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SYNOPSIS

The effects of toluene on the kinetics of polymerization of acrylonitrile (AN) initiated by
the Ce(IV)/sucrose redox system were studied in the presence of an emulsifier, N-cetyl-
trimethylammonium bromide (NCTAB) in the temperature range 35-45°C. The effects
of concentration of metal ion, monomer, sulfuric acid, substrate (sucrose), emulsifier, tol-
uene, some inorganic salt, and organic solvent on R, have also been investigated. The
remarkable features of the investigation involve the derivation of the rate expression for
the above system with the calculation of activation energy. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

Surfactants serve the purpose of lowering the surface
tension at the monomer water interface and facili-
tate emulsification of the monomer in water. They
stabilize the emulsion of the monomer and the poly-
mer monomer particle by forming a monolayer of
soap around each. At low concentration, surfactants
become fully dissolved or molecularly dispersed. Be-
yond a particular concentration, i.e., critical micelle
concentration (CMC), the excess amount forms
molecular aggregates known as micelles and an
equilibrium exists between the dissolved surfactant
and the aggregated ones. With relatively insoluble
monomers, nearly all of the polymer particle nuclei
are initiated in the monomer solubilized in the in-
terior of the soap micelles.

The rates of many chemical reactions are affected
by incorporating the reactants into their micellar
pseudophase.’ Barton et al.?® showed that the anion-
active emulsifier affects the relative molecular mass
of polyacrylamide and polymethacrylamide ( water-
soluble monomer), but that it showed no effect on
the polymerization rate. In this type of polymeriza-
tion, potassium peroxy disulfate in water and 2,2'-
azoisobutyronitrile (AIBN) in a water/ethanol
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mixture were used as initiator and sodium dodecyl
phenoxybenzene disulfonate was used as emulsifier.
Kim* observed an increase of the rate of polymer-
ization of acrylamide initiated by sodium hydrogen
trioxosulfate at concentrations of the emulsifier
higher than its critical micellar concentration.
Shukla and Misra® found that the rate of polymer-
ization of acrylamide in water initiated by the po-
tassium permanganate/ascorbic acid system in-
creases only at concentrations higher than the CMC
of the applied anion-active emulsifier, but was not
affected below the CMC value. However, the cation-
active emulsifier cetyltrimethylammonium bromide
and cetylpyridinium bromide decrease the rate of
polymerization. Capek, et al.,® Uchida and Nagao,”®
and Antonova et al.® reported the effect of an emul-
sifier on the composition of a copolymer prepared
from a monomer sparingly soluble in water with a
water-insoluble monomer. Baxendale et al.}’ used a
redox system as the initiator for polymerization of
acrylonitrile with cetyltrimethylammonium bromide
as the emulsifier and Corrin et al.'! used potassium
lauryl sulfate as the emulsifier with potassium per-
sulfate as the initiator. In both these cases, a large
increase in the rate was noticed, but in the case of
redox systems, the rate enhancement was remark-
able. The present paper deals with the influence of
toluene on Ce (IV)-sucrose-initiated polymerization
of acrylonitrile in presence of a cation-active emul-

sifier.
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EXPERIMENTAL

Materials

Acrylonitrile { AN ) was washed with 5% NaOH, 3%
ortho-phosphoric acid followed by repeated washing
with conductivity water, dried over calcium chloride,
and, finally, stored in a refrigerator for use. Reagents
like ceric ammonium sulfate, sucrose, ferrous am-
monium sulfate, toluene, N-cetyltrimethylammo-
nium bromide (emulsifier), sulfuric acid (18 M), and
glacial acetic acid were all of AnalaR grade and were
used as such. Conductivity water was prepared by
redistilling distilled water over alkaline KMnO, in
an all-glass Pyrex unit. The polymerization was
studied under atmospheric conditions.

Polymerization

Appropriate quantities of monomer, sucrose, tolu-
ene, emulsifier (NCTAB), sulfuric acid, and glacial
acetic acid were mixed in the reaction vessel ( Pyrex
vessel fitted with a Bay,29 socket, carrying a By, /g0
cone with inlet and outlet tubes) and thermostated
at the desired temperature with an accuracy of
+0.1°C. A required amount of ceric ammonium sul-
fate solution (in 1. M H,SO,) was added and the time
was noted. After the specified time interval, the po-
lymerization was arrested by adding an excess of
ferrous ammonium sulfate solution. The polymer
formed was filtered off, washed repeatedly with con-
ductivity water, and dried to constant weight. The
rate of polymerization (R,) and the percentage con-
version were calculated by using the following for-
mula:

1000 X W

Rate of pol izati R) = —5———
ate of polymerization (R,) VXt X M
where W is the weight of the polymer; V, the volume
of reaction mixture in millilitres (20 mL here); ¢,

the time in seconds; and M, the molecular mass of
monomer (for AN, M = 53.06):

wt of polymer

% Conversion = X 100

wt of monomer

RESULTS AND DISCUSSION

Effect of Time on Percentage Conversion

Effect of time on percentage conversion was studied
both in the presence of the emulsifier and in the
absence of the emulsifier at different temperatures

from 35 to 45°C, as shown in Figure 1. The per-
centage conversion was higher for systems having
an emulsifier and a limiting conversion was attained
within 60 min, which can be attributed to the pres-
ence of micelles. At higher temperature, the mono-
mer dissolves in the middle of the micelles by a pro-
cess known as solubilization,!? forming a small
number of polymer molecules. These polymer mol-
ecules capture other monomer molecules, thus
forming polymer particle nuclei that enhance the
rate of polymerization. The slow rate of polymer-
ization in soap-free water as compared with that in
micellar solutions is explained as due to the much
smaller number of polymer monomer particles pres-
ent at any time in the soap-free system.

Reaction Mechanism and Kinetic Scheme

A free-radical mechanism is assumed in the present
system as reported by Harkins!® for emulsion po-
lymerization. Here, Ce(IV)-sucrose serves as the
redox initiator system. The micelle formed from the
emulsifier (NCTAB) is designated as CH. As re-
ported by Barton et al.,? the concentration of emul-
sifier can be used for the transfer reaction of the
growing macro free radical with the emulsifier. Thus,
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Figure 1 Time-conversion curve: [AN] = 0.759 mL ™,
[H;SO0,] = 0.3 mL™, [toluene] = 0.2 mL !, [gl. HOAc]
= 2.61 mL™!, [sucrose] = 0.04 mL™%, [Ce(IV)] = 0.02
mL™!, [NCTAB] = 0.006 mL. . (@) Without surfactant
at 35°C; (O) with surfactant at 35°C; (A) with surfactant
at 40°C; (O) with surfactant at 45°C.
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it leads to the formation of a free radical of the
emulsifier taken.

However, the following mechanism is proposed
to explain the kinetic results satisfactorily:

Radical formation:

K k
Ce(IV) + sucrose = complex —

R*+ Ce(IIl) + H*
ky
CH+R - RH+C’

(micelle)
Initiation:
C+M3 omr
Propagation:

K .
CM'+ M = CM,

: 3
CM.,_, + M = CM,,
Termination:

ke
CM;, + AH — polymer + A°

(toluene)

where A” is the resonance stabilized radical:

) /'(,""" o F P ~ //(,\*%
A pr— — — —>
- B /

Oxidation:
ko
R + Ce(IV) — oxidation product

Applying the steady-state principle for the con-
centration of the free radicals, we have

AL KR [Ce(1V)] - KICHIR]
— ko[R'I[Ce(IV)] = 0
R = KR[R][Ce(IV)]
[ ]—kl[CH]+ko[Ce(IV)]
AC) _ 4 CHIR] - KICT][M] = 0
dt
(G - ICHIIR'

ki [M]

Putting the value of [R’]

B KEkk;[R]1{Ce(IV)][CH]
" kiki[CH][M] + kok:[M][Ce(IV)]
ALl — e M - rieMi 4R = 0
., _ k(CIIM]
[CMn] - kt[AH]

Putting the value of [C"]

Kkk:k;[R][Ce(IV)][CH][M]
kikik[CM][M][AH]
+ kok;k[M][{Ce(1V)][AH]

[CM%] =

The rate of polymerization R, is given by

R, = k,{CM;]1[M]

_ KkkikR[R][Ce(IV)[[CH][M]?
" kikyk[CH][M][AH]

+ kok:k,{M][Ce(IV)][AH]
_ Kkkikik,[R][Ce(IV)][CH][{M]
h kik{AH]E,[CH] + ko[Ce(1V)]

_ KEkiko[R1[Ce(IV)][CH][M]
" RkJAH]k[CH] + ko[Ce(IB)]

1 k[AH]k [CH]
R, Kkkk[R][Ce(IV)][CH][M]
k[AH]ko[Ce(IV)]
Kkkk,IR][Ce(IV)][CH][M]

_ k[AH]

"~ Kkk,[R][Ce(IV)][M]

k[AH]kRo

KEk:k,[R][CH][M]

_ kJAH] 1 ko
'Kkkp[RnM][ICeavn kl[CHl]

Dependence of Rate on Emulsifier Concentration

By increasing the concentration of the cationic
emulsifier, the rate of polymerization (R,) increases
to a certain extent and then decreases. Plots of R,
vs. [NCTAB] are shown in Figure 2. It was found
that the R, value was low at zero concentration of
[NCTAB] and it increases steadily from 0.001 mL ™
until the concentration of [NCTAB] attains 0.006
mL ! and thereafter falls. The higher concentration
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Figure 2 R,vs. [NCTAB] plots. [AN] = 0.759 mL ™},
[H:S0,] = 0.3 mL™, [toluene] = 0.2 mL ™!, [gl. HOAc]
= 261 mL™", [sucrose] = 0.04 mL™*, [Ce(IV)] = 0.02
mL?, time = 1 h.

of emulsifier at which the R, is maximum represents
the CMC. The increasing trend of R, with soap con-
centration is due to the emulsifying effect of soap
on monomer-polymer particles, i.e., soap prevents
their aggregation and thus keeps their number high.
The decrease in the R, value as reported by Bax-
endale et al.’% may be due to the fast rate of mutual
termination by the growing macroradicals initiated
in the interior of soap micelle at higher emulsifier
concentration.

Effect of Sucrose on Rate

The effect of variation of sucrose concentration on
rate of polymerization is shown in Figure 3. The
rate of polymerization increases with increasing
concentration of sucrose within the range of 0.01-
0.05 mL ! at all temperatures. The sucrose consti-
tuting a part of the redox system of Ce (IV ) —sucrose
appears more efficient in initiating a large growth
of free radicals in the monomer inside the micelle,
forming a huge number of latex particles.

Effect of Metal lon Ce(1V) on Rate

Figure 4 represents the effect of variation of Ce (IV)
concentration at three different temperatures (35,
40, and 45°C) on the rate of polymerization. The

nr-
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Figure 3 R, vs. [sucrose] plots. [AN] = 0.759 mL ™,
[H:S0,] = 0.3 mL™, [Ce(IV)] = 0.02 mL™*, [toluene]
=0.2mL?, [gl. HOAc] = 1.74 mL !, [NCTAB] = 0.006
mL™, Time =1 h.
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Figure 4 R, vs. [Ce(IV)] plots. [AN] = 0.759 mL?,
{HsS0,] = 0.4 mL ', [toluene] = 0.2 mL™, [gl. HOAc]
= 2.61 mL ™, [sucrose] = 0.04 mL™*, [NCTAB] = 0.006
mL™?, time =1 h.
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rate of polymerization increases by increasing the
concentration of Ce (IV) from 0.005-0.02 mL ™~ and
then levels off. This may be due to the formation of
increasing number of free radicals within the reac-
tion mixture.

Effect of Monomer on Rate

The effect of variation monomer (AN ) concentra-
tion on the rate of polymerization (R,) has been
shown in Figure 5. It is observed that the rate of
polymerization as well as the percent conversion in-
creases steadily with increase in monomer concen-
tration. The increasing trend of polymerization at
higher concentrations of monomer is due to the dif-
fusion of a number of free radicals of the monomer
to the core of micelle where it starts the growth of
a polymer free radical, which under usual conditions
grows large. This absorbs more monomers and starts
the growth of polymer-monomer particle that cul-
minates in the formation of polymers.

Effect of Acid Concentration on Rate

The effect of sulfuric acid concentration on the rate
of polymerization is presented in Table I. The rate
of polymerization increases slowly with increasing
the acid concentration within the range of 0.2-0.5
mL!. This may be accounted for by the formation
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Figure 5 R, vs. [M] plots. [Ce(IV)] = 0.02 mL,
[HS0,] = 0.3 mL ™, [toluene] = 0.2 mL™!, [sucrose]

=0.04 mL™!, [NCTAB] = 0.006 mL™!, time = 1 h,
[gl. HOAc] = 1.74 mL .

Table I Effect of H,SO,

R, X 10°
[H280,]
mL™ 35°C 40°C 45°C
0.20 14.690 14.847 15.554
0.25 15.109 15.528 16.078
0.30 15.397 15.606 16.261
0.40 15.528 15.714 16.444
0.50 15.737 15.816 16.496

[AN] = 0.759 mL"", [Ce(IV)] = 0.02 mL™, [toluene] = 0.2
mL™}, [sucrose] = 0.04 mL 7}, [NCTAB] = 0.006 mL ", time = 1
h. [gl. HOAc] = 1.74 mL™.

of more effective species at a higher concentration
of acid.

Effect of Toluene on Rate

The rate of polymerization and percentage conver-
sion decrease consistently with increase in concen-
tration of toluene as shown in Figure 6 at three dif-
ferent temperatures: 35, 40, and 45°C. The rate is
high at zero concentration of toluene and it falls
sharply until the concentration of toluene attains
0.2 mL ! and thereafter the decrease is slow. The
propagating polymer chain undergoes termination
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Figure 6 R, vs. [toluene] plots. [AN] = 0.759 mL!
[H,S0,] = 0.3 mL™, [Ce(IV)] = 0.02 mL™!, [sucrose]
=0.04 mL™", [gl. HOAc] = 5.22 mL!, [NCTAB] = 0.006
mL™, time = 1 h.
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by the retarder, toluene, by hydrogen abstraction,
which leads to the formation of polymer and a res-
onance-stabilized free radical (A°).

Effect of Salt and Solvent

The effect of various inorganic salts and organic sol-
vents is demonstrated in Table II. All the salts de-
press the R, and CuSO, depresses it considerably.
If a salt is added, the effect of the charge of the ionic
micelle is to attract more of the ions of opposite
charge than that which corresponds to electrical
neutrality into the ionic atmosphere, thus giving a
screening effect that reduces the repulsion between
the ionic ends of the soap and resulting ions of ap-
proach.! This increases the size of the micelle and
reduces the CMC. Thus, the concentration of
[NCTAB] lies above the CMC value, for which R,
decreases on addition of salts. The maximum
depression in case of CuSO, may be due to the dis-
sociation of the added salt that interferes with the
normal polymerization process, resulting in pre-
mature termination of the growing polymer chain.

The effect of organic solvents when added in equal
proportions (5% v/v) was found to be in the fol-
lowing order: control > methanol > acetone > DMF
> dioxane.

This can be explained in terms of solubilization
of the solvent molecule inside the micelle. The pres-
ence of an — OH group in methanol involves sol-
vophobic interaction, and this is the case of micel-
lization. For the NCTAB-H,0— CH;0H system,
the diffusion coefficient of micellar aggregate is
probably higher than that of NCTAB-H,0 alone.
This fact is in agreement with that reported by Io-
nescu et al.'” Therefore, the R, value of the increase
of methanol does not change appreciably. Similar

Table II Effect of Solvent and Salt at 45°C

Name of

Solvent Name of Salt

5% (v/v) R, X 10° (0.01 mL™) R, X 10°
Control 16.392 Control 16.901
Methanol 15.816 CuSO, 8.222
Acetone 15.213 MnCO, 8.798
DMF 15.135 NaCl 16.339
Dioxane 2.932 K,S0, 16.615

[AN] = 0.759 mL™?, [H,SO,] = 0.3 mL™}, [toluene] = 0.2 mL™?,
[sucrose] = 0.04 mL™%, [Ce(IV)] = 0.02 mL™*, [NCTAB] = 0.006
mL™, time = 1 h, [gl. HOAc] = 1.74 mL™.
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Figure 7 Arrhenius plots: (a) in absence of surfactant;
(b) in the presence of surfactant. [AN] = 0.759 mL ™,
[H;S04] = 0.3 mL™, [toluene] = 0.2 mL ™!, [gl. HOAc]
= 2.61 mL™, [sucrose] = 0.04 mL™, [Ce(IV)] = 0.02
mIL !, [surfactant] = 0.006 mL ™, time = 1 h.

observations have been made in the case of acetone
and DMF. The inhibiting effect of acetone methyl
alcohol and DMF to micellization at low concentra-
tions is negligible and is less than that of dioxane.
This is due to the formation of hydrogen bonds be-
tween dioxane and water.

Effect of Temperature

The emulsion polymerization of AN was studied in
the temperature range 35-45°C. The rate of poly-
merization as well as the % conversion increases on
increasing the temperature. The effect of tempera-
ture is demonstrated in Figures 1-6. The overall ac-
tivation energy of AN polymerization in the absence
and presence of 0.006 mL ! [NCTAB] was found
to be 3.140 X 10® and 2.355 X 10° cal/mol. In the
presence of the surfactant, the activation energy is
low in comparison to that without surfactant, but
the difference is not too large because Ce (IV)-su-
crose is a good redox initiator for the polymerization
of AN (Fig. 7).

The authors are grateful to U.G.C., New Delhi, for award-
ing teacher fellowship to Sri H. K. Das to carry out this
piece of investigation.
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