Macromol. Symp. 2007, 259, 65-75

Synthesis

Introduction

Poly(ethylene terephthalate) (PET) is con-
sidered as a very important polymer in
commodity polymers after polyolefin. PET
is mostly used for fibers, bottles, and films.
PET is mainly synthesized from terephtha-
lic acid (TPA) and ethylene glycol (EG)
and the production of PET essentially
involves three steps: direct esterification,
prepolymerization, melt polycondensation.
During the esterification process, water is
continuously removed as a byproduct to
form low molecular weight oligomers
where the latter (chain length of 1-10)
are conveyed to the prepolymerization step
and subsequently to the final melt poly-
merization. In the semibatch esterification
process, reaction temperature is increased
gradually with the formation of oligomers
and the vapors emerging from the reactor
are passed through distillation column to
separate water from EG and mainly EG is
refluxed back to the reactor. In the
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summary: Influence of esterification pressure on oligomeric properties was studied
by using a semibatch reactor. Esterification model for semibatch process was further
improved by considering EG reflux in the column. It was observed that increasing the
reaction pressure decreases EG/water ratio in the column while increasing the EG/TPA
feed ratio increases EG/water ratio in the column. By controlling the EG reflux in a
semibatch reactor, it is possible to generate oligomers with similar oligomeric
properties observed at different stages of continuous process.
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presented work, we have studied the influ-
ence of reaction pressure on EG reflux and
subsequently its effect on oligomeric prop-
erties such as carboxyl group, EG consump-
tion, chain length (n), esterification con-
version (¢) and diethylene glycol (DEG)
formation. Although, several mathematical
models ! for continuous esterification
process have been published, in which
influence of esterification pressure on
oligomeric properties have been presented;
however, a little has been reported for the
influence of reaction pressure on a semi-
batch esterification process. Patel et al.¥l
have studied the influence of TPA particle
size and EG/TPA feed ratio on the oligo-
meric properties by simulation for a
semibatch reactor. In the current work,
influence of pressure above atmosphere are
estimated by simulation using the modell¥
whose validity was confirmed by several
experiments in a semibatch rector.

Mathematical Model

Reaction Scheme

Proton catalyzed esterification, polycon-
densation and etherification reactions are
considered in this study. Functional group
approach is considered for the simulation to

ate,
"
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Table 1.
Molecular structures of components considered.

Symbol Description

Molecular structure

ar

Carboxyl group in terephthalic acid

HOOCOCOOH

ar Carboxyl group attached to ester chain end
HOOCOCOW
be Hydroxyl group in ethylene glycol HOCH,CH,OH
br Hydroxyl group attached to ester chain end
HOCH,CH,0~
w Water H,O
dr Diethylene glycol bound at ester chain end
HOCH,CH,OCH,CH,0~
d; Internal ether link
~~COOCH,CH,0CH,CH,00C~~
e Internal ester group
y b; or ay
Table 2.
Reaction scheme of the esterification process.
Reactions Rate constants (forward, reverse)
ke,
aF_aF + bF tF < aT_bT+ w kEh kE1/K1
kg /K,
kg
Ap——0p 4 b~~~y — 4G y+w Kez, Keo/ Ky
kg, / K,
kg,
by—bp 4 ag~~~y /= by~ y4w kei, ker/Kq
kg /K,
kg
YNNGy by~~~ y T/ VG Y+ W kea, Keof Ky
kp,/ K,
kp
YrAbrd by == Y~y b — by kr, ki/Kr
ky/ K,
ker
y~~brt b~y ———= y~d~yiy Ker
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Table 3.
Reaction rate laws. (Reactions Rs and R, produce DEG
link).

Reaction rate laws

Ry = kg1 - a¢ - by — (kg1 /Ky) - br - w
Ry =kgy - ar - by — (kpa/Ky) - & - w
R3 :kE1 -bF~aT— (kE1/K1)~bT~W
Ry =Kkgz-ar - by — (ke /Ks) - € - w
R5 :kT-bT~bT— (kT/KT)~€;~bF
R¢ = kgr - br - by

R7 =Kkgr - be - br

determine end groups and byproducts effec-
tively. Functional group description and
reactions scheme are given in Table 1 and
Table 2, respectively. In this study, the fourth
order Runge-Kutta method was used to
solve differential equations numerically
applying Berkeley Madonna software pack-
age.

The assumptions for modeling were: (1)
Reactions occur only in liquid phase. TPA
is partially dissolved in the reaction mixture
and only dissolved TPA takes part in the
reaction. (2) TPA dissolution rate depends
on TPA particle size (i.e. specific surface)
and particles are assumed to be spherical
for simplifications. (3) Solubility of TPA in
water is negligible. (4) Only undissolved
TPA forms solid phase of heterogeneous
system. (5) Esterification reactions are
catalyzed by protons which are generated
by dissociation of terminal carboxyl groups
of dissolved TPA (arp) and carboxyl
groups at ester ends (a7). (6) Equal reacti-

vity is considered for carboxyl groups
bound to TPA and to polymer chain while
hydroxyl groups bound to EG and to
terminal esters have different reactivity.[s’é]

Reaction Rate

Reaction rate law for each component
based on reaction scheme given in
Table 2 is given in Table 3. Bimolecular
reaction of TPA and EG converts one
of the carboxyl groups (ar) of TPA into
the terminal ester group and the other in
the terminal carboxyl group (ar). The same
is true for EG, where one of the hydroxyl
groups (by) is converted into terminal ester
group and the other in the terminal
hydroxyl group (b7). Consequently, factor
of two is used for ay and by in Table 4 to
balance the reactions. Furthermore, ester-
ification reactions between ar and b, arand
br and polycondensation reaction between
br and by produce internal ester link (e;).
These properties are molality (mol/kg
solvent) whereas the mass of total liquid
phase can be represented as the solvent
mass. Therefore, the use of the unit mol/kg
means: moles of terminal or internal func-
tional groups per mass of total liquid phase.

Phase Equilibrium

Due to the limited solubility of TPA in EG
and the esterification is occurring in liquid
phase only; the solid-liquid equilibrium is
considered to calculate the functional
groups concentration. In simulation, TPA

Table 4.
Mass balance equations.
Equations
G — 2. R —2-R
db Ve
FT=—2-R—2-Ry+2-Rs—2-Ry — kyec | by —2 L

9 — 4R+ R — Ry — Ry
=R — R+ Ry — Ry —2-Rs —2-Rg — Ry

%:+R1+R2+R3+R4+R6+R7*kv.w wp —

W) — 1Re + Ry

(PETC) - vio [ [ 7ee)
z=0

e el
" v v
z=0
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solubility in EG and oligomers is consid-
ered according to Yamada et al.’! TPA
solubility in EG is given as:

Brpa EG

= 9062 exp[—4877/T]mol - kg~ 1)

TPA solubility in oligomers is given as:

BrraoLG

= 374 exp|—3831/T]mol - kg ()
where T is the temperature in K

Maximum TPA solubility in the EG and
oligomers, ajcan be calculated by using
Equation (1), (2), (4), (5) and the ester-
ification conversion, ¢ (for definition see
Equation (26)).
a = Bc +¢ - (BoLg — Peg)mol - kg

©)

The solubility of TPA in terms of
carboxyl groups in EG,
PeG =2 Brpargmol - kg™ 4)

The solubility of TPA in terms of
carboxyl groups in oligomers,

Borg =2 Breaorgmol - kg™ )

Reaction rate for total carboxyl groups
(a) can be given as,

da T
dt

da - daF_S daF‘D
dt — dt dt

(6)

Where, args represents the carboxyl
groups attached to wundissolved TPA.
Carboxyl groups become available by
TPA dissolution in the liquid phase and
consumed by esterification reaction. It is
assumed that the change of app in the
presence of ar g is close to zero.

dap,D _ dap,s
dt — dt

:kD . (a}—aF,D) — Rl —Rz
e

—Ri—-R

dissolution consumption

~0 @)

The mass transfer coefficient k, depends
on the TPA particle specific surface. kj, is
calculated based on TPA particle size

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

distribution and particle specific surface
according to Patel et al.l*!

Vapor-liquid phase equilibrium is con-
sidered based on polymer-NRTL para-
meters obtained from ASPEN databank.[”)
EG and water are considered only volatile
components while oligomers and DEG are
considered to be non volatile under used
reaction conditions. The mole fractions and
activity coefficient are calculated based on
apparent amount of water, EG and oligo-
mers in the liquid phase. The vapor phase
mole fractions of EG and water are given by
the following equations.

XEG - VEG * PEG = YEG - P (8)
Xy Yy Pw=yw P )
XDEG + XEG + Xw + Xor6 =1 (10)

(1)

where, xpeg, XgG, X, and xor g are the liquid
phase apparent mole fraction of DEG, EG,
water and oligomers, yzc and y, are the
vapor phase mole fractions of EG and
water, Pgg and P,, are the vapor pressure of
pure EG and pure water in bar, P is the total
pressure in bar, and ygs and y,, are the
activity coefficient of EG and water. Vapor
pressures of pure components are calcu-
lated from Yamada et al.l?!

YEG +yw =1

IOg PEG
— 7.8808 + log(1/750)
—1957/(d + 193.8) (12)
log P,, = 7.9668 + log(1/750)
—1668.2/(9 + 228) (13)

where, ¥ is the reaction temperature in °C

In Table 4, a simple approach has been
considered for the mass balance equations
for EG and water. The terms for water and
EG removal as condensate were derived by
considering the water and EG separation
without column, within column and with
column. The model equations for each
situation are given as follow,

www.ms-journal.de
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EG and Water Separation without Column
New N P

D — B
m " " m " Py,

wi = (14)
w," is a molality of water in the melt at
boundary layer. N, * is the total moles of the
reactive components in the melt at bound-
ary layer. The total number of moles at this
position should be comparable as the total
number of moles in the bulk phase N;.

Nz%NL

=mp(we + (brr/2) + (a°/2n))  (15)

where w; and bg, represents the moles of
water and by in liquid phase. m; is the mass
of liquid phase which can be given as,

(16)

where n,(g) are the initial moles of carboxy-
lic acid groups and a° is the saponification
number. xj, is the mol fraction of water in
the melt at boundary layer and y;, is the
activity coefficient of water in the melt at
boundary layer. (calculated as per ASPEN
PNRTL model)

myp = I’la(o)/ao

EG and Water Separation within Column

For the column having z stages, EG and
water separation within column can be
given as,

|:yw(z) :| _ I: 1 — YEG(z) :|
Xyp(z=0) 1 — XEG(z=0)
P\
= (?) H Ywl(atz)
z=0

where y,.) is the mole fraction of water in
vapor phase at stage z, xgg(. — o) is the mole
fraction of EG in the liquid phase at bottom
of the column, ygg.) is the mole fraction of
EG in vapor phase at stage z, x,,(;— o) is the
mole fraction of water in the liquid phase at
bottom of the column.

(17)

EG and Water Separation with Column

By combining Equation (14) and (17) and
considering theoretical number of column
stage z=2.2 (measured by EG-water VLE-
data); EG and water separation with

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

column can be given as,
Np Yin(

2)

ML Py (P T
TVW(T) HO Vw(alz)

poute

(18)

*
WL_

By simplifying the Equation (18), the
relationship of w; " and y,,,) can be obtained
as follow.

Ny Y

2)

mp o pzHl Z
(%) Y HO Yw(atz)

7=

(19)

*
WL—

Mass transfer coefficient of water (k,,,,)
and EG (k, z) is taken from Rafler et al.!®!
By using the mass transfer coefficient in
Equation (19), the total transfer of water
and EG from the respective bulk phases w,
and by into the condensate (y,z), Yec(z)) 1S
given by,

kvw(wp —wy)

Ywin) Ny
= Ko | w2 = z+1 mLZ
Py «
(7) v 11 Ywl(atz)
z=0
(20)
ky.eG(brL — by 1)
YEG)N]

=kyrc| brr —2

Catalysis

In the present study, the esterification
reactions were studied without any metal
catalysts. Esterification reactions involve
acid catalysis mechanism. The catalytic
influence of an acid depends on the degree
of dissociation of the acid. Acid strength
(pKa) of dissolved TPA carboxyl group and
oligomeric terminal carboxyl group are
considered to be the same.”'”! The pKa
value of carboxyl group of TPA and termi-
nal carboxyl groups is given in mol/L. From
our experience, the density of the melt

www.ms-journal.de
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Table 5.
Kinetic parameters used for the simulation.

Kinetic constants Activation Frequency factor Equilibrium
Koo i = Arexp(—E;/RT) energy A; [kg® mol™> min™] constant
E; [kcal mol™]
Koo g 18 4.60 x 10 K 2.50
ko £2 18 1.06 X 10" Ky: 1.25
koot = koorn/3 K7 0.5
Koo 7 29.8 4.59 X 10" -
Table 6.

Numerical values used for the simulation.

1

1) kyw=0.438 min~
2) ky g =0.156 min~
3) Theoretical number of
column=2.2

4) pka=3.51

1

stages (z) in the

esterification phase is close to 1 kg/L.
Therefore given Equation (22) can be used
for the calculations where the molality has
been considered.

H' ~ (arp +ar) - 10-PKa (22)

The effective rate constant for esterifica-
tion, polycondensation and DEG forma-
tion reactions can be given by,

ki=H" ke, (23)
where, k., ; is a micro kinetic rate constant
Otton et all'! observed that acid
catalyzed esterification is about three times
faster than acid catalyzed polycondensa-
tion. This relationship is used for the poly-
condensation rate constant, k= kg;/3.

Experimental Part

The direct esterification was carried out in a
“Parr”” semibatch reactor of a 1 liter reac-
tion volume and equipped with magnetic
stirrer drive. EG (1.82 mol) and TPA (1.3
mol) were mixed thoroughly to make paste
and charged to the reactor. Reactor and the
slurry were made oxygen free by applying
nitrogen flush and vacuum simultaneously.
Reactor was pressurized with nitrogen up-
to 2.5 bar. Installed column was of a straight
reflux type with helix inner packing. The
column temperature was maintained at

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

150 °C throughout the reaction to separate
water and EG and to prevent the tempera-
ture drop due to EG reflux. The condenser
temperature and stirrer speed was set to
—4°C and 140 rpm respectively. Oil
temperature was set to 290 °C. With the
increase of the reaction temperature, the
pressure was increased simultaneously and
controlled with magnetic pressure valve.
Pressure was maintained constant through-
out the experiment at desired set value.
At the early phase of esterification, the
reaction temperature increased to the
boiling point of EG at given pressure and
as the reaction progressed, oligomers were
being formed and reaction temperature
also increased due to increase of the boiling
point of reaction phase. Resulting reaction
temperature increased from 230 to 260 °C.
After 90 minutes, the pressure was gradu-
ally reduced to the atmospheric pressure in
5 minutes and the condensate mixture
(water + EG) was collected and analyzed.
At the same time, the esterified oligomers
were removed from the reactor and quen-
ched in dry ice. Oligomers were analyzed
for their molecular weight and carboxyl
groups’ concentration. Several experi-
ments were carried out with different set
pressure in the range between 3 to 3.75
bar to study its influence on oligomeric
properties.

Intrinsic viscosity of oligomers, carboxyl
groups and water in reaction byproduct
mixture were determined by the methods
given in Patel et al.[*]

DEG Determination
About 1g of the oligomeric sample was

added together with 30 ml methanol and

www.ms-journal.de
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zinc acetate as catalyst and tetra ethylene
glycol dimethyl ether as internal standard
into a pressure container. The container
was heated for two hours at 220°C in an
oven to decompose the oligomers to the
DEG and methyl isophthalate. The sample
mixture was cooled to the room tempera-
ture and analyzed by gas chromatography
(PERKIN ELMER GC - Autosystem XL).
The DEG contents were calculated from
the areas of the DEG peak in relation to the
internal standard peak.

Results and Discussion

In semibatch or continuous PET process,
the degree of polymerization advances by
esterification and polycondensation reac-
tions simultaneously. Therefore, it is impor-
tant to have the optimum balance of
carboxyl and hydroxyl group to attain
optimum conversion. An excess or defi-
ciency of one or the other reactant will
cause quality deviations and the changes in
the reaction rate.'!]

In semibatch process, esterification
phase is nearly completed before applying
full vacuum to initiate polycondensation
phase. Therefore, at the beginning of batch
polycondensation, oligomeric fraction of
carboxyl groups in total terminal groups («)
remains significantly lower than in contin-
uous process. While, in continuous process,
the carboxyl group concentration changes
at different stages due to their consumption
via esterification and formation via ester
link degradation reactions. In most indus-

trial continuous processes, the melt-phase
reaction is performed in three to five conti-
nuous reactors in series.['? Therefore, it is
desirable to have specific oligomeric « at
every stage to fulfill the requirement of next
stage in continuous process.

Yokoyamaml and Duh et al.'¥ studied
the effect of carboxyl group concentration
on polycondensation rate in melt and solid
phase respectively. However, the formation
of oligomers with « having broad values and
its effect on esterification and polyconden-
sation rate has not been studied extensively.
As far as we know, there has not been a
paper narrating the generation of oligomers
of different o by a semibatch process that
resembles the oligomers observed at the
different stages of a continuous process. In
this paper, we have made an attempt to
simulate continuous process functional
group profile by using semi batch process.
In our previous studies*!, we generated the
oligomers of different o values by varying
the EG/TPA feed ratio. However, the ob-
tained « value was observed to be lower
than in continuous process. The feed ratio
could not be lowered further due to
extremely low solubility of TPA in EG.
In presented work, we have generated
oligomers of different « by varying the
esterification pressure at constant EG/TPA
feed ratio.

Influence of Esterification Pressure on

EG Reflux

Figure 1 shows the influence of esterifica-
tion pressure on fraction of unreacted EG

Table 7.

Experimental results of esterified oligomers under varied pressure.

P t  EG/TPA  (EGy-EGR)/EGe ar by Mn n o & p DEG
bar  min mol/mol mol kg™’ mol kg~' g mol™’ wt. %
313 95 1.4 0.28 0.70 0.77 1355  6.95 0.48 0.962 0790 3.
313 95 1.4 0.29 0.75 0.68 1401 721 0.52 0.897 0.840

322 95 1.4 0.28 0.68 0.80 1346  6.90 0.46 0.932 0.856

322 95 1.4 0.27 0.64 0.86 1335 6.82 0.43 0.954 0.842 3.4
334 95 1.4 0.24 0.47 113 1250 632 029 0.961 0.821 3.7
3.50 95 1.4 0.20 0.43 1.68 948 471 020 0.933 0.855

3.55 95 1.4 0.21 0.39 1.40 M6 559 022 0938 0.853 4.5
355 95 1.4 0.19 0.31 1.58 1060 527 0.6 0.927 0.861

375 95 1.4 0.19 0.37 1.71 959 476 018 0.969 0.810 4.9

Copyright © 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.ms-journal.de
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0.32 -
= 0.28
o
S
g 0.24 -
u
ﬁi 0.20 -
016 T T T 1
3 3.2 3.4 3.6 3.8
P [bar]

Figure 1.

Effect of esterification pressure on unreacted EG in vapour and liquid phase. Symbols: experimental values; Line:

calculated.

to initial EG feed. This fraction can be
calculated as,

EGL + EGY = EGy — EGy

@ 2c-p)m

=FEGy — >

(24)
where, EG" and EG" are the moles of un-
reacted EG in liquid and vapor phase
respectively. EG, and EGy are the moles
of initial and reacted EG respectively. ¢
and p are the esterification conversion
and conversion by chain propagation
respectively.

Unreacted EG at the end of esterifica-
tion phase can be calculated by using

Equation (24) which simplifies the influ-
ence of pressure on EG reflux. As can be
seen in Figure 1, an increase in esterifica-
tion pressure boosts EG consumption and
thus lowers unreacted EG. Furthermore, to
investigate the influence of pressure and
EG/TPA feed ratio on vapor phase com-
position, condensate was collected at the
end of esterification and analysed for EG
and w content. From Figure 2, it can be seen
that increasing pressure reduces EG/w ratio
in the vapor phase by increasing the EG
reflux. From Figure 3, it is seen that EG/w
ratio in the vapor phase exhibits some
opposite behaviour with increasing EG/
TPA feed ratio. This is due to the increasing

5 0.20 -

g o )

E 0.16 - o

(0]

& 0.12 -

ey

o

g 0.08 -

®©

>

; 0.04 - S o

1]

w 0.00 . . . )
3 3.2 3.4 3.6 3.8

Figure 2.

P [bar]

Effect of esterification pressure on EG/W in vapor phase. Symbols: experimental values; Line: calculated.
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0.09 -

0.08 -

0.07

0.06 -

0.05 -

0.04 -

EG/w in vapor phase [mol/mol]

0.03 T

1.4 1.6 1.8

EG/TPA [mol/mol]

Figure 3.

Effect of EG/TPA feed ratio on EG/W in vapor phase. Pressure: 4 bar.

EG mol fraction in liquid phase enhances
EG mol fraction in vapor phase.

From Figure 4 it can be seen that
lowering the pressure in esterification phase
decreases the EG reflux and reduces the
EG concentration in liquid phase. Reduc-
tion of excess EG in liquid phase promotes
further esterification of a; with by and also
lowers reverse polycondensation reaction
which is responsible to increase n and «.
Figure 4 suggests that it is possible to
prepare oligomers having « value of a broad
range by varying the EG reflux or the
reaction pressure instead of varying the
EG/TPA feed ratio. n was calculated from
the measured intrinsic viscosity using
Equation (25).4!

n=(My—62+88-a)/192
where M, = 3.27 x 10% . [V1:4706,

(25)

Figure 5 supports that higher reaction
pressure increases the EG concentration in
liquid phase which promotes both ester-
ification and etherification and thus overall
EG consumption was observed to be
enhanced. DEG formation was observed
much higher than commercial continuous
process. This was expected due to higher
reaction pressure and reactions carried
without any DEG suppressant.

Esterification conversion ¢, which repre-
sents conversion of TPA into esters, can be
expressed as,

a

e=1- (26)

o

a

While conversion by chain propagation
(p) can be given as,

E a+bT
— 11—
P P

@7

o

a

3 3.2 3.4

3.6 3.8

P [bar]

Figure 4.

Effect of esterification pressure on n and «. Symbols: experimental values; Line: calculated.
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Figure 5.

3.4 3.6 3.8

P [bar]

Influence of reaction pressure on DEG formation. Symbols: experimental values; Line: calculated.

where, E is total terminal groups.

From Figure 6 it is seen that higher
reaction pressure increases the esterifica-
tion conversion due to higher concentration
of EG in liquid phase which enhances the
TPA dissolution and consequently its
conversion through esterification reaction.
While, pressure has significant effect on EG
reflux which influence the carboxyl to
hydroxyl ratio in the reaction liquid phase.
Thus, deviation from optimum functional
group balance reduces p.

Conclusion

Esterification pressure has similar influence
as the EG/TPA feed ratio on certain

1.00 ~
0.95
0.90 -

0.85

Conversion [-]

0.80 -
0.75

0.70 T

oligomeric properties. An increase in both
variables enhances esterification conver-
sion (&) and decreases the chain propaga-
tion conversion (p). However, it was
observed that by increasing the reaction
pressure, EG/w ratio in the vapor phase was
observed to be decreased while by increas-
ing the EG/TPA feed ratio, EG/w ratio in
the vapor phase was observed to be
increased. It has been shown that by varying
the reaction pressure in a semibatch
esterification process, it is possible to
produce oligomers of « having a broad
range that observed in continuous process.
Semibatch process can be utilized to study
different additives and catalysts in the
presence of functional groups profile
observed in continuous process.

a
[u]

Figure 6.

3.4 3.6 3.8
P [bar]

Influence of reaction pressure on conversion. Symbols: experimental values; Line: calculated.
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