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M Introduction

The problem of utilising PET waste
which arises in the production and
processing of the polymer, as well as
post-user waste, is presently being solved
mainly by material or chemical recycling
[1-4]. Depending upon the quality and
purity of the waste and the current eco-
nomic, technological and equipment
conditions, the PET wastes are either
regranulated, refined and reprocessed or
degraded to obtain the starting materials
for the synthesis of PET or copolymers or
for other uses.

The chemical utilisation of PET can be
accomplished by hydrolysis, methanoly-
sis or glycolysis [1-3,5,6]. Hydrolysis,
which may be carried out in a neutral,
acid or alkaline medium [2,6-8], yields
terephthalic acid (TA) and ethylene
glycol (EG), which are raw materials in
many chemical processes including poly-
mer synthesis (polyesters, co-polyesters,
co-polyamides and other copolymers).
At our Institute, a PET hydrolysis proc-
ess in a neutral medium [7-10] has been
devised, which is run in a closed system
with a large amount of water at 200-
220°C under a pressure of about 2 MPa.

DMT and EG, i.e. raw materials for the
synthesis of PET, are obtained in the
methanolysis of PET. The methanol-in-
duced degradation of PET is performed
under high pressure in the presence of
catalysts. Many PET producers employ
methanolysis to utilise the arising wastes
[2,3,11,12]. Yang et al. have announced
the possibility of conducting a very effec-
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tive methanolysis without catalysts under
supercritical conditions: 260-270°C and
a pressure of 9-11 MPa [6].

Glycolysis proceeding under the in u-
ence of EG is the true reverse reaction to
the polycondensation of PET, reproduc-
ing the bis(hydroxyethylene) terephtha-
late (BHET) monomer. Usually a partial
hydrolysis of the PET wastes with EG is
applied to obtain a low molecular mix-
ture of oligomers and BHET. The mix-
ture is re-circulated to the PET synthesis
process [2,3] or used in the synthesis of
co-polyesters [13].

The PGs’ properties and composition
depend upon the initial PET/EG propor-
tion and the glycolysis conditions, i.e.
temperature and process time. Accord-
ing to earlier studies [14], the glycolysis
process may be conducted at a relatively
low temperature of 220°C for about 2
hours at the pressure of 0.15-0.5 MPa,
with the molar EG/ET proportion equal
to or higher than 2.5:1.

Under such conditions, the PGs obtained
contain more than 50% of the BHET
monomer, and resemble in their proper-
ties the partially polymerised product,
which appears in a typical PET synthesis
before vacuum polycondensation.

Partial PET glycolysis is also applied as
a preliminary step in the degradation of
PET to terephthalic acid, that is, before
the hydrolysis step [5,15]. Such a combi-
nation of the two degradation processes
is most advantageous when PET waste
materials containing impurities and addi-
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tives are processed. After the glycolysis
step, the liquid and low-viscose PGs can
be purified and filtered when still hot, al-
lowing a terephthalic acid of high purity
to be obtained.

In this study, the chemical utilisation of
PET waste by glycolysis was employed
to obtain a low-molecular ethylene
terephthalate material suitable for the
synthesis of biodegradable co-polyesters
with L-LA. Up to now at the Institute, the
ET/LA co-polyesters were synthesised
with the use of pure starting materials,
DMT, EG and L-LA [16-18]. Among
other things, we determined the in uence
of their chemical (sequential) structure
on the physico-chemical and thermal
properties, and on the hydrolytic and
compost degradability. It was defined
that the statistical ET/LA copolymers,
which have short ETx sequences ( x be-
low 3.1-3.2) in their macromolecules, are
characterised by a post-annealing melt-
ing temperature below 190-192°C and
a glass transition temperature Tg>57°C.
Such co-polyesters easily hydrolyse at
temperatures >55°C, hence their good
degradability in moist compost [16,18].
In the present work, in the synthesis of
copolymers based on PET glycolyzates
and L-LA, advantage was taken of the
experience gained hitherto with the ET/
LA co-polyesters. The objective of this
study was to explore the possibility of
obtaining by this method such co-poly-
esters that would be degradable under
hydrolytic- and compost conditions and
characterised by a level of reduced vis-
cosity (molecular weight) adequate for
processing.
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I Materials and Methods

Glycolysis of PET waste

Two different pure PET waste materi-
als were applied in the study without
the dulling agent TiO,. The two poly-
mers were characterised by molecular
weights of MVzIS,SOO and 18,000. The
glycolysis was conducted with EG in a
stainless steel reactor equipped with an
agitator and a drainage valve in the bot-
tom. The reaction took place in a closed
system with the mole proportion of EG/
ET=2.48:1 and 1:1, and the total weight
of reagents of 1.4 kg. Other process pa-
rameters were as follows: agitator speed
60 rpm, temperature 220-240°C, time 2-
5 hours. The GPs were drained from the
reactor into a metal vessel, cooled down,
broken up and analysed.

Synthesis of the ET/LA co-polyesters

A 90% solution of L-LA made by Riedel
de Haén and distributed by Aldrich, and
the PGs from PET glycolysis prepared
under selected conditions were used in
the synthesis of ET/LA co-polyesters.

The synthesis was carried out in the pres-
ence of a catalyst and a thermostabilising
agent, according to the method described
in [16]. It is a method similar to the syn-
thesis of PET from DMT and EG. The
process was conducted in a stainless steel
reactor with 0.9 decm3 volume, equipped
with electric heating, an anchor agitator,
a drainage valve in the bottom and a
vacuum system for the evacuation of the
polycondensation by-products. The co-
polyester obtained was extruded from the
reactor by nitrogen pressure, solidified in
water in band form, cut and dried.

A synthesis of ET/LA co-polyester was
carried out for comparison, using the pure
monomers DMT, EG and LA and apply-
ing the same conditions as in the synthe-
sis of co-polyesters with the use of PGs.

Analytical methods

The melting temperature range of the
PGs was measured using a Boetius ap-
paratus. The PGs’ fractional composition
was defined by exploiting the diversified
dissolving capacity of the mono- and oli-
gomers in water, according to the method
given in [14]. 50 g of the disintegrated
PG was placed in a 1 dem3 lab  ask, 0.5
dem3 of distilled water was added, and
the ask content was heated at the boil-
ing point under a re ux condenser for 30
minutes. The still hot beaker content was
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then filtered at a temperature above 90°C
separating the aqueous monomer solu-
tion from the undissolved oligomers. The
filtrate was cooled to ambient tempera-
ture, then in a refrigerator at 6-8°C for 24
hours, and the crystallised monomer was
separated by filtration. The filtrate was
filled up to 600 dem3 with water. From
the solution a 20 cm3 sample was taken
and evaporated, and the dry residue was
estimated. All three fractions of the PG
were dried to constant weight, weighed,
and their melting temperature range was
measured using the Boetius apparatus.

For the ET/LA co-polyesters obtained,
the reduced viscosity (7yeq), melting
temperature T,, softening temperature
Tsp and melt ow index (MFI) were
measured. The reduced viscosity was
measured according to a method applied
for PET. For this purpose the Ubbelohde
viscometer with ITA capillary was used,
together with a solution of 0.4 g co-poly-
ester in 100 cm3 of a blend of phenol and
tetrachloroethane (1:1). The measure-
ment temperature was 25°C. The co-
polyesters investigated were amorphous,
and their T, was characterised by a melt-
ing range using the Boetius apparatus.
The penetrometric method was applied
to measure the softening temperature.
The co-polyester samples were first an-
nealed at 95°C for 16 hours and at 140°C
for 1 or 2 hours. The average value was
calculated from parallel measurements
using the six-point TS PA type 7-78 pen-
etrometer made by Townsend Crowther
Ltd USA. The Melt Flow Tester made by
CEAST, Italy was used for measuring the
MEFI. The co-polyester samples were first
dried in a vacuum dryer at 95°C for 16-
20 hours. The MFI was measured after
6 and 30 minutes of annealing at 260°C,
using a 0.5 mm capillary and a 2.16 kg
piston load. The reduced viscosity of the
extruded polyester monofilaments was
measured. The change in the MFI and
Nred, proceeding during the annealing at
260°C was estimated.

M Results and Discussion

The properties and composition of the
PGs of PET obtained under diversified
conditions were investigated. The PGs
made under selected conditions were
used in the synthesis of degradable co-
polyesters containing L-LA units.

In Tables 1 and 2, the results of PET
glycolysis for waste polymers with

MV~13,SOO and 18,000 are presented.

The glycolysis process was investigated
for the initial mole proportions of EG/
ET=2.48:1 and 1:1 (weight proportion
EG/PET=0.8:1 and 0.325:1) at tempera-
tures of 220-230°C and 230-240°C re-
spectively. After drainage and quenching
of the reactor content, PGs were obtained
with the yields of 86-94% at EG/ET=2.48:
1 and 93-97% at EG/ET=1:1. The yields
were calculated on the total amount of
EG+PET used.

The glycolysic process in a closed sys-
tem proceeds towards an equilibrium,
which depends upon the process condi-
tions such as the proportion of reagents
and the temperature. The pressure in
the reactor decreases with the decreas-
ing amount of EG entering the reac-
tion. Depending upon the proportion of
reagents and temperature, the initial
pressure amounted to 0.18-0.22 MPa.
In the course of the process it decreased
to the 0.14-0.18 MPa level. The PGs
obtained undoubtedly contained EG,
which was not quantitatively estimated
when analysing the products. The pres-
ence of the free EG has an in uence on
the PGs’ properties such as consistency
(hardness) and melting temperature.
From the data in Tables 1 and 2, it can
be seen that (under given conditions) the
oligomer content decreased to a certain
level along with the glycolysis time. At
the same time, the melting temperature of
the oligomer fraction decreased and sta-
bilised. The content level of oligomers in
the PGs attained mainly depended upon
the EG/ET proportion, though glycolysis
temperature also had a certain in uence.

With the EG/ET=2.48:1 proportion, PGs
with an oligomer content of 47and 50%
were obtained at temperatures of 220°C
and 230°C respectively. The reaction
time of 120 minutes was sufficiently
long. It can be seen that at the higher
temperature (230°C, Table 1) and higher
molecular weight of the PET (Table 2),
the separated oligomer fractions were
characterised by a higher melting tem-
perature. It may be assumed that the
glycolysis temperature of 220°C was
advantageous at a higher EG/ET propor-
tion, resulting in a more homogeneous
run of the degradation. When using PET
waste with diversified molecular weight,
one must take account of certain quality
differences in the PGs obtained, particu-
larly the change in Tm of the oligomer
fraction.
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With the lowering of the mole EG/ET
proportion to 1:1, it appeared necessary
to increase the reaction temperature to
230°C and prolong the reaction time to
180 minutes. Under such conditions, PGs
could be obtained without any content
of gel-like particles as residues from the
incomplete dissolution of the polymer

granules. At the temperature of 240°C,
a homogeneous PET was attained as
quickly as after 60 minutes.

At a low EG/ET proportion, the reaction
run and the products’ properties depend-
ed distinctly on the molecular weight
of the PET used, though the attainable

Table 1. Results of glycolysis of PET waste with Mv = 13 500.
**%) Monomer and dry residue fractions showed melting in ranges 104-1100C and 95-1070C respectively. According to Aldrich, the pure
monomer melts at 106-109°C. **% Fragments of undigested polymer chips (gel-like particles) were seen in the molten product.

level of oligomers in the PGs after an
adequately long degradation time was
diversified only within the narrow range
of 70-74%. At 230°C, PGs containing
71% of oligomers were obtained after
240 and 300 minutes in the case of PET
with molecular weights of Mv~13500
and Mv~18000 respectively. At 240°C,

Glycolysis conditions Characteristic of PGs
i i . Oligomers .

Trial, EG/ET_ mol. Temp. Time Pressure Yield Melting meltin Monomfr Remdui
No ratio (to EG+PET) range cont. rangeg content*) content**)

- oC min MPa % °C wt% °C wt% wit%

2/F/03 60 96.5 108-120 48.5 130-140 44.9 6.6

3/F/03 2.48/1 220 120 0.18-0.15 93.8 105-120 46.9 128-139 47.0 6.1

4/F/03 (wt. ratio 180 92.7 106-118 47.5 131-142 46.8 5.7

5/F/03 0.8/1) 60 86.1 107-125 50.3 147-149 445 5.2

6/F/03 230 120 022:018 90.3 100-115 49.8 145-148 43.2 7.0

11/F/03 120 96.0***) 141-142 80.0 163-169 15.4 4.6

12/F/03 1”1 230 180 0.20-0.14 97.4 146-158 78.0 160-168 16.2 5.8

13/F/03 240 97.4 145-160 71.0 158-167 20.8 8.2

15/F/03 (wt. ratio 60 95.3 152-165 73.9 172-177 215 46

16/F/03 0.32511) 240 120 0.20-0.16 95.0 150-163 72.9 171-176 21.9 5.2

17/F/03 180 95.3 150-160 70.4 160-174 25.1 4.5

Table 2. Results of glycolysis of PET waste with Mv ~ 18 000.

®¥*%) Monomer and dry residue fractions showed melting in ranges 105-110°C and 95-105°C respectively. *** Fragments of undigested
polymer chips (gel-like particles) were seen in the molten product.

Glycolysis conditions Characteristic of PGs
Trial ] - Oligomers .
! EG/ET mol. Tem Time Pressure Yield Melting meltin Monomer Residue
ratio P- (to EG+PET range cont. 9 content*) | content**)
No range

- °C min. MPa % °C wt% °C wt% wt%

26/F/03 2.48/1 220 120 0.19:0.17 91.0 106-118 49.4 158-162 41.9 8.7

27/F/03 ’ ’ ’ 91.7 104-120 47.4 154-161 452 9.0

32/F/03 240 95.3**) 136-160 71.8 159-166 21.3 6.9
11 230 0.20-0.15

31/F/03 300 95.3 134-158 711 156-165 22.3 6.6

28/F/03 180 95.3 138-152 74.3 164-173 18.0 7.7
240 0.21-0.18

29/F/03 240 93.3 136-156 73.6 158-169 19.0 7.4

Table 3. Results of co-polyester ET/LA syntheses using products of PET glycolysis (PGs). *)Comparative synthesis of co-polyester from
pure DMT and EG; **)amorphous copolymers,; slow fusion was observed in the broad temperature range.

Co-polyester properties
Tsp; sampl. annealed Melt ow testing (260°C,$0.5mm/2.16kg)
Reactants Nred Tm*)
at 95°C at 140°C time at 260°C MFI Nred
cm3/g °C °C min. g/10 min cm3/g
6 222 fgo‘/s)
DMT+EG/+LA*) 68 138-200 187.1 190.5
30 2.91 62
(+34%) (-9%)
6 2.00 . o )
PG (~50% oligomers) + LA 73 125-155 174.0 177.4 251 57
30 (+25%) (-24%)
6 1.84 (_76510/)
PG (~70% oligomers) + LA 66 135-155 171.6 178.4 :
30 2.11 56.5
(+15%) (-14%)
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adequate PGs with 70 and 73.5% oli-
gomer content could be attained after 180
and 240 minutes. Both the PGs and the
oligomeric fractions contained showed
a lower melting temperature range when
the glycolysis temperature was 230°C.
At that temperature, the process pro-
ceeded more homogeneously, but much
more slowly than at 240°C.

It must be noted that the PGs fractions
called ‘monomer’ were characterised
by a melting temperature in the range
of 104-110°C and in reality constituted
the  bis(hydroxyethylene) terephtha-
late (BHET). According to Aldrich’s
catalogue, the melting temperature of
the substance with 98% purity reach-
es106-109°C. The PGs fractions called
‘residue’ (dry residue isolated after the
evaporation of the liquid from the solu-
tion which remained after the precipita-
tion of the oligomer/monomer fraction)
melted in the temperature range of 95-
107°C. It can be assumed that these
fractions were composed mainly of the
monomer which still remained in solu-
tion after the crystallisation of the main
monomer fraction.

To obtain PGs for the synthesis of

ET/LA co-polyesters, a PET waste

with Mv=18000 was used. The follow-

ing conditions were applied in the glyco-

lysis of PET:

B mole proportion EG/ET=2.48:1, tem-
perature 220°C, time 120 minutes,

B mole proportion EG/ET=1:1, tem-
perature 230°C, time 300 minutes.
The PGs obtained under such conditions
as raw materials for the synthesis of co-
polyesters contained 47-50% and 71%
of oligomers respectively. The synthesis
was run in such a way that co-polyesters
could be obtained with Ty, below 190-
192°C. The results of the introductory
syntheses of ET/LA co-polyesters from
PGs of PET glycolysis and L-LA are
presented in Table 3, in comparison with
a co-polyester made from L-LA and pure

DMT and EG.

According to earlier works [16-18],
the introduction of easily hydrolysing
aliphatic ester bonds along with LA mer
units confers degradability (proneness to
hydrolysis) on the ET/LA co-polyesters,
which is especially clear in temperatures
above 50°C. This is due to the high glass
transition temperature of such polymers
(Tg>57°C). It was found that the random
ET/LA co-polyesters with short (ET)x
sequences (where X is below 3.0-3.1),
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characterised by good hydrolytic degrad-
ability in water and compost medium
at 55°C and potential biodegradability,
reveal Ty, below the range of 190-192°C.
Good processibility in injection mould-
ing and extrusion (film, fibres) can be
attained when 7,.q =70 cm3/g.

From the data in Table 3, it may be con-
cluded that ET/LA co-polyesters can be
obtained from PGs made of pure PET
which will have properties similar to
those made of pure starting materials
(DMT, EG). Copolymers were made
with TSp within the range of 171-190°C,
that is, at a level which assures proneness
to hydrolysis and biodegradation. The
copolymers obtained were amorphous,
though revealing some hardening (crys-
tallising) tendency during annealing at
95 and 140°C. The co-polyester granules
annealed for 1 hour at 95°C or 2 hours
at 140°C manifested turbidity typical for
crystallised polymers. The crystallisa-
tion phenomenon of co-polyesters calls
for further confirmation, for example by
DSC investigations.

The co-polyesters obtained had 7.q in
the range of 66-83 cm3/g indicating that
ET/LA co-polyesters from pure PGs can
be made with good processing and util-
ity properties by selecting appropriate
synthesis conditions, for example poly-
condensation time. As can be concluded
from the data in Table 3, the PG-based
co-polyesters were characterised by rela-
tively good thermostability, only slightly
lower than that of the co-polyesters made
of pure raw materials DMT, EG and LA.
Their 7;eq drop after 6 and 30 minutes
annealing at 260°C amounted to 7.5-
18% and 14-24% accordingly, MFI after
6 minutes of melting was in the range
of 1.84-2.00 g/10 min, and dropped by
15-22% after 30 minutes of annealing
at 260°C.

B Summary

= Glycolysis of PET waste with the mole
proportions of EG/ET=2.48:1 and 1:1
yielded GPs containing 47-50% and
70-74% oligomers, respectively. The
following process parameters were
adequate for the glycolysis of fibrous
PET waste with the molecular weight
of 18,000: temperature of 220°C, time
of 120 minutes for the mole propor-
tion of EG/ET=2.48:1 and tempera-
ture of 230°C, time of 300 minutes for
the mole proportion of EG/ET=1.

® The PGs of PET hydrolysis obtained
under the above conditions (pure,
without TiO,) appeared to be raw ma-
terials of full value for the synthesis
of degradable ET/LA co-polyesters
with Tg,<192°C and 7,¢¢=70cm3/g.
This was confirmed in the introduc-
tory syntheses of co-polyesters in
this study. According to earlier works
[16-18], co-polyesters with such
properties are characterised by very
good susceptibility to hydrolysis,
biodegradability and good processing
behaviour. We envisage investigating
the degradability of co-polyesters in
further works.
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