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As the demand for biobased lubricating oils continues to rise, there is a growing focus on exploring diverse oil types. Particularly noteworthy is the surge in demand for high oleic oils, which offer enhanced stability, and a richer oleic acid content compared to their regular oil counterparts. However, the performance of high oleic soybean oil (HOSO) with additives compared to regular soybean oil (RSO), remains unclear. This study is focused on revealing the compatibility of both regular soybean oil (RSO) and high oleic soybean oil (HOSO) with select antiwear and antioxidant additives, specifically zinc dialkyl dithiophosphate (ZDDP), and zinc dialkyl dithiocarbamate (ZDDC) combined with antimony dialkyldithiocarbamate (ADDC), along with a comparative performance analysis of these additives. Reciprocating friction, wear, and electrical contact resistance-based analyses were conducted to evaluate additive compatibility and wear mechanisms at room temperature lubrication conditions. Interestingly, it was observed that for the select additives, the compatibility with regular soybean oil (RSO) was better than that of high oleic soybean oil (HOSO). RSO with additives showed around 28% reduction of wear volume whereas, it was only 8% for HOSO with additives. Additional physiochemical property analyses were conducted on the lubricants to correlate the observed tribological behavior. The worn-out surfaces of the test samples were characterized thoroughly to reveal the dominant wear mechanisms.
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1 INTRODUCTION
The role of lubricating oils is crucial in keeping various industries running smoothly, including automotive, manufacturing, aerospace, and energy production. Lubricating oils are essential in machines as they prevent wear and tear by creating a protective layer between moving parts (Qin et al., 2019). Mineral oil-based lubricants find extensive use in many industries due to their excellent lubrication qualities, easy availability, and chemical stability. Even electric vehicles, despite running on batteries, rely on lubricating oil for certain components. In recent times, there has been a growing concern for finding alternatives to petroleum oils. This is primarily due to their non-renewable nature, toxicity, and lack of biodegradability (Shodji Tamada et al., 2012), (Vazquez-Duhalt, 1989). According to recent studies, around 50% of the lubricants used globally end up polluting the environment due to several reasons like their usage, accidental leaks, evaporation, or improper disposal techniques (Reeves et al., 2017). Mineral oils are exhaustible resources, and their continuous usage is contributing to their depletion. Global initiatives are being carried out to reduce the usage of petroleum-based oils due to the adverse effects they have on the environment.
It is evident that the world is gradually shifting towards renewable energy and materials sources, and the lubrication industry is no exception. In recent times, there has been a surge in research investigations to explore the tribological behavior of biobased oils. These oils are extracted from natural sources such as coconut (Jayadas et al., 2007), (Jayadas and Nair, 2006), rapeseed (Ruggiero et al., 2017), (Ravasio et al., 2002), jatropha (Ruggiero et al., 2017), castor (Ouyang et al., 2021), canola (Reeves and Menezes, 2017), avocado (Reeves and Menezes, 2017), soybean (Adhvaryu and Erhan, 2002), (Cheenkachorn, 2013), sunflower (Fox et al., 2004), (Kumar and Gautam, 2022), and palm oil (Masjuki et al., 1999), (Shomchoam and Yoosuk, 2014). An alternative option that presents a significant opportunity to repurpose discarded waste is the use of waste cooking oil as a lubricating oil. This approach can serve as a viable solution to reduce reliance on petroleum-based oils and minimize their environmental impact (Milano et al., 2022). Soybean oil is one of the most widely produced biobased oils across the world (Wilson, 1998). It has been extensively researched in the area of biobased lubricating oil, where different types of soybean oils such as regular soybean oil, chemically modified soybean oil like high oleic, epoxidized, isopropylation or thermally modified soybean oils have been used (Adhvaryu and Erhan, 2002), (Napolitano et al., 2018), (Bhowmik et al., 2024), (Adhvaryu et al., 2004). Researchers have conducted studies to examine the efficacy of these oils in high-temperature lubricant applications as well.
Hwang et al. (Hwang and Erhan, 2006) performed a chemical alteration on epoxidized soybean oil (SBO) using different alcohols and sulfuric acid as a catalyst. This reaction resulted in products where the epoxide rings were opened. This product was subjected to a series of reactions involving alcohols and sulfuric acid as a catalyst. This was followed by esterification with acetic anhydride and pyridine. The process resulted in final products that demonstrated enhanced resistance to oxidation and had low pour points. Bhowmik et al. (Bhowmik et al., 2024) studied the tribological behavior and physicochemical properties of chemically modified high oleic soybean oil (HOSO) using isopropylation approach at different operating temperatures. They observed an improvement of 10.6% reduction in wear volume due to the select chemical modification process as compared to that of regular HOSO. Esterification forms esters from acids and alcohols, enhancing the oil’s properties. Transesterification converts triglycerides into fatty acid methyl esters (FAME), improving lubrication (McNutt and He, 2016). Estolides, formed from fatty acids, also boost oil performance. The production of estolides, cyclic esters, improves the viscosity and stability of oils, making them more suitable for lubrication. Acetylation adds acetyl groups to improve thermal stability and lubricating properties (Cermak et al., 2017). Genetic modification techniques, such as CRISPR-Cas9, enable precise edits to oilseed crops, boosting oil yield and fatty acid composition for better lubrication. Traditional transgenic approaches modify metabolic pathways by inserting foreign genes, further enhancing oil properties for lubrication (Hamnas and Unnikrishnan, 2023).
Lubricant properties are improved through the modification of oils, particularly vegetable oils, which are prone to oxidation because of double bonds. Bis-allylic protons adjacent to these double bonds are the primary reason for the radical attacks and oxidation process in biobased oils (Fang and Mccormick, 2006), (Adhvaryu et al., 2005), (Kumar, 2017). The oxidation process comprises of three primary stages, namely, initiation, propagation, and termination. During the initiation stage of the lubricant oxidation process, the components of the lubricant react with one or more catalysts, resulting in the formation of free radicals - highly reactive molecules that combine with other molecules to create new chemical compounds. In the propagation stage of the oxidation process, various types of free radicals and catalysts react with each other in intricate ways, resulting in the generation of additional free radicals and oxygenated compounds. The termination stage signifies the conclusion of the oxidation process, which can have either a positive or negative outcome (Fox and Stachowiak, 2007). To enhance their performance, additives such as nano particle antioxidants, antiwear agents, and friction modifiers are mixed with the oils.
Mousavi et el (Mousavi and Zeinali Heris, 2020). studied the effects of zinc oxide (ZnO) nanoparticles on diesel oil’s thermophysical and tribological properties. The addition of ZnO reduced the coefficient of friction by 5.86% and decreased pin mass loss by 86% compared to pure diesel oil, showing significant improvements in anti-wear performance. In another study the same research group enhanced the tribological properties of synthetic biodegradable PAO oil using a combination of nanoparticles. Copper (Cu) nanoparticles reduced friction and wear, titanium dioxide (TiO2) improved stability, manganese dioxide (MnO2) enhanced tribological characteristics, and graphene oxide (GO) was used for better nanoparticle dispersion. The Cu/TiO2/MnO2-doped GO nanocomposite resulted in a significant improvement, with a maximum anti-wear feature of around 46% (Mousavi et al., 2024). In other studies, it has been observed that ZnO and MoS2 nanoparticles can effectively improve the tribological properties of biobased oils and also diesel oil, enhancing their friction-reducing and anti-wear performance (Mousavi et al., 2021), (Mousavi et al., 2020), (Mousavi et al., 2019). Antioxidant additives prevent oxidation caused by high temperatures and oxygen exposure, while antiwear additives reduce friction and wear on metal surfaces, enhancing equipment longevity. In addition to these, friction modifiers, nanoparticles, or ionic liquids may also be used to enhance their friction and wear behavior in different application domains (Roy et al., 2019), (Roy et al., 2021). Researchers investigated the effects of adding copper oxide nanoparticles (CuO) to Sal oil after chemically modifying it through the epoxidation process. They added CuO nanoparticles in varying concentrations and dispersed them properly through an ultrasonication process. Minimum COF was observed when the concentration of nanoparticles in the modified oil was 0.5%, which resulted in an 8% reduction in friction compared to the raw oil. Furthermore, adding CuO nanoparticles up to 0.5% also minimized the wear of the pin in comparison to using raw Sal oil, reducing wear by approximately 4.2% (Kumar Chaurasia et al., 2020). According to recent research, lubrication behavior of soybean oil can be enhanced significantly by incorporating zinc dialkyl dithiophosphate (ZDDP) as lubricant additive. The addition of ZDDP has been found to enhance wear resistance of soybean oil by up to 57% compared to its regular version. It is also possible to further boost the performance of soybean oil by combining it with other antiwear agents available commercially (Bahari et al., 2018). Sharma et al. (Sharma et al., 2007) found that the zinc dialkyl dithiocarbamate (ZDDC) antioxidant performed better compared to diphenylamine and hindered phenol while additized with vegetable oils to develop eco-friendly lubricants. Furthermore, the researchers observed that incorporating antimony dialkyldithiocarbamate (ADDC) to diphenylamine improved its inhibition capabilities (Sharma et al., 2007).
Despite the extensive research and development efforts focused on using soybean oil as a lubricating oil, there is currently no focused investigation available exploring the compatibility of major antiwear and/or antioxidative additives on tribological behavior of two major types of soybean oils specifically regular and high oleic versions. In this study, a 1% (w/w) concentration of ZDDP was mixed with both regular soybean oil (RSO) and high oleic soybean oil (HOSO). Simultaneously, a 2% (w/w) ZDDC and a 2% (w/w) concentration of ADDC were blended with both oils. The study aimed to assess the compatibility of these additives and their impact on the physicochemical and tribological properties of both types of soybean oils. Overall, the major focus was to identify the most effective additive for soybean oil among those tested in this investigation and the additized RSO and HOSO helps in wear resistance under controlled tribological experiments in room temperature.
2 METHODOLOGY
2.1 Materials
The regular soybean oil (RSO) and high oleic soybean oil (HOSO) used for this research were purchased from CHS Inc. (Minnesota, USA). The amount of lubricant used in each test was 8 mL. HOSO was chosen for this experiment because it has been researched extensively for its stability as it contains tocopherol (Napolitano et al., 2018). Tocopherol serves as an antioxidant that aids in preventing oxidative damage by scavenging free radicals (Seppanen et al., 2010). Analyses of these oils were performed using Gas Chromatography-Mass Spectrometry (GC-MS), and the findings are shown in Table 1. HOSO is rich in monounsaturated fatty acids, especially oleic acid (89.3%), while RSO is abundant in polyunsaturated fatty acids, specifically linoleic acid (56.4%). AISI 52100 is being used as bearing material because of its exceptional hardness, wear resistance and durability (Bhadeshia, 2012). 6 mm diameter AISI 52100 steel balls as counter material against AISI 52100 steel flats in this study. Vanderbilt Chemicals, USA provided the Antioxidant additive zinc dialkyl dithiocarbamate (ZDDC) and antiwear additive antimony dialkyldithiocarbamate (ADDC). Zinc dialkyl dithiophosphate (ZDDP) was obtained from Luoyang Tongrun Nano Technology Co. Ltd, China.
TABLE 1 | Fatty acids percentages in RSO and HOSO captured using GC-MS.
[image: Table 1]2.2 Preparation of lubricants
In this experiment, RSO and HOSO were used as base oils. Zinc dialkyl dithiophosphate (ZDDP) was mixed with both RSO and HOSO at concentrations varying from 0.5% to 2% (w/w), with a step size of 0.5%, a range chosen based on previous studies. To prepare the oil-ZDDP blend, the mixture was first stirred in a magnetic stirrer at 60°C for 5 min. This was followed by 30 min of stirring at room temperature. Subsequently, the mixture underwent ultrasonic sonication at a frequency of 40 kHz for 1 h at room temperature. The results indicated that the 1% (w/w) ZDDP concentration yielded the best performance in terms of tribological behavior and lubricant stability. Zinc dialkyl dithiocarbamate (ZDDC) was mixed with RSO and HOSO at concentrations ranging from 0.5% (w/w) to 2% (w/w), with a step size of 0.5%. Initially, the oil-ZDDC mixture was stirred for 30 min at room temperature and then subjected to ultrasonic sonication for 1 h to improve dispersion. From tribological behavior and stability viewpoint, 2% (w/w) ZDDC concentration was found optimized content for soybean oils. Following this, a mixture of 2% (w/w) ZDDC and the base oil was prepared, and antiwear additive antimony dialkyldithiocarbamate (ADDC) was incorporated at concentrations ranging from 0.5% (w/w) to 2% (w/w), with an increment of 0.5% using the same procedure. The results led to the selection of a 2% (w/w) ZDDC and 2% (w/w) ADDC mixture due to its superior performance.
2.3 Pressure differential scanning calorimetry (PDSC)
The stability of oxidation was evaluated using a PDSC (Q20) tool manufactured by TA Instruments, based in New Castle, DE, USA. To conduct the experiment, a pinhole hermetically sealed aluminum pan was used to hold 2 μL of the sample. The sample was then subjected to oxidation by heating it at a ramp rate of 10 °C/min. The oxidation process was carried out in the presence of air at a pressure of 1,378.95 kPa (200 psi). The initial temperature at which the oxidation process starts, also known as onset temperature (OT), was determined by drawing a tangent on the steepest slope of the reaction exotherm. A higher OT indicates greater oxidative stability of the vegetable oil. The PDSC technique used a small sample size (microgram) and was conducted in triplicate. The reported values are the average of three measurements. In earlier studies (Sharma et al., 2009) it was demonstrated that the oxidative stability data obtained through PDSC was comparatively more consistent than the oxidative stability index (OSI) measured using the Rancimat method EN 14112. The PDSC onset temperature was also shown to have a good correlation with Rancimat OSI values (R2 value of 0.91). The PDSC method offered a notable advantage over other methods in that it can effectively measure the oxidative stability of both low and high oxidation-prone oils, regardless of whether they were additized or unadditized.
2.4 Thermogravimetric studies
A thermogravimetric analysis was carried out to investigate the thermal behavior of the samples by subjecting them to different heating rates under an air environment. The TA Q500 V20.13 Build 39 instrument was used to conduct thermogravimetric analysis. The samples, with a mass range of 10–15 mg, were analyzed by applying different heating rates (5, 10, 15, and 20 °C/min) until the final temperature of 800°C was reached. The weights of all samples were maintained at 10 mg in order to reduce the disparity between heat and mass transfer. To ensure the accuracy of the results, all tests were carried out in duplicates, as per the methodology outlined in the literature (Kruka et al., 1995).
2.4.1 Kinetic analysis
The “Friedman method,” which is an isoconversional technique, was utilized to analyze the samples. The relationship between the activation energy rate and the conversion rate of the samples was established using a modified Arrhenius equation, which is expressed as follows (Equation 1.1) (Roy et al., 2019):
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The symbol α represents the dimensionless conversion degree, while t denotes time (s). The frequency factor A is expressed in units of s-1, and E corresponds to the activation energy (J mol-1). The absolute temperature is represented by T in Kelvin, while R is the universal gas constant with a value of 8.3145 J K−1 mol-1. Finally, the differential conversion function is denoted by f(α) (Kruka et al., 1995). Under non-isothermal conditions, where a constant heating rate is applied (Equation 1.2), Equation 1.1 can be expressed as follows (Zhang et al., 2023).
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By taking the natural logarithm of both sides of the previous equation, the resulting expression is as follows (Equation 1.3):
[image: image]
Assuming that the conversion function f (α) stays constant for a constant amount of α, lubricant deterioration under this scenario (iso-conversion) is only dependent on temperature. For constant values, a plot of ln [dα/dt] vs. 1/T should show a straight line, the slope of which is equal to −Ea/R. Determining the reaction process is challenging since the complex reaction frequently comprises several chemical and diffusion phases. Iso-conversion techniques, which enable the estimation of kinetics parameters like activation energy (Ea) and pre-exponential factor (A), form the basis of the kinetics of free models. Activation energy is the energy threshold that must be overcome by the reactants to initiate and sustain a specific chemical reaction. The number of collisions that happen in a certain amount of time is known as the pre-exponential factor.
2.5 Analysis of viscosity, viscosity index, and density
To determine the dynamic viscosity and densities of biobased oils, an SVM3001/G2 viscometer was used along with an Xsample 530 Automatic Sample Changer from Anton Paar GmbH, Graz, Austria. The measurements were taken at 40°C and 100°C, respectively, following ASTM D7042 (“Standard Test Method for Dynamic) and ASTM D4052 (“Standard Test Method for Density). 20 mL of each sample was transferred into a vial and placed in the automated sample changer’s carousel. The device measured the dynamic viscosity and density values at 40°C and 100°C respectively, to automatically present the kinematic viscosity at these temperatures. Additionally, the ASTM D2270 (“Standard Practice for Calculating Viscosity) standard was followed to determine the viscosity index (VI) of biobased oils by utilizing the kinematic viscosity data at 40°C and 100°C, which was also determined automatically. SVM3001 smart viscometer measures several parameters of a sample such as kinematic and dynamic viscosity (ASTM D7042), viscosity index (ASTM D2270), density (ASTM D4052), and API grades (API 2540) automatically using a density cell and a viscosity cell in the temperature range of −20°C–135°C with internal Peltier control and no external thermostat. It measures kinematic/dynamic viscosity in the range of 0.2–30,000 mPa s and density (0.60–3 g/cm3) on a small amount of sample as little as 2 mL.
2.6 Cloud point (CP)
The cloud point was assessed following ASTM D5773 (“Standard Test Method for Cloud) guidelines with a Phase Technology PCA-70Xi automated instrument designed for cloud/pour point analysis. Phase analyzer instrument PCA-70Xi (Phase Technology) measures pour and cloud points as per ASTM D5949 and D5773 respectively with sample as small as 0.15 mL and sample temperature range of −88°C–70°C. Before testing, the samples were kept in the lab at a stable room temperature of 22°C ± 1°C. Next, a precise volume of 0.150 ± 0.005 mL of the sample was placed into a sealed chamber with a reflective bottom surface within the instrument. The sealed chamber underwent a vacuum process to eliminate surrounding moisture. Following this, the samples were gradually cooled at a consistent rate of 1.5°C ± 0.1°C per minute. An internal light source within the chamber consistently illuminated the sample from an angle, while an optical detector positioned directly above the sample continuously monitored its condition. As the sample was in its liquid state, the light passed through it, reflecting off the chamber’s bottom. When the sample cooled and crystals started forming, they caused the directed light to scatter, with some of it directed towards the optical sensor positioned directly above the sample. To determine the cloud point, the temperature at which crystals began to form in the sample was identified. This was accomplished by measuring the temperature of the sample at which directed light was deflected onto the optical sensor. The effective temperature range determined for this method spanned from −60°C to 49°C.
2.7 Pour point (PP)
The pour point analysis (ASTM D5949 (“Standard Test Method for Pour)) followed the determination of the cloud point without delay. The optical sensor detected a noticeable change in optical scattering when the sample was exposed to a burst of dry air. The sample underwent cooling at a consistent rate of 1.5°C per minute while pulses of dry air were introduced at intervals of every 3°C. Upon freezing the sample, there was no observable shift in the optical response. To determine the pour point, the reading just prior to this action was identified. For instance, if no optical shift was detected at −27°C when the dry air was applied, the pour point would be recorded as −24°C. This method’s effective range was established between −57°C and 51°C.
2.8 Reciprocating friction and wear tests
Friction and wear characteristics were evaluated through tests performed on a reciprocating ball-on-flat tribometer. These tests were conducted using a Rtec tribometer (MFT 2000), manufactured by Rtec Instruments, based in the United States. The electrical contact resistance (ECR) between the ball and the flat was measured with this instrument. Using the ECR measurement can provide strong evidence that an insulating tribofilm has formed on the contact surfaces. For this study, AISI 52100 steel was employed as the flat and balls (6 mm diameter) of the same material used as the counter material. To ensure precision, the flat samples were polished until they attained an average surface roughness (Ra) of below 0.1 μm. Surface roughness analysis was conducted using a Profilm 3D white light profilometer sourced from KLA Instruments, USA. The experiments involved the application of a force of 75N, which led to a maximum Hertzian contact pressure of 2.78 GPa. The tribotests were performed at room temperature, where the sliding velocity and total sliding distance were set to 0.1 m/s and 500m, respectively. In order to ensure the accuracy of the test results, each experiment was conducted three times and corresponding data was captured. A schematic diagram of the testing setup with complete details of the lubricant, sample holder and wiring setup of electrical contact resistance (ECR) is depicted in Figure 1. Following the experiments, wear volume and wear depth for each sample were analyzed using the Profilm 3d white light interferometer. Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) was utilized to analyze the major wear mechanisms. SEM imaging was performed with the Quanta FEG 650 model from FEI Inc., USA, while EDS analysis was conducted using the Bruker Nano XFlash SUE six system equipped with Bruker Quantax software manufactured by Bruker Inc., USA.
[image: Figure 1]FIGURE 1 | Schematic diagram of the tribology testing apparatus.
3 PHYSICOCHEMICAL PROPERTIES OF THE VEGETABLE OILS
3.1 Density
The density of the test lubricants displayed in Table 2 confirms that both RSO and HOSO oils had similar values. This is anticipated, as both RSO and HOSO have comparable proportions of total unsaturated fatty acid chains, 85.5% (oleic, linoleic, and linolenic acids) and 93.1% (oleic and linoleic acids), respectively. The density of natural triglycerides mostly relies on the compactness of their fatty acid chains; linear-saturated chains provide superior compactness compared to unsaturated chains. Additives did not change the density levels significantly. With an increase in temperature, the density of all oils decreased. This is because the molecules in the substance gain kinetic energy and begin to move more rapidly, causing expansion. The increase in volume that occurs due to this expansion leads to a decrease in density (Sahasrabudhe et al., 2017). Density changes were observed with variations in temperature; however, at a specific temperature, all samples exhibited comparable density numbers.
TABLE 2 | Physicochemical properties of the base oils additive mixtures.
[image: Table 2]3.2 Kinematic viscosity and viscosity index
The ability of a fluid to prevent internal flow when gravitational forces are acting on it is known as kinematic viscosity. The viscosity index (VI) is a number that shows how the thickness of a fluid changes as the temperature changes. A high VI indicates that the viscosity of a fluid is less prone to change over a broad temperature range. This makes the fluid more stable in a wider temperature range. The comparison of kinematic viscosity and viscosity index (VI) for RSO, HOSO, and the additives blended with these oils are demonstrated in Table 2. Based on the data presented in Table 2, The viscosity of HOSO was significantly higher than that of RSO. Specifically, at a temperature of 40°C, the viscosity of HOSO is 26% higher than that of RSO, and at a temperature of 100°C, it is 12% higher. This can be attributed to the higher percentage of oleic acid in HOSO. It is evident from Table 1 that RSO has a considerably greater proportion of linoleic acid (56.4%) than HOSO (3.8%). Linoleic acid is a type of polyunsaturated fatty acid, while HOSO contains a higher percentage (89.3%) of oleic acid, which is a type of monounsaturated fatty acid. It is worth noting that polyunsaturated fatty acids have more double bonds than monounsaturated fatty acids. When a molecule has a higher number of double bonds, it tends to have a lower viscosity (Giakoumis and Sarakatsanis, 2018). When it comes to the molecular structure of oils, longer chains tend to lead to stronger intermolecular interactions, particularly Van der Waals forces, between neighboring molecules. These interactions can hinder the movement of the molecules and ultimately contribute to higher viscosity. Ramirez-Verduzco et al. had established a correlation between the number of double bonds and viscosity (Ramírez-Verduzco et al., 2012). This phenomenon was also noted in a separate study where high oleic soybean oil exhibited a higher viscosity value (Okafor and Nwoguh, 2020). It can be observed that the additives used in the experiment do not have a significant influence on the viscosity. However, at a temperature of 40°C, a slight increase in viscosity can be seen when RSO and HOSO were blended with ZDDC and ADDC. Nevertheless, the increase in viscosity is minimal. At 100°C, no change was observed. All oils had a decreasing kinematic viscosity as the temperature rose. With an increase in temperature, the kinetic energy of fluid molecules also increased, leading to more rapid movement and frequent collisions with each other. These increased molecular collisions disrupt the intermolecular forces that contribute to viscosity, making it easier for the fluid to flow. Additionally, at higher temperatures, the fluid molecules have more thermal energy, which can overcome the attractive forces between them, further reducing viscosity (Sahasrabudhe et al., 2017). According to the findings presented in Table 2, it could be observed that RSO and RSO with additives had a higher viscosity index value than HOSO and HOSO with additives. Due to its low viscosity index, HOSO tended to experience significant variations in viscosity with temperature changes. On the other hand, RSO’s viscosity was more likely to remain stable even with temperature fluctuations.
3.3 Oxidative stability
Oxidative stability data are presented in Figure 2. The onset temperatures, a measure of oxidative stability, were higher in lubricant samples formulated using high oleic soybean oil (HOSO) compared to regular soybean oil (RSO). HOSO demonstrated greater oxidative stability attributed to its lower unsaturation levels in comparison to RSO (Hong et al., 2014). Between the two additives used, the combination of ZDDC + ADDC provided a much higher oxidative stability compared to the samples containing ZDDP additive, by increasing oxidative stability in RSO by about 47°C and in HOSO by about 50°C. The additive combination ZDDC + ADDC was shown to increase the oxidative stability by 50°C over the unadditized versions. The fundamental working mechanisms in enhancing oxidation behavior in case of ZDDP + ADDC case were explained in an earlier publication (Sharma et al., 2007). Based on our earlier work (Sharma et al., 2007),we found that ZDDC + ADDC provides better antioxidant efficiency and strong synergism than ZDDP potentially due to presence of sulfur in metal dithiocarbamates, recycling mechanism for partial recovery of ZDDC or ADDC, and metal ions present in dithiocarbamates. Unadditized HOSO has higher oxidative stability by about 25°C over the unadditized RSO, but this difference increased with the addition of an additive combination of ZDDP to 45°C. HOSO was more responsive to the addition of these additives to increase oxidative stability. A lubricant formulated using HOSO and an additive combination of ZDDC + ADDC provided the highest oxidative stability as seen in Figure 2 from their highest OT and PT. The OT measurement had a maximum standard deviation of 1.2°C, while the standard deviation for peak temperature (PT) was below 2.1°C.
[image: Figure 2]FIGURE 2 | Oxidative stability temperatures of the base oils additive mixtures.
3.4 Thermal degradation under air atmosphere
Thermogravimetric analysis (TGA/DTG) determines a sample’s mass change rate in relation to temperature or time in a controlled setting. The measurements are mostly used to ascertain the compositional qualities and thermal and oxidative stabilities of materials. TGA curves represent mass loss below 150°C, Ignition temperature, peak temperature, and residual weight at 800°C. Additionally, the district valley observed in the DTG curves in synthesized lubricants may be attributed to oxidative degradation followed by complete devolatilization combustion. As compared to original samples a) RSO and b) HOSO, the synthesized bio-lubricants showed (As shown in DTG curves under different heating rates) oxidative stability which was related to changes like the chemical structure of esters.
The thermal behavior of the additized products along with parent compounds is shown in Figures 3, 4. For the kinetic analysis, the temperature was maintained at a constant 150°C, and data was normalized. In all samples, the temperature range 300°C–500°C corresponded to oxidative degradation. In most of the samples, complete degradation with no additional loss of mass was observed before 600°C. In each, the mass rate (DTG profiles) indicates the reactivity of the vegetable oils and modified products.
[image: Figure 3]FIGURE 3 | TG, DTG curves of vegetable oil (A) RSO (B) HOSO.
[image: Figure 4]FIGURE 4 | TG, DTG curves of synthesized biolubricants: (A) HOSO + ZDDC + ADDC (B) RSO + ZDDC + ADDC (C) HOSO + ZDDP (D) RSO + ZDDP.
3.5 Activation energy and kinetic analysis
The kinetics of biobased lubricants with different additives was studied in the presence of air. The activation energy and pre-exponential factor of formulated blends were determined using Friedman’s differential iso-conversational approach. From TGA profiles, the kinetic parameters of each synthesized product were calculated using a linear variant of the Arrhenius equation concerning conversion (α). In fact, conversions between 0.1 and 0.7 were considered for this study. In all synthesized products, the thermal decomposition process constitutes multistage reactions with respect to conversion levels. In all the cases, the parallel reaction happened from α = 0.05 to α = 0.5 and changed activation energy significantly. This variation in activation energy is due to the devolatilization stage in which most mass loss has occurred. This observation concludes the multistep reaction mechanism in an air environment. Additionally, there was a link between the pre-exponential values of (A) and activation energy. Higher log A values are more likely to collide and break down during chemical reactions than lower log A values. Compared to the other combinations, RSO + ZDDC + ADDC showed a more noticeable fluctuation in activation energy with conversion. This kind of variance could result from the log chain triglycerides’ overlapping thermal breakdown response (Sarker et al., 2023). The amount of energy needed by the reactants to complete a particular chemical reaction is known as activation energy (Ea). A higher Ea value indicates that the reaction will be more difficult to carry out. The change in activation energy in each additives indicates that multistep mechanism during an oxidative environment. The higher average activation energy of all additives indicate that these are stable in an oxidative environment. Typically, an ester’s oxidative stability is decreased when it has more unsaturation bonds.
3.6 Activation energy and pre-exponential value
The average Ea for each synthesized product was calculated at different conversion fractions while conducting the reaction under air atmospheres. The results are presented in Figure 5 and Table 3. In an air environment, based on the average Ea of each biolubricant product, the thermal stability followed the order: HOSO + ZDDC + ADDC > RSO + ZDDC + ADDC > HOSO + ZDDP > RSO + ZDDP. The highest average Ea was reported at 109.21 kJ/mol (HOSO + ZDDC + ADDC), and the lowest average Ea of RSO + ZDDP (61.50 kJ/mol). The thermal oxidative breakdown of each synthetic product’s components which takes place at various temperature ranges, is responsible for the difference in Ea (Sarker et al., 2023).
[image: Figure 5]FIGURE 5 | Kinetic parameters (A) activation energy vs the degree of conversion (B) logarithm of preexponential factor vs the degree of conversion.
TABLE 3 | Average Activation Energy (Ea) and Pre-exponential factor (A) of base oils and formulated biolubricants under Air.
[image: Table 3]3.7 Cloud point and pour point
The cloud point, also known as CP, is the temperature at which the oil starts to appear cloudy or begins to precipitate upon cooling. On the other hand, the pour point (PP) is the temperature at which the oil ceases to flow (Kruka et al., 1995), (Gavlin et al.). According to the data presented in Table 2, both RSO and HOSO exhibited similar pour points. However, the addition of ZDDP led to a significant improvement in the pour point for both oils, reducing it from −15°C to −18°C. On the other hand, no notable improvement was observed for RSO, despite the addition of ZDDC and ADDC. For HOSO, the addition of ZDDC and ADDC resulted in the highest improvement in pour point, reducing it from −15°C to −21°C. The variation in the amount of polyunsaturated fatty acids between RSO and HOSO could be a possible reason, with RSO containing higher amount of polyunsaturated fatty acids. (Yosief et al., 2022a), (Yosief et al., 2022b), (Lanjekar and Deshmukh, 2016). The pour points of vegetable oils are lower when they have a higher concentration of unsaturated fatty acid chains (Jayadas and Nair, 2006). In regular form, the cloud point of HOSO was lower than that of RSO but a slight improvement in the cloud point could be achieved for both oils by incorporation of additives.
4 COMPATIBILITY OF ADDITIVES WITH BASE OILS
4.1 Coefficient of friction analysis
The coefficients of friction (COF) for RSO, HOSO, and the mixtures of ZDDP with RSO and HOSO are illustrated in Figure 6A. Notably, RSO demonstrated the highest COF, while raw HOSO showed a 9.7% lower COF compared to that of RSO. This difference can likely be attributed to the higher proportion of linoleic acid in RSO. Previous research by Reeves et al. (Yosief et al., 2022b) has observed variations in COF among different biobased oils, which could be explained by differences in their fatty acid compositions. Oils with a lower fraction of oleic acids typically exhibit higher COF values. Upon the addition of the antioxidant additive ZDDP (at a concentration of 1% w/w) to these oils, a noticeable improvement in COF was observed. HOSO with ZDDP demonstrated the lowest COF which was consistent with corresponding micrograph of the ball wear (Supplementary Figure S1). The reduction in COF was more pronounced for RSO with ZDDP, amounting to 9.75% against 5.3% for HOSO with ZDDP. When ZDDP was added to RSBO, the CoF decreased at lower sliding speeds, consistent with the findings of Kumar et al. (Kumar et al., 2019).
[image: Figure 6]FIGURE 6 | Tribological behavior of soybean oils (A) coefficient of friction of base oils with ZDDP; (B) electric contact resistance of base oils with ZDDP; (C) coefficient of friction of base oils with ZDDC and ADDC; (D) electric contact resistance of base oils with ZDDC and ADDC.
Electrical Contact Resistance (ECR) measurements offer valuable insights into the formation of an insulating tribofilm within the contact region (Huang et al., 2016). In this study, ECR measurement was conducted to delve deeper into the functional mechanism, acquiring crucial insights into the formation of a protective film at the interface. Figure 6B illustrates the ECR of RSO, HOSO, and ZDDP mixed with RSO and HOSO. Analyzing the results, it became evident that the resistance value for RSO was small, suggesting that it lacked a substantial tribofilm layer. The sliding process induced increased contact between the ball and the flat surface due to the presence of a fragile surface film. This film primarily comprised of iron oxides and underwent a cyclic pattern of formation, breakage, regeneration, and re-rupture, leading to its small resistance value. In contrast, HOSO exhibited a higher resistance value. This elevated resistance value suggested that a tribofilm between the two metal surfaces was obstructing the flow of current, indicating the presence of a thicker or more stable tribofilm compared to the case with RSO. It is noteworthy that tribofilm formation in HOSO appeared to be relatively unstable, which suggests the breakage and formation of tribofilm, but the resistance increased over time. The resistance value for ZDDP mixed with both RSO and HOSO was similar. During the “running-in” period, the resistance value decreased due to interactions between surface asperities. However, after this initial phase, the resistance value increased, indicating the formation of a thicker tribofilm. This thicker tribofilm potentially helped in resulting the lowest coefficient of friction (COF) for the oils with ZDDP. Importantly, the resistance value continued to increase over time, indicating an ongoing tribofilm growth. However, it is worth noting that the tribofilm formation remained moderately stable since not much fluctuation was observed in the trends. Under the application of shear stress, ZDDP can create a thick and protective phosphate glass-based tribofilm on the surface that was in contact, effectively minimizing friction (Zhang and Spikes, 2016).
The Coefficient of Friction (COF) and Electrical contact resistance (ECR) for various oils, including RSO, HOSO and blends of these oils with antioxidant and antiwear additives (ZDDC and ADDC), are illustrated in Figures 6C, D. When ZDDC was introduced into RSO and HOSO at a concentration of 2% w/w, along with ADDC at the same concentration, an improvement in COF was observed, similar to the results achieved when ZDDP was added. Notably, the COF value for HOSO mixed with ZDDC and ADDC remained similar to raw HOSO. In contrast, RSO experienced a significant 6.1% reduction in friction when combined with ZDDC and ADDC. The thickness of the tribo-film formed by RSO with ZDDC and ADDC was comparable to that of HOSO, as seen in Figure 6D. However, the tribofilm thickness increased over time and reached a stable state for RSO, unlike the case with HOSO. HOSO with ZDDC and ADDC displayed the highest tribo-film thickness but lacked stability. In the ECR signal, some deeper regions or grooves were observed, indicating the breakage of the tribo-film. Such formation and subsequent breakage of the tribofilm, in this case, prevented major reduction in COF. The formation of tribo-films is discussed further in the wear mechanism analysis section.
According to the performance of oils with additives, the additives tended to work better with RSO than with HOSO. This could be attributed to the fact that HOSO contains a lower number of free radicals than RSO, which are produced as a result of the oxidation process. The decomposition of ZDDP in lubricants occurs through three primary mechanisms: thermal (Dickert and Rowe, 1996), (Suominen Fuller et al., 1998), hydrolytic (Watkins, 1982), and oxidative (Mitchell, 1984). Thermal decomposition happens under heat, hydrolytic due to moisture, and oxidative degradation is driven by hydroperoxides and peroxidic radicals. Antioxidants counter these oxidative processes through two key mechanisms. The first one is by radical scavenging, where the antioxidants react with peroxy radicals to prevent the continued propagation of the free radical chain. The second mechanism is through the inhibition of peroxides, where the antioxidants react with hydroperoxide molecules to inhibit the production of peroxy radicals (Zhang and Spikes, 2016), (Spikes), (Azwar Azhari et al., 2015). During these processes, ZDDP molecules and their breakdown products are adsorbed onto metal surfaces, forming a thermal film. Under rubbing conditions, this film transforms into a durable tribofilm, providing wear protection. To ensure strong adhesion and manage iron oxide wear particles, a tribochemical reaction between zinc metaphosphate and iron oxide occurs, leading to the shortening of phosphate chains, a process confirmed by friction tests, which enhances the tribofilm’s protective capabilities (Njiwa et al., 2011). In the case of HOSO, the lack of free radicals may hinder the ability of antioxidants to react and create tribofilm, which is a protective layer that reduces wear and friction.
4.2 Wear volume analysis
The comparison of wear volumes observed in flat samples during tribological tests conducted with different additives and base oils is illustrated in Figure 7. Among the oils tested, RSO exhibited the lowest wear resistance. Raw HOSO presented relatively better wear resistance compared to RSO, with an improvement of 8.6%. The difference in wear resistance between HOSO and RSO can be explained by the differences in their respective fatty acid compositions. HOSO contains a higher proportion of oleic acid, a monounsaturated fatty acid with just one double bond in its chain. In contrast, RSO has a lower percentage of oleic acid but a significantly higher percentage of linoleic acid, a polyunsaturated fatty acid with multiple double bonds. Polyunsaturated fatty acids, like linoleic acid, are more susceptible to oxidation due to their multiple double bonds, making them prone to the formation of free radicals and oxidative damage. On the other hand, monounsaturated fatty acids, such as oleic acid, are relatively more stable because they have only one double bond (Siniawski et al., 2007).
[image: Figure 7]FIGURE 7 | Comparative analyses of wear volumes under different lubricated conditions.
The introduction of antioxidant and anti-wear additives to both types of oils resulted in a significant enhancement of wear resistance. Notably, the impact on regular soybean oil (RSO) was more prominent with a remarkable 28% increase in wear resistance, whereas the improvement for HOSO was approximately 9.2%. In the absence of additives, HOSO exhibited better wear resistance, but the introduction of select additives significantly enhanced the wear resistance in RSO compared to HOSO.
The wear depth of the flat samples is depicted in Figure 8,which is a comparison between RSO and RSO with additives, while Figure 8B displays a comparison between HOSO and HOSO with additives. The wear depth was highest in the case of RSO, contributing to the highest wear volume, as discussed earlier in Figure 7. However, Figure 8A shows that wear depth was significantly lower for RSO with additives compared to RSO, which is the primary reason for the lower wear volume discussed earlier. Captured wear depth for HOSO and HOSO with additives was quite similar, which is consistent with the wear volume result.
[image: Figure 8]FIGURE 8 | 2-D Wear depth profile of the wear tracks (A) RSO and RSO with additives (B) HOSO and HOSO with additives.
The wear depth of the balls has been illustrated in Figure 9,which shows the wear depth of RSO and RSO with additives in Figure 9A, while Figure 9B displays the wear depth of HOSO and HOSO with additives. It is worth noting that RSO exhibited the highest wear depth on balls, which confirms the absence of major tribofilm formation. However, there was an improvement in wear resistance of balls when RSO was mixed with additives, although no significant difference was observed between the two additive cases (ZDDP vs. ZDDC + ADDC). Conversely, HOSO (Figure 9B) showed less wear depth compared to RSO. Moreover, HOSO with additives exhibited the lowest wear depth.
[image: Figure 9]FIGURE 9 | 2-D Wear depth profile of the balls (A) RSO and RSO with additives (B) HOSO and HOSO with additives.
4.3 Wear mechanism analysis
The SEM images and EDS elemental mapping micrographs captured from work out regions of AISI 52100 flat samples are presented in Figure 10. The micrographs from the ball wear were not captured due to difficulty in recording reasonable micrographs considering significantly low order of wear volume as compared to flat samples. The predominant wear mechanism observed in the flat tracks was abrasive wear. Abrasive wear refers to the removal of small particles from one or both surfaces due to the presence of harder abrasive particles or materials (Saha and Roy, 2023), (Hyunsuk Choi Piash Bhowmik and Roy, 2024). However, there was no significant evidence of material transfer from the balls to the flats, as both were made of the same material. The wear tracks using RSO and HOSO without additives did not show any cracks, dislodged or spalling of materials, as visible in Figures 10A, D. The EDS mapping revealed that both oils formed an oxide layer (tribo-layer), but it was higher for HOSO compared to RSO. HOSO had a greater electric contact resistance compared to RSO, as observed in Figures 6B, D. This can be attributed to the higher amount of oxide layer formation in HOSO compared to RSO. RSO with ZDDP, ZDDC, and ADDC additives showed similar characteristics, with the visible formation of a thick tribo-layer of oxygen (O), zinc (Zn), and sulfur(S), as seen in Figures 10B,C. The formation of Zn and S tribo-oxide layers can be attributed to the presence of these elements in ZDDP and ZDDC. ZDDP additives are known to create a protective tribofilm layer on metal surfaces during lubrication. ZDDP reacts with metal surfaces to create phosphorus-containing compounds that aid in the formation of the tribofilm. The tribofilm can consist of a mixture of compounds, including zinc phosphate, iron phosphate, and other reaction products (Zhang and Spikes, 2016), (Spikes). Sharma et al. (Sharma et al., 2007) studied the synergistic effect of ZDDC and ADDC, demonstrating that the combination of ZDDC and ADDC has been shown to significantly enhance the antioxidant performance of soybean oil, with the oxidation induction time increasing from 12 min to 45 min when both additives are used together. The hypothesis is that the hydroperoxide decomposition may lead to the formation of different sulfur oxyacids due to the presence of sulfur in metal dithiocarbamates. These acids can potentially play a role in the antioxidant mechanism by decomposing hydroperoxides. Another possible explanation is a recycling mechanism that allows for partial recovery of ZDDC or ADDC from their oxidized versions by scavenging peroxy radicals or decomposing hydroperoxides. It is likely that a reaction sequence involving metal dialkyldithiocarbamate via oxidized dialkyldithiocarbamates and a further oxidized metal complex with antioxidant ability, possibly aided by sulfur dioxide, accounts for the observed synergistic antioxidant activity (Holcik et al., 1983), (Sexton), (Howard and Tong’), (Burn et al.). The presence of ADDC further stabilizes the antioxidant system by forming stable intermediate radicals during its reaction with ZDDC, enhancing overall stability and efficiency. The electrical contact resistance also showed a higher resistance due to the formation of this thick tribo-layer, further validating the effectiveness of these additives in providing superior wear protection. Minor dislodged or spelling of material was observed in both cases. Similarly, HOSO with additives (Figures 10E, F) also exhibited minor spalling of materials in the wear tracks, along with the formation of a thick tribo-layer. However, the tribo-layer was thicker in RSO with additives than in HOSO with additives, as visible in the elemental mapping images and electric contract resistance plots discussed earlier in Figure 6. In the absence of additives, the wear tracks exhibited a smooth surface. This phenomenon can be attributed to micro-cutting, a process in which the material is cut at a microscopic level, leading to a smoothing effect on the surface (Kočović et al.). On the other hand, when additives were used, a thicker tribofilm was formed, which resulted in ploughing within the wear track. This ploughing might be the likely cause of the observed spalling or dislodging of material.
[image: Figure 10]FIGURE 10 | SEM & EDS images of wear tracks on the flat samples (A) RSO, (B) RSO with ZDDP, (C) RSO with ZDDC and ADDC, (D) HOSO, (E) HOSO with ZDDP and (F) HOSO with ZDDC and ADDC at room temperature. Representative images show the wear tracks’ morphology and wear mechanism after the sliding tests.
4.4 Revealing the best performing additive to soybean oils
The results of the wear analysis indicate that the performance of ZDDP and the combination of ZDDC with ADDC is similar when used with both RSO and HOSO as lubricants. In terms of the coefficient of friction, ZDDP exhibited a slightly better performance compared to the combination of ZDDC and ADDC. The visual representation of the coefficient of friction for RSO and HOSO when paired with ZDDP and the ZDDC and ADDC mixture is depicted in Figure 11. It is evident that RSO and HOSO when combined with ZDDP, exhibited approximately 4% lower coefficient of friction (COF) compared to when paired with the ZDDC and ADDC mixture. This indicates that ZDDP is advantageous in reducing friction when used with both RSO and HOSO as lubricants in the tribological tests. Inserted images show that ZDDP created a thicker and more stable tribofilm than the mixture of ZDDC and ADDC since the contact resistance value was higher for ZDDP and the trends were stable. RSO with ZDDC and ADDC had lower electrical contact resistance, indicating a thinner tribofilm. On the other hand, HOSO with ZDDC and ADDC appeared to have a potentially thicker tribofilm. Still, the presence of instability and grooves suggests a continuous process of tribofilm formation and breakage, which might be the reason for the higher COF value.
[image: Figure 11]FIGURE 11 | Comparison of coefficient of friction of base oils with additives.
5 CONCLUSION
The tribological and physicochemical properties of regular soybean oil (RSO) and high oleic soybean oil (HOSO), mixed with two distinct types of antioxidants and anti-wear additives, namely, ZDDP and a combination of ZDDC and ADDC, were analyzed. The major findings are listed below.
• Lubricants formulated with HOSO showed higher oxidative stability than those formulated with RSO due to the lower unsaturation levels in HOSO. The combination of ZDDC + ADDC additives provided higher oxidative stability than the ZDDP additive. The lubricant formulated with HOSO and the ZDDC + ADDC additive combination demonstrated the highest oxidative stability. This could be due to the presence of both ZDDC (antioxidant) and ADDC (antiwear) additives, whereas ZDDP is primarily used as an antiwear additive.
• RSO showed the highest COF, while HOSO had a 9.7% lower COF than RSO, potentially due to the higher proportion of linoleic acid in RSO. The addition of the antioxidant additive ZDDP led to a noticeable improvement in COF for both RSO and HOSO. ECR measurements showed that RSO had a small resistance value, indicating a lack of substantial tribofilm layer, while HOSO exhibited a higher resistance value, suggesting the presence of a thicker tribofilm compared to RSO. The resistance value for both RSO and HOSO when ZDDP was added was similar, indicating the formation of a thicker tribofilm, which resulted in the lowest COF for the oils with ZDDP. Additives worked better with RSO than HOSO, likely due to the lower amount of free radicals formed during HOSO use, hindering the ability of antioxidants to react and create tribofilm.
• HOSO presented better wear resistance compared to RSO due to its higher percentage of oleic acid, a more stable monounsaturated fatty acid. However, the introduction of antioxidant and anti-wear additives significantly enhances wear resistance in both oils, with RSO experiencing a more significant improvement of 28% compared to HOSO’s 9.2%. The wear depth analysis of flat samples shows that wear depth is highest in RSO but significantly lower when used with additives. In contrast, HOSO and HOSO with additives show similar wear depth, consistent with the wear volume result. The wear depth of the balls was highest for RSO, indicating the absence of tribofilm formation. However, the wear depth in RSO improved when used with additives, but no significant difference was observed between the additives. In contrast, HOSO exhibited less wear depth compared to RSO, and HOSO with additives showed the lowest wear depth.
• Abrasive wear was the predominant wear mechanism observed in flat tracks. Both RSO and HOSO oils formed an oxide layer (tribofilm), but it was higher for HOSO compared to RSO. RSO and HOSO with additives showed the visible formation of a thick tribo-layer of oxygen, zinc, and sulfur, providing superior wear protection. The performance of ZDDP and the combination of ZDDC with ADDC is similar when used with RSO and HOSO as lubricants. However, ZDDP slightly outperformed the mixture in terms of COF, which was reduced by approximately 4% when RSO and HOSO were combined with ZDDP compared to the ZDDC and ADDC mixture, indicating that ZDDP was advantageous in reducing friction in tribological tests.
Biobased lubricants, like those from soybean oil, are eco-friendly and ideal for industries like agriculture, automotive, marine, construction, and renewable energy. They reduce environmental risks, offering sustainable alternatives for engines, hydraulic systems, and heavy equipment. Raw HOSO provides better friction and wear behavior compared to RSO, but our conducted research indicates that the addition of antioxidant and anti-wear additives leads to a much greater improvement in friction and wear performance when these are mixed with RSO as compared that of HOSO. Overall, this investigation will play a crucial role for future scientists and engineers formulating soybean based lubricating oil for target applications. This presents some guidelines on selection of key lubricant additives and their compatibility with both regular and high oleic soybean oil version. Depending on their primary goal (wear resistance or friction resistance) and availability of base feedstock, they can tune the major lubricant additives in the fully formulated versions.
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