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Synopsis

The applicability of a model after Talamini for the bulk polymerization of vinyl
chloride with several commercial initiators has been examined. The model agrees
well with experimental rate data for the initiators: diisopropyl peroxydicarbonate,
disecbutyl peroxydicarbonate, t-butyl peroxypivalate, lauroyl peroxide and benzoyl
peroxide.

Bulk polymerization of vinyl chloride is a typical example of what is
known as ‘“heterogeneous polymerization.”” The polymer being insoluble in
its own monomer precipitates during the course of reaction giving rise to a
two-phase polymerizing system.

Many workers have studied the bulk polymerization of vinyl chloride
experimentally, and a common observation was autocatalysis from the on-
set of the reaction. Many models have been proposed to describe the
kinetics of the reaction. A review of these is given by Talamini and
Peggion.! Most of the models proposed to date fit experimental rates up to
relatively small conversions and involve parameters which have not been
measured over a useful temperature range.

In a previous publication,? we proposed a model which accurately pre-
dicts the molecular weight distribution as well as the conversion to high
levels. The model assumes a two-phase polymerization, in a monomer-
rich and polymer-rich phase. The composition of each phase remains con-
stant, but as reaction proceeds, the mass of polymer-rich phase grows while
the monomer-rich phase diminishes. Since the reaction rate per unit vol-
ume i8 higher in the polymer-rich phase, due to gel effect, there is an ac-
celeration in the overall reaction rate.

Under these heterogeneous conditions, the polymer molecules aggregate,
forming monomer-swollen particles insoluble in the monomer. These
aggregates are roughly spherical in shape; their size depends on the con-
version in the early stages since they grow a little after precipitation from
about 0.2 to about 1 micron in diameter.? The size distribution, solubility,
and stability depend on the polymerization temperature. An average
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aggregate diameter of 0.25 micron was reported using light scattering?*:5
and GPC and electron microscopy.” Particles of diameter 800 A and less
were recently reported® in y-ray-initiated bulk polymerization of vinyl
chloride at 0°C.

Phase interaction may or may not be important depending on the state of
subdivision. If the particles are very small in diamecter, then radical dif-
fusion between phases might be important due to the large surface area for
mass transfer. Models were presented that emphasize the significance of
interaction between the phases.® Practically, this does not seem to be
the situation, and the insignificance of radical interphase diffusion can be
illustrated by the following order-of-magnitude calculations.

At steady state and for a 1-liter volume of reaction mixture, the following
radical balance holds:
rate of radical production by initiation + rate of radical transport by bulk flow of
monomer converting into polymer — net rate of radical transport by diffusion out of
the polymer — rate of radical destruction by termination = 0

fhd + (G) RL = ba(RoL — R ~ kR =0 ()
where I = the initiator concentration, in moles/1., (dV/df) = average rate
of bulk flow of monomer converting into polymer this is approximately
equal to 1/t t; being the time required for one liter of monomer to convert
to polymer; Units are 1./sce, [R°]; = radical concentration in monomer,
in g-moles/L., [R"]; = radical concentration in polymer, g-moles/l., kp, = a
constant representing radical transfer cocfficient, @ = mass transfer area
per unit volume, units of kpa being hr—!, f = initiator efficiency, taken as
one, k, = initiator dissociation rate constant, in hr—!, and k£, = termination
rate constant in 1./mole-hr.

An order-of-magnitude calculation will be carried out to assess the signif-
icance of each of the terms in eq. (1) above. Let us consider bulk poly-
merization at 50°C. Initiator concentrationis 0.8 X 10—3mole AIBN/mole
VC. TUnder these conditions the reaction time is about 10 hr.!!

k,1s in the order of 10° 1./mole-sec
kq is in the order of 10—2 hr—!

The radical transfer area per unit volume (a) is difficult to determine since
it varies with time and depends primarily on the aggregation process. This
area is a maximum if the surface area of all the spherical aggregates is
available for transfer. Undoubtedly (a) will be much less than this ex-
treme. For the purpose of the present rough calculations, this will be con-
sidered the case,

‘. a = surface area of one spherical aggregate X number of aggregates per

liter

1000 X 0.5

= 47(1250 X 10-8)2 +
5 ™ (1250 X 107)?
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The porosity is taken as 0.5; therefore, @ is in the order of 10° em?/1., and

kp~—
To
where D is the radieal diffusion cocfficient ~10-1° ¢m?/sec (ref. 10), 7o is
radius of the spherical aggregate ~1250 X 10-% ¢cm, and kj is in the order
of 10~% em/sce.
[R"]; and [R"]: are of the same order of magnitude, even though [R™]. is
larger than [R° ). Accordingly, [R°] will be used for any of them or their
difference;
10-2 0.8 X 10—

X

o 20k, s of
fkaI is of the order of 2 X 1 X 3600 0.0625

, 1.e., 10° mole/sce

iV 1
<(Et-> [R"]is of the order of 10 X 3600 [R],i.c., 3 X 10-%[R" ] mole/sce

kpa [R"]1s of the order of 10—° X 108 X 10—* [R ], i.e., [R~] moles/sce
k,[R"]2is of the order of 10°[R" ]2 moles/sce.

When the above quantities are substituted in eq. (1) and the equation is
solved for {R ], it is found that

[R"]1is in the order of 10—9 mole/I.

This means that the transport by bulk flow is completely insignificant, and
initiation, termination, and diffusion arc of cqual significance.

In the above calculations, a was taken as that of isolated spherical ag-
gregates of diameter approximately 2500 A. Obviously, this leads to a
very large surface arca. It is highly unlikely that the particles are made up
of single aggregates, cspeeially in the absence of stabilizers. Actually,
these aggregates agglomerate to form larger polymer particles of diameter
ranging from 80 to 200 microns.’2~'* The above calculations may now be
repeated for a more realistic case, namely, the particles having an average
diameter of about 100 mierons. The quantity kpa is inversely proportional
to the diamcter squared. This makes the diffusion term in eq. (1) smaller
by a factor of 4002 or 1.6 X 10%. I'or this casc, the term kpa[R ] will be in
the order of 10— [R°]. When eq. (1) is solved for {R"], it is found that
[R"]1is again in the order of 10~ g-mole/1., but now the diffusion term is
completely insignificant. This seems to be more realistie, since the polymer
precipitated particles were noticed to be in the range of 100 microns in
diameter.

The mathematical treatment of our model is given elsewhere.? The
model contains four parameters. Only one of these four paramecters de-
pends on the initiator used, namcly, k;, the initiator decomposition con-
stant. The remaining three parameters are properties of the monomer—
polymer system and arc independent of the initiator.
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Fig. 1. Experimental data for four commercial initiators compared with present model
predictions-bulk polymerization of vinyl chloride: curve A, diisopropyl peroxydicar-
bonate®; curve B, di(sec-butyl) peroxydicarbonate?; curve C, t-butyl peroxypivalate®;
curve D, lauroyl peroxide!®; curve E, lauroyl peroxide?; (@) lauroyl peroxide!!; ( )
model prediction.

In the previous study,? AIBN was used as the chemical initiator. Values
of the model parameters were estimated by fitting the model response to the
experimental data using a special regression analysis routine. 1

As the proposed model indicates, different initiators give rise to different
conversion curves due to different k; values. It is possible, therefore, to
predict conversion data using other initiators once k; for the particular
initiator is known.

Conversion data for different commercial initiators at 50°C are available
in the commercial literature, and this permits one to test the model over a
wide range of initiator systems of commercial interest. Data for five dif-
ferent initiators were examined. Table I lists these initiators, their de-
composition characteristics, and the source of the data. Figures 1 and 2
compare model predictions with experimental rate data for the bulk poly-
merization of vinyl ehloride. The dashed lines and the dots are experimental
data. The solid lines are the model predictions. These were not fitted to
the experimental points but were generated using k, values given in Table I
asreported in the corresponding references. Values of the other parameters
at 50°C were taken from our previous work using AIBN.?2 k, for the ini-
tiators in curves A and B in Figure 1 is the same at 50°C, accordingly only
one curve could be predicted. Although there is some scatter of the data
obtained from different sources, the agreement is good. Data in Figure 2
are all for benzoyl peroxide at 50°C. There is considerable scatter and
disagreement among the various sets of experimental rate data. In both
Figures 1 and 2, data for lauroyl peroxide and benzoyl peroxide, respec-
tively, of reference 11 agree best with our model predictions. In both
figures, ¢ is the reaction time in hours and I, is the initial initiator concen-
tration in g-moles/g-mole VC. Conversion data at different initiator con-
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Fig. 2. Experimental rate data for benzoyl peroxide compared with present model
prediction-bulk polymerization of vinyl chloride: curve A, ref. 18; curve B, ref. 16;
curve C, ref. 17; (@) ref. 11; ( ) model prediction.

centrations are known to overlap when plotted versus i4/T, and hence our
use of this type of plot.

A basic assumption in our model is that the initiator has the same con-
centration in both phases at all times. The good agreement found with the
five commercial initiators investigated suggests that crrors associated with
this assumption are small and that therefore our model has a rather wide
range of applicability.
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