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Abstract
Neopenthyl glycol dioleate (NPGDO) is a biolubricant base that was formed via esterification process with oleic acid. The presence of oleic acid leads to poor oxidative stability. In this study, epoxidation reaction between NPGDO, formic acid and hydrogen peroxide has been carried out to produce epoxidized NPG dioleate (ENPGDO) which acts as the intermediate of  biolubricant. Epoxidized oil can be further modified for better properties. The temperature for this reaction was 40 °C and the molar ratio of NPGDO:formic acid:hydrogen peroxide was 1:3:4. The reaction had taken place for 3 hours. The presence of the epoxy in the product was confirmed through Fourier Transform Infrared (FTIR). The structure of ENPGDO was confirmed using both proton and carbon Nuclear Magnetic Resonance (1H-NMR and 13C-NMR) analysis. The product was found to have 218 (viscosity indeks), 205 °C (flash point), −18 °C (pour point) and 197 °C (oxidative stability). The relative conversion of oxirane (RCO) for ENPGDO was 97.5%.
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Abstrak
Dioleat neopentil glikol (DONPG) merupakan bahan asas biopelincir yang dihasilkan melalui tindak balas pengesteran dengan asid oleik. Kehadiran asid oleik menjadikan kestabilan oksidatifnya rendah. Di dalam penyelidikan ini, pengepoksidaan antara DONPG, asid formik dan hidrogen peroksida dilakukan bagi menghasilkan epoksida dioleat NPG (EDONPG) yang bertindak sebagai bahan perantara biopelincir. Modifikasi kimia dilakukan ke atas EDONPG menghasilkan sifat yang lebih baik. Suhu bagi tindak balas ini adalah 40 °C dan nisbah molar DONPG: asid formik: hidrogen peroksida adalah 1:3:4. Masa tindak balas adalah 3 jam. Kehadiran epoksi di dalam produk ditentukan melalui spektroskopi Fourier transformasi inframerah (FTIR). Struktur EDONPG pula ditentukan melalui proton dan karbon spektroskopi resonan magnetik nuklear (1H-NMR and 13C-NMR). Pencirian fizikal produk dimana indeks kelikatan produk adalah (218), takat kilat (205 °C), takat tuang (−18 °C) dan kestabilan oksidatif (197 °C). Relatif pertukaran oksirana (RCO) produk ialah 97.5%. 

Kata kunci:  biopelincir, neopentil glikol, asid oleik, epoksida dioleat NPG


Introduction
Biolubricant is a perfect substitute of mineral-based lubricants. The utilization of renewable feedstock to produce biolubricants has overcome the depletion of source problem faced by mineral-based lubricants. The biodegradable feedstock reduces environment pollution issues [1]. Biolubricants also have high viscosity index, high flash points, good lubricity and less toxic properties. Hence, the subject of biolubricant has become the key interest by researchers and highly favourable by consumers. Although, biolubricants may have poor low temperature properties, as well as low oxidative and thermal stability [2] which require improvements through chemical modifications such as epoxidation and oxirane ring opening.

The highly reactive epoxide is a three-membered cyclic ether that suits the characteristic of an excellent raw material for further chemical modification. This chemical modification such as oxirane ring opening could improvise the properties of a product to make it more practical for industrial uses [3]. Epoxide products have extensively been used as a plasticizer and additive in biolubricant [4]. It is rather crucial for biolubricants to have a good oxidative stability as it reflects the quality and shelf life of the oil. Therefore, epoxidation could be performed to produce oil with better oxidative stability.

Recently, a growing body of literature has established the relavence of vegetable oil or unsaturated fatty acids epoxidation. The epoxidized carbon double bond provides a space for further reactions. Epoxidation on mustard oil was carried out which resulted in better oxidative sability [5]. The improvement on oxidative stability was achieved by converting the double bond in oil into oxirane ring. Epoxidation process can be carried out with and without the presence of catalyst.  A catayst is used to produce higher yield and percentage of RCO. 

In this study, the main purpose was to develop a biolubricant intermediate from NPGDO via epoxidation. Epoxidation was conducted without catalyst. Optimization of epoxidation was carried out to produce ENPGDO with higher yield and maximum percentage of RCO at mild condition. Epoxidized NPGDO act as an intermediate of biolubricant.

Materials and Methods
Materials
The NPGDO used was synthesized in the laboratory. It was prepared via esterification between NPG and oleic acid in ratio 1:2 at 130 °C for 4 hours with 2% of sulphuric acid as a catalyst. The NPGDO was purified. Hydrogen peroxide, formic acid and sodium chloride used in this experiment were purchased from Systerm. The sodium hydrogen bicarbonate and sodium sulphate were purchased from R&M Chemicals.

Epoxidation procedure
The NPGDO was added into a 250 ml three-necked round bottom flask which was equipped with thermometer, magnetic stirer and a stopper. Formic acid was added according to mole ratio ranging from 1:1 up to 1:5 of NPGDO:formic acid. The round bottom flask was attached to a condenser with heating mantle. Temperature and reaction time were tested at 20 °C to 60 °C and 2 hours up to 6 hours respectively. Peroxide acid was then added drop wise into the flask for 60 minutes. Mole ratio of NPGDO to peroxide acid used in this experiment was 1:1 to 1:5. At the end of the reaction, the mixture was washed with 100 mL of 5% of sodium bicarbonate, 100 mL of 5% sodium chloride and 100 mL of distilled water to remove the acidity. It was then dried overnight with magnesium sulphate. The ethyl acetate solvent used in the mixture to extract oil was removed using a rotary evaporator [6]. 

Epoxidized NPG dioleate analysis
The oxirane oxygen content (%OOC) were calculated according to AOCS recommended practices. The relative conversion to oxirane was calculated using the following expression (equation 1) as reported by Michelle [3]:
Relative conversion to oxirane content: 

RCO = OOc/OOt										         (1)

where, OOc is define as experimental oxygen oxirane and OOt  is define as theoretical maximum oxirane oxygen from the expression (equation 2);

								         (2)

where, Ai (126.9) and A0 (16) are atomic weight of iodine and oxygen respectively. Meanwhile, IV0 is the initial iodine value of sample.	
	
Formation of epoxy was confirmed by using Perkin Elmer GX FTIR in the range of 400 cm-1 to 4000 cm-1. Subsequently, the ENPGDO was analysed with 1H NMR and 13C NMR using Bruker ARX-600 for structure conformation. Tetramethyl Silen (TMS) were used as internal standard with deuterochloroform as solvent. 

Epoxidized NPG dioleate physicochemical analysis
The improvement in the characteristics of NPGDO and ENPGDO were analysed. For the pour point and oxidative stability, Differential Scanning Calorimetri (DSC) was used. The flash point was determined using ASTM D92 method  (ASTM1965).  The  viscosity  of  the  sample was analysed using Rhemometer Anton Paar at 40 ºC and 100 ºC. For the calculation of viscosity index (VI), ASTM 2270 method (ASTM 1964), the equation 3 or 4 was used as below:

For oils of 0 to 100 VI:

VI= [ (L- U) / (L-H) ] x 100								         (3)

where, U is define as kinematic viscocity of oil in centistokes at 40 °C, L and H is value from Table L and H based on kinematic viscocity (cSt) at 100 °C.

For oils of 100 VI and greater:

VI= [ ((antilog N) – 1) / 0.00715] = 100							         (4)

where, U is define as kinematic viscocity of oil in centistokes at 40 °C, Y is define as kinematic viscocity of oil in centistokes at 100 °C, and L and H is the value from Table L and H based on kinematic viscocity (cSt) at 100 °C.

Results and Discussion
Neopentyl glycol (NPG) is a polyhydic alcohol. It does not contain hydrogen in β position as glycerol. β hydrogen atom can lead to partial defragmentation into unsaturated compound at high temperature. This compound will later undergo polymerization and form precipitates [7]. In this study, NPG was esterified with oleic acid to form NPGDO. Unsaturation leads to poor oxidative and thermal stability. Meanwhile saturated fatty acid will cause poor low temperature properties. Monounsaturated oleic acid gives moderate oxidative stability and better low temperature properties. It also provides space for chemical modification to improve the properties of NPGDO [7].

Epoxidation of olefin is an important reaction for further chemical modification on NPGDO. The double bond of oleic acid in NPGDO causes the poor oxidative stability. The oxidative and thermal stability have been improved via epoxidation. Epoxidized oil acts as antirust in biolubricant. The biodegradability of oil remains the same [8]. Figure 1 shows the reaction scheme of epoxidized NPG dioleat. Epoxide is a compound with a cyclic ether with three-ring atom which is highly strained. Due to this, it is very reactive and treated as an intermediate for further reaction [3].

The optimization for this reaction was done to obtain ENPGDO in high yield with high oxygen oxirane content (OOC) and high percentage of RCO. OOC value describes the weight percent of oxirane oxygen in a molecule. It shows the conversion of unsaturation to epoxy groups [9].  Figure 2 shows the effect of  different mol ratio of NPGDO:formic acid on percentage of RCO. From Figure 2, the highest percentage of RCO is at mol ratio 1:3.




Figure 1.  Reaction scheme for the epoxidized NPG dioleate


















Figure 2.  Effect of mol ratio NPGDO:formic acid on percentage of RCO


Figure 3 shows the percentage of RCO in accordance to mol ratio of NPGDO:hydrogen peroxide. The highest percentage of RCO can be seen at mol ratio 1:4.  Figure 4 shows the effect of temperature towards the percentage of RCO. At 40 ºC, highest percentage of RCO was obtained.  Figure 5 shows the correlation between time of rection on percentage of RCO which remarks 97% as the highest percentage of RCO, obtained after 3 hours of reaction.
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Figure 3.  Effect of mol ratio NPGDO: hydrogen peroxide on percentage of RCO
















Figure 4.  Effect of temperature on percentage of RCO
















Figure 5.  Effect of time of reaction on percentage of RCO


From the optimization graph, it can be concluded that the best condition for the formation of ENPGDO was obtained at 40 ºC for 3 hours. The mol ratio of NPGDO:formic acid:hydrogen peroxide was 1:3:4. The yield obtained was at average 83%. The percentage of OOC was high at 4.3% and the percentage of conversion of double bond in NPG dioelate to epoxy ring was 97%. The formation of ENPGDO was confirmed with Fourier Transform Infrared (FTIR) analysis. Figure 6 shows the comparison of FTIR spectrum before and after epoxidation of NPGDO. Peaks at 821.25 cm-1 and 933.33 cm-1 represent the C–O–C stretching of epoxide. There is no peak in the range of 3000 cm-1 to 3100 cm-1 which indicates that all the double bond in NPGDO has been converted into epoxide. The O–H stretching band that should have been appeared between 3200 cm-1 to 3400 cm-1 is also absent. This proves that ring opening did not occur.




Figure 6.  Comparison of FTIR spectrum between NPGDO and ENPGDO


The structural conformation was validated with Nuclear Magnetic Resonance (NMR).  Figure 7 shows the 1H NMR spectra.
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Figure 7.  1H NMR spectra for epoxidized NPG dioleate

Label on Figure 8 represents respective signals on 1H NMR spectra. The peak at 2.9 ppm corresponds the the proton attached to the epoxide group. The absence of peak at 5.381 ppm proves that all double bond has been converted to epoxides. Figure 9 shows the 13C NMR spectra and label on Figure 10 represents respective signals on the 13C NMR spectra. The absence of peak at 120 ppm to 140 ppm prove the absence of double bond in the product. Meanwhile the peak at chemical shift 57 ppm proves the formation of epoxide in the product. 
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Figure 8.  Structure representing signals on 1H NMR spectra
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Figure 9.  13C NMR Spectra for epoxidized NPG dioleate
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Figure 10.  Structure representing signals on 1H NMR spectra


The oxidative stability measures oil resistance towards oxidation. It is important as it reflects the shelf life of the oil [10]. The oxidative stability of ENPGDO has been increased from 177 ºC to 197 ºC. Oxidative stability increased as the number of hydroxyl group decreased by forming free radicals. This have resulted in oxidative degradation [11]. The absence of double bond in the product have led to better oxidative stability. The flash point of epoxide is 205 °C, which is significantly high to ensure safety during use. The ENPGDO possess a pour point of −18 °C, which is higher than NPGDO which is −44 ºC. The pour point is a very important low temperature flow property where it indicates the lowest temperature at which the sample can be poured from a tilted jar [12]. The pour point tends to improve with the attachement of ester. The presence of this large branching group in the middle or end of the chain will have a steric hindrance effect, hence inhibit the formation of crystals [11]. The viscosity index of the epoxidized NPG dioleate is 218. The viscocity index increased as the molecular weight of product increased [13]. Through epoxidation, the oxidative stability and flash point have been improved compared to NPGDO. The viscocity index and pour point properties had decreased compared to NPGDO. These properties can be further improved by chemical modification of ENPGDO which acts as a biolubricant intermediate. The oxirane ring provides the site for further modification to obtain better properties.

Conclusion
The ENPGDO was succesully produced in high yield which was 83% with high percentage of OOC (4.3%). The RCO of epoxide was also high, that was  97%. The optimized condition for epoxidation process was at 40 ºC for 3 hours, and the ratio of NPG dioleate to formic acid to hydrogen peroxide was 1:3:4. The oxidative stability of epoxide increased to 197 ºC. The ENPGDO has −18 ºC of pour point and 205 ºC of flash point. The viscosity index of the epoxide was achieved as 218. The physicochemical properties of epoxide can be further modified through ring opening and other processes for better properties.
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