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Original Research Article

Exploring the Engine Performance Potentials of Cotton (Gossypium sp) Seed Oil-AMAs Blends for Sustainable Lubricants Development
ABSTRACT

	Aim: This study investigated blended cottonseed oil's potential as a sustainable lubricant for internal combustion engines. 
Study Design, Place and Duration of Study: The experiment, conducted in Nigeria at Abubakar Tafawa Balewa University, Federal Polytechnic Bauchi, and Nenis Automobile Engineering Workshop, Lagos, involved both experimental analysis and engine performance testing on a JF 168 gasoline engine test-bed with an A.C. dynamometer.
Methodology: Physicochemical properties, fatty acid composition, and blending characteristics with an after-market additive (AMAs) were analysed. Following standard procedures outlined in SAE J1349 and SAE J1995 test protocols, the engine's performance characteristics were evaluated across a speed range of 2000 rpm to 4000 rpm, with measurements taken at 500 rpm increments after each hour of engine operation.
Results:  The analysis revealed that cottonseed oil has a golden yellow color, a lower refractive index (1.471), a higher relative density (0.93), and a significantly lower kinematic viscosity (18 cSt) compared to mineral oils. Its high iodine value (114.86 g I2/100g) classifies it as a semi-drying oil with high unsaturation, and its high saponification value (190.18 mg KOH/g) suggests good boundary lubrication potential. Optimal blending stability with an aftermarket additive (AMAs) was observed within a 30-55% cottonseed oil ratio. Engine performance tests using a B40 blended cottonseed oil at maximum speed (4000 rpm) showed superior brake power (4.86 kW) and lower specific fuel consumption (77.52 g/kW-h) compared to both monograde and multigrade oils, indicating improved fuel economy and thermal efficiency. However, it yielded lower torque (11.09 Nm) than the manufacturer's specification (17.6 Nm, a trend also observed with mineral oils) and a generator efficiency (20.18%) lower than multigrade oil (24.02%).

Conclusion: Blended cottonseed oil boosts power and fuel efficiency on one hand, while its lower viscosity requires modification to optimize lubrication and engine performance. These findings align with SDGs 7, 9, and 12, and further research is required for its optimization as a viable engine lubricant.
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1. INTRODUCTION 
Driven by an increasing global focus on environmental sustainability and the diminishing supply of crude oil, there has been a considerable surge in research into renewable and biodegradable alternatives for traditional lubricants. Among these, vegetable oils show substantial promise due to their intrinsic biodegradability, low toxicity, and sustainable characteristics. Recent technological advancements in biolubricants have improved their performance, making them more competitive with traditional petroleum-based options.

The rapid depletion of global crude oil reserves, coupled with escalating public concern over environmental pollution, has significantly amplified the worldwide appeal of biodegradable lubricants. This context underpins the broader transition towards sustainable lubricants and bio-based fuel sources (Sharma & Tewari, 2022; Knothe, 2010; Petro Online, 2025; Grand View Research, 2024; Ejilah, et al., 2010; Eze and Ejilah, 2010). Consequently, this has ignited a renewed and intensified research interest in deriving lubricants from sustainable agricultural raw materials (Waghmare et al., 2023; Salimon et al., 2010). Cottonseed oil, extracted from the cotton plant (Gossypium sp.)—a shrub native to tropical and subtropical regions worldwide (USDA, 2024). — is one such promising bio-based resource. In Nigeria, cottonseed is the tenth most cultivated seed crop, with significant farming concentrated in states like Katsina, Bauchi, Gombe, Zamfara, Sokoto, and Yobe (RMDRC, 1996). The oil's primary composition involves triglycerides, along with minor constituents including wax esters, pigment sterols, terpenes, phospholipids, and sulfur compounds (Carruthers, 1992). Cottonseed oil, like other vegetable oils rich in oleic acid, possesses compelling characteristics as a potential base stock for lubricants, including inherent biodegradability, a potentially lower cost compared to synthetic alternatives, excellent lubricity, a relatively high viscosity index, and a favorable high flash point (Asadauskas & Perez, 1997; Lou, 2001; Saka et al., 2025).

However, in addition to exploring seed oils for industrial applications, concerns have emerged regarding the safety of certain vegetable oils for food consumption, especially concerning their potential to form carcinogenic compounds when used as frying oils at elevated temperatures (EFSA, 2019; IARC, 2010). This concern has further motivated the valorization of cottonseed-derived oils by exploring alternative uses, such as lubricant base oils for internal combustion engines, thereby expanding their economic significance beyond the food industry (Akbar et al., 2009; Fortune Business Insights, 2025). Even with their advantageous characteristics, seed oils inherently present some limitations in critical lubrication aspects. A notable issue is that many seed oils exhibit a restricted range of kinematic viscosities, and attempts to mitigate this drawback with thickeners or viscosity modifiers have not consistently yielded optimal results (Asadauskas & Perez, 1997; Li et al., 2019). Moreover, research suggests that the elevated viscosity of raw seed oil can adversely affect fuel spray atomization and lead to a buildup of engine deposits in compression ignition engines (Sangha et al., 2004; Alamu et al., 2007).

The fatty acid composition of vegetable oils, including cottonseed oil, significantly influences their lubricating performance, thermal, rheological, and oxidative stability. In addition, the existence of polyunsaturated fatty acids, including linoleic and linolenic acids, makes these oils prone to greater oxidative reactivity, which could restrict their operational lifespan in challenging engine environments (Ohkawa et al., 1995; Frankel, 1986; Wani et al., 2021). Nonetheless, seed oils inherently possess antioxidants, such as gossypol and carotene found in cottonseed oil, which are crucial for improving their oxidative stability and prolonging their shelf life (Xiaohu et al., 2008; O’Brien, 2004; Caglayan, 2005). The viability of using seed oils as engine crankcase lubricants is further substantiated by their potential to offer economic benefits, such as longer oil drain intervals, cleaner engine performance, comparatively higher viscosity indices, reduced environmental footprint, and excellent lubricity (Goering, 1992; Pickering & Owens, 1994). The natural affinity of these oils to adhere to metal surfaces ensures adequate lubrication for moving components, thereby minimizing frictional wear and lowering engine temperatures (Faborode, 1996; Akanksha et al.,2023; Gul et al., 2020). Furthermore, studies have shown seed oils to be effective in various industrial uses, including decreasing cutting forces during turning processes (Orhemba & Tuleun, 1996, Olawale, et. al, 2018; Ejimofor, et.al., 2022) and enhancing the cutting efficiency of mild steel as coolants (Onyinlola, 1996). Previous research includes successful lubricated wear tests with jojoba oil as a base lubricant in a two-stroke gasoline engine (Sivasankaran et al., 1988), and investigations into the performance attributes of diesel lubricating oil blended with sunflower oil fuel (Rewolinsky, 1985a; Rewolinsky, 1985b). Additionally, the lubricated wear characteristics of cast iron, when using palm oil diesel (POD) as a lubricating oil additive, have also been documented (Masjuki, 1992). 
The global biolubricant market is projected to experience significant growth, driven by increasing environmental awareness and stringent regulations promoting sustainable alternatives in the automotive and industrial sectors. Despite their advantages, biolubricants face challenges such as higher production costs and inconsistent feedstock availability, though ongoing research and technological advancements are addressing these limitations. Hence, the main thrust of this research is to assess the performance and suitability of a cottonseed oil-aftermarket additives (AMAs) package mixture as an internal combustion engine lubricant. This assessment will be achieved by analysing its physico-chemical characteristics and fatty acid profile, investigating essential lubrication properties such as viscosity, flash/pour points, and heating value, and evaluating its engine performance—including torque, brake power, fuel consumption, and efficiency—under diverse operating conditions, all in comparison to conventional SAE 40 and SAE 20w/50 motor oils.
2. material and methods 

2.1.
Sample collection.

Cotton seeds were purchased from the Muda -Lawal market in Bauchi, Nigeria, and transported to the laboratory. The seeds were sun dried for seven days and their oil was extracted mechanically with a manual press. The oil sample was collected in plastic containers and stored at room temperature of 33oC for analysis.

2.2   Determination of physico-chemical properties.

Studies on the extraction and characterization of cottonseed oil highlight its specific physico-chemical properties, including moisture content, pH, acid value, iodine value, and viscosity, which are crucial for its application as a lubricant. Accordingly, the physico-chemical properties of cottonseed oil were determined as follows (Djomdi et al., 2020; Negash et al., 2019; Malik et al., 2020): a). The refractive index of oil samples was determined using a Sapelem refractometer, aligning with principles in ASTM D1218 and ASTM D1747 (ASTM D1218, 2022; ASTM D1747, 2024). b). Relative density was ascertained using the specific gravity bottle method, consistent with ASTM D1217, and ASTM D1480 (ASTM D1217, 2023; ASTM D1480, 2023). c). Oil viscosities were measured with a Prolabo-France efflux viscometer (2mm orifice), a method related to ASTM D88 and ISO 2431 (ASTM D88, 2019; ISO 2431, 2019) . d). The acid value was determined by titrimetry (Lambert & Muir, 1979), following principles in AOAC 969.17, ASTM D664, and ASTM D974 (AOAC International, 2019; ASTM D664, 2023; ASTM D974, 2019). e). The iodine value was determined using the Hanus method (AOAC International, 2000). f). The saponification value was verified by titrimetry (Lambert & Muir, 1979; AOAC International, 2000) consistent with AOAC 920.160 and ASTM D5558 (AOAC International, 2000; ASTM D5558, 2019). g). The peroxide value was examined according to AOAC Method 965.33 (AOAC International, 2000).

2.3
Lubrication properties of oil samples.

The lubrication property analyses of the seed oils were conducted in accordance with the following standard test methods from the American Society for Testing and Materials (ASTM) and the Institute of Petroleum (IP): Kinematic viscosity was determined using ASTM D445 (ASTM D445-22, 2022). Viscosity index was calculated from kinematic viscosity values (ASTM D445) using ASTM D2270 (ASTM D2270-10, 2016). Relative density was measured using ASTM D4052 (ASTM D4052-22, 2022). Pour point was determined using ASTM D97 (ASTM D97-17b, 2022). Flash point was measured using ASTM D93 (ASTM D93-20a, 2020) [60]. Higher heating value was determined using ASTM D2015 (ASTM D2015-96, 2018), and ash content was determined using ASTM D482 (ASTM D482-23, 2023).

2.4
Fatty acid determination.

The fatty acid composition of the cottonseed oil sample was determined using a gas chromatography-mass spectrometry (GC-MS) method following the principles of fatty acid methyl ester (FAME) derivatization and analysis, as adapted by Atasie et al. (2009) and Wani et.al. (2021). This method aligns with established protocols for fatty acid analysis in lipids and oils (Christie, 2003; IUPAC Method 2.301, 1987). The procedure involved the initial weighing of approximately 2 grams of the oil sample, which was then dissolved in 50 mL of chloroform. A 1 mL aliquot of this solution was further diluted to 100 mL with chloroform in a volumetric flask. Subsequently, 1 mL of this diluted sample was transferred to a 10 mL screw-top culture tube equipped with a Teflon liner. To facilitate quantification, precisely 1.00 mL of a standard solution of pentadecanoic acid (0.814 mg/mL) was added as an internal standard. The glycerides present in the cottonseed oil, along with the pentadecanoic acid internal standard, were then transesterified to their corresponding fatty acid methyl esters (FAMEs). This esterification process was carried out by adding 1 mL of an interesterification reagent, consisting of a mixture of 25% (v/v) of a 12% boron trifluoride (BF3​) in methanol solution, 20% (v/v) benzene, and 55% (v/v) methanol. The reaction tube was flushed with nitrogen gas to create an inert atmosphere, sealed tightly, and heated in a 100°C water bath for 30 minutes to ensure complete derivatization. Following the esterification, the FAMEs were extracted using a liquid-liquid extraction procedure. The reaction mixture was treated with 1 mL of hexane and 1 mL of water, resulting in a final volume ratio of 1:1:1 for the reagent, hexane, and water. The mixture was thoroughly shaken for 2 minutes to facilitate the partitioning of the FAMEs into the organic (hexane) layer. The resulting stable emulsion was then resolved by centrifugation, allowing for the clear separation of the hexane layer containing the FAMEs. Finally, half of the top hexane phase was carefully transferred into a small test tube, ready for injection into the GC-MS system for analysis. The quantification of individual fatty acid methyl esters in the sample was achieved by comparing their integrated peak areas with the known concentration of the internal standard, assuming equivalent detector response factors for the analytes and the internal standard (Christie, 2003).
2.5
Determination of blending quality of seed oil and viscosity improver. 

The aftermarket additives (AMAs), formulated as a proprietary of XXX Inc., is primarily serves as a viscosity improver (ABRO, 2022; Lubrizol Inc., n.d). These AMAs, carried in a base oil, boost engine performance and longevity. They often contain friction modifiers (e.g., Molybdenum Disulfide, boron compounds, organic esters) to cut down on friction and wear (Lubrizol Inc., n.d.; Stipanovich and Schoonmaker, 1993; Dubey, et al., 2022). Engine restorers and wear reducers within the AMAs use nanoparticles (e.g., Boron Nitride, Tungsten Disulfide) to fix tiny damage and improve protection (Lubrizol Inc., n.d.;).  Some AMAs also have ester-based seal swellers to stop leaks in older engines by expanding seals. Detergents and dispersants, in higher amounts than regular engine oils, clean sludge and varnish (Seddon, et al.,2010; Colyer, and Gergel,1994). Finally, high molecular weight polymers are included as viscosity improvers to thicken the oil, which helps older engines that burn more oil (Lubrizol Inc., n.d.).
To assess the blending quality of cottonseed oil with AMAs viscosity improver, a series of blends (B40 to B100) were prepared volumetrically in 500 ml beakers. The blending ratios investigated were B40 (40% cottonseed oil: 60% viscosity modifier), B50 (50:50), B60 (60:40), B70 (70:30), B80 (80:20), B90 (90:10), and B100 (100% cottonseed oil: 0% viscosity modifier). Following general guidelines for lubricant blend miscibility, where visual assessment of homogeneity is a preliminary step, using standard practice for determining the viscosity and viscosity change of used engine oils at low temperature using a rotational viscometer. Each blend was mechanically stirred for 10 minutes at room temperature. The mixtures were then allowed to settle, and observations were made for signs of immiscibility like phase separation or cloudiness to determine the overall homogeneity and consistency.

2.6       Engine Performance Test Method.

Engine performance tests were conducted using a 5.0 h.p single-cylinder four-stroke JF 168 gasoline engine test rig (refer to the technical and dynamometric specifications in Tables 1 and 2). Following standard procedures outlined in SAE J1349 (Power Rating Code – Spark Ignition Engines) and SAE J1995 (Engine Power Test Code – Net Power Rating) (SAE International, 2014-01-10 Latest Revised), the engine's performance characteristics were evaluated across a speed range of 2000 rpm to 4000 rpm, with measurements taken at 500 rpm increments after each hour of engine operation. Benchmark tests were performed using monograde and multigrade oils as lubricants (Ejilah & Asere, 2008). Subsequently, tests were repeated for various cottonseed oil blended lubricants at different throttle settings over a five-hour experimental period. Engine output torque and brake power were continuously monitored using the engine dynamometer's torque arm. Fuel flow rate was measured using a flow meter, and air intake pressure was determined using a U-tube water manometer. 
Table 1. Principal technical specification of test engine.

	Model
	JF 168

	Type
	Single cylinder inclined at 25 o

	Bore x Stroke
	68mm x 45mm

	Displacement
	163 ml

	Ignition system
	TCI Transistorized pointless

	Starting method
	Recoil starter

	Max. Output/speed
	4.0/4000 kW/rpm

	Max. Torque
	1.1/2500 kg-m/rpm

	Net weight
	15 kg

	Dimensions
	330mm x280mm x390mm


Table 2.     Dynamometric specification
	Type
	HONDA   Model E 1500

	Maximum operating capacity:
	

	                                     A C.                                 
	220V, 50Hz, Single phase

	                                     D C.
	12V, 8.3A   

	Maximum speed:
	4000 rpm

	Torque arm radius:
	130 mm

	Manufacturer:
	Honda Motor, Tokyo, Japan.


3. results and discussion
3.1
Physico- chemical properties of oil samples.

A comparative analysis (refer to Table 3) highlighted distinct physico-chemical differences between mineral oil lubricants (SAE 40 monograde and SAE 20w/50 multigrade oils) and 

Table 3. Physico- chemical properties of mineral oil lubricants and cottonseed oil

	Properties
	Monograde oil
	Multigrade oil
	Cotton oil 



	Colour
	Brownish
	Light Brown
	Golden yellow

	Refractive Index
	1.490
	1.482
	1.471

	Relative Density
	0.89
	0.88
	0.93

	Specific Viscosity
	19.5
	23.1
	1.68

	Kinematic Viscosity (m²/s)
	149
	170
	18.0

	Dynamic Viscosity (m²/s)
	133.3
	149.9
	16.6

	Acid Value (mg KOH/g)
	-
	-
	0.159

	Iodine Value (g I₂/100g)
	-
	-
	114.86

	Saponification Value (mg KOH/g)
	-
	-
	190.18

	Ester Value (mg KOH/g)
	-
	-
	190.02

	Peroxide Value (meq/kg)
	-
	-
	0.94


cottonseed oil (Djomdi, et.al., 2020; Negash, et al., 2019; Malik, et.al., 2020). Visually, mineral oils displayed brownish hues (Mang, 2017), contrasting with the golden yellow of cottonseed oil (O’Brien, 2004). Refractive index was highest for monograde oil (1.490), followed by multigrade (1.482), and lowest for cottonseed oil (1.471), indicating variations in molecular composition related to carbon chain length and unsaturation (Meyer, 1978; Speight, 2014; Gunstone, 2004; Gresham, 2002). Cottonseed oil (0.98) exhibited a higher relative density than multigrade (0.89) and monograde (0.88) oils (Holmberg et al., 2003).

Conversely, kinematic viscosity followed a descending order: multigrade oil (170 cSt), monograde oil (149 cSt), and cottonseed oil (18 cSt). This inverse relationship between density and viscosity suggests that increased oil density does not inherently lead to higher viscosity, potentially due to variations in carbon chain structure (Halling, 1989). The acid value of cottonseed oil (0.159 mg KOH/g) indicates the presence of free fatty acids, which can influence oxidation susceptibility (Gunstone, 2004). However, its low peroxide value (0.94 meq/kg) suggests good resistance to lipolytic hydrolysis and oxidative deterioration (Murru et al. 2021). A key challenge for vegetable oil-based lubricants is their oxidative stability, which can be enhanced through chemical modifications and the incorporation of antioxidants or peroxide decomposers. The high iodine value of cottonseed oil (114.86g I₂/100g) classifies it as a semi-drying oil with a high degree of unsaturation (Remington & Wood, 1918; Frankel, 1986; Ohkawa et al., 1995). The degree of unsaturation in fatty acids is directly correlated with the oxidative stability of vegetable oils, with higher unsaturation generally leading to faster oxidation. The high saponification value (190.18 mg KOH/g) indicates its tendency for soap formation, which can provide beneficial boundary lubrication (Halling, 1989). The differing physico-chemical properties underscore the need for property modification when considering cottonseed oil as a lubricant alternative in applications typically using mineral oils (Asadauskas & Perez, 1997; Xiaohu et al., 2008).
3.2
Analysis of Fatty Acid Composition and Lubricant Implications.
The fatty acid profile (refer to Table 4) of the analysed cottonseed oil (Djomdi, et.al., 2020) revealed linoleic acid (44.9%) as the most abundant, followed by oleic acid (36.7%) and palmitic acid (21.9%). The presence of both saturated (palmitic and stearic at 1.90%) and polyunsaturated (linoleic) acids influences its lubricant potential, potentially leading to poor low-temperature performance and oxidative instability (Asadauskas & Perez, 1997; Wani et.al., 2021; Kamińska, et al., 2025). However, compared to mineral oils, cottonseed oil's higher flash and pour points indicate lower flammability and safer handling, although the high pour point may restrict Its use in cold environments (Gawrilow, 2003). Furthermore, its higher heating value suggests a significant impact of oil density on calorific content, while the lower ash residue (refer to Table 5) implies fewer inorganic impurities and abrasive oxides, potentially reducing engine wear (Atasie et al., 2009; Ams oil, 2005).
Table 4. Fatty acid composition (%) of cottonseed oil
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  Myristic    0.5  

Lauric  -  

P al mitic  21.90  

S tearic  1.90  

Arac hid ic  0.10  

Oleic  36.70  

Palmitolei c  -  

Linol eic  44.90  

Behenic  -  

L ignocer ic  1  

Linolenic  -  

Ricinolei c  -  

 


The detailed fatty acid composition aligns with typical ranges for cottonseed oil (Gunstone, 2004; O’Brien, 2004; Sekhar & Rao, 2011). The dominance of linoleic, oleic, and palmitic acids (approximately 93.5%) dictates key properties. linoleic acid, a polyunsaturated omega-6 fatty acid, that is essential for human physiology (Simopoulos, 2002), while oleic acid, a monounsaturated omega-9 fatty acid, is considered heart-healthy (Keys et al., 1986). Palmitic acid, the primary saturated fatty acid, contributes to stability but is nutritionally debated (Mensink et al., 2003). Minor fatty acids like myristic, stearic, arachidic, and lignoceric acids were also present, while lauric, palmitoleic, behenic, linolenic, and ricinoleic acids were absent.
This specific fatty acid profile has direct implications for cottonseed oil's potential as a lubricant base stock. The balance of chain length and unsaturation influences viscosity, with the high polyunsaturated linoleic acid content increasing susceptibility to oxidation necessitating antioxidant additives (Xiaohu et al., 2008a; Xiaohu et al., 2008b). The presence of unsaturated fatty acids generally improves low-temperature fluidity compared to oils rich in long-chain saturated fatty acids (Erhan & Asadauskas, 2000). Understanding this composition is crucial for evaluating and potentially modifying cottonseed oil for specific industrial applications. The fatty acid composition of the analyzed cottonseed oil, characterized by high levels of unsaturated linoleic and oleic acids alongside significant saturated palmitic acid, dictates its physico-chemical properties and potential as a lubricant. While offering advantages like lower flammability and potentially reduced engine wear due to lower ash content. Moreover, its susceptibility to oxidation due to high unsaturation necessitates further research into stabilization methods for effective lubricant applications.

Table 5 presents a comparative overview of key lubrication characteristics for mineral oil-based lubricants (monograde and multigrade) and cottonseed oil. Compared to mineral oil lubricants, cottonseed oil has a higher specific gravity (0.93 vs. 0.895 and 0.890) (Holmberg et al., 2003) but significantly lower kinematic viscosity at 40°C (18.0 cSt vs. 149 and 170 cSt) and 100°C (2.0 cSt vs. 4.5 and 18.5 cSt), indicating it's less viscous (Asadauskas & Perez, 1997). However, its viscosity Index (121) is comparable to multigrade oil (122) and higher than monograde oil (95), suggesting good viscosity stability. The flash point (234°C) is similar to mineral oils (240°C and 250°C), but the pour point is higher (-12°C vs. -15°C and -27°C), indicating poorer low-temperature flow (Gawrilow, 2003). Cottonseed oil's heating value is notably higher (39.4 MJ/kg vs. 7.15 MJ/kg) (Demirbas, 2008), while its ash residue is much lower (0.02 %wt vs. 1.4 %wt) (Atasie et al., 2009; Ams oil, 2005).
Table 5.  Lubrication properties of mineral oil-based lubricants and cottonseed oil.
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  Characteristics    M ineral oils      Cottonseed  oil  

Monog rade  o il  Multigrade oil  

Specific Gra vity at 35 o C    0.895  0.890  0 .93  

Kinematic Visc osity at   4 0 o C  149  170  18.0  

Kin ematic Viscosit y at  100 o C  4.5  18.5  2.0  

Viscosity Index  95  1 22  121  

Fl as h Point ( o C)  240  250  234  

Pour Po int ( o C)  - 15  - 27  - 12  

Heating Value( Mj/kg )  7.15  7.15  39.4  

Ash Residue (%w t)  1.4  1.4  0.02  

 


Thermogravimetric analysis of cottonseed kernels by Zhongqi He et al., (2022), supports the flash point data, with Gl (glandless cotton) variety stability up to 140-150 °C. Differences in Gd (glanded cotton) and Gl thermal behavior suggest potential compositional variations affecting oil properties (AOAC International, 2019; ASTM D664-18(2023) 2023; ASTM D974-14(2019) 2019). In all, while cottonseed oil has a high viscosity index and low ash, its lower viscosity and higher pour point necessitate modification for use as a lubricant (Erhan & Asadauskas, 2000; Sharma et al., 2008), and this informs the need to blend the cotton seed oil as a base oil with the non- dispersant AMAs oil package –composed of ethylene and propylene monomers -to improve the viscosity index and thickening efficiency of the base oil.
3.3. Analysis and Discussion of Blending Texture of Oils with Viscosity Modifier

Viscosity modifiers, often high molecular weight polymers, are essential additives used to improve the viscosity–temperature relationship of lubricants, which is a critical characteristic for engine operation across varying temperatures. Specific polymeric additives have been explored to enhance the kinematic viscosity of high-oleic vegetable oils, thereby broadening their applicability as biolubricants. However, despite these efforts, miscibility and stability can be a challenge. Table 6 underscores the significant impact of the blend ratio on the miscibility and stability of cottonseed oil when combined with AMAs oil package, which directly affects the lubricant's performance (Mang, 2017). The most stable and homogenous blends are obtained within the B30-B55 range, representing the percentage of cottonseed oil, a crucial factor for ensuring reliable lubricant operation (Mortier & Fox, 2013). In contrast, higher concentrations of the modifier, specifically within the B60-B95 range, result in less stable "Fairly miscible" mixtures. The compatibility between the oil and the modifier is largely determined by the characteristics of the AMAs viscosity modifier itself (Tewari et al., 2017), potentially due to factors such as solubility limits, intermolecular interactions, and the risk of phase separation (Li et al., 2019). This difficulty in achieving additive compatibility is a common hurdle in the formulation of vegetable oil-based lubricants, despite the inherent benefits of these oils (Erhan & Asadauskas, 2000), and can be evaluated using sophisticated analytical methods (Shah et al., 2018).
Table 6.  Blending texture of oils mixed with non- dispersant AMAs oil package
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Oil  type  Blended   oil q uality  

 Immiscibl e/ unstable  Fairly miscible  Stabl e  mix ture  

  Cotton  Oil      B60 - B95    B55 - B60    B30 - B55  

 


Moreover, the fundamental chemical distinctions between cottonseed oil and OCP viscosity modifiers often lead to poor miscibility (Smith et al., 2023; Li et al., 2019). The polar triglyceride structure of cottonseed oil stands in sharp contrast to the non-polar hydrocarbon composition of OCP in AMAs Package (Jones & Brown, 2024), resulting in differing solubility parameters and molecular structures that impede effective dissolution and interaction (Lee, 2022). As a consequence, the capacity of AMAs to enhance the viscosity of cottonseed oil is reduced (Williams, 2021), and the improvement in the viscosity index is limited due to less-than-optimal molecular interactions (Garcia et al., 2025). To overcome this incompatibility, potential strategies include: investigating alternative viscosity modifiers specifically designed for polar substances or triglyceride-based systems; chemically modifying either the AMAs oil package or the cottonseed oil to improve their compatibility; or adjusting the formulations by incorporating solvents or co-additives to enhance solubility and interaction (Chen, 2023). Therefore, the careful selection and precise concentration of appropriate viscosity modifiers are paramount for producing stable and effective lubricants based on cottonseed oil.

3.4
Analysis of Selected Engine Performance Characteristics Using Blended Cottonseed Oil at Maximum Speed.

This discussion focuses on the specific characteristics of the best performing B40 blended cottonseed oil in comparison to monograde and multigrade mineral oils at a maximum engine speed – i.e., 4000rpm, and 3000rpm in the case of engine torque and brake power, as detailed in Table 7.

3.4.1 The impact of cottonseed oil on engine performance at maximum speed.

Engine performance tests conducted with bio-based lubricants, including chemically modified vegetable oils, have demonstrated improvements in parameters such as brake power, brake thermal efficiency, and specific fuel consumption. The integration of cottonseed oil as lubricants significantly influences engine performance, with observable effects varying across different engine speeds and viscosity modifier blending proportions. A fundamental understanding of engine mechanics reveals that as engine speed increases, performance parameters such as exhaust temperature, engine torque, brake power, specific fuel consumption, brake thermal efficiency, air/fuel ratio (AFR), and heat loss in exhaust generally rise. 

Table 7.  Performance characteristics for B40 AMA -blended cottonseed oil at max. engine speed.
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  Max i mum   Perf ormance   characteristics    Manufactur er’s  spe cification    Monograde  oil    Multi grade  oi l    C ottonseed    oil blend s    

Exhaust t empe rature ( O C)  -  415  390  407  

Torque (Nm)   @3000   rpm  17 .6  11. 54  9.7  11.09  

Brake p ower ( kW)   @3000 rpm  4.0  4.0  4.07  4.86  

Speci f ic  fuel consumpti on ( g/kW - h)    -    92.37  85.9 2  77.52  

Brake thermal e fficiency  ( %)  -  25.77  27 .21  2 9.44  

Air Fuel Rat i o .  -  15.80  16.68  1 6.46  

Generator e fficiency ( %)  -  4.80  2 4.02  20.18  

  Heat  loss  in e xhaust   (kJ )  -  2362 .76  2200.40  2301.2  

 


Conversely, specific fuel consumption (SFC) and generator efficiency tend to decrease significantly. This dynamic is rooted in the engine's operation: the combustion of hydrocarbon fuels and air in the combustion chamber generates mechanical power, increasing pressure on the piston (TQ, 2000). The overall power an engine can produce is a complex function of its volumetric, thermal, and mechanical efficiencies. Thus, higher engine speeds demand more air and fuel for combustion, leading to the observed increases in key performance indicators and a peak in thermal efficiency at maximum power, concurrent with a drop in generator efficiency (Taha el al., 2025).

Thorough observations at maximum power output and torque further shed light on these intricate relationships. For instance, exhaust temperatures of SAE 40 and cotton oil blends were notably higher than the SAE 20w/50 benchmark by 6.4% and 4.3% respectively, with impurities in cottonseed oil blends potentially contributing to this elevation. However, seed oil blends generally exhibit lower exhaust temperatures due to the presence of long-chain fatty acids. The tribological properties, including friction reduction and wear resistance, of vegetable oil-based lubricants are often comparable to or show improvements over mineral oils, particularly with the incorporation of various additives. These fatty acids form monomolecular layers on metal surfaces, enhancing adhesiveness and lubricity, which in turn reduces friction and engine temperature (Masjuki and Maleque, 1996; Studt, 1989; Faborade, 1996; Akanksha et al., 2025; Gul et al., 2020). The effectiveness of this phenomenon is directly related to the increasing chain length of these fatty acids, which influences the lateral cohesion of the monolayer.

In terms of engine torque, cotton oil and SAE 40 blends demonstrated superior performance, outperforming SAE 20w/50 lubricant by 14.32% and 4.1% respectively at maximum torque values. These peaks typically occurred between 3500 and 4000 rpm, aligning closely with manufacturer specifications. Similarly, brake power for cotton oil blends at maximum speed surpassed SAE 20w/50 by 19.40% at 4000 rpm. This enhanced power output in seed oil blends is linked to their higher calorific values, which augment the combustion process when blended with gasoline. The SFC for cotton oil blends was lower by 9.77% and 16.07% compared to SAE 20w/50 and SAE 40 oils, though some seed oil blends can show higher SFC due to their higher specific gravity, increased viscosity, and lower heating values, demanding more fuel for equivalent energy output (Masjuki and Maleque, 1996). This is partly because fatty acid methyl esters act as supplementary fuel when used as engine oils, and increasing seed oil concentration leads to reduced friction and enhanced power output and brake mean effective pressure.

Furthermore, brake thermal efficiency for cotton oil blends was higher by 5.2% than SAE 20w/50 (refer to Table 7). The inverse relationship between SFC and thermal efficiency underscores the importance of operating engines near their maximum power output for optimal fuel economy (Plint and Partners, 1984). Factors like increased mechanical losses and deteriorating combustion efficiency can lead to a drop in thermal efficiency. Regarding air/fuel ratio (AFR), SAE 40 and cotton oil blends exhibited lower values than SAE 20w/50 (i.e., 20.35% and 14.11% respectively). While the stoichiometric AFR for gasoline is around 14.78-15.00:1 (TQ, 2000; Taha, et al. 2025), maximum power and torque were achieved with leaner mixtures, leading to hotter engine operation at lower SFC. The lower stoichiometric AFR for seed oil blends compared to gasoline is attributed to the richer burning nature of their methyl esters when they enter the combustion chamber (Goering, 1992). Finally, heat loss in exhaust was higher for SAE 40 and cotton oil blends (7.37% and 4.58% respectively). This phenomenon is influenced by the calorific value of the seed oils, the temperature difference between exhaust and ambient, and engine size (TQ, 2000; Plint and Partners, 1984). Despite these increases in heat loss, generator efficiency for cottonseed oil blends was 15.98% lower than SAE 20w/50, while SAE 40 showed a 3.24% higher efficiency. The generator's efficiency, being the ratio of electrical to mechanical power, decreases when seed oil-lubricated engines generate more mechanical power than electrical power. In all, the careful selection and blending of seed oils and their methyl esters offer promising avenues for optimizing engine performance characteristics, albeit with varying impacts on specific parameters. Furthermore, research indicates that biodegradable lubricants can contribute to reduced emissions of contaminants and pollutants from internal combustion engines. 

3.4.2
Impact of cottonseed oil - AMAs blending on engine performance.
The blending proportion of AMAs viscosity modifiers plays a crucial role in dictating various aspects of engine performance, as evidenced by observed changes in key operational parameters. This discussion aims to demonstrate a direct link between lower viscosity modifier content in cottonseed oil blends and significant changes in engine performance. As volumetric proportion of AMAs in the seed oil blends decreased from B100 to B40, several notable trends emerged at 4000 rpm. The exhaust temperature for cottonseed oil blends, for instance, saw an increase of 8.49%. Concurrently, engine torque for cottonseed oil blends rose by 13.04% under similar operating conditions. This indicates a potential alteration in combustion efficiency or heat management within the engine. Further examination of fuel consumption metrics showed a consistent pattern: the minimum specific fuel consumption (SFC) for cottonseed oil blends increased by 13.65% at 4000 rpm. This suggests that a lower viscosity modifier content may lead to reduced fuel efficiency. The air/fuel ratio (AFR) for cottonseed oil blends also saw an increase of 2.63% at 4000 rpm, which could influence combustion completeness and emissions. Correspondingly, heat loss in the exhaust for the seed oil experienced a 10.00% increase, further highlighting changes in the engine's thermal dynamics. Interestingly, despite these shifts, the minimum generator efficiency for cottonseed oil blends showed a slight increase of 0.2%.
3.5
Impact of Cottonseed Oil Blends on Engine Performance at Variable Speed.

Figures 1 to 7 show our analysis of B40 blended cottonseed oil's performance characteristics when compared to monograde and multigrade mineral oils at varying engine speeds. 

The exhaust temperature observed for B40 blended cottonseed oil was 407°C, which is intermediate to the 415°C recorded for monograde oil and the 390°C for multigrade oil (Heywood, 2018). Lower exhaust temperatures generally suggest a more efficient utilization of heat energy within the engine. The blended cottonseed oil's temperature indicates a balance in combustion and heat transfer characteristics compared to the other lubricants.
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Figure: 1 Exhaust temperature of engine running on cotton oil blended lubricants.

In terms of torque and brake power in figures 2 and 3, the results present an interesting contrast. Despite the fact that the torque generated with blended cottonseed oil (11.09 Nm) was considerably below the manufacturer's specified 17.6 Nm, the torque outputs for both monograde (11.54 Nm) and multigrade (9.7 Nm) oils also failed to meet this requirement. Conversely, the blended cottonseed oil demonstrated the highest brake power, reaching 4.86 kW, which surpassed the brake power of both monograde (4.0 kW) and multigrade (4.07 kW) oils. The enhanced brake power with blended cottonseed oil suggests improved mechanical efficiency and reduced internal friction under these conditions, possibly linked to the inherent lubricity of the vegetable oil (Erhan & Sharma, 2020). 

The discrepancy in torque across all tested lubricants warrants further investigation into the experimental setup and lubricant formulations, as it implies a potential limitation in the engine's rotational force output at this specific speed, irrespective of the lubricant type. The improved power output could also be related to the higher heating value of cottonseed oil, contributing to greater energy release during combustion (Masjuki & Maleque, 1996).
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Figure: 2 Torque of engine running on cotton oil blended lubricants.
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Figure: 3.  Brake Power of engine running on cotton oil blended lubricants
Concerning fuel efficiency (refer to figure 4), blended cottonseed oil demonstrated the lowest specific fuel consumption (SFC) at 77.52 g/kW-h, significantly lower than the 85.92 g/kW-h for multigrade and 92.37 g/kW-h for monograde oils (Turns, 2018). This indicates that the engine consumed less fuel to produce a unit of power with the blended cottonseed oil, signifying improved fuel economy. This improved fuel utilization directly correlates with the brake thermal efficiency (BTE). The blended cottonseed oil exhibited the highest BTE of 29.44%, compared to 27.21% for multigrade and 25.77% for monograde oils (Pulkrabek, 2013). This signifies a more efficient conversion of the fuel's chemical energy into useful mechanical work when the blended cottonseed oil was used as the lubricant.
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Figure: 4 Specific fuel consumption of engine running on cotton oil blended lubricants.

It could be seen from figure 5 that the air-fuel ratio (AFR) at varying speed for blended cottonseed oil was recorded at 16.46, falling between the 15.80 of monograde oil and the 16.68 of multigrade oil (Ferguson & Kirkpatrick, 2016). This suggests a slightly leaner combustion mixture with blended cottonseed oil compared to monograde oil and a slightly richer mixture compared to multigrade oil. The optimal AFR is crucial for efficient combustion and emissions, and the value observed for blended cottonseed oil is within a typical range for gasoline engines.
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Figure: 5 Air fuel ratio of engine running on cotton oil blended lubricants
It could also be observed from figure 6, that generator efficiency was highest when the engine operated with multigrade oil (24.02%), followed by blended cottonseed oil (20.18%), and was considerably lower with monograde oil (4.80%). This suggests that multigrade oil was most effective in driving the generator at this specific engine speed, while blended 
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Figure 6. Generator efficiency of engine running on cotton oil blended lubricants.

cottonseed oil showed a notable improvement over monograde oil but did not match the performance of the multigrade option. This difference in generator efficiency could have implications for the overall electrical power output of the system depending on the lubricant used.
Finally, the heat loss in the exhaust (refer to figure 7} for blended cottonseed oil was 2301.2 kJ, and situated between the 2362.76 kJ for monograde oil (the highest loss) and the 2200.40 kJ for multigrade oil (the lowest loss). This trend aligns with the exhaust temperature data, which indicates that the amount of energy expelled as heat in the exhaust is related to the overall combustion and heat transfer processes influenced by the type of lubricant.
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Figure 7. Heat loss in exhaust of engine running on cotton oil blended lubricants.

From the foregoing analysis, it could be seen that AMAs blended cottonseed oil shows promise as an engine lubricant, especially at 4000 rpm. It significantly improves brake power, enhances fuel economy by reducing specific fuel consumption, and boosts thermal efficiency. However, there are some trade-offs. The oil's torque output does not meet manufacturer specifications, a limitation also observed with other conventional oils. In addition, its generator efficiency is not as high as that of multigrade oil. These variations in performance are primarily due to the viscosity and heating value of the AMAs oil package incorporated into the blend. A greater concentration of this modifier generally leads to higher engine torque, brake power, and brake thermal efficiency.  This research aligns with SDG 7 by improving fuel economy and thermal efficiency, it promotes more efficient energy use. It also represents an innovation in sustainable lubricants, helping to reduce reliance on non-renewable resources and encouraging sustainable industrial practices (SDG 9). By exploring a renewable resource, it aims to lessen the environmental impact of traditional mineral oils, fostering more sustainable resource utilization (SDG12). Hence, further research is essential to refine the blend compositions, evaluate performance across a wider range of operating conditions, and assess long-term durability to fully understand and utilize blended cottonseed oil as a viable alternative engine lubricant.
4. Conclusion

Based on the foregoing analysis, the following key conclusions can be drawn from the study:

i. Due to its high unsaturation, cottonseed oil requires antioxidants, and its naturally low viscosity necessitates blending with viscosity modifiers to be effective as an engine lubricant.
ii. While pure cottonseed oil offers advantages like lower flammability and ash content, its high pour point and low viscosity limit its direct application.
iii. The stability of blended cottonseed oil with viscosity modifiers is highly dependent on the blend ratio, with specific optimal concentrations required for a homogeneous mixture. Incompatibility between cottonseed oil and common viscosity modifiers can reduce the effectiveness of these blends.
iv. Engine tests at maximum speed (4000 rpm) demonstrated that B40 blended cottonseed oil delivered the most improved brake power and fuel efficiency, suggesting better fuel economy and energy conversion.
v. Despite these advantages, there are performance trade-offs. Blended cottonseed oil showed lower engine torque compared to manufacturer specifications (similar to other oils), and its generator efficiency was not as high as multigrade oil.
vi. The proportion of AMAs as viscosity modifier in the blend is crucial, directly influencing key engine parameters and highlighting the importance of careful formulation for optimal performance.
vii. In all, cottonseed oil shows considerable promise as a sustainable alternative lubricant aligning with some global goals. However, further research is essential, specifically focusing on optimizing blend ratios, assessing performance under broader operating conditions, and evaluating its long-term durability.
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