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Abstract

Physicochemical characteristics of thermolysis oil obtained from polypropylene have been determined. The 
hydrocarbon composition, studied by two-dimensional gas chromatography and high performance liquid chroma-
tography, as well as calculation of the iodine value, shows that the major components of the resulting oil are 
isoalkanes and alkenes. The results obtained allow us to draw conclusions about the mechanism of polypropylene 
transformation during thermolysis, and data on the fractional composition, density and viscosity further charac-
terise thermolysis oil from the perspective of a petroleum product.
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INTRODUCTION

The problem of plastic waste utilisation is ex-
tremely urgent and holds global importance be-
cause the world production of plastics demon-
strates a stable growth trend. At present, about 
400 mln t of various kinds of plastics are manu-
factured in the world, and according to predic-
tions, by 2050 about 12 000 mln t of accumulated 
plastic wastes will be disposed to waste landfills 
or into the environment [1].

Plastics are used is daily life as packaging ma-
terial [2], clothes and sports equipment [3], bio-
medical devices [4], electronic components [5], 

and in many other areas. Most plastics are ob-
tained from non-renewable oil reserves. The ur-
gent need of the access to new technologies for 
plastics processing and repeated use is evident, 
keeping in mind the origin of plastic materials and 
their harmful effects on the environment [6, 7]. 
One of the most promising methods to process 
plastic wastes is considered to be thermolysis.

Thermolysis is an endothermic non-catalytic 
process, which is carried out at a high tempera-
ture, within the range of 500–800 °С as a rule, 
resulting in the formation of volatile mixture, 
which is later on separated into the condensable 
liquid fraction and non-condensable hydrocarbon 
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gases, solid coke or other solid residues [8]. The 
composition of products obtained by thermolysis 
depends on the properties of raw materials, pro-
cess temperature, pressure, residence time and 
heating rate [9, 10]. The main product of the ther-
molysis of the plastic wastes is thermolysis oil (TO). 

Polypropylene (PP) is still one of the most ex-
tensively used polymer materials because of its 
chemical stability, low density, and high melting 
point in comparison with other similar polymers, 
which allows using PP to fabricate thermally re-
sistant products [11]. Polyolefins account for about 
66.9 % of all plastics in solid residential wastes [12], 
and they do not contain heteroatoms, which de-
fines their potential suitability for processing to 
obtain valuable hydrocarbon products. Publica-
tions often provide descriptions of thermolysis, 
either for PP alone [13, 14] or in mixture with 
other plastics [15–17], however, the possibility to 
introduce the resulting products into oil refining 
processes has not been studied previously. 

In the previous works, we have studied the 
physicochemical properties of mixed TO from real 
domestic wastes [18], and demonstrated that it can 
be used as an alternative to modern petroleum 
products and involved in such processes as hy-
droprocessing and catalytic cracking [19]. How-
ever, due to the heterogeneity of domestic waste 
composition, first, it is impossible to obtain TO 
with the same characteristics all the time, and 
second, the physicochemical properties of TO 
cannot be predicted. For this reason, a detailed 
investigation of the transformations of individual 
polymers during thermolysis appears to be a rel-
evant task along the route of plastic waste pro-
cessing and introducing the products into classi-
cal oil refining processes. 

The goal of the present work was to deter-
mine the physicochemical characteristics of ther-
molysis oil obtained from polypropylene, and to 
assess the possibility to introduce this product 
into oil refining processes as alternative raw ma-
terial, or as an additive to traditional petroleum 
products. 

EXPERIMENTAL

Preparation of thermolysis oil from polypropylene 

Thermolysis oil was obtained using a set-up of 
periodic action. Polypropylene (Stavrolen LC, Rus-
sia) was loaded into a quartz reactor 2 L in volume 
and heated from the room temperature to 430 °C 
at a rate of 8 °C/min in nitrogen flow. Nitrogen 

was supplied into the reactor at a flow rate of 
30 mL/min. The liquid product obtained during 
heating was kept at 430 °C for 1 h. The yield of 
thermolysis oil was 53 wt%.

Determination of the content  
of aromatic compounds in thermolysis oil 

Determination of the content of aromatic com-
pounds in TO was carried out according to ASTM 
D6591 procedure by means of high-performance 
liquid chromatography (HPLC) using an Agi-
lent 1260 Infinity chromatograph (Agilent Tech-
nologies, USA) equipped with the system of silica 
gel – amine columns. Analysis results are charac-
terised by precision <5 rel%.

Determination of the group composition  
of thermolysis oil by two-dimensional gas  
chromatography 

Determination of the group composition of TO 
was carried out by two-dimensional gas chroma-
tography (GC-GC) using an Agilent GC 7890B 
gas chromatograph (Agilent Technologies, USA) 
equipped with a CFT modulator, automatic liquid 
sampler Agilent 7693A and a flame ionisation de-
tector (FID) (380 °C, 50 Hz). Analysis conditions: 
non-polar first-measurement column VF-5ht 
UltiMetal, medium-polarity second-measurement 
column DB-17HT (50 % phenyl)-methylsiloxane 
(Agilent Technologies, USA).

Determination of the fractional composition  
of thermolysis oil 

The distribution of TO boiling ranges was deter-
mined using ASTM D7213 procedure. The studies 
were carried out with an Agilent 7890В gas chro-
matograph with the flame ionisation detector by 
means of simulated distillation. The samples were 
preliminarily diluted with carbon disulphide to de-
crease viscosity. Analysis results are characterised 
by the error of 2–5 °C.

Determination of the density and viscosity  
of thermolysis oil 

Dynamic, kinematic (calculated) viscosity and 
density were determined according to ASTM 
D7042 procedure using Stabinger viscosity and 
density meter SVM 3000 (Anton Paar, Austria). 
Viscosity and density were measured at a tem-
perature of 40 °C. The precision of analysis re-
sults is 5 rel%.
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Determination of the elemental composition  
of thermolysis oil 

Elemental analysis was performed with an au-
tomatic CHNS-analyser EURO EA 3000 (Eurovec-
tor Instruments, Italy). Sampled were weighted 
with a Sartorius CP2P balance (Germany). Sam-
ple combustion proceeded in a vertical reactor in 
the dynamic mode at 1050 °C in He flow with the 
addition of O2 (10 mL) at the moment of sample 
introduction. The formed gases, namely N2, CO2, 
H2O and SO2, were separated on a column with 
PoraPak Q adsorbent and determined using a 
thermal conductivity detector (katharometer). 
Calculation was carried out with Callidus soft-
ware supplied with the analyser.

Iodine value

Determination of the iodine value per 100 g of 
the product and recalculation for the mass frac-
tion of unsaturated compounds were carried out 
according to GOST 2070-82. This standard regu-
lates the method to determine iodine values and 
the mass fractions of unsaturated hydrocarbons 
in gasoline, propellants, diesel fuel, and other 
light oil products. A weighted portion of ther-
molysis oil was dissolved in acetone, iodine solu-
tion in ethanol was added, and the mixture was 
kept for 5 min. The sample solution was titrated 
with a 0.1 M solution of sodium thiosulphate using 
an automatic potentiometric titration apparatus 
Akvilon ATP-02 (Russia) equipped with platinum 
and silver chloride electrodes, up to a jump in 
potential. The equivalence point was determined 
with the device software Titrate 5.0 Base within 
the accuracy of 0.01 mL.

RESULTS AND DISCUSSION

The main goal of the work was to determine 
the physicochemical parameters of TO obtained 
from polypropylene, to confirm the mechanism of 
its transformation during thermolysis, and to 
study the possibility of introducing it as an alter-
native raw material into the fuel processes of 
classical oil refining. The choice of analysis proce-
dures is due to their applicability to TO analysis 
and the possibility to obtain the results allowing 
TO characterisation considering it as a petroleum 
product [20]. The fractional composition of TO 
from PP is shown in Fig. 1. It may be stressed 
that the percentage of light fractions (gasoline 
and diesel) was 40 and 34 %, respectively. This 

allows assuming that the major components of 
TO are С6–С34 hydrocarbons. The results of de-
termination of the density, kinematic viscosity, 
elemental composition, the content of aromatic 
compounds and unsaturated hydrocarbons are pre-
sented in Table 1. The С/Н ratio, calculated from 
the elemental composition, confirms this result. 
Kinematic viscosity of TO from PP (1.9 mm2/s) at 
40 °C corresponds to the viscosity of diesel fuel 
(2.0–4.5 mm2/s). The density of TO at 40 °C is 
within the range characteristic of the gasoline 
and diesel fractions (0.69–0.84 g/cm3). Thus, rely-
ing on the physicochemical characteristics of TO, 
we may decide whether the obtained product can 
be used as an alternative to the gasoline and die-
sel fraction of oil.

To carry out detailed investigation of the hy-
drocarbon composition and to obtain reliable re-
sults, TO from PP was analysed using three dif-
ferent methods: HPLC – to determine the con-
tent of aromatic compounds, GC-GC – to study 

Fig. 1. Fractional composition of thermolysis oil from polypro-
pylene, determined by simulated distillation. VGO – vacuum 
gas oil, EBP – the end boiling point.

TABLE 1 

Main characteristics of thermolysis oil from polypropylene 

Parameter Value

Kinematic viscosity, mm2/s (at 40 °С) 1.9

Density, g/cm3 (at 40 °С) 0.77

Content, wt%: 

carbon 86.0

hydrogen 14.0

monoaromatic hydrocarbons 0.8

diaromatic hydrocarbons 0.1

polyaromatic hydrocarbons (three and more 
cycles)

0.1

unsaturated hydrocarbons 14.0
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the group composition, determination of iodine 
value – to reveal the content of unsaturated hy-
drocarbons. One can see (Table 1) that the total 
percentage of aromatic compounds is 1.0 wt%. 
This is evidence that the main products of ther-
mal decomposition of polypropylene are aliphatic 
hydrocarbons. By recalculating the iodine value 

for TO from PP, the content of unsaturated hy-
drocarbons was determined to be 14 wt%.

The hydrocarbon composition of TO from PP 
was studied in detail by high-temperature two-
dimensional gas chromatography. The chromato-
gram is presented in Fig. 2. The hydrocarbon 
composition of TO is shown in Fig. 3. One can see 
that the major hydrocarbons in TO are isoalkanes 
and alkenes, while the content of monoaromatic 
compounds was 1.0 wt%. This agrees with the re-
sult obtained by HPLC (0.8 wt%). The content of 
alkenes determined by GC-GC was 12 wt%. This 
result agrees with the content of unsaturated hy-
drocarbons determined by the measurement of 
iodine value (14 wt%). The agreement between 
the results obtained using different methods al-
lows assessing the reliability of experimental data 
and correctness of the choice of procedures for 
the analysis of TO from PP.

The procedure used to determine the hydro-
carbon composition allows demonstrating the 
distribution of hydrocarbons over oil fractions 
(Table 2). Results of the investigation of the total 
content of components in fractions, obtained by 
GC-GC and simulated distillation (see Fig. 1), 
agree with each other, which also confirms their 
reliability. 

Judging from the data on hydrocarbon com-
position obtained by GC-GC, HPLC according to 
ASTM D6591 procedure, as well as according to 
State Standard GOST 2070-82, it may be con-
cluded that the main classes of hydrocarbons in 

Fig. 2. Chromatogram of thermolysis oil from polypropylene, recorded by high-temperature two-dimensional gas chroma-
tography.

Fig. 3. Hydrocarbon composition of thermolysis oil from poly-
propylene, determined by high-temperature two-dimensional 
gas chromatography. 
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TO are isoalkanes and alkenes. This fact agrees 
with the literature data on polypropylene trans-
formation during pyrolysis. Indeed, it is known 
that thermal degradation of polypropylene leads 
to hydrocarbon chain cleavage (mainly between 
secondary and ternary carbon atoms), which re-
sults in the presence of mainly isoparaffins and 
olefins in the final products [21]. The products 
exhibit broad molecular mass distribution. The 
yield of gas is usually low, so the liquid fraction is 
the major product of thermolysis [22, 23]. Thus, 
the literature data are confirmed by the results 
obtained by the analysis of TO from PP (see 
Tables 1, 2 and Fig. 2, 3). 

We have demonstrated that a highly aliphatic 
product is formed during polypropylene thermol-
ysis at 430 °C. This can be considered as a valu-
able characteristic of the TO because makes it 
possible to use TO as an alternative raw material 
or an additive to straight-run diesel fuel, because 
aliphatic compounds are ignited at low tempera-
ture and pressure and are useful fuel components. 

On the basis of the data on the fractional com-
position, density, viscosity and С/Н ratio, it may 
be concluded that thermolysis oil from PP is suit-
able for introducing into the fuel processes of 
classical oil refinement. This opens broad possi-
bilities for processing the plastic wastes. It should 
be mentioned that the percentage of PP in plastic 
wastes is 26 %. Therefore, the hydrocarbon com-
position of thermolysis oil from PP will have a 
positive effect on the quality of TO from a mix-
ture of different plastics enriching it with ali-
phatic branched isoalkane molecules. 

CONCLUSION

The physicochemical characteristics of ther-
molysis oil obtained from polypropylene, namely 
fractional composition, density, viscosity, elemen-
tal and hydrocarbon composition, the content of 
aromatic compounds and unsaturated hydrocar-

bons, were studied using different methods. It is 
shown that the major products of polypropylene 
thermolysis in the absence of air at 430 °C are 
isoalkanes and alkenes. This fact is experimental 
confirmation that the destruction of a macromol-
ecule proceeds through the cleavage of bonds be-
tween the secondary and tertiary carbon atoms. 
It is shown that TO from PP is comparable in 
kinetic viscosity and density with such oil prod-
ucts as straight-run diesel fuel and straight-run 
gasoline fraction. For oil refinement and waste 
utilisation purposes, the fractions of TO from PP 
obtained by fractional distillation can be used as 
additives to the above-listed petroleum products. 
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