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Abstract

Objects. Due to the polymer waste accumulation, the search for new directions for their utilization
is urgent. Chemical recycling methods are of considerable interest, which allow one to obtain
the original monomers or change the compositions of the copolymers. From the point of view of
building a circular economy, a promising material is polyethylene terephthalate (PET), on the basis
of which amorphous copolyesters can be obtained. The study aimed to analyze the simultaneous
glycolysis and interchain exchange reactions of PET in the presence of the oligoethylene phthalate
modifier with hydroxyl end groups and the study of isothermal crystallization of poly(ethylene
phthalate-co-terephthalates) with different phthalate contents obtained in this way.

Methods. Oligoethylene phthalate is synthesized by polycondensation. Poly(ethylene phthalate-
co-terephthalates) were obtained by the interaction of post-consumer PET with oligoethylene
phthalate. The composition of the oligomer and copolymers was confirmed using Fourier-transform
infrared spectroscopy, thermal characteristics and crystallization half-times were determined by
differential scanning calorimetry.

Results. In this work, the use of the post-consumer PET chemical recycling process, aimed at
obtaining copolyesters under the influence of small modifier amounts was proposed. The process
consisted in carrying out the combined interchain exchange and degradation with a complex
oligoester different from PET. Poly(ethylene phthalate-co-terephthalate) copolymers were obtained
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via reaction of post-consumer poly(ethylene terephthalate) flakes and synthesized oligoethylene
phthalate resin in the melt phase in the absence of catalyst. The effect of phthalate concentration
in polymer on the isothermal crystallization of phthalate substituted poly(ethylene terephthalate)
was estimated.

Conclusions. The hypothesis about the possibility of using an oligoester modifier to obtain
the PET-based copolymer at the high rate and without reducing the molecular weight to values
characteristic of a monomer or oligomer has been confirmed. The process can be used to obtain
random copolyesters based on post-consumer PET. The phthalate unit concentration increase is
followed by decrease in the glass transition temperature, temperature and heat of fusion, and
increase in crystallization half-times. Phthalate has a better ability to retard PET crystallization
than 2-methyl-1,3-propanediol or furandicarboxylic acid, but is inferior to some of the other
modifiers known.
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Annomayus

Ienu. HaxonneHue noaumepHblx omxo008 8 nocniedHee spemst obycrasnusaem nouck Ho8blx
nooxo0o8 K ux ymuauszayuu. 3HauumenbHbulil uHmepec npedcmasisiiom xumuueckue cnocobwvl
8MopuuHoil nepepabomiu, KOmopble NO380JASIOM NOAYUUMb UCXOOHbLE MOHOMEPbL UNU U3Me-
Humb cocmaebl conoaumepos. C mouku 3peHust NOCMpPoeHUsT IKOHOMUKU 30MKHYMO20 UUKAA
nepcneKkmugHbIM MAMepPuUaIom ssasiemest noausmunenmepegpmanam (I197T), uz komopozo 8
npouecce XumMuueckozo peyuriuHza noayuarom amopgHsle cononusgupsl. Paboma nocesueHa
uccne0o8aHU0 00HOBPEMEHHO20 NPOMEKAHUSL PeaKyUll 2IUKOAU3A U MexKUuenHozo obmeHa 19T
8 npucymemauu MooupuKamopa 0auUz03muieHgpmaniama ¢ 2UOPOKCUNIbHbIMU KOHUE8bLMU 2pYn-
namu U U3yueHUo U30mepmuieckoli KPUCMAaAtu3ayul NOAU(ImMuUieH gpmanam-co-mepegpmana-
mos) ¢ pasHbim codeprKaHuem pmanama, NOAYUeHHbIX MAKUM CNOCOOOM.

MemooOusl. OnuzosmuseHgpmanam cuHmesuposaH noaukoHdercayuell. IToau(amunen gma-
siam-co-mepegpmanamel) noayueHsvl 83aumooeticmauem emopuurozo 19T ¢ onuzooamuneqgpma-
aamom. Cocmae onuzomepa u cononumepos 6ol noomaeprcoer ¢ ucnonvzosaHuem HMK-Pypve
CNeKmpocKonuu, mepmudeckue XapaKkmepucmuku U noaynepuodbl KPUCMALAUSAUUL ONPeOessiU
Mmemooom OugppeperHyuatbHol ckarHupyowel Kaiopumempuu.
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Pesynemameul. PaspabomaH npoyecc noayueHust COnoAUIPUPO8, OCHOBAHHBLU HA XUMUUECKOM
peuurnuree emopuurozo ITOT nod delicmeuem manvlx Koauwecme moougpurkamopa. Omauuu-
menbHoll 0cobeHHOCMbI0 NpoUecca s8aslemcst 00HO8PEeMEHHOEe NPOMeKaHUe peaKyuil mexxyuen-
H020 06 MeHa U 0eCMPYKYUUL CILONHBIM OSUL0IPUPOM, OMAUUHBbIM no hpupode om TIOT. Pearxyu-
ell 8 pacniage emopuurozo IIOT u cuHmMesUpo8aHHO20 o U0IMUEHMAAaAmA 8 omcymemaue
ramanuszamopa 6bliu NoYUeHbl NOAU(IMuUieH pmanam-co-mepegpmanamot). Usyuero eausHue
KOHUEeHMpayuu pmanama 8 noaumepe Ha memnepamypy Cmeki08aHusl, memnepamypy u me-
nomy NAasieHusl, USOmepMuUUecKyo KPUCMAaIau3ayuo gpmanamsameuserHozo I197T.
Boreoodst. [loomeeprkdera 2unomesa 0 803MOAHOCMU UCNOJIb308AHUSL 0JIUZ03PUPHO20 MOOUPU-
Kamopa Ot NoAYUueHUst conoaumepa Ha ocHoge ITOT ¢ eblcokoll ckopocmbio U 6e3 CHUINKEeHUS.
MONEKYNAPHOU Maccbl 00 3HAUEHUT, XApaKmepHblX O/ist MOHOMEPA Uau oauzomepa. IIpouecc
MozKkem 6blMb UCNONL308AH OISl NONYUEHUS. CMAMUCIMUUECKUX CONOAUIPUPO8 HA OCHO8E 8MO-
puuroeo ITOT. C yseauueHuem KOHUEHMPAYUU 38eHbes hmaiama NPoucxooum CHUsKeHue mem-
nepamypsl CMeK108aHUSl, Mmemnepamypsl U meniomol NAABAEHUS, Y8eauUeHUe NOAYNepuooos
Kpucmanauzayuu. dmanam obrnadaem ayuueli CNOCOGHOCMbIO 3aME0AAMb KPUCMANAUIAYUIO
19T, uem 2-memun-1,3-nponarouon uau pyparHourxapboHosas Kucioma, Ho ycmynaem Hewro-
mopbim 0pyaum U38eCmMHbIM MOOUPUKAMOPAM.

Knroueewvte cnoea: nonusmuneHmepegpmanam, I19T, I[19TD, cononusgpup, xumuueckuil
peuurnune I19T, 2nurxonus, decmpyKyust, MesKUenHoli 06 mMeH, U30MepMUUEeCKast KPUCMANAUIAUUSL

Jna yumuposanusa: Kupmanos KA., Tepsansg A.1O., Tomc P.B., Jlo6anos A.H. ITomydaenue ¢ramar3aMeieHHOr0 BTOPHYHOTO
MoJNMATWIICHTepedTaIaTa 1 U3y4eHHE €ro U30TEPMUUECKON KpUCTAIIH3AMU. ToHKue xumuyeckue mexnonozuu. 2022;17(2):164-171.
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INTRODUCTION

Currently, an urgent problem is the processing
of polymer waste, a significant part of which is a
large-tonnage polyester—polyethylene terephthalate
(PET) [1].

The most promising are PET processing methods
based on chemical reactions, while the most studied
are degradation reactions: glycolysis, hydrolysis,
alcoholysis, acidolysis, and others [2—4].

Among them, PET glycolysis is of considerable
interest. Heterogeneous glycolysis is the most
widespread; however, examples of the process under
homogeneous conditions both in solution [5-7] and
in melt [8-10] are also known. The degradation
of PET by oligoesters is of particular interest. The
possibility of PET glycolysis with oligoethylene
terephthalates of various molecular weights was
described in [7]. A similar process was also studied

in [10], however, in this case, glycolysis is carried
out with large amounts of a modifier (an oligoester,
which is different in nature from PET), which leads
to a low molecular weight product. At the same time,
it is known that to obtain a higher molecular weight
product, it is necessary to use low concentrations
of the glycolysis agent [6]. Since the authors
obtained a random copolymer in their work, in their
study glycolysis was combined with another chemical
processing method—interchain exchange.

Today, the interchain exchange reaction for the
modification of PET macromolecules in industry
is less significant than glycolysis [11-14]. Although
the polymeric materials produced in this way may
be contaminated with additives from the original
PET composition or degradation products, the
interchain exchange makes it possible to obtain
copolyesters in a single step and at a relatively
low energy cost. The interchain exchange reaction
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rate depends on the concentration of end groups
in the reaction space [12, 14], the content of which
will be higher if the same amount of modifier is used,
but with a low molecular weight.

Most often, the purpose of such a modification
is to obtain amorphous polymers [1] with lower
crystallinity and longer crystallization half-time. For
example, to obtain an amorphous copolymer, a number
of units, such as units of 1,4-cyclohexanedimethanol
(CHDM) [15-19], CHDM and isophthalate [20], only
isophthalate [21], 2,5-furandicarboxylic acid as an
alternative to isophthalate [22], 1,3-propanediol [23],
2-methyl-1,3-propanediol [24], and tricyclodecane
dimethanol [25] are introduced into the PET chain.
Amorphous terephthalate-based polymers, as well
as CHDM and isosorbide [26], CHDM, 1,4-butanediol,
and oligo-l-lactide [27] are also known. One of the
poorly studied comonomers is inexpensive phthalate
[28, 29]. The products of glycolysis, methanolysis,
and hydrolysis of such a copolymer are easily
separated.

The aim of this work is to study the simultaneous
reactions of glycolysis and interchain exchange
of PET in the presence of small amounts of
oligoethylene phthalate (OEP-1) modifier with
hydroxyl end groups, as well as to study the
isothermal crystallization of poly(ethylene phthalate-
co-terephthalates) (PEPT) with different content
of phthalate obtained in this way. The use of a low
molecular weight modifier in the interchain exchange
reaction should make it possible to achieve a high
process rate [12, 14] and avoid thermal degradation,
and at the studied phthalate concentrations, a decrease
in molecular weight will have almost no effect on
the hard-chain PEPT properties.

EXPERIMENTAL

As the main raw material, transparent PET
flakes were used, which are industrial products
of crushing PET containers [7]. To calculate the
degree of polycondensation, we used the data of [8],
which indicated the average molecular weight equal
to 26000 g/mol. The PET molecular weight value
corresponds to the degree of polycondensation equal
to 135.

Phthalic anhydride, chemically pure (Sigma-Aldrich,
USA) was used without preliminary purification.
Ethylene glycol, chemically pure (Sigma-Aldrich,
USA) was pre-purified by vacuum distillation prior
to use.

OEP-1 was obtained by the phthalic anhydride and
ethylene glycol polycondensation. Ethylene glycol in
a molar ratio of 1.25:1 was added to molten phthalic
anhydride at 140°C in a 250 mL flask equipped with

a Liebig condenser. The mixture was kept for
1.5 h. The temperature was maintained using
a heating mantle. After that, the temperature was
raised to 190°C for 3 h, then the mixture was kept
under a vacuum of 40 mbar until the end of the
evolution of the water formed in the reaction.

PEPT of various compositions was obtained
by the interchain exchange reaction in the melt in
the absence of a catalyst. Pre-prepared PET flakes
and synthesized OEP-1 were co-melted in a flask.
The melt was stirred at a temperature of 280°C in an
inert nitrogen gas stream until a constant viscosity
was reached. The time to reach the melt constant
viscosity was no more than 1.5 h for all samples.

Differential scanning calorimetry (DSC) curves
were obtained on a DSC 204 F1 Phoenix calorimeter
(NETZSCH Geratebau GmbH, Germany) in an inert
medium (argon) at the 10 deg/min scanning rate,
as well as in an isothermal mode.

The composition of the products was confirmed
by Fourier transform infrared spectroscopy (FTIR)
on a Spectrum 65 FT-IR spectrometer (Perkin
Elmer, USA) with a resolution of 1 cm™ in the range
from 500 to 4000 cm™ at a temperature of 25°C.
The oligomer average molecular weight value was
determined from the infrared spectrum according to
the procedure [6, 30].

RESULTS AND DISCUSSION

The resulting oligoethylene terephthalate was
examined by DSC. The absence of crystallization,
melting, and the heat capacity increase peaks on
the DSC curve indicates the formation of the
completely amorphous oligomer. The oligomer
average molecular weight value determined from the
FTIR spectrum (Fig. 1) was 800 g/mol. The oligomer
degree of polycondensation is approximately 4.

Thermal properties and isothermal crystal-
lization were studied by DSC. The thermal
characteristics of the obtained copolymers are given
in the table.

In certain scientific literature, one can find
disagreements in the thermal characteristics
values of such copolymers [28, 29]. This may be
due to both the difference in molecular weight
and the composition of the original PET. Despite
this, the obtained thermal characteristics correlate
well with the known data both on the glass transition
temperatures [28] and on the decrease in heat
levels [28] and melting temperatures [29]. With
the sample phthalate to terephthalate ratio increase
from 0 (sample PET-1) to 15 (sample PEPT-15:85),
the decrease in the melting point from 250 to
221°C and the heat of fusion from 71 to 45 J/g
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Fig. 1. Fourier-transform infrared (FTIR) spectrum of the OEP-1 sample (oligoethylene phthalate).

Table. Composition, polycondensation degree and thermal characteristics of copolymers

500

Terephthalate Degree of Glass transition
. c o .
Polymer to pll‘:tl;zlate polycondensation temperature, °C Melting point, °C Heat of fusion, J/g
PET-1 100:0 135 78.4 250.4 71.2
PEPT-5:95 95:5 53 75.3 242.4 61.1
PEPT-10:90 90:10 33 72.2 2333 53.6
PEPT-15:85 85:15 24 69.5 220.8 45.4
confirms the crystal structure violation at the chain
regularity changing. There is also a decrease in the
glass transition temperature from 78 to 70°C with ‘ J‘ ,
the same increase in the phthalate concentration ' r k
in the polymer. 1
The obtained PEPT composition was confirmed
by the FTIR spectroscopy. The position and intensity ‘ ";
of the peaks in the spectra of the samples (Fig. 2) 1
corresponds to the theoretical data [6, 29]. ‘ ! g
The crystallization half-times were calculated  PEPT-15:85 w h V
from the isothermal DSC curves of the copolymers. PEPT-10:90
The half-times of crystallization of copolymers ‘
at different temperatures are shown in Fig. 3. PEPT 5:95
Crystallization  half-times  with increasing  ppp
comonomer concentration show the growth typical I L T T 1
of PET-based copolymers. 4000 3500 3000 2500 2000 1500 1000
1
v, cm

In terms of crystallinity reduction, phthalic
anhydride as a modifier is inferior to CHDM [15]
and isosorbide [31], but is superior to 2-methyl-1,3-

propanediol [24] and furandicarboxylic acid [32].

Fig. 2. FTIR spectra of PET, PEPT-5:95, PEPT-10:90,
and PEPT-15:85 samples.
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Fig. 3. Isothermal crystallization half-times ¢, ,, min,
of PET samples [32], PEPT-5:95, PEPT-10:90,
and PEPT-15:85 at different temperatures 7, °C.

CONCLUSIONS

The simultaneous glycolysis and interchain
exchange reactions can be used as a method for
obtaining amorphous copolyesters based on recycled
PET. The hypothesis about the possibility of using
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