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Polymerization of Poly (ethylene terephthalate)
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ABSTRACT: Experimental data are obtained for the extent of swelling and progress of
the step-growth swollen-state polymerization (SwSP) of polyethylene terephthalate
(PET). The SwSP is carried out in biphenyl and diphenyl ether mixture (26 : 74 w/w)
solvent under appropriate conditions designed to understand the factors responsible for
enhanced reaction rates. The kinetics rate constants, evaluated in terms of simple model,
are found to be 2.5—5 times higher for SwSP as compared to the solid-state polymerization
(SSP). As the diffusional/mass transfer effects are eliminated in our experiments, this
increase in rate constants can be attributed to increased mobility of reactive chain ends.
Polymerization rate is found to be further enhanced by addition of a polycondensation
catalyst (Sby03) to the solvent during SwSP. © 1998 John Wiley & Sons, Inc. J Appl Polym

Sci 67: 1589-1595, 1998
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INTRODUCTION

Poly(ethylene terephthalate) (PET) is a com-
mercially important polymer that is extensively
used in the form of fibers, films, and as molding
material. Its manufacture involves,! in the
first step, the transesterification of dimethyl
terephthalate with excess ethylene glycol (EG),
or esterification of terephthalic acid with excess
EG to form bis(hydroxyethyl) terephthalate
(BHET).

In the second step, molecular weight increases
as BHET undergoes polycondensation by the step-
growth mechanism. During the melt polyconden-
sation state, long chains with COOH and OH
groups undergo the following reactions:
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~ CsH,COOC,H,OH + ~ CH,COOC.H,OH —~
~ C¢H,CO0C,H,00CH,Cs ~
+HOC,H,OH (1)
~ C¢H, — COOH + ~ CcH,COOC,H,OH ~
~ CsH,COOC,H,00CH,Cs ~ +H,O (2)

As these reactions proceed, the average mo-
lecular weight builds up. An important aspect
of the reaction is the reversibility of the reac-
tion, and, hence, the need for removal of the
condensate products EG and H,O for forward
reaction to proceed. The mechanical properties
of PET are strongly related to its molecular
weight; and, hence, commercial applications of
PET vary, depending on its molecular weight.
PET of average molecular weight 15,000 to
25,000 is used in textiles applications. For injec-
tion and blow molding applications, PET with
average molecular weight greater than 30,000
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is required. It is produced by solid-state poly-
merization (SSP) of chips of PET obtained from
the melt polymerization. Polymerization rates
in the solid state are limited by the low diffusiv-
ity of water and EG out of the chips and by the
low mobility of the reactive hydroxyl and car-
boxyl end groups of the polymer chains.?

A recent innovation for obtaining ultrahigh-
molecular-weight (UHMW ) PET is the swollen-
state polymerization (SwSP).?>~5 Here, the poly-
merization of PET chips is carried out by swell-
ing in a suitable solvent that does not dissolve
the chips. The enhanced rate of polymerization
observed may be due to the increased surface
area (high mass transfer rates of condensates),
enhanced diffusivity of condensate molecules
(enabling their easy removal), increased mobil-
ity of reactive chain ends (accelerating their col-
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Figure 1 Experimental setup for polymerization.
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Figure 2 Percentage of swelling of PET chips in the
solvent at 185°C.

lisions), and intrinsic catalytic effects of solvent
presence/participation in reaction.

The only available kinetic analysis of swollen-
state polymerization by Tate and Ishimaru* was
based on the kinetics of melt phase polycondensa-
tion of BHET given by Tomita,® according to
which the rate is given by

1
1+ kyt

2
+§kdt (3)

S| =

where 77 is the number-average degree of poly-
merization, k, is a rate parameter for propagation
reaction, and &, is the rate parameter for degrada-
tion reaction. The only reaction considered for the
propagation reaction was reaction (1). The follow-
ing lacunae in such analyses are clear: (a) reac-
tion (2) is ignored, (b) diffusional limitation is
ignored, (c¢) reversible reactions are ignored with-
out justification, and (d) the change in concentra-
tion due to swelling is not accounted.

In fact, it is not possible to judge if the faster
intrinsic viscosity (IV') rise in SwSP is due to
the increased diffusion of condensates or due
to increased rate constants (which can be ei-
ther due to increased mobility or due to intrin-
sic reactivity of the chain ends due to the pres-
ence of the solvent in the swollen polymer).
Here, we report a systematic analysis of some
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Figure 3 Increase in IV with time of polymerization
at 185°C.

of these effects. For determining the true for-
ward reaction rate constants for reactions (1)
and (2), we follow the strategy of eliminating
the reverse reaction by faster removal of the
condensate products, EG and water. This is
achieved by performing the polymerization of
chips after pressing them to a disc shape of very
small thickness.

REACTION KINETICS

The determination of the rate constants is done
on the basis of previously reported models of
SSP process.””® Only the ester interchange re-
action (1) and esterification reaction (2) are
considered. We assume that the diffusion of
ethylene glycol and water is of the Fickian type
under isothermal conditions. Further, we will
carry out the polymerization under the condi-
tions where there will be no significant change
in volume of the chips during polymerization.
Hence, the diffusivities of the condensates can
be assumed to be constant (D; and D, for EG
and water, respectively) during SwSP. For the
unsteady-state diffusion process coupled with
reactions, the concentration change of polymer
end groups in a slab of thickness x, can be de-
scribed by the following equations.
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The relevant initial and boundary conditions are

e=€, C=C, =8, W=UW

att=0,0<x<x, (10)

g=g,, w=w, att>0,x=x,andx =0 (11)

Here, x is the dimension along chip thickness;
e,c,z,g,and w are the concentrations of hydroxyl
end groups, carboxyl end groups, diester groups,
EG, and water, respectively; K; and K, are the
equilibrium constants of ester interchange (1)
and esterification (2) reactions; k; and k, are the
respective forward rate constants; g, and w, are
the concentrations of EG and water at the gas—
solid interface; and the subscript zero represents
the initial values.

Reaction Rate Controlling Model

During SwSP, the PET chips are dipped in sol-
vent. The solvent (and, hence, the chip surface)
is maintained free of EG and water by continu-
ously bubbling nitrogen. If the chips are pressed
into a disc shape of small thickness (that is, x,

< ]% ; see Ravindranath and Mashelkar®) as we
do here, then diffusion resistance to water and EG
is negligible; and their concentration in the chip
can be assumed to be zero.?°~'? Further, the re-
verse reactions for which H,O and EG are reactants
are negligible. The kinetic equations now simply
reduce” to
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Figure 4 Increase in 7 with time for SwSP at 185°C
without an additional catalyst.
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with initial conditions at ¢ = 0 being

Psw
C=¢CHp 2=2,=_—,
192
2z,
n=rn,, ezeozf—co (14)
n,

where p,, is the mass concentration of polymer in
the swollen chips. For any assumed values of the
rate constants k£, and k,, these two coupled differ-
ential equations are solved using Runge—Kutta,
Gill technique to give the values of e and ¢ at any
desired time of reaction. If 77(¢; ) is the calculated
value of 7 at time ¢;, and 77, (¢; ) is the correspond-
ing experimental observed values, the error corre-
sponding to the assumed values of £, and k5 can
be represented as

Pom(t) — ) 2
i§—li< (t;) >
E(ky, ky) = (15)
b

where p is the number of experimental data points

in a single experiment. k£, and k, values, giving
minimum error E(kq, k), are taken as the best
fit values of £, and k.

EXPERIMENTAL

Reagents

Cylindrical PET chips (average weight =~ 0.017
g) of intrinsic viscosity IV = 0.59 dL g !, 7,
= 94.45, and carboxyl group concentration c,
= 26 X 10 mol g ! were obtained from Garware
Polyester Ltd. (Aurangabad). The chips were
flattened to a thickness of 0.15—0.2 mm by press-
ing between two heated stainless steel plates at
140°C for 15 s. These pressed chips were then
dried by heating in vacuum at 120°C for 1 h. Bi-
phenyl (BDH Chemicals Ltd., U.K.) is dried under
vacuum for 2 h. Diphenyl ether (PYE-KEM Labo-
ratories, Delhi) is purified™® by vacuum distilla-
tion over anhydrous calcium chloride and stored
over molecular sieves (5X type, BDH Chemicals
Ltd.). Biphenyl and diphenyl ether are mixed in
the ratio of 26 : 74 w/w and used as the solvent for
SwSP. Polycondensation catalyst antimony oxide
(Sb;03) was obtained from a user industry. Nitro-
gen (IOLAR-II grade, moisture < 4 ppm) was ob-
tained from Indian Oxygen Limited.

Swollen-State Polymerization

As shown in the Figure 1, the reaction apparatus
used here is a 20 cm long glass tube of diameter
3 cm fitted with a helical coil for bubbling nitrogen
(1 L min") to remove the condensates. The tube
is dipped into an oil bath maintained at desired
reaction temperature. The helical coil allows suf-
ficient time for heating the incoming nitrogen to
the bath temperature before being bubbled. The
reactor is connected to a reflux condenser to reflux
back the solvent entrained with nitrogen.
Pressed PET chips are hung independently
from metallic wires and then dipped into the sol-
vent maintained at reaction temperature. At each
designated time of reaction, four chips are with-
drawn with the help of the metallic wires. Their
surface is cleaned with filter paper to remove the
excess solvent at the surface and then weighed.
The swollen PET chips are now dried under vac-
uum for 2—3 h at 140°C to remove all the solvent
and then weighed again. The average swelling is
determined by measuring the weights of the swol-
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Table I Rate Constants (1 mol™ min) for Polymerization at 185°C

Swollen-State Polymerization

With Catalyst

Rate Solid-State Without
Constant Polymerization Catalyst 1000 ppm 2000 ppm
k1 0.0106 0.0265 0.0540 0.0589
ks 0.0052 0.0180 0.0198 0.0180

len and the dried polymer. The IV of PET chips
is measured by using an Ubbelohde viscometer at
30°C in a mixture of phenol and 1,1,2,2-tetrachlo-
roethane (60 : 40, v/v). The number-average mo-
lecular weight M, = 192 7 is determined using
the following equation*:

IV =175 x 10"*(M,)"% (16)

Swollen-State Polymerization with Additional
Catalyst

In order to evaluate the effect of polycondensation
catalyst (SbyO3) on SwSP, experiments were car-
ried out by adding the catalyst to the swelling
medium (solvent) just before dipping the pressed
chips in the solvent at 185°C. Though the catalyst
is not completely soluble in the solvent, the nitro-
gen bubbling keeps the excess catalyst in suspen-
sion. It is envisaged that the catalyst would dif-
fuse into the swollen chips and enhance the poly-
merization rates. Experiments were carried out
with catalyst concentrations of 1000 and 2000
ppm (based on solvent). As compared to the
method of Kokkalas et al.'* for catalyst-assisted
solid-state polymerization, the present method in
SwSP has the advantage in case of SwSP of elimi-
nating the need of melting the PET chips to mix
the catalyst.

Solid-State Polymerization

To evaluate the efficiency of swollen-state poly-
merization in enhancing the reaction rates, the
polymerization of the pressed chips was also car-
ried out under identical conditions but in the
solid-state in absence of the solvent.

RESULTS AND DISCUSSION

The rate constants k£, and k, may be dependent
on the reactive chain end mobility, which, as well

as the condensate diffusivities, may depend on the
extent of swelling during SwSP. If the extent of
swelling changes during the reaction, then the
condensate diffusivities and reaction rate con-
stants keep changing, making the determination
of the kinetics difficult. Further, the concentration
of the reactants will also be continuously affected
by continuous change in swelling. Thus, it is desir-
able that the extent of swelling is maintained con-
stant during a polymerization experiment.

We found that at the desired reaction tempera-
ture, the maximum swelling is attained rapidly
(within 2 min) before significant extent of reac-
tion can take place, and then no more change in
swelling takes place during most of the reaction
period (Fig. 2). Here, % swelling is defined as
weight of solvent uptake as fraction of final dry
weight of chips. We found that the % swelling was
35 and 49, and the weight loss (dissolution) was
low (4 and 8%, respectively) for reaction at 185
and 190°C.

For polymerization at 185°C, the experimen-
tal results for rise in IV with time for SSP and
SwSP (with and without additional catalyst)
are plotted in Figure 3. The experimental and
the best-fit results for the SwSP without addi-
tional catalyst are presented in Figure 4. The
best-fit £, and k5 values are presented in Table I.
Table I also presents the best-fit rate constants
values for SSP and SwSP (with additional cata-
lyst). We find that values of k£, and %, are 2.5—
3 times higher for SwSP (without additional
catalyst) compared to SSP at same temperature.
Further examination of Table I shows that the
ester interchange rate constant k; is about two
times higher in the presence of additional Sb,0;
catalyst, as compared to the situation without
additional Sb,0O; catalyst. However, the esteri-
fication rate constant k, is not affected signifi-
cantly by the addition of Sb,O;. This is because
Sb,0; is a catalyst for ester interchange reaction
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Figure 5 Increase in 7 with time for polymerization
at 190°C.

(1) only.* Again, as seen in Figure 3, increasing
the additional Sby,O3 concentration from 1000
to 2000 ppm in the solvent does not affect the
kinetics significantly. This is also seen in com-
parison of the best fit rate constants values for
1000 and 2000 ppm catalyzed SwSP cases. This
is expected since Sby,0; acts as a catalyst and is
not consumed in the reaction; hence, its concen-
tration in excess of certain value does not fur-
ther enhance the reaction rate.

Similarly, results for SSP and SwSP (without
catalyst) at 190°C are plotted in Figure 5. Again,
as seen in Table II, we find that the rate constants
are four to five times higher for SwSP as compared
to SSP.

As the condensate diffusional effects are absent
in the above experiments, the observed enhance-
ment in polymerization rate constants by a factor
of 2.5 to 5 for SWSP, as compared to SSP at 185—
190°C, can be attributed to the increase in chain
end mobility or the enhancement in intrinsic reac-
tivity due to presence of solvent.

As both %, and k, are higher during SwSP, it
is not likely that this enhancement is due to the
action of the solvent in enhancing the intrinsic
reactivity since the same solvent is not likely to
have a catalytic effect on both the reactions. Thus,
the indications are that the rate constant en-
hancement during SwSP is due to enhanced mo-
bility of chain ends. This is further supported by
the following experiment.

Table II Rate Constants (1 mol ™! min™?) for
Polymerization at 190°C

Swollen-State

Rate Solid-State Polymerization
Constant Polymerization without Catalyst
k1 0.0150 0.0700
ko 0.0113 0.0390

The pressed PET chips are first swollen at
190°C for 2 min to % swelling equal to 49. Then,
SwSP of these chips is carried out at 185°C, during
which the swelling is found not to change from
49%.® These polymerization results are compared
in Figure 6 with the results for direct SwSP at
185°C (% swelling is equal to 35). We notice that
the reaction rate is higher when the % swelling
is higher. The solvent is present in high concen-
tration in both the cases. Therefore, it is unlikely
that any catalytic action (if present at all) of the
solvent will be enhanced if its concentration is
increased in the present range. Hence, we feel
that the observed rate enhancement seen in Fig-
ure 6 is due to the increased chain end mobility
at higher swelling.

CONCLUSIONS

We have examined the kinetics of step-growth poly-
merization of PET in a solvent. As compared to the
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Figure 6 Increase in IV with time for (O) direct
SwSP at 185°C (% swelling equals 35) and (J) initial
% swelling equals 49 at 190°C for 2 minutes, followed
by SwSP at 185°C.



conventional solid-state polymerization, the advan-
tages can be (1) the faster removal of the conden-
sates (due to enhanced diffusional and mass trans-
fer reaction rates) and (2) the enhanced reactivity/
mobility of reactive chain ends, resulting in faster
polymerization. Here, we have carried out polymer-
ization under conditions where diffusional and
mass transfer limitations are eliminated, thereby
allowing examination of the effect of solvent on
chain end reactivity/mobility. The solvent used is
a mixture of biphenyl and diphenyl ether (26 : 74
w/w). For 185°C polymerization of PET of IV =
0.59 dL g ', the IV increased t0 0.98 dL g *in4 h
during SwSP; while for SSP, it increased only to 0.8
dL g '. The kinetics results have been evaluated in
terms of the simple models. The kinetic constants
of the main reactions are found to be 2.5-5 times
higher in the swollen-state as compared to the
solid-state polymerization due to increased chain
end mobility. Further, addition of a suitable cata-
lyst antimony oxide to the solvent during the swol-
len-state polymerization is found to further en-
hance the ester interchange rate constant k; .

While these are the only effects visible in poly-
merization of thin samples, the enhancement in
overall reaction rates may be even more in case
of thicker samples where the reduced diffusional
limitations are also likely to contribute. These ef-
fects will be analyzed in a future work.
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