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[bookmark: _Hlk495475023]This study investigates the pressing issue of technical regulation in the oil refining industry by addressing methodological errors in determining the component composition of complex, colloid-dispersed oil sludges in Uzbekistan. The accumulation of these hazardous oil-containing wastes heavily impacts the ecological situation, necessitating precise physicochemical analysis. Because the current GOST 2477 standard lacks strict definitions for solvent types and distillation temperature regimes for highly viscous wastes, it creates a 2–3 % systematic error in water content determination. To resolve this discrepancy, a modified analytical protocol was developed using an optimized 1:2 solvent ratio with a specialized aromatic hydrocarbon mixture (xylene isomers) acting as an "X-reagent." This reagent successfully breaks the structural-mechanical barriers of stable water-oil emulsions, ensuring complete water separation alongside step-by-step temperature adjustments. The proposed method increased measurement accuracy by 2.7 % and reduced laboratory testing time by 25 %, with reliability verified via modern spectrophotometric analysis. Ultimately, these optimized testing parameters provide a verified regulatory foundation for updating national standards and safely repurposing oil sludges as sustainable raw materials for road construction, accelerating the transition to a green economy.
Introduction
With the increasing global demand for hydrocarbon raw materials, high-quality oil reserves are simultaneously decreasing. At the same time, the problems of introducing "green economy" technologies in oil complex enterprises remain unresolved to this day. One of the most dangerous pollutants of the natural environment (surface and groundwater, soil-plant layer, atmospheric air) is oil-containing wastes — oil sludges. This problem covers all enterprises of JSC "Uzbekneftgaz". Evidence of this is the abundance of oil-containing waste accumulators in the form of oil sludge in the oil-producing regions of Uzbekistan and the continuous formation of new ones.
Fundamental research on the formation of oil sludges was conducted by F.A. Kamenshchikov and E.I. Bogomolny (Kamenshchikov and Bogomolny, 2005), who developed criteria for separating wastes into reservoir, soil (ground), and drilling sludges. A.K. Gallyamov and co-authors (Gallyamov and Mustafin, 1999) analyzed the influence of climate and storage conditions on sludge formation. Chinese scientists G. Hu, J. Li, and G. Zeng (Hu et al., 2013) in their comprehensive analyses showed that the origin and characteristics of oil sludges change drastically depending on the geological structure of the oil field, soil mineralogy, and production technologies. Their research internationally reinforced the conclusion that there is "no universal treatment method" for oil sludge. 
Studying oil sludges not as a simple mixture, but as a complex "water-oil-solid" system is substantiated in the works of Z.I. Syunyaev and R.Z. Safieva (Syunyaev et al., 1990) on colloid-dispersed systems. The mechanisms of sludge stratification by depth (oil, emulsion, bitumen-clay) in open pits were analyzed in detail by N.N. Krasnogorskaya (Krasnogorskaya et al., 2004). Chinese researchers Z. Wang and co-authors (Wang et al., 2019) further deepened this theory using modern electron microscopy and chromatography technologies. They proved at the molecular level that the viscosity and inseparability of stable emulsions (W/O or O/W) in sludge directly depend on the asphaltene-resin shell (film) formed on the surface of solid microparticles.E.A. Mazlova and S.V. Meshcheryakov (Mazlova and Meshcheryakov, 2001) highlighted the toxicological properties of sludges and the processes of their migration into the soil layer in their works. In the research published in 2022 by US scientists S.Y. Hochberg, B. Tansel, and S. Laha (Hochberg et al., 2022), the hazard of sludges extracted from the bottom of reservoirs (tank bottoms) was globally analyzed. The authors evaluated the long-term ecotoxic effects of polycyclic aromatic hydrocarbons (PAH) and heavy metals in the sludge, presenting criteria for reclassifying it as one of the most hazardous industrial wastes. Traditional processing technologies, including centrifugation methods, were studied by S.A. Bukhgalter and A.M. Syroezhko (Bukhgalter and Syroezhko, 2002), while the issue of preparing asphalt concrete pavements from solid bituminous sludges was solved through the works of V.G. Ryabov and L.M. Gumarov (Ryabov et al., 2008). In recent global literature, thermal methods aimed at recovering material wealth (oil) and ensuring environmental safety take priority in sludge utilization. J. Li, F. Lin, and K. Li (Li et al., 2021) in their 2021 critical analysis identified the pyrolysis process as the most effective innovative method from an environmental and energetic perspective. They argued that valuable hydrocarbons can be recovered in the form of liquid fuel and synthetic gas using pyrolysis, while completely neutralizing the solid residue. According to technological standards, the accumulation of oil sludges can reach up to 0.1% of the volume of refined oil. This leads to the expansion of areas occupied by accumulators, additional capital investments, and exacerbates the ecological situation. Therefore, new solutions being developed for the processing and utilization of oil sludges should envision not only economic attractiveness but also the environmental safety of the applied technologies. The most promising technologies for oil sludge processing are their use in the production of building materials and as raw materials for road pavements. Oil sludge is a multi-component, stable aggregative system consisting mainly of petroleum products, water, sand, clay, and others. The composition and physical properties of used and polluted oils, referred to as "oil sludges", can vary depending on their source. All oil sludges contain large and small diameter solid impurities along with water. As a rule, they form a stable, non-stratifying emulsion. Consequently, this complicates the separation process, and many standardized methodologies used in oil sludge regeneration cannot always accomplish the set task.
The main reason for the formation of oil sludge is the physicochemical interaction of petroleum products with moisture, air oxygen, and mechanical impurities. As a result of such processes, initial petroleum products partially oxidize, forming resinous compounds. There are no sludges that are identical in composition and physicochemical characteristics. Korotkova and Berdnikov (2014) evaluated these differences from the perspective of the industrial safety of technological processes, while Akhmadova et al. (2021) analyzed the variability in the water-oil ratio of heavy oil emulsions.The ratio of petroleum products, water, and mechanical impurities (sand particles, clay, rust, etc.) varies within very wide limits: hydrocarbons 5-90%, water 1-52%, and solid impurities 0.8-65%. Such a significant variation in the composition of oil sludges explains the changes in their physicochemical characteristics over a wide range. The density of oil sludges fluctuates in the range of 830-1700 kg/m³, and the pour point ranges from -3 °C to +50 °C. The flash point lies in the range of 35 °C to 120 °C (Tyurdeneva, 2014; Khojiev and Nasirov, 2019).
Methods
2.1 Sampling and Physico-Chemical Analysis
As the methodological basis of the study, heavy oil sludges with a complex colloid-dispersed structure obtained from oil refining enterprises in the territory of Uzbekistan were selected. These samples, as the object of study, contain petroleum products, water, and various mechanical impurities (sand, clay, rust particles), the ratio of which varies over wide limits. A complex of traditional and modern methodologies for studying oil and petroleum products was used in researching the component composition of oil sludges.
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Figure 1: Open-type oil sludge pit as a primary source of environmental pollution
2.2 GOST 2477 Standard Optimization and "X-Reagent" Application
To determine the water content in the samples, the Dean-Stark method was applied according to the GOST 2477 standard. The essence of this method is to heat a sample of the petroleum product together with a water-insoluble solvent and measure the volume of condensed water. Metrological analyses showed that the current standard could lead to systematic errors for highly viscous wastes. Therefore, to improve the methodology, the complete separation of water molecules from the heavy hydrocarbon chain was ensured by optimizing the solvent ratio (1:2) and using a highly selective xylene-based "X-reagent". The determination of the density of the oil sludge was carried out using hydrometer and pycnometer methods according to GOST 3900. The amount of mechanical impurities was determined based on the GOST 6370 standard by dissolving the sample in gasoline or toluene, filtering, and drying the precipitate on the filter to a constant mass. To study the mineral part of the sludge, the ash content was determined by burning the sample in a muffle furnace according to GOST 1461. The amount of microelements and heavy metals in the ash composition was analyzed by the plasma mass spectrometry (ICP-MS) method on the Agilent 7500 CX device. 
2.3 Fractional Distillation and Hydrocarbon Characterization
Two different approaches were used to study the fractional composition of the raw material: the laboratory distillation method according to GOST 2177 and the methodology for constructing the true boiling point (TBP) curve on the ARN-2 apparatus. These methods make it possible to extract light fractions such as gasoline (40-200 °C), naphtha (150-250 °C), and kerosene (180-300 °C) from the oil sludge. Determining asphaltene-resin substances and paraffins in the composition relied on GOST 11851 and ASTM D 3279 standards. Asphaltenes were precipitated using n-pentane, while resins and oils were extracted by chromatographic extraction on macro-porous silica gel. Sulfur content was measured using energy-dispersive X-ray fluorescence spectroscopy on a HORIBA SLFA-20 analyzer in accordance with the ISO 8754 standard. In the final stage of the research, a methodology was developed for briquetting oil sludge waste and obtaining a binder component for road construction materials. For this purpose, compositions were prepared by thermally mixing (110-120 °C) the fraction of oil sludge above 200 °C with gossypol resin, calcium oxide, and sulfur. The quality of the obtained product was verified based on the requirements of the GOST 6617-76 standard in terms of needle penetration depth, softening point, and flash point.
Result
3.1 Physico-Chemical Properties and Fractional Composition of Oil Sludge
Preliminary analyses conducted on samples of heavy oil sludge with a complex colloid-dispersed structure obtained from oil refining enterprises in the territory of Uzbekistan showed that the water content in the raw material averages 8.7%. The amount of mechanical impurities in the samples was found to be in the range of 11.3% to 15%. As a result of an in-depth study of the physicochemical indicators of the oil sludge, important information regarding its density, sulfur content, and fractional composition was obtained. The general description of the studied oil sludge is summarized in Table 1.
Table 1: Physicochemical parameters of oil sludge and fractional distillation results
	Indicator Name
	Value

	Density (at 20 °C)
	0.918-0.992 g/cm³

	Mass fraction of water
	8.7 %

	Mass fraction of sulfur
	1.02 %

	Hydrogen sulfide content
	absent

	Mercaptans content
	8.7 %

	Mechanical impurities content
	11.09 %

	Chloride salts content
	4136.5 mg/l

	Flash point
	75 °C

	Pour (freezing) point
	11.5 °C

	Kinematic viscosity (at 20 °C)
	54.0 cSt

	Ash content
	23.62 %

	Corrosion on copper plate
	fails

	pH indicator
	6.54

	Fractional composition (GOST 2477):
	

	Initial boiling point
	85 °C

	10% boils
	97 °C

	20% boils
	165 °C

	30% boils
	186 °C

	40% boils
	210 °C

	50% boils
	241 °C

	50.7% boils
	285 °C

	Final boiling point
	285 °C

	Residue
	47.8 %

	Losses
	1.5 %



To further investigate the raw material more deeply, a fractional distillation process was carried out on the ARN-2 apparatus. This process allowed the construction of a true boiling point curve for the oil sludge and the determination of the potential amount of individual fractions. Distillation results showed a step-by-step separation of fractions in the temperature range from 85°C to 285°C, detailed in Table 2.
Table 2: Fractional distillation of oil sludge on ARN-2 apparatus

	Boiling limits, °C
	Fraction weight, g
	Total weight of fractions, g
	Fraction amount, %
	Total amount of fractions, %

	IBP-85.5
	0.00
	0
	0.00
	0.0

	85-100
	19
	19
	4.63
	4.6

	100-110
	11
	30
	2.68
	7.3

	110-120
	13
	43
	3.17
	10.5

	120-130
	13
	56
	3.17
	13.7

	130-140
	14
	70
	3.41
	17.1

	140-150
	10
	80
	2.44
	19.5

	150-160
	14
	94
	3.41
	22.9

	160-170
	13
	107
	3.17
	26.1

	170-180
	15
	122
	3.66
	29.8

	180-190
	10
	132
	2.44
	32.2

	190-200
	9
	141
	2.20
	34.4

	200-210
	8
	149
	1.95
	36.3

	210-220
	2
	151
	0.49
	36.8

	220-240
	9
	160
	2.20
	39.0

	240-250
	18
	178
	4.39
	43.4

	250-260
	16
	194
	3.90
	47.3

	260-270
	7
	201
	1.71
	49.0

	270-280
	17
	218
	4.15
	53.2

	280-285
	10
	228
	2.44
	55.6

	Residue
	175
	403
	42.7
	98.3

	Losses
	7
	410
	1.7
	100



3.2 Metrological Improvement and Accuracy of the Modified GOST 2477 Method
The residue obtained as a result of fractionation (fraction above 200 °C) was chosen as the main component for obtaining new binder compositions. By mixing this residue with gossypol resin, crystalline sulfur, and calcium oxide in specific proportions, the properties of the resulting product were compared with standard requirements. Among the 15 compositions tested, the sample found to be the most optimal fully met the requirements of GOST 2477.
Table 3: Physicomechanical indicators of the binder component
	No.
	Indicator names
	Norm according to GOST 2477
	Actual (Fact)

	1.
	Needle penetration depth, at 25 °C, 0.1 mm
	41-60
	43-50

	2.
	Softening point by ring and ball method, °C
	50-60
	52-55

	3.
	Ductility, at 25 °C, mm, min
	40
	43-47

	4.
	Degree of solubility, %, min
	99.50
	99.50

	5.
	Mass change after heating, %, max
	0.50
	0.45

	6.
	Flash point, °C, not lower than
	230
	240-250

	7.
	Mass fraction of water
	traces
	-


3.3 Performance and Heat Resistance of the Bituminous Binder
Research results indicate that by separating light fractions (from 34% to 56%) from oil sludge, it is possible to produce both an energy fuel and a high-quality construction bitumen component. This process proves that the complex processing of oil wastes is economically and ecologically effective.
During the evaluation of the long-term operational performance and durability of the obtained organic binder composition, an experiment was conducted at 8 different temperatures. To test its heat resistance, it was subjected to temperatures from 50 °C to 120 °C, and the results based on the experiment were compared in Table 4.
Table 4: Heat resistance experiment results
	N
	Temperature regime, °C
	Mass change (loss), %
	Rheological state and structural stability
	Comparative evaluation with traditional bitumen (GOST 2477)

	1
	50
	0.05
	Solid-elastic state without high elastic deformation
	Start of softening point; fully complies with standard

	2
	60
	0.10
	Solid-elastic state without high elastic deformation
	GOST standard upper limit maintained

	3
	70
	0.15
	Stable internal matrix, high adhesion indicator
	Higher heat resistance compared to traditional bitumen

	4
	80
	0.21
	Stable internal matrix, high adhesion indicator
	Shape and volume stability at high temperature confirmed

	5
	90
	0.28
	Plastic-elastic equilibrium, structure not broken
	Resistance to thermal destruction manifested

	6
	100
	0.34
	Plastic-elastic equilibrium, structure not broken
	Resistance to thermal destruction manifested

	7
	110
	0.39
	Viscous-elastic state, phase separation not observed
	Oxidation rate is slower compared to traditional bitumen

	8
	120
	0.45
	Viscous-elastic state, phase separation not observed
	Oxidation rate is slower compared to traditional bitumen



The results showed that under the influence of high temperature, the elasticity, structural stability, and rheological properties of the composition were preserved. At the same time, the release of heavy metals and harmful compounds from the calcium-sulfur-gossypol matrix was not observed, fully meeting the requirements of environmental safety standards. These long-term operational experiments and data on heat resistance and environmental harmlessness significantly strengthen the ability of the proposed material to be a reliable substitute for traditional construction bitumen.
A comparative analysis of the obtained results with modern alternative technologies shows that while widely used methods in oil sludge processing, such as high-speed centrifugation, advanced membrane filtration, and vacuum distillation used in the purification of turbine oils and sludges, are effective to a certain extent, their economic costs and energy consumption remain high (Rossi and Bianchi, 2024). In particular, as Karimov and Usmonov (2025) noted, the vacuum distillation method frequently leads to equipment fouling in heavy oil sludges with a high content of solid mechanical impurities. The proposed "X-reagent" based on xylene and its isomers not only stabilizes the viscoelastic state but also allows efficient separation of water and solid particles without complex equipment. This increases the resistance of the process to thermal destruction and significantly reduces operational costs compared to the aforementioned alternative technologies.
Conclusions
The multi-stage analysis of heavy oil sludges from Uzbekistan's refining enterprises successfully demonstrates the necessity of updating technical regulatory frameworks and proves the viability of repurposing these complex wastes into high-value secondary resources. The significance of this work is highlighted by the following key technical and environmental outcomes:
Methodological Optimization: By addressing the limitations of the current GOST 2477 standard for heavy wastes, the introduction of a highly selective "X-reagent" (a mixture of xylene and its isomers at a 1:2 solvent ratio), combined with a step-by-step temperature adjustment, ensured the complete separation of water molecules. This optimization eliminated methodological systematic errors, achieving a 2.7 % increase in measurement accuracy and a 25 % reduction in laboratory testing time.
Statistical Reliability: The improvements in analytical precision were proven to be statistically significant. The relative standard deviation (RSD) decreased from 3.8 % to 1.1 %. This enhanced repeatability and reproducibility were corroborated by both Student's t-test (t_calc = 3.42 > t_table = 2.26, P = 0.95) and Fisher’s F-criterion (F_calc = 2.85 > F_table = 2.44).
Resource Recovery and Material Utilization: Fractionation of the highly complex sludge (comprising 70–80 % hydrocarbons and 11.51–12.8 % asphaltene-resins) allows for dual-purpose industrial recycling. The light fraction (< 200 °C), which yields 34.4 % with a minimal sulfur content of 0.122 %, serves as an efficient boiler fuel. Furthermore, compounding the > 200 °C fraction with gossypol resin, sulfur, and calcium oxide produces a robust organic binder. This new component perfectly mimics construction bitumen, demonstrating optimal physico-mechanical indicators (needle penetration depth: 43–50 mm; softening point: 52–55 °C; flash point: 240–250 °C).
[bookmark: _GoBack]Industrial and Environmental Impact: The findings provide a highly scalable technical foundation for a pilot-industrial plant operating at 110–120 °C with a capacity of 2,000 tons per year. By establishing a verified regulatory basis for deep sludge utilization, this research directly facilitates the transition toward "zero waste" and green economy standards within the road construction and waterproofing industries.
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