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SYNOPSIS 

A kinetic modeling study was conducted for the Ziegler-Natta polymerization of butadiene 
with cobalt octoate/DEAC/water catalyst. The model equations for the single and dual 
active site models were analytically solved, and the closed-form expressions for conversion 
and both number and weight average molecular weights were obtained. The expressions 
for conversion and number average molecular weight are identical for both models. Also, 
the expressions of weight average molecular weight are similar for both models, but the 
expression for the dual active site model includes an additional scalar parameter. The 
parameter can be regarded as a "correction factor of weight average molecular weight," 
which reflects the effect of dual active sites on the polydispersity. Using the expressions, 
a simple and noniterative kinetic modeling algorithm was established, and the parameter 
estimates were obtained. The estimated value of the correction factor ranges from 1.2 to 
1.5 depending on the experimental data. The modeling results indicate the validity of the 
dual active site model. 0 1994 John Wiley & Sons, Inc. 

INTRODUCTION 

Ziegler-Natta polymerization of butadiene has been 
studied by many researchers during the past few de- 
cades. Kinetic modeling has been one of the vital 
subjects in this field due to its importance in the 
design and control of reactors. The kinetics of the 
polymerization reaction has been extensively 
investigated 1-4 and various rate and molecular 
weight expressions were developed and The 
kinetic studies were also carried out for the Ziegler- 
Natta polymerization of ethylene, '' ethylene-pro- 
pylene copolymer, l6 propylene, l7 and butene-1." 
Honig l9 extensively investigated the Ziegler-Natta 
polymerization of butadiene using cobalt octoate 
with diethyl aluminum chloride (DEAC) and water 
as the catalyst, and Honig et a1." proposed a reaction 
scheme based on the investigation. However, their 
model consistently underestimates the weight-av- 
erage molecular weight. Nitirahardjo et al.'l modified 
the reaction scheme by assuming two active sites. 

* To whom correspondence should be addressed. 
Journal of Applied Polymer Science, Vol. 53, 1605-1613 (1994) 
0 1994 John Wiley & Sons, Inc. CCC 0021-8995/94/121605-09 

Vela Estrada et al.22323 suggested a reaction scheme 
with branching reaction. 

Bohm" pointed out the analogy between the en- 
zyme-substrate interaction of the Michaelis-Men- 
ten type enzyme reaction and the catalyst-monomer 
interaction of the Ziegler-Natta polymerization re- 
action. Heineken et al.24 applied the singular per- 
turbation theory to interpret the quasi-steady-state 
approximation in Michaelis-Menten kinetics using 
the enzyme to substrate ratio as the small parameter. 
In this study, the singular perturbation theory2' is 
applied to the single active site (SAS) model pro- 
posed by Honig et a1.20 and the dual active site 
(DAS) model by Nitirahardjo et al.'l to simplify the 
model equations. 

The mathematical description of the polymeriza- 
tion reaction consists of conservation laws on the 
intermediate species, the monomer, and the quan- 
tities characterizing polymer chain distributions. 
Normally, they form a system of coupled, stiff, and 
nonlinear ordinary differential equations. The Bod- 
enstein steady-state principle can be applied to the 
conservation equations of all intermediate species 
to assume quasi-steady states, and hence to turn the 
stiff differential equations into algebraic equations. 

1605 



1606 LEE, NITIRAHARDJO, AND LEE 

Table I Reaction Scheme of Single Active Site Model 

Reaction Step Reaction Rate Constant 

Formation of active sites 
Formation of byproducts 
Initiation 
Propagation 
Transfer to monomer 
Transfer to but-1-ene 
Regeneration of active sites 
Catalyst deactivation 

CO + A1 + HzO + C* 
c o  + A1 + + Eb 
C* + M + C*P, 
C*P, + M + C*P,+, 
C*P, + M + C*P, + Qr 
C*P, + B + C*B + Qr 

C*P, + Qr + C 
C*B + M + C*Pi + B 

This assumption does not introduce any noticeable 
modeling error because the error associated with this 
simplification has a relative magnitude proportional 
to the ratio of the amount of catalyst to monomer. 
The typical value of the ratio is or less. Also, 
the differential expression for the rate of monomer 
consumption can be simplified by neglecting the 
terms other than the consumption by propagation 
reaction. This simplification introduces relatively 
the same magnitude of error as the quasi-steady- 
state approximation does. Both simplification pro- 
cesses share the unified theoretical basis that the 
terms that are much smaller than the leading order 
terms in the same equation can be neglected. This 
concept can be extended to the equations describing 
the change of the moments by precisely the same 
way. This study aims at  developing a simple and 
practically applicable mathematical expression of 
weight-average molecular weight as well as that of 
conversion and number-average molecular weight 
for Ziegler-Natta polymerization of butadiene that 
uses cobalt octoate with DEAC and water as its cat- 
alyst. 

SAS MODEL 

Based upon the experimental observations, Honig 
et aL2' proposed a reaction scheme that contains 
catalyst formation, the initiation and propagation 

Table I1 Magnitude of Variables 

Variables Magnitude 

of polymerization, transfer to monomer and biit-l- 
ene, the regeneration of active sites, and catalyst 
deactivation. The reaction scheme is summarized in 
Table I. They derived the conservation equations to 
describe the kinetic behavior of a polymerization 
reactor. The detailed derivation procedures of con- 
servation equations can be found in Honig et a1.20 
and is not repeated here. In this study, the mathe- 
matical derivation is given to develop the expres- 
sions for the weight-average molecular weight. 

The mathematical analysis of the polymerization 
reaction starts with the scaling analysis of each 
variable and parameter. For a well-designed poly- 
merization system, the average chain length of 
polymer molecules can be approximately repre- 
sented by the concentration ratio of monomer to 
catalyst, and it provides an important clue in de- 
termining the magnitudes of moments of chain dis- 
tribution. For this reason, a small parameter E de- 
fined as the initial concentration ratio of cobalt oc- 
toate to butadiene monomer, [ Co],/[ MI,, is 
introduced in the scaling analysis. The magnitude 
of kinetic parameters can also be properly repre- 
sented by the small parameter E.  The scaling analysis 
can be achieved with a rough experimental obser- 
vations because a faulty analysis will produce self- 
contradictory results. The detailed results of scaling 
analysis for the present system are given in Table 
I1 for variables and Table I11 for parameters. They 
are relative magnitudes with respect to the initial 
monomer concentration [ MI, and the rate constant 

Table I11 Magnitude of Parameters 

Parameters Magnitude 
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of the propagation reaction h, respectively. The 
overall time scale of the system must be determined 
from the consumption rate of monomer, and it is 
taken as (~ , , [CO]~) - ' ,  that is, the differential op- 
erator d / d t  is treated as if it has the magnitude of 
kJCol0. In this article, the concentration of each 
species is denoted by the square bracket, for ex- 
ample, [MI for the concentration of butadiene 
monomer M, and the initial value of the concentra- 
tion is denoted by the subscript 0. The n th  moment 
of growing chain distribution is denoted by Y,, n 
= 0, 1, . . . , defined by 

ai 

Y, = C rn[C*Pr] (1) 
r = l  

where C *Pr is the growing chain with chain length 
r.  The nth moments of total polymer X,, n = 0, 1, 
. . . , is defined by 

where Q, is the dead chain with chain length r.  The 
overall conservation of key components are given, 
for the cobalt atom, as 

for butadiene, as 

and for but-1-ene, as 

where c is the deactivated catalyst site; Eb, catalyst 
byproduct; C *, active catalyst site; and C *B, short- 
lived but-1-ene/catalyst complex. In Eqs. ( 3 )  , (4), 
(5),  and hereafter, the terms designated by 0 ( E )  , 
0 ( c 2 ) ,  and O ( e 3 )  have the relative magnitude of 
order of e,  e 2 ,  and c 3 ,  respectively, compared to the 
leading order terms. The leading order terms are 
unmarked. The conservation equation of cobalt oc- 
toate is 

( 6 )  -- d'Col - -ki[Co]'.* - k,[Co] 
dt 

where ki is the rate constant of the formation re- 
action of the active catalyst site; k,, the rate constant 
of the formation reaction of the catalyst byproduct. 
The conservation of the active catalyst site can be 
described as 

-- d[C*l  dt - k i [ C ~ ] ' . ~  - k,,[C*][M], ( 7 )  

where kp is the rate constant of the initiation and 
propagation reactions. Both reactions are instan- 
taneous without an induction period, so we can as- 
sume that 

[CO] = 0 ( 8 )  

and 

[C*]  = 0 (9) 

immediately after the initiation. The Bodenstein 
steady-state principle is applied to the two inter- 
mediate species, namely C *B and C *Pl as 

d[C*B1 = kbYo[B] - k,[C*B][M] (10) dt 

and 

d[C*P1l = b [ C * ] [ M ]  - h[C*P, ] [M]  
dt 

where kb is the rate constant of the transfer reaction 
to but-1-ene; kz, the rate constant of the regeneration 
reaction of active site; k,, the rate constant of the 
transfer reaction to monomer; and k,, the rate con- 
stant of the catalyst deactivation reaction. The rate 
of monomer consumption can be simplified by the 
following scaling rule 

-- d[M1 - -b [C*] [M]  -4Yo[M] 
dt 

0 

- k,Yo[M] - kz[C*B][M].  (12)  
c 4 

Y 

O ( e )  



1608 LEE, NITIRAHARDJO, AND LEE 

The zeros in Eq. (12) and hereafter denote the as- 
sumption given in Eq. (9)  regardless of the magni- 
tude of [ C * 1. The equation for zeroth moment of 
growing chain distribution can be simplified by 
adopting Eq. (9)  and the quasi-steady-state ap- 
proximation described by Eq. (10) as follows 

- 
QSSA 

The first moment for the growing chain distribution 
can be simplified as 

dY, = lz,[C*][M] + hYo[M] 
dt - 

0 

+ kcYo[M] + k,[C*B][M]. (14) 
c # ., 

O(C) 

The zeroth moment for the total chain distribution 
is described by 

-- dXo  - lz,[C*][M] + kcYo[M] + k,[C*B][M] 
dt - 

0 

From Eqs. (4) and (12), the first moment for the 
total chain distribution is 

-- dxl - lz,Yo[M]. 
d t  

The second moment for the total chain distribution 
is also greatly simplified as follows 

c I " 
O ( 2 )  

The number-average molecular weight, M,, and 
weight-average molecular weight, M,, are defined, 
respectively, as 

and 

where M ,  is the molecular weight of butadiene 
monomer. 

After omitting the terms with magnitude of O ( E )  
or smaller, Eqs. ( 1 2 )  - ( 17) are much simplified, and 
the closed-form solution can be partially or fully ob- 
tained. Integrating ( 13 ) yields 

where a is the efficiency of formation of active cat- 
alyst site defined by 1 - [Eh]/[Col0.  Because [C] 
= 0 at the beginning, the initial value of Yo can be 
taken as a[  Cola. It is extremely difficult to measure 
the efficiency, a, directly from experiments, and a 
is treated as another parameter to be estimated. For 
this reason, the rate constants ki and k, are not eval- 
uated. Using this expression, monomer consumption 
can be described as 

1 - e-kt 

[MI = [MIoexp -kpa[Co]o---- 
kt 

which was obtained by Hsu and c ~ w ~ r k e r ~ ' ~ ~ ~ ~ ~ ' ~ ~ ' ~  
for the butadiene polymerization with various Zieg- 
ler-Natta catalysts. The zeroth moment of the total 
chain distribution can be obtained by integrating 
Eq. (15) with X o  = a[Co]o at t = 0 as 

In the cobalt based Ziegler-Natta polymerization 
of butadiene, although the catalyst deactivation re- 
action is assumed in the reaction mechanism, the 
reaction does not significantly affect the kinetic be- 
havior, especially when the reaction temperature is 
not too high. Bawn' reported that the deactivation 
reaction can be neglected when the reaction tem- 
perature is below 25°C for Co( acac)3/DEAC/water 
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Figure 1 Fractional conversion versus time for 
[MI0 = 1.42M. ( A )  T = 5°C; (0) 15°C; ( V )  25°C; and 
(0) 35°C. 

catalyst, which is also pointed out by Honig" for 
the present catalyst. Figure 1 shows the effect of 
temperature on the fractional conversion x, which 
is defined as x = ([MIo - [M])/[M],.  The esti- 
mated values of kinetic parameters kpa and k, are 
summarized in Table IV, and are obtained by 
regression analysis of -log( 1 - x )  versus time with 
the constraint k, 2 0 explicitly specified. The rela- 
tively large values of root mean square error 
(RMSE) for the lower temperatures ( 5  and 15°C) 
indicate that the constraint is active for these cases. 
When the deactivation reaction can be neglected, 
that is, k, = 0, Eqs. (20)  and (21)  can be further 
simplified as 

which is constant and 

Table IV Temperature Effect on Conversion 

Temperature k P f f  k, X lo2 RMSE 
("C) (M-' min-') (min-') ( ~ 1 0 ~ )  

5 22 0.00 1.0 
15 54 0.00 1.1 
25 91 0.41 0.4 
35 184 1.07 0.5 

RMSE, root mean square error of regression. 

respectively. The first moment of the total chain 
distribution is 

XI = x[Ml0 = [ M I o ( l  - e-kpa[Colot). (25) 

The initiaI value of the moments of X ,  , Yl , and X 2  
can be set to zero according to the results of scaling 
analysis.25 In this study, we do not consider the po- 
lymerization with mixed C4 feedstock so that [B], 
= 0. The first moment of growing chain distribution 
has the expression 

Because k, = 0, Yo and a[  Cola are interchangeably 
used. The second moment of the total chain distri- 
bution is 

where the superscript SAS denotes the single active 
site model. The expression for Mn and M, are ob- 
tained as 

(D 0.5 

2 0.4 

0.3 

I 
0 
7 

c 
0 .- 

i 

0 - 

2 0.2 
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a, 
0 
- 

0.0 
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Time, m inu tes  

Figure 2 Molecular weight curves calculated using the 
SAS model for [MI, = 1.43M. (0) denotes number-av- 
erage molecular weight ( Mn); ( V )  weight-average molec- 
ular weight (M,) . Solid lines denote calculated molecular 
weights from M,  data and dotted lines calculated molecular 
weights from M ,  data. 



1610 LEE, NITIRAHARDJO, AND LEE 

Table V 
Results 

Effect of Different Data on Regression 

haa W k ,  
Data (M-' min-') (x104) Ly 

M" 58.2 1.49 0.448 
M W  58.2 0.64 0.441 

a Estimated from conversion data. 

and 

1 - exp( -kcX  / 
( 2 9 )  X - ( 1 -  k, 

kc kCXl/k,,YO 

Equation ( 2 8 )  was derived by Kagiya et al.5 and used 
by Yoshimoto et al.' and Bohm12 for the regression 
analysis of M,.  As shown in Eqs. ( 2 8 )  and (as ) ,  
both M ,  and M ,  are expressed by the same param- 
eters, namely kc/k, ,  and a. If k,,a is determined from 
the conversion data and kc/k, ,  and a! are determined 
from M ,  data, then each of k,,, kc ,  and a! is decided 
and there is no adjustable parameter to fit the M ,  
data. Figure 2 shows the regression results of mo- 
lecular weights for [ Co], = 1.25 X 10-4M and [ M I ,  
= 1.43M. The estimated parameter values are sum- 
marized in Table V. The solid lines are for the cal- 
culated M ,  and M ,  with the parameters estimated 
from the conversion and M ,  data. As shown in the 
figure, M ,  is clearly underestimated. On the other 
hand, k,,, k c ,  and a can be estimated from the con- 
version and M ,  data. The dotted lines in Figure 2 
show the results. In the latter case, M ,  is correctly 
predicted and M ,  is overestimated. From Figure 2 
it can be deduced that the SAS model can correctly 
predict the trends of both M ,  and M,,  but it incor- 
rectly estimates the magnitudes of molecular 
weights. 

DAS MODEL 

A more complicated reaction scheme, namely a dual 
active site model, has been proposed by Nitirahardjo 
et a1.21 that is capable of predicting M ,  as well as 
conversion and M,.  The DAS model contains ba- 
sically the same reaction steps as the single active 
site counterpart of Honig et a1.20 does, but each re- 
action step consists of two parallel reactions as a 
consequence of DAS assumption. The detailed re- 
action scheme and full kinetic model equations can 

be found in Nitirahardjo et a1.21 and are omitted 
here. Precisely the same scaling rule as that of the 
SAS model is applied to the DAS model. The con- 
centrations [Co], [C:], [C:] are assumed to be 
zero immediately after the instantaneous initiation. 
The quasi-steady-state approximation is applied to 
the concentration of [ C; B ] and [ C,* P1 1, j = 1 and 
2. For the case of k, = 0, the following expressions 
can be obtained analogously to the SAS model: 

where Yoj is the zeroth moment of the growing chain 
distribution for active site j ,  j = 1 and 2, 

and 

xo = (011 + a2)[Colo 

k c l a 1  + $ 2 ~ ~ 2  

hla1 + k,,zaz 
+ 

Comparison of Eqs. ( 3 0 ) ,  (3  ) , and ( 32)  yields the 
following relations between the parameters: 

Again, the first moment of the total chain distri- 
bution is 

X 1  = x[M], = [ M I o ( l  - e-b"[ColOt)  ( 3 6 )  

where k,,a satisfies Eq. ( 3 4 ) .  The first moment for 
the growing chain distribution for active site j can 
be expressed as 

for j = 1 and 2.  The second moment for the total 
chain distribution is 
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The termination mechanism of the Ziegler-Natta 
polymerization is generally much simpler than that 
of free radical polymerization. The experimental re- 
sults show that the polydispersity is slightly larger 
than 2. Based upon these observations, a simple ter- 
mination step (the chain transfer to monomer in 
this study) is assumed; that is, the two active sites 
have different reactivities of propagation but the 
same reactivity of chain transfer to monomer. When 
kcl = kc2 [=k,byEqs. (33) and (35)],Eq. (38) can 
be simplified to yield 

(39) k,, 
x2 = 2P2- (Xl - Yl) 

kC 

where Y1 is given in Eq. (26)  and P2 is constant 
satisfying the following relation 

It is noteworthy that the second moment of the total 
chain distribution for the DAS model is similar to 
that of the SAS model except that it has another 
adjustable scalar multiplier P2,  and, consequently, 
it satisfies the desired property of X2 mentioned 
earlier. Finally, the M ,  for the DAS model can be 
expressed as 

0.6 
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b 0.4 
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> c 
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0 20 40 60 80. 100 
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Figure 3 Fractional conversion versus time for [MI0 
= 1.43M. (0) data set I; (V) data set 11; (0) data set 111; 
and (A) data set IV. 

15 

10 

%% 
\ 

v, 
0 
h 

5 

0 
0 5 10 15 

l/x 
Figure 4 l /Mn versus l / x  for [MI, = 1.43M. (0) data 
set I; ( V )  data set 11; (0) data set 111; and (A) data set 
IV. 

The individual values of bl, h2, a l ,  and a2 cannot 
be estimated from the conversion, M,,  and M ,  data 
because there are only three constraints, Eqs. (33),  
(34 ) ,  and (40), to relate them; the microstructure 
of the two active catalyst sites cannot be identified 
from the conversion M ,  and M ,  data only. In spite 
of the indeterminacy of the individual parameters, 
the kinetic model capable of predicting the conver- 
sion, M ,  and M ,  can be identified. It is possible by 
employing the lumped parameters: a, the total ef- 
ficiency of formation of active sites; k,, , average rate 
constant of propagation reaction; k,, rate constant 
of transfer reaction to monomer; P 2 ,  the “correction 
factor of weight-average molecular weight” for a 
DAS. It can be easily shown from Eqs. (33 ) ,  (34) ,  
and (40)  that P2 2 1. 

KIN ETlC MODELING 

Thanks to the aid of simple expressions for the mo- 
ments of chain distribution, the following kinetic 
modeling algorithm has been established and used. 

Step 1. Estimate k,,a from -log( 1 - xi) versus 
ti, for i = 1, - - m. The subscript i denotes the ith 
experimentally measured data, and m, the number 
of measurements. 

Step 2. Calculate x ( t i ) .  Estimate kc/k,, and a 
from 1 /Mni versus 1 /x ( ti ) using Eq. ( 2 8 ) .  

Step 3. Calculate k,, and k, from h a ,  kc/k,,, 
and a. 
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Table VI Parameter Estimates 

Data Iz, k, X 10' 
Set (M-' min-') (M-' min-') (Y P 2  

I 130 1.94 0.448 1.24 
I1 134 2.19 0.412 1.19 

111 124 1.76 0.476 1.30 
IV 108 1.54 0.586 1.49 
V 128 1.43 0.512 1.39 

Ua 9 0.27 0.059 0.11 

a The standard deviation of parameter estimates. 

Step 4. Calculate X ys) using Eq. (27). Esti- 
(ti )/XI ( t i  ) using (SAS) mate p 2  from MWi versus X 

Eq. (39 ) .  

In this algorithm, all regression problems are lin- 
ear with one or two parameters, which can be 
achieved by the standard least-squares method. 

RESULTS AND DISCUSSION 

Using the proposed algorithm, kinetic modeling has 
been carried out with the conversion and molecular 
weight data adopted from Honig." All the data used 
here have the same catalyst condition: the concen- 
tration of cobalt octoate is 1.25 X 10-4M; DEAC, 
2.51 X 10-'M; water, 7.47 X 10-3M. The algorithm 
was first tested for the data with [ MIo = 1.43M and 
T = 15°C. which is referred to as data set I. The 

W O 8  3 
* 
L 
Y 

C T  I 8 
V 

0 

J 

0 
a, 

2 

- 
0 O 2  

0 0  

0 50 100 150 200 250 
Time, minutes 

Figure 5 Molecular weight versus time for [MIo 
= 1.43M. (0) data set I; ( V )  data set 11; (0 )  data set 111; 
( A )  data set IV; solid line, M,; and dotted line, M,. 

small parameter E is 0.87 X for this data. Figure 
3 shows the conversion versus time data for t I 90 
min. The value of h a  estimated from this data is 
58.2 M-' min -' . In Figure 4, a plot of 1 / M, versus 
1 / x  shows the linear relation predicted by Eq. (28) .  
The estimated value of k , / b  is 1.49 X lop4 and that 
of a! is 0.448. Finally, the correction factor p 2 ,  which 
is 1.24, was estimated from the M, data. The re- 
sultant parameter values are summarized in Table 
VI. Figure 5 shows calculated M ,  and M, curves 
with the estimated parameter values. In Figure 5, 
the last three data measured at  time t > 90 min were 
not used during the estimation, but they show good 
agreement with the predicted curves. Three different 
data sets with the same conditions were used to 
check the consistency of the parameter estimation. 
They are referred to as data sets 11,111, and IV, and 
each data set contains only three measurements at 
t = 20, 60, and 90 min. The data are also shown in 
Figures 3, 4, and 5 and the resultant parameter es- 
timates are shown in Table VI, which agree well 
with the previous results from data set I. Finally, 
the kinetic modeling procedures were repeated for 
the data with a different initial monomer concen- 
tration, [ MIo = 1.83M and the resultant parameter 
values are also reported in Table VI as data set V. 
Figure 6 shows that again the calculated molecular 
weights agree well with the experimental data. 

From the basic assumption, the parameter esti- 
mates of each column in Table VI should have the 
same value, and it turns out to be true within a rea- 

l .o 

0.8 

0.6 
a 
\ 

a 0.4 
# 

0.2 

0.0 ' I I I 4 1 
0.0 0.2 0.4 0.6 0.8 1.0 

Figure 6 Molecular weight versus time for [MIo 
= 1.83M. (0) number-average molecular weight and (V) 
weight-average molecular weight. 
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Figure 7 a I / a  versus hI/b for various values of p2. 

sonable amount of deviation. If we consider the fact 
that data sets 11,111, and IV each contains only three 
measurements, the consistency of the parameter es- 
timates indicates the significance of the kinetic 
model, especially the correction factor p2, and the 
stability of the kinetic modeling procedure together 
with the reproducability of the experiments. Al- 
though the individual value of the parameters hl, 
hZ, al, and a2 cannot be decided, they somehow 
depend on the correction factor p2. The dependency 
of hl and a1 are graphically illustrated in Figure 7 
for various values of p2. Figure 7 also shows the fea- 
sible range of a1 for a given p2- Because the estimated 
value of pz ranges from 1.2 to 1.5, it can be said that 
the active site 1, which is relatively less active, ac- 
counts for at least 20% of the total active sites. 

CONCLUSION 

The kinetic behavior of the Ziegler-Natta polymer- 
ization of butadiene can be qualitatively predicted 
using the single active site model, but the M ,  is con- 
sistently underestimated because the chain distri- 
bution calculated by this model is narrower than the 
actual distribution. The chain distribution, and the 
M,, can be correctly predicted by our DAS model. 
The most important feature of the dual active model 
is that the two different active sites have different 
reactivity of propagation but equal reactivity of 
chain transfer to monomer. The scaling analysis 
technique is applied to the model equations, and the 
closed-form expressions are derived for the conver- 
sion, M,, and M,. A simple kinetic modeling algo- 

rithm was developed and used to obtain the optimal 
parameter estimates. The kinetic modeling results 
show the validity of the DAS model. 
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