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SYNOPSIS 

The kinetics of transesterification of dimethyl terephthalate with ethylene glycol performed 
in the presence of catalysts such as: Pb,  Zn, Mg, Co, and Mn acetates and a mixture of 
Mg, Mn,  and Zn acetates has been studied in semibatch conditions. T h e  catalytic behavior 
of Sb203 has been proven, too. The  performance of the different catalytic systems has been 
investigated following both the amount of methanol released during time and  the  evolution 
with time of the concentration of any kind of oligomer formed as consequence of the 
reaction. The  oligomers obtained were separated, identified, and  quantitatively determined 
by HPLC analysis. In this way, information have been achieved on both the activities and  
selectivities of the different catalysts. The  experimental data have been interpreted through 
a classic kinetic model based on a complex reaction scheme. Despite the complexity of the 
model, only two kinetic parameters and two equilibrium constants are necessary to  simulate 
the kinetic behavior of all the oligomers. A kinetic constant (K,) is related to  the reaction 
of a methyl group with a hydroxyl of ethylene glycol, while the other ( K 2 )  corresponds to  
the reaction of a methyl group with a terminal hydroxyl of a growing chain. The  Mn,  Pb, 
and Zn acetates have shown comparable high catalytic activities; however, the Mn selectivity 
to  give oligomers with hydroxyl-hydroxyl terminal groups is better and similar to  tha t  
shown by Co and Mg acetate, at a lower activity. Sb203 has a very low activity in transes- 
terification but this activity could be important to  eliminate the residual terminal methyl 
group during the polycondensation step. The  catalytic activity of the mixture of Mg, Mn, 
and Zn acetate was greater than tha t  shown by each component the mixture, while its 
selectivity was comparable with that  of M n  and  Mg acetate. (cl 1996 John Wiley & Sons, Inc. 

INTRODUCTION 

The melt transesterification of dimethyl tere- 
phthalate (DMT) with ethylene glycol (EG) is the 
first stage of the production of polyethylenetere- 
phthalate (PET). 

Besnoin et al.' and Santacesaria et a1.2 have re- 
cently shown by HPLC analysis that this reaction 
occurs with the formation of many oligomers char- 
acterized by the terminal groups of the chains, which 
can be hydroxyl-hydroxyl, methyl-hydroxyl or 
methyl-methyl such as in the following scheme: 

* To whom correspondence should be addressed. 
Journal 01 Applied Polymer Science, Vol. 62, 409-415 (1996) 
(c 1996 J o h n  Wiley & Sons, Inc CCC 0021 -8995/96/020409-07 

X, =H3C- [OOC-q-COOC2H4], 

-OOC-p-COOCH3 i = 0, n (1) 

Y, = HOCzH4- [OOC-q-COOC~H4], -OH 

i = 0, n (2) 

Z, = HOCZH4- [OOC-~-COOC2H4]i-1 

-OOC-~-COOCH3 i = 1, n (3) 

where X0 corresponds to DMT; Yo to EG; Z, to 
methyl hydroxyethylterephthalate (MHET); Y1 to 
bishydroxyethylterephtalate BHET, etc. The value 
of n depends on the operative conditions: for ex- 
ample, for a transesterification performed in a pilot 
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plant it is about 10, as  we ascertained by HPLC 
analysis. 

It is evident that type X oligomers are not active 
in the polycondensation reaction steps during PET 
production, while type Y oligomers have a double 
activity in respect to the oligomer Z in the same 
reaction. Therefore, transesterification catalysts 
should have not only good activity but also good 
selectivity to produce oligomers of the type Y, for 
instance, the catalyst must promote the reaction of 
a methyl group with a hydroxyl of ethylene glycol 
rather than the reaction of a methyl group with a 
hydroxyl in a chain. 

Hence, in order to compare the performance of 
several catalysts, it is necessary to evaluate not only 
the amount of methanol released as function of time 
as usually reported in literature"" but also to analyze 
samples of the reaction mixture withdrawn a t  dif- 
ferent reaction times by the HPLC technique.',' 

In a previous work,' the behavior of zinc acetate 
as  melt transesterification catalyst has been studied 
and both the activity and selectivity to produce type 
Y oligomers have been determined. In the same ar- 
ticle, a mathematical model able to simulate the 
evolution with time of the concentration of all spe- 
cies during the reaction has been developed and de- 
scribed. 

This model was based on the classic definition of 
the complex reaction scheme characterized from the 
combination of many simultaneous and consecutive 
reactions. At any subsequent reaction sequence, 
reactants, products, and reactions involving them 
strongly increase. For example, by truncating the 
reaction scheme a t  the fourth stage the model con- 
sists of 58 reactions and 24 oligomeric species. De- 
spite the large number of oligomers and occurring 
reactions, only two kinetic parameters occur to de- 
scribe the system. The first kinetic constant (K,) is 
related to the reaction of a methyl group with a hy- 
droxyl of ethylene glycol, while the second (K2)  cor- 
responds to the reaction of methyl groups with a 
hydroxyl terminating a chain. The related selectivity 
of these two reactions can simply be expressed as: 

A brief description of the mathematical model 
used is reported in the present article, while more 
details can be found in the mentioned article.' 

In the present work, the behavior of different cat- 
alyst such as Pb, Co, Mg, and Mn acetate, and of 
the mixtures of Mg, Mn, and Zn acetate has been 
investigated and compared with the behavior of zinc 
acetate catalyst.' The performance of Sb203 in the 

transesterification reaction has been studied, too, 
confirming the low activity4xS of this catalyst already 
observed in l i t e r a t ~ r e . ~ . ~  However, this activity can 
be useful in the polymerization step to eliminate the 
residual methyl groups. 

EXPERIMENTAL SECTION 

Methods, Techniques, and Reagents 

Kinetic runs have been carried out in a 500 mL 
jacketed glass reactor fitted with a distillation system 
able to remove the released methanol as soon as  
possible. 

Normally, 100 g of DMT were put in the reactor 
and heated a t  the reaction temperature, then an ap- 
propriate amount of EG was added keeping the ratio 
EG/DMT = 2. Finally, the catalyst previously dis- 
solved in about 15 mL EG was added. 

Samples of the reaction mixture were withdrawn 
a t  different reaction times and submitted to HPLC 
analysis. At the corresponding times, the collected 
methanol volume was carefully read. 

A list of the performed kinetic runs is reported 
in Table I, together with the catalyst employed and 
the operative conditions applied. 

The HPLC analysis was carried out with a 
JASCO/PV 980 apparatus, and a UV JASCO 975 
detector operating at  254 nm, using a Sperisorb S5W 
column of Labservice Analytica (25 cm length, 0.46 
cm i.d., silica 5 pm). The mobile phase fed to the 
column was a mixture of hexane and dioxane 
changing composition with time according to a 
scheduled program. 

More information on both the reactor and the 
employed analytical method are reported in a pre- 
vious article.* All the reagents were furnished from 
Aldrich Co. a t  the highest purity available. 

Kinetic Model 

Adopting the general formulas (1)-(3) reported in 
the introduction, we can draw a reaction scheme as 
reported in Figure 1. 

This reaction scheme, reported as an  example, is 
truncated at  the third stage of the reaction sequence 
and contains 15 reactions involving 12 different 
oligomers. Observing the scheme of Figure 1, i t  can 
be observed that the same oligomers are involved in 
many reactions; therefore, in order to exactly follow 
the evolution with time of all the oligomers, it is 
useful to make the stoichiometric matrix ai, and de- 
fine the rate of formation of i species as: 
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Table I 
Kinetic and Equilibrium Parameters Obtained from Mathematical Regression Analysis 

List of the Catalytic Systems Used with the Corresponding Operative Conditions and the 

[Metal] Temp. K1 K2 
Metal mol/L x 10" "C L2 mol-' min-' L' mol-' min Ke,, Keq2 

Pb2+ 
Zn'+ 
Mn2+ 
CO'+ 

Mg2+ 
Mg/Mn/Zn (Mix) 
Mg/Mn/Zn (Mix) 
Sb3+ 

3.63 
1.87 
3.63 
3.50 
3.67 
1.37 
1.38 
3.50 

180 
180 
180 
180 
180 
175 
185 
195 

5.1 
5.0 
8.3 
3.9 
4.2 

10.4 
16.6 
0.23 

5.6 
4.0 
2.1 
0.9 
1.2 
2.4 
4.2 
0.12 

0.28 
0.28 
0.28 
0.28 
0.28 
0.32 
0.27 
0.24 

0.21 
0.21 
0.21 
0.21 
0.21 
0.24 
0.19 
0.16 

by truncating the reaction sequence a t  the fourth 
stage, because it has been showed that  this level of 
accuracy is enough to describe the laboratory kinetic 
runs,2 m = 58 (number of reactions) and n = 24 
(number of oligomers). The details of a more com- 
plete kinetic scheme are reported in detail in a pre- 
vious article.2 

It is now necessary to give a kinetic expression 
for all the rj with j = 1,58. 

In a previous article,* it has been showed that: (i) 
the reactivity of a hydroxyl group of ethylene glycol 
can be different from the reactivity of a hydroxyl 
group in a chain; (ii) reactivity is not affected by the 
chain length; (iii) chains containing different ter- 
minal groups are less active by a factor one-half than 
those having terminal groups of the same type; (iv) 
the kinetic law is of second-order with respect to 
the reagents. On the basis of these observations, we 
can write the following six kinetic equations, rA.F: 

Stage 1 Stage 2 Stage 3 

xo +Yo Z 

+zl 
>x2 

+ z l  I - 2 3  

-* Y2 Y1 +zl 
Figure 1 Reaction scheme truncated a t  the third stage. 

As it can be seen, only two kinetic constants (Kl 
and K2) and two corresponding equilibrium constants 
(Keq, and Keq2) appear in the kinetic expressions, TA-F. 

As already mentioned, the kinetic constant K1 is re- 
lated to the reaction of a methyl group with the EG 
hydroxyl, while K2 is related to the reaction of a methyl 
group with a hydroxyl terminating an oligomeric chain. 

Introducing the kinetic expressions rA, rg, rc, ID, rE, 
and rF, in eq. ( 5 ) ,  we obtain 24 differential equations: 
when integrated, they can describe the evolution with 
time of all the different oligomeric species. It is possible 



412 DI SERIO ET AL. 

Metanol Yields 
1 
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Figure 2 
runs reported in Table I. 

Methanol yields a t  different times for some 

to calculate the quantity of the released methanol from 
the mass balance considering the amount of the re- 
sidual methyl group in the reaction mixture. 

The methanol partition between the liquid and 
the vapor phase has been considered to have an ideal 
behavior; therefore, the methanol concentration in 
the reaction mixture has been calculated through 
the Raoult law: 

roughly the same activity, the activities of Co and 
Mg acetate are lower, while Sb203 is the worst cat- 
alyst. These results agree with those reported by 
Tomita et al."' for runs performed considering only 
the volume of collected methanol during time. 

The analysis of the curves of methanol yields does 
not give any information about the evolution of the 
oligomeric composition and catalyst selectivity. 
These aspects can be investigated only by submitting 
the samples withdrawn a t  different reaction times 
to  HPLC analysis. 

In Figure 3-6 the results of the HPLC analysis are 
reported, as examples, for some runs of Table I. Ex- 
amining these types of results it can be recognized 
that some of the examined catalysts are more selective 
to give Y oligomers a t  the end of the reaction. This 
selectivity has quantitatively been defined after the 

Weight Fraction 
1 

0.8 
(a) 

0.4 o.6 I\ 
o.2 0 l2L€a-- 
0.6 I I 

0.5 1 
0 

where, Po can be calculated applying the Antoine 
relation: 

Po = exp[18.5878 - 3626.55/( T - 34.29)]/760. (13) 

0.4 

0.3 

0.2 

0.1 

0 

RESULTS AND DISCUSSION 

Figure 2 reports the methanol yields obtained a t  dif- 
ferent times for some runs of Table I. As it can be 
seen, Mn, Pb, and Zn acetate ( to  be considered that 
zinc has been used a t  a lower concentration) have 

0 20 40 60 80 100 120 140 160 
time (minutes) 

Figure 3 Example of' the agreement obtained between 
the experimental and calculated oligomers distribution of 
type X (a), Y (b), and Z (c), respectively, for the kinetic 
run of Table I related to Mg acetate. Lines are calculated, 
symbols are experimental data and correspond to  the dif- 
ferent oligomers: (+) 0, (0) 1, (0)2, (m) 3,  (X) 4. 
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Figure 4 Example of the agreement obtained between 
the experimental and calculated oligomers distribution of 
type X (a), Y (b), and Z (c), respectively, for the kinetic 
run of Table I related to Pb  acetate. Lines are calculated, 
symbols are experimental data and correspond to the dif- 
ferent oligomers: (+) 0, (0) 1, (0)2,  (m) 3, (X) 4. 

simulation of the kinetic runs also by the ratio S,  
= K l / (  K, + K2) .  As matter of fact, Figure 7 reports 
both the total weight fraction of Y species and the 
value of S,  ratio; as it can be seen, the selectivity of 
Mn, Mg, and Co acetate to give Y type oligomers is 
greater that one of Zn and Pb acetate. Therefore, Zn 
and Pb acetate promote much more the reaction of the 
hydroxyls of the chains than Mn, Mg, and Co acetate. 

The experimental data related to the runs reported 
in Table I have been submitted to mathematical 
regression analysis applying the described kinetic 
model and using as objective function the sum of the 
square of the difference between experimental and 
calculated reagents and products concentrations. The 
values of the constants Kl and K2 obtained by regres- 
sion analysis are also reported in Table I. 

The agreements obtained in the description of 
the oligomer distributions are quite satisfactory, as 
it can be appreciated in Figure 3-6, where symbols 
are experimental and lines calculated data. 

It is possible to conclude, first of all, that the pro- 
posed kinetic model is able to describe the kinetic 
runs in detail.. The sum of the kinetic constants ( K,  
+ K 2 )  indicates the overall activity of the catalyst, 
while, S ,  ratio provides the catalyst selectivity. 

As it has been seen, different catalysts have dif- 
ferent activities and/or selectivities. This different 
performance is obviously consequence of the reac- 
tion mechanism. Two controversial mechanisms, an 
ionic7 and a coordinate are reported in the 
literature. In both cases, metals act as Lewis acid 
on the oxygen of the carbonyl group of the ester, 

Weight Fraction 
1 

0.8 

0.6 

0.4 

0.2 
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0.6 I 
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1 160 
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Figure 5 Example of the agreement obtained between 
the experimental and calculated oligomers distribution of 
type X (a), Y (b), and Z (c), respectively, for the kinetic 
run of Table I related to Mg, Mn, and Zn acetate mixture 
at 175°C . Lines are calculated, symbols are experimental 
data and correspond to the different oligomers: (+) 0, (0) 
1, (012, (=I 3, (X) 4. 
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Figure 6 Example of the agreement obtained between 
the experimental and calculated oligomers distribution of 
type X (a), Y (b), and Z (c), respectively, for the kinetic 
run of Table I related to Sb203. Lines are calculated, sym- 
bols are experimental data and correspond to the different 
oligomers: (+) 0,  (0) 1, (0) 2, (B) 3,  (X) 4. 

activating the corresponding carbon atom to the 
nucleophilic attack by the oxygen of a hydroxyl 
group. According to these mechanisms the maximum 
activity in the reaction corresponds to an appropri- 
ate acidity strength of the metal. As a matter of fact, 
both Tomita et al.* and Chung" have reported vol- 
cano shape plots of the catalyst activity as a function 
of the metal acidity strength. The number of cata- 
lysts studied in this article is too small to find a 
correlation between the catalyst acidity strength and 
the activities and selectivitis obtained, as suggested 
by Tomita e t  al.4 and by Chung." However, it is 
worth pointing out that such a comparison should 
independently be done for both the kinetic constants 
K1 and K2 determined in this article. Indeed, cata- 
lysts having comparable activities may have differ- 
ent selectivities. 

Finally, it is well known that industry often ap- 
plies a mixture of metal compounds as  catalyst, 
probably because synergistic effects can be obtained, 
as reported in the literature.5 Therefore, we per- 
formed kinetic runs with a mixture of Mg, Mn, and 
Zn acetate, that i s ,  a mixture of industrial interest, 
in order to verify the presence of synergistic effects. 

Observing the values of the constants reported in 
Table I and the results reported in Figure 5, it can 
be noted that the selectivity of this catalysts mixture 
to give Y type oligomers is roughly the same as Mn 
and Mg acetates, while the activity is greater than 
that shown by each metal alone, as i t  can be seen 
in Figure 8, where methanol yields a t  different re- 
action times are reported for the mixture and each 
component, respectively, taken a t  the same concen- 
tration and temperature. 

CONCLUDING REMARKS 

It has been shown that in order to describe the per- 
formance of several catalysts, it is necessary to  an- 
alyze samples of the reaction mixture by the HPLC 
technique to evaluate both the activity and selectiv- 
ity of the  catalyst. 

The use of the proposed kinetic model is useful 
to homogeneously compare both the activity of the 

Figure 7 Comparison of the obtained values of the Y 
total weight fraction and the corresponding S ,  values for 
different metal acetates. 
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Figure 8 Comparison of methanol yields for, respec- 
tively, the mixture of Mg, Mn, and Zn acetate and  any 
single component of the mixture, a t  the same temperature 
(180°C) and catalyst concentration (1.5 mmol/L). 

catalysts expressed as the sum of the kinetic con- 
stants ( K ,  + K2 ) and the selectivity to give Y type 
oligomer represented by the ratio S1 = K , / ( K ,  
+ K 2 ) .  Moreover, applying the proposed kinetic 
model i t  is possible to extrapolate laboratory data 
for plant simulation and optimization. 

Finally, it has been shown that the mixture of 
Mg, Mn, and Zn acetate has a greater catalytic ac- 
tivity than the single component the mixture. These 
effects are probably due to metal interactions with 
the formation of more active mixed clusters. This 
aspect is worth to be further studied. 

LIST O F  SYMBOLS 

Ci = Concentration of component i 
[ CH,OH] = Methanol concentration (mol /L)  

K1 = Kinetic constant of transesterification 
involving EG ( L2 mol-2 min-') 

K2 = Kinetic constant of transesterification 
not involving EG ( L 2  mol-' min-') 

K,,, = Equilibrium constant of transesterifi- 
cation involving EG. 

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

r, = Rate of i formation or disappearance 
( mol /min ) 

r, = Vector of the possible reactions 
[ X, ] = Concentration of the X, species with i 

xM = Molar fraction of methanol in the re- 
= 0, n (mol /L)  

action mixture 

Po = Vapor pressure (a tm) 

= 0, n (mol /L)  

= 1, n (mol /L)  

T = Absolute temperature ( K )  

[ Y, ] = Concentration of the Y, species with i 

[ Z, ] = Concentration of the Z, species with i 

Greek Symbols 

ai, = Stoichiometric matrix 
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