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Copolymerization of Vegetable Oils with Isodecyl Acrylate for Greener Lubricant Additives: Synthesis, Characterization, and Performance Evaluation

Abstract
The vegetable oil-based greener additives have recently garnered much attention due to their biocompatibility and enhanced multifunctional performances in comparison to conventional additives. This article investigates the performances of the polymeric additives prepared from isodecyl acrylate and different vegetable oils like soybean oil (SBO), sunflower oil (SFO), and rice bran oil (RBO). The homopolymer of isodecyl acrylate (IDA) and its copolymers with various vegetable oils. The structures of the prepared polymers were investigated using FT-IR and NMR spectroscopic techniques. The molecular weight of the polymers was determined with gel permeation chromatography. The performance properties of the polymeric additives prepared were evaluated as pour point depressants and viscosity index improvers following ASTM standards in 150N base oil. Thermal stability of the polymers was conducted using thermogravimetric analysis (TGA). The study revealed that the performance of the copolymers of isodecyl acrylate with different oils as viscosity index improvers (VII) and pour point depressants (PPD) was significantly superior to that of the homopolymers of isodecyl acrylate. The study shows that integrating vegetable oils is an effective strategy for enhancing the multifunctional performance of lubricant additives.
Keywords: Isodecyl acrylate, viscosity index improvers, pour point depressant, copolymer, additives, lubricant
Introduction

The contemporary lubricating industries are under immense pressure to reconcile the need for operational performance with environmental sustainability. The lubricant industry’s footprint extends beyond its direct production process, with 50 % of the 40 million tons of lubricants consumed annually entering into the environment through various paths like accidental spillage, leaks, and discharges1,2. The contamination leads to toxic pollution of soil and aquatic ecosystems, which is in conflict with the sustainable development goals set by the United Nations. This environmental burden has catalysed the persuasion of the research with a strategy to attain sustainability in industrial lubrication with higher emphasis on resource efficiency and environmental protection through the development of bio-based biodegradable additives with comparable or better performance than the conventional additives, maintaining ecological compatibility3,4.

The conventional lubricating industries widely used ZDDP (zinc-dialkyldithiophosphate) as the additive for anti-wear performance5,6 and polyacrylates and methacrylates as pour point depressant7,8 and viscosity index modifiers9 in the commercial lubricant oils. ZDDP demonstrates toxicity to the aquatic wildlife with long-lasting effects owing to its non-biodegradability10. It is also associated with other hazards, such as the formation of toxic hydrogen sulphide and mercaptans on thermal degradation, which contributes to the air pollution that causes serious health risks. The extreme environmental persistence and negligible biodegradability of polyacrylates and methacrylates makes them strongly bio accumulate in the soil. The toxicity of the residual monomer of these polymers restricts its widespread application in additive formulations11–13. Therefore, in response to these multifaceted challenges, vegetable oil emerges as an important candidate for the synthesis of bio-based lubricant additives14–16. The basic structural skeleton of the vegetable oil is triglycerides, molecules made up of long-chain fatty acids and glycerol, which are connected by an ester bond. The fatty acids present in these oils have numerous levels of unsaturation. A high degree of unsaturation present in the fatty acid chain makes it very susceptible to oxidative and thermal decomposition, which restricts its use as a lubricant to a moderate temperature range17. Chemical modifications18, such as polymerization19–21, can address these limitations of triglycerides by enhancing their crosslink density and molecular weight. This process results in increased rigidity and improved mechanical properties suitable for specific field applications. The polymerization of the selected vegetable oil can be done with a suitable monomer to introduce better performance properties as well as biodegradability22. The literature on polyacrylates has established their versatile multifunctional properties23,24. Their primary advantage lies in enhancing the viscosity index and lowering the pour point. Long-chain polyacrylates, have been reported to improve these properties due to the influence of molecular weight on the effective polymer radius and their inherent thickening ability25,26. Despite these benefits as lubricant additives, polyacrylates face limitations in widespread application because of their poor biodegradability. Their natural degradation can take 20–30 years, leading to long-term ecological impacts. The growing demand for green and sustainable lubricants has necessitated the exploration of co-polymerization of vegetable oils with polyacrylates to develop greener additives that combine improved performance with enhanced biodegradability27.

In this study, three commercially available vegetable oils namely soybean oil (SBO), sunflower oil (SFO), and rice bran oil (RBO) were selected as potential candidates for copolymerization with isodecyl acrylate (IDA). The co-polymerization was carried out using 5% and 10% mass fractions of each vegetable oil relative to the total isodecyl acrylate. The synthesized additives were characterized spectroscopically by FTIR and NMR, while molecular weight was determined using gel permeation chromatography (GPC). A comparative performance analysis was conducted between the homo polymer of IDA (P-1) and the copolymers (P-2, P-3, P-4, P-5, P-6, and P-7) to establish the role of vegetable oils in enhancing polymeric additive systems
Materials and Method 

Materials 

Isodecyl alcohol, acrylic acid, hydroquinone, and benzoyl peroxide (BZP) were purchased from Merck Pvt. Ltd. The soybean oil (SBO), sunflower oil (SFO), and rice bran oil (RBO) were purchased from a local grocery shop in Siliguri. Methanol, sulfuric acid, and hexane were procured from Thomas Baker Pvt. Ltd. The BZP was crystallized prior to use with a chloroform-methanol solvent system; the rest of the chemicals were used as received. Mineral base oil 150 N was kindly supplied by Indian Oil Corporation Ltd. (IOCL), Dhakuria, Kolkata, India.
	Fatty Acid
	Rice Bran Oil (RBO)
	Soybean Oil (SO)
	Sunflower Oil

	Myristic acid (C14:0)
	0.31
	0.08
	0.07

	Palmitic acid (C16:0)
	18.30
	10.55
	6.6

	Palmitoleic acid (C16:1)
	0.20
	0.09
	0.11

	Stearic acid (C18:0)
	2.41
	4.05
	5.4

	Oleic acid (C18:1)
	41.19
	25.29
	23.2

	Linoleic acid (C18:2)
	34.16
	52.51
	63.2

	Linolenic acid (C18:3)
	2.31
	4.89
	6.5

	Arachidic acid (C20:0)
	1.00
	0.53
	0.16

	Total Saturated Fatty Acid
	22.02
	15.20
	13.19

	Total Monounsaturated Fatty Acid
	41.38
	25.38
	-

	Total Polyunsaturated Fatty Acid
	36.47
	57.41
	86.81


Table 1: Fatty Acid Profile of Rice Bran oil, Soybean oil, and Sunflower Oil28
	Property
	Method
	150N (Base Oil)

	Viscosity at 40 °C (cSt)
	ASTM D445
	23.472

	Viscosity at 100 °C (cSt)
	ASTM D445
	3.938

	Viscosity Index
	ASTM D2270
	86

	Pour Point (°C)
	ASTM D97
	-6

	Density (g/cm³ at 40 °C)
	ASTM D4052
	0.85514


Table 2: Physical properties of the 150 N Base Oil

Experimental Methods 

Esterification: Preparation of Isodecyl acrylate monomer

Isodecyl acrylate (IDA) was synthesized by esterification of isodecyl alcohol with acrylic acid in a 1:1.1 molar ratio. The reaction was carried out in a resin kettle under a nitrogen atmosphere, using a catalytic amount of concentrated sulfuric acid in toluene as the reaction medium. Hydroquinone was added as a polymerization inhibitor. The temperature was gradually raised to 413 K using a controlled thermostat, and the progress of the reaction was monitored by measuring the volume of water liberated. The crude ester was purified by refluxing with charcoal for 3 h, followed by filtration. The filtrate was repeatedly washed with 0.5 N NaOH to remove unreacted acid, then rinsed with distilled water to eliminate alkali traces. After drying overnight over CaCl2, the ester was distilled under reduced pressure and used for polymerization.
Preparation of homo polymers and copolymers:

Polymerization was performed in a focused mono-mode microwave oven. For homo polymer synthesis, isodecyl acrylate (4.24 g, 0.02 mole) was polymerized using BZP (0.424 mg, 0.01% w/w) as the initiator under 300 W at 90 °C for 15 minutes, with 2-minute intervals after every 5 minutes of reaction, in the absence of solvent. The homo polymer is labelled as P-1. For the copolymer syntheses (P-2, P-3, P-4, P-5, P-6, and P-7), the required amounts of soybean oil, sunflower oil, or rice bran oil (5% and 10% w/w relative to isodecyl acrylate) were reacted with isodecyl acrylate under the same conditions used for homo polymer P-1.
Spectroscopic Measurements

The NMR was recorded in a Bruker Avance 300 MHz spectrophotometer using a 5 mm BBO probe, CDCl3 as a solvent, and TMS (trimethylsilane) as a reference. FTIR was conducted on a Bruker IR spectrophotometer using 0.1 mm KBr cells at room temperature, covering a wavelength range of 400 to 4000 cm⁻¹.  

Molecular weight determination by GPC

The weight-average molecular weight (Mw), number-average molecular weight (Mn), and polydispersity index (PDI) of the polymers were determined using Waters GPC equipment in tetrahydrofuran (THF) at room temperature, calibrated with polystyrene standards. 
	Polymer samples
	Mn
	Mw
	PDI

	P-1
	21619
	33837
	1.81

	P-2
	16737
	35138
	2.09

	P-3
	18324
	32573
	1.77

	P-4
	17115
	31816
	1.87

	P-5
	19035
	34088
	1.79

	P-6
	20342
	34556
	1.88

	P-7
	22650
	35291
	1.85

	Mn: Number average molecular weight, Mw: weight average molecular weight, PDI: poly- dispersity index


Table 3: GPC analysis data of the polymer samples. 

Determination of Viscosity index (VI)
The kinematic viscosity of the prepared polymers in 150 N base oil was determined at 40oC and 100oC. The viscosity index is calculated according to ASTM D 2270-10. Additive performance was evaluated at five different concentrations ranging from 1 × 10-³ to 5 × 10-³ wt. ppm
Evaluation of Pour Point (PP)
The pour point of the prepared polymers in 150 N base oil was determined according to ASTM D97-09 using a WIL-471 apparatus (India). Additive performance was evaluated at five different concentrations ranging from 1 × 10³ to 5 × 10³ wt. ppm.
Thermogravimetric analysis (TGA) 
The evaluation of the thermal properties of the prepared co-polymer and co-polymers was made using an alumina crucible on Shimadzu TGA-50, maintaining the heating rate of 10°C per minute. The permanent weight loss (PWL) was calculated with the rise in temperature.
Results and Discussion 

Molecular weight analysis
The experimental data in Table 3 of the synthesized polymers exhibited higher molecular weight reaching highest for P-7 among all the samples. Molecular weight is one of the most important factors to determine the flow improvement property of a polymer. For each vegetable oil during copolymerization, the increased concentration of isodecyl acrylate resulted into higher molecular weight polymers indicating effective chain growth (Figure 1). All polymers, other than P-2 exhibited narrow polydispersity index conforming a controlled distribution of longer and shorter chains, an essential feature for producing sufficient flowability and film strength for lubricating applications. 
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Figure 1

Figure 1: Molecular weight characteristics of the polymers 
Spectroscopic Analysis 

The FT-IR spectrum of the homo polymer of isodecyl acrylate (P-1) showed characteristic bands confirming ester polymer formation. The absorption at 2950 cm⁻¹ corresponds to aliphatic C–H stretching of the isodecyl chain, while the sharp peak at 1732 cm⁻¹ is attributed to ester carbonyl (C=O) stretching. Bands at 1456.2 and 1379 cm⁻¹ arise from C–H bending, and peaks at 1260 and 1166.9 cm⁻¹ represent C–O stretching vibrations of the ester group. The absorptions at 750 and 710 cm⁻¹ correspond to out-of-plane C–H bending of the long alkyl chain. These features confirm the successful formation of poly (isodecyl acrylate). The 1HNMR spectra of P-1 demonstrates the characteristic signals consistent with the structure of the poly (isodecyl acrylate). A distinct board singlet signal was observed at 4.02 ppm which corresponds to –OCH2 proton adjacent to the ester oxygen indicating the presence of the ester linkage in the polymers. Another board signal which is cantered at 0.86 ppm was attributed to the terminal methyl groups of the isodecyl chains, which is further supported by the observance of the complex and board multiplets spanning the region from 1 to 2.3 ppm for the –CH2–CH– backbone conforming the formation of the polymer. 

The FT-IR spectra of the IDA-RBO copolymer displayed an absorption peak at 1733 cm⁻¹, corresponding to the ester C-O stretching vibration. Additionally, there were peaks observed at 1457, 1244, and 1171 cm⁻¹, while a peak at 723.3 cm⁻¹ was attributed to C-H bending. In the ¹H NMR spectra, the polymer displayed a broad singlet between 4.11 and 4.31 ppm, attributed to the –OCH2 protons from rice bran oil and IDA. Additionally, the –CH3 protons were observed in the range of 0.86 to 0.88 ppm, while the –CH2 protons appeared between 1.25 and 1.61 ppm. The synthesis of the copolymer was further confirmed by the nonappearance of sp2 hydrogen in its ¹H NMR and sp2 carbon in the ¹³C NMR spectrum, respectively. The formation of the copolymers of IDA-SFO (P-4, P-5) was confirmed by their FT-IR, ¹H-NMR, and ¹³C-NMR analysis. As expected, both the copolymer samples showed similar spectral patterns.  In the FT-IR spectra, the copolymer (taking P-4 as a reference sample) showed a sharp peak at 1730 cm⁻¹ for ester carbonyl along with other peaks at 2936 and 1464 and a band at 1175 cm⁻¹ for stretching and bending vibration of -CH₂ groups. In the 1H-NMR spectra of P-2, a broad singlet at 4.02 and a multiplet centered at 4.16 ppm were due to the protons of the –OCH₂ group of isodecylacrylate and SFO, respectively. The absence of a singlet between 5 and 6 ppm indicated the absence of any vinylic proton in the copolymer. In the 13CNMR spectrum of P-4, the carbonyl carbon of isodecyl acrylate and the SFO part appeared at 174.47 and 164.23 ppm, respectively, along with other carbons. The IR absorptions at 1745.5, 1740, 1732, 1741, 1736.8, 1737.7, and 1732 cm⁻¹ for the copolymer of IDA-SBO (P6, P7) showed the presence of an ester carbonyl group. Peaks at 1167.8 to 1155 cm⁻¹ were due to the C-O stretching vibration of the ester carbonyl and from 1099.3 cm⁻¹ to 712.6 cm⁻¹ for C-H bending vibrations. The absence of olefinic peaks for the polymers and its presence in their respective monomers support the phenomenon. Absorptions were recorded from 2851.6 to 2944.1 cm⁻¹ for the paraffinic C-H bonds. 1H NMR of homo- and copolymers of SBO showed broad peaks in the range of 4.080 to 4.327 ppm due to ester carbonyl protons of the triglyceride. Peaks appeared in the range of 0.820 to 0.911 ppm, 1.220 to 1.608 ppm, and 2.000 to 2.770 ppm for methyl and methylene protons, respectively. The proton-decoupled 13CNMR showed peaks at 172.91 to 173.97 ppm for protons of –OCH₂ groups of the tri-ester. The absence of unsaturation was indicated by the absence of peaks in the range of 130 to 150 ppm. 

Thermogravimetric analysis of the polymers 
The TGA analysis of the prepared polymers (P1-P7) demonstrates a two-stage decomposition mechanism with the gradual improvement of the thermal stability. The onset temperature of the decomposition of the polymers ranges from 453°C for the homopolymer of the isodecyl acrylate to 496°C for P-7, representing the enhancement in thermal stability by 43°C. The second stage decomposition of polymers also shows similar improvement of thermal stability, where the temperature ranges from 573°C to 625°C from P-1 to P-7, respectively; a 52°C increase indicates significant improvement of high-temperature performance.  
	Polymer samples
	TGA data

	
	Decomposition  Temperature
	Permanent Weight Loss (PWL)

	P1
	453/573
	15/90

	P2
	473/593
	13/90

	P3
	483/593
	14/91

	P4
	483/603
	15/93

	P5
	487/613
	14/92

	P6
	489/622
	12/88

	P7
	496/625
	15/91


Table 4: Thermogravimetric study of the polymer samples

Evaluation of performances properties of the prepared polymers as viscosity index improvers and pour point depressant

The evaluation of the polymeric additives as viscosity index improvers in 150 N base oil (Figure 2 and Figure 3) has revealed the significant variations in performance at different concentrations of isodecyl acrylate-based copolymers. All IDA-based copolymers with SBO, SFO, and RBO demonstrated superior performance compared to their homopolymer of isodecyl acrylate. The results show that polymer P-5 has achieved the highest improvement as a viscosity index improver, reaching 156 at 5 ppm concentration in base oil, which is an 83.5% increase in comparison to P-1. This observation is due to the temperature-dependent conformational change, with an expanded coil-like structure providing a thickening effect at elevated temperatures. The sunflower oil-based copolymers with isodecyl acrylate (P-4 and P-5) consistently produced better performance than other vegetable oil formulations. In general, all polymeric additives have exhibited a linear correlation between the concentration and improvement in the viscosity index, confirming the thickening of the high molecular weight polymeric additive chains in the lubricant matrix. 
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       Figure 3
Figure 2: Effect of polymeric additive concentration on viscosity index.

Figure 3: Comparative viscosity index performance of polymeric additives at 5 ppm concentration.

P-1: Homopolymer of isodecyl acrylate (IDA), P-2: 5% Soybean oil (SBO) + IDA, P-3: 10% SBO + IDA, P-4: 5% Sunflower Oil (SFO) + IDA, P-5: 10% SFO + IDA, P-6: 5% Rice Bran Oil (RBO) + IDA, P-7: 10% RBO + IDA.
A comparative analysis of the polymeric additives (P-1 to P-7) as pour point depressants (Figure 4) has revealed a significant depression of the pour point of the polymer solution in base oil. P-3 demonstrated superior performance, achieving maximum depression, reaching as low as -22°C, representing a drastic improvement in comparison to polymer P-1, a homopolymer of isodecyl acrylate.
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       Figure 5
Figure 4: Effect of polymeric additive concentration on pour point.
Figure 5: Comparative pour point depressant performance of polymeric additives at 5 ppm concentration.

The performance of the polymeric additives has illustrated the dependency on the vegetable oil type, as soybean oil derivatives have produced better results than the sunflower and rice bran oil derivatives. These findings suggest that the molecular compatibility between the fatty acid composition and polymer backbone structure represents a critical factor in achieving optimal wax modification, preventing them from forming large wax crystals, hence enabling the flow properties even at low temperatures.

Conclusion
The present study on the homopolymer and copolymers of IDA with vegetable oils such as soybean, sunflower, and rice bran oils indicates that these polymeric materials are suitable as lubricant additives. Their incorporation effectively enhances the pour point depression and improves the viscosity index of lubricant formulations based on 150 N base oil. All the copolymers exhibited enhanced performance in comparison to the homopolymer of IDA(P-1), but the highest improvement of the cold flow property of the lubricant was observed for the copolymers P-3 (copolymer of soybean oil and 10% w/w IDA) and P-5 (copolymer of sunflower oil and 10% w/w IDA), which produced the maximum viscosity index enhancement of all the formulations. The thermal stability of all the copolymers illustrated a similar trend in decomposition pattern, with marginally better results than the IDA homopolymer. The copolymers of IDA and vegetable oil can be explored and utilized as potential lubricant additives for the multifunctional lubricant applications.
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