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Abstract. A low-temperature pyrolysis with pyroconden-
sate as a target product is one of the options for processing
polyethylene waste. The fractional composition and prop-
erties of the pyrocondensate obtained at different tempera-
tures and times were studied. Pyrocondensate was sepa-
rated into gasoline, diesel fractions, and the residue. The
composition and properties of mentioned fractions were
established and related to the conditions of the pyrolysis
process. X-ray fluorescence analysis of pyrocondensate
and narrow fractions isolated from it was carried out.
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1. Introduction

One of the most important environmental problems
of our time is the processing of polymer waste, which is
accumulated on an extremely large scale and poses a
threat to the environment."” Polymer waste is accumu-
lated in landfills, scattered in forests and fields, and floats
on almost all water surfaces of our planet, polluting the
environment. And given the fact that polymeric waste
practically does not decompose, its amount is increasing
every day.™* This problem has already become a global
issue. Among the known methods of polymer waste dis-
posal are incineration, recycling, and reuse, but the
method of low-temperature pyrolysis of polymer waste
deserves special attention, as it allows to fully utilize the
peculiarities of their chemical structure.”

The pyrolysis process is widely used in the oil re-
fining and petrochemical industries to produce ethylene
hydrocarbons. When hydrocarbons are pyrolyzed to ethyl-
ene and propylene, the main liquid by-products are pyro-
condensate and heavy resin, with yields ranging from 25-
30%.” Petroleum polymer resins are obtained from narrow
fractions of pyrocondensate,'™" which are used as com-
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ponents of various composite materials and effective
modifiers of petroleum bitumen.'*"

The known process of low-temperature pyrolysis
of rubber waste is carried out at batch plants at tempera-
tures of 450-500°C.'® This process produces a liquid prod-
uct — pyrocondensate, pyrolysis gas, and a solid residue —
pyrocarbon.'” Pyrocondensate is mostly used as a furnace
fuel, although it is advisable to separate it into narrow
fractions and use it as a raw material for the production of
commercial motor fuels."®

Pyrolysis of polymer waste is also used in indus-
try.'”* However, the bulk of research on this process is
related to the processing of unsorted waste, which greatly
complicates the perception and understanding of the basic
laws of this process. An important aspect is also the study
of the influence of the pyrolysis process technological
parameters on the yield and composition of the main
product — pyrocondensate.

The aim of this work was to study the yield, com-
position, and properties of pyrocondensate, obtained dur-
ing the polyethylene waste pyrolysis, depending on the
pyrolysis process mode.

2. Experimental

The starting material was polyethylene waste,
namely the segments obtained as a result of the formation
of polyethylene products.

The process of polyethylene waste pyrolysis was
carried out on a laboratory setup, which consisted of a
hermetic metal reactor, an electric heater, a water cooler,
and a receiver. Pre-weighed polyethylene waste was
loaded into the reactor. The setup was assembled, the
electric heater was turned on and the temperature was
brought to the operating temperature required for the py-
rolysis process. The temperature was measured using a
thermocouple. Vapors formed during pyrolysis were
cooled and partially condensed in a water cooler. The non-
condensed part of the products (pyrogases) was released
into the atmosphere. The condensed part of the products
(pyrocondensate) was collected using a receiver. After
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pyrolysis, the unit was disassembled, the reactor and re-
ceiver were weighed, and the amount of pyrocondensate
and residue was determined. After that, the material bal-
ance of the process was drawn up.

The process of pyrocondensate separation (distilla-
tion) into narrow fractions was carried out on a classic
laboratory setup for the separation of light petroleum
products. The setup consists of a flask, a flask heater, a
water cooler, a prolong, and a receiver for collecting nar-
row fractions. The temperature of fractions selection was
fixed with the help of a thermometer, which was used to
measure the temperature of the vapors at the entrance to
the refrigerator.

Determination of the composition and properties of
pyrocondensate and narrow fractions separated from it
was carried out according to the generally accepted meth-
ods.* In particular, the fractional composition of light
fractions was determined on the apparatus for the distilla-
tion of light petroleum products; the flash point was de-
termined in a closed cup for light fractions, and in an open
cup for heavy fractions. The density of pyrocondensate
and fractions separated from it was determined by the
pycnometric method; the iodine number of all fractions
was determined by the Margoshes method.

X-ray fluorescence spectral analysis was used to
determine the content of individual chemical elements in
the pyrocondensate and the fractions separated from it.
The analysis was performed on a precision Elvax Light
SDD analyzer.

3. Results and Discussion

The process of polyethylene waste pyrolysis was
carried out in three heating modes, which were character-
ized by different process temperatures and times. Fig. 1
shows the characteristics of three modes under study. Dots
on the curves show the moment of the process start and
end. Mode 1 is characterized by a minimum temperature
(400°C), but a maximum time (65 min). Instead, Mode 3

Table 1. Material balance of polyethylene waste pyrolysis
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is characterized by maximum rigidity — the process tem-
perature is 450°C and the minimum time (28 min).

The yield of pyrocondensate was 81.4-89.3 wt. %
relative to the raw material and depends on the process
mode. The material balance of the process is given in
Table 1. It was found that the increase in the process rigid-
ity (increase in the process temperature) decreases the
yield of pyrocondensate and increases the yields of pyro-
lysis gases and residue.

For the obtained pyrocondensate, the main quality
indices and fractional composition were determined ac-
cording to the standardized method. The results of the
research are given in Table 2 and Fig. 2.

It was established (Table 2) that pyrocondensate
contains a significant amount of unsaturated hydrocar-
bons, which is confirmed by the high iodine number. The
freezing point of pyrocondensate (5—18°C) indicates a
high content of paraffin hydrocarbons in it. There is no
sulfur in pyrocondensate, which is explained by the ab-
sence of sulfur in the pyrolysis feedstock. It was estab-
lished that at high pyrolysis temperatures, pyrocondensate
with a lower freezing point and a higher content of unsatu-
rated hydrocarbons is formed. The initial boiling tempera-
ture (IBP) of pyrocondensate is somewhat higher com-
pared to oil and depends on the process mode (Fig. 2): the
higher the pyrolysis temperature, the lower the IBP of
pyrocondensate.

It was found (Fig.2) that the pyrolysis process
mode significantly affects the fractional composition of
pyrocondensate. The higher the pyrolysis temperature, the
lighter the pyrocondensate fractional composition (higher
content of fractions boiled up to 350°C). This feature is
very important precisely for obtaining components of
motor fuels from pyrocondensate.

The pyrocondensate obtained by the polyethylene
waste pyrolysis was separated into individual fractions and
their composition and properties were studied with the aim
of further use for the production of commercial motor fuels.
When separating the pyrocondensate we obtained the frac-
tion IBP-200°C), the fraction 200-350°C, and the residue,
the characteristics of which are given in Tables 3-5.

Amount, wt. %

Feed and products Mode 1 Mode 2 Mode 3
Feed:
Polyethylene waste 100.0 100.0 100.0
Products:
Pyrocondensate 89.3 87.8 81.4
Residue 0.2 0.3 0.5
Gas and losses 10.5 11.9 18.1
Total 100.0 100.0 100.0
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Fig. 2. Boiling point curves of pyrocondensate of polyethylene waste pyrolysis

Table 2. Properties of pyrocondensate of polyethylene waste pyrolysis
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closed cup, °C

Index Value

Mode 1 Mode 2 Mode 3
Density, g/cm’ 0.884 0.872 0.856
Refractive index 1.4276 14312 1.4365
Sulfur content, wt. % absent absent absent
Iodine number, g 1,/100 g 73.1 78.4 85.9
Freezing point,°C +18 +12 +5
Flash point
open cup, °C 55 51 49

28 24 22
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Table 3. Composition and characteristics of the IBP-200°C fraction

Index Value
Mode 1 Mode 2 Mode 3
Yield relative to pyrocondensate, wt. % 19.6 31.2 45.2
Yield relative to polyethylene, wt. % 17.5 27.4 36.8
Density, g/cm’ 0.773 0.782 0.795
Refractive index 1.4017 14127 1.4260
Fractional composition
IBP, °C 52 52 54
10 % distilled, b.p., °C 72 76 78
50 % distilled, b.p., °C 124 127 129
90 % distilled, b.p., °C 138 190 193
EBP, °C 201 203 206
Sulfur content, wt. % absent absent absent
Iodine number, g 1,/100 g 88.9 91.4 95.1
Table 4. Composition and characteristics of the 200-350°C fraction
Index Value

Mode 1 Mode 2 Mode 3
Yield relative to pyrocondensate, wt. % 36.9 38.7 40.6
Yield relative to polyethylene, wt. % 33.0 34.0 33.0
Density, g/cm’ 0.854 0.868 0.875
Refractive index 1.4228 1.4278 1.4315
Todine number, g 1,/100 g 78.4 80.6 83.2
Fractional composition
IBP, °C 195 197 198
10 % distilled, b.p., °C 210 214 217
50 % distilled, b.p., °C 261 267 272
90 % distilled, b.p., °C 338 340 343
98 % distilled, b.p. °C 352 354 358
Sulfur content, wt. % absent absent absent
Cloud point, °C 1 0 -1
Freezing point, °C -6 -8 -10
Flash point in closed cup, °C 60 62 65

The IBP-200°C fraction isolated from pyroconden-
sate is a transparent colorless liquid with a characteristic
smell. The fraction is characterized by a heavier fractional
composition, compared to straight-run gasoline obtained
from oil, and by the complete absence of sulfur (Table 3).
The presence of unsaturated hydrocarbons is confirmed by
high values of iodine numbers. When the rigidity of the
pyrolysis mode increases, the fractional composition be-
comes heavier, and the density and content of unsaturated
hydrocarbons increase. In terms of fractional composition,
this fraction is close to commercial motor gasoline. How-
ever, taking into account the high content of paraffin hy-
drocarbons in it, which is confirmed by the refractive
index, it is characterized by a low octane number. In addi-
tion, the unsaturated hydrocarbons contained in the IBP-
200°C fraction are undesirable components of motor fuels.
Therefore, this fraction can be used as a component of
commercial gasoline only after additional processing,
which involves the hydrogenation of unsaturated hydro-
carbons and an increase in the octane number.

The 200-350°C fraction isolated from pyroconden-
sate is a light yellow transparent liquid with a characteris-
tic smell. In terms of density, sulfur content, and flash
point in an open cup, this fraction meets the requirements
for commercial diesel fuels (Table 4). However, during
long-term storage, a small amount of paraffin hydrocar-
bons is precipitated, which is extremely undesirable. Simi-
lar to pyrocondensate and IBP-200°C fraction, the fraction
0f 200-350°C contains unsaturated hydrocarbons, which is
confirmed by the iodine number. The cloud and freezing
points of the 200-350°C fraction obtained under rigid
conditions (Mode 3) meets the requirements for commer-
cial summer diesel fuels. Analogous fractions obtained
under milder conditions have unsatisfactory low-tem-
perature properties and require additional processing with
the use of dewaxing or hydroisomerization. To obtain
winter diesel fuels, all three investigated fractions of 200-
350°C must be additionally processed to achieve a lower
freezing point.
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Table 5. Composition and characteristics of the residue >350°C
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Index Value
Mode 1 Mode 2 Mode 3
Yield relative to pyrocondensate, wt. % 43.5 30.1 14.2
Yield relative to polyethylene, wt. % 38.8 26.4 11.6
Density, g/cm’ 0.921 0.932 0.944
Refractive index 1.4402 1.4514 1.4680
Sulfur content, wt. % absent absent absent
Iodine number, g 1,/100 g 59.8 62.6 67.5
Freezing point, °C 45 42 41
Flash point
open cup, °C 139 132 124
closed cup, °C 110 106 102
Penetration (cone), 0.1 mm 208 221 239
Table 6. Content of individual chemical elements in pyrocondensate and fractions isolated from it
Element Element content, ppm
Pyrocondensate IBP-200°C fraction 200-350°C fraction Residue >350°C
Ca 15.3 8.2 9.3 17.8
\Y 0.1 0.1 0.1 0.2
Cr 1.9 1.7 1.9 23
Mn 0.1 0.1 0.1 0.1
Fe 3.0 0.7 2.8 54
Ni 0.1 0.1 0.1 0.1
Cu 124 12.0 124 14.6
Zn 1.0 0.3 1.1 24
Ba 0.1 0.1 0.1 0.1
Mo 5.9 2.8 44 7.1
Pb 1.0 1.0 1.0 1.0

The residue after pyrocondensate distillation is a
light-yellow product that visually resembles plastic lubri-
cant. It is characterized by a freezing point of 41-45°C (Ta-
ble 5). When the rigidity of the pyrolysis process increases,
the freezing point and flash point of the residue decrease
but the content of unsaturated hydrocarbons increases. This
product can be used as a component of fuel oil in small
quantities or as a base for the production of plastic lubri-
cants. However, this direction of application needs more
detailed research.

The content of individual chemical elements in pyro-
condensate and narrow fractions isolated from it was deter-
mined using X-ray fluorescence spectral analysis (Table 6).

No heavy metals characteristic of oil fractions and
residues (V, Ni) were found in the pyrocondensate and its
fractions. Instead, Ca, Fe, Cu, and Mo were found. More-
over, the heavier the fraction, the higher the content of met-
als in it. However, the content of these metals is insignifi-
cant and cannot pose a threat during the processing of indi-
vidual fractions at classic technological installations of oil
refining,

A preliminary analysis of the results of determining
the properties of narrow fractions isolated from pyrocon-
densate showed that they cannot be used as components of
commercial oil fuels. These fractions must be pre-processed
separately or mixed with the corresponding oil fractions,
but the choice of their application requires further research.

4. Conclusions

1. The influence of the polyethylene waste pyrolysis
process mode on the yield and composition of pyroconden-
sate was studied. It was found that the higher the pyrolysis
temperature, the lower the yield of the liquid product —
pyrocondensate. At higher temperatures, pyrocondensate of
a lighter fractional composition is formed. In particular, at
the pyrolysis temperature of 400°C, the content of light
fractions in pyrocondensate is 56.5 wt. %, and at the tem-
perature of 450°C — 85.8 wt. %.

2. The composition and properties of narrow frac-
tions isolated from the pyrocondensate of polyethylene
waste pyrolysis were studied. It was found that the gasoline
fraction of IBP-200°C is characterized by a high content of
unsaturated hydrocarbons (iodine number is 88.9-
95.1 g 1,/100 g) and low octane number and requires further
processing to hydrogenate unsaturated hydrocarbons and
increase the octane number.

3. It has been established that the 200-350°C fraction
of the pyrocondensate obtained at 450°C meets the require-
ments for summer diesel fuel in terms of the main indices. To
obtain winter diesel fuel, it is necessary to additionally use
special processes for the reduction of freezing point.

4. The residue of pyrocondensate distillation >350°C
can be used as a component of fuel oil in small quantities or
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as a basis for the production of plastic lubricants after addi-
tional research.

5. It was established that pyrocondensate and its
fractions practically do not contain heavy metals character-
istic of oil fractions and residues (V, Ni). Instead, Ca, Fe,
Cu, and Mo were detected, but the content of these metals
will not prevent the processing of individual fractions at
classic oil refining technological units.
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JTOCIIKEHHS 3AKOHOMIPHOCTEM
HU3bKOTEMITEPATYPHOT'O ITIPOJII3Y
MOJIETUJIEHOBHX BIIXO/IIB

Anomayia. Oonum i3 eapianmie nepepooxu 6ioxodie
noiemuiery € HU3SbKOmMeMnepantypHuLl nipois, Yiibosum npooyK-
moMm AKo2o € nipokondencam. Busueno gpaxyivinuil ckiad i enac-
musocmi  NIPOKOHOEHcamy Nipoai3y NOMEMUIEHOBUX 8I0X00i8,
o0epoicanoeo 3a pisHux memnepamyp i mpusaiocmi. Ilpoeedero
PO30LNEHHsL NIPOKOHOEHCAN)Y HA OEH3UHO8Y Ma OU3EIbHY GpaKyio
i 3anuwiox. Bemanoesneno cknaod i enacmusocmi yux gpaxyit ma
noe a3ano ix 3 ymoeamu npoyecy niponisy. Ilposedeno penmeeno-
ryopecyenmuuil amaniz nipoxoHoeHcamy i 8y3bKuxX (hparuyit,
BUOLTEHUX 13 HbO2O.

Knwouoei cnosa: noniemunenosi 6i0xoou, ymunizayis,
niponi3, NIPOKOHOEHCAm, PeHM2eHOPIYOPeCYeHMHUL  AHA3,
MOMOPHI nauea.



