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Abstract of thesis presented to the Senate of Universiti Putra Malaysia 

in fulfilment of the requirement for the degree of Doctor of Philosophy 

 

OPTIMIZATION OF HIGH OLEIC PALM OIL-BASED 

TRIMETHYLOLPROPANE ESTERS SYNTHESIS IN PULSED LOOP 

REACTOR 

 

By 

HAMIDAH ABD HAMID 

May 2016 

 

Chairman: Professor Robiah Yunus, PhD 

Faculty: Institute of Advanced Technology 

 

Some concerns about undesired saponification have been raised during the synthesis of 

high oleic palm oil-based trimethylolpropane (TMP) esters through transesterification 

of high oleic palm oil-based methyl esters (PME) with TMP in the presence of sodium 

methoxide catalyst by using a batch reflux reactor. A pulsed loop reactor was proposed 

to intensify the transesterification process. The main goal of this research work was to 

minimize fatty soap formation while maintaining the quality of high oleic TMP esters 

as biolubricant base oil by the use of a pulsed loop reactor.  Response surface 

methodology (RSM) was applied to optimize the process conditions in the conventional 

reactor, based on maximum yield of high oleic TMP triesters (TMPTE) and minimum 

fatty soap amount. An Aspen Plus simulation study was conducted to facilitate the 

design of the proposed reactor. The performance of the pulsed loop reactor was 

evaluated under different process conditions to find the optimum yield of high oleic 

TMPTE and fatty soap. Subsequently, the quality of physicochemical properties of 

fractionated high oleic TMP esters were evaluated against other high oleic TMP esters 

base oils produced in the previous studies. 

 

The optimization study for the synthesis of high oleic TMP esters in the batch reflux 

reactor by using RSM has shown that the optimum yield of high oleic TMPTE and 

fatty soap were at 80 wt% and 85 mg/g respectively. The optimum process conditions 

were obtained at 130 °C, 0.3 wt% sodium methoxide catalyst and 53 min of reaction 

time, at fixed molar ratio of high oleic PME: TMP at 3.9:1 and vacuum level of 20 

mbar. The total liquid and vapor product throughputs from Aspen Plus simulation were 

estimated at 2106 g/h and 192 g/h respectively under the optimum process conditions. 

The predicted heat duty values for the reactor and vacuum condenser was 0.25 kW and 

-0.01 kW respectively. After several commissioning runs, the newly designed pulsed 

loop reactor was successfully commissioned to produce more than 90 wt% of TMPTE 

in 1 hour. 
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For the optimization of high oleic TMP esters synthesis in the pulsed loop reactor, the 

optimum process conditions were at 20 mbar, 1.0 wt% catalyst solution (30 % pure 

sodium methoxide in methanol), molar ratio of high oleic PME:TMP at 3.9: 1,  120 °C 

and 180 rpm. The optimum yield of high oleic TMPTE and fatty soap were 97 wt% and 

167 mg/g, respectively. The predicted fatty soap amount from Aspen Plus simulation 

was 17 mg/g. The experimental fatty soap contains not only fatty soap but other 

substances such as TMP esters, PME, TMP and also the catalyst. The fractionated high 

oleic TMP esters satisfied ISO VG 46 lubricant standard and showed comparable 

properties to the other high oleic TMP esters base oils synthesized previously via 

conventional method.  
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Abstrak tesis yang dikemukakan untuk Senat Universiti Putra Malaysia sebagai 

memenuhi keperluan untuk ijazah Doktor Falsafah 

 

PENGOPTIMUMAN SINTESIS TRIMETILOLPROPANA ESTER 

BERASASKAN MINYAK SAWIT BEROLEIK TINGGI DI DALAM 

REAKTOR GELUNG DENYUT 

 

Oleh 

HAMIDAH ABD HAMID 

Mei 2016 

 

Pengerusi: Profesor Robiah Yunus, PhD 

Fakulti: Institut Teknologi Maju 

 

Kebimbangan terhadap saponifikasi yang tidak diingini telah dibangkitkan semasa 

sintesis trimetilolpropana (TMP) ester berasaskan minyak sawit beroleik tinggi melalui 

transesterifikasi metil ester berasaskan minyak sawit (PME) beroleik tinggi dan TMP 

telah dijalankan dengan kehadiran pemangkin natrium metoksida menggunakan reaktor 

refluks kelompok. Reaktor gelung denyut telah dicadangkan untuk memperhebatkan 

lagi proses transesterifikasi. Matlamat utama penyelidikan ini adalah untuk 

meminimumkan pembentukan sabun berlemak dengan mengekalkan kualiti TMP ester 

beroleik tinggi sebagai minyak asas biopelincir dengan penggunaan reaktor gelung 

denyut. Kaedah permukaan gerak balas (RSM) telah digunakan untuk 

mengoptimumkan keadaan proses tersebut di dalam reaktor konvensional, berdasarkan 

hasil maksimum TMP triester (TMPTE) dan amaun minimum sabun berlemak. Kajian 

simulasi Aspen Plus telah dijalankan untuk memudahkan proses rekaan bentuk reaktor. 

Prestasi reaktor gelung denyut telah dinilai pada keadaan proses yang berbeza untuk 

mendapatkan hasil TMPTE beroleik tinggi dan sabun berlemak yang optimum. 

Kemudian, kualiti sifat-sifat fizikokimia TMP ester beroleik tinggi yang telah melalui 

proses pemeringkatan telah dinilai dan dibandingkan dengan beberapa TMP ester 

beroleik tinggi lain yang telah dihasilkan oleh kajian sebelum ini.  

 

Kajian pengoptimuman untuk sintesis TMP ester beroleik tinggi di dalam reaktor 

refluks kelompok menggunakan RSM telah menunjukkan bahawa hasil TMPTE 

beroleik tinggi dan amaun sabun berlemak yang optimum masing-masing adalah pada 

80 wt% dan 85 mg/g. Keadaan proses optimum telah diperolehi pada 130 °C, 0.3 wt% 

pemangkin natrium metoksida dan 53 min masa tindak balas, oleh ketetapan nisbah 

molar PME beroleik tinggi: TMP pada 3.9:1 dan tekanan vakum pada 20 mbar.  Jumlah 

keseluruhan pemprosesan produk-produk cecair dan wap daripada simulasi Aspen Plus 

masing-masing telah dianggarkan pada 2106 g/j dan 192 g/j di bawah keadaan proses 

optimum. Nilai duti haba untuk reaktor dan pemeluwap vakum diramalkan adalah 

masing-masing 0.25 kW dan -0.01 kW. Selepas beberapa proses pentauliahan, reaktor 
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gelung denyut yang direka telah berjaya ditauliahkan untuk menghasilkan TMPTE 

lebih daripada 90 wt% dalam masa 1 jam. 

 

Bagi kajian pengoptimuman sintesis TMP ester beroleik tinggi di dalam reaktor gelung 

denyut, keadaan proses optimum telah didapati pada 20 mbar, 1.0 wt% larutan 

pemangkin (30 % natrium metoksida tulen di dalam metanol), nisbah molar PME 

beroleik tinggi: TMP pada 3.9: 1, 120 °C, dan 180 rpm. Larutan natrium metoksida 

optimum (30 % dalam metanol) adalah pada 1.0 wt%. Hasil optimum bagi TMP ester 

beroleik tinggi dan sabun berlemak adalah pada 97 wt% dan 167 mg/g. Anggaran 

kandungan sabun berlemak berdasarkan simulasi Aspen Plus adalah 17 m/g. 

Kandungan sabun berlemak daripada eksperimen bukan hanya mengandungi sabun 

berlemak, malah juga mengandungi bahan-bahan lain seperti TMP ester, PME, TMP 

dan juga pemangkin. TMP ester beroleik tinggi yang telah melalui proses 

pemeringkatan memenuhi keperluan piawai pelincir ISO VG 46 dan telah 

menunjukkan ciri-ciri yang setanding dengan minyak pelincir asas TMP ester beroleik 

tinggi lain yang telah disintesis sebelum ini menggunakan kaedah konvensional. 
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CHAPTER 1 

 

1. INTRODUCTION 

 

1.1 Background 

 

Lubricants are normally used as a layer of fluids to reduce friction, wear and heat 

effects between moving surfaces. The property of decreasing friction is called lubricity, 

which is the main requirement of a fluid to be identified as a lubricant. High 

performance and environmentally friendly lubricants after formulating with one or 

more base oils and performance-enhancing additives must be environmentally non-

toxic, easily biodegradable that do not cause adverse effects to humans, animals, flora 

and aquatic life, perform sufficiently well, economically feasible and practical and 

capable for the large-scale production (Schneider, 2006; Rensselar, 2011).  

 

Lubricants usually consist of 70-90 % of base oils derived from mineral, synthetic or 

biobased oils and 10-30% additives. According to American Petroleum Institute (API), 

the base oils are categorized into five different groups based on their viscosity 

variations, levels of saturated components and sulfur content (Institute, 2015). 

Biolubricants are categorized in Group V since they are not found in any of other API 

base oil groups. They are usually used in small quantities as secondary base oils today 

and could also become the raw material for additives. 

 

Over the past thirty years, a global awareness on environmental issues related to 

lubricants has increased the interest in biolubricants research and development. 

Besides, the increasing petroleum market price, demand and strict legislations imposed 

by several countries also escalate the interests in biolubricants. Generally, a 

biolubricant must be biodegradable, nontoxic and mainly formulated from renewable 

base stocks, i.e. vegetable oils and derivatives. It conforms to sustainable carbon 

dioxide balance and has specific performance requirements when it becomes the end 

product (Nehls & Moore, 2007). 

 

World lubricants demand is forecasted to grow to about 45.4 million metric tons in year 

2019, due to the expanding vehicle ownership and continuing industrialization (The 

Freedonia Group, 2015). Asia represents the fastest growing demand, followed by 

Africa-Middle East region, Eastern Europe, Central and South America, North America 

and Western Europe. In terms of products, industrial oils are expected to be the fastest 

growing product segment, whereas hydraulic fluids and process oils will overtake 

engine oils to be the largest products demand. The important opportunities will exist 

for the renewable and environmentally adaptable lubricating oils based on the rising 

strict regulations in developed countries. 
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For the forecasts of global lubricating oils and greases market up to year 2020, it is 

expected to achieve 12.4 billion gallons as reported recently by Global Industry 

Analysts (Global Industry Analysts, 2015). The growth is due to the dependency of our 

modern life on fuel driven machines and technology systems, which leads to the 

increasing number of motor vehicle ownership globally. Biolubricants is also expected 

to expand their markets globally at compound annual growth rate (CAGR) of 6.3% 

between 2015 and 2019 especially in automotive, transportation and industrial 

applications. This is due to their advantages such as able to reduce half of the total 

greenhouse gases emission and the two per three of energy consumption as compared 

to mineral oil-based lubricants (Technavio, 2015). 

 

Most biobased lubricants are derived from vegetable oils that contain a combination of 

saturated and unsaturated fatty acids.  Some oils also contain additional functional 

groups.  Vegetable oils that mostly contain high unsaturated fatty acids have some 

inherent limitations as lubricants such as poor oxidative stability, sensitivity to 

hydrolysis and low-temperature fluidity.  However, it could be resolved by genetic 

modification or chemical modification of the vegetable oils to convert the oils into 

synthetic esters-based lubricants by using chemical catalysts or biocatalysts.  Several 

researchers have reported the enhancement of thermo-oxidative stability of the 

vegetable oil-based synthetic lubricants (Schlosberg et al., 2001; Yunus, 2003; Joseph 

et al., 2007; Erhan et al., 2008; Åkerman et al., 2011; Salimon et al., 2012). 

 

In Malaysia, the synthesis of vegetable-oil synthetic esters is from palm oil methyl 

esters (PME) as the main raw materials since PME is readily available in this country 

(Yunus et al., 2003).  Malaysia is one of the world’s major oils and fats producers and 

also the second largest palm oil producer after Indonesia since 2006 (Ahmad et al., 

2008).  Palm oil product such as PME has been used as green biodiesel with positive 

results and comparable with petroleum diesel (Choo et al., 2005). The availability of 

PME from the biodiesel industry would provide extra push to the biolubricant industry 

in Malaysia. The usage of PME as the feedstock alternative to fatty acids has also been 

well accepted by the oleochemical industry.  

 

In the prior studies (Yunus et al., 2005; Chang et al., 2012; Masood et al., 2012), high 

oleic PME has been used as the feedstock in the synthesis of polyol esters as lubricant, 

with trimethylolpropane (TMP) as the branched polyol.  The PME was selected due to 

its easiness to separate from the final products (Yunus, 2003).  The reactions were 

carried out in the presence of alkaline catalysts. The chemical structure modification 

involves the substitution of the unstable hydrogen element of polyol with a stable 

molecule, which is the ester group from PME.  Hence, the polyol esters produced 

would have improved lubrication properties and thermo-oxidative stability compared to 

the original palm oil.  

 

Biolubricants are commonly produced in the conventional batch reactors. The 

drawbacks of these conventional batch reactors are the difficulty to maintain the 

product quality, longer time of reaction, high capital and operational costs and less 

effective for their start-up and shut-down routines. An alternative technology to solve 

these problems is by using an oscillatory flow reactor. This type of reactor offers an 
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enhanced mixing intensity, which leads to better mass and heat transfer and yield a 

better product. The in-depth knowledge of the reaction mechanism and kinetics and 

also a proper method for designing an oscillatory flow reactor are required to obtain the 

feasible and practical process with the desired products. 

 

To date, no research has been published for the biolubricant synthesis using a pulsed 

loop reactor although the technology has been used for the biodiesel production 

(Azhari, 2011). In a similar study, Syam et al. (2012) used the oscillatory flow mixing 

for the synthesis of Jatropha curcas oil-based biodiesel in the U-tube pulsed reactor. 

The study was carried out at atmospheric conditions. The results showed that at the 

reaction temperature of 60 °C, only 10 minutes of reaction time was needed to achieve 

the conversion of 99.7% (Syam et al., 2012). The conventional process usually took 

about 1 hour to complete the reaction (Azhari, 2006). Hence, the design principle of 

their research work was used as the main reference in designing the pulsed loop reactor 

for the synthesis of palm oil-based TMP esters. Similar information on the design of 

pulsed loop reactor for biolubricant synthesis is not available. 

 

To reduce the formation of fatty soap materials, one of the approaches would be to 

reduce the catalyst amount. However, the use of less catalyst would normally slow 

down the reaction in a conventional reactor. Due to its enhanced mixing intensity, 

which leads to better mass and heat transfer, a pulsed flow reactor is proposed for this 

study. The design of the pulsed flow reactor for the synthesis of palm oil-based TMP 

esters is more complicated since the process involves a vacuum condition. In addition, 

the process has the tendency to form fatty soap materials due to the use of alkaline 

catalyst. 

 

1.2 Objectives 

 

This study has several following objectives: 

 

1. To optimize the synthesis of high oleic palm oil-based TMP esters in a batch 

reactor based on maximum yield and minimum fatty soap 

2. To perform a simulation study by using Aspen Plus and examine the process 

performance prior to reactor design 

3. To design a pulsed loop reactor for the synthesis of high oleic palm oil-based 

TMP esters and to determine the optimum process conditions for the reactor 

4. To evaluate the quality of physicochemical properties of high oleic palm oil-based 

TMP esters base stock 
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1.3 Scope of Work 

 

The scope of work of this research is primarily on the design of the pulsed loop reactor 

that is suitable for a process under vacuum condition. The conceptual design covers the 

geometrical configuration of the integral baffles, which are installed in the reactor tube 

for palm oil-based TMP esters synthesis. Prior to the design, the simulations of material 

and energy balances were done by using Aspen Plus. The influences of related 

parameters on the transesterification reaction conversion were also examined. The high 

oleic PME was selected prior to the synthesis to obtain a lower pour point product. The 

alkaline catalyst selected was sodium methoxide because of its higher mass transfer 

performance as compared to calcium methoxide. The reaction was investigated in the 

conventional batch reactor first, to study the optimum fatty soap and yield of high oleic 

TMP esters, before the reaction was conducted in the pulsed loop reactor. The 

characterization of the biolubricant was also carried out. The properties investigated 

include pour point, flash point, density, kinematic viscosity, viscosity index, soap 

content, total acid number, total oxidative stability, iodine value and ASTM color. 

 

1.4 Thesis Outline 

 

This report comprises of five chapters.  Chapter 1, the introductory chapter, provides 

the background of study, the problem statement, objectives and scopes of work.  

Chapter 2 gives detailed analysis of the literature review which includes reviews on 

plant oil-based synthetic esters as biolubricants, previous researches related to the 

synthesis of plant oil synthetic lubricants, the literature view on the oscillatory flow 

reactor and parameters that influences the reaction in the oscillatory reactor.   

 

All materials and methods are discussed in chapter 3. Chapter 4 comprises the results 

and discussions of the optimization of transesterification between PME and TMP in the 

batch reflux reactor, Aspen Plus simulation, the pulsed loop reactor design and 

commissioning, the optimization of high oleic TMP esters synthesis in the pulsed loop 

reactor and the physicochemical properties of the fractionated high oleic TMP esters 

base stock.  Finally, chapter 5 concludes the present research work and provides the 

recommendations for the future works.  

 

 

 

 

 



© C
OPYRIG

HT U
PM

96 

 

REFERENCES 

 

Abd Hamid, H., Yunus, R., & Choong, T. S. (2010). Utilization of MATLAB to 

simulate kinetics of transesterification of palm oil-based methyl esters with 

trimethylolpropane for biodegradable synthetic lubricant synthesis. Chemical 

Product and Process Modeling, 5(1).  

 

Abu Bakar, A., Yunus, R., & Luqman Chuah, A. (2007). Study on effect of hydroxyl 

group on lubrication properties of palm based trimethylolpropane esters: 

development of synthesis method. Journal of Applied Sciences, 7, 2011-2014.  

 

Adhvaryu, A., & Erhan, S. (2002). Epoxidized soybean oil as a potential source of 

high-temperature lubricants. Industrial Crops and Products, 15(3), 247-254.  

 

Ahmad, S., Ahmad, S., Mohd Shariff, F., Balu, N., & Nik Idris, N. A. (2008). 

Changing market trends in the oil and fats sector. Oil Palm Industry Economic 

Journal, 8(1), 1-11.  

 

Åkerman, C. O., Hagström, A. E. V., Mollaahmad, M. A., Karlsson, S., & Hatti-Kaul, 

R. (2011). Biolubricant synthesis using immobilised lipase: process 

optimisation of trimethylolpropane oleate production. Process Biochemistry, 

46(12), 2225-2231.  

 

Allen, C. A., Watts, K., Ackman, R., & Pegg, M. (1999). Predicting the viscosity of 

biodiesel fuels from their fatty acid ester composition. Fuel, 78(11), 1319-

1326.  

 

Arbain, N. H., & Salimon, J. (2011). The effects of various acid catalyst on the 

esterification of Jatropha curcas oil based trimethylolpropane ester as 

biolubricant base stock. Journal of Chemistry, 8(S1), S33-S40.  

 

Arumugam, S., Sriram, G., & Subadhra, L. (2012). Synthesis, chemical modification 

and tribological evaluation of plant oil as bio-degradable low temperature 

lubricant. Procedia Engineering, 38, 1508-1517.  

 

Asadauskas, S., & Erhan, S. Z. (1999). Depression of pour points of vegetable oils by 

blending with diluents used for biodegradable lubricants. Journal of the 

American Oil Chemists' Society, 76(3), 313-316.  

 

ASTM. (1995). ASTM G133-95, Standard Test Method for Linearly Reciprocating 

Ball-on-Flat Sliding Wear. West Conshohocken, Pennsylvania: ASTM 

International. 

 

Auld, D. L., Heikkinen, M. K., Erickson, D. A., Sernyk, J. L., & Romero, J. E. (1992). 

Rapeseed mutants with reduced levels of polyunsaturated fatty acids and 

increased levels of oleic acid. Crop Science, 32(3), 657-662.  

 

Azhari. (2006). Synthesis of Palm Biodiesel using Direct Application of Pure Sodium 

Methoxide as the Catalyst. (MSc Thesis), University Putra Malaysia.    



© C
OPYRIG

HT U
PM

97 

 

Azhari. (2011). Continuous Production of Jatropha Curcas L. Biodiesel using 

Osscillatory Flow Biodiesel Reactor. (PhD Thesis), Universiti Putra Malaysia  

 

Aziz, N. A. M., Yunus, R., Rashid, U., & Syam, A. M. (2014). Application of response 

surface methodology (RSM) for optimizing the palm-based pentaerythritol 

ester synthesis. Industrial Crops and Products, 62, 305-312.  

 

Bart, J. C. J., Gucciardi, E., & Cavallaro, S. (2013). 3 - Lubricants: properties and 

characteristics. In J. C. J. Bart, E. Gucciardi & S. Cavallaro (Eds.), 

Biolubricants: Science and Technology (pp. 24-73). Sawston, Cambridge: 

Woodhead Publishing Limited. 

 

Bell, T. E. (2014). Synthetic organic ester basestocks for lubricants. Tribology and 

Lubrication Technology, 70, 38-40, 42-45. 

 

Beran, E. (2010). Effect of chemical structure on the hydrolytic stability of lubricating 

base oils. Tribology International, 43(12), 2372-2377.  

 

Bokade, V., & Yadav, G. (2007). Synthesis of bio-diesel and bio-lubricant by 

transesterification of vegetable oil with lower and higher alcohols over 

heteropolyacids supported by Clay (K-10). Process Safety and Environmental 

Protection, 85(5), 372-377.  

 

Box, G. E., & Hunter, J. S. (1957). Multi-factor experimental designs for exploring 

response surfaces. The Annals of Mathematical Statistics, 195-241.  

 

Box, G. E., & Wilson, K. B. (1992). On the Experimental Attainment of Optimum 

Conditions. In S. Kotz & N. Johnson (Eds.), Breakthroughs in Statistics (pp. 

270-310): Springer New York. 

 

Braun, W. (1960). Interesterification of edible fats. Journal of the American Oil 

Chemists' Society, 37(11), 598-601.  

 

Bruner, A. C., Jung, S., Abbott, A. G., & Powell, G. L. (2001). The naturally occurring 

high oleate oil character in some peanut varieties results from reduced oleoyl-

PC desaturase activity from mutation of aspartate 150 to asparagine. Crop 

Science, 41(2), 522-526.  

 

Cahoon, E. B., Marillia, E.-F., Stecca, K. L., Hall, S. E., Taylor, D. C., & Kinney, A. J. 

(2000). Production of fatty acid components of meadowfoam oil in somatic 

soybean embryos. Plant Physiology, 124(1), 243-252.  

 

Cahoon, E. B., & Schmid, K. M. (2008). Metabolic engineering of the content and fatty 

acid composition of vegetable oils. Advances in Plant Biochemistry and 

Molecular Biology, 1, 161-200.  

 

Cavestri, R. C. (1995). Measurement of viscosity, density, and gas solubility of 

refrigerant blends in selected synthetic lubricants. Dublin, Ohio: The Air-

Conditioning and Refrigeration Technology Institute. 

 

 



© C
OPYRIG

HT U
PM

98 

 

Chang, T.-S., Masood, H., Yunus, R., Rashid, U., Choong, T. S. Y., & Biak, D. R. A. 

(2012). Activity of calcium methoxide catalyst for synthesis of high oleic 

palm oil based trimethylolpropane triesters as lubricant base stock. Industrial 

& Engineering Chemistry Research, 51(15), 5438-5442.  

 

Chang, T.-S., Yunus, R., Rashid, U., Choong, T. S., Awang Biak, D. R., & Syam, A. 

M. (2015). Palm oil derived trimethylolpropane triesters synthetic lubricants 

and usage in industrial metalworking fluid. Journal of Oleo Science, 1-9.  

 

Chatra, S. K. R., Jayadas, N. H., & Kailas, S. (2012). Natural Oil-Based Lubricants. In 

M. Nosonovsky & B. Bhushan (Eds.), Green Tribology (pp. 287-328): 

Springer Berlin Heidelberg. 

 

Choo, Y. M., Ma, A. N., Cheah, K. Y., Majid, A. R., Yap, A. K. C., Lau, H. L. N., 

Cheng, S. F., Yung, C. L., Puah, C. W., Ng, M. H., & Basiron, Y. (2005). 

Palm diesel: green and renewable fuel from palm oil. Palm Oil Developments, 

43, 3-7.  

 

Couper, J. R., Penney, W. R., Fair, J. R., & Walas, S. M. (2012). Chemical Process 

Equipment: Selection and Design (4th ed.). Kidlington, Oxford: Butterworth-

Heinemann. 

 

dos Reis, S. C., Lachter, E. R., Nascimento, R. S., Rodrigues Jr, J. A., & Reid, M. G. 

(2005). Transesterification of Brazilian vegetable oils with methanol over ion-

exchange resins. Journal of the American Oil Chemists' Society, 82(9), 661-

665.  

 

Dossat, V., Combes, D., & Marty, A. (2002a). Efficient lipase catalysed production of 

a lubricant and surfactant formulation using a continuous solvent-free process. 

Journal of Biotechnology, 97(2), 117-124.  

 

Dossat, V., Combes, D., & Marty, A. (2002b). Lipase-catalysed transesterification of 

high oleic sunflower oil. Enzyme and Microbial Technology, 30(1), 90-94. 

  

Dufek, E. J., Parker, W., & Koos, R. (1974). Some esters of mono-, di-, and 

tricarboxystearic acid as lubricants: Preparation and evaluation. Journal of the 

American Oil Chemists Society, 51(8), 351-355.  

 

Eden, M. R. (2012). Introduction to Aspen Plus Simulation.   Retrieved 27/8/2015, 

2015, from http://wp.auburn.edu/eden/wp-content/uploads/2012/03/4460-

Aspen-Notes-2012.pdf 

 

Ehrlich, M. (1996). Lubricating Grease Guide (4th ed.). Kansas City, Missouri: 

National Lubricating Grease Institute. 

 

Erhan, S. Z., Asadauskas, S., & Adhvaryu, A. (2002). Correlation of viscosities of 

vegetable oil blends with selected esters and hydrocarbons. Journal of the 

American Oil Chemists' Society, 79(11), 1157-1161.  

 

http://wp.auburn.edu/eden/wp-content/uploads/2012/03/4460-Aspen-Notes-2012.pdf
http://wp.auburn.edu/eden/wp-content/uploads/2012/03/4460-Aspen-Notes-2012.pdf


© C
OPYRIG

HT U
PM

99 

 

Erhan, S. Z., Sharma, B. K., Liu, Z., & Adhvaryu, A. (2008). Lubricant base stock 

potential of chemically modified vegetable oils. Journal of Agricultural and 

Food Chemistry, 56(19), 8919-8925.  

 

Erhan, S. Z., Sharma, B. K., & Perez, J. M. (2006). Oxidation and low temperature 

stability of vegetable oil-based lubricants. Industrial Crops and Products, 

24(3), 292-299.  

 

Eychenne, V., Mouloungui, Z., & Gaset, A. (1998). Total and partial erucate of 

pentaerythritol. Infrared spectroscopy study of relationship between structure, 

reactivity, and thermal properties. Journal of the American Oil Chemists' 

Society, 75(2), 293-299.  

 

Fillières, R., Benjelloun-Mlayah, B., & Delmas, M. (1995). Ethanolysis of rapeseed oil: 

Quantitation of ethyl esters, mono-, di-, and triglycerides and glycerol by 

high-performance size-exclusion chromatography. Journal of the American 

Oil Chemists’ Society, 72(4), 427-432.  

 

Fitch, A. W., Jian, H., & Ni, X. (2005). An investigation of the effect of viscosity on 

mixing in an oscillatory baffled column using digital particle image 

velocimetry and computational fluid dynamics simulation. Chemical 

Engineering Journal, 112(1–3), 197-210.  

 

Formo, M. W. (1954). Ester reactions of fatty materials. Journal of the American Oil 

Chemists Society, 31(11), 548-559.  

 

Formo, M. W. (1979). Physical Properties of Fats and Fatty Acids. In D. Swern (Ed.), 

Bailey's Industrial Oil and Fat Products (4th ed., Vol. 1, pp. 177-232). New 

York: John Wiley & Sons. 

 

Fox, N. J., Tyrer, B., & Stachowiak, G. (2004). Boundary lubrication performance of 

free fatty acids in sunflower oil. Tribology Letters, 16(4), 275-281.  

 

Freedman, B., Butterfield, R. O., & Pryde, E. H. (1986). Transesterification kinetics of 

soybean oil Journal of the American Oil Chemists’ Society, 63(10), 1375-

1380.  

 

Freedman, B., Pryde, E. H., & Mounts, T. L. (1984). Variables affecting the yields of 

fatty esters from transesterified vegetable oils. Journal of the American Oil 

Chemists Society, 61(10), 1638-1643.  

 

Fukuda, H., Kondo, A., & Noda, H. (2001). Biodiesel fuel production by 

transesterification of oils. Journal of Bioscience and Bioengineering, 92(5), 

405-416.  

 

Garrett, T. K., Newton, K., & Steeds, W. (2000). Friction, Lubricants and Lubrication. 

Motor Vehicle (13th ed., pp. 619-640). Jordan Hill, Oxford: Butterworth-

Heinemann. 

 

Glancey, J. L., Knowlton, S., & Benson, E. (1998). Development of a high oleic 

soybean oil-based hydraulic fluid: SAE Technical Paper. 



© C
OPYRIG

HT U
PM

100 

 

Global Industry Analysts, I. (2015). Lubricating oils and greases - a global strategic 

business report.   Retrieved 20 July 2016, from 

http://www.strategyr.com/MCP-2757.asp 

 

Gryglewicz, S., Muszyński, M., & Nowicki, J. (2013). Enzymatic synthesis of rapeseed 

oil-based lubricants. Industrial Crops and Products, 45, 25-29.  

 

Gryglewicz, S., Piechocki, W., & Gryglewicz, G. (2003). Preparation of polyol esters 

based on vegetable and animal fats. Bioresource Technology, 87(1), 35-39.  

 

Gunam Resul, M. F. M., Mohd. Ghazi, T. I., & Idris, A. (2012). Kinetic study of 

jatropha biolubricant from transesterification of jatropha curcas oil with 

trimethylolpropane: Effects of temperature. Industrial Crops and Products, 

38, 87-92.  

 

Hamid, H. A., Yunus, R., Rashid, U., Choong, T. S. Y., & Al-Muhtaseb, A. A. H. 

(2012). Synthesis of palm oil-based trimethylolpropane ester as potential 

biolubricant: Chemical kinetics modeling. Chemical Engineering Journal, 

200–202, 532-540.  

 

Harvey, A. P., Mackley, M. R., & Seliger, T. (2003). Process intensification of 

biodiesel production using a continuous oscillatory flow reactor. Journal of 

Chemical Technology and Biotechnology, 78(2‐3), 338-341.  

 

Havet, L., Blouet, J., Valloire, F. R., Brasseur, E., & Slomka, D. (2001). Tribological 

characteristics of some environmentally friendly lubricants. Wear, 248(1), 

140-146.  

 

Hazebroek, J. P. (2000). Analysis of genetically modified oils. Progress in Lipid 

Research, 39(6), 477-506.  

 

Héry, C., & Battersby, N. (1998). Development and applications of environmentally 

acceptable hydraulic fluids: SAE Technical Paper. 

 

Honary, L. A. T. (2001). Biodegradable/biobased lubricants and greases. Machinery 

Lubrication. 

 

Honary, L. A. T., & Richter, E. W. (2011). Biobased Lubricants and Greases: 

Technology and Products (Vol. 17). University of Nothern Iowa, Iowa: John 

Wiley & Sons. 

 

Hoydonckx, H. E., De Vos, D. E., Chavan, S. A., & Jacobs, P. A. (2004). Esterification 

and transesterification of renewable chemicals. Topics in Catalysis, 27(1-4), 

83-96.  

 

Hwang, H.-S., & Erhan, S. Z. (2006). Synthetic lubricant basestocks from epoxidized 

soybean oil and Guerbet alcohols. Industrial Crops and Products, 23(3), 311-

317.  

 

http://www.strategyr.com/MCP-2757.asp


© C
OPYRIG

HT U
PM

101 

 

Institute, A. P. (2015). Engine oil licensing and certification system (API 1509) Annex 

E - API Base Oil Interchangeability Guidelines for Passenger Car Motor Oils 

and Diesel Engine Oils (17th ed.): API. 

 

Isbell, T., Abbott, T., & Carlson, K. (1999). Oxidative stability index of vegetable oils 

in binary mixtures with meadowfoam oil. Industrial Crops and Products, 9(2), 

115-123.  

 

Islam, M. A., Brown, R. J., Brooks, P. R., Jahirul, M. I., Bockhorn, H., & Heimann, K. 

(2015). Investigation of the effects of the fatty acid profile on fuel properties 

using a multi-criteria decision analysis. Energy Conversion and Management, 

98, 340-347.  

 

ISO. (1992). ISO 3448:1992 Industrial Liquid Lubricants - ISO Viscosity 

Classification. ISO Central Secretariat, International Organization for 

Standardization (ISO), 1, rue de Varembé, Case postale 56, CH-1211 Geneva 

20, Switzerland. 

 

Joseph, P. V., Saxena, D., & Sharma, D. K. (2007). Study of some non-edible 

vegetable oils of Indian origin for lubricant application. Journal of Synthetic 

Lubrication, 24(4), 181-197.  

 

Kamil, R. N. M., & Yusup, S. (2010). Modeling of reaction kinetics for 

transesterification of palm-based methyl esters with trimethylolpropane. 

Bioresource Technology, 101(15), 5877-5884.  

 

Kamil, R. N. M., Yusup, S., & Rashid, U. (2011). Optimization of polyol ester 

production by transesterification of Jatropha-based methyl ester with 

trimethylolpropane using Taguchi design of experiment. Fuel, 90(6), 2343-

2345.  

 

Kania, D., Yunus, R., Omar, R., Abdul Rashid, S., & Mohamad Jan, B. (2015). A 

review of biolubricants in drilling fluids: Recent research, performance, and 

applications. Journal of Petroleum Science and Engineering, 135, 177-184. 

  

Kinney, A. J. (1996). Development of genetically engineered soybean oils for food 

applications. Journal of Food Lipids, 3(4), 273-292.  

 

Kleinaitė, E., Jaška, V., Tvaska, B., & Matijošytė, I. (2014). A cleaner approach for 

biolubricant production using biodiesel as a starting material. Journal of 

Cleaner Production, 75, 40-44.  

 

Koh, M. Y., Mohd. Ghazi, T. I., & Idris, A. (2014). Synthesis of palm based 

biolubricant in an oscillatory flow reactor (OFR). Industrial Crops and 

Products, 52, 567-574.  

 

Lapuerta, M., Rodríguez-Fernández, J., & Armas, O. (2010). Correlation for the 

estimation of the density of fatty acid esters fuels and its implications. A 

proposed Biodiesel Cetane Index. Chemistry and Physics of Lipids, 163(7), 

720-727.  

 



© C
OPYRIG

HT U
PM

102 

 

Leung, D. Y. C., Wu, X., & Leung, M. K. H. (2010). A review on biodiesel production 

using catalyzed transesterification. Applied Energy, 87(4), 1083-1095.  

 

Li, K., Chen, L., Wang, H., Lin, W., & Yan, Z. (2011). Heteropolyacid salts as self-

separation and recyclable catalysts for transesterification of 

trimethylolpropane. Applied Catalysis A: General, 392(1–2), 233-237.  

 

Li, R.-J., Chen, L., & Yan, Z.-C. (2012a). Synthesis of trimethylolpropane esters of 

oleic acid using a multi-SO3H-functionalized ionic liquid as an efficient 

catalyst. Journal of the American Oil Chemists' Society, 89(4), 705-711.  

 

Li, W., Wu, Y., Wang, X., & Liu, W. (2012b). Tribological study of boron-containing 

soybean lecithin as environmentally friendly lubricant additive in synthetic 

base fluids. Tribology Letters, 47(3), 381-388.  

 

Li, Z., Wilson, R. F., Rayford, W. E., & Boerma, H. R. (2002). Molecular mapping 

genes conditioning reduced palmitic acid content in N87-2122-4 soybean. 

Crop Science, 42(2), 373-378.  

 

Lim, W. H., Ool, T. L., & Hong, H. K. (2009). Study on low temperature properties of 

palm oil methyl esters-petrodiesel blends. Journal of Oil Palm Research, 21, 

683-692.  

 

Liu, K.-S. (1994). Preparation of fatty acid methyl esters for gas-chromatographic 

analysis of lipids in biological materials. Journal of the American Oil 

Chemists’ Society, 71(11), 1179-1187.  

 

Lobry, E., Lasuye, T., Gourdon, C., & Xuereb, C. (2015). Liquid–liquid dispersion in a 

continuous oscillatory baffled reactor – Application to suspension 

polymerization. Chemical Engineering Journal, 259, 505-518.  

 

Mackley, M. R., & Stonestreet, P. (1995). Heat transfer and associated energy 

dissipation for oscillatory flow in baffled tubes. Chemical Engineering 

Science, 50(14), 2211-2224.  

 

Masood, H., Yunus, R., Choong, T. S. Y., Rashid, U., & Taufiq Yap, Y. H. (2012). 

Synthesis and characterization of calcium methoxide as heterogeneous catalyst 

for trimethylolpropane esters conversion reaction. Applied Catalysis A: 

General, 425–426(0), 184-190.  

 

Meher, L., Sagar, D. V., & Naik, S. (2006). Technical aspects of biodiesel production 

by transesterification - a review. Renewable and Sustainable Energy Reviews, 

10(3), 248-268.  

 

Mobarak, H. M., Niza Mohamad, E., Masjuki, H. H., Kalam, M. A., Al Mahmud, K. A. 

H., Habibullah, M., & Ashraful, A. M. (2014). The prospects of biolubricants 

as alternatives in automotive applications. Renewable and Sustainable Energy 

Reviews, 33, 34-43.  

 



© C
OPYRIG

HT U
PM

103 

 

Murrenhoff, H. (2004). Environmentally friendly fluids–chemical modifications, 

characteristics and condition monitoring. Ölhydraulic und Pneumatik, 48(3), 

1-31.  

 

Nehls, E., & Moore, D. (2007). Time to Get Eco-Ready. LUBES'N'GREASES, 13, 38-

44. 

 

Nelson, L. A., Foglia, T. A., & Marmer, W. N. (1996). Lipase-catalyzed production of 

biodiesel. Journal of the American Oil Chemists’ Society, 73(9), 1191-1195.  

 

Ni, X., Mackley, M. R., Harvey, A. P., Stonestreet, P., Baird, M. H. I., & Rama Rao, N. 

V. (2003). Mixing through oscillations and pulsations - A guide to achieving 

process enhancements in the chemical and process industries. Chemical 

Engineering Research and Design, 81(3), 373-383.  

 

Norden, A., Gorbet, D., Knauft, D., & Young, C. (1987). Variability in oil quality 

among peanut genotypes in the Florida breeding program 1. Peanut Science, 

14(1), 7-11.  

 

Noria, C. (2012). Understanding the Difference in Base Oil Groups. Machinery 

Lubrication. 

 

Padmaja, K. V., Rao, B. V., Reddy, R. K., Bhaskar, P. S., Singh, A. K., & Prasad, R. B. 

(2012). 10-Undecenoic acid-based polyol esters as potential lubricant base 

stocks. Industrial Crops and Products, 35(1), 237-240.  

 

Perry, R. H., Green, D. W., Maloney, J. O., Abbott, M. M., Ambler, C. M., & Amero, 

R. C. (1997). Perry's Chemical Engineers' Handbook (7th ed.). New York: 

McGraw-Hill. 

 

PETRONAS Lubricants International, S. B. (2015). Malaysia Promotes Biolubricants.   

Retrieved 5 July 2016, from http://www.pli-

petronas.in/media/newsdetails.aspx?UID=fc617383-1a7c-4545-82c4-

ace023154564 

 

Phan, A. N., Harvey, A., & Lavender, J. (2011). Characterisation of fluid mixing in 

novel designs of mesoscale oscillatory baffled reactors operating at low flow 

rates. Chemical Engineering and Processing: Process Intensification, 50(3), 

254-263.  

 

Phan, A. N., & Harvey, A. P. (2011). Effect of geometrical parameters on fluid mixing 

in novel mesoscale oscillatory helical baffled designs. Chemical Engineering 

Journal, 169(1–3), 339-347.  

 

Pirro, D. M., & Wessol, A. A. (2001). Lubrication Fundamentals (2nd ed., Revised and 

Expanded ed.). Madison Avenue, New York: CRC Press. 

 

Quinchia, L. A., Delgado, M. A., Franco, J. M., Spikes, H. A., & Gallegos, C. (2012). 

Low-temperature flow behaviour of vegetable oil-based lubricants. Industrial 

Crops and Products, 37(1), 383-388.  

 

http://www.pli-petronas.in/media/newsdetails.aspx?UID=fc617383-1a7c-4545-82c4-ace023154564
http://www.pli-petronas.in/media/newsdetails.aspx?UID=fc617383-1a7c-4545-82c4-ace023154564
http://www.pli-petronas.in/media/newsdetails.aspx?UID=fc617383-1a7c-4545-82c4-ace023154564


© C
OPYRIG

HT U
PM

104 

 

Rensselar, V. J. (2010). Biobased lubricants: gearing up for a green world. Tribology & 

Lubrication Technology, 66, 32-41. 

 

Rensselar, V. J. (2011). How basestock and additives are improving energy efficiency. 

Tribology & Lubrication Technology, 67, 34-47. 

 

Rensselar, V. J. (2012). Basestock evolution. Tribology & Lubrication Technology, 68, 

42-51. 

 

Rudnick, L. R. (2013). Synthetics, Mineral Oils, and Bio-Based Lubricants: Chemistry 

and Technology. Boca Raton, Florida: CRC Press. 

 

Rudnick, L. R., & Shubkin, R. L. (1999). Synthetic Lubricants and High-Performance 

Functional Fluids (Revised and Expanded ed.). New York: CRC Press. 

 

Salimon, J., Salih, N., & Yousif, E. (2010). Biolubricants: Raw materials, chemical 

modifications and environmental benefits. European Journal of Lipid Science 

and Technology, 112(5), 519-530.  

 

Salimon, J., Salih, N., & Yousif, E. (2012). Biolubricant basestocks from chemically 

modified ricinoleic acid. Journal of King Saud University-Science, 24(1), 11-

17.  

 

Sathwik Chatra, K. R., Jayadas, N. H., & Kailas, S. V. (2012). Natural Oil-Based 

Lubricants. In M. Nosonovsky & B. Bhushan (Eds.), Green Tribology: 

Biomimetics, Energy Conservation and Sustainability (pp. 287-328): Springer 

Berlin Heidelberg.  

 

Schlosberg, R., Chu, J., Knudsen, G., Suciu, E., & Aldrich, H. (2001). High-stability 

esters for synthetic lubricant applications. Lubrication Engineering, 57(2), 21-

26.  

 

Schmidt, M. A., Dietrich, C. R., & Cahoon, E. B. (2005). Biotechnological 

enhancement of soybean oil for lubricant applications (pp. 389-398). Boca 

Raton, Florida: CRC Press. 

 

Schneider, M. P. (2006). Plant‐oil‐based lubricants and hydraulic fluids. Journal of the 

Science of Food and Agriculture, 86(12), 1769-1780.  

 

Sharma, B. K., Adhvaryu, A., & Erhan, S. Z. (2009). Friction and wear behavior of 

thioether hydroxy vegetable oil. Tribology International, 42(2), 353-358. 

  

Sharma, B. K., Adhvaryu, A., Liu, Z., & Erhan, S. Z. (2006). Chemical modification of 

vegetable oils for lubricant applications. Journal of the American Oil 

Chemists' Society, 83(2), 129-136.  

 

Sinnott, R. K. (2005). Chemical Engineering Design: Chemical Engineering (4th ed., 

Vol. 6). Jordan Hill, Oxford: Elsevier Butterworth-Heinemann. 

 

Smith, K. B. (2000). Scale-Up of Oscillatory Flow Mixing. (PhD Thesis), University of 

Cambridge, UK.    



© C
OPYRIG

HT U
PM

105 

 

Smith, K. B., & Mackley, M. R. (2006). An experimental investigation into the scale-

up of oscillatory flow mixing in baffled tubes. Chemical Engineering 

Research and Design, 84(11), 1001-1011.  

 

Stachowiak, G., & Batchelor, A. W. (2013). Lubricants and Their Composition. 

Engineering Tribology (pp. 51-104). Amsterdam: Butterworth-Heinemann. 

 

Stat-Ease, I. (2015). Design-Expert® Software Version 9.0.4.1.   Retrieved 23 February 

2015, from http://www.statease.com/ 

 

Stephens, G. G., & Mackley, M. R. (2002). Heat transfer performance for batch 

oscillatory flow mixing. Experimental Thermal and Fluid Science, 25(8), 583-

594.  

 

Stonestreet, P., & Harvey, A. (2002). A mixing-based design methodology for 

continuous oscillatory flow reactors. Chemical Engineering Research and 

Design, 80(1), 31-44.  

 

Syaima, M. T. S., Ong, K. H., Mohd Noor, I., Zamratul, M. I. M., Brahim, S. A., & 

Hafizul, M. M. (2015). The synthesis of bio-lubricant based oil by hydrolysis 

and non-catalytic of palm oil mill effluent (POME) using lipase. Renewable 

and Sustainable Energy Reviews, 44, 669-675.  

 

Syam, A. M., Yunus, R., Ghazi, T. I. M., & Choong, T. S. Y. (2012). Synthesis of 

Jatropha curcas oil-based biodiesel in a pulsed loop reactor. Industrial Crops 

and Products, 37(1), 514-519.  

 

Tao, Y., Chen, B., Liu, L., & Tan, T. (2012). Synthesis of trimethylolpropane esters 

with immobilized lipase from Candida sp. 99–125. Journal of Molecular 

Catalysis B: Enzymatic, 74(3), 151-155.  

 

Tao, Y., Cui, C., Shen, H., Liu, L., Chen, B., & Tan, T. (2014). Enhancing 

trimethylolpropane esters synthesis through lipase immobilized on surface 

hydrophobic modified support and appropriate substrate feeding methods. 

Enzyme and Microbial Technology, 58-59, 60-67.  

 

Technavio. (2015). Biolubricant Market - Global Industry Size and Forecast 2015-

2019.   Retrieved 20 July 2016, from 

http://www.technavio.com/report/biolubricant-market-global-industry-size-

and-forecast-2015-2019 

 

The Freedonia Group, I. (2015). World Lubricants - Demands and Sales Forecasts, 

Market Share, Market Size, Market Leaders. Cleveland, Ohio. 

 

Uosukainen, E., Lämsä, M., Linko, Y.-Y., Linko, P., & Leisola, M. (1999). 

Optimization of enzymatic transesterification of rapeseed oil ester using 

response surface and principal component methodology. Enzyme and 

Microbial Technology, 25(3), 236-243.  

 

Uosukainen, E., Linko, Y.-Y., Lämsä, M., Tervakangas, T., & Linko, P. (1998). 

Transesterification of trimethylolpropane and rapeseed oil methyl ester to 

http://www.statease.com/
http://www.technavio.com/report/biolubricant-market-global-industry-size-and-forecast-2015-2019
http://www.technavio.com/report/biolubricant-market-global-industry-size-and-forecast-2015-2019


© C
OPYRIG

HT U
PM

106 

 

environmentally acceptable lubricants. Journal of the American Oil Chemists' 

Society, 75(11), 1557-1562.  

 

Wang, E., Ma, X., Tang, S., Yan, R., Wang, Y., Riley, W. W., & Reaney, M. J. T. 

(2014). Synthesis and oxidative stability of trimethylolpropane fatty acid 

triester as a biolubricant base oil from waste cooking oil. Biomass and 

Bioenergy, 66, 371-378.  

 

Yunus, R. (2003). Synthesis of Palm-Based Trimethylolpropane Esters and Their 

Potential Use as Lubricant Basestock. (PhD), Universiti Putra Malaysia.  

   

Yunus, R., Fakhru'l-Razi, A., Ooi, T. L., Biak, D. R. A., & Iyuke, S. E. (2004a). 

Kinetics of transesterification of palm-based methyl esters with 

trimethylolpropane. Journal of the American Oil Chemists' Society, 81(5), 

497-503.  

 

Yunus, R., Fakhru'l-Razi, A., Ooi, T. L., Iyuke, S. E., & Perez, J. M. (2004b). 

Lubrication properties of trimethylolpropane esters based on palm oil and 

palm kernel oils. European Journal of Lipid Science and Technology, 106(1), 

52-60.  

 

Yunus, R., Fakhru'l-Razi, A., Ooi, T. L., Omar, R., & Idris, A. (2005). Synthesis of 

palm oil based trimethylolpropane esters with improved pour points. 

Industrial & Engineering Chemistry Research, 44(22), 8178-8183.  

 

Yunus, R., Ooi, T. L., Fakhru'l-Razi, A., & Basri, S. (2002). A simple capillary column 

GC method for analysis of palm oil-based polyol esters. Journal of the 

American Oil Chemists' Society, 79(11), 1075-1080.  

 

Yunus, R., Ooi, T. L., Fakhru'l-Razi, A., Iyuke, S. E., & Idris, A. (2003). Development 

of optimum synthesis method for transesterification of palm oil 

methylolpropane to environmentally acceptable palm oil-based lubricant. 

Journal of Oil Palm Research, 15(2), 35-41.  

 

Zhu, L., Zhao, Q., Wu, X., Zhao, G., & Wang, X. (2016). A novel phosphate ionic 

liquid plays dual role in synthetic ester oil: From synthetic catalyst to anti-

wear additive. Tribology International, 97, 192-199.  


	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	LIST OF ABBREVIATIONS
	CHAPTER 1
	1. INTRODUCTION
	1.1 Background
	1.2 Objectives
	1.3 Scope of Work
	1.4 Thesis Outline

	CHAPTER 2
	2. LITERATURE REVIEW
	2.1 Introduction
	2.2 Historical Development of Plant Oil-Based Lubricants
	2.3 Biolubricant Development in Malaysia
	2.4 Lubricant Base Oil Groups
	2.5 Requirements for Future Formulated Lubricant Products
	2.6 Physicochemical and Performance Properties of Lubricant Base Oils
	2.6.1 Viscosity and Viscosity Index
	2.6.2 Low Temperature Fluidity: Pour Point
	2.6.3 Flash Point
	2.6.4 Thermal and Oxidative Stability
	2.6.5 Hydrolytic Stability: Total Acid Number
	2.6.6 Lubricity, Wear and Friction

	2.7 Review of Process Routes for Biolubricant Production
	2.7.1 Genetic Modification
	2.7.2 Chemical Modification

	2.8 Transesterification Experiment: Overview
	2.9 Transesterification Mechanism
	2.9.1 Acid-Catalyzed Transesterification
	2.9.2 Alkali-Catalyzed Transesterification

	2.10 Typical Feedstocks for Bio-Based Lubricant Synthesis
	2.10.1 Palm Oil-Based Methyl Ester
	2.10.2 Trimethylolpropane

	2.11 Conventional Chemical Reactors
	2.11.1 Stirred Tank Reactor
	2.11.2 Plug Flow Reactor

	2.12 Oscillatory Flow Reactor
	2.13 Parameters that Influence Transesterification Conversion in Oscillatory Flow Reactor
	2.13.1 Mixing Intensity
	2.13.2 Reactants Molar Ratio
	2.13.3 Catalyst Loading
	2.13.4 Reaction Temperature
	2.13.5 Pressure

	2.14 Conclusion

	CHAPTER 3
	3. MATERIALS AND METHODOLOGY
	3.1 Introduction
	3.2 Materials and Chemicals
	3.2.1 Synthesis of TMP Esters
	3.2.2 Product Analysis and Physicochemical Properties Testing

	3.3 Aspen Plus Simulation of High Oleic TMP Esters Synthesis
	3.3.1 Properties Specification
	3.3.2 Material and Energy Balances Simulation

	3.4 Design of Pulsed Loop Reactor
	3.4.1 Mechanical Design
	3.4.1.1 Tube and Baffle Dimensions
	3.4.1.2 Reactor Heating System
	3.4.1.3 Vacuum Condenser System
	3.4.1.4 Corrosion Allowance
	3.4.1.5 Reactor Support
	3.4.1.6 Insulation materials

	3.4.2 Materials of Construction
	3.4.3 Control and Instrumentation

	3.5 Synthesis of High Oleic TMP Esters
	3.5.1 Synthesis of High Oleic TMP Esters in a Batch Reflux Reactor: Optimization by using Response Surface Methodology
	3.5.1.1 Design of Experiments
	3.5.1.2 RSM Analysis
	3.5.1.3 Batch Reactor Setup and Procedures
	3.5.1.4 Product Analysis

	3.5.2 Synthesis of High Oleic TMP Esters in a Pulsed Loop Reactor
	3.5.2.1 Pulsed Loop Reactor Setup
	3.5.2.2 Experimental Procedure
	3.5.2.2.1 Reactor Pre-Cleanup
	3.5.2.2.2 Synthesis Procedure


	3.5.3 Product Purification

	3.6 Physicochemical Properties of TMP Esters Base Oil
	3.6.1 Density Measurement
	3.6.2 Pour Point Test
	3.6.3 Kinematic Viscosity Measurement and Viscosity Index Determination
	3.6.4 Total Oxidative Stability Test
	3.6.5 Soap Content Analysis
	3.6.6 Iodine Value Test
	3.6.7 ASTM Color Test


	CHAPTER 4
	4. RESULTS AND DISCUSSION
	4.1 Introduction
	4.2 Optimization of High Oleic TMP Esters Synthesis in a Conventional Batch Reflux Reactor
	4.2.1 Development of Regression Models
	4.2.2 Effect of Single Parameters
	4.2.3 Effect of Interaction between Parameters
	4.2.4 Process Optimization

	4.3 Aspen Plus Simulation
	4.4 Pulsed Loop Reactor Design
	4.5 Optimization of High Oleic TMP Esters Synthesis in a Pulsed Loop Reactor
	4.5.1 Effect of Vacuum Pressure
	4.5.2 Effect of Catalyst Loading
	4.5.3 Effect of Molar Ratio of High Oleic PME to TMP
	4.5.4 Effect of Reaction Temperature
	4.5.5 Effect of Oscillatory Speed
	4.5.6 Simulation of Optimized Pulse-Assisted TMP Esters Synthesis

	4.6 Physicochemical Properties Analysis
	4.6.1 Pour Point
	4.6.2 Flash Point
	4.6.3 Density
	4.6.4 Kinematic Viscosity and Viscosity Index
	4.6.5 Soap Content
	4.6.6 Total Acid Number and Oxidative Stability
	4.6.7 Iodine Value and ASTM Color


	CHAPTER 5
	5. CONCLUSIONS AND RECOMMENDATIONS
	5.1 Conclusions
	5.2 Recommendations

	REFERENCES
	APPENDICES
	Appendix A
	Appendix B
	Appendix C

	BIODATA OF STUDENT
	LIST OF PUBLICATIONS



