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Synopsis

Conversion and molecular weight distribution are computed and compared for uncatalyzed and
catalyzed nonequimolecular polycondensation in continuous flow-stirred tank reactors (CSTRs)
using two different kinetic schemes proposed by Flory and Lin, respectively. The contrast between
the two schemes is also remarkable as found in the batch reactors. The polydispersity indices in
the CSTRs are substantially larger than those obtained in the batch reactors. Also, the molecular
weight distribution splits into two curves for odd and even homologues regardless of the two different
schemes. An extremely long rersidence time is needed to obtain the higher conversion accompanying
a large polydispersity index as compared to the batch reactors. The polydispersity can be expressed
in CSTR as X,,/X, = 2Z 51 n2N,(R + 1 = 2P)/(1 + R)?[A]o.

INTRODUCTION

Studies on molecular weight distribution (MWD) for equimolecular conden-
sation in batch reactors exist in the literature (e.g. Refs. 1-3). However, all of
these studies were based on Flory’s kinetic schemes. The mechanism of none-
quimolecular polycondensation does not obey Flory’s schemes but Lin’s.4% The
contrast of behavior between these two schemes in the batch reactors has been
demonstrated in our previous work.” Very little has been reported on the sim-
ulation of nonequimolecular condensation polymerization in continuous-flow
stirred tank reactors (CSTRs), in spite of its theoretical and industrial impor-
tance. Biesenberger® obtained the MWD and the polydispersity index for
condensation polymerization and found substantially higher polydispersity in-
dices in the ideal CSTR as compared to the batch reactor. Recently, Gupta et
al.? obtained MWD and polydispersity indices for condensation polymerization
in CSTRs of monomers violating the equal reactivity hypothesis. In this paper,
the polycondensation of the two bifunctional species AA and BB in CSTRs has
been simulated and discussed according to the two different kinetic schemes
proposed by Flory and Lin, respectively.

MODEL DEVELOPMENT

On the basis of the material balance in the CSTR, the following equations can
be derived based on Lin’s kinetic scheme for batch reactors.

For an uncatalyzed reaction:

Whenn =1,

(Lo 1l splaisiiz = o0 M
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[Blo _[Bi]

3 7 2k[B1][A][B] =

When n = 2x (even),

el 5" (a3 - (A.J1B) - (B Al

[Bn] = [An]
Whenn =2x —1(odd),n =3,5,7, -+,

[“Z"] [z [Agi— ][Bn*2i+l]—[An][B]}[B]
[Bgnl = ,-=ZI [A%][B—2] — [Bn][A]}[B]
The summation of the set of above equations leads to
oI b= o
[Blo _ [B]
; g —FlAlBE=

where [A] = [A]o(1 — P), [B] = [B]o (1 — P/R), and R = [B]o/[A]o
For a catalyzed reaction:

Whenn =1,
[_419 [Al] ’
7 7 2k [A.}iA] =0
[Blo_[Bi]_,,, _
5~ 5 ~2k[BiA)Y(B] =
When n = 2x (even),
An] _
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[B.] = [A,]
Whenn =2x — 1 (odd),n =3,5,7,---,

[‘j;] = ok’ { S [Asi—1[Ba-sis1] ~ [Anl[Bl}lAl/ [B]
Bl = o [ (1Bl - B2 T4l 141/
The summation of the set of these equations results in
[‘%J_@—k'[/;]z =0

where [A] = [A]o(1 — P), [B] = [Blo(1 — P/R), and R = [Blo/[A]o
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The relationship between conversion in terms of the extent of reaction (P) and
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mean residence time (f) can be derived from the set of above equations as fol-
lows:
For an uncatalyzed reaction:

k(1 — P) B]2 (1 - P)2

% == R (based on Lin’s scheme) (17)

If one uses Flory’s scheme for derivation of this reaction, the following equation
results:

— 2
HLETE [B]o(

For a catalyzed reaction:

L ;P) (based on Flory’s scheme) (17)

1_
0

fA — 2
% = W (based on Lin’s scheme) (18)
% _E [B]OI(DI —P) (1 1_3 P) (based on Flory’s scheme) (18)

The substitutions of eq. (17) into egs. (1)—(6) or eq. (17’) into the Flory’s mech-
anism, and of eq. (18) into eqs. (9)—(14) or eq. (18’) into the Flory’s mechanism,
lead to the following equations for [A,] and [B,] regardless of the two different
kinetic schemes, since [A,] and [B,] are now expressed in terms of the extent
of reaction, P.

Whenn =1,
<18 [ 2
[B.] = [i]o/ (1% TR : P) (20)

When n = 2x (even),

5 A(Ba]

& 1. [Bl+4]
Al = pa =) (P B P)) @)
[Ba] = [4,] (22)

Whenn =2x — 1 (odd),n =3,5,7,+--,

2 xil [Agi—1)[{Bn-2i+1]

_ 1=1 l 2
L] = [BI(1 - P) (P 1 P) (23)
x—1
2 ¥ [A%][Br-a]
_ =1 1 2[A]
Bl =10 p) (P ta- P)[B]) @

Now, let

N, = % ([An] + [Bn])
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1
No=73 ([Alo + [Blo) (25)
Then the weight fraction and the number average degree of polymerization can

be expressed as
nN,

W, = (26)
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Fig. 1. Plot of the extent of reaction vs. mean residence time for uncatalyzed polycondensation
(R = 1.6). (—) Lin’s scheme; (---) Flory’s scheme.
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Fig. 2. Plot of the extent of reaction vs. mean residence time for catalyzed polycondensation (R
=1.6). (—) Lin’s scheme; (- --) Flory’s scheme.
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002}

Fig. 3. MWD for uncatalyzed polycondensation (R = 1.6,8 = 1000 min). (—) Lin’s scheme; (- - -)
Flory’s scheme.

and
R+1
= - 2
“TR¥1-2pP &
Similarly, for x,,
2 i n2N,
fw = _i_ (28)
[AJo(1+R)
Then the polydispersity index is
23 n®N,(R+1-2P)
Tw o _nol (29)
fn [A]O(1 + R)2

The above model can now be used to simulate the polycondensation in
CSTRs.

RESULTS AND DISCUSSION

The simulation was performed with the succinic acid—ethylene glycol poly-
condensation system shown in Table I of our previous paper.” Figures 1 and
2 show the calculated examples for the plots of the extent of reaction against the
logarithmic mean residence time for uncatalyzed and catalyzed reactions in the
CSTRs. The contrast between the two different kinetic schemes is also observed.
Moreover, a very long mean residence time is needed to reach a high extent of
reaction compared to the batch reactors. It is more serious in the case of un-
catalyzed reactions. The reaction proceeds more rapidly by Lin’s than by Flory’s
kinetic scheme in the case of an uncatalyzed reaction. The reaction proceeds
more rapidly by Flory’s than by Lin’s kinetic scheme in the case of the catalyzed
reaction scheme. Figures 3 and 4 show that the MWDs in the CSTRs at 6 = 1000
min for uncatalyzed and # = 100 min for catalyzed reactions, respectively. The
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Fig. 4. MWD for catalyzed polycondensation (R = 1.6,8 = 100 min). (—) Lin’s scheme; (---)
Flory’s scheme.

distribution curves for these kinds of nonequimolecular polycondensations (i.e.,
R > 1) split for odd and even chain lengths regardless of the two different kinetic
schemes. Moreover, the MWDs have broad tailing in their shapes when com-
pared with batch reactors. Figures 5 and 6 show the plots of polydispersity in-
dices against logarithmic mean residence time. In general, the polydispersity
index including monomer for CSTRs is much higher than that for batch reactors
for the same reaction time. In the batch reactors, the polydispersity index has
never exceeded 2,7 but in the CSTRys, it can be as large as 5.
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Fig. 5. X, or polydispersity index vs. mean residence time for uncatalyzed polycondensation (R
= 1.6).
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Fig. 6. X, or polydispersity index vs. mean residence time for catalyzed polycondensation (R =
1.6).

In conclusion, an extremely long residence time in the CSTRs is necessary to
obtain the high conversion accompanying a large polydispersity index when
compared with the batch reactors. The polydispersity index at a certain reaction
time is always larger by Lin’s kinetic scheme than by Flory’s for uncatalyzed
reactions. In contrast, the value is always larger by Flory’s kinetic scheme than
by Lin’s for catalyzed reactions. The CSTRs are not useful for producing large
macromolecules of nonequimolecular polycondensation systems, but they may
be applicable for producing reactive oligomers. Network polymers are formed
by polymerizing prepolymers or oligomers.
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