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Pyrolysis of solid polymer waste (car tires) was investigated in the temperature range of

350–6500C for 15–105 minutes. It was established that the maximum yield of a liquid

product (58%) was observed in the temperature range of 520–5400Ñ. The obtained

pyrocondensate was compared with oil and it was stated that pyrolysis condensate was

quite heavy, but had low kinematic viscosity and average molecular weight. It was determined

that the most part of sulfur (1.27–2.1%) remained in the solid residue during the rubber

pyrolysis. Unsaturated hydrocarbons (12.9%) in pyrolysis oil were found due to the presence

of double bonds in rubber and the formation of double bonds during the polymer destruction.

It was found that increasing the pyrolysis temperature from 400 to 6000C led to a decrease

in polycyclic naphthenes and an increase in the proportion of aromatic ring in the molecule

due to the cleavage of alkyl substituents. The fractional composition of pyrolysis products

obtained in the temperature range of 520–5400C was determined. The yield of the gasoline

fraction, the diesel fraction and the residue was 26–28 wt.%, 18–23 wt.% and

45–47 wt.%, respectively. Comparison of the properties of fractions obtained from

pyrocondensate with traditional petroleum products showed that the content of sulfur

compounds for gasoline and diesel fractions was overestimated due to the presence of

sulfur vulcanizing agent in rubber. The content of aromatic compounds, density and

viscosity were slightly increased in those fractions. The properties of the fraction 3500C

(end of boiling) were almost the same as those of fuel oil.
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Introduction

Every year the amount of household waste in
the industrialized countries of the world increases
by an average of 2% [1,2]. Among the solid household
waste, a significant share is occupied by spent car
tires, which are a powerful source of environmental
pollution and belong to the fourth class of danger.
Waste of this type accumulated in landfills
decomposes under natural conditions for at least 100
years. Under the influence of natural factors,
dangerous toxic substances are released from rubber
products: decomposition products of rubbers
(monomers), carcinogens, namely carbon disulfide,
formaldehyde and phenols. This causes a

deterioration of the ecological situation in the
country, as well as the deterioration of the general
health of the population and the formation of serious
diseases [3].

That is why in recent years in many countries
more and more attention is paid to solid waste
processing methods that allow producing heat,
electricity and secondary raw materials [4], which is
a cost-effective and environmentally safer measure
than uncontrolled storage in the environment [5,6].

It is known that waste rubber is processed to
obtain a regenerate, which is used as a partial
replacement of rubber in the manufacture of rubber
products. However, the use of a regenerate in large
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quantities is possible only in irresponsible rubber
products (carpeting, bumpers, blocks at railway
crossings, rubber bricks for sidewalks, lying cops,
etc.).

A promising way to dispose of such waste is
pyrolysis, which allows producing valuable raw
materials for the chemical industry in the form of
pyrolysis gas, liquid hydrocarbons, and a solid residue
from which one can get a good carbon sorbent or
carbon black [7].

The purpose of this work is to consider the
feasibility of processing and disposal of solid polymer
waste (spent car tires) by pyrolysis to prepare products
suitable for the use as fuel components.

Experimental

The test was performed on cleaned and crushed
side of the car tire (165/70 R13 79T), with the sizes
of 555 mm with the weight of 50 g. The feedstock
was loaded into a reactor and subjected to
pelletization at 4000C, 4500C, 5000C, 5500C and
6000C for 30 min, 60 min and 90 min.

The installation (Fig. 1) consisted of a tubular
reactor 2 with external heating 1, a condenser with
water cooling 3, a container for receiving products
4, a gas meter to determine the amount of gas formed
5 and a manometer 6.

The decomposition products resulting from the
pyrolysis were condensed and collected in the
container, and the non-condensed gas was supplied
to the gas meter. The structure-group composition
and sulfur content of the obtained liquid products
were determined by the n-d-M method (the state
standard GOST 2059).

The content of volatile substances (the state
standard GOST 6382), ash content (the state standard
GOST 11022), and sulfur content (the state standard
GOST 2059) were determined in the solid residue.
The pyrolysis condensate obtained under the
conditions of the maximum yield was divided into
fractions: the beginning of boiling 1800C, 180–3500C

and the residue (3500C – the end of boiling). The
fractional composition (the state standard
GOST 2177), density (the state standard DSTU EN
ISO 3675), kinematic viscosity (the state standard
DSTU GOST 33), mass fraction of sulfur (the state
standard GOST 2059 (ISO 351)), ash content (the
state standard DSTU EN ISO 6245), mass fraction
(the state standard GOST 9), content of aromatic
hydrocarbons (the state standard GOST 6994),
corrosion on the copper plate (the state standard
DSTU EN ISO 2160), water-soluble acids and alkali
content of the obtained fractions (the state standard
GOST 6307) were determined.

Results and discussion

The results of pyrolysis at the temperatures of
4000C, 4500C, 5000C, 5500C and 6000C showed the
need to evaluate the characteristics of the process in
a wider temperature range. For this purpose,
additional experiments were performed at
temperatures of 3500C and 6500C for 60 minutes.
The research results showed that the yield of liquid
products does not change in the temperature range
of 350–4000Ñ, and it even decreases in the
temperature range of 600–6500Ñ due to their further
pyrolysis (Fig. 2,a, curve 2). Therefore, for the
duration of 30 and 90 min, the pyrolysis process was
carried out in the temperature range of 400–6000C.

Experimental data show that the yield of a liquid
product increases when the pyrolysis temperature
rises to 520–5400C (Fig. 2,a); a further increase in
the temperature leads to an increase in the gas
formation (Fig. 2,b), and the yield of a solid product
remains virtually unchanged (Fig. 2,c).

It can be seen from Fig. 3 that the yield of the
volatile solids of the rubber pyrolysis is significantly
reduced as the pyrolysis temperature increases.
Furthermore, there are practically no volatile
substances in the solid residues obtained at the
temperature above 5200C.

Thus, the temperature of 520–5400C is

Fig. 1. Laboratory installation of pyrolysis of car tires: 1 – furnace; 2 – tubular reactor; 3 – condenser; 4 – container for

collecting pyrolysis products; 5 – gas meter; 6 – pressure gauge
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Fig. 2. Dependences of the pyrolysis products yield on the process temperature at different time periods: a – the yield of liquid

products; b – the yield of gas; c – the yield of solid residue; 1 – at 30 min; 2 – at 60 min; 3 – at 90 min

Fig. 3. Dependence of the ash content (a) and the yield of volatile substances (b) in the solid residue on the pyrolysis temperature

at different time periods: 1 – at 30 min; 2 – at 60 min; 3 – at 90 min
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sufficient for the complete pyrolysis of the rubber.
In these studies, pyrolysis occurred quickly and

time did not significantly affect the process when
the reactor was low-loaded (50 g of rubber). As the
load mass is increased, the pyrolysis time will increase
so that the entire mass will warm up and undergo
full pyrolysis.

When comparing pyrolysis condensate with oil
(Table 1), it can be seen that the pyrolysis product is
quite heavy compared to oil, but it has low kinematic
viscosity and average molecular mass. The
disadvantage of pyrolysis oil is considered to be a
sufficiently high content of sulfur compounds.
According to this indicator, the products of rubber
pyrolysis are no worse than only Orov, Lelyakivsk,
Kachan and Hlynsko-Rosbyshev oil. It should be
noted, however, that the most part of sulfur remains
in the solid residue (1.27–2.10%) during the rubber
pyrolysis. Unsaturated hydrocarbons in pyrolysis oil
are found due to the presence of double bonds in
rubber and the formation of double bonds during
the polymer destruction.

The study of the structural-group composition
of pyrolysis oil depending on the temperature of the
process (Table 2) showed that the total amount of
carbon of the ringed structure of the product
decreases (Ct) when the temperature of pyrolysis
increases. The content of carbon in aromatic
structures is increased (Car), i.e. the total number
of ringed structures is reduced by the content of
naphthenic compounds. As the pyrolysis temperature
increases, the carbon content of alkyl substituents
and paraffin hydrocarbons (Cp) increases.

It should also be noted that, on average, the
total number of rings in the molecule is miniaturized
as the process temperature increases (Rt). The

number of naphthenic rings in the molecule decreases
from 1.56 to 0 (Rn), and the number of aromatic
rings in the molecule increases from 0.25 to 1.05.
This can be explained by the fact that at a higher
pyrolysis temperature less polycyclic naphthenes are
formed, alkyl substituents are removed in the formed
aromatic compounds and that leads to an increase
in the aromatic ring particles in the molecule [7].

The pyrolysis condensate obtained at the
optimum temperature of 520–5400C was divided into
fractions and their physicochemical properties were
investigated. In the analysis of the fractional
composition, the yield of the gasoline fraction was
26–28 wt.%. The diesel fraction content was 18–
23 wt.% and the residue was 45–47 wt.%. It should
be noted that the total output of light products is
quite high and is no less than that of light petroleum
products. However, the distribution of light fractions
is shifted towards gasoline based on diesel, which is
not typical of oil.

When comparing the properties of the pyrolysis
condensate fractions with the traditional petroleum
products (Table 3), one can see that the properties
of the fractions obtained are different from those of
the traditional refinery fuels.

In particular, the content of sulfur in gasoline
and diesel fractions is significantly inflated due to
the presence of sulfur vulcanizing agent in the rubber.
It is therefore advisable for these fractions to be
hydraulically purified before being used as
components of the fuel or as feedstock of the relevant
processes. The high content of unsaturated
hydrocarbons indicates the low stability of the fuel
and the need for its rapid use. However, this
shortcoming can be overcome by shortening the fuel
storage life by prioritizing its use in fuel mixtures.

Oil 
Density at 200C, 

kg/m3 
Molecular weight, 

kg/kmol 

Kinematic viscosity at 200C, 

mm2/s 

Mass sulfur content, 

% 

Dolynska 847.6 206 – 0.20 

Bytkovska 878.0 218 – 0.50 

Orovska 858.0 209 – 0.55 

Ulychnyanska 827.0 201 10.08 0.38 

Lelyakivska 804.5 170 3.21 0.70 

Gnidyntsivska 830.7 190 4.02 0.47 

Kachanivska 843.0 209 13.90 0.70 

Hlynsko-Rozbyshivska 840.0 220 8.10 0.70 

Prylukska 825.4 219 22.1 0.41 

Rybalska 842.7 216 7.59 0.30 

Novohryhorivska 814.3 248 4.92 0.10 

Pyrolysis condensate 898.0 205 4.59 0.4–0.5 

 

Table  1

Comparative analysis of physicochemical properties of pyrolysis condensate and oils
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The content of aromatic compounds, densities and
viscosity are slightly increased, but these fractions
can be used by adjusting the required fuel
composition.

Regarding the properties of the fraction 3500Ñ
(the end of boiling), this residue of pyrocondensate
meets the standard requirements for fuel oil. This
allows involving this fraction as a component of boiler
fuels.

Conclusions

Pyrolysis of solid polymer waste (car tires) in
the temperature range of 520–5400C provides
complete decomposition with a yield of liquid product
of up to 58%. The resulting pyrocondensate contains
up to 55% light products. An increase in the pyrolysis
temperature leads to a decrease in the proportion of
polycyclic naphthenes and an increase in the
proportion of the aromatic ring in the molecule due

Table  3

Comparative analysis of experimental fractions with traditional fuels

Indicator 

Fraction 85–

1800C from 

pyrocondensate 

Gasoline 

fraction  

85–180
0
C  

from oil 

Fraction 

180–3500C from 

pyrocondensate 

Diesel 

fuel 

Fraction 3500С – 

end of boiling from 

pyrocondensate 

Fuel oil (the state 

standard GOST 

10585-2013) 

Density at 

temperatures 200С, 

kg/m
3
 

769 770 885 800–845 972 not standardized 

Sulfur content, wt.% 1.07 0.061 1.42 0.035 2.25 0.5–3.5 

Viscosity at the 

temperature of 200C, 

mm
2
/s 

0.77 0.68 1.79 1.5–4.0 132.65 – 

Mass fraction of 

aromatic 

hydrocarbons, not 

more than, % 

41 17.5 51.09 11.0 – – 

Mass fraction of 

unsaturated 

hydrocarbons, % 

13.14 18.0 – – 18.67 – 

Molecular weight, 

g/mol 
87.56 – 135.7 172.3 235.57 – 

Ash content, % – – 0.55 0.01 0.0079 0.05 

Appearance 

transparent and 

light, without 

mechanical 

impurities and 

water 

transparent 

and light 
brown liquid 

light 

brown 

liquid 

dark, viscous liquid 
dark, viscous 

liquid 

 

Note: * – Ñt is the carbon content in the ring (aromatic and naphthenic) structures, wt.%; Car is the carbon content in aromatic

structures, wt.%; Cn is the carbon content in naphthenic structures, wt.%.; Cp is the carbon content in paraffin structures, wt.%; Rt

is the total number of rings in the molecule (aromatic and naphthenic); Rar is the average number of aromatic rings in the molecule;

and Rn is the average number of naphthenic rings in the molecule.

Table  2

Structural-group composition of the pyrolysis product*

Pyrolysis 

temperature, 0С 
Сt Саr Сn Сp Rt Rаr Rn 

350 95.2857 16.6142 78.6715 4.7143 1.8183 0.2560 1.5623 

400 77.7726 21.4635 56.3091 22.2274 1.7191 0.4020 1.3171 

500 54.3235 39.1511 15.1724 45.6765 1.2658 0.8604 0.4054 

600 48.9415 48.3600 0.5815 51.0585 1.0664 1.0486 0.0178 
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to the cleavage of alkyl substituents.
The obtained hydrocarbon fractions in the

processing of spent tires are similar in properties to
traditional petroleum fractions, but a further use of
the obtained products is possible only with the
refinement of known methods used for petroleum
fractions.

The results of the study showed the feasibility
of using this method of recycling worn car tires,
which can simultaneously address two pressing issues:
the disposal of waste hazardous to the environment
and obtaining a promising product as an additional
source of replenishment of raw materials for fuel.
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Ï²ÐÎË²Ç ÒÂÅÐÄÈÕ ÏÎË²ÌÅÐÍÈÕ Â²ÄÕÎÄ²Â ÒÀ
ÂËÀÑÒÈÂÎÑÒ² ÎÄÅÐÆÀÍÈÕ ÏÐÎÄÓÊÒ²Â

Â.Î. Ãîëîâåíêî, Ì.Â. Àíäð³ÿíîâà, Ê.Â. Ðîºíêî, Þ.Ñ. Ðîºíêî

Äîñë³äæåíî ï³ðîë³ç òâåðäèõ ïîë³ìåðíèõ â³äõîä³â (àâ-
òîìîá³ëüíèõ øèí) â ³íòåðâàë³ òåìïåðàòóð 350–6500Ñ ïðîòÿ-
ãîì 15–105 õâ. Âñòàíîâëåíî, ùî ìàêñèìàëüíèé âèõ³ä ð³äêî-
ãî ïðîäóêòó (58%) ñïîñòåð³ãàºòüñÿ â ³íòåðâàë³ òåìïåðàòóð 520–
5400Ñ. Âèêîíàíî ïîð³âíÿííÿ îäåðæàíîãî ï³ðîêîíäåíñàòó ç
íàôòîþ ³ ïîêàçàíî, ùî ï³ðîë³çíèé êîíäåíñàò äîñèòü âàæ-
êèé, àëå ìàº íèçüêó ê³íåìàòè÷íó â’ÿçê³ñòü òà ïîì³ðíó ìîëå-
êóëÿðíó ìàñó. Âñòàíîâëåíî, ùî ïðè ï³ðîë³ç³ ãóìè á³ëüøà
÷àñòèíà ñ³ðêè çàëèøàºòüñÿ ó òâåðäîìó çàëèøêó â³ä 1,27 äî
2,1 ìàñ.%. Ïðèñóòí³ñòü 12,9% íåíàñè÷åíèõ âóãëåâîäí³â ó
ï³ðîë³çí³é îëèâ³ îáóìîâëþºòüñÿ íàÿâí³ñòþ ïîäâ³éíèõ çâ’ÿçê³â
ó êàó÷óêàõ òà óòâîðåííÿì ïîäâ³éíèõ çâ’ÿçê³â ïðè äåñòðóêö³¿
ïîë³ìåð³â. Âñòàíîâëåíî, ùî çá³ëüøåííÿ òåìïåðàòóðè ï³ðîë³-
çó ç 400 äî 6000Ñ ïðèâîäèòü äî çìåíøåííÿ ïîë³öèêë³÷íèõ
íàôòåí³â òà çá³ëüøåííÿ ÷àñòêè àðîìàòè÷íîãî ê³ëüöÿ ó ìîëå-
êóë³ çà ðàõóíîê â³äùåïëåííÿ àëê³ëüíèõ çàì³ñíèê³â. Ïîêàçà-
íî ôðàêö³éíèé ñêëàä ïðîäóêò³â ï³ðîë³çó, îäåðæàíîãî â ³íòåð-
âàë³ òåìïåðàòóð 520–5400Ñ. Âèõ³ä áåíçèíîâî¿ ôðàêö³¿ ñêëàâ
26–28 ìàñ.%, äèçåëüíî¿ ôðàêö³¿ – 18–23 ìàñ.%, çàëèøêó –
45–47 ìàñ.%. Ïîð³âíÿííÿ âëàñòèâîñòåé îäåðæàíèõ ôðàêö³é
ç ï³ðîêîíäåíñàòó ç òðàäèö³éíèìè íàôòîïðîäóêòàìè ïîêàçà-
ëî, ùî âì³ñò ñ³ð÷àíèõ ñïîëóê äëÿ áåíçèíîâî¿ òà äèçåëüíî¿
ôðàêö³é çàâèùåíèé ÷åðåç íàÿâí³ñòü â ãóì³ âóëêàí³çóþ÷îãî
àãåíòó ñ³ðêè. Âì³ñò àðîìàòè÷íèõ ñïîëóê, ïîêàçíèêè ãóñòèí
òà â’ÿçêîñò³ º äåùî ï³äâèùåíèìè â öèõ ôðàêö³ÿõ. Âëàñòè-
âîñò³ ôðàêö³¿ 3500Ñ (ê³íåöü êèï³ííÿ) ìàéæå íå â³äð³çíÿþòü-
ñÿ â³ä òîïêîâîãî ìàçóòó.

Êëþ÷îâ³ ñëîâà: àâòîìîá³ëüí³ øèíè, ï³ðîë³ç, ïàëèâî,
íåáåçïå÷í³ ðå÷îâèíè, åêîëîã³÷íà ïðîáëåìà, ï³ðîêîíäåíñàò,
óòèë³çàö³ÿ.
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Pyrolysis of solid polymer waste (car tires) was investigated
in the temperature range of 350–6500C for 15–105 minutes. It
was established that the maximum yield of a liquid product (58%)
was observed in the temperature range of 520–5400Ñ. The obtained
pyrocondensate was compared with oil and it was stated that
pyrolysis condensate was quite heavy, but had low kinematic
viscosity and average molecular weight. It was determined that
the most part of sulfur (1.27–2.1%) remained in the solid residue
during the rubber pyrolysis. Unsaturated hydrocarbons (12.9%)
in pyrolysis oil were found due to the presence of double bonds
in rubber and the formation of double bonds during the polymer
destruction. It was found that increasing the pyrolysis temperature
from 400 to 6000C led to a decrease in polycyclic naphthenes and
an increase in the proportion of aromatic ring in the molecule
due to the cleavage of alkyl substituents. The fractional composition
of pyrolysis products obtained in the temperature range of 520–
5400C was determined. The yield of the gasoline fraction, the
diesel fraction and the residue was 26–28 wt.%, 18–23 wt.% and
45–47 wt.%, respectively. Comparison of the properties of fractions
obtained from pyrocondensate with traditional petroleum products
showed that the content of sulfur compounds for gasoline and
diesel fractions was overestimated due to the presence of sulfur
vulcanizing agent in rubber. The content of aromatic compounds,
density and viscosity were slightly increased in those fractions.
The properties of the fraction 3500C (end of boiling) were almost
the same as those of fuel oil.

Keywords: car tire; pyrolysis; fuel; dangerous substance;
environmental problem; pyrocondensate; utilization.
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