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Abstract. The paper presents the results of the low-temperature pyrolysis of the most common petroleum-containing wastes, such as used oils and petroleum sludge, generated in oil production. The properties of pyrocondensate and the narrow fractions separated from it were studied. The obtained narrow fractions of pyrocondensate are proposed to be used in producing motor fuels.
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Introduction
Petroleum-containing waste is among the most hazardous industrial waste types. It is generated as a result of industrial activities related to oil extraction, transportation, and refining, as well as during the routine operation of various machines and mechanisms that utilize lubricating materials. On the one hand, petroleum-containing waste contributes to environmental pollution, while on the other hand, it serves as a valuable source of hydrocarbons for various applications.
Used oils, which are produced in significant quantities during oil replacement procedures for different purposes, are often not efficiently utilized. The currently known methods for processing used oils include combustion, regeneration for reuse, and secondary processing to obtain additional amounts of boiler fuel or as supplementary components in heavy petroleum fuels [1,2]. Petroleum sludge is a complex mixture consisting of an organic fraction (petroleum products), mechanical impurities (clay, metal oxides, sand), and water. Petroleum sludge is primarily generated during crude oil extraction and, to a lesser extent, during its processing and transportation. In most cases, petroleum sludge accumulates in specialized pits or storage ponds, posing serious environmental risks by contaminating the air and groundwater.
Most existing petroleum sludge disposal technologies involve separating the organic fraction using mobile three-phase centrifuges, followed by its processing at oil refineries. Although thermal decomposition and coking of the organic fraction of petroleum sludge are known methods, they remain insufficiently studied and underutilized [3]. For this reason, the study of low-temperature pyrolysis as a method for obtaining feedstock for motor fuel production is a particularly relevant direction in the processing of petroleum-containing waste.
Results and Discussion
In this study, we utilized two of the most common types of petroleum-containing waste: used motor oil of the M-10DM grade and the organic fraction of petroleum sludge generated during oil extraction at the Boryslav oil field.
The low-temperature pyrolysis of petroleum-containing waste was conducted at a temperature of 420 °C. As a result of pyrolysis, pyrocondensate – a liquid product with a broad fractional composition was obtained, along with a solid residue in the reactor and pyrolysis gases (Table 1).
Table 1
Material Balance of Low-Temperature Pyrolysis of Petroleum-Containing Waste
	[bookmark: _Hlk192517815]Raw Materials and Products
	Mass Fraction, % for the Sample

	
	Used Motor Oil 
M-10DM
	Organic Fraction of Petroleum Sludge

	Input:
Petroleum-containing waste
	
100,0
	
100,0

	Output:
Pyrocondensate
Residue
Gas and losses
	
92,5
2,3
5,2
	
85,5
8,3
6,2

	Total
	100,0
	100,0


The target product of the pyrolysis process of petroleum-containing waste – pyrocondensate is a transparent, light brown liquid with an odor characteristic of thermal decomposition products (Table 2). The high iodine number of the pyrocondensate indicates a significant presence of unsaturated hydrocarbons. Additionally, pyrocondensate is characterized by a low flash point, which prevents its use as furnace or boiler fuel, and a low pour point.
Table 2
Characteristics of Pyrocondensate from the Pyrolysis of Petroleum-Containing Waste
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	Value for Petroleum-Containing Waste

	
	Used Motor Oil 
M-10DM
	Organic Fraction of Petroleum Sludge

	Appearance
	light brown liquid

	Density, kg/m³
	841,0
	849,2

	Refractive index
	1,4728
	1,5116

	Sulfur content, wt. %
	0,10
	0,77

	Pour point, С
	–18
	–5

	Flash point,
in an open cup, С
in a closed cup, С
	
53
31
	
54
29


For the purpose of conducting research and determining the feasibility of using pyrocondensate from the pyrolysis of petroleum sludges for the production of motor fuels, it was divided into fractions: pyrocondensate up to 200 °C, 200-350 °C, and the residue >350 С. 
It has been established (Table 3) that the fraction up to 200 °C is characterized by a slightly heavier fractional composition. The sulfur content in this fraction exceeds the requirements set for commercial automotive gasoline. Additionally, this fraction exhibits a relatively high content of unsaturated hydrocarbons, as indicated by its high iodine number. For the potential use of this fraction as a component of commercial automotive gasoline, hydrofining must be carried out, which includes the hydrogenation of unsaturated hydrocarbons and hydrodesulfurization to reduce sulfur content. Subsequently, it is advisable to process this fraction in a catalytic reforming unit to increase its octane number.
Table 3
Characteristics of the Gasoline Fraction of Pyrocondensate from the Pyrolysis of Petroleum-Containing Waste
	Indicator
	Value for Petroleum-Containing Waste

	
	Used Motor Oil 
M-10DM
	Organic Fraction of Petroleum Sludge

	Appearance
	Transparent liquid of light yellow color

	Pyrocondensate yield, wt. %
	13,6
	22,9

	Density, kg/m³
	742
	751

	Refractive index
	1,4315
	1,5087

	Sulfur content, wt. %
	0,02
	0,384

	Iodine number, g І2/100 g
	74,8
	68,7


It has been established (Table 4) that the 200-350 °C fraction of the pyrocondensate obtained from the pyrolysis of petroleum-containing waste is characterized by a high flash point, meeting the requirements for diesel fuels. The low-temperature properties, defined by cloud point and pour point temperatures, are sufficient for utilizing this fraction in the production of summer diesel fuels. However, the excessively high sulfur content and the presence of unsaturated hydrocarbons require reduction, necessitating additional processing stages for this fraction.
Table 4
Characteristics of the Diesel Fraction of Pyrocondensate from the Pyrolysis of Petroleum-Containing Waste
	Indicator
	Value for Petroleum-Containing Waste

	
	Used Motor Oil 
M-10DM
	Organic Fraction of Petroleum Sludge

	Appearance
	Transparent liquid of dark yellow color

	Pyrocondensate yield, wt. %
	25,1
	58,7

	Density, kg/m³
	834
	843

	Refractive index
	1,4645
	1,5167

	Iodine number, g І2/100 g
	62,1
	61,3

	Sulfur content, wt. %
	0,05
	0,520

	Cloud point temperature, С
	–12
	–8

	Pour point, С
	–20
	–15

	Flash point in a closed cup, С
	72
	73


The diesel fraction of the pyrocondensate obtained from the pyrolysis of petroleum-containing waste is also advisable to be directed to hydrotreatment. After this process, the fraction can be used as a component of commercial diesel fuels. It should be noted that the additional processing of both the gasoline and diesel fractions of the pyrocondensate can be carried out in a mixture with gasoline and diesel fuel obtained from petroleum refining at oil refineries.
The >350 °C residue after the distillation of pyrocondensate (Table 5) is a highly viscous product that also contains a significant amount of unsaturated hydrocarbons. It can be added in small quantities to fuel oils. Another potential application of the residue is in the production of various types of lubricating greases, particularly conservation greases. However, this method of utilizing the residue requires further research.
Table 5
Characteristics of the Residue from the Distillation of Pyrocondensate from the Pyrolysis of Petroleum-Containing Waste
	Indicator
	Value for Petroleum-Containing Waste

	
	Used Motor Oil 
M-10DM
	Organic Fraction of Petroleum Sludge

	Appearance
	Viscous liquid of brown color

	Pyrocondensate yield, wt. %
	63,3
	18,4

	Density, kg/m³
	871
	917

	Refractive index
	1,4835
	1,5312

	Sulfur content, wt. %
	0,114
	1,473

	Iodine number, g І2/100 g
	44,3
	49,7

	Pour point, С
	–11
	+14

	Flash point in an open cup, С
	215
	128


Conclusions
The fundamental feasibility of processing petroleum-containing waste using the low-temperature pyrolysis method has been established, yielding pyrocondensate suitable for motor fuel production.
Low-temperature pyrolysis of petroleum-containing waste was conducted at 420 °C, resulting in the formation of 85.5-92.5 wt.% pyrocondensate, 2.3-8.3 wt.% solid residue, and 5.2-6.2 wt.% pyrolysis gas.
It has been determined that the light fractions obtained from the separation of pyrocondensate can serve as feedstock for the production of commercial motor fuels. The residue from pyrocondensate separation can be used as a component of fuel oil or an additive for lubricating greases.
References
[1]	Korchak, B., Grynyshyn, O., Chervinskyy, T., Polyuzhin, I. (2018). Application of vacuum distillation for the used mineral oils recycling. Chemistry & Chemical Technology, volume 12, № 3. – P. 365-371. DOI: https://doi.org/10.23939/chcht12.03.365
[2]	Prokop, R. I., Grynyshyn, O. B., Chervinskyy, T. I., Kochubey, V. V. (2022). Vyvchennya zminy ekspluatatsiynykh vlastyvostey napivsyntetychnoyi motornoyi olyvy Elf Evolution 700 STI pislya vykorystannya u benzynovomu dvyhuni lehkovykh avtomobiliv. Chemistry, Technology and Application of Substances, volume 5, №2. P. 79-87. DOI: https://doi.org/10.23939/ctas2022.02.079
[3]	Pauzi, N. N. M., Shah, M. S. A. (2022). A review on the treatment of petroleum sludge and use as construction materials. Civil and Sustainable Urban Engineering, volume 2, №1. P.12-20. DOI: https://doi.org/10.53623/csue.v2i1.74 
