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Bulk Polymerization of Vinyl Chloride

AHMED H. ABDEL-ALIM AND A. E. HAMIELEC, Department of
Chemical Engineering, McMaster University, Hamilton, Ontario, Canada

Synopsis

The bulk polymerization of vinyl chloride initiated by AIBN at temperature levels of
30°, 50°, and 70°C has been studied. Molecular weight averages and distribution
(MWD) were measured by gel permeation chromatography. A model has been proposed
which accurately predicts conversion to high levels and MWD. Molecular weight
measurements show that transfer to monomer plays the important role in controlling mo-
lecular weight averages. Disproportionation is probably the dominant mode of termina-~
tion.

INTRODUCTION

Many workers have studied experimentally bulk polymerization of vinyl
chloride.l=¢ A ecommon observation was autocatalysis from the onset
of the reaction. A review of these works is given by Talamini and Peg-
gion.’® Most of the models proposed to date fit experimental rates only
up to relatively small conversions. An exception is the model recently
proposed by Talamini, 13 which predicts rates of polymerization accurately
up to about 709, conversion.

A comprehensive investigation of reaction parameters on molecular
weight averages and distribution (MWD) has so far not been reported.
This paper reports an experimental study of vinyl ehloride bulk polymeriza-
tion with special emphasis on molecular weight and MWD measurements.
Also reported is the development of a model which applies to almost com-
plete conversion. This model is similar to that of Talamini, with some mod-
ifieations regarding the change in volume during polymerization as well as
the consumption of initiator.

THEORY

Talamini’s model assumes a two-phase polymerization, in a monomer-
rich and polymer-rich phase. The polymer is treated as a single com-
ponent, with the concentration of monomer and polymer remaining con-
stant during the polymerization. As reaction proceeds, the mass of poly-
mer-rich phase grows while the monomer-rich phase diminishes. The
initiator is assumed to have the same concentration in both phases. Ex-
perimental evidence indicates that the onset of two phases begins after
less than 197 conversion and lasts until between 709, and 809, conversion,
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Fig. 1. Equilibrium binary diagram between pure monomer and pure polymer (sug-
gested).

depending on the temperature. Talamini’s model can be represented on a
binary, two-phase equilibrium diagram shown in Figure 1.

MODEL DEVELOPMENT

The present model assumes the presence of two phases in equilibrium,
each of constant composition (2, and 2, % of polymer, respectively), Figure
1. z;is very small,® so it is taken as O, that is, the monomer-rich phase
contains only monomer.

A material balance for polymer gives

My = foz (1)

M, =M T @)
Ty

'.M1=M1'xf_x 3)
Zy

The density of the mixture at conversion z is given by

1 z 1l—2%

== 2 @
P Py Pm
from which the change of volume with conversion is given by
V =V,(1— Bx) )
where
B =Ff2" Pfn
Py

This relation was also used to calculate conversion by dilatometry. Since
the concentration of monomer in the monomer-rich phase clearly is unit
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mole fraction, it can be shown that monomer concentration in the polymer-
rich phase is given by

[M.] = 2 (1 — z;) mole fraction 6)
Pm
[M;] = 1.0 mole fraction 0]
where
1 1—
R ¢ + L
P2 Pp Pm

For unit volume of reaction mixture, total moles of monomer = moles
monomer in monomer-rich phase 4+ moles monomer in polymer-rich phase;

dx
s Mo d—t = Rm'l‘Rp,
R, = RiM, xfx— L moles/time 8)
s

R, = R.M~r § (1 — ;) moles/time 9)
s

where R; and R, are expressed in conversion/unit time;

i — 1-—
o _(B = R1 (11?, x) + sz (——E)
dt Ty Ty
The polymerization in the polymer-rich phase might be diffusion controlled,
and we therefore set B, = PR;, where P is a constant greater than unity, and

dx
(E = RBi(1 + Qx)
where

Q=P(1—x,)—1

- (10)
From the theory of bhomogeneous kinetics,

1/2
B = by (B)" < e ()
4

where
k= ky(f-ka/k)"

(12)
R R1 = klIl/z.
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Fig. 2. Conversion curve at 30°C; x is conversion,  is reaction time in hr; and 4, is initial
initiator concentration in g/g VC.

If we take into account the variation of the volume with conversion and the
consumption of the initiator, then

. exp (=kq )
1‘5(1—3@
Lo 149 (_ ’c_a!)
@ T VizBs MTP\T =

Substituting x = 0 in eq. (13) yields

dr 1/y
(#X—hh.

This means that the constant %, is simply the initial slope of the curve z
versus ¢ \/To, Figures 2 and 3.

Equation (13) describes the system up to conversion of z,; it is easily
solved analytically with the initial conditions ¢ = z; = 0at{ = 0. How-
ever, the solution is more readily obtained when ¢ is expressed as an explicit
function of x rather than the reverse; it is given by

t=—§m0—H) (14)
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Fig. 3. Conversion curves at 50°C and 70°C; parameters same as Fig. 2; (
sion data from ref. (19).

) suspen-
where

ke |2 ——
H = 5o, Q(\/1 —Bz—1)

VQ(1 — Br) — VQ+ B

L Ye+B, ) Ve-VQ+B
QVQ VQ(l — Br) + VQ + B
V@++VQ+B

Undoubtedly, &, will continue to fall with conversion in the region =z > z,,
and near the glass transition point %, will approach zero and the polymer-
ization will cease. Because the contribution of transfer to monomer is so
much greater than termination by disproportionation’® with respect to
the polymer molecular weights, we can assume that & is proportional to the
monomer concentration, with small crror in the prediction of MWD and
molecular weight averages. It is difficult to assess the error in the predic-
tion of eonversion because f, k,, and &, will all fall with conversion; we have
decided for our model to assume that the combined group & changes with
(1 — z), for z values greater than « .
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It is assumed that the initiator concentrations are the same in both
phases for the initiator under study. (However, for other initiators, we
can assume a partition coefficient not equal to unity.) Diffusion control
in the polymer-rich phase leads to a much lower %, value, which gives rise
to a higher k value; accordingly,

kr» =Pk (15)

Forz >z Sk (—2) (16)
ok =Ph—2.
1- Ty

The rate of reaction can then be written as

ox (_’E_‘)
_M = Pk, (1;:5) I _Ii__z___
y

dt 11—z Vi—5 M1-2)
or
dwv_ Pk .., (1—2)? ( ’le)
dt 1—x,I° V1 = Bz 2 17)

Again, eq. (17) is easily solved analytically, and the solution is better ex-
pressed as ¢ explicitly in z,

i na—HE +y, as)
ka

where i, is the time to reach z, and

(1 — z)ks ) V1 — Bx V11— B,

HH = 4
2Pl I | 1 —= 1 -z,

(_\/1—1:—\/1—-—B)

+—B———1n—l(1_”’_‘/1—3-

2V1-B <g1—x+\/1—3>

V9i—z,+vV1-B

MOLECULAR WEIGHT AVERAGES AND DISTRIBUTION

The measured molecular weights had a polydispersity of 2 or slightly
higher. If polymer produced in each phase has a polydispersity of 2,
the polydispersity of the mixed polymer will be equal to or greater than 2.
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From homogeneous kinetics, it can be shown that, for termination by

disproportionation and transfer to monomer,
W, = 7%-exp (—)
where 7 is given by

(k)" I

T=CM

k, [M]
Substituting from eq. (12) into eq. (20),
o T
r=Cy+ *IM]

The MWD of the total polymer mixture is obtained from
W, =m-W, + my-W,,

(19)

(20)

(@1)

(22)

It is assumed that C,, is the same in both phases; this assumption is con-
firmed by the work of Talamini'® and Danusso’” who obtained almost the
same value of Cy by applying the Mayo equation to data from solution
polymerization (homogeneous) and bulk polymerization (heterogeneous),

respectively.
From equations (6), (7), and (21),
n=Cx+ kli—*—% - exp (—%it
7= Cart phipa(1 ffd:go\ljl — Bz OP <—%d£)

t
mpy = [ Rodt= 2 1@z + Do (1 + @) — Qal

Q%
_ @+ DI+ Qn) — Qu
' Qs
Similarly,
_ mp
M

t
mpy = f R, dt
0

_ PO —2z)Qr —1In (1 + Qn)]
ma = .

Q%*z,

(23)

(24)

(25)

(26)
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For the MWD of eq. (22), it ean be shown that

«© Wr
0 — dr = mTi + MaTe

r

Wdr = 1.0
(1]
f PWodr = 2 ("—“ + ”—‘2)
Ti T2
1 .
Py = 27
mar1 + Mate ( )
2
o = 2 2 (@9)
T1 T2
2m1
f-w/f‘,, = (— + —'—) (myrl + ﬂ’Lz‘rz). (29)

This polydispersity will be equal to or greater than 2. For conversions
higher than z,, we assumed before that

ko (1—2).
With small error we can write
or
ke
ik constant forz >z,
or
. Jka _ _Jka
* M (forz > z,) Ply[M] (atz = z)). (30)

From eq. (30) we can see that r of the polymer produced after z, will prac-
tically be the same as that which was produced in the polymer-rich phase.
So, after z, we still can differentiate between two kinds of polymers only,
the one that was produced in the monomer-rich phase and the one that
was produced in the polymer-rich phase plus that polymer produced after
Zy.

It can be shown that after z,

x
m = (ml)z=zf . .'—l:—f (31)

_ p(1 — z)[Qz, — In(1 + Qz/)) + Q% — z))
Q*zz,

Equations (31) and (32) with egs. (22), (23), (24), (27), (28), and (29)
could be used to obtain the MWD and molecular weight averages.

(32)
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EXPERIMENTAL

Operating Conditions. Polymerization temperature: 30°, 50°, and
70°C controlled to +0.1°C. Initiator (AIBN) econcentration: 0.3 to
3.2 wt-%,.

Polymerization Procedure. Bulk polymerization in glass ampoules hav-
ing 10 mm O.D. and 8 mm I.D. Conversions were determined gravimet-
rically. For conversions below about 209, dilatometry was employed;
dilatometers were about 6 ml in eapacity, with a capillary of 2 mm I.D.
These ampoules and capillary gave negligible temperature rise during
polymerization.

MWD and Averages. Waters Model 200 GPC was used; THF was
used as a solvent, temp. 30°C, flow rate 3 ml/min. A train of nine col-
umns was used to give high resolution; these columns were: Bio-glas,
2500/1500 A; CPG 10, 2000/1250 A; CPG 10, 2000/1250 A; CPG 10,
2000 A; CPG 10, 700 A; Styragel, 104 A; Styragel, 800 A; Styragel,
350/100 A; Styragel, 350/100 A. This column combination gave very
good resolution, and correction for axial dispersion was negligible. A
universal calibration curve was first obtained using polystyrene standards;
then a PVC calibration curve was obtained from it, using the hydrodynamie
volume concept. A search was employed to get the best values of Mark-
Houwink constants to fit the PVC standards. This method was suggested
by Provder.? The Mark-Houwink values used were K = 1.48 X 10—*
and ¢ = 0.768. A nonlinear calibration curve was obtained in the form

mol. wt. = Dy exp (—Dw — Dw? — Da?).

From the reproducibility study performed for- this work, the confidence
limits at a confidence level of 959, are given in Table I for the measured
quantities.

TABLE I
Reproducibility of Measured Quantities
Confidence limits
Quantity measured mean (95% cont. level)
Conversion z +2.429,
Ma +6.969%,
Mo _ +5.75%,
Mo/ Ma +1.449,

RESULTS AND DISCUSSIONS

It is well established from previous work'®!4 that conversion curves
completely overlap when they are plotted as z versus {7/, instead of z
versus ¢ (time). This was also observed in the present work. The solution
of the proposed kinetic equations shows that the parameter 1/, assumes
a constant value at a certain conversion and temperature, irrespective of
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TABLE II
Parameters of Present Models
PR
Temp., ¥ hr (mole-
°C zy Q %)/ P Cxn X 10°
30 0.80 4.5 0.23 23.0 0.63
50 0.77 5.5 1.25 22.7 1.10
70 0.72 5.1 6.21 16.7 5.71

s Cy = 5.78exp(—2768.1/T); k1 = 3.54 X 1011 exp(—8505.5/T).

TABLE III
Values of k,%/k:
‘Temp., °C (kp2/k:) X 1072
30 1.89
50 2.41
70 3.61

® In units of hr~?! (mole %) 1.

the value of I, in the working region. Accordingly, this type of plot was
used in this work.

Figures (2) and (3) show the conversion curves for the three temperature
levels 30°, 50°, and 70°C. The theoretical curves from eqs. (14) and (18),
using the values of Q, x,, and %; given in Table II, are also shown in the
figures. Agreement between experimental curves and model predictions
is satisfactory. At 30°C for conversions greater than 909, the experi-
mental points show lower conversion values than the model. This does
not appear in the 50°C and 70° curves. The choice of @ dictates the fit of
the conversion data, and it appears that our single parameter model is
inadequate over the entire conversion range at 30°C. Agreement at 50°C
and 70°C, temperatures which are often used commercially, is much better.
Experimental data of Farber and Koral'?® for suspension polymerization at
50°C are also compared in Figure 3; the good agreement suggests that the
same kinetic model would apply as well for suspension polymerization.

The values of the parameters used in the model are listed in Table II.,
These values were obtained as follows:

k;. Asshown from eq. (13), the value of k, at each temperature repre-
sents the initial slope of the curve z versus ¢ \/T, for this temperature.
In faet, eq. (13) has the form
dz dx .
i (dt )o « Fz,b).
Here, F(x,t) represents an accelerating funetion. From the values of %,
we can obtain values for k,%/k, in the monomer-rich phase at each tempera-
ture, using f = 1.0 and the appropriate &, value. This is shown in Table
IIT. However, although we can get the value of ¥ in the polymer-rich
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Fig. 4. Experimental and theoretical MWD at 30°C.

phase, we still have to know the value of f in this phase in order to calculate
k,2/k,. The assumption of f = 1 in both phases does not lead to serious
errors when caleulating molecular weighia beeause of strong transfer to
monomer; this assumption is questionable, however, when getting a value
for k,*/k,in the polymer-rich phase.

X, This represents the highest conversion below which the two-phase
model fits the experimental data. It is obtained by comparing the ex-
perimental curves with eq. {(14). As shown in Table 11, x, increases with
decrease in temperature, which is expected as x, represents the composition
of the polymer-rich phase. As temperature decreases, the solmbility of
monomer in polymer decreasea, giving rise to a polymer-rich phase of
higher polymer content. In faet, a detailed study of polymerization at
different temperatures could lead to the construetion of the equilibrium
diagram shown in Figure 1.

ks Asafunction of temperature, this was obtained from the literature"?
as

kg = 3.79 X 10" exp(—15460/T) hr—.

€. Obtained from the literature,' and slightly modfied to fit the
experimental data:

Cr = 578 exp (—2768.1/T).

Q. This is the only parameter that was searched for; the values chosen
were those to give the best agreement. Values of p are obtained from
Q using eq. (10). Table II also shows a decrease in p with increasing tem-
perature. The same discussion of variation of z, with temperature holds
for the effect of temperature on P,

Figures 4, 5, and 6 show a comparison between the measured and pre-
dicted MWD at 30°, 50°, and 70°C, respectively. The agreement be-
tween the two curves supports the assumption that termination by com-
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Fig. 9. Effect of conversion on M, and M, at 50°C.

bination and disproportionation is much smaller than that of transfer to
monomer. It is noted that the measured DMWD is shifted slightly to
lower molecular weights; the reason for this could be small uncorrected
axial dispersion effects, such as skewing in gel permeation chromatography.

In Figures 7 to 11, experimental and predicted molecular weight aver-
ages are shown. A slight increase in #, and #, is noted with conversion;
it is more significant below about 209, conversion as was noticed by
Danusso” at 50°C. Also, as expected, there is a slight decrease in M, and
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Fig. 11. Effect of conversion on M, and i, at 70°C.

M, with increasing initiator concentration. This apparent independency
of molecular weight averages on conversion or initiator concentration is
probably the result of the strong transfer to monomer.3.9:16

Figure 9 shows also the results of Vidotto® for A7, values at 50°C, using
lauroyl peroxide as an initiator (0.89 wt-%,) measured by viscometry.
These values are slightly higher than our values measured by GPC.

It was noticed that the variation of M, and M, with conversion is more
pronounced at higher temperatures (Figs. 7, 9, and 11). The reason for
this could be that at lower temperatures C' is much higher than fkJI""*/
k[M], which is a function of conversion. Accordingly, = will not vary much
with conversion, since Cy is assumed the same in both phases; then 7; and
7o will be close to each other and not varying much with conversion, hence,
molecular weight averages will not vary much with conversion. At higher
temperatures, the relative importanee of fk,/ "2/k[M] increases, and hence
71 will be more different than r, giving rise to more variation of molecular
weight averages with conversion.
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TABLE 1V
Predictions of Polydispersity—Present Model»
Mo/ M,

Conversion z 30°C 50°C 70°C
0.00 2.0000 2.0000 2.0000
0.10 2.0028 2.0151 2.0492
0.20 2.0039 2.0199 2.0651
0.30 2.0043 2.0215 2.0699
0.40 2.0045 2.0217 2.0702
0.50 2.0045 2.0213 2.0686
0.60 2.0044 2.0207 2.0661
0.70 2.0043 2.0200 2.0632
0.80 2.0042 2.0192 2.0609
0.90 2.0040 2.0185 2.0579
0.99 2.0039 2.0171 2.0416

2], = 0.85 wt-%.

Table IV shows the predicted variation of the polydispersity with con-
version at 30°, 50°, and 70°C. An increase in the polydispersity is noticed
with increasing temperature at the same conversion level; this is in agree-
ment with the above explanation.

If an Arrhenius plot is made for the obtained value of k,, we can get the
apparent activation energy of the reaction. This was found to be 16.9
keal/mole. On the other hand, this activation energy could be calculated
from the equation

Ea = E4/2 + Ep - Eg/2

where E,, E,, E,, and E, are the apparent activation energy, the overall
initiation, propagation, and termination activation energies, respectively.
Danusso and Sianesi? reported a value for (E, — E,/2) of 1.5 keal/mole,
using the literature value of 30.7 kecal/mole for E;; a value of 16.85 keal/
mole was found for E,, which is in excellent agreement with our experimental
value.

Nomenclature

Cu monomer transfer constant
S initiator efficiency

I initiator concentration

K Mark-Houwink constant

k kinetic parameter, eq. (12)

k, propagation rate constant

kg initiator decomposition rate constant
k., termination rate constant

M molecular weight

M7  total mass of the system
M;  mass of monomer-rich phase
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M, mass of polymer-rich phase

M, number-average molecular weight

M, weight-average molecular weight

[M] monomer concentration

m mass fraction of polymer produced in monomer-rich phase
ma mass fraction of polymer produced in polymer-rich phase
mp,  mass of polymer produced in monomer-rich phase

mps mass of polymer produced in polymer-rich phase

P, Q@ constants, eq. (10)

r chain length

R rate of polymerization as per cent conversion per unit time

R, rate of polymerization as moles (or mass) per unit time per unit
volume

Fu number-average chain length

Py weight-average chain length

74/7. polydispersity

t reaction time

T absolute temperature

v volume

v elution counts (volume)

W,  weight fraction of polymer of chain length r

W.  weight fraction of polymer of molecular weight M
z conversion

Greek Symbols

p density

€ Mark-Houwink constant

T kinetic parameter, eq. (20)

Subscripts

2, 1  refers to monomer-rich phase
f, 2  refers to polymer-rich phase

P refers to polymer
m refers to monomer
0 refers to initial conditions (t = 0)
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