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Abstract: Bio-based lubricant is crucial to be developed considering the toxicity risk, climate change, 

energy security, and green-environmental approach. In this work, trioleate trimethylolpropane 

(TOTMP) (1) was synthesized through the esterification between trimethylolpropane (TMP) and oleic 

acid (OA) using a sulfuric acid catalyst. TOTMP was chemically modified to produce hyperbranched 

nonaoleate trimethylolpropane (NOTMP) (4). TOTMP was first epoxidized to epoxidized trioleate 

trimethylolpropane (ETOTMP) (2) followed by ring-opening reaction to produce trihydroxyhexaoleate 

trimethylolpropane (THHOTMP) (3). Lastly, THHOTMP was further esterified with OA to produce 

hyperbranched biolubricant NOTMP. Chemical structure confirmation of each product was performed 

by using Fourier transformation infrared (FTIR), proton, and carbon nuclear magnetic resonance (1H 

and 13C NMR). The physicochemical analysis showed that the oxidative stability of NOTMP was at 

172°C, pour point at -34°C, flash point at 320°C, and viscosity index at 237. The tribology analysis 

showed good wear protection with a minimal decrease in the friction coefficient (µ). Furthermore, 

rheology analysis showed that all synthesized compounds had been classified as Newtonian fluids. 

Therefore all the branched esters' bio lubricant products were successfully produced with improved 

lubricity properties, which are plausible for bio lubricants for both tropical and temperate countries. 

Keywords: hyperbranched; tribology and rheology analysis; lubrication properties; green 

biolubricant. 
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1. Introduction 

When two moving surfaces move against each other, friction will result. To reduce this 

friction, a lubricant is used. The lubricant helps reduce wear and loss arising from excessive 

friction. Lubricating oils have many functions as a sealant against dust, water, and dirt, as an 

insulator in transformers, and prevent rust and oxidation. Researchers are now looking to 

develop new biolubricants that would be less sensitive to temperature change, biodegradable, 

fluid at very low temperatures, less volatile, and more stable at very high temperatures [1-4]. 

Lubricants that are bio-based or plant-based are called biolubricants or bio-lubes. The base oil 

is usually a type of plant oil extracted from olives, palm, soybean, canola, rapeseed, castor 

beans, tallow, jojoba, or coconut [5]. 
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Since biolubricants can biodegrade, the industry has now placed a lot of focus on 

researching biofuel's potential. Besides, biolubricants can also be renewed and are non-toxic 

and environmentally friendly [6, 7]. It is now more important than ever to protect the 

environment and human beings by ensuring that biolubricants are produced, applied, and 

disposed of in a green manner. Direct contact between humans and biolubricants must be 

verified as safe. The best measures must be taken to minimize damage to the environment. One 

such approach is to weigh the benefits and risks associated with biolubricants to ensure 

environmental sustainability [8, 9]. 

However, since plant oil has low hydrolytic and thermo-oxidative stability and flows 

poorly in cold conditions, it is normally not directly applied as biolubricants. This is due to the 

glycerol backbone in the triacylglycerol structure of the plant oil, which consist of β-H atom 

on the middle carbon; this makes plant oil esters more susceptible to the elimination reaction 

leading to the subsequent degradation of the molecule, which is thermally unstable [10, 11].  

This drawback can be mitigated via suitable modifications to the plant oil structure. 

Some approaches have been introduced to make plant oil properties more desirable. For 

example, plant oil is chemically modified to improve its lacking properties. Other times, 

antioxidants, viscosity modifiers, or pour point depressants are added to the plant oil. Still, 

other methods have attempted to genetically modify plant oils' fatty acid profile to achieve the 

same end [12, 13]. Chemical modification has proven to be the most promising of all these 

methods, improving the plant oil’s chemical structure so it remains stable across a wide 

temperature range. This method usually modifies the doubles bonds and functional groups (acyl 

and alkoxy) in the oil. The latest studies on chemical modification involved the improvement 

of β-H stability [14, 15]. 

In this study, the core compound of biolubricants was produced through TMP and OA's 

esterification reaction to produced trioleate trimethylolpropane (TOTMP) (1). TOTMP has a 

good performance as biolubricanting oils but still has low oxidative stability due to the double 

bond site at the fatty acid chain. Therefore, further chemical modification at the double bond 

site of TOTMP had been done by performing epoxidation and ring-opening reactions at the 

double site to produce the final product nonaoleate trimethylolpropane (NOTMP) (4). 

2. Materials and Methods 

2.1. Chemicals. 

TMP 97%, oleic acid 90%, formic acid 88%, sulphuric acid 99%, and hydrogen 

peroxide 30% were obtained from (Sigma Aldrich), (Merck, Germany), Fisher Scientific 

(Pittsburgh, PA, USA), SYSTERM, and (Merck, Germany), respectively. All of the chemicals 

and solvents were either analytical or high-performance liquid chromatography (HPLC) grade 

and used directly without further purification. 

2.2. Synthesis of trioleate trimethylolpropane (TOTMP), 1. 

TMP (20 g) and OA (100 g) were mixed in the 3 neck glass reactor fixed with a 

magnetic stirrer. Sulphuric acid (1.5%) was added to the mixture as a catalyst and heated the 

mixture to 150°C for 5 hours. Toluene (100 ml) was added to the mixture of reactions as an 

azeotroping agent. The flask mouth was fitted with a Dean-Stark cap to carry out the azeotropic 

distillation of water-toluene. Samples were extracted using ethyl acetate and washed with brine 

solution before drying with anhydrous sodium sulfate. Trioleate trimethylolpropane (TOTMP) 
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was dried using a vacuum rotary evaporator at 70°C and was analyzed by FTIR as a detection 

to the formation of functional groups. 

2.3. Synthesis of epoxidized trioleate trimethylolpropane (ETOTMP), 2. 

TOTMP (15 g) was added to the three-neck flask with formic acid 88% equipped with 

a magnetic stirrer and a thermometer and heat for 3.5 hours. Hydrogen peroxide 30% was added 

slowly into the stirrer solution drop by drop within 60 minutes in total, and the reaction was 

held at constant temperature and under stirring for several hours. At the end of the reaction, the 

product was extracted with ethyl acetate, and the aqueous was eliminated, and the organic phase 

was then thoroughly washed with 5% NaHCO3, and 5% saturated NaCl to neutral the acidity 

to pH 7 and dried with anhydrous sodium sulfate for a night. The end of the oil's epoxidized 

product was isolated by rotary evaporation to remove the solvent used at 40°C.  

2.4. Synthesis of trihydroxyhexaoleate trimethylolpropane (THHOTMP), 3. 

Oxirane ring-opening reaction was carried out using oleic acid as nucleophile reagents 

and p-toluene sulfonic acid (PTSA) as a catalyst. PTSA was added to the mixture of ETOTMP 

and oleic acid 90% (2-5 g).  The mixture was heated with stirring 500-900 rpm at 120°C for 3-

5 hours. When the reaction was complete, the products were purified with a base solution. The 

organic layer was dried over anhydrous sodium sulfate, filter, and the solvent was removed 

using a vacuum evaporator to give the desired product. 

2.5. Synthesis of nonaoleate trimethylolpropane (NOTMP), 4. 

About 5 g of THHOTMP was added with 2 g of oleic acid to the 3 neck glass reactor 

completed with a magnetic stirrer and temperature on silicon oil heated to the hot plate at the 

desired temperature. About 1.5% sulphuric acid is added to the mixture and heated to 120°C 

for 4 hours. The final product (NOTMP) was extracted with a non-polar solvent and wash with 

brine solution. After dry with sodium sulfate, the excess solvent was removed using a vacuum 

evaporator to give the desired product. 

2.6. Structural characterization analysis.  

Fourier transform infrared (FTIR) spectra were recorded on a Perkin Elmer GX FTIR 

Spectrophotometer (USA). The 1H and 13C analyses were recorded on a JEOL JNM-ECP 400 

FTIR spectrometer (400MHz 1H/100.61MHz 13C) using CDCl3 as a solvent in all experiments.  

2.7. Lubrication properties analysis. 

The synthesized compounds (1-4) should be tested to determine some aspects of the 

characterization to ensure that they are acceptable for use as biolubricants. Five main types of 

characterization were tested: viscosity index, pour point, flash point, oxidative stability, and 

tribological properties. Triplicate measurements were made, and the data was reported as a 

mean ± SD of triplicate determinations. 

2.7.1. Viscosity and viscosity index (VI). 

A good biolubricant should have a moderate viscosity index (VI). The VI indicates the 

change in kinematic viscosity of a biolubricant with a temperature change. Essentially, the VI 
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indicates the quality of the biolubricant. The automotive industry uses VI to characterize 

lubricating oils. The kinematic viscosity of the biolubricants in this study was measured using 

a rheometer model physics MCR 301, Anton Paar Instruments (Germany). The viscosity and 

VI were calculated according to ASTM method ASTM D 2270-04 [16].  

2.7.2. Pour point (PP). 

PP is defined as the lowest temperature at which a liquid can still be poured (still 

behaves like a fluid). Pour point values were measured according to the ASTM D97-05 method 

[17]. This method is routinely used to determine the low-temperature flow properties of fluids. 

For a greater degree of accuracy, PP measurements were carried out with a resolution of 1°C 

instead of the specified 3°C increments.  

2.7.3. Flash point (FP). 

FP is defined as the minimum temperature at which a heated volatile liquid vaporizes 

and ignites. FP was determined according to the ASTM D 56-79 method using a Tag Closed 

Tester [18].  

2.7.4. Oxidative stability. 

The lubricant oil oxidizes faster when it’s exposed to oxygen at an elevated 

temperature. The quality of the oil reduces and turns more viscous. Pressure Differential 

Scanning Calorimetry (PDSC) model PDSC822e Metter Toledo was used to determine the oil's 

oxidative stability temperature (OST). The PDSC is a highly-selective device for evaluating 

the OST.  

2.7.5. Tribological and rheological properties. 

Interactions of the biolubricant with metal surfaces have dominance over the 

tribological performances. The performance of biolubricants under boundary conditions highly 

relies on their chemical structures. Assessments on esters' tribological properties were 

performed according to ASTM method D4172-94 [19], using Anton Paar rheometer (Anton 

Paar Physica MCR 301 model, Germany) with one ball geometry. The sliding speed was 

manipulated between 10-1 – 103 mm/s at 40 and 100°C [20]. The synthesized compounds (1-4) 

were discussed based on their Stribeck curves at 40 and 100 °C. Rheological properties were 

observed by the same rheometer with cone and plate geometry [21]. The cone spindle used was 

CP 25-2 with a diameter 0.051 mm. The shear rate was manipulated between 0 – 100 s-1 at a 

temperature of 25°C. 

3. Results and Discussion 

3.1. Synthesis reactions. 

The synthesis of modified biolubricant containing nonaoleate within the 

trimethylolpropane derivatives was outlined in Figure 1. TOTMP (1) was yield with 98% (w/w) 

from trimethylolpropane's esterification reaction with oleic acid. From this core biolubricants 

(TOTMP), further modification of biolubricant was made through the epoxidation and oxirane 

ring-opening reaction to produce epoxidized trioleate trimethylolpropane (ETOTMP) (2) and 

trihydroxyhexaoleate trimethylolpropane (THHOTMP) (3), respectively. Modification 
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continued in esterified the resulting α-hydroxyl group in THHOTMP with long-chain carbon 

of oleic acid to produce a new final biolubricant compound of hyperbranched nonaoleate 

trimethylolpropane (NOTMP) (4). 
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Figure 1. Synthesis scheme of compounds (1-4). 

3.2. Structural characterization analysis. 

FTIR spectra (Figure 2) of compounds (1-4) show the characteristic peaks of an ester 

at 1744, 1743, 1740, and 1741 cm-1 indicating the ester (C=O) functional group. The FTIR 

spectrum for compound (2) shows the epoxy group's important peak at 824 cm-1, methylene in-

phase at 720 cm-1, methyl symmetric at peak 1386 cm-1, and methyl antisymmetric deformation 

at 1464 cm-1. For FTIR spectrum for compound (3), the important peak shows at 3002 cm-1 

wavelength number of olefin (HC=CH) and the hydroxyl group's formation at 3448 cm-1. After 

further esterification of α-hydroxyl with oleic acid, FTIR spectrum for compound (4) shows 

the invisible hydroxyl group at range (~2473-3450 cm-1) [4].  

All synthesized compounds were also verified by 1H (Figure 3) and 13C (Figure 4) NMR 

spectroscopy. The signals of compound (2) at 2.76 ppm correspond to protons on the oxirane 

ring (-CHOCH-), while formations of new signal 1.48 and 1.51 ppm correspond to allylic 
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epoxy protons (-CH2CHOCH-CH2-) in which were absent in compound (1). From 1H NMR 

spectra also show the disappearance of olefin protons at 5.3 ppm for (CH2=CH2) and allylic 

protons at 1.9 and 2.0 ppm for (-CH2-CH=CH-CH2-) [22]. For compound (3) (THHOTMP), 

the important signals that show the presence of hydroxyl group were an appearance at 3.19-

3.58 ppm and allylic hydrogen of OH group visible at 1.33-1.36 ppm.  

The 13C NMR spectra of compounds (1), (3), and (4) showed the chemical shifts of 

olefin at (~129.7- 130.0 ppm), and there was no signal of olefin at the compound (2). The 

chemical shifts of carbon of epoxy (C-O-C) were readily visible at 57.03 and 57.08 ppm by 

comparing the spectra. The subsequently allylic carbons (-CH2-CHOCH-CH2-) appear at 27.7 

and 27.8 ppm, respectively. For compound (3), the signal of carbon C-OH was at 60.44 ppm. 

Furthermore, in the 13C NMR spectra, the signals at approximately chemical shift (~173.27, 

173.25, 174.11, 173.49 ppm) for each compound are attributed to the ester carbonyl groups 

C=O [23, 24]. 

 
Figure 2. FTIR spectra of compounds (1-4). 

3.2. Lubrication properties analysis. 

The ability of a substance to remain as a liquid at low temperatures is an important 

attribute for a number of industrial materials, such as biolubricants, surfactants, and fuels. 
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Figure 3. 1H NMR spectra of compounds (1-4). 
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The pour point is the lowest temperature where the samples perpetuate in liquid form. 

Biolubricant oils that are applied in the machine working at cold temperate should possess low 

PP to avoid solidification. Solidification occurs at low temperatures due to the uniform stacking 

of the bent triglyceride backbone [25]. From this study, the attachment of the ester side chain 

of OA at the 9 and 10 positions of the fatty acid chain of TMP to replace the hydroxyl group 

improved the pour point significantly. For compound THHOTMP (3) has a PP at -22°C, while 

after esterification of α-hydroxyls group with another OA, the PP of compound NOTMP (4) 

gain much better, which is -34°C. Therefore, it can be concluded that the presence of a large 

branching group at the mid-point of a fatty acid chain from the backbone of TMP triggers a 

steric hindrance to slow the crystallization process. Table 1 shows the lubrication properties of 

the synthesized compounds (1-4).  

The FP refers to the lowest temperature at which lubricant must be heated before it 

vaporizes. This property is useful to determine the volatility and flammability of materials. 

Lubricants should have a high flash point to ensure safe operation and minimum volatilization 

at the maximum operating temperature. The FP is used to describe biolubricants that are not 

normally used as fuels [4]. The FP is also utilized to determine the type of transportation used 

and storage temperature that it acquires. Biolubricant producers use FP to discover potential 

product contamination. Any biolubricant that shows a low FP will be suspected for 

contamination with volatile products and usually needs special precautions for safe handling 

[26].  The usability of a biolubricant is limited by its FP at high temperatures. Table 1 shows 

that NOTMP (4) has the higher FP (320°C) due to the increase in branch length and carbon 

chain in the NOTMP structure, which will increase its molecular weight. 

The efficiency of the biolubricant in reducing friction and wear is strongly affected by 

its viscosity. Theoretically, the viscosity will decrease when the temperature increases. Uses of 

biolubricants in industrial applications are based on their kinematic viscosity (KV). For 

example, the KV from 3.8 to 20 cSt at 100°C are suitable for engine oil, while from 35.2 cSt 

and higher are demanded automotive gear oil [27]. VI highlights how the biolubricant viscosity 

changes with the variation in temperature [9]. A low VI represents relatively large changes of 

kinematic viscosity induced by changes in temperature. On the other hand, a high viscosity 

index indicates that kinematic viscosity is largely constant over a wide temperature range [10]. 

Table 1 shows that the compound NOTMP (4) has the higher VI value (237) and increases the 

molecular weight and increases the number of ester groups. 

Oxidation is a chemical reaction that occurs when the biolubricant combines with 

oxygen. Oxidation stability indicates the resistance of biolubricant and fuel to withstand 

oxidation. Pressure differential scanning calorimetry (PDSC) is an effective tool for measuring 

oxidative stability by determining the OST of a biolubricant in an accelerated mode [28]. The 

OST (°C) is defined as the temperature at which the oxidation rate increased sharply, observed, 

and obtained from the tangent line's extrapolation on the steepest slope of the plot of the plot 

exothermic reaction heat flow versus temperature. A high OST would suggest high oxidative 

stability of the biolubricant [29]. The synthesized dicarboxylate esters were scanned to measure 

their OST using PDSC. The results show that ETOTMP (2) showed oxidative stability (OT) at 

201°C while THHOTMP (3) OT was at 171°C. This low oxidative stability is due to the 

unsaturated fatty acids at 9 or 10 position of a fatty acid chain of THHOTMP. Furthermore, the 

hydroxyl group that present after the opening of the oxirane ring affects the stability of the 

biolubricant. Hydroxyl groups tend to interact (hydrolyzed) and dramatically affect the 

oxidative stability of the biolubricant [25]. After the esterification reaction of the α-hydroxyl 
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with OA to produce NOTMP (4), the oxidative increase to 172°C. From Table 1, we can see 

that the performance of oxidative stability of TOTMP (1) and ETOTMP (2) was high compare 

to THHOTMP (3) and NOTMP (4). This is due to increasing unsaturated content to the 

structure after the addition of long-chain monounsaturated fatty acid to the biolubricants core. 

Long chains have more accessible sites prone to oxidation, making them more susceptible to 

cleavage than short-chain [30]. Figure 5 shows the oxidative stability temperature (OST) of the 

compounds (1-4). 

Table 1. Lubrication properties and yield (%) of compounds (1-4). 

Comp. 

No. 
PP (°C) FP (°C) 

KV @ 40 

°C 

KV @ 

100 °C 
VI 

OST 

(°C) 

FC Yield 

(%) 40°C 100°C 

1 -55 ±  3 280 ± 3 45.91 ± 2 10.54 ± 3 229 ± 3 185 ± 2 0.22 ± 0.01 0.24 ± 0.03 98 

2 -20 ±  1 300 ± 5 77.03 ±3 16.89 ± 2 218 ± 1 201 ± 3 0.31 ± 0.02 0.34± 0.01 72 

3 -22 ±  3 250 ± 2 388.25 ± 1 43.20± 3 167 ± 2 171 ± 1 0.26 ± 0.01 0.33 ± 0.01 90 

4 -34 ±  2 320 ±1 224.34 ±1 37.20 ± 1 237 ± 1 172 ± 2 0.25 ± 0.01 0.23 ± 0.01 95 

3.3. Tribological and rheological properties. 

The type of biolubricant is normally identified based on the biolubricant’s tribological 

properties. The presence of polar groups in the ester structure made it amphiphilic in nature, 

therefore allowing it to be used as boundary lubricants. The higher the biolubricant polarity, 

the higher the possibility that it will reduce wear [7].  
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Figure 4. 13C NMR spectra of compounds (1-4). 

Biolubricants from plant oils consist of straight-chain carbon with polar end groups, 

which give them good lubricity. According to Salih et al. (2013) [31], these polar end groups 

reduce the friction coefficient (FC) because they adsorb onto metallic surfaces and decrease 

surface energy. Tribological properties as FC values for the synthesized compounds (1-4) are 

shown in Table 1. 

It can be noted that the hyperbranched compound NOTMP (4) with high molecular 

weight and high VI exhibit low values of FC at 40 and 100 °C which indicates that the product 

obtained had a better quality in terms of tribological properties. The low FC values were 

attributed to the carbon chain-length and the high polarity of NOTMP. Syahrullail et al. (2013) 

[32] stated that the long carbon chain of fatty esters and the presence of polar groups in the 

structure of biolubricant make it amphiphilic, therefore allows it to be used as both boundary 

and hydrodynamic lubricants. Figure 6 shows the FC for the compounds (1-4). 

The classification of the rheological property of fluids depends on the relation between 

the shear stress (τ) and shear rate (γ); when the relation is linear as the shear rate increases, this 

means that fluids can be classified as a Newtonian fluid, However, when the relation is curved 

as the shear rate increases, the fluids are classified as non-Newtonian fluid [33, 34]. As shown 

in Figure 7, the relation between the shear stress (τ) and shear rate (γ) is linear as the shear rate 

increases. This means that under such conditions, the synthesized compounds (1-4) can be 
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considered as a Newtonian fluid model, where the viscosity does not change as the shear stress 

increases. This result is supported by a viscosity versus shear rate graph showing that the 

viscosity is constant and unchanged in the 20-100s. 

 

 
Figure 5. PDSC of Oxidative stability temperatures (OST, °C) of compounds (1-4). 
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Figure 6. Friction coefficients of compounds (1-4) at 40 and 100 °C. 

 
Figure 7. Shear stress () vs shear rate () plots of compounds (1-4). 
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4. Conclusions 

 In this study, compounds (1-4) were successfully synthesized by epoxidation, oxirane 

ring-opening, and esterification reactions. The results showed that the synthesized compounds 

have an acceptable performance as a biolubricant. They have good friction coefficient 

properties, high viscosity index, high flash point, high oxidative stability temperature, and 

significantly low pour point. These qualities demonstrated that they are promising potential to 

be used as commercial biolubricants without additives. 
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