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SYNOPSIS

The kinetics of melt transesterification of dimethyl terephthalate with ethylene glycol in
the presence of zinc acetate as catalyst has been studied in semibatch conditions. We
observed that this reaction occurs with the formation of many oligomers characterized
from the terminal groups of the chains that can be hydroxyl-hydroxyl, methyl-hydroxyl
or methyl-methyl. Experimental runs have been performed at different temperatures, initial
reagents ratios, and catalyst concentrations, following the amount of methanol released
during the time as well as the concentration of any kind of oligomer. All the oligomers
have been identified and determined by HPLC analysis. A classic kinetic model based on
a complex reaction scheme containing four or five reaction sequences has been developed.

The scheme with four sequences foresees 24 oligomeric species involved in 58 different
reactions, while the scheme with five sequences has 48 oligomeric species involved in 228
reactions. Despite the large number of oligomers and occurring reactions, only two kinetic
parameters and two equilibrium constants are necessary to simulate the kinetic behaviour
of all the oligomers. A kinetic constant is related to the reaction of a methyl group with a
hydroxyl of ethylene glycol, while the other corresponds to the reaction of a methyl group
with a hydroxyl in a chain. Both kinetic constants show an activation energy of about 15
kcal /mol. We observed a nonlinear correlation between activity and catalyst concentration
and interpreted this fact by assuming two different catalytic activity levels for a dissociated

and an undissociated zinc ionic couple, respectively. © 1994 John Wiley & Sons, Inc.

INTRODUCTION

The melt transesterification of dimethyl tere-
phthalate (DMT') with ethylene glycol (EG) is per-
formed in industry as the first stage for the produc-
tion of polyethylene terephthalate (PET). The re-
action is promoted by catalysts such as zinc,
manganese, lead acetates, and many others, used
alone or in mixtures. Many papers!™ appeared in
literature to compare the activities of several cata-
lysts. Catalysts activities were usually evaluated by
measuring the amounts of methanol released with
time, as a consequence of the reaction. It was a gen-
eral opinion that by operating with a ratio EG/DMT
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= 2, bishydroxyethyl terephthalate (BHET) is
formed as the main reaction product. For this reason,
in many articles®7 dealing with the kinetics of
polycondensation that is the second stage of the
PET synthesis, BHET is usually assumed as the
reaction monomer.

Besnoin et al.»*® have recently shown by HPLC
analysis that in the melt transesterification of DMT
with EG, substantial amounts of many compounds
with different molecular weight are formed together
with BHET. Three types of compounds have been
recognized differing for the two terminal groups,
i.e., hydroxyl-hydroxyl, methyl-hydroxyl, methyl-
methyl, respectively. Besnoin et al.'® suggested a
kinetic model to simulate the evolution with time
of all the possible oligomers and of the methanol
release. They determined the kinetic parameters on
the basis of the collected experimental data, that is,
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the distributions of all the oligomers except for those
with methyl-methyl terminal groups that were not
separated in the HPLC analysis.

This approach represents a remarkable improve-
ment compared to the past, and is worth being deep-
ened, considering that oligomers with methyl-
methyl or methyl-hydroxyl terminal groups will
presumably behave very differently in the subse-
quent stage of polycondensation to PET from those
with hydroxyl-hydroxyl terminal groups. Moreover,
the assumption formulated in the past that the mix-
tures of the described oligomers can be considered
as pure BHET is wrong and may provide erroneous
information about the characteristics of the final
product PET, because the average molecular weight
of the polymer, in this case, is calculated on the basis
of a unique distribution instead of three that can be
forecast when the mentioned oligomers are consid-
ered as starting reagents.

In the present work, we have first of all improved
the HPLC analytical method compared to that de-
scribed by Besnoin et al."® With our method, all the
possible oligomers have been separated, identified,
and determined quantitatively. Then, a different ki-
netic approach has been developed based on the
classic definition of the complex reaction scheme
characterized by combinations of many simulta-
neous and consecutive reactions. From this scheme,
the existence of different reaction sequences can be
observed. The products obtained in a reaction se-
quence are the reactants for the next one.

At any subsequent reaction sequence, reactants,
products, and reactions involving them strongly in-
crease. We have, for example, two reactant species
in the first sequence, i.e., EG and DMT, and one
reaction giving methyl hydroxyethylterepthalate
(MHET) as product, together with methanol. In the
second sequence, we have three reactants, three
products, plus methanol, all involved in three re-
actions. We have developed this reaction scheme
until the fifth stage, corresponding to 48 different
oligomeric species involved in 228 different reac-
tions. However, we observed that both the kinetic
runs performed by us and by Besnoin et al.'® can
be interpreted giving exactly the same results also
by truncating the reaction scheme at the fourth stage
corresponding to 24 oligomeric species involved in
58 different reactions. The reactions in this scheme
are different because they occur between different
oligomeric species but are obviously of the same type,
that is, a hydroxyl group reacts with a methyl group
to give condensation and methanol release. The
unique difference, in agreement with previous lit-
erature, % is the different reactivity of the hydroxyls

on the terminal groups of the oligomeric chains, and
those on free EG. Reactivities seem to be poorly
affected by the length of the chains. Therefore, not-
withstanding, the complexity of the kinetic model
for a given type and amount of catalyst and at a
fixed temperature only two kinetic parameters and
two equilibrium constants are necessary to com-
pletely describe the evolution with time of all the
possible oligomeric species and of the amount of
methanol released. In particular, in the case of a
zinc acetate catalyst, in a moderate concentration,
only one Kkinetic parameter is necessary because the
reactivity of EG hydroxyls resulted about 1.6 times
greater that of the hydroxyls on the oligomeric
chains, independently of temperature. In fact, ac-
tivation energies resulted quite similar for both re-
actions and the difference in reactivity must be as-
cribed to the preexponential factors, only.

The described kinetic model has been applied for
the interpretation of the kinetic runs performed at
different EG/DMT ratios, temperatures, and cat-
alyst concentrations. The kinetic parametes of the
model have been determined by mathematical
regression analysis on the experimental data.

When the reaction is performed at very low zinc
acetate concentrations, the reactivities of EG hy-
droxyls strongly increase compared to those of the
hydroxyls on the oligomer chains remainig constant.

A discussion about these features and the reaction
mechanism will conclude the article.

EXPERIMENTAL SECTION

Development of the Kinetic Model on the Basis of

the Reaction Scheme

As mentioned in the previous section, three types

of oligomers can be formed as a consequence of the

transesterification reactions, differing for the ter-

minal groups. We indicate the three different types

of oligomers obtained by adopting the following

general formulas:

X, = H,C— [00C—¢—COOC.H,],
—O00C—¢—COOCH; n=0,n

Y, = HOC,H,— [0OC— ¢—COOC,H,},— OH

n=0,n

Z" = HOCzH4— [OOC - ¢_00002H4]n_1

—00C—¢—COOCH; n=1n

Therefore, X, corresponds to DMT, Y, to EG,
Z, to MHET, Y, to BHET, etc. Adopting this ab-
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Figure 1 Reaction scheme truncated at the third se-
quence or stage.

breviated form to represent the different oligomers,
it is easy to draw a reaction scheme as that reported
in Figure 1. This reaction scheme, given as an ex-
ample, is truncated at the third stage of sequence of
reactions, while in Table I all the reactions are re-
ported in detail, occurring in correspondence with
any single sequence until the fourth one, that is, 58
different reactions are shown involving 24 different
oligomers. We have developed also the fifth sequence
in a similar way, reaching a total of 228 reactions
involving 48 different oligomers we do not report
here for reason of briefness.

Observing the scheme of Figure 1 and the list of
reactions of Table I, some oligomers are involved in
many reactions; therefore, in order to follow the
evolution of these oligomers with time, it is useful
to make the stoichiometric matrix «;; and define the
rate of formation of the I species as:

ri= 2 apf; (1)
j=1

by truncating the reaction sequences at the fourth,
m = 58 and i = 1,24. Table II reports the rates of
formation or disappearing of the 24 oligomeric spe-
cies of Table I obtained by properly applying relation
(1). It is now necessary to furnish the kinetic
expressions for all the r; with j = 1,58. Assuming,

as a first approximation, that reactivity is not af-
fected by the chain length, in Table I it is possible
to recognize six different types of reactions, i.e., those
reported in Table II1. It is reasonable to assume that
chains containing different terminal groups are less
reactive by a factor of 1/2 than those having ter-
minal groups of the same type.

By assuming a second-order kinetic law, the six
equations r,_g still reported in Table I1I are obtained.
As it can be seen, only two kinetic constants, k; and
k9, and two corresponding equilibrium constants,
K.q and K, appear in the above-mentioned kinetic
equations. The kinetic constant k, is related to the
reaction of a methyl group with the hydroxyl of free
EG, while k, is related to the reaction of a methyl
group with a hydroxyl of an oligomeric chain.

By substituting in Table II r;, where j = 1,58, with
the proper expressions of r4, rg, rc, r'p, I'g, and rg,
the resulting 25 differential equations can be inte-
grated numerically giving the evolution with time
of the amounts of all the oligomeric species and of
the released methanol. The methanol partition be-
tween the liquid and vapor phase has been consid-
ered to have an ideal behavior and the methanol
concentration has been calculated by the Raoult law,
ie.,

Xy=YyuP/P°~1/P° (2)
where, for methanol:

P° = exp[18.5878 — 3626.55/
(T — 34.29)]1/760 (3)

Methods, Techniques, and Reagents

Kinetic runs have been carried out in a 500 mL
jacketed glass reactor, fitted both with a three-
necked reactor head and with a distillation system
as schematized in Figure 2. The reactor is kept iso-
thermal by stirring and by recirculating a thermo-
stated fluid in the jacket. As the polycondensation
reactions are all equilibrium reactions, the formed
methanol must be removed as soon as possible. It
was conveyed to a jacketed column, packed with Ra-
shig rings, kept at 100°C with a recirculating ther-
mostated fluid, then led to a Liebig condenser and
finally to a graduate receiver. The head of the reactor
was heated and insulated in order to avoid methanol
vapors condensation. In this way, methanol is effi-
ciently removed from the reactor and completely
collected while EG is totally refluxed. The reactor
was stirred with a magnetic bar rotating at about
700-1000 rpm.
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TableI Listof the Reactions Occurring in a Scheme Considering Four

Sequences

1 Stage
1) Xo + Yo A Zl + CH30H

2 Stage

2) Zl + Yo hd Y1 + CH3OH
3) Z1 + Xo Rad X] + CH30H
4) Zl + Zl Aad Zz + CH30H

4 Stage

16) Z, + Yo, <= Y, + CH;OH
17) Z,+ Y, = Y; + CH,OH
18) Z, + Y, <= Ys + CH,OH
19) Z, + Y; < Y, + CH;OH
20) Z, + X, = X, + CH;OH
21) Z, + X, < X5 + CH,OH
22) Z, + X, & X; + CH;OH
23) Z, + X; = X; + CH;0H
24) Z,+ Z, = Z; + CH,0H
25) Z,+ Z, = Zs + CH;0H
26) Z, + Z3 = Z; + CH;OH
27) Z,+ Z, = Zz + CH;0H

39) Z, + Y, < Z, + CH,OH
40) Z, + Y, < Zs + CH,0H
41) X, + Y, = Z¢ + CH,OH
42) X, + Y5 < Z; + CH,OH
43) X, + Z, = X, + CH,0H
44) X, + Z, < X; + CH,0H

51) Y;+ X, = Z, + CH;0H
52) Y; + X, < Zs + CH;OH
53) Ys + Z, & Y, + CH;0H
54) Y; + Z; < Y; + CH;0H

3 Stage

5) Z, + Y, & Y, + CH,OH
6) Z, + Y, & Y, + CH,0H
7) Zy + Xo <= X, + CH;0H
8) Z, + X, o X, + CH;0H
9) Z, + Z, = Z, + CH;0H

10) Z, + Z, = Z, + CH,OH

11) X, + Yo = Z, + CH;OH

12) X, + Y = Z, + CH,0H

13) X, + Z, = X, + CH,OH

14) Y, + X, = X, + CH;0H

15) Y, + X, = Y, + CH;0H

28) Z; + Yy = Y; + CH;0H
29) Z; + Y, = Y, + CH;0OH
30) Z; + Y. = Y; + CH;0H
31) Z; + Y = Ys + CH;OH
32) Z3 + Xp, = X3 + CH;0H
33) Z; + X; < X, + CH,0H
34) Z; + X, « X; + CH;OH
35) Z; + X; < Xs + CH;OH
36) Z;+ Z, = Z, + CH;OH
37) Z3+ Z, = Zs; + CH;O0H
38) Z; + Z3 = Zs + CH,OH

45) X, + Yo = Z, + CH;O0H
46) X, + Y, = Z, + CH;0H
47y X, + Y, & Z; + CH,OH
48) X, + Y, < Zs + CH,O0H
49) X, + Z, & X,; + CH,O0H
50) X, + Z, = X, + CH;0H

55) Y, + X, < Z3 + CH,0H
56) Y, + X, & Z, + CH;OH
57) Y.+ Z, = Y; + CH;OH
58) Y, + Z, = Y, + CH,OH

Normally, 100 g of DMT was put in the reactor,
and heated at the reaction temperature, which is
higher than the DMT melting temperature, 140°C;
then an appropriate amount of EG was added ac-
cording to the desired EG/DMT ratio. At last, the
catalyst zinc acetate (Zn(Ac),-2H,0) previously
dissolved in about 15 mL of EG was added. The
time when the first drop of methanol appeared in
the condenser was considered as the beginning of
the reaction. Samples of the reaction mixture were
withdrawn at different reaction times and submitted
to HPLC analysis. At the corresponding times, the
amount of collected methanol was carefully read.

Kinetic runs were performed at different EG/
DMT ratios, different temperatures, and different
catalyst concentrations by measuring during the
time both the methanol released and the evolution
of all the oligomers produced. A list of some of the
kinetic runs performed is reported in Table IV, to-
gether with the operative conditions applied.

The HPLC analysis of the samples withdrawn
during the kinetic runs were carried out with a
JASCO/PU 980 apparatus using a Spherisorb S5W
column of Labservice Analytica, that is, a stainless
steel column with 25 cm length and 0.46 cm diameter
filled with 5 um silica particles. The samples were
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Table II Rates of Formation or Disappearing of All the Oligomer Species

Appearing in Table 1

o = FpMT = ~F1 — T3 = I7 = Ty = F20 = T2 = Is1
rxy =rg—rg— Ty — g — T3~ Ty~ T3z~ I's2 —

— Fgs = —ra — 3"(}_ 47‘D
T'sg = —Fa — 3"() - 57’]_)

Pxa =Tp+ Fig— Fog — g — Fas — TFag — a7 — Tyg — Tyo — 'sp = —Ta — 3rc — 2rp
Fxa=Tre—Fog+t rag—Fas—Fag —Tap—Tay — Tya —Tys —Taa T Ty9 = —To—3rc —7p
Fxs = Tot rag + ryg + rso = 4rp

rxs = roy + rag + ryy = 3p

rge = ryp + rss = 2rp

I'x7 = T3 = Tp

Pyo=Treg = —F —TFg—TFs — Ty —TFig— TFog — Tag — T'ys = —4ra — 4rp

Pyi = FBHET = Fg —~ Fg — Fg — g — Fys — F7 — Fgg — I'o — I'sg = Tg — OS¢ — 3re

Fyo =rs+ ris—rig—Tso— Faa—
Py3 =Te— Trigt+ res — rap —
Fys =g+ rgg + rss + rg = rg + 3rp
rys = ri7 + rap + rsg = 3ry

rye = rig + ra = 2rp

ryr7 = Tg = Tr

Fan — I'ss — I'ss — I'sg — I'ss = 'z — 3rc — 47F
Tap —Tag — T51 — TI'sg — T3 — I'sa T Ts7 =18 — 4r¢c — 2rr

rz1="MHET=7‘1_rz_ra“2"4_7‘9_7‘13_"15"7'24_7'36_"43_"49_"53_"57="A*TB_"C“Z"D_E"'E—z"F
Fze =Ta—Trs—re—Tq—rg—=ro=2rio+riut ry—res—Tsg— Ty —Tsg— TFea —Tsg =TFa— I+ rc—4rp — 4rg — 3rg
Fgs =Tg+ rig — g — Fog — Fog — I'so — P31 — T'sg — T3z — Fag — Tag — T'as — T'ge — Fgz — 2rag + rys + I'ss

=ra—rg+2rc —4rp — 4rg — 3rp
Fza = Two —~Tie = T17 —
=ra—rg+ 3rc —4rp — 3rg — 3rr
rzs = Fog + rag + ryo + ran + rse = 3re + 2rg
rge = Fos + rsg + ry + rgg = 2rc + 2rg
rg; =rgtrp=rctrg
Fzg = o = Tg

Fig — Fig — Top — Fay — Tag = Tog — Tz — Tas — T'oe — 2rgy + rag + rag + rye + 151 + rse

prepared for the analysis by dissolving about 2 mg
of the reaction mixture in 10 cm?® of a solvent con-
taining 98% by volume of chloroform and 2% of
1,1,1-3,3,3 Hexafluor-2-propanol. The mobile phase
fed to the colum with feed rate 1 mL /min, was a

Table III Kinetic Equations Applied to the Model

Types of reactions

A) X;+ Yy > Z;, + CH,OH Keq K,
B) Z;+ Y= Y; + CH;OH Keat K,/2
C) X,‘ + Yi L Z2i+1 + CH30H Keq2 Kg
D) X,; + Zi L X,'+1 + CH30H Kqu K2/2
E) Z,+ Z; = Z,; + CH;OH Ko K,/2
F) Z,+ Y, Y, + CH,OH K. K,/2

Corresponding kinetic equations

ra = K[ Xi]*[Yo] — (Ki/Ke)*[Zi11]*[CH;0H]

rg = (Ki/2)*[Z]*[ Yo] — (Ki/2Keq)* [ Y]*[CH;0H]
re = KF[Xi]*[Yi] — (Ko/Keq2)*[Z2i11]*[CH;OH]

rp = (Ky/2)$[X)*(Z;] — (K2/2Keq2)*[ Xin1]*[CH,OH]
re = (Ko/2)*[Z]*[Z] — (K2/2Keq2)*[Z5]*[CH,0H]
re = (Ko/2)#[Z;][Y)] — (K2/2Keq2)*[ Y2i]*[CH;OH]

mixture of hexane (A) and dioxane (B), with the
composition changing with time as reported in Table
V.UV detector JASCO 975 operating at 254 nm was
used. In Figure 3, a chromatogram is reported as an

Table IV List of the Kinetic Runs Performed
and Corresponding Operative Conditions

EG/DMT
DMT Molar [Zn(Ac),] Temperature

Runs (g) Ratio mol/L °C
1 95.0 2 3.60 E-3 160
2 97.0 2 3.60 E-3 165
3 95.1 2 3.60 E-3 170
4 97.9 2 9.28 E-3 180
5 97.4 2 6.57 E-3 180
6 96.2 2 3.70 E-3 183
7 98.1 2 1.87 E-3 180
8 96.5 2 9.18 E-4 180
9 94.1 2 5.75 E-4 180
10 92.4 2 3.62 E-4 180
11 96.0 3 3.70 E-3 180
12 99.2 1 4.71 E-3 180
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Figure 2 Scheme of the apparatus used for the kinetic
runs.

example of the obtainable separations. As it can be
seen, the different species are eluated on the basis
of their different polarities and, for the same polar-
ity, on the basis of their different molecular weights.
Therefore, it is possible to very satisfactorily sepa-
rate all the oligomers. For the quantitative deter-
mination of the different oligomers, DMT has been

Table V Elution Gradient Used in the HPLC
Analysis

Time n-Hexane 1,4-Dioxane
(Minutes) % Volume % Volume
0.0 60 40
2.0 60 40
5.5 55 45
11.0 52 48
15.0 52 48
22.0 45 55

Y1

Z2

Y2

X1
Z3

Y3
X2 24 Y4

Figure 3 Example of a chromatogram obtained with
the HPLC analysis.

assumed as reference substance; then, the response
factors have been estimated for all the oligomers
assuming the same contribution for each aromatic
ring in the molecule.

The HPLC method described must be considered
an improvement of the method suggested by Besnoin
et al.»® which was developed from a method sug-
gested by L. M. Zaborsky.®

The reagents employed, DMT, EG, and zinc ac-
etate have been furnished at the highest purity
available from Aldrich Co.

RESULTS

As shown in Table IV, kinetic runs have been per-
formed at three different EG/DMT ratios corre-
sponding to the values 1, 2, and 3. Then, runs at
different temperatures and catalyst concentrations
have been carried out by taking the EG/DMT ratio
constant and equal to 2. The amount of methanol
released during the reaction has been experimentally
determined in two different ways, that is, directly,
through the measurement of the volume of the
methanol recovered in the condenser, and indirectly
from the mass balance performed on the residual
methyl groups in the reaction mixture, as resulting
from the HPLC analysis of all the oligomers, com-
pared with the methyl groups contained in the initial
amount of DMT. Therefore, we can define the yields
of methanol in the following two ways:

n n

2ndmr — 2 2 n,, — 2 ng,
Hj i= i=1
— ncO OH — 5 (? i (4)
2nDMT 2r’rDMT
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Table VI Optimized Kinetic and Equilibrium Parameter Obtained from the Mathematical Regression
Analysis Performed on the Single Runs Listed in Table IV

K, K,

Runs (L2 mol2 Minutes™) (L? mol2 Minutes™?) K Ko
1 1.75 1.46 0.264 0.234
2 2.67 1.65 0.234 0.202
3 3.67 272 0.210 0.181
4 2.63 2.73 0.166 0.184
5 4.19 2.51 0.460 0.170
6 6.05 3.67 0.152 0.135
7 5.45 4.13 0.161 0.198
8 6.62 3.47 0.162 0.474
9 11.52 2.38 0.380 1.173

10 17.90 3.07 0.225 0.209
11 4.0 2.89 0.313 0.227
12 4.85 4.44 0.072 0.154

The correspondence of the yields calculated in
the two ways shown in Eq. (4) is a guaranty for the
reliability of the data collected.

The evolution with time of DMT and of all the
oligomers formed in the reaction has been plotted
after HPLC analysis of the samples withdrawn at

X, Y, and Z, respectively. All these kinetic data col-
lected for each run have been submitted to mathe-
matical regression analysis!’ by applying the de-
scribed kinetic model and looking for the minimum
of the following objective function:

different times. 3(8) = [T : 1] = [Xee]
o (8) +2
Kinetic data collected for each run have been ar- s ; [ Xi]
ranged in four types of plots, one giving methanol 9 .
yields as a function of time, the other three giving +3> (M) +3 (M)ﬁl) (5)
the evolution with time of the oligomers of the type i (Y] i [Z:]
LnK
2.5 r ~ 0.0
- [* K1 K2 ®Keql OKeg2 -
i 5
2.0 —-0.5
15E ]
i —-1.0
10[ )
i —1-1.5
0.5 :
i --2.0
OO i Il Il | 1
2.15 2.20 2.25 2.30 2.35

-1

1T *(E+03) K

Figure 4 Arrhenius-Van’t Hoff-type plot obtained for the kinetic and the equilibrium
constants, respectively (runs 1, 2, 3, and 6).
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Table VII Activation Energies, Enthalpy Changes, and Preexponential
Factors Obtained from the Runs Performed at Different Temperatures

Preexponential
Factors

Activation Energies or Enthalpy
Changes (cal/mol)

K, (L? mol 2 minutes™)
K, (L2 mol™2 minutes™)
Ko
K.

(8.6 £ 0.5)*E + 7
(5.2 £ 086)*E + 7
(1.1 £ 0.8)*E ~ 4
8.4+ 0.7*E - 6

15002 + 750
14863 + 743
~6597 + 264
—8802 + 352

where the subscript s corresponds to experimental,
while ¢ to calculated.

The final result of this statistical regression is
summarized in Table VI where the optimal kinetic
and equilibrium parameters obtained for each run
of Table IV are reported.

The first observation is that the variation of the
EG/DMT ratio (see runs 7, 11, and 12) does not
produce significant variations in the kinetic param-
eters. This means that the second-order kinetic laws
adopted and the other assumptions introduced are
reliable. The second observation is that temperature
and catalyst concentration affect the kinetic param-
eters. By arranging in Figure 4 the kinetic and equi-
librium parameters obtained at different tempera-
tures, for the runs 1, 2, 3, and 6 in an Arrhenius-
Van’t Hoff-type plot, straight lines are obtained, the
slopes of which, respectively, give the activation
energies and the enthalpy changes. The obtained

values of these parameters, tested on many other
runs than those of Table IV, are reported together
with the corresponding preexponential factor in
Table VII. It is interesting to observe that the ac-
tivation energies for k; and k, are quite similar, that
is, the difference in the reactivity of a methyl group
with an EG hydroxyl or of an oligomer chain is
mainly due to the difference of the preexponential
factor. It is of practical interest to assume for k; and
k. exactly the same average activation energy of
14932 cal /mol and correct the corresponding preex-
ponential factors. We obtain in this case:

k, = 8.71 X 107exp(—14932/RT)

k2=k1/1.6 (6)

So, we have the advantage of being able to simulate
melt transesterification with a reduced number of
parameters without loosing in accuracy. The value

K
20.00 -
K1 ¥FK2
15.00
10.00 F
500
OOO i I\ I\ 1 I\ I\ ! t I\

0 1 2 3 4

5 6 7 8 9 10

[Zn(Ac),] *E-3 mol/L

Figure 5 Effect of the catalyst concentration on the kinetic constants k; and k; (runs
4-10). Data of run 6 have been normalized at 180°C.
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obtained for activation energies is in good agreement
with some values reported by the literature.>''1

The ratio k;/k; = 1.6 is fairly in agreement with
the value found by other authors.’’

The effect of the catalyst concentration on the
kinetic parameters is reported in Figure 5 (runs 4-
10). Data of run 6 have been normalized at 180°C.
It is interesting to observe a small influence on both
k; and k, for high catalyst concentrations; however,
when the catalyst concentration decreases, k&
strongly increases, while k, remains nearly un-
changed. That is, zinc acetate at low concentrations
shows high selectivity in promoting the reaction of
methyl groups with free EG. This fact could be of
practical interest and give useful insights on the re-
action mechanism.

At last, examples of the simulations obtained with
the described kinetic model are reported in Figures
6-12. Figure 6 reports methanol yields obtained at
different times in the runs 1, 3, and 6 of Table 1V,
performed at different temperatures. An example of
the agreement obtained in the distribution of the
oligomers is reported in Figure 7 corresponding to
run 6 of Table IV performed at 183°C. In Figure 8,
methanol yields for different EG /DMT ratios, cor-
responding to run 6, 11, and 12 of Table IV are re-
ported, while in Figure 9, the agreement obtained
in the oligomers distribution related to run 11, is
shown as an example. Finally, methanol yields for
the runs performed at different catalyst concentra-
tions, that is, runs 5, 6, and 7 of Table IV, are re-
ported in Figure 10, while in Figure 11 a comparison
is reported, as an example, of the difference obtained
in methanol yields determined, respectively, from
direct observation and from HPLC analysis related
to run 6. In Figure 12, the evolution with time of
the oligomers in the runs performed at the lowest
(run 10 of Table IV) and at the highest (run 4 of
Table IV) catalyst concentration, respectively, are

METHANOL YIELDS %

100

80

60

40—

® T =183C
AT =170C
" T =160°C

20

0 40 80 120 160 200 240
TIME (minutes)

Figure 6 Methanol yields at different times for runs
performed at different temperatures (runs 1-3-6). Sym-
bols are experimental data, lines are calculated.
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Figure 7 Example of the agreement obtained between
experimental and calculated oligomer distributions of the
type X (a), Y (b), and Z (c), respectively, related to the
run 6.

reported for comparison purposes. A confirmation
of the selective behavior of zinc acetate at the lowest
concentrations can be appreciated from the data re-
ported in this figure.

In Table VIII, a comparison is reported between
a calculation made on run 6 of Table IV, taking ac-
count of 4 and 5 reaction sequences, respectively.
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Figure 8 Methanol yields at different times for runs
performed at different EG/DMT ratios (runs 6, 11, and
12). Symbols are experimental data, lines are calculated.

As it can be seen, the truncation at the fourth re-
action sequence is well justified, considering the very
small differences in the results obtained with the
two calculations compared. However, as melt
transesterification is industrially carried out at
temperatures higher than those used in our exper-
iments, oligomers distributions are broader in those
conditions and the kinetic model considering five
sequences becomes necessary.

Discussion on the Reaction Mechanism

Two controversial mechanisms, a coordinative and
a ionic one, are reported in literature 517 to explain
the behavior of the melt transesterification reaction
of DMT with EG. In both cases, divalent ions act
as Lewis acid coordinating the carbonyl group of the
ester and activating it to the nucleophilic attack by
the oxygen of glycol or the negatively charged oxygen
of an alkoxide ion, respectively. In the first case we
would have '

where Ar =
HOCH,CH,—

RO,C Ce¢H,—

and R = CH;,,

It was even suggested that the metal ion reacts
with ethylene glycol to form an alkoxide.!? Then,
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l —
OCH,CH,0H
/O -—» 7Zn(0OAc),
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i . "CH,CH,OH
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Figure 9 Example of the agreement obtained between
experimental and calculated oligomer distributions of the
type X (a), Y (b), and Z (c), respectively, related to the
run 11.
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Figure 10 Methanol yields at different times for runs
performed at different catalyst concentrations (runs 4, 6,
and 7). Symbols are experimental data, lines are calcu-
lated.

alkoxide can be involved in coordinative '*! or ionic
mechanisms.’

The coordinative mechanism is quite similar to
that already seen if Zn (OCH,CH,OH), is consid-
ered instead of Zn (OAc),. For the ionic mechanism

we can write:

/O — Zn(OCH,CH,0H),

Ar—(li + HOCH,CH, 0~
OR

1

/O = Zn(OCH,CH,0H),
AI’—C\(_) (9)
| ~OCH,CH,0H

1l

/O —> Zn(OCH,CH,0OH),
Ar—C\ +RO™ (10)
OCH,CH,0OH

” HOCH,CH,0H

ROH + HOCH,CH,O"

This mechanism is consistent with the reaction
orders observed by some authors,>31%17 that is, first
order with respect to ester, glycol, and catalyst. The
same kinetics would also be consistent with the co-
ordinative mechanism if the three reagents are as-
sembled together in the same complex.'®1617

However, we observed that the reaction order for
the catalyst is about zero for a large concentration

range and the first order could be assumed only for
very low catalyst concentrations and for the reac-
tions of esters with ethylene glycol, as shown in Fig-
ure 5. The reactions of the esters with chain terminal
hydroxyls, on the contrary, can be considered of zero
order in all the examined concentration fields.

Other authors, %7 too, observed no linear cor-
relation between activity and catalyst concentration
except at low catalyst concentrations. Besnoin et
al.! attributed this behavior to the dissociation equi-
librium of zinc acetate:

Zn(0OAc), <> Zn*" + 20Ac™ (11a)

and Zn2* should be the actual catalyst, through a
mechanism similar to that already reported,”® and
where Zn?* is considered instead of Zn(OAc),. We
agree with the observation that dissociation is re-
sponsible for the change of activity with the catalyst
concentration, but we think that not only Zn?* can
activate the carbonyl group of the ester, but even
an ionic couple containing zinc. Moreover, if the
ionic couple contains alkoxides, the ionic mechanism
seems to be more reliable because the nucleophylic
attack to the carbon atom of the activated carbonyl
group is more probable. To conclude, we propose
two different activity levels for the undissociated
and dissociated ionic couple, respectively, where the
metal plays the role of activating the carbonyl group
of the ester and alkoxide anions provides a nucleo-
phylic attack to the corresponding carbon atom.
Therefore, according to Guibe and Brown ® for the
overall kinetic constant k; we can write

k= ok + (1 - a)k,

METHANOL YIELDS %
100
80 A_‘_‘___A___A__A__AA
601
40F
20
0 40 80 120 160 200 240 280

TIME (minutes)

Figure 11 Methanol yields, respectively, from direct
measurement and from mass balance (hatching line).
Symbols are experimental data, lines are calculated.
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Figure 12 Comparison between the oligomers distri-
butions obtained in two different runs (4 and 10) per-
formed at the lowest and highest catalyst concentration,
respectively, at three different reaction times, (a) = 10
min, (b) = 65 min, (¢) = 170 min.
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Figure 13 Evolution of the oligomers distributions for
different methanol yields obtained by extrapolating the
use of the kinetic model at 200°C.



MELT TRANSESTERIFICATION OF DIMETHYL TEREPHTHALATE

1383

Table VIII Difference in the Oligomers Concentrations Obtained When Considering Four or
Five Sequences in the Reaction Scheme

Oligomers 4 Stage 5 Stage Oligomers 4 Stage 5 Stage 4 Stage 5 Stage
X; wt/wt tot  wt/wt tot Y; wt/wt tot  wt/wt tot  Oligomers Z; wt/wttot wt/wt tot
Xo(DMT) 5,254E-02 5,248E-02 Y, (EG) 1,913E-01 1,913E-01 Z, (MHET) 1,284E-01 1,282E-01
X, 3,381E-02 3,374E-02 Y, (BHET) 3,080E-01 3,078E-01 Z, 7,715E-02 7,695E-02
X, 1,637E-02 1,632E-02 Y, 1,749E-01 1,746E-01 Z, 3,645E-02 3,634E-02
X; 7,052E-03 17,026E-03 Y, 8,086E-02 8,072E-02 Z, 1,550E-02 1,545E-02
X, 2,851E-03 2,836E-03 Y, 3,403E-02 3,393E-02 Z; 6,218E-03 6,190E-03
Xs 1,106E-03 1,098E-03 Y; 1,355E-02 1,350E-02 Zg 2,398E-03 2,387E-03
Xe 4,156E-04 4,142E-04 Y, 5,182E-03 5,181E-03 Z; 9,008E-04 8,964E-04
X, 1,455E-04 1,529E-04 Y, 1,827E-03 1,938E-03 Zg 3,128E-04 3,300E-04
Xs OE + 00 5,558E-05 Y 0E + 00 7,119E-04 Z, OE + 00 1,197E-04
Xs OE + 00 1,995E-05 Y, OE + 00 2,5T5E-04 Zy, OE + 00 4,289E-05
X0 OE + 00 7,089E-06 Y, OE + 00 9,217E-05 Z,; OE + 00 1,5622E-05
Xn OE + 00 2,498E-06 Yy, OE + 00 3,266E-05 Zy, OE + 00 5,358E-06
X2 OE + 00 8,741E-07 Yy, OE + 00 1,148E-06 Zy; OE + 00 1.873E-06
Xia OE + 00 3,037E-07 Yy, OE + 00 4,004E-06 Z,, OE + 00 6,511E-07
X OE + 00 1,042E-07 Y, OE + 00 1,378E-06 Z; OE + 00 2,247E-07
Xis OE + 00 3,311E-08 Yy, OE + 00 4,378E-07 Z¢ OE + 00 7,072E-08

corresponding to the following reaction scheme:
Nu™M* @« Nu~+M"*
Ve V&

Products Products

(11b)

where Nu is the nucleophylic group, M is the metal,
and « the dissociation degree; so,

CNG

CNﬁ - CNC\M*

_ Cm+
Cum+ + Cnam+

(12)

43

At low concentrations, « = 1 and k; = k; corre-
sponding to the highest activities; at higher concen-
trations &« — 0 and, hence, k, —> k,. Considering
that zinc is bivalent, a buffer effect would intervene
that could justify the reaction order about zero ob-
served for high catalyst concentrations. We have
not tried to quantitatively describe the phenomenon
because a significant contribution of the coordinative
mechanism cannot be excluded and discrimination
is not possible with the data available to now.

CONCLUDING REMARKS

We have shown that the possibility of determining
the evolution with time of all the oligomeric species
in the melt transesterification of DMT with EG al-
lows a more complete kinetic approach to all the

reactions occurring. The kinetic model developed in
this article could usefully be applied to (1) screen
the more suitable catalyst; (2) give evidence of
synergic effects when two or more catalysts are em-
ployed; (3) model transesterification plants, and (4)
give the initial conditions of the prepolymerization
step.

Figure 13 shows a simulation of the oligomer dis-
tributions for a melt transesterification performed
at 200°C in correspondence of different methanol
yields. As it can be seen, the final conditions contain
only 20% by weight of BHET, together with great
amounts of other oligomers of the same type, that
is, with two hydroxyls as terminal groups and a un-
negligible amount of Z and X type oligomers.

From this figure, it clearly appears that assuming
pure BHET as starting prepolymerization reagent,
as done in the past, is a not acceptable approxi-
mation.

Thanks are due to Montefibre SpA for the financial sup-
port.

LIST OF SYMBOLS

[CH;0H] = Methanol concentration (mol/L).
C; = Concentration of i component (mol/
L).
k; = Kinetic constant of transesterification
reactions involving EG (L /mol min).
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k, = Kinetic constant of transesterification
reactions not involving EG (L/mol
min).

K.y = Equilibrium constant of transesterifi-
cation reactions involving EG.

K.y = Equilibrium constant of transesterifi-
cation reactions not involving EG.

n? = Initial mol of i component.

n; = Number of mol of i component.

r; = Rate of i formation or disappearing
(mol /min).

r; = Vector of the possible reactions.

[X;] = Concentration of the X; species with ¢
=0,n.
Xy = Molar fraction of methanol in the re-
action mixture.

R = Constant of gases (cal/mol K).

Y, = Molar fraction of methanol in the va-
por phase.

T = Absolute temperature (K).

P = Pressure (atm).

P = Vapor pressure (atm).
[Y;] = Concentration of the Y; species with i
= Q,n.
[Z;] = Concentration of the Z; species with i
=1,n.

Greek Symbols

« = Dissociation degree of a generic ionic cou-
ple.
a; = Stoichiometric matrix.
B = Vector of kinetic parameters.
1,7, 1s = Methanol yield, subscript ¢ = calculated,
s = experimental value.
P = objective function.
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