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Malaysia being the second largest palm oil producer in the world, is currently 
promoting environmentally friendly or green products including palm oil-based 
lubricants. Biolubricants have shown good potential as an alternative to mineral-
based lubricants and exhibit superior lubricating properties. Trimethylolpropane 
triester (TMPTE) is one of the synthetic base oils for biolubricants and can be 
derived from palm oil. TMPTE has good thermal and oxidative stability, density, 
viscosity index, and pour point, and wear properties. TMPTE has been produced 
using conventional thermal-heating transesterification process which consumes 
more energy due to a long production time.  
 
 
In this study, microwave heating has been chosen as an alternative synthesis 
method in the production of TMPTE as it is known to provide a more efficient 
heating. The processing parameters for the microwave reaction were 
temperature (90 – 150˚C), catalyst amount (0.2 – 1.0 wt.%), reaction time (3 – 
25 minutes), molar ratio TMP-to-PME (1:3 – 1:4.5), and pressure (10 – 50 mbar). 
The highest composition of TMPTE produced by microwave heating was found 
to be 69 % (98 % of total esters) obtained only in 10 minutes, at 130°C, 10 mbar 
pressure, using 0.6 wt.% catalyst, and 1:4 molar ratio of TMP-to-PME. 
Furthermore, sample preheating to 130℃ for microwave-assisted significantly 
reduced to 3 minutes as compared to 30 to 40 minutes required with 
conventional heating. 
 
 
To understand the mechanism of the microwave-assisted transesterification 
between PME and TMP, kinetics study of the reaction was conducted at 110, 
120, 130 and 140°C. The reaction kinetics was successfully modelled in 
MATLAB using the second-order reversible reaction, and the results correlated 
well with the experimental data. The fastest reaction rate for TMPTE production 
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occurred at 130℃, with activation energies ranged from 17.0 -24.7 kcal/mol, 
clearly lower than the conventional method. When compared to conventional 
heating method the lower activation energy reflects an energy savings of 68.4 
%. 
 
 
The distribution of electric fields in the microwave-assisted transesterification 
associated with the hotspots, temperature profile and power absorbed were 
simulated using COMSOL Multiphysics 4.2. As some part of the microwave was 
absorbed by the sample, the electric field and heating profile showed an 
alignment of intense heating at the top corner of the sample. The electric field 
and power absorbed by the sample were 1.92 x 104 V/m and 1.38 x 107 W/m3, 
respectively. Overall, microwave heating has been proven successful in 
accelerating the production of TMPTE. 
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Oleh 
 
 

NUR ATIQAH BINTI MOHAMAD AZIZ 
 
 

April 2021 
 
 

Pengerusi :   Prof Robiah Binti Yunus, PhD 
Fakulti :   Kejuruteraan 
 
 
Malaysia sebagai negara kedua terbesar pengeluar minyak kelapa sawit dunia 
menggalakkan penggunaan produk mesra alam dan hijau termasuklah bio-
pelincir berasaskan kelapa sawit. Bio-pelincir berpotensi sebagai alternatif 
pelincir berasaskan mineral, menunjukkan prestasi pelinciran yang lebih baik. 
Trimetilpropana triester (TMPTE) ialah asas minyak sintetik bagi bio-pelincir 
yang diperolehi berasaskan minyak kelapa sawit. TMPTE mempunyai kestabilan 
suhu, pengoksidaan, ketumpatan, indeks kelikatan, takat tuang dan ciri tahan 
haus yang baik. TMPTE yang dihasilkan secara konvensional, iaitu pemanasan 
suhu bagi proses transesterifikasi menggunakan lebih banyak tenaga kerana 
panjang tempoh penghasilannya. Penyelidikan ini memilih pemanasan 
gelombang mikro sebagai alternatif pemanasan menghasilkan TMPTE kerana 
ia diketahui memanaskan dengan lebih berkesan. Faktor pemprosesan bagi 
tindak balas menggunakan pemanasan gelombang mikro adalah suhu (90 – 
150˚C), kuantiti pemangkin (0.2 – 1.0 wt. %), tempoh tindak balas (3 – 25 minit), 
nisbah trimetilolpropana (TMP) kepada metil ester minyak sawit (PME) (1:3 – 
1:4.5), dan tekanan (10 – 50 mbar). Penghasilan TMPTE tertinggi menggunakan 
pemanasan gelombang mikro adalah sebanyak 69 % (dengan jumlah ester 98 
%) hanya dalam 10 minit, pada 130°C, 10 mbar tekanan, menggunakan 0.6 wt.% 
pemangkin, dan 1:4 nisbah TMP kepada PME. Tempoh memanaskan sample 
juga hanya 3 minit berbanding 30 – 40 minit bagi pemanasan biasa.  
 
 
Bagi memahami mekanisma tindak balas menggunakan gelombang mikro, 
kajian kinetik bagi penghasilan TMPTE pada suhu 110, 120, 130 dan 140°C 
telah dijalankan. Model kinetik dibangunkan daripada tindak balas berturutan 
dan secara berbalik. Model terpilih menunjukkan ketepatan yang tinggi berikutan 
dengan ralat standard yang rendah dan hubungan model yang baik bagi profil 
taburan produk antara simulasi dengan data eksperimen, menggunakan 
MATLAB. Pada 130°C, kadar tindak balas adalah paling laju bagi penghasilan 
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TMPTE, dan tenaga pengaktifan bagi menghasilkan TMPTE adalah 17 – 24.7 
kcal/mol, yang mana terbukti lebih rendah berbanding kaedah pemanasan 
tradisional. Tenaga pengaktifan ini berhubungkait dengan penjimatan tenaga 
68.4% berbanding menggunakan kaedah pemanasan konvensional. 
 
 
Untuk memahami interaksi antara sampel dan gelombang mikro, simulasi telah 
dijalankan dengan menggunakan perisian COMSOL Multiphysics 4.2. Taburan 
medan elektrik di dalam ketuhar bagi titik panas, profil suhu dan tenaga yang 
diserap oleh sampel dinilai dengan jelas. Oleh kerana sebahagian daripada 
gelombang mikro diserap oleh sampel, medan elektrik dan profil pemanasan 
menunjukkan pemanasan ketara dan setempat di sudut atas sampel. Medan 
elektrik dan daya yang diserap oleh sampel masing-masing adalah 1.92 x 104 
V/m dan 1.38 x 107 W/m3. Secara keseluruhan, pemanasan gelombang mikro 
telah terbukti berjaya dalam mempercepat pengeluaran TMPTE.  
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TMP + 3 PME ↔  TMPTE + 3 Met     

  

Eq. (5) 

R’COOR + H2O ↔ R’COOH + ROH    

  

Eq. (6) 

R’COOH + NaOH ↔ RCOONa + H2O   

  

Eq. (7) 

RCOOCH3 + H-OH → RCOOH + CH3OH  

   

Eq. (8) 

RCOOH + CH3ONa → RCOONa + CH3OH   

  

Eq. (9) 

τ𝑅 = 
𝑣ŋ

𝑘𝑇
𝜉𝐶 + τ0       

  

Eq. (10) 

τ0 ≈
2𝜋√

𝐼

𝑘𝑇

9
      

   

Eq. (11) 

ŋ = 
𝑁ℎ

𝑉
exp (

𝛥𝐺

𝑅𝑇
)        

  

Eq. (12) 

τ = 
4𝜋𝑟3𝜇

𝑘𝑏𝑇𝑒𝑚𝑝
       

   

Eq. (13) 

𝑡𝑎𝑛 𝛿 =  
𝜀′′

𝜀′
          

   

Eq. (14) 

c = f λ       

   

Eq. (15) 

𝑄 = 𝜋𝑓휀0휀𝑒𝑓𝑓 
′′ |𝐸|2     

   

Eq. (16) 
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𝑇𝑀𝑃 + 𝑃𝑀𝐸 

𝑘1
→ 

𝑘1𝑟
← 

 ME + Met     

   

Eq. (17) 

 

𝑀𝐸 + 𝑃𝑀𝐸 

𝑘2
→ 

𝑘2𝑟
← 

 DE + Met    

   

Eq. (18) 

 

𝐷𝐸 + 𝑃𝑀𝐸 

𝑘3
→ 

𝑘3𝑟
← 

 TE + Met     

  

Eq. (19) 

 

𝑇𝑀𝑃 + 3 𝑃𝑀𝐸 

𝑘𝑜
→  

𝑘𝑜𝑟
← 

 TE + 3 Met    

  

Eq. (20) 

 

[PME] = [PME0] – ([TMP0]-[TMP])   

   

Eq. (21) 

[TE] =   100 – [PME]-[TMP]-[ME]-[DE]   

  

Eq. (22) 

𝑑𝐶𝑇𝐸

𝑑𝑡
= 𝑘3 𝐶𝐷𝐸  𝐶𝑃𝑀𝐸 − 𝑘3𝑟 𝐶𝑇𝐸  𝐶𝑀    

  

Eq. (23) 

𝐶𝐴  = 
𝑋𝑎·𝜌𝑇

𝑀𝑊𝐴
      

   

Eq. (24) 

𝑑𝐶𝐴

𝑑𝑡
=   

𝑑𝑋𝐴·𝜌𝑇

𝑑𝑡·𝑀𝑊𝐴
      

  

Eq. (25) 

𝑑𝑋𝑇𝐸

𝑑𝑡
= 𝑘3𝑋𝐷𝐸  𝑋𝑃𝑀𝐸  (

𝑀𝑊𝑇𝐸 ·𝜌𝑇

𝑀𝑊𝐷𝐸·𝑀𝑊𝑃𝑀𝐸
) − 𝑘3𝑟𝑋𝑇𝐸𝑋𝑀 (

𝜌𝑇  

𝑀𝑊𝑀
) 

  

Eq. (26) 

ln (1 – X) = - kt      

  

Eq. (27) 

𝑙𝑜𝑔10 (𝑘) =  −
𝐸𝑎

2.303𝑅𝑇 
+ 𝐶    

   

Eq. (28) 

𝐴 =  Ɣ𝜆2𝛤       

   

Eq. (29) 

∆𝐺 =  ∆𝐻 − 𝑇∆𝑆           

   

Eq. (30) © C
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𝑙𝑛
𝑘

𝑇
= −

∆𝐻

𝑅𝑇
+ 𝑙𝑛

𝑘𝑏

ℎ
+

∆𝑆

𝑅
     

  

Eq. (31) 

𝑇𝑀𝑃 + 𝑃𝑀𝐸 

𝑘1
→ 

𝑘1𝑟
← 

𝑇𝑀𝑃𝑀𝐸 +𝑀𝑒𝑡     

  

Eq. (32) 

𝑇𝑀𝑃𝑀𝐸 + 𝑃𝑀𝐸 

𝑘2
→ 

𝑘2𝑟
← 

 𝑇𝑀𝑃𝐷𝐸 +𝑀𝑒𝑡    

  

Eq. (33) 

 

𝑇𝑀𝑃𝐷𝐸 + 𝑃𝑀𝐸 

𝑘3
→ 

𝑘3𝑟
← 

 𝑇𝑀𝑃𝑇𝐸 +𝑀𝑒𝑡    

  

Eq. (34) 

 

𝑇𝑀𝑃 + 3 𝑃𝑀𝐸 

𝑘𝑜
→  

𝑘𝑜𝑟
← 

 𝑇𝑀𝑃𝑇𝐸 + 3 𝑀𝑒𝑡     

  

Eq. (35) 

 

𝑟𝑇𝑀𝑃 = −𝑘1 𝐶𝑇𝑀𝑃 𝐶𝑃𝑀𝐸 + 𝑘1𝑟  𝐶𝑇𝑀𝑃𝑀𝐸  𝐶𝑀𝑒𝑡  

  

Eq. (36) 

 

𝑟𝑇𝑀𝑃𝑀𝐸 = −𝑘2 𝐶𝑇𝑀𝑃𝑀𝐸  𝐶𝑃𝑀𝐸 + 𝑘2𝑟  𝐶𝑇𝑀𝑃𝐷𝐸𝐶𝑀𝑒𝑡 + 𝑘1 𝐶𝑇𝑀𝑃 𝐶𝑃𝑀𝐸 

− 𝑘1𝑟 𝐶𝑇𝑀𝑃𝑀𝐸  𝐶𝑀𝑒𝑡     

   

Eq. (37) 

 

𝑟𝑇𝑀𝑃𝐷𝐸 = 𝑘2 𝐶𝑇𝑀𝑃𝑀𝐸  𝐶𝑃𝑀𝐸 − 𝑘2𝑟  𝐶𝑇𝑀𝑃𝐷𝐸  𝐶𝑀𝑒𝑡 − 𝑘3 𝐶𝑇𝑀𝑃𝐷𝐸  𝐶𝑃𝑀𝐸 

+ 𝑘3𝑟 𝐶𝑇𝑀𝑃𝑇𝐸  𝐶𝑀𝑒𝑡  

Eq. (38) 

𝑟𝑇𝑀𝑃𝑇𝐸 = 𝑘3 𝐶𝑇𝑀𝑃𝐷𝐸  𝐶𝑃𝑀𝐸 − 𝑘3𝑟  𝐶𝑇𝑀𝑃𝑇𝐸  𝐶𝑀𝑒𝑡  

  

Eq. (39) 

𝑟𝑃𝑀𝐸 = − 𝑘1 𝐶𝑇𝑀𝑃 𝐶𝑃𝑀𝐸 + 𝑘1𝑟  𝐶𝑇𝑀𝑃𝑀𝐸  𝐶𝑀𝑒𝑡  −  𝑘2 𝐶𝑇𝑀𝑃𝑀𝐸  𝐶𝑃𝑀𝐸 

+ 𝑘2𝑟 𝐶𝑇𝑀𝑃𝐷𝐸  𝐶𝑀𝑒𝑡 − 𝑘3 𝐶𝑇𝑀𝑃𝐷𝐸  𝐶𝑃𝑀𝐸 + 𝑘3𝑟  𝐶𝑇𝑀𝑃𝑇𝐸  𝐶𝑀𝑒𝑡    

Eq. (40) 

 

𝑟𝑀𝑒𝑡 = 𝑘1 𝐶𝑇𝑀𝑃 𝐶𝑃𝑀𝐸 − 𝑘1𝑟  𝐶𝑇𝑀𝑃𝑀𝐸  𝐶𝑀𝑒𝑡 + 𝑘2 𝐶𝑇𝑀𝑃𝑀𝐸  𝐶𝑃𝑀𝐸 

− 𝑘2𝑟 𝐶𝑇𝑀𝑃𝐷𝐸  𝐶𝑀𝑒𝑡 + 𝑘3 𝐶𝑇𝑀𝑃𝐷𝐸  𝐶𝑃𝑀𝐸 − 𝑘3𝑟  𝐶𝑇𝑀𝑃𝑇𝐸  𝐶𝑀𝑒𝑡    

Eq. (41) 

 

𝑑𝑋𝑇𝑀𝑃

𝑑𝑡
=  −𝑘1 𝑋𝑇𝑀𝑃 𝑋𝑃𝑀𝐸  (

𝜌𝑇
𝑀𝑊𝑃𝑀𝐸

) 

+ 𝑘1𝑟 𝑋𝑇𝑀𝑃𝑀𝐸  𝑋𝑀𝑒𝑡  (
𝜌𝑇 𝑀𝑊𝑇𝑀𝑃 

𝑀𝑊𝑇𝑀𝑃𝑀𝐸𝑀𝑊𝑀𝑒𝑡
)     

Eq. (42) 
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𝑑𝑋𝑇𝑀𝑃𝑀𝐸

𝑑𝑡
= +𝑘1 𝑋𝑇𝑀𝑃 𝑋𝑃𝑀𝐸  (

𝑀𝑊𝑇𝑀𝑃𝑀𝐸𝜌𝑇

𝑀𝑊𝑇𝑀𝑃𝑀𝑊𝑃𝑀𝐸
) −

 𝑘1𝑟  𝑋𝑇𝑀𝑃𝑀𝐸  𝑋𝑀𝑒𝑡  (
𝜌𝑇  

𝑀𝑊𝑀𝑒𝑡
) − 𝑘2 𝑋𝑇𝑀𝑃𝑀𝐸  𝑋𝑃𝑀𝐸  (

𝜌𝑇  

𝑀𝑊𝑀𝑒𝑡
) +

𝑘2𝑟  𝑋𝑇𝑀𝑃𝐷𝐸  𝑋𝑀𝑒𝑡  (
𝑀𝑊𝑇𝑀𝑃𝑀𝐸𝜌𝑇  

𝑀𝑊𝑇𝑀𝑃𝐷𝐸𝑀𝑊𝑀𝑒𝑡
)  Eq. (43) 

𝑑𝑋𝑇𝑀𝑃𝐷𝐸

𝑑𝑡
= +𝑘2 𝑋𝑇𝑀𝑃𝑀𝐸  𝑋𝑃𝑀𝐸  (

𝑀𝑊𝑇𝑀𝑃𝐷𝐸𝜌𝑇  

𝑀𝑊𝑃𝑀𝐸𝑀𝑊𝑇𝑀𝑃𝑀𝐸
) −

𝑘2𝑟  𝑋𝑇𝑀𝑃𝐷𝐸  𝑋𝑀𝑒𝑡  (
𝜌𝑇  

𝑀𝑊𝑀𝑒𝑡
) − 𝑘3 𝑋𝑇𝑀𝑃𝐷𝐸  𝑋𝑃𝑀𝐸  (

𝜌𝑇

𝑀𝑊𝑃𝑀𝐸
) +

 𝑘3𝑟  𝑋𝑇𝑀𝑃𝑇𝐸  𝑋𝑀𝑒𝑡  (
𝑀𝑊𝑇𝑀𝑃𝐷𝐸𝜌𝑇  

𝑀𝑊𝑇𝑀𝑃𝑇𝐸𝑀𝑊𝑀𝑒𝑡
)  Eq. (44) 

𝑑𝑋𝑇𝑀𝑃𝑇𝐸

𝑑𝑡
=  𝑘3 𝑋𝑇𝑀𝑃𝐷𝐸  𝑋𝑃𝑀𝐸  (

𝑀𝑊𝑇𝑀𝑃𝑇𝐸𝜌𝑇
𝑀𝑊𝑇𝑀𝑃𝐷𝐸𝑀𝑊𝑃𝑀𝐸

) 

− 𝑘3𝑟 𝑋𝑇𝑀𝑃𝑇𝐸  𝑋𝑀𝑒𝑡  (
𝜌𝑇  

𝑀𝑊𝑀𝑒𝑡
)     

  

Eq. (45) 

 

𝑑𝑋𝑃𝑀𝐸
𝑑𝑡

=  −𝑘1 𝑋𝑇𝑀𝑃 𝑋𝑃𝑀𝐸  (
𝜌𝑇

𝑀𝑊𝑇𝑀𝑃
)

+ 𝑘1𝑟  𝑋𝑇𝑀𝑃𝑀𝐸  𝑋𝑀𝑒𝑡  (
𝑀𝑊𝑇𝑀𝑃𝜌𝑇  

𝑀𝑊𝑇𝑀𝑃𝑀𝐸𝑀𝑊𝑀𝑒𝑡
)

− 𝑘2 𝑋𝑇𝑀𝑃𝑀𝐸  𝑋𝑃𝑀𝐸  (
𝜌𝑇  

𝑀𝑊𝑇𝑀𝑃𝑀𝐸
)

− 𝑘2𝑟  𝑋𝑇𝑀𝑃𝐷𝐸  𝑋𝑀𝑒𝑡  (
𝑀𝑊𝑃𝑀𝐸𝜌𝑇   

𝑀𝑊𝑇𝑀𝑃𝐷𝐸𝑀𝑊𝑀𝑒𝑡
)

− 𝑘3 𝑋𝑇𝑀𝑃𝐷𝐸  𝑋𝑃𝑀𝐸  (
𝜌𝑇

𝑀𝑊𝑇𝑀𝑃𝐷𝐸
)

− 𝑘3𝑟 𝑋𝑇𝑀𝑃𝑇𝐸  𝑋𝑀𝑒𝑡  (
𝑀𝑊𝑃𝑀𝐸𝜌𝑇    

𝑀𝑊𝑇𝑀𝑃𝑇𝐸𝑀𝑊𝑀𝑒𝑡
) 

Eq. (46) 

 

𝑑𝑋𝑀𝑒𝑡

𝑑𝑡
= 𝑘1 𝑋𝑇𝑀𝑃 𝑋𝑃𝑀𝐸  (

𝑀𝑊𝑀𝑒𝑡𝜌𝑇

𝑀𝑊𝑇𝑀𝑃𝑀𝑊𝑃𝑀𝐸
) −

 𝑘1𝑟  𝑋𝑇𝑀𝑃𝑀𝐸  𝑋𝑀𝑒𝑡  (
𝜌𝑇  

𝑀𝑊𝑇𝑀𝑃𝑀𝐸
) +

𝑘2 𝑋𝑇𝑀𝑃𝑀𝐸  𝑋𝑃𝑀𝐸  (
𝑀𝑊𝑀𝑒𝑡𝜌𝑇  

𝑀𝑊𝑇𝑀𝑃𝑀𝐸𝑀𝑊𝑃𝑀𝐸
) −

𝑘2𝑟  𝑋𝑇𝑀𝑃𝐷𝐸  𝑋𝑀𝑒𝑡  (
𝜌𝑇  

𝑀𝑊𝑇𝑀𝑃𝐷𝐸
) +

𝑘3 𝑋𝑇𝑀𝑃𝐷𝐸  𝑋𝑃𝑀𝐸  (
𝑀𝑊𝑀𝑒𝑡𝜌𝑇

𝑀𝑊𝑇𝑀𝑃𝐷𝐸𝑀𝑊𝑃𝑀𝐸
) − 𝑘3𝑟  𝑋𝑇𝑀𝑃𝑇𝐸  𝑋𝑀𝑒𝑡  (

𝜌𝑇    

𝑀𝑊𝑇𝑀𝑃𝑇𝐸
)  

Eq. (47) 

𝑆𝐷𝑖 = √
1

𝑁−1
∑(𝑋𝑒𝑥𝑝,𝑖 − 𝑋𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑,𝑖)

2
    

Eq. (48) 

𝑆𝐸𝑖 =
𝑆𝐷𝑖

√𝑁
      

               

Eq. (49) 

𝑇𝑜𝑡𝑎𝑙 𝑆𝐸 = 𝑆𝐸𝑇𝑀𝑃 + 𝑆𝐸𝑇𝑀𝑃𝑀𝐸 + 𝑆𝐸𝑇𝑀𝑃𝐷𝐸 + 𝑆𝐸𝑇𝑀𝑃𝑇𝐸 

     

Eq. (50) 
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𝑃𝐼𝑖 = 𝑋𝑠𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑,𝑖 ± 𝑧(𝑆𝐸𝑖)     

   

Eq. (51) 

𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 =  𝐸𝐻𝑒𝑎𝑡 + 𝐸𝑉𝑎𝑐𝑢𝑢𝑚 − 𝐸𝑅    Eq. (52) 

𝑌𝑖𝑒𝑙𝑑 𝑜𝑓 𝑇𝑀𝑃𝑇𝐸 =
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑇𝑀𝑃𝑇𝐸

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑇𝑀𝑃𝑇𝐸
× 100%  

  

 

Eq. (53) 

𝐻𝑒𝑎𝑡 𝑑𝑢𝑡𝑦 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛, 𝐸𝑅 = ∑𝑛𝑜𝑢𝑡�̂�𝑜𝑢𝑡 −∑𝑛𝑖𝑛�̂�𝑖𝑛                     Eq. (54) 

𝐸𝑅 = ∑𝑛𝑜𝑢𝑡[𝐶𝑃(𝑇𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 − 𝑇𝑟𝑒𝑓) + �̂�𝑓
𝑜] − ∑𝑛𝑖𝑛[𝐶𝑃(𝑇𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 −

𝑇𝑟𝑒𝑓) + �̂�𝑓
𝑜]    

Eq. (55) 

𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑓𝑜𝑟 𝑤𝑎𝑡𝑒𝑟 𝑎𝑛𝑑 𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 = ∫ 𝐶𝑝𝑑𝑇 + 𝐻𝑓 + 𝛥𝐻𝑣 

  

Eq. (56) 

𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦 𝑓𝑜𝑟 𝑇𝑀𝑃 = 𝛥𝐻𝑓𝑢𝑠𝑖𝑜𝑛 + ∫ 𝐶𝑝𝑑𝑇 + 𝐻𝑓          

     

Eq. (57) 

𝑂𝑡ℎ𝑒𝑟𝑠: 𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑡ℎ𝑎𝑙𝑝𝑦 = ∫ 𝐶𝑝𝑑𝑇 + 𝐻𝑓           

  

Eq. (58) 

𝐹𝑎𝑡𝑡𝑦 𝑠𝑜𝑎𝑝 =  
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (𝑚𝑔)

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 (𝑔)
    × 100%   

  

Eq. (59) 

∇ × (
1

𝜇𝑟
 ∇  ×  

1

𝜇𝑟
 𝑬) − 𝑘𝑜

2 (휀𝑟 − 
𝑗𝜎

𝑤𝜀𝑜
)𝑬 = 0  

  

Eq. (60) 

∇ × 𝑬 =  −𝑗𝜔𝜇𝑯        

  

Eq. (61) 

∇ × 𝑯 = (σ + j𝜔휀)𝑬   Eq. (62) 

∇ · 𝑬 = 0      

   

Eq. (63) 

∇ · 𝑩 = 0      

   

Eq. (64) 

휀𝑟 = 휀′ − 𝑗휀′′       

   

Eq. (65) 

tan 𝜃 =  
𝜀"

𝜖′
= 

𝜎

𝜔𝜀
      

  

Eq. (66) 

𝑃

𝑉
= 2𝜋𝑓휀ₒ𝐸2휀′′mix     

   

Eq. (67) 
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𝐸 = 
3𝐸ₒ

𝜀′mix+2
      

  

Eq. (68) 

휀′𝑚𝑖𝑥 = x · 휀′TMP + x · 휀′𝑃𝑀𝐸    

  

Eq. (69) 

휀′′𝑚𝑖𝑥 = x · 휀′′TMP + x · 휀′′𝑃𝑀𝐸    

  

Eq. (70) 

𝑃

𝑉
= 

𝐶𝑝 · 𝜌𝑤·𝛥𝑇

𝛥𝑡
      

   

Eq. (71) 

𝑃

𝑉
=2πfεₒ 𝐸2 tanδ K     

   

Eq. (72) 

𝐸ₒ= 
𝐾+2

3
 𝐸       

   

Eq. (73) 

QMW = {
𝜋𝑓휀0휀′′𝑟 |𝐸|

2  if 0 ≤ 𝑡 < 12
0                           if 12 ≤ 𝑡 ≤ 20

   

  

Eq. (74) 

𝜌𝑐𝑝
𝜕𝑇

𝜕𝑡
+ 𝜌𝑐𝑝𝑢 · ∇𝑇 =  ∇T · (𝑘∇𝑇) + 𝑄𝑀𝑊 + 𝑄𝛥𝐻  

  

Eq. (75) 

QΔH = ΔHr Ṙ      

   

Eq. (76) 

𝑑𝑐𝑖

𝑑𝑡
= 𝑅𝑖 = 𝑣𝑖𝑟      

  

Eq. (77) 

𝑟𝑗 = 𝑘𝑗
𝑓 ∏ 𝑐

𝑖

−𝑣𝑖𝑗 − 𝑘𝑗
𝑟𝑄𝑟

𝑖=1 ∏ 𝑐
𝑖

𝑣𝑖𝑗𝑄𝑝
𝑖=1

    

  

Eq. (78) 

𝑘𝑓 = 𝐴𝑓(𝑇 𝑇𝑟𝑒𝑓⁄ )
𝑛𝑓

𝑒𝑥𝑝 (
−𝐸𝑓

𝑅𝑔𝑇
) , 𝑇𝑟𝑒𝑓 = 1𝐾   

  

Eq. (79) 

𝑘𝑟 = 𝑘𝑓 𝐾𝑒𝑞0⁄       

   

Eq. (80) 

𝑘 = 𝐴𝑒−𝐸𝐴 𝑅𝑇⁄         

   

Eq. (81) 

ln 𝑘 = −𝐸𝐴 (𝑅𝑇) + ln𝐴⁄        

  

Eq. (82) 
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CHAPTER 1 
 
 

INTRODUCTION 
 
 
1.1   Background 
 
 
Transesterification reaction has been investigated by numerous researchers, 
mainly for the production of esters for biodiesel and biolubricant base stocks. 
Transesterification reaction involves a reaction between an alcohol and another 
ester to produce a new ester and is usually catalysed by acid or alkaline catalyst. 
In the production of polyol esters for lubricant base oils, the reaction uses a high 
amount of energy due to the high-temperature process. At high temperatures, 
many side reactions could take place and may affect the product yield. Using 
vacuum in the transesterification process and alkaline catalyst has successfully 
shortened the reaction time to 1 hour (Yunus and Idris, 2003a) as compared to 
10 hours reaction without vacuum technology (Uosukainen et al., 1998). 
However, the use of 0.8 – 0.9 wt.% of sodium methoxide alkaline catalyst by 
Yunus and Idris (2003a) contributed to competing saponification, reducing the 
product yield. Chang et al. (2012) has used only 0.3 %w/w calcium methoxide – 
a heterogeneous alkaline catalyst to reduce the soap formation. Chang et al. 
(2012) achieved a high yield of 98% of the product with 9.2 mg soap/g compared 
to 46 mg soap/g when 0.9 wt.% sodium methoxide was used. However, it took 8 
hours to complete the reaction.   
 
 
Microwave is an attractive approach to intensify a process reaction, improvises 
a technique that promises a higher product yield as compared to the 
conventional method. Any method that reduces the processing time, increase 
energy consumption (Hincapié et al., 2014; Tippayawong and Sittisun, 2012), 
improve the quality and quantity of the produced product, reduces the amount of 
the byproducts and provide reliable sustainable technology (Martinez-guerra and 
Gude, 2016; Zhang and Zhang, 2011; Zhang et al., 2010) has a great potential 
to be explored. Microwave application is proposed not only to increase the rate 
of reaction but to enhance product selectivity (Lin et al., 2014). Recent studies 
showed a lot of application of microwave radiation in various fields such as food, 
polymer, rubber, and plastic industries, curing, drying, the extraction process, 
biodiesel, and biolubricant. 
 
 
Lokman et al. (2015) reported a reaction time of 15 minutes to produce 96% 
palm fatty acid distillate with microwave assistance as compared to 120 minutes 
for the same conversion under a similar condition without a microwave. This 
condition was due to the increases potential of methanol to react with palm fatty 
acid distillate (PFAD) molecules by the increased vibration frequency of the 
atoms present in the reaction interface. Tippayawong and Sittisun (2012) has 
shown that only 30 seconds were required for transesterification reaction with 
sodium methoxide to produce 96% yield of biodiesel from jatropha oil which 
conventional heating required 24 to 120 minutes for 90-99% of biodiesel yield. 
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Transesterification of waste cooking oil in the presence of 1 wt.% sodium 
methoxide using microwave heating produced 98.87% conversion in 5 minutes 
of reaction time (Azcan and Yilmaz, 2013).  
 
 
The interaction between the electric field and the properties of the material 
influenced the sample in a microwave-assisted reaction. The dielectric properties 
of the material govern this effect. The dielectric properties affect the interaction 
of electromagnetic fields to a material at the molecular level, which means it 
defines the amount of energy transferred to the material (Thostenson and Chou, 
1999). The microwave can penetrate the materials and transfer the energy so 
that the heat is generated inside the materials. A dielectric constant represents 
the ability of a material to be polarized by the electric field, thus stores electrical 
potential energy. A dielectric loss factor is related to materials dissipation of 
electromagnetic energy, which takes place through either dipolar rotation or ionic 
conduction. When dipoles and ions interact with the oscillating electrical field, 
inter- and intra-molecular friction is formed. Heat is generated from the 
interaction, which heats up the whole volume of the material (Campos et al., 
2014). High conductivity materials are preferable by conventional heating 
methods, as heat is transmitted effectively, whereas, for microwaves, materials 
with moderate dielectric loss factor in conductivity range are preferred.  
 
 
1.2   Problem statement 
 
 
Numerous studies have been conducted on the transesterification of oil and 
trimethylolpropane (TMP) to produce polyol ester as a lubricant base oil. The 
operating parameters covered in the conventional heating method are 
temperature, catalyst amount, reaction time, reactants molar ratio, and pressure. 
The operating conditions for transesterification of PME and TMP for the 
conventional heating method vary from 80 – 150 ˚C, 20 - 50 mbar, 0.28 – 2 wt.% 
of an alkaline catalyst, 1:3.2 – 1:4.5 of polyol ester and PME molar ratio. The 
main issue with the current transesterification reaction is the extended reaction 
time, which took 53 minutes to 10 hours for a production yield of 37 – 99%. 
Additionally, with longer production time, high operating temperature, and a large 
amount of sodium-based catalyst, the saponification reaction between the 
sodium and fatty acid to produce a sodium soap will likely occur. Consequently, 
most of the catalyst will be consumed in the reaction, and less available for the 
main transesterification reaction. Lack of catalyst will affect the reaction 
conversion and product yield significantly.  
 
 
So far, the microwave application in the transesterification of oil and alcohol was 
mainly researched for biodiesel production. The reaction was successfully 
conducted under microwave heating for 30 seconds to 30 minutes to complete 
as compared to around 60 minutes for the conventional process. The range of 
operating conditions employed were 60 - 120˚C under atmospheric pressure, 
using 1 – 4 wt.% of an acidic or alkaline catalyst, molar ratio of oil to alcohol 1: 3 
– 1: 60 with a production yield of 80 – 99%. In view of that, it is envisaged that 
microwave heating has the potential to improve the current transesterification 

© C
OPYRIG

HT U
PM



3 

 

reaction of a polyol, TMP and methyl ester, PME in terms of reaction time and 
less soap production. The microwave heating and the corresponding polarisation 
effect generates heat and would accelerate any reaction. In addition, the 
interaction between the dielectric properties and material properties with 
microwave parameters can be modelled and simulated using the simulation 
software namely Comsol. To date, there is a limited study on using the 
microwave to produce TMP ester. Available studies focused on utilizing simple 
alcohols, such as methanol and ethanol in the transesterification with acid or 
ester. 
 
 
To date, there is no report on the kinetics study of the microwave-assisted 
transesterification to produce TMP ester or TMP triesters (TMPTE). Hence, very 
little information is available to understand the reaction pathways under 
microwave and vacuum condition. Previous kinetics study by Yunus et al. (2005) 
on TMPTE production used conventional heating at a lower temperature range 
of 70 to 130 ˚C, which can be used as a reference for the kinetics study of 
microwave reaction. The fact is the reactions that take place in conventional and 
microwave-assisted heating are the same, only the reaction rates could change 
due to the different heating mechanism. Hence, similar assumptions used in 
conventional heating are applicable for kinetics study in microwave reaction. The 
information from the kinetics study will provide insights on how the microwave 
reaction compares to the conventional method in terms of the rate of reaction. 
 
 
Moreover, the production of TMPTE using microwave should be supported by 
simulation work to better understand the phenomena of heat transport, the 
distribution of the electric field in the oven and the reaction mechanism. The lack 
of this knowledge may cause inconvenience in the up scaling of the reactor and 
the understanding of the fundamentals related to microwave heating. Numerous 
microwave simulation work focused on the drying of solid food or biodiesel 
production in a continuous reactor (Wu et al., 2013; Zhang et al., 2016). None, 
so far consider a coupled electromagnetic and heat transfer simulation model 
together with a reaction module. Both the electric field of the cavity and the power 
absorbed by the sample can be determined from this approach. In addition, the 
temperature and concentration profile of the production of TMPTE can also be 
obtained. 
 
 
1.3   Contribution of research 
 
 
The main aim of this study is to evaluate the potential of microwave irradiation to 
improve the rate of transesterification reaction in the production of biolubricant 
base oil as compared to conventional heating. Microwave is frequently used in 
biodiesel production because both methanol and ethanol are examples of good 
microwave radiation absorbance (Martinez-guerra and Gude, 2016). This 
favourable interaction of microwave and reactant (oil and alcohol-methanol) 
resulted in a significant reduction in process activation energy (Tangy et al., 
2017). This phenomenon is due to an increase in dipolar polarisation that 
uniquely attributed to microwave response. As a good microwave radiation 
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absorber, the movement of methanol dipoles reorients and actively aligns with 
the applied electric field, destroying the two-tier structure of the methanol-oil 
interface (Lin et al., 2014). The functional group of methanol is reactive, 
facilitating the formation of micro emulsions (Boffito et al., 2012; Patil et al., 2011; 
Queiroz et al., 2015; Yu et al., 2010). Choedkiatsakul et al. (2015) and Patil et 
al. (2012) explained that decreasing in the dielectric constant and the polarity of 
methanol increases the solubility of methanol and oil, hence increasing the 
transesterification yield. 

 
 

Besides that, the application of ionic catalyst such as alkaline catalyst can also 
provide positive interaction with microwave irradiation. The dielectric properties 
of the mixtures are strongly affected by the catalyst at high alcohol concentration 
due to the presence of ion in the mixtures. There is a strong interaction between 
the counter ion and the solvent molecules. Ionic conduction governs the energy 
dissipation instead of dipolar rotation. As temperature increases, the dielectric 
constant increases, the increase in kinetic energy lowers the viscosity, resulting 
in easier rotation and faster response from changes in the electrical field. 
Campos et al. (2014) in his study claimed that the use of ionic catalyst at high 
concentration of alcohol has a stronger effect on the dielectric properties in the 
production of methyl and ethyl ester due to the high mobility counterions (from 
sulfuric acid which is associated with high mobility ions and counterions). Under 
the electric field, the dipole moment of alcohol accelerates causing vigorous 
movement of ions which disrupts the barrier between alcohol and oil, resulting in 
the decrease of dielectric constant and alcohol polarity (Nurhidayanti et al., 
2021). As stated previously, this effect lowers the dielectric constant of reaction 
mixture in comparison to the pure alcohol and increases the miscibility of oil and 
alcohol (Campos et al., 2014). The loss factor also decreases at the end of the 
reaction due to the generation of less polar compounds such as alkyl ester, 
diglycerides and monoglycerides. This is an indicator of synergistic effect when 
ionic catalyst is used under a microwave condition. 
 
 
On the other hand, the substances which are involved in the production of polyol 
ester namely TMP and PME have different polarities as compared to methanol 
or ethanol used in the biodiesel system. TMP and PME have dielectric constants 
and loss factors of 1.78 and 0.04, and 3.39 and 0.25, respectively, as evaluated 
in this study. This has introduced challenges to the microwave-assisted 
transesterification proposed in this study. The use of vacuum to promote forward 
reaction, presents another obstacle for assessment. Biodiesel production is 
conducted under atmospheric pressure, not under vacuum condition. 
 
 
The conventional process requires transmission of energy by conduction, 
convection and heat radiation from the bottom of reactor surface for a reaction 
to take place. Such a heat transfer is energetically inefficient. Microwave heating 
by means of which the electromagnetic wave produced travels with the speed of 
light can intensify the transport through a process of radiation that heats target 
compounds at the molecular level without heating the entire reactor. This 
condition saves time and energy. In addition, the conventional method of 
transesterification to produce polyol ester-based lubricants usually takes hours 
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to complete. Although using the alkaline-based catalyst under a vacuum 
condition has successfully shortened the reaction time, competing saponification 
of the alkaline catalyst has reduced the yield of the product. The microwave 
technology is envisaged to accelerate the rate of reaction with significantly less 
catalysts and therefore curtails the saponification reaction. This combined 
technology would greatly improve the economic viability of biolubricants as an 
alternative to the conventional lubricant products and preserve the non-
renewable resources. 
 
 
1.4   Research objectives 
 
 
The objectives of this study are: 
 
 

i. To investigate the effect of chemical reaction parameters on 
transesterification of trimethylolpropane (TMP) and palm oil methyl ester 
(PME) using a microwave-assisted heating. 

ii. To evaluate the kinetics of microwave-assisted transesterification 
reaction of trimethylolpropane (TMP) and palm oil methyl ester (PME). 

iii. To simulate the microwave-assisted reaction using a coupled 
electromagnetic wave-heat transfer-chemical reaction models via 
numerical modelling software (COMSOL Multiphysics 4.2). 
 
 

1.5   Scope of study 

 

 
1.5.1   Optimization of trimethylolpropane triesters (TMPTE) production 

using microwave-assisted heating 

 

 
The raw materials chosen to produce TMPTE were palm oil methyl ester (PME) 
and trimethylolpropane (TMP). An alkaline catalyst: sodium methoxide was used 
to accelerate the reaction conducted in a modified domestic microwave oven. 
The reactions were conducted under different operating conditions to find the 
best range for the operating parameters. The effect of temperature was studied 
from 110 to 150 ̊ C while the effects of catalyst amount, time, TMP-to-PME molar 
ratio and pressure ranged from 0.2 – 1.0 wt.%, 3 – 25 minutes, 1:3 – 1:4.5, and 
10 – 50 mbar, respectively. GC system was chosen to analyse the composition 
of TMPTE produced. The final product was filtered to remove the excess catalyst 
and other solid product (soap) produced by the reactions. After that, the sample 
was fractionated using a distillation process to remove excess PME from the final 
product. Basic chemical and physical properties such as density, viscosity, cloud 
and pour point analysis were tested.  
 
 
The dielectric properties of the raw materials and the product were measured at 
room temperature at 1- 10 GHz using a network analyser. The network analyser 
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cable used is not capable of measuring the sample at high temperature, which 
is the limitation faced during the study. Furthermore, the studies were only 
carried out at a frequency 2.45 GHz, hence the effect of frequency was not 
investigated. In addition, no temperature imaging analyser was available during 
the experimental activity to identify the hotspot temperature or its specific 
position in the microwave. 
 
 
1.5.2   Kinetics study of transesterification of TMP and PME via 

microwave heating 

 

 
The optimum conditions were selected to conduct the kinetics study at four 
different temperatures: 110, 120, 130 and 140 ˚C. The kinetics parameters were 
the reaction rate constant, the activation energy, the pre-exponential value, A 
which were the main factor in the Arrhenius equation and Gibbs energy. 
Assuming that all reaction steps are reversible, there are six reaction rate law 
expressions that need to be solved to achieve the kinetics parameters. MATLAB 
simulation software was used to solve these expressions using the ordinary 
differential equation (ODE) method. The simulated versus experimental data 
curve showed well-fit data with a small sum of standard error (SE). 
 
 
1.5.3   COMSOL simulation of electromagnetic - heat transfer coupled 

model 
 
 
A model to simulate the transesterification reaction of TMP and PME in COMSOL 
was constructed. Several modules were used in the model such as reaction 
engineering (re), electromagnetic waves, (emw) and heat transfer in fluids (ht). 
First, the emw was defined accordingly to solve the distribution of the electric 
field and forward the results to ht module. Finally, re module was solved by 
predicting the concentration profile for the transesterification reaction. The 
numerical modelling was conducted based on the following sub objectives: 
 

i. Formulate a fully coupled electromagnetic-heat transfer model for the 
transesterification reaction to obtain a temperature profile. 

ii. Determine the electric field inside the oven cavity and sample in order to 
estimate the power absorbed by the sample. 

iii. Investigate the effect of temperature on the concentration of TMPE 
profile. 
 
 

Some limitation faced during this part was the current setup is unable to record 
the live-time changes of the thermophysical (such as density, viscosity, dielectric 
constant, loss factor, heat capacity, thermal conductivity) of the reaction mixture. 
The combination of a stationary (electromagnetic wave module) and a rotating 
frame (to introduce a stirrer for mixing effect) has developed a discontinuity in 
the interfaces, which could not be solved in this computation. 
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1.6   Thesis outline 
 
 
This thesis consists of five chapters that begin with a brief introduction to the 
study in Chapter 1. The problem statements and the objectives are further 
explained in this chapter. Chapter 2 is on the literature review, which provides 
an in-depth study of the previous reports by various researchers. Chapter 2 
involves a critical evaluation and reasoning of the process and decision chosen 
for the project. This includes the selection of materials, the study of process 
parameters, the improvement of the available simulation method and the 
selection of simulation data using COMSOL. Detail procedures are elucidated in 
Chapter 3, based on the study objectives for the reliable repetition of 
experimental work. Chapter 4 presented all the results obtained for these 
objectives and provided a scientific evaluation and discussion of the results as 
compared to other published work. Finally, a concluding remark and some 
recommendations were detailed in Chapter 5.  

© C
OPYRIG

HT U
PM



134 

 

REFERENCES 

 

 
Abdelmoez, W., Ashour, E. and Naguib, S. M. (2015). A review on green trend 

for oil extraction using subcritical water technology and biodiesel 
production. Journal of Oleo Science, 64(5), 467–478. 

 
Abidin, Z. Z., Omar, F. N., and Biak, D. R. A. (2014). Dielectric characterization 

of ethanol and sugar aqueous solutions for potential halal authentication. 
International Journal of Microwave and Optical Technology, 9(1), 39-43. 

 
Abidin, Z. Z., Omar, F. N., Biak, D. R. A. and Man, Y. C. (2016). Alternative for 

rapid detection and screening of pork, chicken, and beef using dielectric 
properties in the frequency of 0.5 – 50 GHz. International Journal of Food 
Properties, 9(5), 1127-1138. 

 
Ahmad Farid, M. A., Hassan, M. A., Taufiq-Yap, Y. H., Ibrahim, M. L., Hasan, M. 

Y., Ali, A. A. M., Othman, M. R., and Shirai, Y. (2018). Kinetic and 
thermodynamic of heterogeneously K3PO4/AC-catalysed 
transesterification via pseudo-first order mechanism and Eyring-Polanyi 
equation. Fuel, 232(June), 653–658.  

 
Akarapu, R., Li, B. Q., Huo, Y., Tang, J. and Liu, F. (2004). Integrated modeling 

of microwave food processing and comparison with experimental 
measurements. Journal of Microwave Power and Electromagnetic Energy, 
39(No.3 & 4), 153–165.  

 
Åkerman, C. O., Gaber, Y., Ghani, N. A., Lämsä, M. and Hatti-Kaul, R. (2011). 

Clean synthesis of biolubricants for low temperature applications using 
heterogeneous catalysts. Journal of Molecular Catalysis B: Enzymatic, 
72(3–4), 263–269.  

 
Akmal, A. A. S., Borsi, H., Gockenbach, E., Wasserberg, V. and Mohseni, H. 

(2006). Dielectric behavior of insulating liquids at very low frequency. IEEE 
Transactions on Dielectrics and Electrical Insulation, 13(3), 532-538. 

 
Altaie, M. A. H., Janius, R. B., Rashid, U., Taufiq Yap, Y. H., Yunus, R. and 

Zakaria, R. (2015). Cold flow and fuel properties of methyl oleate and palm-
oil methyl ester blends. Fuel, 160, 238–244.  

 
Aluyor, E. O., and Ori-jesu, M. (2009). Biodegradation of mineral oils – A review. 

African Journal of Biotechnology, 8(6), 915–920. 
 
Arniza, M. Z., Hoong, S. S., Idris, Z., Yeong, S. K., Hassan, H. A., Din, A. K. and 

Choo, Y. M. (2015). Synthesis of transesterified palm olein-based polyol 
and rigid polyurethanes from this polyol. Journal of the American Oil 
Chemists’ Society, 92(2), 243–255.  

 

© C
OPYRIG

HT U
PM



135 

Aruda, T. B. M. G., Rodrigues, F. E. A., Dantas, M. B., Quintella, S. A., Arruda, 
D. T. D., Jr, C. L. C. and Ricardo, N. M. P. S. (2015). Renewable energy in
the service of mankind. In S. A. (Ed.), Renewable Energy in the Service of
Mankind (Vol. 1). Springer, Cham.

Azcan, N. and Danisman, A. (2008). Microwave assisted transesterification of 
rapeseed oil. Fuel, 87(10–11), 1781–1788. 

Azcan, N. and Yilmaz, O. (2013). Microwave assisted transesterification of waste 
frying oil and concentrate methyl ester content of biodiesel by molecular 
distillation. Fuel, 104, 614–619.  

Aziz, N. A. M., Yunus, R., Rashid, U. and Muhammad, A. (2014). Application of 
response surface methodology (RSM) for optimizing the palm-based 
pentaerythritol ester synthesis. Industrial Crops and Products, 62, 305–312. 

Aziz, N. A. M. (2015). Development of food grade green lubricant from palm oil 
methyl ester. Master Thesis. Universiti Putra Malaysia. 

Aziz, N. A. M., Yunus, R., Rashid, U. and Zulkifli, N. W. M. (2016). Temperature 
effect on tribological properties of polyol ester-based environmentally 
adapted lubricant. Tribology International, 93, 43–49.  

Baharuddin, S. A. (2017). Development of pure and adulterated honey 
measurement system using multiple frequencies six-port reflectometer 
(SPR). Master Thesis. Universiti Malaysia Perlis. 

Bakry, M., and Klinkenbusch, L. (2018) Using the kramers-kronig transforms to 
retrieve the conductivity from the effective complex permittivity. Advances 
in Radio Science, 16, 23 – 28.  

Banerjee, A. and Chakraborty, R. (2009). Parametric sensitivity in 
transesterification of waste cooking oil for biodiesel production - A review. 
Resources, Conservation and Recycling, 53(9), 490–497.  

Barekati-Goudarzi, M., Muley, P. D., Clarens, A., Nde, D. B. and Boldor, D. 
(2017). Continuous microwave-assisted in-situ transesterification of lipids in 
seeds of invasive Chinese tallow trees (Triadica sebifera L.): Kinetic and 
thermodynamic studies. Biomass and Bioenergy, 107, 353–360.  

Bartz, W. J. (1998). Lubricants and the environment. Tribology International, 
31(1–3), 35–47. 

Beran, E. (2008). Experience with evaluating biodegradability of lubricating base 
oils. Tribology International, 41(12), 1212–1218. 

Bilal, S., Mohammed-Dabo, I. A., Nuhu, M., Kasim, S. A., Almustapha, I. H. and 
Yamusa, Y. (2013). Production of biolubricant from Jatropha curcas seed 
oil. Journal of Chemical Engineering and Materials Science, 4(6), 72–79.  

© C
OPYRIG

HT U
PM



136 

 

Binner, J. G. P., Hassine, N. A. and Cross, T. E. (1995). The possible role of the 
pre-exponential factor in explaining the increased reaction rates observed 
during the microwave synthesis of titanium carbide. Journal of Materials 
Science, 30, 5389-5393. 

 
Boffito, D.C., Mansi, S., Pirola, C., Leveque, J. M., Carvoli, G., Vitali, S., Bianchi, 

C. L., Rispoli, A., Barnabe, D. and Bucchi, R. (2012). High efficiency 
esterification and transesterification of alternative feedstock for biodiesel 
production. Reducing the Carbon Footprint of Fuels and Petrochemicals, 
DGMK Conference, 211-216. 

 
Bokhari, A., Chuah, L. F., Yusup, S., Klemeš, J. J., Akbar, M. M. and Kamil, R. 

N. M. (2016). Cleaner production of rubber seed oil methyl ester using a 
hydrodynamic cavitation: optimisation and parametric study. Journal of 
Cleaner Production, 136, 31–41.  

 
Bonhorst, C. W., Althouse, P. M. and Triebold, H. O. (1948). Esters of naturally 

occurring fatty acids. Physical properties of methyl, propyl, and isopropyl 
esters of C6 to C18 saturated fatty acids. Industrial and Engineering 
Chemistry, 40(12), 2379-2384. 

 
Borugadda, V. B. and Goud, V. V. (2014). Thermal, oxidative and low 

temperature properties of methyl esters prepared from oils of different fatty 
acids composition: A comparative study. Thermochimica Acta, 577, 33–40. 

  
Bouaid, A., Bajo, L., Martinez, M. and Aracil, J. (2007). Optimization of biodiesel 

production from Jojoba oil. Trans IChemE, Part B, Process Safety and 
Environmental Protection, 85(B5), 378–382. 

 
Caddick, S. (1995). Microwave assisted organic reactions. Tetrahedron, 51 (28), 

10403 – 10432. 
 
Campanella, A., Rustoy, E., Baldessari, A. and Baltanás, M. A. (2010). 

Lubricants from chemically modified vegetable oils. Bioresource 
Technology, 101(1), 245–254.  

 
Campos, D. C., Dall’Oglio, E. L., de Sousa Jr, P. T., Vasconcelos, L. G. and 

Kuhnen, C. A. (2014). Investigation of dielectric properties of the reaction 
mixture during the acid-catalyzed transesterification of Brazil nut oil for 
biodiesel production. Fuel, 117, Part(0), 957–965.  

 
Carey, A.A. and Hayzen, A.J. (2016). Dielectric constant and oil analysis. 

Retrieved from https://www.machinerylubrication.com/Read/226/dielectric-
constant-oil-analysis 

 
Cecilia, J. A., Plata, D. B., Saboya, R. M. A., de Luna, F. M. T., Cavalcante, C. 

L. and Rodríguez-Castellón, E. (2020). An overview of the biolubricant 
production process: Challenges and future perspectives. Processes, 8(3), 
1–24.  

 

© C
OPYRIG

HT U
PM

https://www.machinerylubrication.com/Read/226/dielectric-constant-oil-analysis
https://www.machinerylubrication.com/Read/226/dielectric-constant-oil-analysis


137 

 

Chandrasekaran, S., Ramanathan, S. and Basak, T. (2012). Microwave material 
processing - A review. AIChE Journal, 58(2), 330–363. 

 
Chang, T.S., Masood, H., Yunus, R., Rashid, U., Choong, T. S. Y., and 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. (2015). Synthesis of high oleic palm oil-based trimethylolpropane 

esters using calcium methoxide catalyst for use as lubricant base stock. 
Universiti Putra Malaysia. 

 
Cheng, J., Huang, R., Li, T., Zhou, J. and Cen, K. (2014). Biodiesel from wet 

microalgae: Extraction with hexane after the microwave-assisted 
transesterification of lipids. Bioresource Technology, 170, 69–75.  

 
Choedkiatsakul, I., Ngaosuwan, K., Assabumrungrat, S., Tabasso, S. and 

Cravotto, G. (2015). Integrated flow reactor that combines high-shear 
mixing and microwave irradiation for biodiesel production. Biomass and 
Bioenergy, 77, 186–191.  

 
Chuah, L. F., Yusup, S., Abd Aziz, A. R., Bokhari, A., Klemeš, J. J. and Abdullah, 

M. Z. (2015). Intensification of biodiesel synthesis from waste cooking oil 
(Palm Olein) in a Hydrodynamic Cavitation Reactor: Effect of operating 
parameters on methyl ester conversion. Chemical Engineering and 
Processing: Process Intensification, 95, 235–240.  

 
Chuah, L. F., Klemeš, J. J., Yusup, S., Bokhari, A., and Akbar, M. M. (2017). A 

review of cleaner intensification technologies in biodiesel production. 
Journal of Cleaner Production, 146, 181–193.  

 
Coleman, C. J. (1990). On the microwave hotspot problem. The Journal of the 

Australian Mathematical Society. Series B. Applied Mathematics, 33(1), 1-
8. 

 
Conejos-Edeza, J. R., Roces, S. A., Bacani, F. T. and Tan, R. R. (2014). Process 

engineering implications of response surface analysis of microwave-
induced process intensification of coconut oil transesterification. Presented 
at the DLSU Research Congress 2014, De La Salle University, Manila, 
Philippines, March 6-8, 2014, 1–6. 

 
da Silva, J. A. C., Habert, A. C. and Freire, D. M. G. (2013). Elasto-aerodynamic 

lubrication analysis of a self-acting air foil. Lubrication Science, 25, 53–61. 
  
Dakin, T. W. (2006). Conduction and polarization mechanism and trends in 

dielectrics. IEE Electrical Insulation Magazine, 22(5), 11-28. 
 
Dall’Oglio, E. L., de Sousa Jr, P. T., de Jesus Oliveira, P. T., de Vasconcelos, L. 

G., Parizotto, C. A. and Kuhnen, C. A. (2014). Use of heterogeneous 
catalysts in methylic biodiesel production induced by microwave irradiation. 
Quimica Nova, 37(3), 29–36. 

© C
OPYRIG

HT U
PM



138 

 

 
Darnoko, D. and Cheryan, M. (2000). Kinetics of palm oil transesterification in a 

batch reactor. Journal of the American Oil Chemists’ Society, 77(12), 1263–
1267.  

 
Dehghan, L., Golmakani, M. T. and Hosseini, S. M. H. (2019). Optimization of 

microwave-assisted accelerated transesterification of inedible olive oil for 
biodiesel production. Renewable Energy, 138, 915-922.  

 
DeLisle, J.J. (2015). 13 key considerations for aerospace RF/microwave 

devices. Retrieved from http://www.mwrf.com/active-components/13-key-
considerations-aerospace-rfmicrowave-devices 

 
Ding, H., Ye, W., Wang, Y., Wang, X., Li, L., Liu, D., Gui, J., Song, C. and Ji, N. 

(2018). Process intensification of transesterification for biodiesel production 
from palm oil: Microwave irradiation on transesterification reaction catalyzed 
by acidic imidazolium ionic liquids. Energy, 144, 957–967.  

 
Dominguez, A., Fernández, Y., Fidalgo, B., Pis, J. J. and Menéndez, J. A. (2017). 

Biogas to syngas by microwave-assisted reforming in the presence of char. 
Energy and Fuels, 21, 2066–2071.  

 
Dudley, G. B., Richert, R. and Stiegman, A. E. (2015). On the existence of and 

mechanism for microwave-specific reaction rate enhancement. Chemical 
Science, 6(4), 2144–2152.  

 
Duz, M. Z., Saydut, A. and Ozturk, G. (2011). Alkali catalyzed transesterification 

of safflower seed oil assisted by microwave irradiation. Fuel Processing 
Technology, 92(3), 308–313.  

 
Elmelawy, M. S., El-Meligy, A., Mawgoud, H. A., Morshedy, A. S., Hanafy, S. A. 

El-sayed, I. E. (2021). Synthesis and kinetics study of trimethylolpropane 
fatty acid triester from oleic acid methyl ester as potential biolubricant. 
Biomass Conversion and Biorefinery, 1-13. 

 
El Sherbiny, S. A., Refaat, A. A. and El Sheltawy, S. T. (2010). Production of 

biodiesel using the microwave technique. Journal of Advanced Research, 
1(4), 309–314.  

 
Esipovich, A. L., Rogozhin, A. E., Belousov, A. S., Kanakov, E. A. and Danov, S. 

M. (2018). A comparative study of the separation stage of rapeseed oil 
transesterification products obtained using various catalysts. Fuel 
Processing Technology, 173(November 2017), 153–164. 

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

pentaerythritol. Infrared spectroscopy study of relationship between 
structure, reactivity, and thermal properties. Journal of American Oil 
Chemists’ Society, (75), 293-299. 

 
Fang, Z., Richard, L., Smith, J. and Qi, X. (2015). Production of Biofuels and 

Chemicals with Microwave. Springer: Netherlands. 

© C
OPYRIG

HT U
PM

http://www.mwrf.com/active-components/13-key-considerations-aerospace-rfmicrowave-devices
http://www.mwrf.com/active-components/13-key-considerations-aerospace-rfmicrowave-devices


139 

 

 
Felder, R. M., and Rousseau, R. W. (2000). Chapter 9, Balances on reactive 

processes. In Elementary Principles of Chemical Processes (3rd edition, pp. 
440 – 503). John Wiley & Sons. 

 
Fernández, Y., Arenillas, A., Bermúdez, J. M. and Menéndez, J. A. (2010). 

Comparative study of conventional and microwave-assisted pyrolysis, 
steam and dry reforming of glycerol for syngas production, using a 
carbonaceous catalyst. Journal of Analytical and Applied Pyrolysis, 88(2), 
155–159.  

 
Freedman, B., Pryde, E. H., Mounts, T. L. and Regional, N. (1984). Variables 

affecting the yields of fatty esters from transesterified vegetable oils. Journal 
of the American Oil Chemists’ Society, 61(10), 1638–1643. 

 
Gauza, L., Blair, S., Mcelhoney, K. and Kittredge, K. W. (2015). The evaluation 

of microwave-assisted and conventional heating in the acid-catalyzed 
synthesis of biodiesel from vegetable oil. International Journal of Advanced 
Research in Chemical Science, 2(6), 34–39.  

 
Georgogianni, K. G., Kontominas, M. G., Pomonis, P. J., Avlonitis, D. and Gergis, 

V. (2008). Conventional and in situ transesterification of sunflower seed oil 
for the production of biodiesel. Fuel Processing Technology, 89(5), 503–
509.  

 
Globenewswire.com (2018). Global lubricants market will reach USD 146.3 

billion by 2024: Zion market research. Retrieved from 
https://www.globenewswire.com/news-
release/2018/05/23/1510519/0/en/Global-Lubricants-Market-Will-Reach-
USD-146-3-Billion-by-2024-Zion-Market-Research.html  

 
Gokul, R. S., and Jambulingam, R. (2019). Computational analysis of methyl 

oleate in biodiesel produced from waste beef tallow. Research Journal of 
Chemistry and Environment, 23(2), 51-59. 

 
Gole, V. L. and Gogate, P. R. (2013). Intensification of synthesis of biodiesel 

from non-edible oil using sequential combination of microwave and 
ultrasound. Fuel Processing Technology, 106, 62–69.  

 
Gryglewicz, S., Muszynski, M. and Nowicki, J. (2013). Enzymatic synthesis of 

rapeseed oil-based lubricants. Industrial Crops and Products, 45, 25–29. 
 
Gude, V. G., Patil, P., Martinez-guerra, E. and Deng, S. (2013). Microwave 

energy potential for biodiesel production. Sustainable Chemical Processes, 
1(5), 1–31. 

 
Guldhe, A., Singh, B., Rawat, I. and Bux, F. (2014). Synthesis of biodiesel from 

Scenedesmus sp. by microwave and ultrasound assisted in situ 
transesterification using tungstated zirconia as a solid acid catalyst. 
Chemical Engineering Research and Design, 92(8), 1503–1511. 

 

© C
OPYRIG

HT U
PM

https://www.globenewswire.com/news-release/2018/05/23/1510519/0/en/Global-Lubricants-Market-Will-Reach-USD-146-3-Billion-by-2024-Zion-Market-Research.html
https://www.globenewswire.com/news-release/2018/05/23/1510519/0/en/Global-Lubricants-Market-Will-Reach-USD-146-3-Billion-by-2024-Zion-Market-Research.html
https://www.globenewswire.com/news-release/2018/05/23/1510519/0/en/Global-Lubricants-Market-Will-Reach-USD-146-3-Billion-by-2024-Zion-Market-Research.html


140 

 

Gunawan, E. R., Basri, M., Rahman, M. B. A., Salleh, A. B. and Rahman, R. N. 
Z. A. (2005). Study on response surface methodology (RSM) of lipase-
catalyzed synthesis of palm-based wax ester. Enzyme and Microbial 
Technology, 37(7), 739–744.  

 
Guo, Q., Sun, D. W., Cheng, J. H. and Han, Z. (2017). Microwave processing 

techniques and their recent applications in the food industry. Trends in Food 
Science and Technology, 67, 236–247. 

  
Hamid, H. A., Yunus, R. and Choong, T. S. Y. (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), 1-19.  

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

(2012). Synthesis of palm oil-based trimethylolpropane ester as potential 
biolubricant: Chemical kinetics modeling. Chemical Engineering Journal, 
200–202, 532–540.  

 
Hamid, H. A., Yunus, R., Rashid, U., Choong, T. S. Y., Ali, S. and Syam, A. M. 

(2016). Synthesis of high oleic palm oil-based trimethylolpropane esters in 
a vacuum operated pulsed loop reactor. Fuel, 166, 560–566.  

 
Hamid, M. H. A., Ishak, M. T., Din, M. F. M., Suhaimi, N. S., and Katim, N. I. A. 

(2016b). Dielectric properties of natural ester oil used for transformer 
application under temperature variation. IEEE, International Conference on 
Power and Energy (PECon), 54-57. 

 
Hamid, H.A., Yunus, R., Rashid, U., Choong, T. S. Y., Ali, S., and Syam, A. M. 

(2018). Synthesis study of high oleic palm oil-based trimethylolpropane 
triesters: Response surface methodology-based optimization. Chiang Mai 
Journal of Science, 45(2), 984–996. 

 
Han, G. Z., and Chen, M.D. (2008). Microwave peak absorption frequency of 

liquid. Science in China Series G: Physics, Mechanics & Astronomy, 51 (9), 
1254 – 1263. 

 
Haneishi, N., Tsubaki, S., Abe, E., Maitani, M. M., Suzuki, E., Fujii, S., 

Fukushima, J., Takizawa, H. and Wada, Y. (2019). Enhancement of fixed-
bed flow reactions under microwave irradiation by local heating at the vicinal 
contact points of catalyst particles. Scientific Reports, 9(1), 1–12.  

 
Happe, M., Ellert, C., Aeby, S., Zahno, S., Mabillard, E., Héritier, J.-C., Fischer, 

F., Grand, P., Corthay, F., Tièche, F., Marti, R., Grogg, A.-F., Roduit, A., 
Nussbaum, S., Farquet, S., Vanoli, E., Salem, S., Schmitt, E., Constantin, 
C., … Wyss, J. (2012). Microwave barrel reactor use in trimethylolpropane 
oleate synthesis by Candida antarctica lipase in a biphasic non-solvent 
process. Green Chemistry, 14(8), 2337.  

 
© C

OPYRIG
HT U

PM



141 

 

Hidalgo, P., Toro, C., Ciudad, G. and Navia, R. (2013). Advances in direct 
transesterification of microalgal biomass for biodiesel production. Reviews 
in Environmental Science and Biotechnology, 12(2), 179–199.  

 
Hincapié, G. M., Valange, S., Barrault, J., Moreno, J. A., and López, D. P. (2014). 

Effect of microwave-assisted system on transesterification of castor oil with 
ethanol. Universitas Scientiarum, 19(3), 193–200.  

 
Hong, T., Tang, Z., Zhou, Y. and Huang, K. (2018) Numerical model for uniform 

microwave-assisted continuous flow process of biodiesel production. IEEE, 
International Conference on Microwave and Millimeter Wave Technology 
(ICMMT), 2018 1-3. 

 
Hoogenboom, R., Wilms, T. F. A., Erdmenger, T. and Schubert, U. S. (2009). 

Microwave-assisted chemistry: A closer look at heating efficiency. 
Australian Journal of Chemistry, 62(3), 236–243.  

 
Hsiao, M. C., Lin, C. C. and Chang, Y. H. (2011). Microwave irradiation-assisted 

transesterification of soybean oil to biodiesel catalyzed by nanopowder 
calcium oxide. Fuel, 90(5), 1963–1967.  

 
Ivan-Tan, C. T., Islam, A., Yunus, R. and Taufiq-Yap, Y. H. (2017). Screening of 

solid base catalysts on palm oil based biolubricant synthesis. Journal of 
Cleaner Production, 148, 441-451.  

 
Jain, S. and Sharma, M. P. (2012). Application of thermogravimetric analysis for 

thermal stability of Jatropha curcas biodiesel. Fuel, 93, 252–257.  
 
Jering, A., Gunther, J., Rascha, A., Carus, M., Piotrowski, S., Scholz, L. and 

Vollmer, G. (2010). Use of renewable raw materials with special emphasis 
on chemical industry. European Topic Centre on Sustainable Consumption 
and Production, March, 1–58. 

 
Kamil, R. N. M. and 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. and 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., Rashid, S. A., Jan, B. M., and Aulia, A. (2021). 

Lubricity performance of non-ionic surfactants in high-solid drilling fluids: A 
perspective from quantum chemical calculations and filtration properties. 
Journal of Petroleum Science and Engineering, 207 (109162), 1-10.  

 
Kanitkar, A., Balasubramanian, S., Lima, M. and Boldor, D. (2011). A critical 

comparison of methyl and ethyl esters production from soybean and rice 
bran oil in the presence of microwaves. Bioresource Technology, 102(17), 
7896–7902.  

© C
OPYRIG

HT U
PM



142 

 

 
Kappe, C. O. (2008). Microwave dielectric heating in synthetic organic chemistry. 

Chemical Society Reviews, 37(6), 1127–1139.  
 
Kaur, M. and Ali, A. (2015). An efficient and reusable Li/NiO heterogeneous 

catalyst for ethanolysis of waste cottonseed oil. European Journal of Lipid 
Science and Technology, 117(4), 550–560.  

 
Kheang, L. S. and May, C. Y. (2012). Influence of a lubricant auxiliary from palm 

oil methyl esters on the performance of palm olein-based fluid. Journal of 
Oil Palm Research, 24(AUGUST), 1388–1396. 

 
Klofutar, B., Golob, J., Likozar, B., Klofutar, C., Žagar, E. and Poljanšek, I. 

(2010). The transesterification of rapeseed and waste sunflower oils: Mass-
transfer and kinetics in a laboratory batch reactor and in an industrial-scale 
reactor/separator setup. Bioresource Technology, 101(10), 3333–3344.  

 
Koberg, M., Abu-Much, R. and Gedanken, A. (2011). Optimization of bio-diesel 

production from soybean and wastes of cooked oil: Combining dielectric 
microwave irradiation and a SrO catalyst. Bioresource Technology, 102(2), 
1073–1078.  

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

biolubricant in an oscillatory flow reactor (OFR). Industrial Crops and 
Products, 52, 567–574.  

 
Kouzu, M., Kasuno, T., Tajika, M., Sugimoto, Y., Yamanaka, S. and Hidaka, J. 

(2008). Calcium oxide as a solid base catalyst for transesterification of 
soybean oil and its application to biodiesel production. Fuel, 87(12), 2798–
2806.  

 
Kouzu, M., Fujimori, A., Fukakusa, R., Satomi, N. and Yahagi, S. (2018). 

Continuous production of biodiesel by the CaO-catalyzed transesterification 
operated with continuously stirred tank reactor. Fuel Processing 
Technology, 181(August), 311–317. 

 
Kremsner, J. M. and Kappe, C. O. (2006). Silicon carbide passive heating 

elements in microwave-assisted organic synthesis. Journal of Organic 
Chemistry, 71(12), 4651–4658.  

 
Kumar, R., Ravi Kumar, G. and Chandrashekar, N. (2011). Microwave assisted 

alkali-catalyzed transesterification of Pongamia pinnata seed oil for 
biodiesel production. Bioresource Technology, 102(11), 6617–6620.  

 
Kusuma, H. S., Ansori, A., Wibowo, S., Bhuana, D. S. and Mahfud, M. (2018). 

Optimization of transesterification process of biodiesel from Nyamplung 
(Calophyllum inophyllum Linn) using microwave with CaO catalyst. Korean 
Chemical Engineering Research 56(4), 435–440.  

 
Lam, M. K., Lee, K. T. and Mohamed, A. R. (2010). Homogeneous, 

heterogeneous and enzymatic catalysis for transesterification of high free 

© C
OPYRIG

HT U
PM



143 

 

fatty acid oil (waste cooking oil) to biodiesel: A review. Biotechnology 
Advances, 28(4), 500–518.  

 
Lam, S. S., Russell, A. D. and Chase, H. A. (2010b). Microwave pyrolysis, a 

novel process for recycling waste automotive engine oil. Energy, 35(7), 
2985–2991.  

 
Lam, S. S., Liew, R. K., Cheng, C. K. and Chase, H. A. (2015). Catalytic 

microwave pyrolysis of waste engine oil using metallic pyrolysis char. 
Applied Catalysis B: Environmental, 176–177(1), 601–617.  

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

production using catalyzed transesterification. Applied Energy, 87, 1083-
1095. 

 
Li, H., Shi, S., Lin, B., Lu, J., Lu, Y., Ye, Q., Wang, Z., Hong, Y. and Zhu, X. 

(2019). A fully coupled electromagnetic, heat transfer and multiphase 
porous media model for microwave heating of coal. Fuel Processing 
Technology, 189(October 2018), 49–61.  

 
Liao, C. C. and Chung, T. W. (2011). Analysis of parameters and interaction 

between parameters of the microwave-assisted continuous 
transesterification process of Jatropha oil using response surface 
methodology. Chemical Engineering Research and Design, 89(12), 2575–
2581.  

 
Liao, C., Chung, T., Engineering, C. and Technology, M. (2013). Chemical 

Engineering Research and Design Optimization of process conditions using 
response surface methodology for the microwave-assisted 
transesterification of Jatropha oil with KOH impregnated CaO as catalyst. 
Chemical Engineering Research and Design, 1(January 2012), 2457–2464. 

 
Lidstrom, P., Tierney, J. P., Wathey, B. and Westman, J. (2005). Microwave-

assisted organic synthesis - a review. Tetrahedron, 57(2001), 9225–9283. 
  
Lieu, T., Yusup, S. and Moniruzzaman, M. (2016). Kinetic study on microwave-

assisted esterification of free fatty acids derived from Ceiba pentandra seed 
oil. Bioresource Technology, 211, 248–256.  

 
Lin, Y. C., Hsu, K. H. and Lin, J. F. (2014). Rapid palm-biodiesel production 

assisted by a microwave system and sodium methoxide catalyst. Fuel, 115, 
306–311.  

 
Lin, B., Li, H., Chen, Z., Zheng, C., Hong, Y. and Wang, Z. (2017). Sensitivity 

analysis on the microwave heating of coal: A coupled electromagnetic and 
heat transfer model. Applied Thermal Engineering, 126, 949–962.  

 
Linko, Y., Tervakangas, T., Lämsä, M. and Linko, P. (1997). Production of 

trimethylolpropane esters of rapeseed oil fatty acids by immobilized lipase. 
Biotechnology Techniques 11(11), 889–892. 

 

© C
OPYRIG

HT U
PM



144 

 

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.  

 
Liu, W., Yin, P., Liu, X., Chen, W., Chen, H., Liu, C., Qu, R. and Xu, Q. (2013). 

Microwave assisted esterification of free fatty acid over a heterogeneous 
catalyst for biodiesel production. Energy Conversion and Management, 76, 
1009–1014.  

 
Lokman, I. M., Rashid, U. and Taufiq-Yap, Y. H. (2015). Microwave-assisted 

methyl ester production from palm fatty acid distillate over a heterogeneous 
carbon-based solid acid catalyst. Chemical Engineering and Technology, 
38(10), 1837–1844.  

 
Lu, W., Alam, M. A., Wu, C., Wang, Z. and Wei, H. (2019). Enhanced 

deacidification of acidic oil catalyzed by sulfonated granular activated 
carbon using microwave irradiation for biodiesel production. Chemical 
Engineering and Processing - Process Intensification, 135(July 2018), 168–
174.  

 
Maddikeri, G. L., Gogate, P. R. and Pandit, A. B. (2014). Intensified synthesis of 

biodiesel using hydrodynamic cavitation reactors based on the 
interesterification of waste cooking oil. Fuel, 137, 285–292.  

 
Maloney, J. O. (2007). Perrys’ Chemical Engineers’ Handbook. 8th Edition.  
 
Man, A. K. and Shahidan, R. (2007). Microwave-assisted chemical reactions. 

Journal of Macromolecular Science, Part A: Pure and Applied Chemistry, 
44(6), 651–657.  

 
Martinez-Guerra, E., Gude, V. G., Mondala, A., Holmes, W. and Hernandez, R. 

(2014). Microwave and ultrasound enhanced extractive-transesterification 
of algal lipids. Applied Energy, 129, 354–363.  

 
Martinez-guerra, E. and Gude, V. G. (2016). Alcohol effect on microwave-

ultrasound enhanced transesterification reaction. Chemical Engineering & 
Processing: Process Intensification, 101, 1–7. 

 
Masjuki, H., Zaki, A. M. and Sapuan, S. M. (1993). A rapid test to measure 

performance, emission and wear of a diesel engine fuel with palm oil diesel. 
Journal of the American Oil Chemists’ Society, 70(10), 1021–1025.  

 
Masjuki, H. H., Maleque, M. A., Kubo, A. and Nonaka, T. (1999). Palm oil and 

mineral oil-based lubricants - their tribological and emission performance. 
Tribology International, 32(6), 305–314.  

 
Masood, H., Yunus, R., Choong, T. S. Y., Rashid, U. and 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, 184–190.  

 

© C
OPYRIG

HT U
PM



145 

 

Matsushige, T., Miyata, E., Ishitobi, M. and Nakaoka, M. (2000). Voltage-
clamped soft switching PWM inverter-type DC-DC converter for microwave 
oven and its utility AC slide harmonics evaluations. Proceedings IPEMC, 
Third International Power Electronics and Motion Control Conference (IEEE 
Cat. No.00EX435), 147-152.  

 
Mazo, P. C. and Rios, L. A. (2010). Esterification and transesterification assisted 

by microwaves of crude palm oil. homogeneous catalysis. Latin American 
Applied Research, 40(4), 337–342. 

 
Mazo, P., Rios, L., Estenoz, D. and Sponton, M. (2012). Self-esterification of 

partially maleated castor oil using conventional and microwave heating. 
Chemical Engineering Journal, 185–186, 347–351.  

 
Mazzocchia, C., Modica, G., Kaddouri, A. and Nannicini, R. (2004). Fatty acid 

methyl esters synthesis from triglycerides over heterogeneous catalysts in 
the presence of microwaves. Comptes Rendus Chimie, 7(6–7), 601–605.  

 
Mcmanus, M. C., Hammond, G. P. and Burrows, C. R. (2004). Life-cycle 

assessment of mineral and rapeseed oil in mobile hydraulic systems. 
Journal of Industrial Ecology, 7(3), 163–177. 

 
Meher, L. C., Vidya Sagar, D. and Naik, S. N. (2006). Technical aspects of 

biodiesel production by transesterification - A review. Renewable and 
Sustainable Energy Reviews, 10(3), 248–268.  

 
Metaxas, A. C. (1991). Microwave heating. Power Engineering Journal, 237-247. 
 
Mir, M. and Ghoreishi, S. M. (2015). Response surface optimization of biodiesel 

production via catalytic transesterification of fatty acids. Chemical 
Engineering and Technology, 38(5), 835–834. 

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

K. A. H., Habibullah, M., and Ashraful, A. M. (2014). The prospects of 
biolubricants as alternatives in automotive applications. Renewable and 
Sustainable Energy Reviews, 33, 34–43.  

 
Mokhta, Z., Ong, M. Y., Salman, B., Nomanbhay, S., Salleh, S. F., Chew, K. W., 

and Show, P. L. (2019). Modelling of microwave-assisted pyrolysis using 
COMSOL Multiphysics. Proceedings of the 5th Postgraduate Colloquium 
for Environmental Research (POCER 2019), 1-3. 

 
Moon, M. (2007). How clean are your lubricants? Trends in Food Science & 

Technology, 18, S74–S79.  
 
Moradi, G. R., Mohadesi, M., Ghanbari, M., Moradi, M. J., Hosseini, S. and 

Davoodbeygi, Y. (2015). Kinetic comparison of two basic heterogenous 
catalysts obtained from sustainable resources for transesterification of 
waste cooking oil. Biofuel Research Journal, 2(2), 236–241.  

 

© C
OPYRIG

HT U
PM



146 

 

Moseley, J. D., and Kappe, C. O. (2011). A critical assessment of the greenness 
and energy efficiency of microwave-assisted organic synthesis. Green 
Chemistry, 13, 794 – 806. 

 
Muley, P. D., Bolder, D. (2013). Investigation of microwave dielectric properties 

of biodiesel components. Bioresource Technology, 127, 165-174. 
 
Muley, P.D., Nandakumar, K., and Boldor, D. (2019). Numerical modelling of 

microwave heating of a porous catalyst bed. Journal of Microwave Power 
and Electromagnetic Energy, 1-24. 

 
Nagendramma, P. and Kaul, S. (2012). Development of 

ecofriendly/biodegradable lubricants: An overview. Renewable and 
Sustainable Energy Reviews, 16, 764–774.  

 
Nautiyal, P., Subramanian, K. A. and Dastidar, M. G. (2014). Kinetic and 

thermodynamic studies on biodiesel production from Spirulina platensis 
algae biomass using single stage extraction-transesterification process. 
Fuel, 135, 228–234.  

 
Navarro, M. C., Díaz-Ortiz, A., Prieto, P. and de la Hoz, A. (2019). A spectral 

numerical model and an experimental investigation on radial microwave 
irradiation of water and ethanol in a cylindrical vessel. Applied Mathematical 
Modelling, 66, 680–694.  

 
Nayak, S. N., Bhasin, C. P. and Nayak, M. G. (2019). A review on microwave-

assisted transesterification processes using various catalytic and non-
catalytic systems. Renewable Energy, 143, 1366-1387.  

 
Nigar, H., Sturm, G. S. J., Garcia-Baños, B., Peñaranda-Foix, F. L., Catalá-

Civera, J. M., Mallada, R., Stankiewicz, A. and Santamaría, J. (2019). 
Numerical analysis of microwave heating cavity: Combining 
electromagnetic energy, heat transfer and fluid dynamics for a NaY zeolite 
fixed-bed. Applied Thermal Engineering, 155, 226–238.  

 
Nomanbhay, S. and Ong, M. Y. (2017). A review of microwave-assisted 

reactions for biodiesel production. Bioengineering, 4(2), 1–21.  
 
Noureddini, H. and Zhu, D. (1997). Kinetics of transesterification of soybean oil. 

Journal of the American Oil Chemists’ Society, 74(11), 1457–1464. 
 
Nurhidayanti, N. (2021). The effect of use microwave irradiation in produce 

biodiesel nyamplung oil (Calophyllum inophyllum Linn) using KOH catalyst. 
Journal of Physics: Conference Series, 1845(012064), 1-12. 

 
Ogunkunle, O., Oniya, O. O. and Adebayo, A. O. (2017). Yield response of 

biodiesel production from heterogeneous and homogeneous catalysis of 
milk bush seed (Thevetia peruviana) oil. Energy and Policy Research, 4(1), 
21–28.  

 

© C
OPYRIG

HT U
PM



147 

 

Okeke, C., Abioye, A. E., and Omusun, Y. (2014). Microwave heating 
applications in food processing. IOSR Journal of Electrical and Electronics 
Engineering, 9(4), 29-34. 

 
Omar, R. and Robinson, J. P. (2014). Conventional and microwave-assisted 

pyrolysis of rapeseed oil for bio-fuel production. Journal of Analytical and 
Applied Pyrolysis, 105, 131–142. 

 
Ong, M. Y., and Nomanbhay, S. (2018). Design and modeling of an enhanced 

microwave reactor for biodiesel production. International Journal of 
Scientific and Research Publication, 8(12), 527-534. 

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

Prasad, R. B. N. (2012). 10-Undecenoic acid-based polyol esters as 
potential lubricant base stocks. Industrial Crops and Products, 35(1), 237–
240.  

 
Patil, P., Gude, V. G., Pinappu, S. and Deng, S. (2011). Transesterification 

kinetics of Camelina sativa oil on metal oxide catalysts under conventional 
and microwave heating conditions. Chemical Engineering Journal, 168(3), 
1296–1300.  

 
Patil, P. D., Gude, V. G., Reddy, H. K., Muppaneni, T. and Deng, S. (2012). 

Biodiesel production from waste cooking oil using sulfuric acid and 
microwave irradiation processes. Journal of Environmental Protection, 
03(01), 107–113.  

 
Pavlov, D. J., Gospodinova, N. N. and Glavchev, I. K. (2004). Synthesis and 

characterization of complex esters for motor and hydraulic oils. Industrial 
Lubrication and Tribology, 56(1), 19–22.  

 
Pecovska-gjorgjevich, M., Andonovski, A., and Velevska, J. (2012). Dilectric 

constant and induced dipole moment of edible oils subjected to 
conventional heating. Macedonia Journal of Chemistry and Chemical 
Engineering, 31(2), 285-294 

 
Peixoto, C., Silva, J., Maria, L., Dutra, U., Pacheco, A., Queiroz, J., Murilo, F., 

Luna, T. and Silva, P. (2018). Chemical modification of Tilapia oil for 
biolubricant applications. Journal of Cleaner Production, 191, 158–166.  

 
Perin, G., Álvaro, G., Westphal, E., Viana, L. H., Jacob, R. G., Lenardão, E. J. 

and D’Oca, M. G. M. (2008). Transesterification of castor oil assisted by 
microwave irradiation. Fuel, 87(12), 2838–2841.  

 
Perreux, L. and Loupy, A. (2001). A tentative rationalization of microwave effects 

in organic synthesis according to the reaction medium, and mechanistic 
considerations. Tetrahedron, 57(45), 9199–9223.  

 
Pisarello, L. M., Maquirriain, M., Olalla, P. S., Rossi, V. and Querini, C. A. (2018). 

Biodiesel production by transesterification in two steps: Kinetic effect or shift 

© C
OPYRIG

HT U
PM



148 

 

in the equilibrium conversion? Fuel Processing Technology, 181(July), 244–
251. 

 
Pitchai, K., Chen, J., Birla, S., Gonzalez, R., Jones, D. and Subbiah, J. (2014). 

A microwave heat transfer model for a rotating multi-component meal in a 
domestic oven: Development and validation. Journal of Food Engineering, 
128, 60–71.  

 
Pitchai, Krishnamoorthy, Chen, J., Birla, S., Jones, D. and Subbiah, J. (2016). 

Modeling microwave heating of frozen mashed potato in a domestic oven 
incorporating electromagnetic frequency spectrum. Journal of Food 
Engineering, 173, 124–131. 

  
Polaert, I., Estel, L., Luart, D., Len., C., and Delmotte, M. (2016). A new and 

original microwave continuous reactor under high pressure for future 
chemistry. AIChE Journal, 63(1), 192-199. 

 
Poynting, J. H. (1884). On the transfer of energy in the electromagnetic field. 

Philosophical Transactions: Royal Society Publishing, 175, 343-361. 
 
Prosetya, H., and Datta, A. (1991). Batch microwave heating of liquids: An 

experimental study. Journal of Microwave Power and Electromagnetic 
Energy, 26(4), 215-226. 

 
Queiroz, M. L. B., Boaventura, R. F., Melo, M. N., Alvarez, H. M., Soares, C. M. 

F., Lima, S. L., Heredia, M. F., Dariva, C. and Fricks, A. T. (2015). 
Microwave activation of immobilized lipase for transesterification of 
vegetable oils. Quimica Nova, 38(3), 303-308. 

 
Rabelo, S. N., Ferraz, V. P., Oliveira, L. S. and Franca, A. S. (2015). FTIR 

Analysis for Quantification of Fatty Acid Methyl Esters in Biodiesel Produced 
by Microwave-Assisted Transesterification. International Journal of 
Environmental Science and Development, 6(12), 964–969.  

 
Rajab, A., Sulaeman, A., Sudirham, S. and Suwarno. (2011). A comparison of 

dielectric properties of palm oil with mineral and synthetic types insulating 
liquid under temperature variation. ITB, Journal of Engineering Science, 
43(3), 191-208. 

 
Rao, T. V. V. L. N., Rani, A. M. A., Awang, M., Baharom, M. and Uemura, Y. 

(2019). Research on surface texturing in Malaysia for tribological 
applications: An overview. Jurnal Tribologi, 18(April), 40–57. 

 
Raof, N. A., Yunus, R., Rashid, U. and Azis, N. (2018). Effect of molecular 

structure on oxidative degradation of polyol ester. Proceedings of Asia 
International Conference on Tribology, 353–354. 

 
Raof, N. A., Yunus, R., Rashid, U., Azis, N., and Yaakub, Z. (2019). Effects of 

palm-based trimethylolpropane ester/mineral oil blending on dielectric 
properties and oxidative stability of transformer insulating liquid. IEEE 
Transactions on Dielectrics and Electrical Insulation, 26(6), 1771-1778. 

© C
OPYRIG

HT U
PM



149 

 

 
Raof, N. A., Yunus, R., Rashid, U., Azis, N., and Yaakub, Z. (2019b). Effect of 

molecular structure on oxidative degradation of ester based transformer oil. 
Tribology International, 140(June), 105852.  

 
Rashid, U., Anwar, F. and Knothe, G. (2009). Evaluation of biodiesel obtained 

from cottonseed oil. Fuel Processing Technology, 90(9), 1157–1163.  
 
Rashid, U., Anwar, F., Jamil, A. and Bhatti, H. N. (2010). Jatropha curcas seed 

oil as a viable source for biodiesel. Pakistan Journal of Botany, 42(1), 575–
582. 

 
Ratanadecho, P., Aoki, K. and Akahori, M. (2002). A numerical and experimental 

investigation of the modeling of microwave heating for liquid layers using a 
rectangular wave guide (effects of natural convection and dielectric 
properties). Applied Mathematical Modelling, 26(3), 449–472.  

 
Rattanadecho, P. (2006). The simulation of microwave heating of wood using a 

rectangular wave guide: Influence of frequency and sample size. Chemical 
Engineering Science, 61(14), 4798–4811.  

 
Rattanadecho, P., Suwannapum, N. and Cha-um, W. (2009). Interactions 

between electromagnetic and thermal fields in microwave heating of 
hardened type I-Cement paste using a rectangular waveguide (influence of 
frequency and sample size). Journal of Heat Transfer, 131(8), 1–12.  

 
Regueira, T., Lugo, L. and Fernández, J. (2014). Compressibilities and 

viscosities of reference, vegetable, and synthetic gear lubricants. Industrial 
and Engineering Chemistry Research, 53(11), 4499–4510.  

 
Rohman, A. and Man, Y. B. C. (2010). Fourier transform infrared (FTIR) 

spectroscopy for analysis of extra virgin olive oil adulterated with palm oil. 
Food Research International, 43(3), 886–892.  

 
Ryynanen, S., Risman, P. O. and Ohlsson, T. (2004). Hamburger composition 

and microwave heating uniformity. Journal of Food Science, 69(Nr. 7), 187–
196. 

 
Sabliov, C. M., Salvi, D. A. and Boldor, D. (2007). High frequency 

electromagnetism, heat transfer and fluid flow coupling in ANSYS 
multiphysics. Journal of Microwave Power and Electromagnetic Energy, 
41(4), 5–17.  

 
Sajjadi, B., Abdul Aziz, A. R. and Ibrahim, S. (2014). Investigation, modelling and 

reviewing the effective parameters in microwave-assisted 
transesterification. Renewable and Sustainable Energy Reviews, 37, 762–
777.  

 
Salimon, J., Salih, N. and Yousif, E. (2012). Industrial development and 

applications of plant oils and their biobased oleochemicals. Arabian Journal 
of Chemistry, 5(2), 135–145.  

© C
OPYRIG

HT U
PM



150 

 

 
Saltiel, C., and Datta, A. S. (1999). Heat and mass transfer in microwave 

processing. Advances in Heat and Mas Transfer, 33, 1 – 94. 
 
Santacesaria, E., Vicente, G. Martinez, Serio, M. D., and Tesser, R. (2012), Main 

technologies in biodiesel production: State of the art and future challenges. 
Catalyst Today, 195, 2-13. 

 
Schuchardt, U., Sercheli, R. and Matheus, R. (1998). Transesterification of 

vegetable Oils: A review. Journal of Brazil Chemical Society, 9(1), 199–210. 
 
Scott, T. A., Macmillan, J. D. and Melvin, E. H. (1952). Vapor pressures and 

distillation of methyl esters of some fatty acids. Industrial and Engineering 
Chemistry, 44(1), 172-175.  

 
Shah, Z. H. and Tahir, Q. A. (2011). Dielectric properties of vegetable oils. 

Journal of Scientific Research, 3(3), 481–492. 
 
Sherazi, S. T. H., Talpur, M. Y., Mahesar, S. A., Kandhro, A. A. and Arain, S. 

(2009). Main fatty acid classes in vegetable oils by SB-ATR-Fourier 
transform infrared (FTIR) spectroscopy. Talanta, 80(2), 600–606.  

 
Slater, J. C. (1950). Structure and polarization of atoms and molecules. Electrical 

Engineering, 69(10), 872-875. 
 
Singh, S., Gupta, D., Jain, V. and Sharma, A. K. (2015). Microwave processing 

of materials and applications in manufacturing industries: A review. 
Materials and Manufacturing Processes, 30(1), 1–29. 

 
Sripada, P. K., Sharma, R. V. and Dalai, A. K. (2012). Comparative tribological 

property evaluation of trimethylolpropane-based biolubricants derived from 
methyl oleate and canola biodiesel. Industrial Crops and Products, 
50(December), 95–103. 

 
Srivastava A, S. P. (2013). Vegetable oils as lubestocks: A review. African 

Journal of Biotechnology, 12, 880–891. 
 
Suhaime, N., Sairi, M., Abbas, Z., Mohamed Nafis, N. B., Othman, Z., Mhd 

Adnan, A. S., Shamsulkamal, A. R., Paiman, S. and Mohamed, T. N. (2018). 
Microwave technique for moisture content and pH determination during pre- 
harvest of mango cv. Chokanan. Sains Malaysiana, 47(7), 1571–1578.  

 
Sulaiman, S. Z., Yunus, R., Chuah, A. L. and Fakhru’l-Razi, A. (2007). Batch 

production of trimetylolpropane Ester from Palm Oil as lubricant base stock. 
Journal of Applied Sciences, 7(15), 2002–2005.  

 
Sun, J., Wang, W. and Yue, Q. (2016). Review on microwave-matter interaction 

fundamentals and efficient microwave-associated heating strategies. 
Materials, 9(4), 1-25.  

 

© C
OPYRIG

HT U
PM



151 

 

Suresh C. A., Pinki B. P., Rakshit A. and Chetna A. (2012) Microwave-assisted 
Organic Synthesis: A Green Chemical Approach, CRC Press. 

 
Syam, A. M., Yunus, R., Ghazi, T. I. M. and 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.  

 
Syam, A. M., Hamid, H. a, Yunus, R. and Rashid, U. (2013). Dynamic modeling 

of reversible methanolysis of Jatropha curcas oil to biodiesel. The Scientific 
World Journal, (2013), 1-7.  

 
Tan, S. X., Lim, S., Ong, H. C. and Pang, Y. L. (2019). State of the art review on 

development of ultrasound-assisted catalytic transesterification process for 
biodiesel production. Fuel, 235, 886-907.  

 
Tangy, A., Pulidindi, I. N., Perkas, N. and Gedanken, A. (2017). Continuous flow 

through a microwave oven for the large-scale production of biodiesel from 
waste cooking oil. Bioresource Technology, 224, 333–341.  

 
Teixeira, C. B., Madeira Junior, J. V. and Macedo, G. A. (2014). Biocatalysis 

combined with physical technologies for development of a green biodiesel 
process. Renewable and Sustainable Energy Reviews, 33, 333–343.  

 
Teng, W. K., Ngoh, G. C., Yusoff, R., Aroua, M. K. and Heng, J. S. (2015). 

Microwave assisted solvent-free catalytic transesterification of glycerol-to-
glycerol carbonate. International Scholarly and Scientific Research & 
Innovation, 9(9), 1140–1143. 

 
Teng, W. K., Ngoh, G. C., Yusoff, R. and Aroua, M. K. (2016). Microwave-

assisted transesterification of industrial grade crude glycerol for the 
production of glycerol carbonate. Chemical Engineering Journal, 284, 469-
477.  

 
Terigar, B. G., Balasubramanian, S., Lima, M. and Boldor, D. (2010). 

Transesterification of soybean and rice bran oil with ethanol in a continuous-
flow microwave-assisted system: Yields, quality, and reaction kinetics. 
Energy and Fuels, 24(12), 6609–6615.  

 
Thanh, L. T., Okitsu, K., Boi, L. V. and Maeda, Y. (2012). Catalytic technologies 

for biodiesel fuel production and utilization of glycerol: A review. Catalysts, 
2(1), 191–222.  

 
Thostenson, E. T. and Chou, T. (1999). Microwave processing: fundamentals 

and applications. Composites: Part A: Applied Science and Manufacturing, 
30, 1055–1071. 

 
Tippayawong, N., and Sittisun, P. (2012). Continuous-flow transesterification of 

crude jatropha oil with microwave irradiation. Scientia Iranica, 19(5), 1324–
1328.  

 

© C
OPYRIG

HT U
PM



152 

Trivedi, J., Aila, M., Sharma, C. D., Gupta, P. and Kaul, S. (2015). Clean 
synthesis of biolubricant range esters using novel liquid lipase enzyme in 
solvent free medium. SpringerPlus, 4(165), 1–9.  

Uosukainen, E., Linko, Y., Lämsä, M., Tervakangas, T., and Linko, P. (1998). 
Transesterification of trimethylolpropane and rapeseed oil methyl ester. 
Journal of the American Oil Chemists’ Society, 75(11), 1557–1563. 

Vadivambal, R. and Jayas, D. S. (2010). Non-uniform temperature distribution 
during microwave heating of food materials-A review. Food and Bioprocess 
Technology, 3(2), 161–171.  

Veljković, V. B., Stamenković, O. S., Todorović, Z. B., Lazić, M. L. and Skala, D. 
U. (2009). Kinetics of sunflower oil methanolysis catalyzed by calcium
oxide. Fuel, 88(9), 1554–1562.

Wagner, H., Luther, R. and Mang, T. (2001). Lubricant base fluids based on 
renewable raw materials: Their catalytic manufacture and modification. 
Applied Catalyst A: General, 221, 429–442. 

Wang, Z., Hu, Y., Lu, H. and Yu, F. (2008). Dielectric properties and crystalline 
characteristics of borosilicate glasses. Journal of Non-Crystalline Solids, 
354, 1128-1132. 

Wang, Y. Y., Lee, D. J. and Chen, B. H. (2014). Low-Al zeolite beta as a 
heterogeneous catalyst in biodiesel production from microwave-assisted 
transesterification of triglycerides. Energy Procedia, 61, 918–921.  

Wang, Z., Gao, D. and Fang, J. (2018). Numerical simulation of RF heating 
heavy oil reservoir based on the coupling between electromagnetic and 
temperature field. Fuel, 220(February), 14–24.  

Wäppling-Raaholt, B., Scheerlinck, N., Galt, S., Banga, J. R., Alonso, A., Balsa-
Canto, E., Van Impe, J., Ohlsson, T. and Nicolaï, B. M. (2002). A combined 
electromagnetic and heat transfer model for heating of foods in microwave 
combination ovens. Journal of Microwave Power and Electromagnetic 
Energy, 37(2), 97–111.  

White, J. R. (1970). Measuring the strength of the microwave field in a cavity. 
Jornal of Microwave Power, 5 (2), 145–147. 

Willing, A. (2001). Lubricants based on renewable resources: An 
environmentally compatible alternative to mineral oil products. 
Chemosphere, 43(1), 89–98.  

Wilson, B. (1998). Lubricants and functional fluids from renewable sources. 
Industrial Lubrication and Tribology, 50(1), 6–15. 

Wu, X., Ying, P. and Liu, J. (2009). Lithium chloride – Assisted selective 
hydrolysis of methyl esters under microwave irradiation. Synthetic 
Communications, March 2013, 3459–3470.  

© C
OPYRIG

HT U
PM



153 

 

 
Wu, Li, Zhu, H. and Huang, K. (2013). Thermal analysis on the process of 

microwave-assisted biodiesel production. Bioresource Technology, 133, 
279–284.  

 
Wu, Y., Li, W. and Wang, X. (2015). Synthesis and properties of 

trimethylolpropane trioleate as lubricating base oil. Lubrication Science, 27, 
369–379. 

 
Wu, Lian, Wei, T., Tong, Z., Zou, Y., Lin, Z. and Sun, J. (2016). Bentonite-

enhanced biodiesel production by NaOH-catalyzed transesterification of 
soybean oil with methanol. Fuel Processing Technology, 144, 334–340. 

 
Yadav, G. D., Hude, M. P. and Talpade, A. D. (2015). Microwave assisted 

process intensification of lipase catalyzed transesterification of 1,2 
propanediol with dimethyl carbonate for the green synthesis of propylene 
carbonate: Novelties of kinetics and mechanism of consecutive reactions. 
Chemical Engineering Journal, 281, 199–208.  

 
Yahya, N. Y., Ngadi, N., Wong, S. and Hassan, O. (2018). Transesterification of 

used cooking oil (UCO) catalyzed by mesoporous calcium titanate: Kinetic 
and thermodynamic studies. Energy Conversion and Management, 164, 
210-218.  

 
Yaseen, S. A., Undre, P. B., Saif, F. A., Patil, S. S. and Khirade, P. W. (2017). 

Dielectric and FTIR studies on the hydrogen bonded binary system of ester 
and alcohol. Ferroelectrics, 519(1), 49–60.  

 
Ye, W., Gao, Y., Ding, H., Liu, M., Liu, S., Han, X. and Qi, J. (2016). Kinetics of 

transesterification of palm oil under conventional heating and microwave 
irradiation, using CaO as heterogeneous catalyst. Fuel, 180, 574–579.  

 
Yeong, S. P., Law, M. C., Vincent Lee, C. C. and Chan, Y. S. (2017). Modelling 

batch microwave heating of water. IOP Conference Series: Materials 
Science and Engineering, 217(1), 1-9.  

 
Yeong, S. P., Law, M. C., You, K. Y., Chan, Y. S. and Lee, V. C. C. (2019). A 

coupled electromagnetic-thermal-fluid-kinetic model for microwave-
assisted production of palm fatty acid distillate biodiesel. Applied Energy, 
237(December 2018), 457–475.  

 
Yoshikawa, N., Xie, G., Cao, Z., Louzguine, D. V. (2012). Microstructure of 

selectively heated (hot spot) region in Fe3O4 powder compacts by 
microwave irradiation. Journal of the European Ceramic Society, 32, 419-
424. 

 
Yu, D., Tian, L., Ma, D., Wu, H., Wang, Z., Wang, L., and Fang, X. (2010). 

Microwave-assisted fatty acid methyl ester production from soybean oil by 
Novozym 435. Green Chemistry, 12, 844-850. 

 

© C
OPYRIG

HT U
PM



154 

 

Yuan, W., Hansen, A. C., and Zhang, Q. (2005). Vapor pressure and normal 
boiling point predictions for pure methyl esters and biodiesel fuels. Fuel, 84, 
943-950. 

 
Yunus, R., Ooi, T. L., Fakhru’l-Razi, A., and 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., and Idris, A. (2003a). Development of optimum synthesis method for 

transesterification of palm oil methyl esters and trimethylolpropane to 
environmentally acceptable palm oil-based lubricant. Journal of Oil Palm 
Research, 15(2), 35–41. 

 
Yunus, R., and Idris, A. (2003b). Preparation and characterization of 

trimethylolpropane esters from palm kernel oil methyl esters. Journal of Oil 
Palm Research, 15(2), 42–49. 

 
Yunus, R., Fakhru’I-Razi, A., Ooi, T. L., Biak, D. R. a., and 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., and 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, A., Ooi, T. L., Omar, R., and Idris, A. (2005). Synthesis of 

Palm Oil Based Trimethylolpropane Esters with Improved Pour Points. 
Industrial & Engineering Chemistry Research, 44(22), 8178–8183. 

 
Zhang, H. and Datta, A. K. (2000). Coupled electromagnetic and thermal 

modeling of microwave oven heating of foods. Journal of Microwave Power 
and Electromagnetic Energy, 35(2), 71–85.  

 
Zhang, F. and Zhang, G. (2011). Microwave-promoted synthesis of polyol esters 

for lubrication oil using a composite catalyst in a solvent-free procedure. 
Green Chemistry, 13(1), 178–184.  

 
Zhang, S., Zu, Y. G., Fu, Y. J., Luo, M., Zhang, D. Y. and Efferth, T. (2010). 

Rapid microwave-assisted transesterification of yellow horn oil to biodiesel 
using a heteropolyacid solid catalyst. Bioresource Technology, 101(3), 931–
936.  

 
Zhang, C., Lan, J., Hong, T., Gulati, T., Zhu, H., Yang, Y. and Huang, K. (2016). 

Dynamic analysis and simulation on continuous flow processing of biodiesel 
production in single-mode microwave cavity. International Journal of 
Applied Electromagnetics and Mechanics, 51(2), 199–213.  

 
© C

OPYRIG
HT U

PM



155 

Zhang, C., Zhu, H. C., and Huang, K. M. (2016b). Multiphysics modeling on 
continuous production of biodiesel. IEEE, International Conference on 
Computational Electromagnetics (ICCEM), 1-3. 

Zhao, X., Huang, K., Yan, L. and Yao, Y. (2009) A preliminary study on numerical 
simulation of microwave heating process for chemical reaction and 
discussion of hotspots and thermal runaway phenomenon. Science in China 
Series G: Physics, Mechanics & Astronomy, 52 (4), 551-562. 

Zhao, P., Gan, W., Feng, C., Qu, Z., Liu, J., Wu, Z., Gong, Y. and Zeng, B. 
(2020). Multiphysics analysis for unusual heat convection in microwave 
heating liquid. AIP Advances, 10(8), 1–7.  

Zhou, J., Xu, W., You, Z., Wang, Z., Luo, Y., Gao, L., Yin, C., Peng, R. and Lan, 
L. (2016). A new type of power energy for accelerating chemical reactions:
The nature of a microwave-driving force for accelerating chemical reactions.
Scientific Reports, 6(April), 1–6.

Zhu, H., Hong, T. and Yang, F. (2018). Microwave-assisted continuous flow 
process of biodiesel production. Proceeding of 2018 Asia-Pacific 
Microwave Conference (APMC), 276-278. 

Zulkifli, N. W. M., Kalam, M. A., Masjuki, H. H., Al Mahmud, K. A. H. and Yunus, 
R. (2014a). The Effect of Temperature on Tribological Properties of
Chemically Modified Bio-Based Lubricant. Tribology Transactions, 57(3),
408–415.

Zulkifli, N. W. M., Masjuki, H. H., Kalam, M. A., Yunus, R. and Azman, S. S. N. 
(2014b). Lubricity of bio-based lubricant derived from chemically modified 
jatropha methyl ester. Jurnal Tribologi, 1(June), 18-39.  

Zulkifli, N. W. M., Azman, S. S. N., Kalam, M. A., Masjuki, H. H., Yunus, R. and 
Gulzar, M. (2016). Lubricity of bio-based lubricant derived from different 
chemically modified fatty acid methyl ester. Tribology International, 93, 555–
562.

© C
OPYRIG

HT U
PM




