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Thermal Polymerization of Styrene at High
Conversions and Temperatures.
An Experimental Study
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Synopsis

An experimental study of thermal polymerization of styrene in the temperature range
100-200°C and conversion range 0-1009, is reported. Conversions, molecular weight
averages, and molecular weight distributions were measured. A kinetic model with
third-order initiation gives a satisfactory fit of conversion and number- and weight-
average molecular weights over the ranges of temperature and conversion investigated.
This model should find use in the design, simulation, and optimization of polystyrene
reactors.

INTRODUCTION

Uninhibited styrene polymerizes even at room temperature, although
slowly. Industrial thermal processes usually operate in the temperature
range 100-200°C. A comprehensive experimental investigation of the
thermal polymerization of styrene over this temperature range and up to
high conversions has so far not been reported in the literature. This
investigation was Initiated to provide this information, in a form suitable
for design, simulation, and optimization of polymer reactors.

Many theories have been proposed to account for the unusually high
thermal initiation of styrene. Pryor and Lasswell! and Pryor and Coco?
have reviewed the chronologic development of these theories and have out
lined an aceeptable mechanism after Mayo for the thermal polymerization
of styrene, as follows:

Initiation:
b
M+ M =— @
L I (AH)
i Ph
k. . .
M+ M =:-’f= PhCHCH,CH,CHPh 2
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M + AH *. trimer

aromatization
_— . (6)
very fast A ( A)
Ph

A+ M 2 R ™
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M + M =2 R . ®)
Propagation:

R+ M 2y Ry, " )

Termination by Combination:

. -
Rr + Rs — Pr+3 (10)
Chain Transfer:
R kim .
R-+M = P, + R, an
R, + AH—2 P, + R, (12)

In the above scheme, AH is a Diels-Alder adduct and 8 is a radical scav-
enger. It was also suggested that AH acts as a transfer agent, with transfer
to monomer being of minor importance.

In the development of our empirical model for the thermal polymerization
of styrene in bulk over the temperature range, 100-200°C, we will use the
above mechanism with two limiting forms of initiation. We have no
evidence to suggest that termination by combination operates exclusively
at these high temperatures. The use of combination and disproportiona-
tion simultaneously would, no doubt, have permitted an equally good fit
of our molecular weight data.

THEORY
Let I be the initiation rate in g-moles Ry/cm? sec;
oI = (kalA] + ks[M])[M] (13)

Applying the stationary-state hypothesis to A and M,
. k
[A] = = [AH] (14)
A
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and
. k
M] = ;* [AH] (15)
ks
o I = 2k, JAH][M] (16)
Applying the stationary-state hypothesis to AH,
kL [M]?
[AH] = :[M] e (17
Bt Gt R + (5 )
t
3
a1 = 2 W] — 1)
ko + (ke + k) IM] + k!AH(k—>
¢

We now consider limiting cases of this initiation rate expression.

Initiation Second Order in Monomer

Consider the limit where
I 1/
(ke + k) M1 > ey + k,m(z)
4
o 2k ) s of ,
1= (25 )y - 2k 19)

Initiation Third Order in Monomer

Consider the limit where

I\
(ks > (s + ko) [M] + kmn(g)

2k.k -
oI = ( k‘ ‘) [M]? = 2B, [M]. (20)
—1
In the original fitting of our experimentl data, we considered transfer to
monomer and neglected transfer to AH. We later considered transfer to
AH and neglected transfer to monomer. We also neglect consumption of
monomer in reaction (2) and consumption of AH in reaction (4).

MODEL DEVELOPMENT

A considerable volume change is involved in the polymerization of
styrene.®> Volume change is accounted for with the use of the variable-
volume equation,

mtc=1~/,%—i;ézCV
(21)
_ac, cav
Codt vV odt

where C is the concentration of any species.
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A linear relationship of volume versus the conversion of monomer was
used, i.e.,

V = Vil + X) (22)

and

(22a)

(_i_I_/=_( Ve ) «([M]o — [M]) d[M]
[M]o + e[M]] ~ ([M]+ [M]) dt

A
v ¢ d[M]
i ([M]o T e[M]) at (22b)

1
14

where ¢ is defined as
. VX;:I - VX=0'

€= —_Vx_o (23)

being the fractional change in volume of the system between zero and

complete conversion. Conversion X is defined as the fractional weight of
monomer converted,

_ MV — MV

=i, @
This is combined with eq. (22) to give
M) — (M1 )
X = [l + e @5

For the suggested kinetic scheme, the moment equations for free radicals
and dead polymer species are*

QI;T(@ = s(1 4+ km[M] GR(1,%)) + GR(s,t)[k,,[M](s -1
— kM) — EGR(LY — I—l,%‘;’] (26)
dGP(s)) _ 1 _ GP@shdV
= GR(s,t)I:Ic,,,.[M] +3 k,GR(s,t)] S @
where
GRGs) = 3 &Ry GP(st) = 3 P, (28)

r=1 r=2

and neglecting consumption in initiation and transfer reactions, the rate
equation for monomer may be written as

ape] _ _brav,
o = k,[M]GR(1,0) V @ (29)

The method of moments has the advantage of reducing the number of
ordinary differential equations that need be solved. Further simplifications
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can be had by applying the stationary state hypothesis to free-radical
equations. This gives

aM)_ v

a - "Ry (292)
_ —sR,(Cr, + B)
GR(S,t) = kp[M]{S _1 - Cm _ Rpl/, B} (26&)
where
_ fom _ KRy
Crn = b and 8 = WM
d@MP), _ _ Py ay
Fra R,[Cn + 8/2] v d (30)
dMP), _ (MP),dV
@ R vV o d ®1)
d(MP), R, (MP),dV
@& - ot pp PO BTG 62
where
(MP) = ¥ Py (MPy= 3 1P (MPh= I rP.
r= r= r=2
The number- and weight-average chain lengths are
ry = (MP)/(MP), (33)
For initial rates, the following algebraic relationships are obtained
I
R, = - 35
v =5 (35)
Tyt = Cp + B/2 (36)
2 2
-]
K1z 8 |
M= [t + EaG 0 - €t p TR0
(38)

where K and e are Mark-Houwink constants, /7 is monomer molecular
weight, and T is the gamma function and

T2+ a) =lj; p*** exp (—p)dp
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Measurements of R,, ry, and rw are sufficient to determine I, k,,/k,,
and k,/k,? over the range of conversions studied for a-series of isothermal
polymerizations. A measurement of intrinsic viscosity could be used in
place of one of the molecular weight averages.

The measurement of higher molecular weight averages or the molecular
weight distribution (M WD) itself does not permit one to obtain individual
rate constants. These additional measurements, however, do provide a
consistency test for the proposed kinetic model.

Calculation of the differential molecular weight distribution was'done
in two ways. The first method involved the solution of the differential
equations for dead polymer which follow

O = R(@Ca +8) + (38)Cn+ 7w — L o0
where
fo 1
1+ Cu+8)

Equation (39) was solved for 50 dead polymer species at equal intervals
of Alnr. This corresponds to the practice used in gel permeation chroma-
tography of integrating the GPC response to caleulate M,, M,, and M,.
The second method involved the integration of eq. (40),

= - (40)
di] ~(r, + B0
PV odt

Both methods gave identical results, with the latter requiring somewhat
less computer time.

Fitting Measured Conversions and M, and M, to Find
Ik, /k, and k,/k,?

In fitting the solutions of eqs. (29a), (30), (31), and (32) to experimental
measurements of econversion, M, and M,, we assume that all rate constants
are independent of chain length, but can vary with conversion. If it were
found that the rate constants were independent of conversion, this would
suggest that the gel effect is not significant. Our experimental initial rate
data at the higher temperatures are rather limited. In the model, we have
therefore used rate constants for initial conditions obtained from correla-
tions available in the literature.® These correlations follow:

(kp)o = 1.051 X107 exp(—3557/T) (41)
(kym)e = 2.31 X108 exp(—6377/T) {in 1./g-mole sec (42)
(ko = 1.255X10° exp(—844/T) (43)
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The subscript 0 means value at zero conversion. Densities of styrene
monomer and polymer® used in the model are

pm = 924 — 0.918 (T — 273.1) i (44)
in g/l
p, = 1084.8 — 0.605 (T — 273.1) 45)
The group of parameters
I /2
= 4
4= 4is] “0)
was allowed to vary with conversion as follows,

A = Ay exp(d1X + A.X2 + 4,X9), (Crp)

where for any temperature 4o, 41, A2, and 4; are independent of conversion
X. These constants are found by fitting the experimental conversion-
versus-time curve with the integrated form of eq. (29a). The initial I
is then found from A4, and eqs. (41) and (43). We allow k,,./k, to vary
with conversion as

Cn = Cny + B X. (48)

We justify the use of a linear variation on the basis that the transfer re-
action involves a small molecule. The gel effeet should be much less
pronounced for transfer than for termination reaction. Considering trans-
fer to AH and neglecting transfer to monomer, the expression used for
third-order initiation was

EfAH ( 1 + €X )
= (Cn, + BiXN —/—7——7——= 49
K, ~ Ot BN D) (49)
where
- kik
ijH lk_,:H

and the B; has the same value in both egs. (48) and (49).

At this point we have many alternatives for estimating the model
parameters. We could express k,/k,? as some empirieal function of con-
version such as

5 _ (&) exp(CiX + C:.X? 4 C:X?) (50)
ky? ky2/o

and then search for B,, Cy, Cs, and C; to fit the measured M, and M, values.
We could then substitute back into eq. (46) and find the variation of
initiation I with conversion. Another alternative was to use the limiting
forms for I, egs. (19) and (20), and assume that %, and %, do not depend
upon conversion. We therefore evaluate %, or %; from 4, or the initiation
rate at zero conversion. Equation (47) then immediately gives us the
variation of k,/k,? with conversion. We are then left with a single-
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Fig. 1. Experimental conversion-vs.-time data and prediction of third-order model at
T = 100°C.

varinble search for B; to fit M, and M,. Although the constancy of Z; or
%, with conversion may be questioned due to the cage effect at higher
conversions, we nevertheless chose the latter alternative. Our conversion
data are more accurate than the molecular weight data, and, secondly, the
single-variable search gave a reasonable fit of the molecular weights. B, was
found using a combined fit of M, and M,,.

The parameters were searched to give the best fit based on the Bayesian
criterion.® Very briefly, the proposed model can be represented by

Yi = flxn®, O) + e

where f; are response functions of known form, and 6, ( = 1,2, ... m) are
m unknown parameters to be estimated; Y,z =12, ...k u=12...n)
are n sets of observations on each of k responses (i.e., measured conversion,
and number- and weight-average molecular weights), and z4,¢ (¢ = 1,2,
ook u=12,...n;, g=12,...r)are thervariables corresponding to the
n sets of observations on each of & responses; e, represent random errors
which are assumed to be normally distributed with mean zero.

The Bayesian criterion of parameter estimation is to choose 6 such that
the determinant of matrix [v;;] is at a minimum. The element of the
matix [v4] is defined as

n

Uy = Z {Yiu - fi(xtuey 0)} {Yju - fj(xju”: 0)}

u=1
In this case, the problem becomes the search of the parameters until [v]

is minimum. This was carried out by the Rosenbrock multivariable search
routine.
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EXPERIMENTAL

Details of all experimental techniques may be found elsewhere.® Very
briefly, thermal polymerization of styrene in bulk was carried out iso-
thermally at 100°, 120°, 140°, 170°, and 200°C in sealed glass ampoules
(9,7, and 5 mm O.D.). Uninhibited styrene (99.73%) was degassed once
at 10~ mm Hg before use. Conversions up to 95% were measured
gravimetrically” and conversion beyond 949, by UV spectrophotometry.®
Molecular weight averages were measured by osmometry and GPC, and
molecular weight distributions, by GPC.

A more recent experimental study has provided additional rate data
for the thermal polymerization of styrene at temperatures of 160°, 165°
and 180°C. These data are used here in addition to the above to test the
kinetic model.

RESULTS AND DISCUSSIONS

Model Parameters

Second-order initiation
Ag = 4.23X 108 exp(—9936/7T) (51a)
Ay = 1.99 — 4X103T (52a)
A, = 6.62 — 1.25X102T (532)
Ay =1.714 — 4.11X103T (54a)
B, = —6.91X10~4 1ogm(4————73’112(;8“T) (55a)
k1 = 1.015X10° exp(—13,600/T) (56a)

Third-order initiation
Ay = 1.964X10° exp(—10,040/T) (51b)
A, = 2.57 — 5.05X10—*T (52b)
Az = 9.56 — 1.76X10—2T (58b)
A; = —3.03 4+ 7.85X103T (54b)
B, = —1.013X10- 1og,o(4—72612"f;T) (55b)
E, = 2.19X10° exp(—13,810/T) (56b)

where T is in degrees Kelvin, 2, is in 1./g-mole sec, and %; is in 1.%/g-
mole?sec.

In Figures 1, 2, 5, and 7 are shown conversion-versus-time data, both
experimental and predicted by the model. These data were used to
estimate the parameters Ao, 4i, 4s, and 4,. Also shown in Figure 7 are
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a few experimental points measured by Taherzadeh.”® In Figures 3, 4,
and 6 are shown additional conversion-versus-time data measured by
Taherzadeh.® These data provide an independent check on the validity
of the model for purpose of interpolation at other temperatures. With
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Fig. 2. Experimental conversion-vs.-time data and prediction of third-order model at
T = 140°C.
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Fig. 3. Experimental conversion-vs.-time data and prediction of third-order model at
T = 160°C.
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some confidence it appears that one can use our model to predict conversion
versus time at any temperature in the range 100-200°C.

In Figures 8, 9, 10, and 11 are shown measured and predicted M, and
M, values. At 100°C, our values of M, measured by GPC are in excellent

1.0 T T A
A

A

A TAHERZADEH'S DATA -1

o 3rd ~ORDER MODEL -

T = 165 °C.
1
200 300
TIME (min.)
Fig. 4. Experimental conversion-vs.-time data and prediction of third-order model at
T = 165°C.
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2
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1 1 1 1 (! i 1 1 1 L 1 1 1 1
° 100 TiME (min) 200 %0

Fig. 5. Experimental conversion-vs.-time data and prediction of third-order model at
T = 170°C,
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Fig. 6. Experimental conversion vs.-time data and prediction of third-order model at
T = 180°C.
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Fig. 7. Experimental conversion-vs.~time data and prediction of third-order model at
T = 200°C.
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Fig. 8. Experimental number and weight-average molecular weights and prediction of
third-order model at 7 = 100°C.
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Fig. 9. Experimental number and weight-average molecular weights and prediction of
third-order model at 7' = 140°C.

agreement with those measured by Graessley et al.'! using light scattering.
The deviation between model and experimental M,, values is quite large.
On the other hand, agreement between measured and predicted M,, values
are satisfactory at 140°, 170°, and 200°C. Measured and predicted M,
values are in good agreement at all four temperatures. One would expect a
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Fig. 10. Experimental number and weight-average molecular weights and prediction of

third-order model at 7 = 170°C.
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Fig. 11. Experimental number and weight-average molecular weights and prediction of

third-order model at 7 = 200°C.
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Fig. 12. Variation of k,/k,? with conversion and temperature for second-order model.

standard deviation in M, and M, of about % 109}, using GPC at these high
molecular weight levels. With this in mind, the fit is probably about as
good as can be expected. (It should be remembered that the model is
constrained at zero conversion with the use of eqgs. (41), (42), and (43).)

To further check the model and the reliability of our GPC measurements,
we analyzed certain of the polymer samples by osmometry. These values
are listed and compared with GPC values and M, values calculated from
the model in Table I. We further compare the data of Taherzadeh at
165°C and 180°C in Table II with our model. The average molecular
weights were measured by GPC. The ampoule sizes used by Taherzadeh
were larger than the ones employed in our experimental study, and we feel
that disagreement in measured and predicted conversions shown in Table
II may be due to significant temperature rise during polymerization in the
ampoules at 165°C. The almost opposite behavior at 180° may be due to
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Fig. 13. Variation of k,/k,? with conversion and temperature for third-order model.

TABLE 1
Comparison of Present Experimental Data with Predictions of Model
(Third Order Initiation)

Temp. X M (osm) M, (GPC) M ,(model)

T = 100°C 0.063 4.16X108 3.91X10¢ 4.18X108
T = 140°C 0.192 1.90x108 1.51 X108 1.76 X108
0.653 1.67x108 1.96X10% 1.72x108

T = 170°C 0.254 1.00X10% 1.06X10° 1.02x10%
0.590 1.11X108 1.10X10° 1.01X 108

0.965 7.14X104 9.10x10* 9.82X10¢

T = 200°C 0.728 4.62%104 4.32X10* 3.83x10¢
0.863 4.56x104 3.64 X104 3.58 %104

0.992 4.01X10¢ 3.50X10* 3.40X10*
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Fig. 14. Temperature dependence of third-order initiation rate constant.
TABLE II
Comparison of Data of Taherzadeh® with Predictions of Model
(Third-Order Initiation)
Temp. X,, X(model) M (GPC) M, (model) M, (GPC) M, (model)

T =165°C 0.286 0.254 1.21 X108 1.11X105  2.16X10°  1.96X10°
0.751 0.603 1.23X10° 1.10X10° 2.17X10°® 2,05X10%
0.922 (.843 1.24X105 1.09X10° 2.14X10°5 2.05X10%
0.984 0.961 1.00X10° 1.07X10° 2.01X10° 2.04X10°
T =180°C 0.463 0.435 9.10X104 8.50X10¢ 1.59X10° 1,53X10°
0.904 0.925 8.10X10* 8.25X10* 1.50X10° 1.56X10°
0.971 0.976 7.40X10¢ 8.20X10* 1.45X10% 1.55X10°
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the induction period required to reach reaction temperature once the am-
poule is placed in the temperature bath. The molecular weight averages
agree very well. These quantities may be less affected by the aforemen-
tioned experimental difficulties.

T 1 T 1 T ] T T LI | i T T T
12F .
ol ~——MEASURED BY GPC
— —3rd-ORDER MODEL
8- =
5
x
Tl .
4} .
TEMPERATURE 100°C.
REACTION TiME 2hr.
2| X | Ma | Mg -
- MEASURED| 0063 [391000(703000
- PREDICTED[0.063 [420000]735000
-
1 [ | 1 1 I L t 1
10* 10° 10* 10

CHAIN LENGTH r

Fig. 15. Molecular weight distribution by GPC and prediction of third-order model at

T = 100°C.
1] T ¥ ] 1 ¥ T T & 1 T T T T
121 -
1o -
sl \ —— MEASURED BY GPC
°
X ==~ 3rd-ORDER MODEL
Fgl _
4l TEMPERATURE 200 °C. .
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/ X My | M,
2k Vd MEASURED |0.959 | 35500] 71200 |
7~ PREDICTED] 0.951 70600
/
|~
i L i 1 i
10 10° 10® ©'

CHAIN LENGTH r

Fig. 16. Molecular weight distribution by GPC and prediction of third-order model at
T = 200°C.
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Fig. 17. Variation of £7an/k, with conversion and temperature for third-order model.

The variation of k,/k,? with conversion for the second- and third-order
models are shown in Figs. 12 and 13. Both models fit the experimental
X, M,, and M,, data equally well. However, we prefer the third-order
model on the basis of the more consistent variation of k,/k,* with tempera-
ture and conversion indicated in Fig. 13. In Fig. 14 is shown a comparison
of 2, measured here with the values measured by Roche and Price.!? The
latter values were corrected for third-order initiation. Duerksen and
Hamielee!? recently reviewed thermal initiation data for styrene up to
140°C and presented the data of Roche and Price in an Arrhenius plot.
These data agree well with most other data in the literature. The agree-
ment of our initiation data for both second- and third-order models with
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Fig. 18. Experimental conversion-vs.-time data and prediction of third-order model at
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Fig. 19. Experimental number and weight-average molecular weights and predictions of
third-order model at 7 = 120°C.

those of Roche and Price is excellent; k, calculated using eq. (56b) is
plotted in Fig. 14. Our measured activation energy of 27 keal is in good
agreement with those of other workers.!?

Examples of typical measured and calculated differential molecular
weight distributions are shown in Figs. 15 and 16. The deviations be-
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tween measured and predicted distributions are within experimental error.
Deviations at the low molecular weight end are probably due to the loss of
low molecular weight polymer during precipitation in methanol and dioxane.
The model satisfactorily represents the essential features of the polymeriza-
tion proeess.

It is of interest to examine transfer to AH and the variation of Zau/k,
with conversion. For third-order initiation, a graph of this variation is
shown in Fig. 17. If we assume that %Z,m is independent of conversion,
the variation would be due to a change in the propagation constant k,
with conversion. The decrease in k, is relatively small compared to the
decrease in k, up to a conversion of about 909, and then the decrease
with conversion is dramatic. This may be partly responsible for the very
slow rate of polymerization, and decrease in molecular weight averages
near complete conversion.

After the first writing of this paper, we discovered additional data for
the thermal polymerization of styrene in our files. These data for 120°C
are shown in Figs. 18 and 19. It was obtained using the same experimental
techniques.

In summary we have made an experimental study of thermal polymer-
ization of styrene to almost complete conversion and have developed models
based on second-order and third-order initiation which should find use
in the design, simulation, and optimization of polystyrene reactors. We
recommend the use of the third-order models on the basis of the more
consistent correlation of the gel effect at high conversions.
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