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Honusmunenmepegpmanam (II3T®) — smo odun u3z naubonee wWiUpoKo UCNOIL3YEMbIX
NIACMUKOE 8 MUPE, 07151 KOMOPO2O YCHEUIHO 0CBOCHBL MEMOObL MEXAHUYECKOU U XUMUYECKOU nO-
emopHoil nepepabomku. B nocneonue 20061 npodykmul xumuueckoit nepepadomxu INIT® npu-
6/1eKalom HUMAHUE 8 KAUeCH8e NOMEHUUATbHBIX 000A80K 6 CMPOUMEIbHbIE MAMEPUAITbL, 8KITI0-
uas acghanemossvie cmecu u 6emon. Ilenvio 0aHH020 UCCIE006AHUA AGIAECMCA PA3PAOOMKA NOO-
X00a K 6MOPUUHON XUmMudeckoii nepepadomre omxo006 II1ITD ona nonyuenus npooykmoes ¢ 00-
0aeneHHOIl CMOUMOCMbIO, KOMOPble MOZYyHL ObIMb UCNOTb308AHBL 0J18 MOOUPUKAUUU OUMYMOE.
Jna oocmudicenusn ymoit yenu omxoovt IIITD noosepzanu peakyuu amunoau3a ¢ OCaeoyiouiuUm
nonyuenuem 0au2o3pupamnudos, Komopule dviiu oxapaxkmepuszoeanvt memooamu HK-cnexkmpo-
cxonuu u euckozumempuu. Ilonyuennvie npodyKkmsl Ucnob308a1U 012 MOOUPUKaAUUU dumyma
mapku BHJT 60/90. Pe3ynomamsl ucnstmanuii moougpuyuposannvix oumymos (no 'OCT 33137-
2014, I'OCT 11506-73, 'OCT 18180-72, 'OCT 12801-98) noxa3zanu, umo 0obasienue onuzoiphu-
PAMUO08, MONHCEM NOBBICUMb YCHOUUUBOCHb K 00PA308AHUIO KOJlEU, PACUPUMY MeMnepamyp-
HblIl UHMEPBAN IKCRIIYAMAUUU U A02e3Ui0 OUmMyma K MUHEPAIbHOMY HANOAHUMEN0. YCmanoe-
JIEHO, YMO 86E€O0CHUE 0IUZ0IPUPAMUIOE He 8bI3bIGAEI CYU{ECHBEHHO20 803DACMAHUA OUHAMUYe-
cKoil eazkocmu oumyma (npu memnepamype 135 °C), umo nozeonum uzbexcamop mexnoyaozuye-
CKUX CI0HCHOCHENl 8 NPOYecce nepPeKauKu Oumymos; odecnevueaem cmoiKocms oumyma K men-
JI060MY CHIAPEHUI0 HA YPOGHe He HUudice ucxoonozo. Ilokazano, umo c ysenuuenuem moneKyaiap-
HOIl Maccol onuz0IPupamuoa u ezo 003UpPoOBOK COBU206as YCMOUYUBOCHb U A02e3Usl OUMYMA K
MUHEPAILHOMY HANOJIHUMENI0 YEEUUUBAIONCA, NPU IMOM HAUlyuuiee cuenjieHue Hab00a-
emcs c mpamopom. Takum o6pazom, payuoHainbHoe UCHONb30BAHUE 0ONUZ0IPUPAMUOO08, HONYYUECH-
HbIX U3 0mx00086 11T, mosicem a6nAMbCA NEPCHEKMUBHBIM HANPAGTIEHUEM PEUleHUA IKOT02U-
YecKux npoonem 3azpA3HeHUs U OMKPbIEAeH 603MONCHOCMY 0J1A NOJIYYEeHU HPOOYKMOB C 8bICO-
KOIl 000a6/1€HHOTI CHLOUMOCHbBIO.
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Polyethylene terephthalate (PET) is one of the most widely used plastics in the world, whose
mechanical and chemical recycling has been successfully mastered. Recently, PET chemical reci-
cling products have attracted attention as potential additives to construction materials, including
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asphalt mixtures and concrete. The purpose of this research is to develop a way to chemically re-
cycle PET waste to produce value-added products that can be used for bitumen modification. To
achieve this goal, PET waste was subjected to an aminolysis reaction. The obtained terephthalic
acid diamide underwent polycondensation in the melt obtaining oligoesteramide at different time
of reaction. The structure of obtained products was confirmed through IR spectroscopy and visco-
symetry. Bitumen BND 60/90 was modified by obtained oligoesteramides. The properties of the
modified bitumens (per GOST 33137-2014, GOST 11506-73, GOST 18180-72, GOST 12801-98)
demonstrated that the addition of oligoesteramides can increase ruting resistance, can expand the
temperature operational range, and bitumen adhesion to minerals. Authors have established that
the introduction of oligoesteramides does not cause any significant increase in the dynamic viscos-
ity of bitumen (at 135 °C), which will help avoid technological difficulties when pumping bitumen.
Also modified bitumenes have the resistance to thermal aging not lower than the base bitumen. It
has been demonstrated that with an increase in the molecular weight of oligoesteramide and its
content, both the shear resistance and adhesion of bitumen to the minerals increase, while the best
adhesion is observed with crushed marble aggregate. Thus, the rational use of oligoesteramides
prodused from PET waste be a promising way to solve environmental pollution problems, and opens

up the possibility of obtaining products with high added value.
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INTRODUCTION

Bitumen and bitumen-derived materials are the
key components for the modern road construction in-
dustry. Improving the properties of bitumen is one of
the priority areas to enhance the quality of road-con-
struction asphalt-concrete mixtures. In most cases, the
improvement of the bituminous binder properties
means an increase temperature resistance, rutting re-
sistance, and better adhesion properties, which is car-
ried out by adding modifiers. Traditionally, various
polymers [1-10] use as bitumen modifiers. The in-
crease in polymer modifier's production volumes, as
well as, in general, the growth in the production of pol-
ymer materials results in increased waste [11-13].
Therefore, the issue of polymer recycling into new
products, and, in particular, the use of recycled poly-
mers as bitumen modifiers is becoming relevant.

The most mastered technologies are recycling
of polyolefines and polyethylene terephthalate [14-15].
There are studies demonstrating the possibility of suc-
cessful use of mechanically recycled polymers, for ex-
ample polyolefines for bitumen modification [16-22].

Mechanically recycled PET have also been
studied as potential additives to bitumen [23-26].
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However, high temperatures are required for the homo-
geneous distribution of PET in bitumen (for wet pro-
cess) (the PET melting point is 245-265 °C [27], which
entail premature aging of the bitumen binder, and can
also complicate the technological process (as the flash
point of bitumen is in 220-240 °C range [1])). Futher-
more, the use of mechanically recycled PET in bitumen
mostly assumes dry process — PET flakes are added to
the asphalt mixture directly during the mixing of the
bituminous binder and the filler as its partial substitute
[28-29].

Moreover, the characteristics of bitumen
binder with the mechanically recycled thermoplastics
always depend on the quality and nature of the used
polymer waste, which is difficult to control [30]. Prod-
ucts (additives) from chemical recicling polymers lack
such drawbacks. Such products are various low-molec-
ular compounds having different functional groups in
their structure. The most mastered method of PET
chemical recicling is aminolytic destruction when PET
wastes interact with various amines and amino alco-
hols producing low-molecular and oligomeric com-
pounds [31-33]. Such monomers and oligomers can be
further used as raw materials for the production of new
products. The functional groups in their structure sug-
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gest the possibility of using chemical recycling PET
products as an adhesive additive to bitumen (the higher
polarity of products than polarity of bitumen can in-
crease the adhesion to the polarity filler) [34-36].

This research is aimed at obtain and study of us-
ing chemically recycled PET waste as bitumen modifiers.

METHODOLOGY

Preparation of the intermediate (N,N'-bis(2-
hydroxyethyl) terephthaldiamide) was carried out ac-
cording to the procedure described in [37]. Further on,
the obtained terephthalic acid diamide underwent pol-
ycondensation in the melt obtaining oligoesteramide
(OEA) at different time of reaction — 30, 60, and 90 min.
The polycondensation reaction conditions were as fol-
lows: temperature 180-200 °C (slow heating), ortho-
phosphoric acid catalyst (laboratory grade grade as per
GOST 6552-80, produced by Component-Reactive,
LLC), purging with an inert gas (nitrogen) to remove
reaction by-products.

The solubility of products were assessed in di-
methyl sulfoxide (DMSO) (laboratory grade grade as
per TU 2635-114-44493179-08 manufactured by
ECOS-1, JSC).

The relative viscosity of DMSO oligomer so-
lutions (0.1 g/ml concentration) were assessed by us-
ing a Labtex series VPZh-2m glass viscometer as per
GOST 10028.

The IR-spectra of the DMSO-solved OEAs
were studiied by the Shimadzu FTIR-8400S device
through multiple frustrated total internal reflection.

The sample of bitumen BND 60/90 (GOST
22245-90) was used for modification.

The OEAs (powdered products) were mixed in
1 and 3 wt.% to bitumen heated to a liquid state at 160-
180 °C with a paddle stirrer at 270-300 rpm (to obtain
modified bitumen). The mixing time for all experi-
ments did not exceed 4 h.

The homogeneity of bitumen mixture was as-
sessed by visual inspection of the on-glass film residue.

To assess the technological properties of un-
modified bitumen and modified bitumen, the dynamic
viscosity at 135 °C was tested as per GOST 33137-
2014 with a REOLOGICA Instruments AB StressTech
dynamic shear rheometer (parallel plane system; top
plane surface diameter — 20 mm, shear rate — 1.5 s,
gap — 1.0+0.01 mm). The viscoelastic properties of the
modified bitumen were assessed by measuring the
complex shear modulus (G*) and the phase angle (5) at
various temperatures as per GOST 58400.10-2019 us-
ing mentioned reometer (angular frequency — 10+0.1
rad/s, gap — 1.0£0.01 mm).
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The softening point of unmodified and modi-
fied bitumens were assessed by test as per GOST
11506-73. Then, the properties of aged bitumens were
tested per GOST 18180-72 (the warming-up at 160 °C,
the warming-up duration — 5 h).

The adhesion of bitumen BND 60/90 to miner-
als was assessed per GOST 12801-98. The various
minerals (crushed limestone and marble aggregates)
were used to assess adhesion, since in [38] it had been
shown that with an increase in the total content of CaO,
MgO, Fe;03 and Al,Os in mineral materials, their ad-
hesion to bitumen increased, and with an increase in
the total content of SiO;, Na,O, K,0, CO,, their adhe-
sion to bitumen decreased.

RESULTS AND DISCUSSION

The resulting polycondensation products were
solid, room-temperature crystallizable compounds of
yellow to light brown color.

Oligoesteramides (OEAS) were used to assess
their usability as bitumen modifiers. The OEAs are ter-
ephthalic acid diamide polycondensation products ob-
tained at different polycondensation time: 30, 60, 90 min,
which will be further designated as OEA30, OEAGOQ,
OEA90.

The DMSO solubility test demonstrated that
OEA30 and OEAG0 were completely soluble, while
OEA90 only swelled in the selected solvent to form a gel,
which might indicate the formation of branched/cross-
linked structures at polycondensation. Consequently,
OEA90 was further excluded from the experiment.

The formation of branched/crosslinked struc-
tures is presumably due to the presence of a mobile (re-
active) hydrogen atom within the amide groups of ter-
ephthalic acid diamide (Fig.1) [39-40]. The IR spec-
troscopy proves that with an increase in the polycon-
densation time, the degree of branching/crosslinking
increases.

/\/OH
N

H
/\/N
HO

o]
Fig. 1. Structural formula of terephthalic acid diamide
Puc. 1. CtpykrypHas popmyna quamuia TepedraneBoi KUCIOTH

The IR spectra of the DMSO-solved OEAs are
shown in Fig. 2.

A number of features can be noted in the pre-
sented spectra [41]:
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o almost complete disappearance of the peak
in the 1740-1720 cm™ range corresponding to the va-
lence oscillations of the C=0 bond in the PET-mole-
cule ester group, which indicates the success of the
chemical destruction;

o the presence of peaks corresponding to am-
ide-1 (mainly due to valence bonds of the carbonyl group)
of 1660 cm* and amide-I1 (due to planar deformation os-
cillations of the N-H bond in amides) 1540 cm™;

e the presence of peaks in the 3300-3500 cm™
range, corresponding to N-H valence oscillations in
the amino group, whose intensity decreases with the
increase in polycondensation time; it makes possible
to assume the formation of branched/cross-linked
structures.
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Fig. 2. IR spectra of DMSO-solved OEAs (1 — solution of
OEA30; 2 — solution of OEA60)
Puc. 2. UK criekTpsr pacTBopoB onuroddpupamugos B JMCO
(1 — pactBop ODA30; 2 — pactBop ODA60)

1000 0

The relative viscosity for OEA30 and OEAG0
solutions was 2.71 and 2.92, respectively, which means
a higher molecular weight of OEAG0.

The properties of unmodified and modified bi-
tumen containing OEA30 and OEAG60 in various con-
tent are presented in Table 1.

When OEA30 and OEAG60 were mixed with
bitumen, there was no significant increase of dynamic
viscosity, which is good from a technological point of
view (as for example, GOST R 58400.2-2019 limits
the upper level for dynamic viscosity at a test tempera-
ture of 3 Pa-s). Moreover, the higher the molecular mass
and OEA’s content, the greater dynamic viscosity is.

The softening point of bitumen (the main per-
formance parameter for bitumen) increased with the in-
troduction of OEAS, which suggests a higher operating
temperature of modified bitumens. With an increase of
the amount of OEAs in the mixture, an increase in the
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softening point was also registered. However, no sig-
nificant difference between the use of OEA30 and
OEAG60 was noted.

Table 1
Properties of unmodified and modified bitumen con-
taining OEA30 and OEAGO in various content
Tabnuya 1. ConocraBiieHne CBOIicTB OUTYMOB, coep-
KaluX NPOAYKT B PAa3/IMYHBIX 103UPOBKaX, C XapaKTe-
PUCTHKAMH HeMOlIPI(l)PIIIPIpOBaHHOFO 6I(ITyMa

Bitumen BND | Bitumen BND
Bitumen 60/90 60/90
containing containing
Parameter | ey | OEA30 OEA60
1 3 1 3
wt.% |wt.% | wt.% | wt.%
Dynamic
viscosity
(condition 1) at 0.7 092 |[1.00| 095 | 112
135 °C, Pa-s
SOﬁe”L“C? POINt. | 457 | 516 |53.9 | 51.2 | 53.8
Change in the
softening point 0 21 1 0.4 0.5
once heated, °C
Weight change
once heated, % less than 1
Homogeneity homogeneous
45
40
35
< 30
&
s 25
£
2 20
O
15
10
5
0
40 50 60 70 80
T, °C

Fig. 3. The rutting parameter (G*/sin 8) of unmodified (1) and bi-
tumen modified by OEA30 (2 — containing 1 wt.%, 2’ — containing 3
wt.%) and OEA60 (3 — containing 1 wt.%, 3’ — containing 3 wt.%)
Puc. 3. Pe3ynbTarhl OIIEHKH CABUTOBOM yCTONUMBOCTU HEMOIH-
¢unmpoBarHoTo OuTyMa (1) I GUTYMOB, MOAN(MUIIMPOBAHHBIX
ODA 30 (2 — conepxanue 1 mac.%, 2’ — conepkanue 3 mac.%) u
0DA60 (3 — conepxkanue 1 mac.%, 3° — cogepxanue 3 mac.%)

As per GOST 32054 — 2013, the change in the
softening point should not exceed 5 °C. All modified
bitumenes meet this requirement.
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Table 2

The results of adhesion of unmodified and modified bitumen containing OEAs to various minerals
Taﬁﬂuua 2. PeByJIBTaTI)I OICHKH aJire3un 6I/ITyMa, coaepiKalero ucCjieAyeMbli€ MPOAYKTbI K MUHEPAJIaM pa3jini-
HO# PUPOABI

Example of bitumen film on various minerals Adhesion test, point
Sample crushed limestone crushed marble crushed crushed
limestone marble
aggregate aggregate aggregate | aggregate
Uncoated minerals Tl f \' - -
;;\‘_,f’k"/
Bitumen BND 60/90 ’ lessthan 2 | less than 2
Bitumen BND 60/90
containing 1 wt.% - 2 2
OEA30
Bitumen BND 60/90
containing 3 wt.% 2 3
OEA30
Bitumen BND 60/90
containing 1 wt.% . 2 3
OEA60
Bitumen BND 60/90
containing 3 wt.% 3 4
OEA60

The rutting parameter (G*/sin ) of unmodi-
fied and modified bitumen containing OEA30 and
OEAGO in various content are presented in Fig. 3. It
can be clearly seen that all of the modified bitumen
have greater G*/sin 6 values than the unmodified bitu-
men, thus indicating that the OEAs successfully en-
hanced the high-temperature properties of the bitumen.
It means that the modified bitumen are less susceptible
to the rutting phenomenon.

Clearly, with the increase in the molecular
weight of OEA, the shear resistance of the modified
bitumen increases. With an increase of OEA content in
bitumen mixture, an increase in its shear deformation
resistance is noted.

The results of adhesion of unmodified and
modified bitumen containing OEASs to various miner-
als are presented in Table 2. It was confirmed that bi-
tumen adhesion to a minerals depends on the chemical
composition of the minerals: the greatest bitumen ad-
hesion in all tests was observed for crushed marble ag-
gregate, in which the total content of calcium and mag-
nesium oxides predominates.

The use of OEAs increases the adhesion to the
minerals: the greater the content of the OEA used and
the higher its molecular weigh, the greater adhesion is.

CONCLUSION

The authors have obtained chemically recycled
polyethylene terephthalate products, which have fur-
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ther been polycondensed at different reaction times to
form OEAs. These OEAs have been used to modify bi-
tumen BND 60/90.

It has been established that the OEAs can be
successfully used as an adhesive additive to bitumens:
with an increase of the molecular weight of the OEA
and its content, the adhesion of bitumen to the minerals
increases (the best adhesion is observed to crushed
marble aggregate). It has been demonstrated that the
introduction of OEAs does not result in any significant
increase of the dynamic viscosity of bitumens, while
the modified bitumens are resistant to thermal ageing.

With the additition of OEA to bitumen authors
have registered both the bitumen softening point and
the ruting parameter increase: the higher molecular
weight of the OEA and its content, the higher the tem-
perature class of modified bitumen as per GOST R
58400.3-2019.

Based on this reaserch, we have concluded that
OEAs obtained from PET waste can be effectively
used as a modifying additive to bitumens.
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