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Сажетак: Модерна индустријска инфраструктура и технолошки напредак у великој мери се ослањају на широк спектар механичких система, од великих производних погона и транспортних мрежа до високопрецизних роботских уређаја. Како традиционалне машине пролазе кроз парадигматску промену ка свеобухватној аутоматизацији и сајбер-физичкој архитектури, потражња за оперативном поузданошћу постаје најважнија. Кључно за све ове хетерогене склопове је континуирана ефикасност примарних динамичких компоненти, као што су лежајеви и системи за пренос снаге, који фундаментално зависе од напредне технологије подмазивања. Удаљавајући се од конвенционалне производње, овај рад пружа свеобухватну анализу глобалног тржишта мазива и савремених трендова производње. Посебан нагласак је стављен на процену различитих методологија обраде базних уља, померајући фокус са историјске екстракције растварачима ка напредним каталитичким иновацијама и молекуларном рафинисању. Штавише, ова студија испитује како циљане модификације састава побољшавају основне карактеристике перформанси базних уља, усклађујући их са строгим савременим индустријским и еколошким стандардима.
Abstract: Modern industrial infrastructure and technological advancement rely heavily on an extensive spectrum of mechanical systems, ranging from large-scale manufacturing facilities and transport networks to high-precision robotic devices. As traditional machinery undergoes a paradigm shift toward comprehensive automation and cyber-physical architecture, the demand for operational reliability becomes paramount. Crucial to all these heterogeneous assemblies is the continuous efficiency of primary dynamic components, such as bearings and power transmission systems, which fundamentally depend on advanced lubrication technology. Moving away from conventional manufacturing, this paper delivers a comprehensive analysis of the global lubricant market and modern production trends. Special emphasis is placed on evaluating diverse base oil processing methodologies, shifting the focus from historical solvent extraction toward advanced catalytic innovations and molecular refining. Furthermore, this study examines how targeted compositional modifications enhance the fundamental performance characteristics of base oils, aligning them with stringent contemporary industrial and environmental standards. 
Кључне речи: Производња мазива, минерална базна уља, рафинација базних уља, екстракција растварачем, хидрокрекинг. 
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1. INTRODUCTION
The core operational phenomenon across all these systems is the relative motion between interacting surfaces, whether in direct or indirect contact. During instances of sliding or rolling, intricate physicochemical interactions manifest at the tribological interface. The primary consequence of this behavior is interfacial friction, which converts mechanical energy into thermal energy, inducing localized heating and subsequent thermal degradation of the moving parts. Beyond energy losses, these frictional forces drive structural damage through micro-scale wear and mechanical failure of the components. Consequently, contemporary lubrication engineering focuses on optimizing these contact interfaces. This is achieved not only through material selection and surface texturing but fundamentally through the molecular design of advanced lubricants tailored to mitigate shear stress and thermal stress. 
Rather than being classified simply as friction-reducing media, lubricating oils are now recognized as multi-functional engineered fluids essential for thermal dissipation, corrosion mitigation, and system sealing. Under the American Petroleum Institute (API) framework, base stocks are divided into five operational categories. Although petroleum-derived mineral bases (Groups I–III) still command the largest market volume, synthetic formulations (Groups IV and V) are experiencing rapid adoption for high-stress applications. Consequently, the refining sector is undergoing a profound transition, replacing legacy solvent extraction with advanced hydroprocessing and selective catalytic isomerization. These molecular upgrading techniques optimize the hydrocarbon matrix to yield base oils with exceptional viscosity indices, excellent thermal oxidative stability, and negligible sulfur concentrations. Paraffinic 'solvent neutral' architectures, historically optimized through solvent-based refining, still comprise a significant portion of current production due to feedstock accessibility. However, precise molecular control over the paraffinic, naphthenic, and aromatic distributions within these high-molecular-weight crude fractions is vital. Characterizing these structural and physicochemical attributes allows for stringent quality control, guaranteeing that the final lubricants satisfy modern industrial efficiency and environmental compliance protocols (Alattas, A. et al., 2011), (Elkamel, A., et al., 2008), (Hosseini A., et al., 2020). 
2. COMPOSITION AND STRUCTURE OF MINERAL LUBRICATING OILS
Given that mineral oils are derived from petroleum, the types and structures of the chemical compounds present within them retain the fundamental characteristics of the compounds found in crude oil. The primary constituents of petroleum are various hydrocarbons. Additionally, organic compounds containing heteroatoms most commonly sulfur, nitrogen, and oxygen are also present. Based on elemental analysis data, crude oil exhibits the following average values, table 1.
Table 1. Average Elemental Composition of Crude Oil
	Element
	Symbol
	Content (wt. %)

	Carbon
	C
	83.00-88.00

	Hydrogen
	H
	10.00-14.00

	Sulfur
	S
	0.05-5.00

	Nitrogen
	N
	0.1-2.0

	Oxygen
	O
	0.05-1.5

	Metals (Ni, V)
	-
	<0.1


Mineral oils consist of simple and complex hydrocarbon molecules characterized by the following structural types: n-paraffins and iso-paraffins (linear and branched alkanes), cycloparaffins (commonly referred to as naphthenes), aromatics (aromatic hydrocarbons), Figure 1. Mineral oil fractions primarily contain aromatic sulfides, including thiophenes and naphthene derivatives in the form of cyclic polymethylene sulfides. The nitrogen content ranges from 0.3 to 0.7 (wt. %). Nitrogen compounds can be of both neutral and basic nature, however, it is hypothesized that basic compounds are formed through decomposition during the distillation process. In mineral oil fractions, bicyclic naphthenic acids associated with aromatic rings and nitrogen-sulfur compounds are predominantly present. The molecular structure and mass of hydrocarbons significantly influence their chemical and physical behavior. This primarily concerns properties essential to mineral base oils, such as viscosity and viscosity-temperature relationships, the state of matter specifically the liquid phase range as well as oxidative and thermal stability. It is clearly observable that as molecular mass increases, both melting and boiling points shift toward higher temperatures.
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Figure 1. Basic types and structures of hydrocarbons
At a constant molecular mass, the liquid state range for paraffins, naphthenes, and aromatics shifts toward higher temperatures in that respective order (Noh, K., et al., 2018), (Sankararao, B., et al., 2007). The states of matter, specifically the range of the liquid state, are determined by the molecular structure. The dependence of the physical states of fundamental hydrocarbons on their molecular mass is illustrated in Figure 2.
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Figure 2. Dependence of the physical states of fundamental hydrocarbons on their molecular weight
3. CATALYTIC TRANSFORMATIONS AND MOLECULAR UPGRADING IN BASE OIL REFINING
In contrast to petroleum derived stocks, synthetic lubricants are engineered through precise chemical synthesis pathways, primarily via the oligomerization of linear alpha olefins or the esterification of selected organic acids and alcohols. While naturally sourced mineral bases inevitably contain complex heteroatom impurities including sulfur, nitrogen, and highly reactive, unstable hydrocarbons, synthetic fluids are defined by a strictly controlled and uniform molecular architecture. This structural homogeneity eliminates internal weak points, guaranteeing predictable rheological behavior and exceptional stability under severe mechanical shear and high thermal loading. Consequently, executing rigorous monitoring protocols, maintaining structured storage conditions, and adhering to strict environmental disposal regulations are vital practices to optimize machine durability and ensure maximum thermodynamic efficiency. 
3.1 Hydroprocessing Methodologies and Manufacturing production for mineral base stocks
The majority of modern lubricants are formulated from paraffinic base oils, which are preferred for their high viscosity index and superior oxidative stability. Traditionally, the blending process the final stage where base oils are combined with specialized additive packages is integrated within refinery complexes to optimize feedstock logistics and maintain stringent quality control. However, current industry trends show an increasing decentralization of this process. Independent blending facilities are frequently established outside the refinery perimeter, outside the refinery perimeter. This strategic relocation closer to end-markets enhances operational flexibility and allows for a more agile response to localized industrial and automotive demands. The complex sequence of refining stages, from initial distillation to the final formulation, is systematically presented in Figure 3., which illustrates the comprehensive schematic of lubricant production and the subsequent blending process. 
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Figure 3. Production and preparation of lubricating oils (1-Vacuum distillation, 2- Oil distillates, 3- Atmospheric residue, 4- Deasphalting, 5- Propane recovery, 6- Deasphalted oil with propane, 7- Asphalt with propane, 8- Propane, 9- Deasphalted oil, 10- Solvent extraction, 11- Furfural recovery, 12- Raffinate with furfural, 13- Extract with furfural, 14- Furfural, 15- Paraffinic distillates, 16- Cooling and filtration, 17- Dewaxed oil and solvent, 18-Paraffin (Wax) and solvent, 19- Solvent recovery, 20- Solvent, 21-Hydrotreating/Hydrofinishing, 22- Blending and packaging.
In the European context, traditional solvent extraction facilities such as those historically operated in Central Europe are increasingly being upgraded or replaced by high-pressure hydrocracking units. This shift, exemplified by the recent Hydrocracked Base Oils (HBO) investments in the Gdańsk Refinery and the expansion of Shell’s Rotterdam complex, aligns with the industry's demand for low-viscosity, high-performance synthetic-grade mineral oils. Beyond the European market, this technological transition is mirrored globally by world scale manufacturing assets designed to optimize hydrocarbon structures. In North America, the ExxonMobil Baytown Refinery in Texas stands as a primary example, having integrated advanced hydrocracking networks to supply high purity premium base stocks. Concurrently, the Middle East has positioned itself as a major hub for these advanced processing lines, highlighted by the Adnoc Ruwais Refinery in the United Arab Emirates and the Luberef facilities in Saudi Arabia, both of which utilize deep catalytic hydroconversion to produce high viscosity index lubricants. In the Asia Pacific region, SK Energy at the Ulsan Refinery in South Korea operates some of the largest catalytic hydroisomerization complexes in the world, shifting the global supply trajectory toward high performance Group III base oils (Li, W., et al., 2010). 
3.2 Primary Separation and Fractionation of Base oils
The primary feedstock for base oil production is the atmospheric residue, which undergoes vacuum distillation to be separated into specific oil fractions and a vacuum residue. Although atmospheric and vacuum distillation are often integrated into a single continuous process, the atmospheric residue is typically directed to intermediate storage tanks before being fed into the vacuum unit. The fundamental objective of distillation is to ensure the appropriate viscosity and flash point of individual fractions, as these represent their primary functional characteristics. The presence of low-boiling components significantly lowers the flash point, even in trace amounts. This parameter depends on the separation efficiency (sharpness) of the distillation column and can be optimized through steam stripping in side-stream columns.
In lubricating oils, viscosity is functionally dependent on the boiling range and, consequently, the molecular weight. The average molecular weight of oil fractions typically ranges from 350 to 700. Modern automotive and industrial lubricants demand base oils with a narrow molecular weight distribution to ensure optimal performance. The integration of advanced distillation technologies, such as Dividing Wall Columns (DWC) and AI-driven real-time optimization, has redefined the precision of base oil fractionation, allowing refineries to meet the stringent molecular weight requirements of modern industrial lubricants. Vacuum distillates contain undesirable components that, after only a brief period of use, lead to oil darkening, increased viscosity, the formation of acidic by-products, and the development of sludge. The primary contaminants targeted during the refining process include polycyclic aromatic hydrocarbons (PAHs), sulfur and nitrogen compounds, and asphaltic resins. These impurities are detrimental to the lubricant's performance, as they promote thermal instability, catalyst poisoning, formation of corrosive acidic by-products and the affect the stability during storage. The removal of these undesirable substances through modern refining methods enables the production of high-value mineral base oils, even from crude oils that were previously considered unsuitable due to their high n-paraffin and aromatic content.
3.3 Phase Partitioning and selective refining of complex hydrocarbon distillates
Solvent refining refers to the liquid-liquid extraction of aromatics and other undesirable substances from oil distillates. Suitable extraction solvents include phenol, furfural, sulfur dioxide, and N-methyl-2-pyrrolidone (NMP). In addition to producing base oils with low aromatic content referred to as solvent raffinate or solvate the process yields an aromatic-rich extract, which finds applications in the rubber and printing ink industries. The depth of refining is primarily controlled by adjusting process conditions. Alongside aromatic content, the viscosity index serves as the critical criterion for determining extraction depth. Beyond enhancing oxidative stability (aging resistance), solvent refining modifies other physical properties of the distillate. Both the density and viscosity of the raffinate are lower compared to the original distillate, while the viscosity index increases proportionally with the amount of extract removed. When selecting an extraction solvent, selectivity is of paramount importance. Furthermore, the solvent must meet several industrial requirements, including: rapid phase separation between raffinate and extract, high density, low emulsification tendency, low vapor pressure, and high chemical stability. Additionally, it must allow for easy recovery from both phases, exhibit low toxicity and environmental safety, be cost-effective and readily available, and remain non-corrosive to metallic equipment. 
As a highly resource efficient method for base oil recovery solvent extraction comprehensively enhances critical physicochemical attributes including volatility oxidation stability low temperature properties and the overall viscosity index. Furthermore implementing advanced extraction flocculation techniques generates non hazardous reusable byproducts that directly lower the total carbon footprint of the petroleum refining process.
In a study conducted by Osman et al. the regeneration of spent motor oil was evaluated through a specialized mixture of composite polar solvents combined with activated alumina adsorption to optimize sludge removal. In another analysis presented by Nour et al. the efficiency of alternative extracting agents including 1-butanol and various alcohol groups was systematically investigated to achieve maximum hydrocarbon recovery while eliminating hazardous contaminants from the base stock. In a study conducted by Hamad et al., the treatment of waste lubricating oil was facilitated through the use of hydrocarbon solvents sourced from liquefied petroleum and stabilized condensates. In another analysis conducted by Katiyar and Sattar, various solvents including methyl ethyl ketone (MEK), methyl isobutyl ketone (MIBK), 2-propanol, and 1-butanol were examined. The study evaluated the efficiency of these polar solvents in reducing the pour point and enhancing the low-temperature fluidity of the base oil (Osman D., et al., 2018). The most widely utilized solvent extraction process is based on furfural. However, in recent years, the extraction process using N-methyl-2-pyrrolidone (NMP) has proven to be techno-economically superior, leading to its significant expansion in industrial applications. N-methyl-2-pyrrolidone (NMP) is a highly selective, non-toxic solvent that was introduced several years ago for the solvent extraction of oil distillates and residues. Due to its superior selectivity which can be further enhanced by the addition of water it is possible to process low-value distillates into high-value lubricating oils using significantly lower solvent-to-oil ratios. Consequently, this leads to substantial savings in capital expenditures Capital Expenditures, (CAPEX) for the construction of new facilities. An NMP extraction plant typically consists of three primary sections: the extraction unit, the solvent recovery units for both raffinate and extract phases, and the NMP dehydration (drying) unit, Figure 4, (Katiyar V., et al., 2010).
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Figure 4. Solvent extraction process
3.4 Selective hydrocarbon transformation
The process encompasses several key chemical transformations, including the hydrogenation of hetero-compounds, the saturation of aromatic bonds, selective hydrocracking, and isomerization, all of which jointly contribute to the superior quality of the final base oil. Oil distillates obtained through the deep hydrotreating process are characterized by a high viscosity index, ranging from 100 to 130. An undesirable phenomenon in the production of base oils by this method is the inability to suppress cracking reactions, which lead to the formation of light and middle distillates. Hydrogenation takes place in the liquid phase at pressures between 10 and 20 MPa, at temperatures from 350 to 450 °C, and with a hydrogen flow rate of 1300–2000 l/h. cobalt-molybdenum catalyst Co-Mo/Al₂O₃ catalysts are typically employed in the process (Verstraete J., 2010). 
Revellin N. et al., have investigated new analytical tools to characterize the chemical families in Vacuum Gas Oil fractions as well as a kinetic model for Vacuum Gas Oil (VGO) hydrotreatment based on molecular reconstruction. With this, they proved a better separation and redistribution of basic and non-basic nitrogen compounds in Vacuum Gas Oils cuts is available. 
Camilo Mateus-Rubiano et al., demonstrated that the use of dispersed catalysts, particularly iron-based ones, during hydrorefining significantly reduces crude oil viscosity by up to 90% by decomposing and cracking heavy fractions. The study confirms that optimizing temperature (370–410 °C) and catalyst composition achieves efficient conversion of heavy components into lighter distillates, directly improving the rheological properties and volatility of the final product. Despite production costs being approximately 50% higher, hydrotreating technology is implemented whenever the production of high-performance base oils of specific quality is necessitated. Figure 5, illustrates the advanced hydrotreating process flow for high-grade base oil production. The hydrotreating process of waste lube oil begins by introducing the feed along with hydrogen into a fixed-bed catalytic reactor. The resulting products are then directed to a high-pressure separator, where liquid hydrocarbons are segregated from the gaseous phase consisting of hydrogen (H₂) and hydrogen sulfide (H₂S). These separated gases are subsequently routed into a scrubber containing a basic solution (either ethanolamine or diethanolamine) specifically designed to remove the H₂S. Following this cleaning step, the purified H₂ is recycled back into the treatment reactor, while the isolated H₂S is sent to a sulfur recovery unit. After the products undergo desulfurization, they are transferred to a fractionator. This column is responsible for separating the liquid products from the lighter C₃ and C₄ alkanes, commonly referred to as liquefied petroleum gas (LPG). The comprehensive schematic flow of this entire hydrotreating procedure for waste lube oil is illustrated in Figure 5.
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Figure 5. Hydrotreating process
As evident from Table 2, the maximum percentage yield is achieved by utilizing zinc oxide (ZnO) as a catalyst at an optimal temperature of 623 K. This table offers a concise and structured overview of the operating parameters for the hydrotreatment process, highlighting the yield percentages obtained under optimal conditions for each specific catalyst.
Table 2. Summary of operating conditions for the hydro-treatment process
	Catalyst used
	Optimum condition
	% yield

	A ZnO catalyst that is supported by Y-Zeolite
	Y-Zeolite/ZnO catalyst concentration of 24.75 % and temperature of 623 K
	99.49 %

	Boehmite, as well as five waste catalysts, including C, V, Mo, Ni, and Al2O3
	A dosage of 40 wt % waste catalyst to combine with Boehmite
	-

	Used hydro-treating catalyst (Mo-Ni/Al) (C20-7-05-TRX)
	5 % Fe (NO3)3+ 4 % Oxalic acid
	-

	Iron oxide supported by Silica (SiO2), alumina (Al2O3), and silica–alumina (SiO2Al2O3)
	Temperature – 400 °C
Catalyst concentration – 86 %
	-

	Ammonium Paramolybdate
	Pressure, temperature, feedstock space velocity, catalyst content, and hydrogen feedstock were 7 MPa, 435 °C, 1 h-1, 0.05 %, and 1000 nL/L, respectively.
	67 wt% per pass, while 90 wt % based on recycled feedstock

	Commercialized hydrocracking catalyst (HC-102)
	Temperature, pressure, liquid hourly space velocity (LHSV), hydrogen purity wer 125 °C–400 °C, 60–73 bar, 1 to 2.5, and 70 %, respectively.
	-

	Co/Mo/MCG
	Temperature and lubricant-to-catalyst ratio were 475 °C and 300:1, respectively.
	58 %


4. CONCLUSIONS
In conclusion lubricating media are no longer considered simple friction reducing agents but rather complex functional fluids whose operational success depends fundamentally on precise physicochemical characteristics. Production engineering teams must systematically evaluate these properties to identify optimal formulations that successfully balance mechanical efficiency with financial viability workplace safety and feedstock availability. This study comprehensive examines current lubricant manufacturing frameworks as indispensable elements of modern industrial infrastructure. The early sections of this paper delineate the theoretical foundations governing the hydrocarbon composition of mineral base stocks while subsequent chapters detail specific refining lines processing methodologies and modern classification standards. Although contemporary strategies like solvent extraction and membrane filtration deliver enhanced environmental performance they remain limited by substantial capital investments complex operational costs lower product yields and the necessity for highly specialized technical knowledge. Additionally optimizing the overall cost effectiveness of vacuum distillation and hydroprocessing operations persists as a major industrial challenge. Nevertheles deploying integrated refining configurations has yielded exceptional outcomes effectively harmonizing premium product quality with rigorous environmental sustainability benchmarks while exploring global consumption dynamics and future sector trends.
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