.0 4.0 1.5168 2.0 323 6.62
4.0 4.0 1.5168 3.0 323 5.49
4.0 4.0 1.5168 4.0 323 4.81
4.0 4.0 1.5168 8.0 323 3.49
4.0 4.0 1.5168 10.0 323 3.45
4.0 4.0 1.5168 14.0 323 3.50
4.0 4.0 1.5168 2.0 303 3.47
4.0 4.0 1.5168 2.0 308 3.98
4.0 4.0 1.5168 2.0 313 4.90
4.0 4.0 1.5168 2.0 318 5.62
4.0 4.0 1.5168 2.0 323 6.62
4.0 4.0 1.5168 2.0 333 9.12
4.0 4.0 1.5168 2.0 338 8.01

TABLE II
Effect of Surfactants on the Rate of Polymerization

Surfactants
added

Hydrocarbon
chain length

Concentration
1023 mol/dm3

CMC
mol/dm3 Effect on the rate

Anionic SLS C12 0.10–0.26 0.09 Increased above and below CMC
Cationic CTABr C19 0.10–1.67 0.845 Decreased above and below CMC
Non-ionic Triton X-100 – – – No effect
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Effect of organic solvents on the rate of
polymerization

Addition of water-miscible organic solvents (5% (V/
V) such as methanol, ethanol and DMF, to the reac-
tion mixture depresses the initial rate as well as the
maximum conversion. This is due to the decrease
in the area of shielding of a strong hydration layer
in the aqueous medium, resulting in the termination
of the radical end of the growing chain, or due to
the increase in the regulated rate of production of
primary radicals caused by the solvent which ren-
ders the termination rate to be relatively fast as com-
pared to the growth of the polymer chains as shown
by Schulze et al.38 Konar and Palit38 have made sim-

ilar observations even with a homogeneous medium
in which water is the additive. The interchain hydro-
gen bonding interlocking the polymer chain is not
rigid causing premature mutual combination of the
polymer chains or it may also be due to a change in
the termination rate arising from a change in the
degree of occlusion of the radicals.

Effect of surfactants on the rate of polymerization

Addition of anionic surfactant such as sodium lauryl
sulfate (SLS) increased the rate of polymerization Rp

Figure 3 Effect of [sucrose] on the rate of polymerization,
[Ce(IV)] 5 4.0 3 103 mol/dm3, [SU] 5 4.0–8.0 3 103 mol/
dm3, [AN] 5 1.5168 3 103 mol/dm3, temperature 3238K,
[H2SO4] 5 2 3 103 mol/dm3.

Figure 4 Effect of [monomer] on the rate of polymeriza-
tion, [Ce(IV)] 5 4.0 3 103 mol/dm3, [SU] 5 4.0 3 103

mol/dm3, [AN] 5 0.3792–3.792 3 103 mol/dm3, [H2SO4] 5
2.0 3 103 mol/dm3, temperature 3238K.

Figure 5 Effect of [H2SO4] on the rate of polymerization,
[Ce(IV)] 5 4.0 3 103 mol/dm3, [SU] 5 4.0 3 103 mol/dm3,
[AN] 5 1.5168 3 103 mol/dm3, [H2SO4] 5 1.0–14.0 3 103

mol/dm3; temperature 3238K.

Figure 6 Effect of temperature on the rate of polymeriza-
tion, [Ce(IV)] 5 4.0 3 103 mol/dm3, [SU] 5 4.0 3 103

mol/dm3, [AN] 5 1.5168 3 103 mol/dm3, [H2SO4] 5 2.0 3
103 mol/dm3; temperature 303–3388K.
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above and below CMC value. The cationic surfactant
such as Cetyl tri methyl ammonium bromide
(CTABr) decreases the rate above and below CMC
value. In contrast, the nonionic surfactants like Tri-
ton-X-100 have no effect on the rate. Hydrophobic
interactions and electrostatic attractions are mainly
responsible for the enhancement or inhibition of the
rate of polymerization38 Table II.

Effect of ionic strength (I)

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 was varied by using

ZnSO4, there was an increase in the rate of polymer-

ization due to the catalyzing effect of SO2�
4 .

Scheme 1 Reaction mechanism.
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Effect of temperature on the rate

The polymerization reaction has been studied at dif-
ferent temperatures from 30 to 608C. The initial rate
of polymerization was found to be increases steadily
with increase of temperature. Thereafter decreases
above 608C. It may be due to an increase in the
mobility of growing chain radicals in the system,
leading to their efficient termination.

The activation energy (Ea) 5 27.22 kJ/mol was
calculated from Arrhenius plots of log Rp versus I/T
in the temperature range of 30–608C (Fig. 6, Table
III). The other thermodynamic parameters were
calculated from the Eyring plots are: DH= 5 24.5 kJ
mol21,

DS 6¼ ¼ �230:7 JK�1mol�1 and DG6¼ ¼ 99:0 KJ mol�1

The reaction, which was initially homogeneous, later
it was heterogeneous as soon as polymerization
started, this is due to the formation of an insoluble
product. Based on the above results the following
mechanism (Scheme 1) is proposed.

Mechanism and the rate law

It has been assumed that Cerium (IV), species pres-
ent in sulfuric acid are Ce41(aq), Ce (OH)31(aq), and
CeSO4

1, Since the effect of HSO�
4 ion on the reaction

under investigation is negligible, role of CeSO4
1 is

ruled out. Therefore, a combined role of Ce41(aq) and
Ce(OH)31(aq) can be envisaged ,as observed in many
Ce(IV) reactions. In fact Ce(OH)31(aq) should be consid-
ered as more reactive in view of the decrease in rate
with increase in [H1].

Fructonic acid is exists in the form of a cation, in
strongly acidic medium. The most likely reaction
mechanism that can satisfactorily explain the ob-
served data is as shown in Scheme 2 below:
where sucrose stands for protonated acid, X, R�, Z
for transient intermediates. In the presence of radical
scavenger, i.e; the acrylonitrile monomer, the reac-
tion step (3) is less probable and the overall rate of

Ce(IV) disappearance is given by the forward step
for the reaction (2)

�d½Ce4þ�
dt

¼ k2 ½complex� (4)

Initiation:

Mþ R� �!ki RM�
1 (5)

Propagation:

RM�
1 þM�!kp RM�

2 (6)

RM�
X�1 þM�!kp RM�

X (7)

Termination:

RM �X þRM�Y �!k1 Polymer (8)

Applying the steady state principles to X and R�,
we get

d½complex�
dt

¼ k1½Ce4þ�½SU� � k�1½complex�½Hþ�
� k2½complex� ¼ 0 ð9Þ

½Complex� ¼ k1½Ce4þ�½SU�
k2 þ k�1½Hþ� (10)

�d½Ce4þ�
dt

¼ k1k2½Ce4þ�½SU�
k2 þ k�1½Hþ� (11)

d½R��
dt

¼ k2½Complex� � k�2½R��½Ce3þ�½Hþ�
� k0½R��½Ce4þ� � ki½R��½M� ¼ 0 ð12Þ

½R�� ¼ k1k2½Ce4þ�½SU�
fk2 þ k�1½Hþ�gfk2½Ce3þ�½Hþ� þ k0½Ce4þ� þ ki½M�g

(13)

Since the propagation is the stage that involves the
major consumption of the monomer, the role of
monomer loss can be expressed in terms of propaga-
tion only:

Rp ¼ �d½M�
dt

¼ kp½RM�
1�½M� (14)

Based on the usual assumption that the radical reac-
tivity is independent of the radical chain length, the
rate of polymerization becomes,

Rp ¼ kp½RM�x�½M� (15)

Scheme 2 Kinetic.
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In the overall polymerization, the rate of initiation
and the rate of termination become equal, resulting
in a steady concentration of free radicals.

ki½R��½M� ¼ kt½R�M�
x�2 (16)

½R�M�
x� ¼

ki
kt

� �1=2

½R��1=2½M�1=2 (17)

Thus; Rp ¼ kp
ki
kt

� �1=2

½M�3=2

k1k2½Ce4þ�½SU�
ðk2 þ k�1½Hþ�Þðk�2½Ce3þ�½Hþ� þ k0½Ce4þ� þ ki½M�Þ

� �1=2

(18)

Rp ¼ kpðk1k2ki=ktÞ1=2

¼ ½M�3=2½Ce4þ�1=2½SU�1=2
k2 þ k�1½Hþ�1=2ðk�2½Ce3þ�½Hþ� þ k0½Ce4þ� þ ki½M�1=2

(19)

Thus the dependence of Rp on [M]1, [Ce(IV)]0.8,
[SU]076, [H1]20.46, all of which are observed, are con-
sistent with the experimental results. The low energy
of activation is an indication of the high reactivity of
the initiator and provides direct experimental evi-
dence of the existence of transient radical intermedi-
ates generated in redox reactions. It also enables the
identification of these radicals as end groups of the
polymer. Further work on the kinetics of polymer-
ization of various vinyl monomers initiated by the
reaction of Cerium (IV) and other transition metal

ions with suitable reductants are in progress in our
laboratory.

Spectroscopic analysis of the prepared polymer

The formation of polyacrylonitrile in this system was
endorsed by spectroscopic analysis FTIR.39 The FTIR
of the prepared polymer revealed the manifestation
of peaks at 1454.76, 2243.93, and 2939.61 cm21 corre-
sponds to CH2, CH, CN (Fig. 7).

CONCLUSION

Acrylonitrile is polymerized in a nitrogen atmos-
phere by the redox system of Cerium (IV)-sucrose
via free radical mechanism. The polymerization reac-
tion with respect to monomer concentration is 1.0,
and reaction order related to cerium (IV) and
sucrose are 0.80 and 0.76, respectively, which indi-
cates that bimolecular mechanism is suggested and
the following rate equation is derived:

Vp ¼ k½M�1:0½CeðIVÞ�0:8½Su�0:76½Hþ��0:46

From the Arrhenius plot, the overall energy of
activation (Ea) has been calculated to be 27.22 kJ/
mol in the investigated range of temperatures.

We thank Karnataka Malladi Biotics Limited, Tubinakere
Industrial Area, Mandya for Providing FTIR spectra.
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