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Abstract−−−−In this study we propose a method to identify the kinetics of direction esterification reactions for poly-
ethylene terephthalate (PET) based on a genetic algorithm. The reaction rate parameters could be identified successfully
by using a genetic algorithm and plant data. The effects of key operating variables (temperature, pressure, monomer
feed ratio and residence time) on the reactor performance were also investigated. It was observed that the reactor per-
formance strongly depends on the degree of dissolution of the solid terephthalic acid (TPA) in the reaction mixtures.
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INTRODUCTION

PET can be manufactured by using either dimethyl terephtha-
late (DMT)-ethylene glycol (EG) or terephthalic acid (TPA)-EG as
raw materials [Kumar et al., 1984]. Fig. 1 shows a typical continu-
ous PET synthesis process that consists of five reactors. The vapor
resulting from each reactor passes through recovery equipment in-
cluding a distillation tower and a spray condenser from which ex-
cess EG is separated from water-EG vapor mixture and is recy-
cled. The process mainly consists of two sections: esterification sec-
tion and polymerization section. The esterification section in turn
consists of the primary and secondary esterification reactor, and the
polymerization section consists of three polymerization reactors: a
continuous stirred tank reactor, a single-shafted horizontal polymer
finishing reactor and a double-shafted horizontal finishing reactor.

Due to long reaction time, high reaction temperature and multi-
level production facilities with large capacity, the PET production
process is highly energy intensive process. In particular, the amount
of energy required in the primary esterification reactor is very large
compared with successive reactors in a continuous process [Yamada,
1992]. Furthermore, the disposal of the heat medium waste dis-
charged from the process has been a troubling issue. Therefore, it
is necessary to analyze the first esterification process in detail in
order to reduce heat injection and to decrease the production cost.

In the direct esterification reactor diethylene glycol (DEG) is the
most important side product. The DEG production reaction is the
governing side reaction in the early stages of PET synthesis, while
other side products (acetaldehyde, vinyl end groups, etc.) are formed
mainly in the final stages of polycondensation [Ravindranath and
Mashelkar, 1986]. The amount of DEG in PET molecules influ-
ences the physical and chemical properties of the polyester. For in-
stance, the melting point of PET is lowered by about 5oC for every
percentage unit (by weight) of DEG content [Hovenkamp and Mun-
ting, 1970], and when DEG content increases thermal transitions

(Tg, crystallization temperature) are decreased linearly [Besn
and Choi, 1998]. The exact prediction of DEG concentration in 
reaction mixtures is very important in the modeling of a reactor.

The DEG formation mechanisms are very complex [Besnoin 
Choi, 1989]. DEG exists in the forms of terminal DEG, bound DE
and free DEG. For these reasons it is difficult to measure DEG
mation kinetics. Several studies [Yamada, 1992; Ravindranath
Mashelkar, 1982; Immanuel and Gupta, 2000; Kang et al., 19
on the modeling, simulation and optimization of the continuous 
rect esterification stage of PET polymerization process have b
reported. Previous models employed some abbreviation or sim
fication by various assumptions to represent the kinetics. Hence
exact evaluation of DEG production kinetics is essential before m
eling and simulation studies.

Estimation of rate constants of complex reaction schemes is o
related to compromises between the desired detailed mathem
description by rate equations being meaningful from a chem
and physicochemical point of view and the computational limi
tions in handling the size and nonlinearity of such models [W
and Moros, 1997]. Genetic algorithms (GAs) could be a poten
tool for finding initial estimates in large parameter spaces since m
different solutions are investigated and refined simultaneously
identify near-optimum solutions so far. In recent years, GAs h
been applied to analyze unknown and nonlinear chemical kine
Wolf and Moros [1997] and Park and Froment [1998] have analyz
the rate and certainty of convergence of genetic algorithms il
trating some applications to a nonlinear kinetic model of the he
ogeneous catalytic reactions. Polifke et al. [1998] used GAs to
termine optimum rate coefficients of simplified kinetic mechanism
by matching heat release and species production rates. Harris
[2000] used GAs to predict reaction rate parameters into modi
Arrhenius form. The results of these investigations have proved
GAs could be effectively used to assess the behaviors of com
reactions where the reaction rate coefficients are not known 
any confidence. The basic concept of GAs was first conceived
Holland [1975] and has been developed by Davis [1987], Go
berg [1989] and Michalewicz [1996]. GAs were employed to d
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In optimizations, GAs begin to work with a population of solu-
tions instead of a single solution, and use probabilistic rules to de-
termine search directions. GAs also use a coding of variables (geno-
type space) instead of variables themselves (phenotype space). GAs
are very efficient and robust in finding global optima regardless of
the types of optimization problems: discrete or nonlinear [Deb, 1996].
Most polymer synthesis processes exhibit complex and nonlinear
behaviors, and a GA is a quite appropriate choice to solve optimi-
zation problems related to polymer processes.

In the present study we first developed a model for a PET pro-
duction plant. Basic modeling techniques for the actual plants can
be utilized in the present study [Yeo et al., 1996, 1998]. The basic
structure of the model proposed in the present work is similar to
that of Kang et al. [1997], where the required kinetic data of DEG
production reaction rely on the results of Reimschuessel’s experi-
ments [1979] and those of other reactions on the results of Otton
and Ratton’s experiments [1998]. Such incorrect and impractical
data may cause serious errors in the analysis of reaction processes.
We analyzed the reaction rate parameters of DEG production through
the comparison of original plant data with calculated data by using
a simple genetic algorithm (SGA). To the author’s knowledge, to
date, no application results of GAs in the determination of the kinet-
ics of polymerization processes by original plant data have been re-
ported so far. The reaction kinetics obtained were used in turn to
identify conversion of acid end groups, degree of polymerization
and the concentration of by-products rates according to the change
of operating conditions.

MODELING OF THE ESTERIFICATION REACTOR

In the modeling of a direct esterification reactor, we first assumed
that polymerization reactions involved can be regarded as reactions

between two functional groups and that the reactivity of a fu
tional group does not depend on the polymer chain length bec
of the relatively low the degree of polymerization (DP) of the 
rect esterification product [Flory, 1953]. These assumptions en
us to regard all reactions in the reactor to occur by polymer s
ments. Related reactions among these polymer segments and
plified kinetic schemes of esterification stages are summarize
Table 1. The reactions in Table 1 are identical to the six react
of Kang et al. [1997]. In Table 1, the first four reactions are este

Fig. 1. Schematic of continuous PET synthesis process.

Table 1. Reaction schemes of functional groups in the direct ester-
ification stages of the PET synthesis process (t-: terminal,
b-: bound)

Reaction scheme

Esterification reactions TPA+EG t-TPA+t-EG+W

t-TPA+EG b-TPA+t-EG+W

TPA+t-EG b-EG+t-TPA+W

t-TPA+t-EG b-EG+b-TPA+W

Polymerization reactions t-EG+t-EG b-EG+EG

Side reaction (DEG formation) t-TPA+EG b-DEG+W

Molecular structures of components

TPA Terephthalic acid

EG Ethylene glycol

t-TPA TPA end group

t-EG EG end group

b-TPA Bound TPA

b-EG Bound EG

W Water
b-DEG Bound DEG

 �
k1

k1/K1

 �
k2

k2/K2

 �
k3

k3/K3

 �
k4

k4/K4

 �
k5

k5/K5

 �
k6
Korean J. Chem. Eng.(Vol. 18, No. 4)



434 J.-Y. Kim et al.
cation reactions, the fifth reaction is the polymerization reaction,
and the sixth reaction is the DEG production reaction which is the
governing side reaction in the early stages of PET synthesis. Reac-
tions from 1st to 5th are acid-catalyzed reactions.

The reaction mixture in the direct esterification reactor is a heter-
ogeneous system in which solid, liquid and vapor phases are jum-
bled together. Due to the solid TPA, a monomer in PET synthesis
has very low solubility in EG. Solid and liquid phase equilibrium
and the mean solubility of TPA in the reaction mixtures are the key
factors that describe the complicated reaction system. The mean
solubility of TPA is calculated by using experimental data by Ya-
mada et al. [1985], which were compared and verified with previ-
ous solubility data. Vapor and liquid phase equilibrium can be cal-
culated from Raoult’s law. This approach is justified by the high tem-
perature and low pressure in the actual operation of the PET plant.
Table 2 shows kinetic and equilibrium data for reactions in Table 1,
and Table 3 shows phase equilibrium relations for both vapor-liquid
and solid-liquid.

Fig. 2 is a simple schematic of the reaction system in the direct
esterification reactor. As shown in Fig. 2, it is assumed that the vapor
pressure is contributed only by EG and water because oligomer is
not volatile, the vapor pressure of TPA and DEG are negligible,
and only EG vapor is recycled completely. All reactions proceed in
the liquid phase, and the density of the reaction mixtures is as-
sumed to be constant. Even though the reaction mixtures are slurry
with high viscosity, the assumption of perfect mixing in the esteri-
fication reactor is reasonable since various mixing units are used in
the actual plant to prevent loss due to imperfect mixing.

Steady-state mass balances for all components can be written
based on the assumptions and effective rate constants including the
effect of acid catalyst.

Fi+FR=Fo+FV (1)

Wmix(dCo
TPA/dt)=FiCi

TPA−FoCo
TPA+W{−R1−R3}=0 (2)

Wmix(dCo
EG/dt)=FiCi

EG−FoCo
EG+W{− R1−R2+R5}

− FvCv
EG− FRCR

EG=0 (3)

Wmix(dCo
t− TPA/dt)=FiCi

t− TPA−FoCo
t− TPA+W{R1−R2+R3−R4}=0 (4)

Wmix(dCo
t− EG/dt)=FiCi

t− EG−FoCo
t− EG

+W{R1+R2 −R3− R4− 2R5− 2R6}=0 (5)

Wmix(dCo
b−TPA/dt)=FiCi

b−TPA−FoCo
b−TPA+W{R2+R4}=0 (6)

Wmix(dCo
b−EG/dt)=FiCi

b− EG−FoCo
b−EG+W{R3+R4+R5}=0 (7)

Wmix(dCo
w/dt)=FiCi

w− FoCo
w+W{R1+R2+R3+R4+R6}

Table 2. Reaction rate parameters and equilibrium constants for reactions in Table 1 (Cacid: the concentration of acid end groups in the
liquid phase, k1-k5: from Otton and Ratton’s experiments [1989])

Kinetic constants
ki=AiCacid exp(− Ei /RT)

Activation energy
Ei [cal/mol]

Frequency factor
A i [(kg/mol)2/min]

Equilibrium constant
K i

k1 180000 6.2974×105 2.50
k2 180000 6.2974×105 2.50
k3 180000 3.1487×105 1.25
k4 180000 3.1487×105 1.25
k5 180000 4.8980×105 0.50
k6=A6 exp(−E6/RT)

Table 3. Equilibrium data used for modeling of a direct esterification reactor

Phase equilibrium

Vapor-Liquid Pi =PT·yi =Pi

sat
·xi , PT=PEG+PH2O

Equilibrium ln PEG(pa)=79.3+(− 10105/T)+(−7.5×ln T)+7.3×10−19×T6

ln Pw(pa)=73.6+(− 7259/T)+(−7.3×ln T)+4.2×10−6×T2

Solid-Liquid α=αEGωo
EG+αOLGωo

OLG+αwωo
w≈αEGωo

EG+αBHETωo
OLG

Equilibrium αEG(dissolved TPA mol/EG 1 kg)=9062 exp(−4877/T)
αBHET(dissolved TPA mol/OLG 1 kg)=374 exp(− 3831/T)

Density of reaction mixtures (ρ)=1.160 kg/l

Fig. 2. Schematic of a direct esterification reactor in PET synthe-
sis.
July, 2001
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−FvCv
w+FRCR

w=0 (8)

Wmix(dCo
b− DEG/dt)=FiCi

b− DEG− FoCo
b−DEG+W{R6}=0 (9)

where

R1=4k1CTPACEG− (k1/K1)Ct− TPACw (10)

R2=2k2CEGCt− TPA−2(k2/K2)Cb−TPACw (11)

R3=2k3Ct−EGCTPA− (k3/K3)Ct− TPACw (12)

R4=k4Ct− EGCt−TPA− 2(k4/K4)Cb− TPACw (13)

R5=k5C
2
t− EG− 4(k5/K5)Cb−EGCEG (14)

R6=k6C
2
t−EG (15)

IDENTIFICATION OF REACTION RATE
PARAMETERS

In order to obtain reliable values of the DEG reaction rate param-
eters of the present model, we introduced an error function given
by

(16)

where

P: vector of product properties
x: vector of reaction rate parameters

The flow rate of water and EG vapor and the concentration of
acid end groups are key properties to be analyzed in the present study.
Other properties such as the concentration of DEG, the degree of
polymerization and so forth could not be checked due to lack of
operation data. The flow rate of water vapor is affected by esterifi-
cation reactions and depends considerably on the DEG formation
mechanism. Therefore the concentration of DEG can be represented
in terms of the water vapor rate. In the same manner, the degree of
polymerization (namely the degree of all reactions in the reactor)
can be included in the concentration of acid end groups, and the
flow rate of EG and water vapor can be used to describe the degree
of esterification, polycondensation and DEG production reaction.
The objective function for the optimization based on these facts and
the error function can be constructed as

(17)

The rate constant for DEG formation reaction is shown in Table
2. The decision variables vector x in (17) consist of A6 and E6 (fre-
quency factor and activation energy of the sixth reaction in the Table
2). The ranges of these variables are

1.0×108≤A6≤5.0×108, 2.0×104≤E6≤4.0×104 (18)

Determining the ranges of decision variables is very important
because incorrect ranges can give an undesirable combination of

kinetic parameters, which results in failure in the modeling. T
ranges given by (18) were obtained empirically after prelimina
trials by using the reaction rate parameters of DEG formation re
tion and various simulation results.

In order to successfully identify all the reaction rate paramet
we utilized the genetic algorithm technique for the optimizatio
Fig. 3 shows a flowchart of the GA used in this work. The first s
in the GA procedure consists of determination of strategies ab
encoding type, reproduction, crossover, mutation and sharing,
lowed by selection of the value of parameters for the GA employ
To initialize a population, we can simply set a number of chrom
somes randomly in bitwise fashion. The length of these binary
coded strings is usually determined according to the desired s
tion accuracy. We used 32-bit coding for a variable in this pa
Genes of each chromosome represent encodings of all the unk
reaction rate parameters over some specified ranges. Each chr
some in genotype space is decoded to the real value of each in
ual, and then all fitness values of these individuals for an objec
function are obtained by using a proper model, which can desc
the real behaviors of a target system well. In this work the fitn
function value was calculated according to the accuracy of the
properties about reactor performance against some known real 
measurements.

The reproduction process makes good strings in a popula
assigned probabilistically a larger number of copies, and so a 
ing pool is formed. We employed a stochastic remainder selec
scheme [Deb, 1996], which uses the idea of ranking selection [G
berg, 1989] for a reproduction operator. The ranking selection m
od keeps appropriate levels of selection pressure throughout s

E x( )  = 

Pi calc,  − Pi plant,

Pi calc,
----------------------------- 

 
2

10m×
i

∑

Minimize I x( )  = 

FEG calc,
v

 − FEG plant,
v

FEG calc,
v

------------------------------------ 
 

2

 + 
Fw calc,

v
 − Fw plant,

v

Fw calc,
v

------------------------------- 
 

2

+ 
Cacid calc,

o
 − Cacid plant,

o

Cacid calc,
o

---------------------------------------- 
 

2

 
 
 
 
 
 
 

104×∑

Fig. 3.Flowchart of the genetic algorithm used in the present study.
Korean J. Chem. Eng.(Vol. 18, No. 4)
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are
ba-
a-
lations. A rank is assigned to each string with values of 1 (best)
to N (worst) according to the fitness function value. Next, stochas-
tic remainder roulette wheel selection is operated until the mating
pool is full of the better strings according to the rule that copies ex-
actly equal to the mantissa of the expected count (dummy fitness
value divided by the average dummy fitness value) are first assigned
to the strings. The regular roulette-wheel selection is then imple-
mented by using the decimal part of the expected count as the prob-
ability of selection [Deb, 1996].

The main purpose of the crossover operator (Pc) is to search the
parameter space and to perform in a way to preserve the informa-
tion stored in the parent strings maximally. We have selected two
point crossover and Pc=0.8, which makes two reproduced parent
strings exchange inner part between two random crossover points

with the probability of 0.8. Mutation operator (Pm) maintains diver-
sity in the population in such a way that all bits in each string 
changed from 1 to 0 and vice versa with a given mutation pro
bility. We have chosen Pm=0.001 because a small mutation oper

Table 4. The parameters of genetic algorithm used

Maximum generation number, Maxgen 100
Population size, Np 50
Crossover operator, Pc 0.8
Random number, seed 0.5
Number of decision variables, Nd 2
Chromosome length, lchrom 32
Mutation operator, Pm 0.001
July, 2001

Table 5. Comparison between the plant operation data and the simulation results by using the calculated parameters for DEG forma-
tion reactions

No
Reactor conditions Reactor properties

T (oC) P (atm) τ (hr) a Fv
EG(-) Fv

water(-) Co
acid(-)

1 260.9 1.2383 3.3277 1.2100 Plant 0.1421 0.1835 0.3248
Calculated 0.1426 0.1849 0.3318

259.9 1.2383 3.3228 1.2422 Plant 0.1435 0.1846 0.3237
Calculated 0.1434 0.1865 0.3191

259.9 1.2383 3.3388 1.2518 Plant 0.1467 0.1893 0.3082
Calculated 0.1438 0.1870 0.3089

260.9 1.2383 3.3472 1.2800 Plant 0.1668 0.1902 0.2948
Calculated 0.1670 0.1891 0.2941

26.3.9 1.2383 3.1729 1.3425 Plant 0.2056 0.1890 0.2769
Calculated 0.2059 0.1914 0.2771

260.9 1.2383 3.2159 1.3504 Plant 0.2117 0.1897 0.2747

Calculated 0.2118 0.1917 0.2742

2 259.9 1.1125 3.9807 1.2288 Plant 0.1565 0.1907 0.2898
Calculated 0.1558 0.1900 0.2905

259.9 1.1416 3.8357 1.2246 Plant 0.1492 0.1915 0.2999
Calculated 0.1475 0.1887 0.2985

259.9 1.1706 3.8836 1.2204 Plant 0.1408 0.1842 0.3062
Calculated 0.1422 0.1883 0.3012

3 259.9 1.1899 3.4612 1.2309 Plant 0.1426 0.1842 0.3085
Calculated 0.1437 0.1871 0.3086

259.9 1.1899 3.6677 1.2351 Plant 0.1435 0.1878 0.2984
Calculated 0.1449 0.1879 0.3034

259.9 1.1125 3.9807 1.2288 Plant 0.1565 0.1907 0.2898
Calculated 0.1558 0.1900 0.2905

259.9 1.1899 4.3825 1.2403 Plant 0.1451 0.1905 0.2829
Calculated 0.1475 0.1903 0.2876

4 259.9 1.1416 3.8014 1.2426 Plant 0.1582 0.1868 0.2919
Calculated 0.1584 0.1896 0.2921

259.9 1.1899 3.7829 1.2397 Plant 0.1483 0.1835 0.2941
Calculated 0.1500 0.1887 0.2976

259.9 1.2090 4.0225 1.2403 Plant 0.1519 0.1901 0.2926
Calculated 0.1521 0.1896 0.2924

259.9 1.2383 3.5076 1.2422 Plant 0.1458 0.1883 0.3084
Calculated 0.1448 0.1873 0.3072
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tor is used generally. Table 4 summarizes typical GA parameters
used in the present study. One cycle of the genetic algorithm is com-
posed of these procedures as described above. The cycle is repeated
until objective values of all individuals shrink to a desired toler-
ance or the number of generation approaches a prespecified maxi-
mum number. In Fig. 3 the objective function represented by gray
blocks includes the esterification reactor model.

RESULTS AND DISCUSSION

The actual plant operation data can be effectively used to verify
the plant model developed. Usually the operation data are dispersed
over a certain limited region. For the purpose of modeling and an-
alysis, it is most convenient to classify the operation data into several
types of sets [Bhaskar et al., 1999]. In this work four sets of op-
erating data as shown in Table 5 were used in the verification of
the model developed.

In the first data set feed mole ratios (EG/TPA) are different mu-
tually, while other conditions are virtually the same with each other.
Therefore, this set can be used to show the effects of the feed mole
ratio on the reactor performance. The range of the feed mole ratio
was from 1.21 to 1.35. In the same manner, the second data set can
be used to prove the effects of pressure of which the range is from
1.11 to 1.17 atm. The effects of the residence time can be checked
by using the third data of which the range is from 3.4 to 4.4 hr. The
last data set shows the effects of combinations of reactor condi-
tions with pressure and residence time on behaviors of the reactor.
In this set the range of pressure is from 1.14 to 1.24 atm and that
of the residence time from 3.5 to 4.0 hr. For the simulation, it is as-
sumed that all the water vaporized from the esterification reactor is
removed by using the distillation column and all EG vaporized is
recycled. In addition, we consider that extra EG is introduced into
the reactor as a mixture with catalysts. This assumption causes a

slight increase of the total EG in the feed.
1. Identification of Reaction Parameters

Data sets from 1 to 3 in Table 5 were used first in the optimi
tion process for the identification of kinetic parameters. The par
eters governing selection, crossover and mutation in the genet
gorithm are specified as shown in Table 4. Within 20 generati
the genetic algorithm had produced a pair of values for A6 and E6

with good convergence. The calculated values of parameters w

A6=3.59130×108 and E6=3.02219×10

Fig. 4 represents the distribution of population at each gen
tion number. From Fig. 4, we can see that as the generation n
ber increases, the searching space of E6 approaches an optimum so
lution faster than that of A6. Fig. 5 shows the degree of convergen
during the GA computation. The reactor properties achieved by u
these parameters are compared with actual plant data sets in 
5. The vapor flow rates of EG and water (Fv

EG, F
v
w) were represented

as dimensionless variables for convenience with respect to the 
rate of TPA as well as the concentration of acid end groups in p
ucts (Co

acid) with respect to the concentration of TPA in the feed.
The tabulated values have been specified to a high degree o

curacy to highlight the excellent agreement between the calcul
and measured reactor properties. Especially, it should be em
sized that the agreement between the calculated and measure
is evident not only in the 1st-3rd data sets but also in the 4th data set.
The 4th data set represents the effects of combination between p
sure and residence time and was not used in the calculation o
reaction rate parameters. This fact demonstrates that the mod
veloped in the present study can be used to describe the beh
of the actual reactor effectively.
2. Steady-state Reactor Behaviors According to Various Op-
erating Conditions

Simulations have been performed to study the effects of var
operating conditions on the conversion and the concentration of 
end groups, on vapor flow rates of EG and water, on the degre
polymerization and concentration of oligomer and on the conc
tration of DEG and water. In simulations extra EG which is int

Fig. 4. Population at various generation numbers using GA in the
present study

Fig. 5. The degree of convergence in the procedure of optimiza-
tion.
Korean J. Chem. Eng.(Vol. 18, No. 4)
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duced into the feed mixed with catalysts is not considered and only
one operating condition is changed at each simulation while others
are fixed at their reference values. Typical steady-state operation
conditions of T=260oC, P=1.2 atm, a=1.24, and τ=4 hr were used
as the reference state. As before, all results were represented as di-
mensionless groups for convenience.

Figs. 6 and 7 show the effects of the monomer feed mole ratio
on the various reactor behaviors and product properties. It should
be noticed that the bent parts on the line is the complete dissolution
point. The complete dissolution point is where the concentration of
solid TPA is zero. In Fig. 7 the concentrations of components in
the liquid phase of the reaction mixtures are kept nearly constant
until the complete dissolution of TPA. This is due to the balance
between more dissolved TPA in liquid phase with additional EG
and the increase in the degree of reactions. Namely, the use of large

quantity of EG is useful to enhance the solubility of TPA in the l
uid phase. However, the enhanced amount of TPA in the liquid p
by larger amount of EG accelerates the consumption reaction
TPA and EG by catalysis of the acid end groups in the reacti
Therefore, when the monomer feed ratio increases, the total 
centration of acid end groups in the reaction mixtures decrease
conversion of acid end groups increases), since solid TPA ha
be provided into the liquid phase continuously and the consu
tion of TPA by reactions increases. The EG vapor flow rate is 
changed too much, and more water is vaporized because rea
products are increased with the increment of the monomer feed 
ratio. The degree of polymerization is also kept constant and
concentration of oligomer continues to be increased. This me
that the increment of the monomer feed mole ratio causes incr
of the concentration of oligomer while the chain length of olig
mer is not changed.

After the complete dissolution of TPA, the concentration of a
end groups in the liquid phase decreases with the increment o
monomer feed ratio because dissoluble TPA into the liquid ph
does not exist any more and the proceeding reactions continuo
consume TPA in the liquid phase. For this reason, the degree o
terification reaction is lessened suddenly after the complete di
lution of TPA. Furthermore, the reverse reaction of polyconden
tion reaction becomes predominant as the amount of remaining
increases. This causes the concentration of acid end groups 
reaction mixtures to reduce sluggish behavior (the growth rat
the conversion of acid end groups becomes sluggish as well)
the amount of water vaporized to be decreased while the con
tration of oligomer increases but its chain length decreases an
DEG formation reaction occurs more actively with the increme
of the excess EG.

Fig. 8 shows the effect of the reaction temperature on typical 
iables. Increase of the reaction temperature results in the enha
solubility of TPA and the reaction rate, both of which depend 
only temperature at the operating conditions considered in the pre

Fig. 6. The effects of monomer feed mole ratio on the reactor per-
formance (left axis: solid lines, right axis: dotted lines).

Fig. 7. The concentrations of the components in the liquid phase
according to the monomer feed ratios.

Fig. 8. The effects of reaction temperature on the reactor perfor-
mance (left axis: solid lines, right axis: dotted lines).
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study. Therefore, the concentration of acid end groups decreases
and that of DEG increases as the reaction temperature increases.
But the amount of vaporized EG decreases distinctly according to
the monomer feed ratio. It is due to the fixed quantity of EG though
the reaction rate rises when the reaction temperature increases. With-
out being affected by the monomer feed ratio, DP increases as much
as the decreased concentration of oligomer. This implies that the
increasing rate of the chain length in oligomer molecules becomes
much faster than that of the new oligomer production reaction with
increasing reaction temperature. After the complete dissolution EG
vapor increases because of unreacted excess EG with TPA. It is in-
teresting to note that the concentration of water decreases and that
of DEG increases abruptly. This is because the esterification reac-
tions are restrained and the reactions involving only EG groups are
promoted with the increment of the reaction temperature after the
complete dissolution.

The effects of the reaction pressure are shown in Fig. 9. When
the reaction pressure is increased at different operating conditions,
the flow rates of EG and water vapor decrease and their concentra-
tions in the reaction mixtures increase. Consequently, the effects of
increasing pressure are equivalent to those of increasing EG and
water in the reaction mixtures. EG and water not only promote re-
verse reactions due to the increased amount of by-products but also
lead the esterification reaction to forward direction due to the in-
creased solubility of TPA. However, because the promotion of for-
ward reactions in esterification by more dissolved TPA is less than
that of reverse reactions, all indexes about reaction efficiency de-
crease with increasing pressure except the efficiency rising by de-
creasing vapor flow rates. Hence, it is advantageous to operate the
reactor at low pressure.

Fig. 10 shows the dependency of the reactor performance on the
residence time changing from 3 to 5 hr. The increase of the resi-
dence time leads the solubility of TPA to increase and consequently
to reach the complete dissolution point. The effects of the resi-
dence time are similar to the case of increasing reaction tempera-

ture although not so sensitive.
When Figs. 6-10 are considered simultaneously, the effect

each feed condition on the reactor performance can be summa
as follows: the increment of the monomer feed mole ratio and t
perature results in better reactor performance as well as incre
degrees of entire reactions. But after complete dissolution of s
TPA, the increasing rate of the conversion of acid end groups s
down, the concentration of DEG increases while DP decreases
vapor flow rates increase. This fact indicates that excess EG
higher temperature after the complete dissolution of TPA sho
be avoided to maintain optimality, although excess EG and hig
temperature are useful to increase the conversion. The incre
of pressure deteriorates the reactor performance and promote
inversion reaction, while vapor flow rates decreases within the 
row range. From these facts we can see that pressure shou
maintained as low as possible. Increasing residence time is also
portant to increase the reactor performance. But increased resid
time causes a decrease of the conversion of acid end group
crease of the concentrations of by-products, and slow down o
increase rate of DP until TPA is completely dissolved. These
sults on the reactor behaviors remind us that the condition of c
plete dissolution of TPA is the most important factor in the ana
sis and optimization of the esterification reactor.

CONCLUSIONS

In this study, an improved model for a continuous direct este
cation reactor was developed by using a genetic algorithm. The
timization method based on the genetic algorithm was used to
culate the rate parameters of DEG formation reaction based u
actual operation data with various ranges. Results of simulat
showed good agreement with actual operation data. This indic
that the reaction rate parameters can be successfully identifie
using a genetic algorithm and plant data. The effects of key op
ing variables (temperature, pressure, feed mole ratio and residen

Fig. 9. The effects of pressure on the reactor performance (left axis:
solid lines, right axis: dotted lines).

Fig. 10. The effects of residence time on the reactor performance
(left axis: solid lines, right axis: dotted lines).
Korean J. Chem. Eng.(Vol. 18, No. 4)
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time) on the reactor performance were investigated. It was observed
that the reactor performance strongly depends on the degree of dis-
solution of the solid TPA in the reaction mixtures.

NOMENCLATURE

a : monomer feed mole ratio
A i : frequency factor for reaction i [(kg/mol)2/min]
C : concentration [mol/kg]
Cacid : concentration of acid end groups in the liquid phase

(2CTPA+ Ct− TPA) [mol/kg]
Co

acid : concentration of acid end groups in the reaction mix-
tures (2Co

TPA+ Co
t− TPA) [mol/kg]

Cp : heat capacity [kcal/(kg·K)]
Conversion : conversion of acid end groups [%]
DP : degree of polymerization
E : error function
Ei : activation energy [cal/mol]
F : flow rate [kg/min]
I : objective function
k : effective kinetic constant [kg/(mol·min)]
K i : equilibrium constant for reaction i
lchrom : chromosome length
Maxgen : maximum generation number
n : mole number [mol]
Nd : the number of decision variables
Ng : generation number
Np : population size
P : vector of product properties
Pc : crossover operator
Pm : mutation operator
R : ideal gas constant [1.987 cal/mol-K]
Ri : reaction rate for reaction i [mol/kg-min]
seed : random seed
t : time [min]
T : absolute temperature [K]
W : weight of liquid phase in the reaction mixtures [kg]
Wmix : weight of reaction mixtures [kg]
x : vector of reaction rate parameters
x : mole fraction in the liquid phase of the reaction mix-

tures
y : mole fraction in the vapor phase of the reaction mix-

tures
(-) : dimensionless

Greek Letters
α : solubility of solid TPA in the reaction mixtures [mol/

kg]
τ : residence time [hr]
ρ : density of the reaction mixtures [kg/λ]
ω : weight fraction

Superscripts
i : input
r : reference case
R : reflux
o : output

v : vapor
s : solid phase
l : liquid phase
sat : saturated

Subscripts
mix : reaction mixtures
calc : calculated value
plant : original plant data value
T : total
acid : acid end groups
OLG : oligomer
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