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Abstract : Average molecular weights, moments, and polydispersity indices were calculated
for irreversible linear condensation polymerization in an ideal continuous-flow-stirred- tank
reactor with variant reaction rate depending on its chain length, Exact solutions were obtained
for the case when only monomer has a different reactivity from its homologues, A new
model for chain length dependence in form of k(14q’mn) was considered to give limited
molecular weights within a finite residence time, and limited polydispersity index. The reason
is that there is a limitation of residence time for CSTR to give us the proper analytic
solution. For comparison it is worthwhile to remember that a batch reactor gives us infinite
molecular weight within a finite time instead.
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INTRODUCTION

The theory of molecular weight distribution
of linear condensation polymers is well established
on the principle of equal reactivity of Flory,1
Even though experimental evidences seem to
be generally in favor of this principle, it seems
to be still interesting to investigate the systematic
deviations from the most probable distribution
of Flory. The reactivity of the functional groups
is known to depend on the structures of monomers
or polymers, There are monomers, especially those
containing aromatic rings, for which the reactivity
is different from those of higher homologues.
Goel et al.? have considered such case numerically
in a batch reactor, Gupta et al’ have studied
such case numerically in a continuous- flow-stirred
-tank reactor (hereafter called CSTR). Here
their case is reconsidered for the analytic results
which might be very useful for further applications,
In fact it gave the similar results worked out
by Kumar recently,4 In the latter paper, he considered
reversible polycondensation generally and pointed
out that it is possible to have analytic expression
for the irreversible limit. Second possibility on
the inequality in the reactivity could be the
chain length dependence as pointed out previous-
ly® It is still unclear why the reactivities of
longer chains are greater or less than those of
shorter ones, External flow or other type of forces
could alter the orientational distribution of the
long chain molecules, which eventually affects
the reactivities of such chains. Highly oriented
aromatic polyamide short fiber obtained by Yoon
and al® could be one of such cases. Nanda and
Jain” was among the first to consider the chain
length dependence of the reactivities of polymer
chains, but their results were only useful for
the early stage of' polymerization because their
model is physically bounded due to the zero
reaction rate constant for some reactions between
large chains. New model for chain length dependence
was proposed to predict that the molecular weight
can reach infinity for a finite time of reaction
in a batch reactor by author.® It might be called
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as the externally induced gelation phenomenon
during linear condensation polymerization. Here
the same kinetic model is applied for condensation
polymerization in a CSTR.

GENERAL KINETIC EQUATIONS

Irreversible polycondensation reactions are
represented as an infinite set of elementary reactions

Pn+Pn k—mn) Pmin  m, n=1,2 (1)

Where Pn is molecules having m repeating
units and kmn is reaction rate constant of Pp
and Pn. The following set of algebraic equations

generally characterizes the polymerization process
in a CSTR.

QLIP—IO)‘ =”P1§1km Po—kyP/ (2)

(P —Pmo)

=—Pn 3 kgaPn—kumPm’
t n=1

+ 2 kum-nPoPrn (3)

Where m* is the integer part of m /2. Second
subscript 0 in P means the feed concentration
for polymers, and t is residence time in a CSTR.
For the illustrative purpose, let us consider the
Gupta’s case first,

Gupta’s Model

In this kinetic scheme, polymerization process
is modelled by two parameter k, and k only :

ky =k /2
kpn = k m=£n
kon = k/2 n22 (4)

If k, is equal to k, it is the case of equal reactivity.
It is easy to construct a set of nondimensionalized
equations for a given initial condition, Here the
simplest initial condition is used, that is the only
monomer exists at the beginning with the concentra-
tion M,.
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(P D _ _opQ,—2(g—1)P? ©)
—1:_— = —2P2Qo+gp )
Po o 0Pt B PP m) (D

where g=k, /k and 7=kM,t /2.

Moments Qs are defined by equation (8)
and every Q and Py are nondimensionalized
by M,.

Q[ =nci2:1nipn (8)

In order to calculate the number-averaged
and weight-averaged molecular weight, Q, Q
and Q, are only necessary. It is easy to construct
a Q, equation in general by summing equations

(5)~(7).

Rl i g1y ©®
( 1:1) —0 (10)
—‘——‘(Ql:l) =2 ICjQJQH

+ (g-1) (2-2)P, (11)

where (C; is the permutation symbol, These
sets of equations permit the exact analytic solutions
which were not noticed by the inventor of the

model. The results are :

Q= L (a2 1) 1z

Q=1 (13)

Qo 1pgry (Hler=07 (14)
g7
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in a CSTR

Fig. 1. Normalized number averaged molecular weight
(Ln) of Gupta’s model vs, dimensionless time
{r) (from the top g=10, 5, 1).

and

(1+4g7—f)"* (15)

P = Teg(z— D))"

where f = [1+8g7+16g7*)'%

It is possible to calculate Q,and Py, successively
in principle,

According to the definition of number-averaged
and weight-averaged chain lengths L, and Ly
it is easy to have the following relationships.

Ly = QI/QO (16)

Lw= QZ/Ql (17)

The normalized number average molecular weight
(Ln) and weight averaged molecular weight
(Lw) are plotted against the dimensionless time
7 in Fig. 1 and 2. g was chosen to be 1, 5, 10
since as shown in previous paper,5 the reactivity
between monomers is quite larger than those
of polymers for the reaction between diethylene
glycol and adipic acid.

PDI from such kinetics is plotted in Fig. 3.

New Model

Here a new model with the variant reaction
rate which strongly depends on the chain length
was applied in a CSTR, It is not claimed that
such a dependence corresponds to any real situation,
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Fig. 2. Normalized weight averaged molecular weight
(Lw) of Gupta’s model vs. dimensionless
time (7) (from the top g=10, 5, 1).

-

but there is a strong possibility that polymeriza

tion could be accelerated by the external field

such as shear flow. If the reaction rate varies

as given in equation (18) then it is easy to construct

not only the mass balance equations but also

corresponding moments equations for the same

feed conditions mentioned previously.

knn = k(14+q’mn) m=n
2

ko = M) g (08
(Ll_ri = —2P,Q— 29°P.Q, (19)
—};)2— =—2P,Q,— 49°P.Q:+ (1+¢*)P;? (20)
l}n_ = —2PnQo— 2mq’PrQ,

+ % 0#an(mn)PPun  (21)

and

Q-1 __g: _ gqr (22)

Q-1 _, (23)

(_QLTTL)_ = :g‘ ‘CJ{QJQH‘*'QZQmQHﬂ} (24)

Q; can be obtained successively.

306

4
]
e
o 2
00 1.5 3.0

T

Fig. 3. Polydispersity index (Lw/Lp) of Gupta's
model vs. dimensionless time (7) (from the
bottom in the region of large T g=10,

5 1)
—Ag3r?) VI
Q = ((1+4r 42qT ) 1) (25)
Q1= 1 (26)
Q; = (1-(1-8d’7—164°7) **) (27)
2 4q27_

L, and L, are obtained from Q, Q, and Q..

L, — 1HQtd4r—dqr) (28)
(1-d’7)
Ly = 2(1+27) (29)

14-(1—8q*r — 16q>r?) ?

Ln, Lw and PDI are plotted in Fig. 4, 5 and
6 respectively. It is clear that dimensionless time
7 should be less than a certain finite time Tmax.
It is obtained from eq (27).

U IPPRUN B (30)
max = (L) =1

At that time, the weight-averaged molecular
weight does not reach infinity so that gelation
does not occur if we introduce whatever small
value of q, It is still unclear what kind of phenomenon
could occur after that maximum residence time
given by eq.(30). It is worthwhile to notice that
if q approaches zero, then the number averaged
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Fig. 4. Normalized number averaged molecular weight
(Ly) of the new model vs. dimensionless
time (7) (from the top q=0.075, 0.05, 0,
0.051, 0.075i).

Fig. 5. Normalized weight averaged molecular weight
(Lw) of the new model vs. dimensionless
time (7) (from the top q=0.075, 0.05, 0,
0.051, 0.0751).

and weight averaged molecular weights at that
time are order of 1/q"* and 1/ q, respectively,
so that PDI(polydispersity index L. /Ljp) is
order of 1/q"? not infinity.

These results are applicable for the case of
q=iq* that is, the case when the rate constant
is decreased with increasing chain length. Here
i is the base of the imaginary number (i*=-1)
and by using q=iq¥ every results can be rewritten,
As mentioned in the introduction, it is only valid
for the early stage of polymerization, due to
the limitation of the molecular size. By definition
of the reactivity constant, L, should be less than
the order of 1/q* If 7 is less than the order
of 1/ q* obtained L, would be in the order of
1/q*" which is in an acceptable range, But
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Fig. 6. Polydispersity index (Ly/Lp) of the new
mode] vs. dimensionless time (7) (from the
top q=0.075, 0.05, 0, 0.05i, 0.075i).

if 7 exceeds the order of 1/q*, for example,
reaches the order of 1/ g*? then L, would reach
the order of 1/q*, which implies an unphysical
negative reactivity constant. Therefore 7 must
be less than order of q*“ where @ should be
less than 2. Then L, would be order of 1/q**/?
and L., would be order of 2/ q**. Consequently
PDI would be 2/¢**/%.

DISCUSSIONS

Now it is clear that there are some limitations
on the number - averaged chain length and weight-
averaged chain length both for the reactivity
increasing or decreasing with chain length. As
far as the polydispersity index is concerned, it
could reach extremely high value compared with
that obtained in a batch reactor, but there is
still a limitation like 1/ q"? so that by applying
external field during polymerization it could be
reduced to low level, Any experimental evidence
for the proposed theory is not available right
now, it would be real challenge to find out whether
it is possible to have such a phenomenon during
linear condensation polymerization and if possible
whether the theoretical predictions are good
quantitatively, In order to mimic the real situation
more precisely, attempts should be carried out
for the more accurate rate dependence model
of the small molecules, One of them could be
the combination of the two models given in this
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paper. The other unsolved problem is the rheo-
kinetic origin of the variant kinetic constant

like the expression given by equation(18). Finally 2.
this kind of reaction kinetics can be applied for
the real situation like reversible polycondensation 3.

reaction, In fact it is going on in my laboratory

to simulate the reaction kinetics of polyconden 4
sation of polyester in a finisher including this 5
concept, 6
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