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ABSTRACT: A comprehensive mathematical model was established by considering the
main and side reactions for solid-state polycondensation of poly(ethylene terephtha-
late). The effect of temperature on chain mobility was used to estimate the rate
constants of chemical reactions. The polymer crystalline fraction was modeled as
containing only repeat units, thus concentrating end groups and condensates in the
amorphous fraction. The diffusion coefficient of acetaldehyde was calculated by the
model. The simulation results of this comprehensive model were validated by experi-
mental data reported in literature. The model predictions were important clues for
further experimental study on poly(ethylene terephthalate) solid-state polycondensa-
tion. © 2002 John Wiley & Sons, Inc. J Appl Polym Sci 83: 3133-3144, 2002; DOI 10.1002/app.

10113
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INTRODUCTION

Poly(ethylene terephthalate) (PET) is one of the
most important engineering thermoplastics be-
cause of its ability to orient and mold in different
forms. Engineering applications of PET are, how-
ever, limited by the molecular weight of commer-
cial resins. The limit is dictated by the nature of
the molten state synthesis. One option to increase
the molecular weight to higher levers is the solid-
state polycondensation (SSP) process, even
though it takes a somewhat long reaction time.
SSP processes are carried out by heating PET
precursors with lower molecular weight in a flow
of inert gas or under vacuum at a temperature
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below the crystalline melting point but well above
the glass transition temperature. The main chem-
ical reactions that take place during SSP are es-
terification and trans-esterification (ester inter-
change) in which water and ethylene glycol are
released as byproducts. To increase the rate of
these reactions, the removal of byproducts by dif-
fusion out of the solid semicrystalline polymer is
necessary. So, the polycondensation rate in the
solid state depends on both chemical and physical
processes and is determined by the slower pro-
cess.

PET SSP has witnessed both an extensive and
an intensive progress with a wealth of experimen-
tal investigations'™* on SSP of PET reported in
literature and some models® ® with limited utility
proposed. Ravindranath and Mashelkar® compre-
hensively analyzed some previous models and, by
assuming that all polymer chains had only ethyl-
ene glycol ends, developed a model considering
both transesterification reaction and physical dif-
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Table I Kinetics Scheme of Main and Side Reactions for PET SSP!?!

Reaction No.

Reactions

Forward, Reverse
(Rate Constants)

© 030 Utk W -

EG + TPA = tEG + tTPA + W
EG + tTPA = tEG + bTPA + W
tEG + TPA = bEG + tTPA + W
tEG + tTPA = bEG + bTPA + W
tEG + tEG = bEG + EG

tEG + tEG — bEG + W

bEG + bTPA — tVIN + tTPA
tEG + bTPA — AA + tTPA

tEG + tVIN — bEG + AA

0 I o

I
o

©

fusion of ethylene glycol during PET SSP process.
Tang et al.!® improved Ravindranath and
Mashelkar’s model by adding an esterification re-
action; they thought that transesterification and
esterification occurred simultaneously and as-
sumed the diffusion process of ethylene glycol and
water is of Fickian type.

Kang!! provided additional insight into the
mechanism of PET SSP. Nine reactions and ten
components, the effect of temperature and chain
entanglement on chain mobility, were considered
in his model. Mallon and Ray'? stated that PET
SSP took place only in the amorphous portion of
semicrystalline polymer and that the melt poly-
merization kinetics of PET were employed in the
amorphous phase.

It is generally accepted that SSP occurs only in
the amorphous phase of solid polymer. The mo-
bility of chain segments and end groups is consid-
erably restricted in comparison with the situation
in the melt. The activation energies of a polycon-

densation reaction in the melt are lower than the
ones in the solid state.!® Therefore, it may be not
accurate to deal with the PET SSP in amorphous
phase as purely melt polycondensation in existing
PET SSP models.

This study is a continuation of the earlier
works pertaining to the modeling of PET SSP
process. It is aimed at providing better under-
standing of the mechanism of SSP for improving
the model predictability and establishing a new
comprehensive model. In this model, it is as-
sumed that the physical diffusion of condensates
(e.g., ethylene glycol, water, and acetaldehyde)
will lead to the mass loss of the SSP system and
crystallization during SSP will affect the reaction
rates and equilibrium. The experimental evidence
of the influence of PET precursor catalysts on SSP
is submitted and the optimization of PET SSP is
also discussed for any possible decrease of the
processing time to enhance the industrial signif-
icance of SSP.

Table II Molecular Structures of Each Component

Symbol Description Molecular Structure
TPA Terephthalic acid HOOC—@—COOH
EG Ethylene glycol HOCH,CH,0OH

w Water H,0

tEG EG end group HOCH,CH,0O~

tTPA TPA end group HOOC— —CO~
bEG EG repeat unit ~0CH,CH,0~

bTPA TPA repeat unit ~0C— —CO~
bDEG Diethylene glycol repeat unit ~0OCH,CH,0CH,CH,0~
tVIN Vinyl end group CH,=CHO~

AA Acetaldehyde CH,CHO
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Table III Mass Balance Equations
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Table IV  G;(¢) of Component j

Grpalt) = —R; — Ry, + Ry

Ggc(t) = —R; — Ry

Gw(t) =R, + R, + R; + R, + R4

Guet) =R, +R, —R; — R, — 2R; — Ry — R,
Grpat) = R, — R, + R; — R, + R, + Rg
Gure(t) = R; + R, + Ry, — R, + Ry

Gyrpalt) = Ry + Ry — R; — Ry

Gypra(t) = Rg

G~ = R; — Ry

Gant) = Rg + Ry

Kinetic Scheme for PET SSP

In principle, all reactions involved in the melt
polycondensation are also possible in SSP. Ac-
cording to the early work of Ravindranath et al.'*
and recent work of Kang!'!, the kinetic scheme of
nine main and side reactions is shown in Table I.
The SSP process of PET, which presents an inter-
esting diffusion-reaction—crystallization inter-
connection, will be analyzed in terms of the reac-
tions between the reactive end groups and poly-
mer chain segments. The end groups and chain
segments appearing in the main and side reac-
tions are listed in Table II. In Table I, %, (i = 1-9)
are forward rate constants and K; (i = 1-5) are
the equilibrium constants. Reactions 1-4 are the
esterification reactions, and reaction 5 is the
transesterification reaction. Reaction 6 is a side
reaction of diethylene glycol (DEG) formation. Re-
actions 7 and 8 are the thermal degradation re-
action and the acetaldehyde formation reaction,
respectively. Reaction 9 is the vinyl end-group
consumption reaction.

MASS BALANCE EQUATIONS

The regular folding of polymer chains forms the
ordered crystal phase, whereas the end groups,
condensates, catalyst, and the segment between
the lamellae form the amorphous phase. The re-
active end groups and chain segments in the
amorphous phase will react if they collide, en-
abling both molecular weight and crystallinity to
increase. The mass of the reaction system will
decrease with the diffusion of three kinds of con-
densates, which has an influence on the reaction
rate. The mass balance equations, which reflect
the interconnection of diffusion-reaction—crystal-
lization, are summarized in Table III.

Let j = TPA, EG, W, tEG, tTPA, bEG, bTPA,
bDEG, tVIN, and AA; in Table III, C; is the local

concentration in amorphous phase of component
J; t is the reaction time; D; is the diffusion coeffi-
cient of component j; r is the distance from the
center of a pellet; A is the shape factor of pellets;
G/(t) is the generation rate of C; due to SSP and it
can be expressed by the combination of nine main
and side reactions R; (i = 1-9). G,(¢) and R; are
listed in Tables IV and V, respectively.

BOUNDARY AND INITIAL CONDITIONS

The relevant boundary and initial conditions for
the mass balance equations are summarized as
follows:

Cic = Crgs, Cw=Cy;, Can=Cay
fort>0,r=r0 (1)
dCig dCirpa
a ~0 df =0 fort>0,r=0 (2

CEGO9 CW C1W07

C'TPA C'TPAO> CEG

Ciwc = Cimco, Cirpa = Citpaos  Crrc = Chrrcos

Cyorc = Cpprco,  Covin = Crvivos

fort=0,0<r<r0 (3)

Cyrpa = Cyrpao,

CAA = CAAOa Xe = Xeo

Table V Reaction Rate R;

4k1 k1/K1 CtEG
R, = A=x)? CpCrpa — -z CwCrpa Cono + Cona
2k 2ko/K. C
R, = (1_7;)2 CrcCirpa — ﬁ CwCyrpa WE(}CW}
2k ks/K. C
R, = = : -z CircCrrpa — ﬁ 'wCrpa ﬁ
ky 2k K, C
R, = A=x) CiucCirpa — - ! x4) chprAﬁ
ks 4k /K
R5 (1 )2 CtEGCtEG (1 x ) CEGCbEG
kg
R = A=z CircCrra
CbTPA
= kiCina Circ + Corg
kS CbTPA
Rs = 1-x Crna Cinc + Cora
k
Rg = i

A=z CircCrvin
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Figure 1. Estimation of the model parameters by fitting the model results against the

experimental data of Jabarin and Lofgren®: (O) 230°C, ((J) 220°C, (®) 210°C. The solid lines
are calculated by the model by using the numerical parameters shown in Table VI.

where the subscripts 0 and s indicate the initial
and interfacial value of the species; the concen-
tration of volatile condensates at the surface was
assumed to be zero. x, is the crystallinity of PET
precursors and is assumed to be 0.3.

ASSUMPTIONS AND KINETIC PARAMETERS

Following the works of Ravindranath et al.?,
Kang,!! Mallon and Ray,'? and Li et al.,'® a new

Table VI Kinetic Parameters in the Mass Balance Equations

model for the polycondensation of PET in the
solid state is proposed in this work. The follow-
ing assumptions are made.

1. Upon crystallization, polymer end groups,
monomers, condensates, and catalysts are ex-
cluded from ordered crystalline region and exist
exclusively in the amorphous phase. So, the
reactions between end groups occur only in
the amorphous portion of semicrystalline poly-
mer and the molar concentration of noncrystal-
lizing components will then increase because

11,12,17

A, = A, = 24, E,=E, = E, K, = K, =25
A; = A, = 6.8 X 102 (L/mol)/min E; = E, = 17.6 kcal/mol K, =K, =125

A; = 5.4 X 102 (I/mol)/min E; = 18.5 kcal/mol K, =0.5

Ag = 1.8 X 10" (I/mol)/min Egs = 29.8 kcal/mol

A, = 3.6 X 10° (L/mol)/min E, = 37.8 kcal/mol

Ag = 2.3 X 10° (L/mol)/min E, = E, E, = 13.5 keal/mol

Ay = A; Ey = E; Dosa = 10.2 X 107° cm*min?
Dype = 18.6 X 10 ® cm*/min Dyw = 34.2 X 107° cm?*/min k. = 2.19 X 10'%exp(23186/RT)
A =0.39 B = 0.0025 K

2 Doaa 1s calculated by our mathematical model.
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Table VII The Major Characteristics of PET
Precursors

Sample No. 1 2 3 4
Catalyst Sbo(EG), Sbyo(EG), Sb,0; C-94
Inherent

viscosity
(dl/g) 0.641 0.649 0.636 0.643

Catalyst C-94 is based on hydrolytically stable titanium/
silicon mixed oxides.

their accessible volume is now in the amor-
phous phase:

Camorphous = Coverall/(l - xc) (4)
This leads to higher observed reaction rates, and
the equilibrium also shifts to higher conversions
and chain length. The contribution of the amor-
phous phase in semicrystalline SSP was illus-
trated by the experimental observations of Simo-
nova et al.'®

2. Although the mobility of chain segments and
end groups is considerably restricted in compari-
son with the situation in the melt, polymer chains
have translational degrees of freedom, which are
necessary for reactive end groups to diffuse in the
amorphous phase to approach and react. Comple-
tion of the process in the solid state requires more
time than in the melt. The chain mobility can be
assumed to be of Arrhenius-type relationship:

m, < exp(—E,/RT) (5)

where m,, is the chain mobility at a temperature,
and E, is the activation energy of translational
motion. This is very similar to the situation dur-
ing crystallization where the chains have to
translate to form the regular folding, which
means the same activation energy of transla-

tional motion of polymer chains:
E,=CT/I(C,+T-T, (6)

Hence, considering the reaction rate to be propor-
tional to the chain mobility, the rate constant £,
between two reactive polymer chains can be
mathematically expressed as follows:

—(E, +E)

k= Aiexp[ BT

] i=1-6and9) (7)

where A, is the prefactor, and E; is the activation
energy for reaction i.

For intramolecular reactions 7 and 8, they are
not affected by the translational motion of poly-
mer chains, so the reaction rate constants can be
expressed as:

k;= Aiexp[ (z="7and 8) (8)

_Ei

RT

The observed condensate diffusion coefficient is
proportional to the amorphous fraction,

D;=Dy(1 - x,) 9)

Crystallization reduces the diffusion which, in
turn, reduces the mass transport rate of byprod-
ucts. As for the secondary crystallization rate, we
assume it is proportional to the crystallizable
amorphous fraction:

Az 10
dt - c(xmax - xc) ( )
Xpax =A+B(T—-T,) (11)

Here, it is assumed that the molecular weight of
PET has little effect on the rate of crystallization.

The target practice method is used to figured
out Dops. A set of experimental measurements
was selected?, in which the initial concentration
of AA, Cpap 1s 24 ppm, and the concentration of
residual AA after 6 hours’ reaction at 200°C, Cp 4,
is 4.1 ppm. An arbitrary value of the diffusion

095
09-

N (dlig)

0.85-

08-

0.75;

07 o
.
0.65{;3’

06

0 5 10 15
Reaction Time (hours)

Figure 2. The influence of different precursor cata-
lysts on inherent viscosity of polymer: ((J) Sb (EG), (O)
Sb (EG), (¢) SbO, (V) C-94.
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Figure 3. Number average molecular weight versus concentration fraction [COOH]/
([COOH] + [OH]) at different temperatures: (V) 230°C, ([J) 220°C, (O) 210°C.

coefficient of AA, D, Was supposed and the cal-
culation was made under the same conditions as
those of the experimental measurements, Cy 5 is
24 ppm. If the calculation results of C, 5, was not
4.1 ppm, another value of D5, was applied to the
calculation. The process was repeated until Cy4,
was 4.1 ppm and Dy, of this time might be
trustworthy. The best value of Dy, was deter-
mined after the validity of D5, was checked with
two other sets of experimental measurements.?

The numerical technique for solving the mass
balance equations was the combination of the
fourth Runge-Kutta method, which dealt with
the time-interval integration and the finite differ-
ence method, which handled the integral divi-
sions of the pellet.

RESULTS AND DISCUSSION

Confirmation of Mathematical Model

The model results are fitted against three exper-
imental data sets of Jabarin and Lofgren® in Fig-
ure 1. All the parameters adjusted here are listed
in Table VI. From Figure 1, it can be seen that the

predicted values of number average molecular
weight M, agree well with the experimental mea-
surement, although the catalyst effect of PET pre-
cursors on the reaction rates was not taken into
account. Figure 1 also shows the temperature de-
pendence of PET SSP. The reaction rates are con-
trolled by chemical reactions and diffusion of con-
densates through the amorphous and crystal por-
tion, both of which will be accelerated when the
reaction temperature increases. The forward re-
action rates surpass the backward reaction rate
and high molecular weight is achieved. At lower
temperature, the increase of molecular weight is
not found to appreciate because of lower reaction
rates of end groups and lower diffusion rates of
condensates. Temperatures of industrial signifi-
cance are some 5-50°C below the PET melting
point.

Catalyst Effect of PET Precursors on SSP

It may be inconceivable that the catalyst effect of
precursors on SSP is neglected in the mathemat-
ical model. Some experimental evidence is essen-
tial to test the predictability of the mathematical
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Figure 4. Distribution of concentration variance of DEG at different layers of a PET

pellet under reaction temperature of 230°C.
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Figure 5. Distribution of concentration variance of EG at different layers of a PET

pellet under reaction temperature of 230°C (Cg, = 0.25 X 10~ mol/L).
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Conc. of W {mol/L)

Reaction Time (min)
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Figure 6. Distribution of concentration variance of water at different layers of a PET
pellet under reaction temperature of 230°C (Cy,, = 0.08 X 10~* mol/L).

model. Four kinds of PET precursor samples pre-
pared with the same amount of catalysts are
kindly provided by local polyester manufacturers,
and the major characteristics of PET precursors
are shown in Table VII.

Figure 2 reflects the influence of precursor cat-
alyst on SSP. The experimental apparatus is a
glass tube reactor embedded in a temperature-
controllable electric heater. After 3 g PET pellet
(the size of PET particles was about 0.3 cm?®) were
placed into the reactor, the reactor was purged
with N, (purity > 99.99%) to obtain an oxygen-
free environment. With continued nitrogen purge,
the heater was then turned on and the tempera-
ture set point was set at 180°C for 20 min to
precrystallize, which would avoid sticking at re-
action temperature. Then, the temperature was
raised and fixed at 210°C. The deviation of inher-
ent viscosity (IV) is <9% when the reaction time
is 10 h, and at the end of 15 h, the deviation is still
<9%. The cause of the phenomenon is that the
greatly restricted mobility of these catalysts
makes them less active in solid state than corre-
sponding molten state. The negligence of catalyst
influence on SSP in existing mathematical models
has not caused serious errors.

Influence of Concentration Ratio of End Groups

An ideal mathematical model not only reflects the
whole process of PET SSP, but also suggests some
information that at least gives new directions for
further research. The main and side reactions
occur simultaneously during SSP and the end
groups affect PET SSP. The relation between
number average molecular weight and the con-
centration ratio of end groups [tTPA/tEG +
tTPA), or [COOHI]/[OH] + [COOH])] is depicted
in Figure 3. All parameters adjusted here are
listed in Table VI. The calculation results demon-
strate that the molecular weight obtained
through SSP achieves the highest value when the
concentration ratio of end groups is about 0.6—
0.7, or [COOH]/[OH] is about 2. The optimum
value of concentration ratio of end groups coin-
cides with the results of Zimmermann and co-
workers,'® who only considered transesterifica-
tion reaction, disregarding diffusion and crystal-
lization. The relation between polymer molecular
weight and the concentration ration of end groups
is perhaps a clue to enhance the industrial signif-
icance in producing polymer with very high mo-
lecular weight.
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Conc. of AA (ppm)
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Figure 7. Distribution of concentration variance of acetaldehyde at different layers of
a PET pellet under reaction temperature of 230°C (Cpso = 10 ppm, Cx, = 0 ppm).

Formation of DEG

The factors that affect PET sticking together
mainly include DEG content in pellets, crystalli-
zation, and the concentration of oligomers. These
factors have negative effects on many properties
of practical interest, such as thermal and light
stability, and hydrolytic, thermal, and oxidative
degradation. The melting point of PET is greatly
affected by DEG content. Reaction 6 in Table I is
the DEG formation reaction, and Figure 4 de-
scribes the process of DEG formation during SSP
when the reaction temperature is 230°C. The con-
centration of DEG becomes larger with the pro-
longation of SSP reaction time. Therefore, short
reaction time is favorable for the quality of final
product.

Distribution of Volatile Byproducts EG, Water, and
Acetaldehyde

Volatile byproducts, or condensates, are gener-
ated from SSP reactions, and they are able to
diffuse through the amorphous, crystal portion
and then pellet surface. The removal of volatile
byproducts is essential to build up longer molec-
ular chains. Study on the distribution of these

byproducts will bring about deeper understand-
ing of SSP kinetic scheme. Figures 5, 6, and 7
delineate the spatial distribution of EG, water,
and acetaldehyde inside pellets, respectively. The
variance of the concentration of volatile byprod-
ucts can be seen clearly at different layers of a
PET pellet. A few ppm of residual acetaldehyde
(AA) is known to introduce an odor to PET bever-
age bottles, so generally AA content should be
kept lower than 5 ppm. Previous mathematical
models neglected the diffusion of AA for lacking of
the experimental result of diffusion coefficient of
AA. However, in our model, the diffusion coeffi-
cient is calculated and the diffusion of AA is in-
volved in the model. Figure 8 shows the calcula-
tion results of AA distribution without consider-
ing the diffusion of AA, whereas Figure 7 is the
results of AA distribution and the diffusion of AA
is taken into account. The difference between Fig-
ures 7 and 8 is so obvious that it may be wrong to
omit the diffusion of AA. The experimental mea-
surements of the concentration of residual AA by
Jabarin and Lofgren® was 5 ppm for Goodyear
VFR-6014 solid stated 4 h at 230°C, which might
be sufficient evidence.
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Figure 8. Distribution of concentration variance of acetaldehyde at different layers of
a PET pellet under reaction temperature of 230°C without considering the diffusion of

AA (Cppo = 10 ppm, Cpys, = 0 ppm).

CONCLUSIONS

A comprehensive mathematical model was pro-
posed for the PET SSP process to account of the
effect of crystallinity, the influence of reactive
chain mobility on reaction rates, and the diffusion
of volatile byproducts ethylene glycol, water, and
acetaldehyde. Compared with melting polymer-
ization, PET SSP is a heterogeneous polymeriza-
tion. As reactive end groups exist only in amor-
phous phase, increasing crystallinity can make
the reaction rates more rapid, but at the same
time reduces the diffusion rates of byproducts.
The diffusion of volatile byproducts causes a mass
loss of the reaction system. The model is validated
by fitting against the experimental data reported
in literature. The calculation results of the math-
ematical model give important clues for further
experimental study on the optimization of PET
SSP, the formation of byproducts such as DEG
and acetaldehyde brings new strategies for SSP
mechanism. The mathematical model can be used
in analyzing other SSP processes for polymers
such as polycaprolactam, polybutylene terephtha-
late, and others. However, further refinements of
the present model need to be sought in the direc-

tion of the decrease of SSP reaction time to pro-
duce higher molecular weight polymers with im-
proved physical and mechanical properties.

The authors greatly appreciate the financial support by
Fok Ying Tung Education Foundation.

NOMENCLATURE

reaction time (min)

reaction temperature (K)

forward rate constant of reaction i
(L/mol min)

equilibrium constant of reaction i

concentration of component j
(mol/L)

generation rate of component j due
to chemical reactions at reaction
time ¢

mass fraction crystallinity

mass of reaction system (mol/kg)

diffusion coefficient of amorphous
fraction (cm?*/min)

overall diffusion coefficient (cm?
min)
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A pellet shape factor
r distance from origin of pellet (cm)
r0 distance from origin to surface of
pellet (cm)
k. crystallization rate constant
Xnax maximum crystallinity
R, i = 1-9) reaction rate of reaction ¢
C amorphous concentration of each component in
amorphous fraction (mol/L)
Cverall concentration of each component in
amorphous and crystal fraction
(mol/L)
m, chain mobility
E, activation energy of translational
motion of polymer chains (kcal/
mol)
C,, Cy constants in eq. (6)
T, glass translational temperature (K)
A; prefactor in eqs. (7) and (8)
E, activation energy of reaction ¢ (kcal/
mol)
A, B constants in eq. (11)
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