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Abstract

In this paper, a simple and useful model, the three stage polymerization model (TSPM) is proposed on the basis of recent experimental
evidence and our preliminary treatment of the experimental kinetic results found in the literature. The model accounts for gel effect and glass
effect in bulk free-radical polymerization. Equations for calculating the conversion of the polymerization reaction are derived based on
TSPM. Using experimental kinetic data available in the literature, general expressions for apparent reaction rate constants in three stages for
methylmethacrylate (MMA) and styrene (St) are obtained. In general, the experimental kinetic data can be treated very well with the TSPM
from the low conversion stage to high conversion, except for some experimental data near the transition points. However, the deviation for
this data may be reasonably explained by the non-isothermal effects that occur in this regime of experiments. This deviation is smaller for a
smaller ampoule reactor used in polymerization experiments because of its better heat transfer ability. In order to establish that there is no
glass effect stage when the reaction temperature is greater than the glass transition temperature for a polymerization process, some
experimental data for ethylmethacrylate (EMA) bulk polymerization at a reaction temperature higher than its glass transition temperature
were checked with TSPM. The plots show that the model is also suitable for EMA bulk polymerization. © 2001 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

There are a number of mathematical models for bulk free
polymerization proposed in Refs. [1,2]. Recently, Tefera et
al. [3] tried to classify the models into five different groups
according to their theoretical background or to the types of
correlations for reaction rate parameters with specific
variables. Almost all models appearing in the literature
contain adjustable parameters for fitting model predictions
to experimental data. In addition, critical break points are
often introduced to simulate the onset of gel effect occurring
in the polymerization. Although the developed models are
successful to varying degrees at fitting the experimental data
for certain conditions, doubts about the basic mechanism of
the models have also been raised. For example, Tefera et al.
[3] pointed out that the models correlating the reactor rate
parameters with the macro-viscosity of the reaction medium
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proposed by Duerksen and Hamielec [4] and Brooks [5]
might not be applicable for other reaction conditions. The
diffusion limitation of the reaction rate might be caused by
the increase of the micro-viscosity at reaction sphere, rather
than by the increase of the macro-viscosity. This doubt
should also be applicable to the models [6—10] correlating
the rate parameters with conversion or weight fraction of the
polymer. O’Neil et al. [1] conducted an experiment to
examine the gel effect in free radical polymerization and
raised doubt about the model based on entanglement argu-
ments [13]. Since reputation theory is closely related to
entanglement arguments, doubt about the models based on
entanglement arguments should also be applicable for the
models [13—16] based on reputation theory. Several inves-
tigations [17-21] cast doubt on the models based on free
volume theory. Russell et al. [22] pointed out that the free
volume theory could not explain some experimental results.
For example, direct measurements of the chain propagation
rate k, in emulsion polymerization showed that the
measured k, for methylmethacrylate (MMA) at 50 °C and
very high conversions was many orders of magnitude
greater than that predicted by free volume models. Stickler
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Nomenclature

f initiator efficiency

[1] initiator concentration, mol 1~

[, initial initiator concentration, mol 17!

K, apparent reaction rate constant at low conver-
sion stage, 12 mol ™2 min~!

K, apparent reaction rate constant at gel effect
stage, 1" mol "2 min !

K. apparent reaction rate constant at glass effect
stage, 1" mol™"? min~"!

K, overall reaction rate constant at low conver-
sion stage

K overall reaction rate constant at gel effect
stage

K; overall reaction rate constant at glass effect
stage

kyq initiator decomposition rate constant, min !

ky chain propagation rate constant, 1 mol min '

k; chain termination rate constant, 1 mol min !

[M] monomer concentration, mol 1!

[M] free radical concentration, mol 1!

R; chain initiation reaction rate, mol 1 min '

R, chain propagation reaction rate, mol 1 min '

R, chain termination reaction reaction rate,
mol 1 min "

0 time, min
conversion

[23] pointed out that complete conversion could be achieved
in bulk systems as long as the reaction time was large
enough. This refuted the notion that the bulk polymerization
stopped at the glass transition point.

As the gel effect is present in bulk polymerization, the
non-isothermal effect might always occur if the reaction
heat in the gel stage is not removed on time. In general,
the experiments of bulk free radical polymerization in the
literature were performed in ampoule reactors and the water
bath (or oil bath) temperature was often adopted as the
reaction temperature. Although the bath temperature
might remain unchanged in the experiments, the tempera-
ture of the reaction mass in the ampoule would increase
rapidly when the gel effect occurs. Hence, polymerization
was under a non-isothermal condition at this regime [24].
Therefore, in this case, an isothermal assumption may lead
to a misunderstanding of the process [2].

In order to establish the mathematical model of kinetics
for bulk free radical polymerization, it is important to under-
stand the variation of reaction rate constants and initiator
efficiencies with conversion as well as to obtain these para-
meters more directly and accurately. Therefore, the electron
spin resonance (ESR) spectroscopy [25] and pulsed-laser
polymerization (PLP) technique [26] were used to obtain
the propagation rate constant k, directly. The results [25]

showed that the propagation rate constant was unchanged
within the range of wider conversion.

Carswell et al. [27] reported a study of the polymerization
of MMA to high conversion, in which the Fourier transform
infrared spectroscopy (FTIR) was used to measure the
concentration of monomer and the ESR was used to obtain
the radical concentration. The results showed that the poly-
merization could be obviously divided into several stages
and k, was a constant in a much wider conversion range. The
chain termination rate constant k, was also different at the
low conversion stage and the gel effect stage.

For the initiator efficiency f, only limited experimental
data at low conversion has been reported. In the past, f
was assumed to be a constant throughout the polymerization
up to very high conversion. However, some investigators
[22,28-30] challenged this hypothesis. For example,
Russell et al. [22] pointed out that the initiator efficiency
at intermediate conversion was reduced slightly compared
with that at low conversion, and that it would decrease
drastically in many orders of magnitude beyond a certain
critical conversion.

It may be concluded from the brief review above that it is
necessary to develop a new model for describing the
kinetics of bulk free radical polymerization.

2. Kinetic model

Based on recent experimental evidence and our prelimin-
ary data processing of kinetic experimental results in the
literature, a simple and useful model, the three stage poly-
merization model (TSPM), is proposed. The major content
of TSPM is as follows:

1. The whole course of the bulk free radical polymerization
is divided into three different stages: low conversion
stage, gel effect stage and glass effect stage.

2. The kinetics of each stage can be described by the kinetic
mechanism of the classical free radical polymerization.
In each stage, the values of kinetic constants and initiator
efficiency remain constant.

3. Glass effect stage occurs only when the reaction tempera-
ture is lower than the glass transition point of the
polymer.

In order to illustrate the model, an initiator-initiating bulk
free radical polymerization is introduced here as an
example. Under a long chain hypothesis for monomer
consumption, a quasi-steady-state approximation for radical
concentration, and on the assumption that the total polymer-
ization rate is equal to the rate of the monomer consumption
[31], the following differential equations are obtained:

d[M]

=g = kolM M) M

Ry = 2fkylI]1 = R, = 2k MV’ )
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Eliminating [M"] from Egs. (1) and (2),
_diM]
P de
According to the classical kinetics of free radical polymer-
ization, we have

(1] = [{]o exp(—kq06) “4)

Substituting Eq. (4) into Eq. (3), the following equation is
obtained

= ky(fkalk) 111" [M] 3)

dM
- % = K,[1?* exp(—kq6/2)d6 )
where

K, = ky(fko/k)"? 6)

2.1. Low conversion stage (x = x;, K, = Ky,)

Integrating Eq. (5) under the condition [M] = [M], at § =
0 and defining x = 1 — [M]/[M], gives

—In(1 — x) = —K,[exp(—kq0/2) — 1] (7)
where

K, = (2kg)K 415 (8)
K, = pl(flkd/kt1)1/2 )

2.2. Gel effect stage (x| = x = x,, K, = K»,)

Similarly, integrating Eq. (5) with the condition [M] =
[M], at 6 = 6, and setting [M] = [M]o(1 — x) and [M]; =
[M]o(1 — x1), we obtain the following:

—In(1 — x) = —In(1 — x,) — Ky[exp(—k46/2)

— exp(—kq6,/2)] (10)
where
Ky = (2lkg)Kx, 115 (11)
K>, = p2(f2kd/kt2)l/2 (12)

2.3. Glass effect stage (x = x,, K, = K3,)

Similarly, we have:

—In(1 — x) = —In(1 — x,) — Ks[exp(—ky6/2)

— exp(—ky6,/2)] (13)
where
Ky = Q/kg)K3, 115> (14)
K3, = p3(f3kd/kt3)1/2 (15)

It is obvious from Egs. (7), (10) and (13) that if the

polymerization kinetics can be described by the TSPM,
three straight lines should be obtained in the plots of
—In(1 — x) vs. exp(—kq6/2) in three different stages. The
slopes of the three straight lines are K, K, and K3, respec-
tively. The intersection points of the three straight lines are
the critical conversion x; for the transition from low conver-
sion stage to gel effect stage and the critical conversion x,
for the transition from gel effect stage to glass effect stage. It
is clear that Kj,, K,, and K3, can be calculated from K, K,
and K; for a given initial initiator concentration [/], and
initiator decomposition rate constant Ky. In addition, Ki,,
K>, and K3, obtained by means of Egs. (8), (11) and (14)
are independent of the value of the initiator concentration.
According to the definitions in Eqgs. (9), (12) and (15), the
obtained K,, K,, and K3, under the TSPM can be correlated
to temperature by the Arrhenius equation.

3. Model examination and discussion

3.1. The three stage polymerization model plots of kinetic
data

In order to treat the experimental data, k4 is given by the
following equation [2,20]

kq(AIBN)/min = 6.32 X 10'® exp(—15.43 X 10°/T[K]) (16)

3.1.1. Three stage polymerization model plots of
methylmethacrylate bulk polymerization data

Zhu and Hamielec [24] studied the heat effect for bulk
free radical polymerization of MMA using 2,2’-azobisiso-
butyronitrile (AIBN) as the initiator in glass ampoule
reactors and reported a set of conversion data obtained in
a 5 mm outer diameter ampoule. The TSPM plot of the data
adopted from Zhu and Hamielec [24] is shown in Fig. 1. It
can be seen that the experimental data basically, falls on
three straight lines with different slopes, as TSPM predicted.
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254 R K,=0.7 i
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exp(-k 9/2)

Fig. 1. TSPM plots of data presented by Zhu and Hamielec [24] (MMA,
70 °C, ampoule).
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Fig. 2. TSPM plots of data presented by Balke and Hamielec [32] (MMA,
50 °C, ampoule).

It may also be seen that some experimental points around
the transition point x; from the low conversion stage to the
gel effect stage deviate slightly from the TSPM. This can be
explained by the non-isothermal effect in this regime as
discussed previously.

Figs. 2—4 show the TSPM plots of the data presented by
Balke and Hamielec [32] at 50, 70 and 90 °C, respectively.
It can be seen that the data at different temperature and
initiator concentration are described well by TSPM. It can
be found that the experimental points around the transition
point x; deviate from the TSPM more obviously in Fig. 4,
compared to that in Figs. 2 and 3. This can be explained by
the fact that the experiments in Fig. 4 are performed in a
larger, 7 mm inner diameter ampoule, where the non-
isothermal effect might be greater than that performed in a
smaller ampoule (3 mm inner diameter), as used for the
experiments plotted in Figs. 2 and 3.

It is also seen that there is some deviation between the
experimental data near the transition point from the gel
effect stage to the glass effect stage. This may be attributed

3.0 T T T T T T T T

® [1],=0.3wt% [AIBN]
o [1],=0.5wt% [AIBN]

model
054 o X,=0.3350 7
x,=0.2970
i K85
K =6.65
0.0 . . . T " T - o
0.80 0.85 0.90 0.95 1.00

exp(-k 0/2)

Fig. 3. TSPM plots of data presented by Balke and Hamielec [32] (MMA,
70 °C, ampoule).
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3.0

2.5

= [1],20.3wt% [AIBN]
o [1],70.5wt% [AIBN]

model

" B x=04004
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Fig. 4. TSPM plots of data presented by Balke and Hamielec [32] (MMA,
90 °C, ampoule).

to the fact that In(l — x) is very sensitive to x at high
conversion.

Balke and Hamielec [32] presented some long-term
kinetic data in the glass effect stage. For example, in the
case of 50°C 0.391 wt% AIBN, the reaction lasted for
266.6 h. These data show that there is no limiting conver-
sion, and complete conversion could be achieved as long as
the reaction time is sufficient.

O’Neil and Wisnudel [2] studied the kinetics of MMA
bulk polymerization at 20 °C (4 wt% AIBN) and 75 °C
(5 wt% AIBN) by DSC with a small sample mass. Figs. 5
and 6 show the TSPM plots of data presented by O’Neil and
Wisnudel [2]. From the plots, it can be seen that the experi-
mental points generally fall on three straight lines with
different slopes. However, the experimental data around
the transition point x; still deviate slightly from TSPM for
such small reactor. These results show that the non-isothermal
effect might be an inherent character of the gel effect and
might not be entirely removed by the improvement of heat
transfer.

Ito [33] studied MMA bulk polymerization kinetics with

1.2 T T T T T . T . T
K,=23
10 . x,=0.645
U - - 1
\
u
0.8+ . -
w
— \n u [l]=4wt% [AIBN]
=0.6 1 4
% K,-8335 model
\
0.4+ \\ E
L]
0.24 —
x,=0.172 K =487
] u [
0.0 T T T T T T T\'i\?
0.9992 0.9994 0.9996 0.9998 1.0000

exp(-k 0/2)

Fig. 5. TSPM plots of data presented by O’Neil and Wisnudel [2] (MMA,
20 °C, DSC).
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4 k i
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0.0 , . . . .
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exp(-k 6/2)

Fig. 6. TSPM plots of data presented by O’Neil and Wisnudel [2] (MMA,
75 °C, DSC).

an ampoule at 45 °C. His data has been used as a source of
kinetic and molecular weight in some modeling and simula-
tion exercises, and hence is of particular significance.
Therefore these data are adopted to examine the correctness
of TSPM. Fig. 7 shows the TSPM plots of Ito’s data, from
which it is seen that again Ito’s data can be described well
by the TSPM.

O’Neil et al. [1] reported a study of polymerization of
MMA up to high conversion at 50 °C with high concentra-
tion AIBN as the initiator in a 15 ml ampoule reactor. The
data are plotted in Fig. 8, which shows that the experi-

mental data of O’Neil et al. can also be described well
by TSPM.

3.1.2. Three stage polymerization model plots of styrene
bulk polymerization data

Although a lot of kinetic data of St bulk polymerization
has been published in the literature, only a very few experi-
mental data have covered the glass effect stage, since most
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[17,=0.025mol/L[AIBN]K =32.0, 4

|

\

i K,=622,x,=0.2451,x,=0.81
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K,=441x,=0.2219,x,=0.80

#’ [1],=0.00625mol/L[AIBN],K =16.04

K,=312,x,=0.2032,x,=0.78

—— model

o

0+——
0980 0985

T T T

049195 1.000 1 .OIO5
exp(-k 6/2)

T T T

T T T
0.990 1.010 1.015  1.020

Fig. 7. TSPM plots of data presented by Ito [33] (MMA, 45 °C, ampoule).
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Fig. 8. TSPM plots of data presented by O’Neil et al. [1] (MMA, 50 °C,
ampoule).

experiments for the kinetic study of St bulk polymerization
stopped once the glass effect stage was reached. Therefore,
it is difficult to determine K; by means of these data, and x,
may only be roughly estimated.

Fig. 9 shows the data of St bulk polymerization at 80 °C
presented by O’Neil and Wisnudel [2], Nishmura [34] and
Toboisky et al. [35] with TSPM plots. It is worth noting that
the data given by O’Neil and Wisnudel [2] and Nishmura
[34] fall on the same lines of TSPM, since they used same
initiator concentration, 0.05 mol/l. However, the data from
Toboisky et al. has been dropped on different lines since
they used a different initiator concentration, 0.02 mol/l.

Fig. 10 shows the TSPM plots of St bulk polymerization
data at 60 °C presented by O’Neil and Wisnudel [2],
Nishmura [34] and Braks (data taken from Marten and
Hamielec [36]) for four different initiator concentration,
respectively. This figure clearly demonstrates that the

experimental can be well represented by the data of
TSPM.

T T 1 T T T T T 7

304 @ o x,=0.9502 7
254 ;. -
| ° \ ®  ONeil et al(1998),[1] ~0.05mol/L
- \ k-17 © Nishimura(1966).[1,=0.05mol/L |
- \ - O Toboisky et al(1960),[1],=0.0212mol/L

i \ —— model
Tis] K % |

K=1.74

0.0 T T T L T T
03 04 05 06 07 08 09 10 11 1.2 1.3

exp(-k 6/2)

Fig. 9. TSPM plots of St bulk polymerization data (80 °C, DSC and
ampoule).
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Fig. 10. TSPM plots of St bulk polymerization data (60 °C, DSC and
ampoule).

Arai and Sato [37] also studied the kinetics of St bulk
polymerization at 60 °C, by using an ampoule reactor.
Fig. 11 shows the TSPM plots of the data presented by
Arai and Sato [37]. It can be seen from the figure that the
experimental data falls near to the straight lines of different
slopes, except for some experimental data around the transi-
tion point x;.

Ito [33] studied St bulk polymerization at 45 °C with
AIBN as initiator in an ampoule reactor. The plots of data
are shown in Fig. 12. Again, it can be seen from the plots
that the experimental points are described well by TSPM,
except for data near the transition point. However, Marten
and Hamielec [36] pointed out that Ito’s data might be
inaccurate at higher conversion (=85%). Our TSPM plots
indicate that Ito’s experiments have not captured the trend
of the glass effect stage at high conversion. It seems that
Ito’s data only covers two stages.

Fig. 13 shows the TSPM plot of the kinetic data of St bulk
polymerization at 70 °C with higher AIBN concentration
(6.5 wt%) presented by O’Neil et al. [1]. It can be seen
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= \ l x,=0.92
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Fig. 11. TSPM plots of data presented by Arai and Sato [37] (St, 60 °C,
ampoule).
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Fig. 12. TSPM plots of data presented by Ito [33] (St, 45 °C, ampoule).

from this figure that there is a good match between the
experimental data and the preditions of the TSPM.

3.1.3. Three stage polymerization model plots of
ethylmethacrylate bulk polymerization data

Cardenas and O’Driscoll [11,12] studied the kinetics of
EMA bulk polymerization at 70 and 90 °C with AIBN as
initiator in a 3 mm outer diameter ampoule reactor. In most
experiments, the conversions were higher than 97%. Since
the reaction temperatures were higher than the glass transi-
tion temperature of the Polyethylmethacrylate (PEMA),
65 °C [38], the data of Cardenas and Driscoll [11,12] can
be used to examine the hypothesis of TSPM as there will be
no glass effect stage when the reaction temperature is
greater than the glass transition temperature. The TSPM
plots of the data presented by Cardenas and O’Driscoll are
shown in Figs. 14 and 15 for reaction temperatures 70 and
90 °C, respectively. Indeed, the polymerization courses in
these figures only include low conversion and gel effect

25 — 7T T T T ' T T T T T T T T 1
2.0 \ -1
K,=95.4
= [I];=6.5wt% [AIBN]
154 \I —— model i
3l
—
N—
£1.04 -
0.54 B
0.0 T T T L LA | T r—
0.84 0.86 0.88 0.90 0.92 0.94 0.96 0.98 1.00 1.02

exp(-k 6/2)

Fig. 13. TSPM plots of data presented by O’Neil et al. [1] (St, 70 °C,
ampoule).
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Fig. 14. TSPM plots of data presented by Cardenas and O’Driscoll [12]
(EMA, 70 °C, ampoule).

stage. Again, these results show that the TSPM is correct for
a case without glass effect stage.

3.2. Correlation of apparent reaction rate constants

As mentioned previously, the apparent reaction rate
constants for all three stages, Kj,, K;, and Kj,, should be
independent of the initial initiator concentration and can be
correlated to reaction temperature by means of the Arrhe-
nius equation.

3.2.1. Correlation of apparent reaction rate constants for
methylmethacrylate bulk polymerization

Using the K, K, and K3 for MMA bulk polymerization in
Figs. 1-8, the K|, K;, and K3, can be calculated by means of
Egs. (8), (11) and (14). The logarithm of the calculated K;,,
K>, and K3, are plotted against the reciprocal of the reaction
temperature, 1/T in Fig. 16. All of the data falls on three
straight lines for the different stages. This demonstrates
that all three apparent rate constants, Kj,, K, and K3, are

5 T T T T T T
44 °  [1],79.8X10°mol/L T
» [1],=3.2X10°molL
? 3 —— model T
z K275\
2 a
O\
14 i
x,~0.4443
x=0.4024 T Tt K=2.5 I
K=1.43
0 —
0.4 05 0.6 0.7 0.8 0.9 1.0

exp(-k 9/2)

Fig. 15. TSPM plots of data presented by Cardenas and O’Driscoll [12]
(EMA, 90 °C, ampoule).
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Fig. 16. Apparent reaction rate constants for MMA bulk polymerization.

well fitted with Arrhenius correlations to the reaction
temperature.

Based on Fig. 16, general calculation equations of K, K>,
and K3, for MMA bulk polymerization are obtained as
follows:

Ky, = 5.44 X 10" exp[—9520/T(K)] (17)
K>, = 4.80 X 10" exp[—10 000/T(K)] (18)
K;, = 5.68 x 10" exp[— 11 100/T(K)] (19)

3.2.2. Correlation of apparent reaction rate constants for
styrene bulk polymerization

Using the K, and K, data for St bulk polymerization in
Figs. 9-13, K;, and K,, can be calculated and treated in a
similar manner as for MMA bulk polymerization mentioned
above. It is shown that the K;, and K, calculated from K;
and K, are functions of the reaction temperature only. They
are independent of the initial initiator concentration as
shown in Fig. 17. Once again, from Fig. 17, equations for

2 T T T
] ] o Ito[1975]
i X Braks[1974]
04 & O'Neil et al[1996]
| = O'Neil ct al[1998]
-14 - v Toboisky et al[1960]
O Nishimura[ 1966]
2 e Araietal [1976] .
~B
£ . ]
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-5 u
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| -
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0.0028 0.0029 0.0030 0.0031
/T

Fig. 17. Apparent reaction rate constants for St bulk polymerization.
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K, and K, of St bulk polymerization can be derived:

K, =740 X 10" exp[—10790/T(K)] (20)

Ky, = 2.62 % 107 exp[—6520/T(K)] 1)

However, due to the absence of available experimental data
for Kj in the literature, it is not possible to obtain a calcula-
tion equation of Kj3,. To achieve this, it is neccesary to
perform some kinetic experiments for long reaction time.

4. Conclusions

Based on the current study, the following observations
can be made:

1. The free radical bulk polymerization can be satisfactorily
described by means of the TSPM. The model is very
simple and useful for engineering purposes.

2. Using the experimental data published in the literature,
the general Arrhenius-type equations for the apparent
reaction rate constants at three different polymerization
stages for bulk free radical polymerization of MMA and
St have been obtained. This gives strong support to the
correctness of TSPM.

3. Using the experimental data of EMA bulk polymeriza-
tion, the hypothesis that there will be no glass effect stage
when the reaction temperature is greater than the glass
transition temperature of polymer has been verified.
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