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The influence of solid-state polycondensation conditions on the rheological properties of
polyethylene terephthalate was determined. Mathematical models describing the
dependence of the melt flow rate of both virgin and recycled polyethylene terephthalate
on the time and temperature of the solid-state polycondensation process were developed.
A correlation between the melt flow rate and the average molecular weight of polyethylene
terephthalate was demonstrated. Experimental studies showed that conducting solid-
state polycondensation of recycled polyethylene terephthalate at temperatures ranging
from 130°C to 160°C for 3 hours produces polymeric materials with higher molecular
weight and, consequently, improved performance properties.
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Introduction

The solid-state polycondensation (SSP) process
for both virgin and recycled polyethylene terephthalate
(PET) is well established and essential for increasing
its molecular weight.

An increase in the molecular weight of recycled
PET allows it to be reprocessed into finished products
by reducing the number of unwanted products that
can be formed during hydrolytic (HD), thermo-
oxidative (TOD) and thermomechanical destruction
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[1—5] in the recycling process.

SSP begins immediately after the transition of
the polymer from a glassy to a highly elastic state and
lasts until PET enters the viscous state [6]. It is widely
known that during SSP, transesterification and
esterification of polymeric and/or oligomeric PET
derivatives with hydroxyl and carboxyl groups by the
following mechanisms [7—10]:

— transesterification:
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— esterification:
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It should be noted that transesterification reactions
occur at a higher rate than esterification.

It has been noted that the efficiency of SSP
process is influenced by a number of factors: the size
of PET particles, the presence of chain extender,
temperature, time, environment of SSP, etc. [7—10].

However, the parameters of carrying out the
solid-state polycondensation of polyethylene
terephthalate for it processing by reactive extrusion
are almost not studied, and the authors approached
their study empirically [11—14].

Experimental

The following materials were used in this study:

— virgin PET brand BC 210 (PET-V, Sabic,
Saudi Arabia) with the intrinsic viscosity (IV) of
0.80 1/g;

— recycled PET of natural color, washed and
prepared according to bottle to bottle technology
(PET-BTB, General Plastic, Slovenia) with
1IV=0.711/g;

— granules from secondary crystalline
PET (PET-C, InterPET, Ukraine) with IV=0.63 1/g.

Sample preparation: drying of the examined PET
samples was carried out in a thermal chamber in the
temperature range of 110—160°C.

The determination of the melt flow index was
carried out in accordance with the current ISO 1133
standards.

Results and discussion

According to literature sources [2—4] and our
previous studies [5], it has been determined that SSP
occurs more intensely in the crystalline state of PET
[2—5]. We have previously established that SSP will be
the most effective temperatures of 110 to 160°C (beginning
and end of cold crystallization, respectively) [5].

ﬂ
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It is widely known that the melt flow index
(MFI) is a characteristic that not only qualitatively
indicates the ability of polymers to flow under load,
but can also characterize their average molecular mass.
Generally, the higher the MFTI the lower the molecular
weight. For SSP, from an economic point of view, in
contrast to previous studies [5], PET drying was carried
out in a conventional thermal chamber without
vacuum rather than in a vacuum chamber.

MFI for PET-V was determined under standard
conditions (temperature of 250°C and load of
2.16 kg). Change of MFI over time at different
temperatures of the SSP process for PET-V is shown
in Fig. 1.

Analyzing the results of the above studies, it can
be concluded that the change of MFI for primary
PET-V occurs more efficiently in the temperature
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Fig. 1. Change in flow index of MFI primary melt of
polyethylene terephthalate (PET-V) depending on the
conditions of solid state polycondensation
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range of 130—160°C, which corresponds to the
temperature range of the beginning of PET «hot
crystallization» [5].

After 3 hours of the SSP process in the above
temperature range, the MFI index is almost unchanged
and achieves a conditional «plateau».

Based on analysis of the obtained results on
solid-state polycondensation of virgin PET (PET-V),
the following conclusions can be drawn:

— the change of MFI during the SSP without
the use of vacuum is not extreme;

— effective SSP temperatures are 130—160°C;

— the duration of the SSP process should be at
least 3 hours.

The MFI change over time at various
temperatures for SSP of PET-BTB is presented in
Fig. 2.

A gapen

MFI, g /10 min

0 1 2 3 :
Time of SSP. hours
Fig. 2. Variation of the melt flow index of recycled

polyethylene terephthalate (PET-BTB) depending on the
conditions of solid-state polycondensation

Analysis of the results shown in Fig. 2 shows
that the temperature range of effective SSP process
for PET-BTB is 150—160°C.

It should be noted that the MFI for PET-BTB
is slightly higher than for primary PET-V. This
difference is probably due to the different ways of
HD, TOD and thermal prehistory of recycled material
processing.

The change in MFI for PET-BTB samples
during the SSP, as well as for PET-V, is not extreme.
Effective temperatures for SSP are 150—160°C with
drying process over 2 hours.

Similar to virgin PET and PET-BTB, we
investigated the change of MFI depending on
temperature and time of SSP for re-granulated PET.
Determination of MFI for PET-BTB was carried out
under standard conditions (temperature of 250°C and
weight of 2.16 kg).

The PET-C MFI changes are shown in Fig. 3
depending on the SSP conditions.

MFI, g/ 10 min

Time of SSP, hours

Fig. 3. Variation of the melt flow index of secondary
polyethylene terephthalate (PET-C) depending on the
conditions of solid-state polycondensation

Based on the above studies, it can be concluded
that for PET-C, the change in MFI occurs similarly
to virgin PET and PET-BTB. However, it should be
noted that the MFI of PET-C without drying is
significantly larger than for virgin PET and
PET-BTB, which is probably due to the significant
flow of HD, TOD and the much larger thermal
prehistory of the re-granulated material. The effective
temperatures for conducting SSP are 150—160°C when
drying for more than 1 hour.

Based on the experiments and empirically
obtained data, we propose the following mathematical
model for determining MFI depending on SSP
conditions (time and temperature). Experimental data
analysis was performed by regression analysis [6] using
the following type regression equation:
y=b,+b x,+b,x,. (1)

In equation (1), we assumed the following:
x,=In(exp(1)); x,=In(t); y=In(MFI); 1 is the time of
SSP (hours); and t is the temperature of SSP (°C).

The parameters are given in logarithmic mode
for next transforming the regression equitation with
exponentiation operation. Statistical model takes the
following form:

MFI=¢-¢"®-t°. (2)

Considering on transformation, the b,, b,, b,
values are given in Table 1 according to the following
operation: A=e", B=b,, and C=b,.

The model parameters were obtained according
to each material and temperature ranges 150—160°C
and 110—140°C. The adequacy of the models was
assessed by Fisher’s test (F>F).
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Parameters of statistical model (2) (A, B, and C are the model coefficients; F is the calculated Fisher’s criterion;
and F, is the tabulated value of Fisher’s criterion)

Material Temperature, "C A B C F>F,
PET-V 110-140 3.5-10° -0.323 -3.379 58.46>4.35
PET-V 150-160 445.516 —0.454 —0.57 61.04>4.96

PET-BTB 110-140 1383.89 -0.201 —0.734 21.63>4.35
PET-BTB 150-160 10391.5 —0.336 —-1.187 16.93>4.96
PET-C 110-140 13046.2 —0.314 -1.077 79.76>4.35
PET-C 150-160 2.8:10° —0.347 -3.116 7.42>4.96

As can be seen from Table 1, the model coefficients
for the given temperature intervals for each material
are adequately described by equation (2).

The model calculations (Table) were evaluated
by comparison with experimental data. The results
are shown in Fig. 4. The maximum deviation was
15% at this stage of research. It can be accepted as
satisfactory.
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Fig. 4. Comparison of experimental and calculated data

As mentioned above, melt flow index is a
characteristic that not only qualitatively indicates the
ability of polymers to flow under loads, but can also
characterize materials by their average molecular mass
distribution. In turn, using the IV, the molecular
weight can be determined using the classical Mark-
Kuhn-Houwink equation [7—14].

In determining the intrinsic viscosity of the PET
in a solution of phenol and 1,2-dichlorobenzene
(50:50), the following interpretation of the Mark-
Kuhn-Houwink equation is used [15]:
IV=2.1-IO4‘-MFL'V82. (3)

We carried out study to determine the intrinsic
viscosity and calculated the molecular weight of
PET-V, PET-BTB, and PET-C samples.

The intrinsic viscosity was determined according
to ISO 1628-1. The results of the intrinsic viscosity

determination are shown in Fig. 5.

As can be seen, 1V is 0.79 1/g, 0.73 1/g and
0.37 1/g for PET-V, PET-BTB and PET-C,
respectively. The molecular weight (MW) for the
experimental PET samples was calculated according
to the equation (3); it is equal to 22922, 20817 and
9088 for PET-V, PET-BTB and PET-C, respectively.

For these samples, the MFI was determined to
be 28.5 g/10 min (for PET-V with MW=22922);
35.4 g/10 min (for PET-BTB with MW=20817);
68.4 g/10 (for PET-C with MW=9088). A correlation
was found between MW and MFI indices. Thus, the
correlation for the MW is as follows:
22922:20817:9088=1.0:1.1:2.5, and the correlation for
the MFI is as follows: 1.0:1.2:2.4, which is very close.

Conclusions

As a result of this research, the optimal conditions
(temperature and process duration) for conducting
solid-state polycondensation of virgin and recycled
polyethylene terephthalate were found to be 130—
160°C for more than 1—3 hours. SSP conditions
were selected depending on the history of PET
production or processing. The necessity of SSP for
PET is dictated by the need to obtain polymeric
materials based on PET with a higher molecular weight
and, accordingly, with an enhanced performance
properties.
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Fig. 5. Intrinsic viscosity of PET in phenol solution and
1,2-dichlorobenzene (50:50) determined at 25°C
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The SSP conditions for both virgin PET-V and
recycled PET-BTB and PET-C polymers are very
similar. Mathematical models of MFI change as a
function of drying time and temperature (PET of
different prehistory) for each of the cases have been
developed. These models are effective in the range of
SSP temperatures (130—160°C) and have a standard
error of no more than 15%.
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BILUIMB TBEPJO®A3HOI MOJIIKOHAEHCALII
MOJIETWJIEHTEPE®TAJIATY HA 11OTO
PEOJIOTTYHI BJIACTUBOCTI

J.0. Yepeaxoe, B.B. Beov, B.B. @edan, K.M. Cyxuil,
0.B. Yepsakos

BcraHoBiieHO BIJIMB yMOB Tepeliry IpoleciB TBEpao-
¢a3HoOI MmoJliKOHAeHcalil ToJiieTuaeHTepedTansaTty Ha oro
peosioriuHi BracTuBocCTi. Po3pobieHo MaTemMaTHyHi Monesi 3a-
JIEXKHOCTE MOKAa3HUKA TEKYYOCTi pO3IIaBy MEPBUHHOTO Ta BTO-
PUHHOIO TMoJlieTUJaeHTepedTalaTy Bil 4yacy Ta TemIiepaTypu
MpoBeJAeHHs Iioro TBepaodasHoi mnosikoHaeHcalii. [TokazaHa
KOpeJIsLis MixK MOKa3HUKOM TEKYJYOCTi pPO3IJIaBy Ta MOKa3HU-
KOM CepeaHbol MOJIEKYJSIPHOI Macu ToJjieTwieHTepedTanary.
Ha mniacraBi 3milicHEHUX eKCHEepUMEHTAJbHUX IOCTiIXEHb
BCTAHOBJICHO, 110 MPOBEACHHST TBepAo(ha3HOI MOJiKOHAeH ALl
BTOPUHHOTO moJjieTuaeHTepedTasarty (mpu TemIepaTypi
130—160°C mporsiroM 3 TOAMH) JO3BOJISE OAEPXKYBATH I10-
JIIMEpHI MaTepiaii 3 OiIbII BHCOKOIO MOJIEKYJISIPHOIO Macolo,
i, BIAMOBiAHO, 3 MiABUIIEHUM piBHEM eKCIJyaTaliliHUX
BJIACTUBOCTEN.

Kmouosi cioBa: mnonietusieHtepedranar, TBepaodasHa
MOJIIKOHAEHCALisl, TiAPOJiTUYHA NEeCTPYKIisl, MOKa3HUK
TEKY4YOCTi PO3IJIaBy, XapaKTepUCTUYHA B’S3KiCTb.
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