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Reactive blending of commercial poly(ethylene terephthalate) (PET) and bisphenol A polycarbonate (PC), 
with catalysts added in the form of powder dispersed on the polymers just before melt mixing, was 
performed in a Brabender Plasticord 2000 apparatus at 275°C. Catalytic activity of the catalysts freshly 
added to polymers was found to be much higher as compared with that of the residues of the same type of 
catalysts remaining in PET after its synthesis. Furthermore, the catalytic activity appeared to be strongly 
dependent on the structure of the ligand that influences the catalyst solubility in the polymer melt. N.m.r. 
spectroscopy, selective degradation of PC fragments, solubility tests in methylene chloride and d.s.c. 
measurements made it possible to range the catalysts studied according to their catalytic activity. Copyright 
0 1996 Elsevier Science Ltd. 
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INTRODUCTION 

Results reported in a series of papers’-l3 dedicated to 
poly(ethylene terephthalate)/bisphenol A polycarbonate 
(PET/PC) reactive blending allowed us to consider this 
method as one of the most prospective techniques for 
production of new polymer materials based on polyesters 
and polycarbonates. Residues of catalysts in commercial 
PET (calcium acetate/antimony oxide) were found to 
possess very low catalytic activity towards exchange 
reactions in the PET/PC melt and to be less effective in 
the formation of compatible blends. On the other hand 
residues of titanium tetrabutoxide led to very fast 
exchange reactions and side processes with degradation 
of aliphatic carbonate fragments, liberation of carbon 
dioxide and cyclic ethylene carbonate4. 

Lanthanide compounds employed for PET synthesis 

* Present address: Industrie ILPEA S.p.A., viale dell’Industria, 21, 
21023, Malgesso (VA), Italy 
t To whom correspondence should be addressed 

and its further reactive blending with PC8-‘i appeared to 
possess intermediate activity towards exchange reac- 
tions. The contribution of side reactions was found to be 
rather low as compared with that of the Ti catalyst. This 
provided a possibility for producing PET/PC block 
copolymers and employing them as compatibilizers for 
PET/PC blendsg-13. 

It should be noted that in all cases mentioned above 
exchange reactions were induced by the residual poly- 
condensation catalyst in the PET, which can change its 
activity during and after PET synthesis. Thus, the same 
catalyst is supposed to have different activity, when 
dispersed in PET or PC before their blending, as 
compared to the residue in PET, because it is freshly 
added and concentrated on the polymer surface, where 
the exchange reactions occur. 

Some results of PET/PC melt mixing in the presence of 
lanthanide and other catalysts, dispersed on polymers 
before their blending in a Brabender Plasticord 2000 
apparatus, are presented in this paper. 
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EXPERIMENTAL 

Materials 

Samples of PET ([v] = 0.65 dl g-’ in 1,1,2,2-tetra- 
chloroethane/phenol, 60/40 wt/wt, at 25°C) and PC 
([q] = 0.61 dig-’ in the same solvent at 25°C) were 
commercial products supplied by EniChem S.p.A., Italy. 
PET ([q] = 0.91 dl g-’ in the same solvent) was synthe- 
sized in the presence of Ti(OBu), (O.O66mol% with 
respect to PET units) by a standard procedure12. 
Polymers, before using, were dried overnight in a 
vacuum oven at 120°C before use. Lanthanum acetyl 
acetonate (La(acac)3. xHzO (x = 34)), Al(acac)3, Sm 
(ac)3. xH20 (x = 3-6), Zn(ac)2.2H20 and Ti(OBu)4 were 
purchased from Aldrich and used without further pur- 
ification. Sm(acac)3.xH20 (x = 34), Ca(acac)2.2H20, 
Zn(acac)2. 2H20, Pb(acac)2.2H20, Ba(acac)2.2H20, 
Sr(acac)z.2H20 and Sm(o-formyl phenolate) were 
synthesized by a standard technique as described 
before 12. 

Syntheses of lanthanum oxalate, tartrate, phthalimide 
and samarium phthalates 

An aqueous solution of La or Sm chloride (5-6%) was 
gradually poured into the aqueous solution of potassium 
oxalate, tartrate, phthalimide or phthalate (5-6%). The 
precipitated product was separated by centrifugation, 
then dried in a vacuum oven at 40°C overnight. All 
products were characterized by i.r. spectroscopy and 
elemental analysis. 

PET/PC reactive blending 
A Brabender Plasticord 2000 mixer equipped with two 

counter-rotating, double-winged rotors was used for the 
melt mixing. A PET/PC mixture (SO/SO, wtjwt) in a total 
amount of 50 g was loaded into the mixing bowl under a 
moderate nitrogen flux, and mixed at a temperature of 
275°C and rotation rate for 48 rev min-’ throughout the 
overall reaction time. A catalyst (when used) was initially 
dispersed mechanically on polymer pellets at a concen- 
tration of O.O66mol% with respect to PET units (for all 
catalysts employed). This concentration corresponded 
to that of the catalysts used in the PET synthesis’-“. 
After a definite time of blending the product was 
unloaded manually into cold water, ground into fine 
powder and dried in vacua overnight. 

Measurements 
Intrinsic viscosity values were calculated on the basis 

of viscosity measurements of dilute solutions of the 
samples in tetrachloroethane/phenol mixture (60/40, wt/ 
wt) at 25°C. 

Crystallization and melting temperatures (T, and T,, 
respectively) were calculated on the basis of thermo- 
grams of the first scanning of quenched samples obtained 
with a DSC 7 Perkin-Elmer instrument (50&3OO”C, 
20°C min-’ , under nitrogen). 

The ‘H n.m.r. spectra of the PET/PC block copoly- 
mers dissolved in CDC13/CF3C02D (85/15, wtjwt) were 
recorded on a Bruker AMX 300 instrument. 

Solubility tests of the samples ground to fine powders 
were performed in a Soxhlet apparatus with methylene 
chloride for 48 h. 

Selective degradation of the PC fraction in PET/PC 
blends and copolymers was performed with piperidine in 
methylene chloride as described elsewhere4,“. This 
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method provides a possibility for evaluating the length 
of PET segments in the resulting PET/PC blends and 
copolymers. 

RESULTS AND DISCUSSION 

As we reported in our previous papersk6, residues of 
catalysts in commercial PET were found to be insuffi- 
ciently active in exchange reactions in the PET/PC melt 
to provide formation of compatible blends for a short 
reaction time. On the other hand, residues of Ti(OBu)4 in 
PET led to very fast exchange reactions and side 
processes that resulted in the formation of copoly(ether 
ester carbonate)s. Lanthanide compounds employed for 
PET synthesis and its further reactive blending with PC 
appeared to possess intermediate activity towards 
exchange reactions7-‘2, and the contribution of side 
reactions was found to be rather low as compared with 
that of the Ti catalyst. It should also be noted that 
lanthanide compounds have shown a wide range of 
catalytic activity, depending on the metal employed. In 
all the above cases the catalyst was that used for the PET 
synthesis, which remains still active during the blending 
with PC. Because the exchange reactions between PC 
and PET occur at the interface, only a small fraction of 
the overall amount of catalyst present in PET is believed 
to be initially active in such a system. Therefore, the next 
step in our study was the investigation of catalytic 
behaviour of lanthanides mechanically dispersed in 
commercial PET and PC just before their blending; by 
this procedure all the catalyst is initially present on the 
granule surface and it is expected to work more 
efficiently. A first qualitative evaluation of the difference 
in catalytic activities of the lanthanide residues in PET 
and the fresh catalysts added to commercial polymers 
can be made on the basis of the torque values recorded 
during reactive blending, and data for the solubility of 
the resulting products in methylene chloride. As was 
reported before’“,“, for most cases the torque increases 
in the first period of exchange reactions, goes through a 
maximum, then decreases until a constant level or 
increases slowly again. It can be assumed that the 
torque profile in all cases reflects the extent of the 
reaction regardless of the type of the catalyst. 

As has been established, the maximum of the torque 
was recorded in 16- 18 min of blending of the neat PET/ 
PC system, containing just residual catalysts in commer- 
cial PET; while it appeared in 8 min of PC blending with 
PET synthesized in the presence of Sm(acac)3. However, 
introduction of the same catalyst added in the form of 
powder dispersed on pellets of commercial PET and PC 
just before melt mixing reduces the time of the torque 
maximum to 2.5 min; this indicates much higher catalytic 
activity of the fresh catalyst as compared with the 
activity of the same amount of catalyst used for the PET 
synthesis and present as a residue. 

Data for the solubility of the resulting blends in 
methylene chloride can also be used for preliminary 
evaluation of catalytic activity of the catalysts employed 
(Figure I). Since PET is absolutely insoluble in that 
solvent, and PC is found to be completely soluble, the 
decrease of the initial value of the soluble fraction (50%, 
corresponding to the neat PC fraction) indicates the 
process of block copolymer formation. 

The minimum of the solubility of the blends of 
commercial PET and PC was reached in 80&90min of 
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Figure 1 Solubihty tests of PET/PC blends obtained by reactive 
blending in a Brabender at 275°C. Curve 1: neat mixture of commercial 
PET and PC (+); curve 2: blends of PC with PET synthesized with 
Sm(acac)s, 0.066 mol% with respect to PET units (0); curve 3: blends of 
commercial PET and PC obtained with Sm(acac)s added before 
blending, 0.066 mol% with respect to PET units (*); curve 4: blends of 
PC with PET synthesized with Ti(OBu)4, 0.66mol% with respect to 
PET units (A) 

blending (Figure 1, curve l), while in the case of PET 
synthesized with Sm(acac)s this time was reduced to 
10 min (curve 2). When the same catalyst was distributed 
on polymers just before blending the value for the 
solubility in 10min was found to be 40% and this value 
then increased sharply to 100% (curve 3). Unfortunately, 
we could not observe a minimum in the solubility curves 
because it was technically impossible to reach the 
required temperature regime of blending after polymer 
loading for a time less than 10 min. In any case, curve 3 is 
very similar to that obtained for the blends of PC and 
PET with residual Ti(OBu)4 (curve 4). This reveals that 
the catalytic activity of freshly added Sm(acac)3 in the 
first step of the exchange reactions is the same or even 
higher than that of residues of Ti catalyst remaining in 
the PET. From the latter two curves (3 and 4) we can 
estimate a hypothetical minimum of solubility at 2- 
4 min. It should be noted that some equilibrium between 
formation of block copolymers and their further short- 
ening because of exchange reactions does not allow one 
to obtain completely insoluble systems. 

We examined also the effect of Ti(OBu)4, being 
introduced into the mixture of commercial PET and 
PC before their blending. Surprisingly, we found that it 
was less active as compared to its residues in PET 
synthesized with Ti(OBu)4. This could be caused by side 
reactions with impurities and commercial stabilizers in 
PET. 

Sm(acac)3 freshly added to polymers and residues of 
Ti(OBu)4 in PET show similar catalytic activity with 
respect to the reaction rate; nevertheless, they lead to 
formation of copolymers with quite different chemical 
structure and composition. Selective degradation of PC 
moieties in the samples blended for 10 min revealed that 
in the case of the Ti catalyst the viscosity value of PET 

C I 

10 8 6 4 2 0 ppm 

Figure 2 ‘H n.m.r. spectrum of the neat PET/PC mixture (a) before 
blending, and blends of PC with PET synthesized with Ti(OBuk in 
(b) 10 min, (c) 30 min and (d) 60 min of melt blending in a Brabender at 
275°C and 48 revmin-’ 

segments decreased dramatically (by a factor of 10) from 
the initial value of 0.91 to 0.09 dig-‘, while Sm(acac)s, 
being added to commercial PET and PC, did not lead to 
so drastic scission of PET blocks. The viscosity value of 
PET segments in the latter case decreased by a factor of 
four (from 0.65 to 0.17 dl g-l). 

One of the most appropriate techniques for investiga- 
tion of the chemical structure of the reactive blends and 
copolymers is ‘H n.m.r. spectroscopy. Application of 
this technique for studying PET/PC blends was described 
earlier2-6. Exchange reactions in the blend of PC with 
PET synthesized with Ti catalyst result finally in 
formation of a random copoly(ether ester carbonate) 
because of side reactions, leading to elimination of 
carbon dioxide and cyclic ethylene carbonate, which 
enriches the final structure of the product with aromatic 
fragments. The process above is reflected in the spectra 
(Figures 2~~d). If before reactive blending a single peak 
at 8.08 ppm, corresponding to the terephthalate protons, 
was observed, other signals assigned to aromatic 
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Further exchange reactions lead to randomization of 
PET/PC block copolymers and formation of amorphous 
copolymers. In the case of the most active catalysts, T, 
and T, were not observed under the conditions of d.s.c. 
measurements (see Experimental section). 

To consider the solubility data presented in Table 1 it 
is necessary to take into account that some of these data 
lie on two different shoulders of the curve, initially going 
down and then running up to the plateau at 100% of 
solubility (Figure 1). 

Carboxylic acid salts of lanthanides appeared to possess 
very low catalytic activity (samarium phthalate and 
acetate; lanthanum oxalate, tartrate and phthalimide), 
while the complexes with bidentate ligands (acetyl 
acetonates and o-formyl phenolate) show high efficiency. 
Probably, the latter ligands just provide enough solubility 
of the catalysts in the PET/PC melt, where carboxylic acid 
salts were found to be less soluble. In the samples obtained 
with acetyl acetonates of lanthanum and samarium, and 
also with samarium o-formyl phenolate, crystallization 
and melting temperatures are no longer observed. 

Zinc compounds were found to be less active regardless 
of the structure of the ligand (acetates or acetyl 
acetonates). The catalytic activity of acetyl acetonates 
of the alkaline earth metals (Ca, Sr and Ba) increased 
with increase in the atomic number of the metal. 
Aluminum acetyl acetonate proved to be a quite efficient 
catalyst as well. 

All the catalysts employed can be ordered in the 
following activity rank: Sm(acac)s = Sm(formy1 pheno- 
late)3 > La(acac)3 > Al(acac), = Ba(acac)2 > Zn(acac)z = 
Zn(ac), > Sr(acac)z = Ca(acac)2 > La(phthalimide)s > 
La2(tartrate)3 > La2(oxalate)3 = Sm(phthalate)s = Sm 
(ac)3 = residues of commercial catalysts in PET. 

CONCLUSIONS 

l On the basis of the results above we can conclude that 
the catalytic activity of lanthanides added to a neat 
mixture of commercial PET and PC before reactive 
blending is much higher towards exchange reactions 
than that of the residues of the same type of catalysts, 
remaining in PET after its synthesis. The effect of the 
catalyst on the extent of exchange reactions depends 
also on the nature of the ligands that can influence the 
solubility in the PET/PC system. 

The contribution of side reactions (degradation of 
carbonate groups, release of carbon dioxide and cyclic 
ethylene carbonate) in the presence of lanthanides is 
much lower as compared with the effect of the Ti 
catalyst. 
Alkaline earth metals were found to possess some 
catalytic activity in exchange reactions, which increases 
with the increase in atomic number of the metal. 
Since the higher intensity of melt mixing can promote 
interfacial exchange reactions, application of a twin- 
screw extruder, providing higher intensity of mixing 
and shear rate as compared with that of the Brabender 
apparatus, would be of interest. Preparation of 
polyester/polycarbonate blends and copolymers by 
one-step extrusion will be the subject of our further 
publications in this journal. 
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