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SYNOPSIS

Simulations were carried out with a continuous recycle esterification model for the tere-
phthalic acid-ethylene glycol (TPA-EG) system proposed previously. The influence of
reaction temperatures, recycle ratios, and residence times on the oligomer characteristics
was examined and the following results were obtained: (1) The main reactions proceed
more under higher reaction temperatures, but the side reactions on diethylene glycol (DEG)
proceed further than do the main reactions. (2) The higher residence time ratio of the first
reactor to the total results in the proceeding of esterifications, which becomes remarkable
as the temperature becomes high. (3) As the recycle ratio becomes high, the esterifications
proceed, but in the very high degree of esterification, the tendency is reversed. (4) The
characteristics of oligomer are almost the same at the same degree of esterification, inde-
pendent of the reaction conditions. © 1994 John Wiley & Sons, Inc.

INTRODUCTION

From a practical point of view, it is important to
predict the optimum process for the production of
poly (ethylene terephthalate) (PET) with a com-
puter simulation. An esterification process in the
terephthalic acid (TPA )-ethylene glycol (EG) route
in PET manufacturing is of particular interest be-
cause of its complicated reactions. T'o examine what
process is the best for the TPA-EG direct esterifi-
cations, the author’ proposed a mathematical model
for the recycling process. In this article, the simu-
lated results for the recycling process are shown un-
der various reaction temperatures, residence times,
and recycle ratios. Of these, the influence of reaction
temperatures on the oligomer characteristics will be
discussed in detail.
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A MATHEMATICAL MODEL FOR A
CONTINUOUS RECYCLE PROCESS
BETWEEN TPA AND EG

Reaction Scheme for Direct Esterification

Various reactions occurring in a reactor are given
as follows?:

Esterification Reactions

~~~{O)-L00H + HOCH:CHoOH z%‘t {0 COUCHSCH:OH + Ha0 (1)

[ C. Cs Ce

=~ O)-Ca0K + HOCH:CH:006-O -~ =:’= ~{ O co0eH:H:006O ) + 1o (2)
c cs .

’ c c.

Polycondensation Reactions

X
2( —<(O)-Ca0CH:CH,0H ) a% O C00CH;CH00E-(O )~~~ + HOCHSCH:OH (3)
Cs Cs C.
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Side Reactions Leading to the Formation of
Diethylene Glycol (DEG) in the Oligomer

2( ~~<O)-CO0CH:CHa0H ) Lo, (O )-COUCHS CHa 08H: CH: 008 O -~ + HaO (4)
Cs . .

c c
K
0 COUCHSCHsOH + HOCHACHaOH s~ COCHSCHaOCHSCHaOH + H.0 (5)
cs c. c- Ce
ks 6
2 HOCH.CHaDH — HOCH,CH.OCH:CH.OH + H:0 (6)
c. Cs Ce

~~<0)-CO0H + HOCH,CH, OCH:CH: O %‘z ~<(0)-CO0CH CHaOCHs CHs 0K + K20 (7)
.

C, Ce Cr Cs

where C; is the concentration of component i in the
liquid phase and k,-ky are the reaction rate con-
stants, where kg = 2k; and ky = 4k;.

Reaction Rate Equations
The reaction rate equations of C,—Cg are obtained
from the above reaction scheme as follows?:
(dC,/df) = —k;C,Cy + koC3Cs — k3CiCs
+ k4CsCs — k1 C1Cs + kC5Cr (8)
(dCy/df) = —k,C,C; + kyC3Cs + ksC3
— keCyCy — kgCoCs — 2ksCS  (9)
(dC3/df) = ki C,Cy — kyC3Cs — k3CiCy + kyCyCs
— 2ksC3 + 2keCoCy — 2k;C3 — ksCoC3  (10)
(dCy/dB) = ksCiCs — kyCyCs + RsCE — keCoCy (11)
(dCs/df) = kC,Cy — kyC3Cs + ksCiC3 — kyC,Cs
+ k:C3 + kgCyCs + koC3 + k1C1Cs — koCsCq (12)
(dCs/dB) = k,C3 (13)
(dC;/df) = kgCyCs + kC,Cg — kCsCr; (14)
(dCg/df) = ksC} — k,C,Cs + koCs5C (15)
where ks = 2k; and ky = 4k;, and 0 denotes the re-
action time.
Assumptions for Modeling
Assumptions for the modeling of direct esterification

are given as follows?:

1. Reactions occur only in the liquid phase. TPA
is partly dissolved in the reaction mixtures and
this dissolved TPA participates in the reaction.

2. The rate of dissolution of TPA is very fast.
The rate-determination step, therefore, is

not the dissolution of TPA, but the reaction
of TPA.

3. Only undissolved TPA forms the solid com-

ponent of a heterogeneous system.

. All acidic functions entail carboxyl end groups.

5. The concentration of DEG is given by the sum
of Cs, C7, and C8-

6. The pressure in a reactor is given only by the
sum of the partial pressures of EG and water
existing in it. The partial pressure of DEG is
lower than those of EG and water.

7. All the nonvolatile components in reaction
mixtures are defined as being an oligomer.

8. Reactivity of the functional group does not de-
pend on the polymer chain length as it can be
assumed that the degree of polymerization is
not very high in the esterification step.

9. Inthe formation of DEG, the reactivity of each
hydroxyl end group can be assumed to be the
same, i.e., kg = 2k; and kg = 4k,.

=

Determination of Weight Fraction of Liquid Phase
(B) in Reaction Mixtures

The authors? previously derived the weight fraction
of the liquid phase in the reaction mixtures, 8, and
carboxyl end-group concentration in the liquid
phase, C;, on the assumptions mentioned above as
follows:

When undissolved TPA remains in the reaction
mixtures (the solid phase exists in the reaction mix-
tures),

g = AV — nrpa
a+ AV - (wge + wHZO) ~ NTPA

and C;=a (16)

where AV is the concentration of the total carboxyl
end groups in the dried oligomer; «, the mean sol-
ubility of TPA in the liquid phase of the reaction
mixtures; R, the gas constant; T, the absolute tem-
perature; and nrpa, the equivalents of carboxyl end
groups per 1 kg of pure TPA (i.e., nrps = 12.039
— COOH equiv/kg TPA). The wgg and wy,o are
the weight fractions of EG and water, respectively,
in the liquid phase of the reaction mixtures.

When all TPA is dissolved in the reaction mix-
tures (the solid phase does not exist in the reaction
mixtures),

=1 and C,=¢ (17)

where { is the concentration of carboxyl end groups
in the reaction mixtures free from undissolved TPA,
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which is defined by { = AV - woLg; worg is the weight
fraction of the oligomer in the liquid phase of the
reaction mixtures.

Mean Solubility of TPA («)

The temperature dependencies of the solubility of
TPA in EG, agg, and that in bis-8-hydroxylethyl
terephthalate (BHET), agugr, are given as follows?:

agg = 18124 - exp(—9692/RT) (18)

apyer = 148-exp(—7612/RT) (19)

where agg is the solubility of TPA in EG; agpgr,

the solubility of TPA in BHET; R, the gas constant,

1.987 cal/mol K; and T, the absolute temperature,
t+ 273.15.

The mean solubility of TPA in the reaction mix-

tures containing EG and water can be calculated by
the following equation:

o = ap,o " Wh,o T age* Wee T aoLe* Wore  (20)

where oy,0 is the solubility of TPA in water and
aoLg, the solubility of TPA in the oligomer.

If the amount of dissolved TPA in the water com-
ponent of reaction mixtures is negligible because of
the very little amount of water in them and the sol-
ubility of TPA in the oligomer (agrg) is equivalent
to that in BHET (aguer ), an approximate of « is
given by

o = apg*Wec T OBHET* WoLG (21)

Relations Among Oligomer Characteristics

The relations among oligomer characteristics are
given in the following equations'?:

¢ =0HV/(AV+ OHV) (22)
M, = 2000/(AV + OHV) (23)

= {M,(1+e) + 26.03 + 70.09¢ — ¢(88.10
+ 176.20e) } /(192.17 + 236.23e) (24)
SV =2000-P,/M, (25)
E =(8SV—-AV)/SV (26)
d=100{(P,+2¢ —1)/P,}-{e/(1+e)} (27)
where ¢ is the ratio of hydroxyl end groups to total

end groups; M,, the number-average molecular
weight; P,, the number-average degree of polymer-

ization; SV, the saponification value; E,, the ester-
ification degree; e, the molar ratio of DEG to bound
EG; and d, the percentage of DEG content based
on TPA.

Prediction of Melting Points

By the following equation,®* we can predict the

melting point, T, over a wide range of P, from an
oligomer to a polymer of PET:
1/T, = 0.111049 X 1073 OHV? — 0.200468
X 107*- OHV?® — 0.298614 X 107*-exp(—OHV)
—0.196193 X 1072- AV/(P, + OHV)
+ 0.605210 X 1073+ AV?*/(P, + OHV)?
—0.971548 X 107 ?- AV/(P, + OHV)?
+ 0.980871 X 1073+ OHV /(P, + OHV)?
+ 0.142510 X 10 3-exp{AV/(P, + OHV)}
— 0.655692 X 10 *-In(P,)

+ 0.415790 X 1072 (28)

Effect of Catalysts or Additive on Reaction Rate
Constants

Yamada and Imamura®” reported the effect of

diantimony trioxide (Sb,0O3;) and potassium tita-
nium oxyoxalate [ K,;Ti0 (C,0,), - 2H,0], which are
polycondensation catalysts, and titanium dioxide
(Ti0,), which is an additive on the esterification
reactions between TPA and EG. The following
equations were obtained:
ki = (375 X 1074-Sb3 + 0.015- T; + 1)
X 1.5657 X 10%-exp(—19640/RT) (29)
ky = (4.75 X 107*-Sb3* + 9.1667 X 107%- T; + 1)
X 1.5515 X 108-exp(—18140/RT) (30)
ks = (6.25 X 107*-Sb** + 0.019167- T;
+0.1[TDO] + 1) X 35165
X 10°-exp(—22310/RT) (31)
ks = (4.50 X 107*-Sb3 + 1.6667 X 107%- T; + 1)
X 6.7640 X 107 - exp(—18380/RT) (32)
ks = (3.50 X 107*- Sb** + 0.015833
X T; + 0.08[ TDO] + 1) X 7.7069
X exp(—2810/RT) (33)
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ks = (1.75 X 10*- Sb3* + 3.3333
X 1073 T; + 0.04[ TDO] + 1)
X 6.2595 X 10%-exp(—14960/RT) (34)
k; = (3.75 X 107*-8b%* + 0.0125- T;

+ 0.085714[TDO] + 1) X 2.0583
X 10%-exp(—42520/RT) (35)

where Sb?* is the mol of the antimony ion (Sb3*)
in diantimony trioxide supplied for 10% mole of TPA;
T;, the mol number of potassium titanium oxyox-
alate supplied for 10° mole of TPA; [TDO], the
weight percent of charged titanium dioxide against
PET; R, the gas constant; and T, the absolute tem-
perature.

Relation Between Actual Recycle Flow Rate and
Recycle Flow Rate Based on PET

Figure 1 shows a schematic diagram’ of a continuous
recycle process in a steady state. In Figure 1, the
actual recycle flow rates (fg, f ) with EG and water
are related to the recycle flow rate based on the PET
polymer ( F) without EG and water as follows:

fs = (Fg/Mpgr)/
((1 = B')/Mrpa + B'worc P/ ML) (36)

(RA—1) (RA-2)

Pl. t1 Pz. tz

EG  Ho EG  Ho
TPA/EG t |t s t | ¢ EG
—_—- - -
(Fs) {Fe=anFs) (0eFs)

W, A W:| A

O O

Fetty TN

(FstFa) (Fs)

Figure 1 Continuous recycle esterification process in
the steady state: P,, P,, reaction pressures; t,, t;, reaction
temperature; W;, W,, weights of reaction mixtures; A,,
A,, heat-transfer areas; Fg, throughput based on PET
polymer; Fg, recycle flow rate based on PET polymer, Fp
= agpFs; Fp, Fp, actual discharge flow rates from reactor;
fs, [ B, actual recycle flow rates into which Fp and Fj is
converted; apn, recycle ratio; égg, flow rate of EG added
anew into RA-2 per 1 kg/h of throughput based on the
PET polymer.

fB= (Fg/Mprr)/
((1 — 8)/Mrps + BworgPur/ M)  (37)

where the superscript of prime (') represents RA-2
and no superscript represents RA-1; 8 is the weight
fraction of liquid phase defined in eq. (16). Mpgr
and Mrp, are the molecular weight of PET polymer
unit and TPA, respectively, i.e., Mprr = 192.17 and
Mqypa = 166.13; P, and M, are, respectively, the
number-average degree of polymerization and the
number-average molecular weight of oligomers in
the liquid phase, free from undissolved TPA. Here,
M, can be estimated by the relation of M,
= 2OOOﬁwOLG/[ﬁC1 + OHV{l - ﬂ( Wgg + szo)] and
P,; can be obtained from eq. (24); woLrg is the weight
fraction of oligomer in the liquid phase free from
undissolved TPA.

Amount of EG Bound and Water Generated

Amount of EG Bound in PET Chain by the
Reactions

The amount of bound EG can be obtained from the
following equations for RA-1 and RA-2 by neglecting
the effect of the DEG content:

1. For RA-1,

grc = (Muc/Mper ) Fg{(P, +2¢ — 1)/P,
—(P,+2¢—1)/P,} + (Mgc/Mpgr)Fs
X(P,+26—1)/P, (38)

2. For RA-2,

q9%c = (Mug/Mprr ) (Fs + Fg) { (P}, + 2¢'
-1)/P,—(P,+2¢—1)/P,} (39)

where Mg is the molecular weight of EG
{Mgg = 62.07); P,, the number-average de-
gree of polymerization of the dried oligomer,
P, = (M, — 88.1¢ + 26) when ether linkage
concentration (DEG content) is neglected;
M., the number-average molecular weight of
the dried oligomer, M,, = 2000/(AV + OHV);
¢, the ratio of hydroxyl end groups to total
end groups of the dried oligomer, ¢ = OHV/
(AV + OHV); AV, the concentration of car-
boxyl end groups; OHV, the concentration of
hydroxyl end groups; and Fg, the throughput
based on PET polymer.



INFLUENCE OF REACTION TEMP ON ESTERIFICATIONS 1327

Amount of Water Generated by the Reactions

The amount of water generated can be obtained from

the following equations for RA-1 and RA-2 by ne-
glecting the effect of DEG content:

1. For RA-1,

gu,0 = (2My,0/ Mpgr ) Fp{(Pn + ¢ — 1)/
P,— (P, + ¢ —1)/P.}
+ (2My,0/ Mpgr ) Fs

or, alternatively, by use of the esterification
degrees:

g0 = (2My,0/ Mper ) Fp(Es — Ef)

+ (2My,0/ Mper ) FsEs  (41)
where My,o is the molecular weight of water,
i.e., My,0 = 18.02; E is the esterification de-
gree defined as (SV — AV)/SV; SV is the
saponification value.

2. For RA-2 in the similar way as RA-1, the fol-
lowing relations are obtained:
G0 = (2My,0/ Mper ) (Fs + Fg)
X {(P,+¢ —1)/P,

or, alternatively, by use of the esterification
degrees

g0 = (2Mu,0/ Mpgr)
X (Fs + Fg)(Es — Eg) (43)

Input Rates of EG, Water, and the Total

Input Rate of EG to Reactor
The input rates of EG (F&g, Fig) into RA-1 and
RA-2 can be obtained from eqs. (44) and (45), re-
spectively:
1. For RA-1,
Fic = (Mgg/Mper)Fs-a + Bfswie  (44)

where a is the molar ratio of EG against TPA
charged into RA-1, a = E/T; and wgg, the

weight fraction of EG in the liquid phase free
from undissolved TPA.

2. For RA-2,
Fic = B(Fp + f B)wse + 0scFs  (45)

where g is the flow rate of EG added anew
into RA-2 per 1 kg/h of Fg.

Input Rate of Water to Reactor
The input rates of EG (F i{zo, F ﬁzo) into RA-1 and
RA-2 can be obtained from eqs. (46) and (47), re-
spectively:
1. For RA-1,
Fio = B fswh,o (46)
where wy,0 is the weight fraction of water in
the liquid phase free from undissolved TPA

in RA-2.
2. For RA-2,

1,0 = B(Fp + f B)wm,o (47)

Total Input Rate to Reactor
The total input rates (F%, F¥) into RA-1 and RA-
2 can be obtained from egs. (48) and (49), respec-
tively:
1. For RA-1,
Fr= Fs(Myps + Mgg-a)/Mpgr + fz  (48)
2.For RA-2,

+=Fp+fs+ 8ucFs (49)

Material Balances Around Reactors

Material Balance Around RA-1

The material balances of EG, water, and the total
in RA-1 are given as follows:

1. For EG,

Fic = Qee + qec + (Fp + f 3)Bwrs  (50)

2. For water,

Fi,0 + quo = Quo + (Fp + f 5) Bwy,o (51)
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3. For the total,

Fr=Qee+ Quo+Fp+fa (52)

Material Balance Around RA-2

The material balances of EG, water, and the total
in RA-2 are given as follows:

1. For EG,
Fic = Qkc + gke + (Fp + fs) Bwke  (53)
2. For water,

Fio + g0
= Quo T (Fp + f5)Bwh,o (54)

3. For the total,

Fi=Qec+ Quo+ Frt+fs (55)

The material balance of each component in RA-
1 and RA-2 also is given as the previous report.!

Determination of Mole Fractions of EG and Water
in Vapor or Liquid Phases

By combining eqgs. (50)—-(52), the vapor (distillate)
flow rates of EG and water (Qgc, @u,0) from RA-1
can be expressed as follows:

Qec = { (Fic — grc) (1 — Bwsc)
— Bwee (Fy — Fhyo — quyo) }/
{1 — B(wge + wuo)} (56)
@n,0 = { (Fhyo + guyo — Bwio (Fr — Qrc) }/
(1 - Bwny,) (57)
In the same manner as above, the vapor (distillate)
flow rates of EG and water (Q%c, Qh,0) from RA-2
can be expressed by egs. (58) and (59):
Qkc = {(Fic — ¢%c) (1 — B'wkc)
- ﬁ'wa(Fiq" - Fﬁzo - QIHZO) }/
{1 -8 (wkc + whyo)} (58)
Qo = { (Fiyo + g0 — Bwino (F¥ — Qkc) }/
(1 — Bwh) (59)

On the assumption that the total pressure in the
reactor is obtained by the sum of the partial pressure
of EG and water, the vapor phase mol fractions of
EG and water are given by the following equations:

¥ee = (Qec/Mzc)/

(Qrc/ Mg + Qu,0/ Mu,0) (60)
Y86 = (Qec/Mzc)/

(Qkc/Mrc + Qu,0/ Mu,o) (61)

As the vapor-liquid equilibrium in the esterifi-
cation stage follows Rault’s law with few problems
for practical use,® we can determine the liquid-phase
or vapor-phase mol fractions and the resultant
weight fraction of each component.

RESULTS AND DISCUSSION

The simulation was carried out as parameters of re-
cycle ratios (apg : arg = 0, 0.5, 1.0, 1.5, 2.0, 2.5),
reaction temperatures (¢, to: £, /t; = 250°C /250°C,
255°C /255°C, 260°C /260°C), and residence times
[71, T2 : 71/72 (h/h) = 3/5,4/4, 5/3, 6/2] under
fixed conditions of reaction pressures (P;, P, : P,
= P, = 0 kg/cm? g), and the molar ratio of EG to
TPA fedto RA-1(E/T: E/T = 2.0), with no extra
addition of EG to RA-2 (8gg = 0) and a total resi-
dence time (7, + 7o = 8 h). These simulated results
are illustrated in Figures 2-22, showing the typical
characteristics of the oligomer (AV, ¢, P,, Es, d,
T,.). Table I shows the details of the simulated re-
sults for 7; /72 = 4 h/4 h. By the use of these figures
and the table, the influence of these parameters on
the oligomer characteristics will be discussed below.

Influence of Reaction Conditions on Oligomer
Characteristics

Influence on Carboxyl End Groups (AV)

Figures 2-4 show the relation between apg and AV
as parameters of 7, /7, and temperature. These fig-
ures lead to the following results:

When the total residence time of RA-1 and RA-
2 is constant (i.e., 7; + 7o = 8 h), the higher the
ratio of 7, to 75 (7,/72), the more esterification re-
actions tend to proceed (AV becomes lower). Fur-
thermore, the higher the temperature is, the more
remarkable this tendency becomes.

The higher the recycle ratio (agg) is, the more
esterification reactions tend to proceed (A V becomes
lower). But, at lower AV (e.g., AV is lower than 0.2
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Figure 2 Influence of apg on AV in RA-2 under T
= 250°C, T, = 250°C, P, = P, =0.0kg/cm?g, E/T = 2.0,
and 6gg = 0.0. (O) 7, =3h,73=5h; (@)1, =4h,7, =4
h;(A)r,=5h,7o=3h;(0)7,=6h,7,=2h.

equiv/kg), the AV tends to increase with apg. A
plausible reason is that the reverse reactions also
proceed due to the increase of water content in the
recycle flow as esterification reactions proceed.
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Figure 3 Influence of arg on AV in RA-2 under T,
= 955°C, Ty = 255°C, P, = P, = 0.0 kg/em?g, E/ T = 2.0,
and dgg = 0.0. (O)7;,=3h,7,=5h; (@) 1;,=4h,7,=4
h;(A)7;,=5h,7,=3h;(0)r;,=6h, 7, =2h.
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Figure 4 Influence of agg on AV in RA-2 under T,
= 260°C, T, = 260°C, P, = P, =0.0kg/cm?g, E/T = 2.0,
and g = 0.0. (O) 7, =3h, 73 =5h; (@) 7, =4h, 7, =4
h;(A)7,=5h,7=3h;(0)7;,=6h, 7, =2h.

Influence on Hydroxyl End-group Ratio (¢)

Figures 5-7 show the relation between agg and ¢ as
parameters of 7,/7; and temperature. From these
figures, it can be seen that the higher the apg, the
higher the ¢ that is observed.

Influence on Polymerization Degree (P,)

Figures 8-10 show the relation between apg and P,
as parameters of 7,/7, and temperature. Below a
certain degree of P, (less than 10 of P,,), P, increases
with increasing arg. This tendency becomes much
clearer in higher temperatures. Above 10 of P, on
the other hand, it shows the reverse tendency,
whereby P, becomes lower with the increase of apg,
presumably because esterification reactions occur
more easily than do polycondensation reactions un-
der given conditions.

Influence on Degree of Esterification (Eg)

Figures 11-13 show the relation between apg and
Eg as parameters of 7, /7, and temperature. These
figures show that P, has a similar tendency to that
described for AV from a viewpoint of reactions ex-
cept that the difference in the influence of (7/7')
on P, becomes smaller with higher temperatures
contrary to that on AV. This could explain why the
change in (AV/SV) becomes smaller the higher the
E; is, when reactions are proceeding vigorously.
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Figure 5 Influence of apg on ¢ in RA-2 under T,
= 250°C, T, = 250°C, P, = P, = 0.0 kg/cm?g, E/ T = 2.0,
and 6gg = 0.0. (O) 7, =3 h,79=5h; (@) 7,=4h,7, =4
h; (A)r,=5h,7,=3h; ()7, =6h, 7, =2 h.

Influence on DEG Content (d)

Figures 14-16 show the relation between arg and d
as parameters of 7,/7, and temperature. It can be
seen that a higher app tends to give a higher d. The
effect of reaction temperature on the d is more
prominent. With increasing the temperature, the d
increases, because the activation energy calculated
from the side reaction rate constant is higher than
that for the main reaction.?

1.0 l I T l T
— o8 —
|
[ o a o o
06 o —
i ] A
Iy
A
S | \ -
A [ ]
° [ J
0.2 . ™ o o —
® ° o °
o | | | 1
0 1 3

|

2
(o J: [ - ]
Figure 6 Influence of arg on ¢ in RA-2 under T,
= 255°C, T, = 255°C, P, = P,=0.0kg/cm®g, E/T = 2.0,
and égg = 0.0.(O) 7, =3 h, 7 =5h; (@)1, =4 h, 7, =4
h; (A)r,=5h,7,=3h; (0)7;,=6h, 7, =2 h.
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Figure 7 Influence of arg Oon ¢ in RA-2 under T,
= 260°C, T, = 260°C, P, = P, =0.0kg/cm?g, E/T = 2.0,
and §gg = 0.0. (O)7,=3h,7a=5h; (@) 7, =4h,7,=4
h;(A)r,=5h,7,=3h; ((0)7;,=6h,7,=2h.

Influence on Melting Point (T,,)

Figures 17-19 show the relation between apg and
T,. as parameters of 7;/7, and temperature. These
figures indicate that the higher the apg, the lower
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Figure 8 Influence of ayg on P, in RA-2 under T,
= 250°C, T, = 250°C, P, = P,=0.0kg/cm?g, E/T = 2.0,
and égg = 0.0. (O)7,=3h, 7, =5h; (@)1, =4h, 7, =4
h;(A)r,=5h,7,=383h; (0)7,=6h,7, =2h.
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Figure 9 Influence of apg on P, in RA-2 under T,
= 255°C, T, = 255°C, P, = P, =0.0kg/cm?g, E/T = 2.0,
and égc = 0.0. (O) 71, =3h, 7, =5h; (@) 7, =4h, 7, =4
h;(A)r,=5h,7,=3h;(0)7,=6h,7,=2h.
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Figure 10 Influence of ags on P, in RA-2 under T
= 260°C, T, = 260°C, P, = P, = 0.0 kg/cm?g, E/T = 2.0,
and égg = 0.0. (O)7;,=3h,7a=5h; (@) 71,=4h,7,=4
h;(A)r,=5h,7,=3h;(0)7,=6h,7,=2h.
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Figure 11 Influence of arg on Eg in RA-2 under T
= 250°C, T, = 250°C, P, = P, =0.0kg/cm?g, E/T = 2.0,
and égc = 0.0. (O) 71, =3h, 7, =5h; (@) 7,=4h,7,=4
h;(A)ry,=56h,7.=3h;(0)7,=6h,7,=2h.

is the T,,, which is more prominent in the low re-
action temperature. At higher temperatures, how-
ever, this tendency is not always evident and the
influence of arg on T, becomes obscure.

Relationships Between Oligomer Characteristics

Relationship Between the Degree of Esterification
(Es) and Carboxyl End Groups (AV)

In Figure 20, AV is plotted as a function of Eg for
various reaction temperatures and 7,/ 71, values. It
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Figure 12 Influence of afg on Eg in RA-2 under T,
= 255°C, T, = 255°C, P, =P, =0.0kg/cm?g, E/T = 2.0,
and6m = 0.0. (0)1'1 =3h,1’2=5h;(.) T1=4h,1'2=4
h;(A)r,=5h,7,=3h;(0)r,=6h,7,=2h.
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Figure 13 Influence of arg on Eg in RA-2 under T,
= 260°C, T, = 260°C, P, = P, = 0.0 kg/cm?®g, E/ T = 2.0,
8nd5EG=0.O.(O)Tl=3h,72=5h;(.)11=4h,T2=4
hy(A)r,=5h,7,=3h;(0)7,=6h, 72 =2 h.

is clear that, independent of reaction conditions, the
relationship between Eg and AV can be expressed
as a single curve. This is the same result as that for
a continuous esterification process of the cascade-
type, reported previously.? A similar relation is found
between Eg and P, and Eg and d, as shown in Figures
21 and 22, respectively.

Relationship Between the Degree of Esterification
(Es) and the Degree of Polymerization (P,)

Figure 21 shows the relationship between Eg and
P, . It can be seen from Figure 21 that, independent
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Figure 14 Influence of arg on d in RA-2 under T,
= 250°C, T, = 250°C, P, = P, =0.0kg/cm?®g, E/T = 2.0,
and 6gg = 0.0.(O) 7, =3h,7,=5h; (@) 7, =4h,7,=4
h;(A)r,=5h,7,=3h;(0)7;,=6h,7,=2h.
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Figure 15 Influence of arg on d in RA-2 under T
= 255°C, Ty, = 255°C, P, = P,=0.0kg/cm’g, E/T = 2.0,
andégc, = 0.0. (O) T = 3h,T2= 5h, (.)T] =4h,T2=4
h;(A)ry,=5h,7,=3h;(0)7,=6h, 7, =2h.

of reaction conditions, the approximate relationship
between E; and P, can also be expressed as a certain
curve.

Relationship Between the Degree of Esterification
(Es) and DEG Content (d)

Figure 22 shows the relation between Eg and d. It
can be seen from Figure 22 that, almost independent
of reaction conditions, the relationship between Eg
and d can also be expressed very roughly as a certain
curve.
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Figure 16 Influence of apg on d in RA-2 under T,
= 260°C, T, = 260°C, P, = P,=0.0kg/cm?g, E/T = 2.0,
and&EG = 0.0. (O)Tl = 3h,7’2=5h; (.) T1 :4h,T2=4
h;(A)r,=5h,7,=3h;(0)7,=6h,7,=2h.
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Figure 17 Influence of ayg on T, in RA-2 under T,
= 250°C, T, = 250°C, P, = P, = 0.0 kg/cm? g, E/ T = 2.0,
and 6gg = 0.0.(O)7,=3h,75=5h; (@) 7, =4h,7,=4
h;(A)r,=5h,7a=3h;(0)7,=6h,7,=2h.

The above results suggest that where the degree
of conversion (Eg) is the same an oligomer corre-
sponds with each of the other characteristics in
roughly the same way.

CONCLUSION

With increasing the reaction temperature, the main
reactions in the esterifications proceed (A V becomes
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Figure 18 Influence of apg on T, in RA-2 under T,
= 255°C, T, = 255°C, P, = P,=0.0kg/cm?g, E/T = 2.0,
andﬁgg=0.0. (O)Tl = 3h,72:5h; (.) 71=4h,72=4
h; (A)r;,=5h,7,=3h;(00)7,=6h,7,=2h.
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Figure 19 Influence of apg on T, in RA-2 under T,
= 260°C, T, = 260°C, P, = P,=0.0kg/cm?’g, E/ T = 2.0,
and dgg = 0.0. (O) 7, =8h, 7, =5h; (@)1, =4h, 1, =4
h;(A)7;,=5h,7,=3h;(0d0)7,=6h, 7, =2 h.

lower) more easily and, simultaneously, the side re-
actions forming the DEG proceed rather than the
main reactions. The reaction temperature affects the
most on forming the DEG.

The higher the ratio of the residence time of the
first reactor to the total time is, the esterification
reactions tend to proceed. This tendency becomes
remarkable at higher temperature.
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Figure 20 Relation between AV and Eg in RA-2 under
71/72(h/h)=3/5,4/4,5/3,and 6/2, Py = P, = 0.0 kg/
cm? g, E/T = 2.0, and dgc = 0.0. (@) T, = T, = 250°C;
(A) Tl = T2 = 25500, (.) Tl = T2 = 26000
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Figure 21 Relation between P, and Eg in RA-2 under

71/72(h/h) =3/5,4/4,5/3,and 6/2, P, = P, = 0.0 kg/

cm?g, E/T = 2.0, and dzg = 0.0. (@) T, = T, = 250°C;

(A)T,=T,=255°C; (m) T, = T, = 260°C.
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Figure 22 Relation between d and Eg in RA-2 under
71/72(h/h) =3/5,4/4,5/3,and 6/2, P, = P, = 0.0 kg/
em?g, E/T = 2.0, and dgg = 0.0. (@) T, = T, = 250°C;
(A)T,=T,=255°C; (m) T, = Ty = 260°C.

The higher the recycle ratio is, the esterification
reactions generally tend to proceed. But in the region
of high degree of esterification (e.g., AV < 0.2 equiv/
kg), the higher recycle ratio brings the lower degree
of esterification (higher AV). The oligomer char-
acteristics are primarily determined by the degree
of esterification, independent of the reaction con-
ditions.

NOMENCLATURE

a molar ratio of EG against TPA charged

into RA-1;a=E/T

concentrations of total carboxyl end

groups in dried oligomer (equiv/kg);
AV = CT/[TS + We{l - (wEG
+ wu,o) }1

AV, concentration of total carboxyl end
groups in the reaction mixtures
(equiv/kg); AV, = Cp/(Ts + W,)

C,; concentration of carboxyl end groups in
the liquid phase of reaction mixtures
(equiv/kg)

C, concentration of EG in the liquid phase
of reaction mixtures (mol/kg)

Csq concentration of hydroxyl end groups
in the liquid phase of reaction mix-
tures (equiv/kg)

C, concentration of diester groups in the
liquid phase of reaction mixtures
(mol/kg)

Cs concentration of water in the liquid
phase of reaction mixtures (mol/kg)

Cq, C7, Cy  concentration of free and bound DEG
in the liquid phase of reaction mix-
tures (mol/kg)

AV, AV’

Cro input concentration of component k&
(equiv/kg or mol/kg)

Cr total amount of carboxyl end groups
(equiv)

dC;/db reaction rate of component i (eq/kg h

or mol/kg h)

d percentage of DEG content in dried
oligomer based on bound TPA {1072
mol/mol (TPA)]

e molar ratio of DEG content to bound
EG in dried oligomer [mol/mol
(bound EG)]

Eg, E's esterification degrees of dried oligomer

E/T molar ratio of EG to TPA of the slurry,
which fed to the first reactor; E/T
=a

fe, s actual recycle flow rates into which Fp

is converted (kg/h)
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Fi
Fp

Fi:a(;, Fic
Fiu,o

FPy FIP
Fg

Frrpa

kl to kg
Mg

Muy,o
Mpgr
Mrpa
M,
M,
OHV,
OHV'’
Py, P,
Pgg
Py,
pP,, P,

'
PnL’ PnL

gEG, 9Ec

’
gH,05 9H0

QEG
QHgO
R

Sb 3+

YAMADA

total input rate (kg/h)

recycle flow rate based on PET polymer
(kg/h); Fp = apsFs

input rates of EG (kg/h)

input rate of water (kg/h)

actual output rates of reaction mixtures
discharged from the reactor (kg/h)

throughput based on PET (kg/h)

throughput based on TPA (kg/h)

reaction rate constants as defined in
egs. (1)-(7)

molecular weight of EG (g/mol); Mgg
= 62.07

molecular weight of water (g/mol);
MHgO = 18.02

molecular weight of a PET unit (g/
mol ); Mgg = 192.17

molecular weight of TPA (g/mol); Mgg
= 166.13

number-average molecular weight (g/
mol)

number-average molecular weight of
oligomer in the liquid phase free from
undissolved TPA (g/mol)

concentrations of hydroxyl end groups
in 1 kg of dried oligomer (equiv/kg)

total pressures (= reaction pressures)
(mmHg or Torr)

vapor pressure of EG at a reaction tem-
perature (mmHg)

vapor pressure of water at a reaction
temperature (mmHg)

number-average degree of polymeriza-
tion of oligomer

number-average degree of polymeriza-
tion of oligomer in the liquid phase
free from undissolved TPA

amounts of EG bound in PET chain
(kg/h)

amounts of water generated by the re-
action (kg/h)

vapor flow rate of EG (kg/h)

vapor flow rate of water (kg/h)

gas constant, R = 1.987 cal /mol K

mol number of antimony ion (Sb**) in
diantimony trioxide supplied for 10¢
mol of TPA (umol/TPA mol)

saponification value (equiv/kg)

reaction temperatures (°C)

absolute temperature, T" = t + 273.15 (K)

mol number of potassium titanium
oxyoxalate supplied for 10° mol of
TPA (umol/TPA mol)

['SI‘DO]

WEG
WH,0

WoLc

Wla W2

XEG
XH,0
XOLG

YEG
YH,0

melting point of dried oligomer (°C)

weight of TPA undissolved (kg)

weight percent of charged titanium
dioxide against PET (wt %)

weight fraction of EG in the liquid
phase of reaction mixtures free from
undissolved TPA

weight fraction of water in the liquid
phase of reaction mixtures free from
undissolved TPA

weight fraction of oligomer in the liquid
phase of reaction mixtures free from
undissolved TPA

total weights of reaction mixtures in the
reactor (kg)

weight of liquid phase in the reaction
mixtures (kg)

mol fraction of EG in the liquid phase
of reaction mixtures free from undis-
solved TPA

mol fraction of water in the liquid phase
of reaction mixtures free from undis-
solved TPA

mol fraction of oligomer in the liquid
phase of reaction mixtures free from
undissolved TPA

mol fraction of EG in the vapor phase

mol fraction of water in the vapor phase

Greek Letters
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QXBHET

AEG

QFB
H,0

XOLG

5EG

mean solubility of TPA in the reaction mix-
tures expressed as equivalent moles of
carboxyl end groups [equiv/kg (reaction
mixtures); o = (Cp — nrpaTs) /W,

solubility of TPA in BHET expressed as
equivalent moles of carboxyl end groups
[equiv/kg (BHET)]

solubility of TPA in EG expressed as equiv-
alent moles of carboxyl end groups [ equiv/
kg (EG)]

recycle ratio defined as apg = Fp/Fs

solubility of TPA in water expressed as
equivalent moles of carboxyl end groups
[equiv/kg (water)]

solubility of TPA in oligomer expressed as
equivalent moles of carboxyl end groups
[equiv/kg (oligomer) ]

weight fraction of liquid phase in the reac-
tion mixtures; 8 = W,/ (W, + Tg)

flow rate of EG added anew into the reactor
per 1 kg/h of throughput based on PET
polymer {(kg/h)/(kg/h) (PET)]
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& calculated value of the left hand (residue)
in each egs. (73)-(84)

¢ concentration of carboxy! end groups in the
reaction mixtures without undissolved
TPA (8 = 1) (equiv/kg)

1EG equivalent concentration of EG, ngg = 16.111
mol/kg (EG)

7m0  equivalent concentration of water, 7m0
= 55.494 mol/kg (H,0)

nrpa  equivalent concentration of TPA expressed
as equivalent moles of carboxyl end
groups, nrpa = 12.039 equiv/kg (TPA)

] reaction time (h)

¢ ratio of hydroxyl end groups to total end
groups of dried oligomer; ¢ = OHV/(AV
+ OHV)

71, Ts residence time in the reactor defined as 7,
=W,;/Fs

Subscripts

BHET bis-8-hydroxylethyl terephthalate

EG ethylene glycol

H,0 water

OLG oligomer

TPA terephthalic acid

1,2 RA-1 or RA-2

1337

Superscripts

d distillate ( vapor phase)
EG ethylene glycol

TPA terephthalic acid
"(prime) RA-2

The author thanks Toyobo Co., Ltd., for permission to
publish the present work.
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