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บทคัดย่อ 
 

 การวิจัยคร้ังนี้ได้ศึกษาการผลิตไบโอดีเซลที่ เป็นเอทิลเอสเทอร์จากน้้ามันปาล์มที่ผ่านการ
ใช้แล้วกับเอทานอล ด้วยการเร่งปฏิกิริยาของเอนไซม์ไลเปสตรึงรูป ในระบบกะแ ละระบบต่อเน่ือง โดย
จากการคัดเลือกเอนไซม์ไลเปสทางกา รค้า 4 ชนิด คือเอนไซม์ไลเปสอิสระ Lipase PS, Lipase AK และ 
Lipase AY จากเชื้อ Pseudomonas cepacia, Pseudomonas fluorescens และ Candida rugosa ตามล้าดับ 
ที่ผ่านการตรึงรูปด้วยตัวพยุงแอคคูเรล  EP 100 กับเอนไซม์ไลเปสตรึงรูปทางการค้า Lipozyme   TL IM 
จากเชื้อ Thermomysis lauginosa พบว่า Lipase AY และ Lipase AK มีความเหมาะสม ในการน้ามาใช้
ผลิตเอทิลเอสเทอร์  เน่ืองจาก Lipase AY สามารถ ย่อยสลายน้้ามัน ให้เกิดเป็นกรดไขมันอิสระ ได้สูง
เท่ากับร้อยละ 53 ในขณะที่  Lipase AK มีความสามารถในการ ทรานส์เอสเทอริฟิเคชั่น ให้เกิดเป็น      
เอทิลเอสเทอร์ได้สูงเท่ากับร้อยละ 91 โดยเมื่อน้าเอนไซม์ตรึงรูปทั้ง 2 ชนิดมาผสมกันเพื่อใช้ในการผลิต
ในระบบกะ พบว่าเอนไซม์สามารถท้างานร่วมกันได้ดี โดยให้ผลผลิตเอทิลเอสเทอร์ได้ เท่ากับร้อยละ 89 
ในสภาวะที่ใช้  Lipase AY ต่อ Lipase AK ที่สัดส่วน 1:1 (ร้อยละ 50 ต่อ 50) ในปริมาณร้อยละ 10 ของ
น้้าหนักน้้ามัน โดยมี น้้าในระบบร้อยละ 2 และสัดส่วนโมลของเอทานอลต่อน้้ามัน เท่ากับ  3 ต่อ 1 ท้า
ปฏิกิริยาที่อุณหภูมิ 45 องศาเซลเซียส  เป็นเวลา 12 ชั่วโมง และพบว่าการแบ่งเติมเอทานอลครั้งละ 1 เท่า
ของโมลน้้ามันจ้านวน 3 คร้ัง จะให้ผลผลิตเอทิลเอสเทอร์ได้สูงสุดเท่ากับร้อยละ 91 จากการศึกษาการใช้
ซ้้าของเอนไซม์ตรึงรูป พบว่าสามารถใช้ เอนไซม์ในการผลิตไบโอดีเซล ได้ 12 คร้ัง โดยยังคงให้ผลผลิต
เอทิลเอสเทอร์ ที่มากกว่าร้อยละ 50 การผลิตเอทิลเอสเทอร์ โดยเอนไซม์ตรึงรูปผสม ในระบบต่อเน่ือง
แบบแพคเบด พบว่าการบรรจุเอนไซม์ โดยผสมเป็นเนื้อเดียวกันจะให้ผลผลิตเอทิลเอสเทอร์เฉลี่ยเท่ากับ
ร้อยละ 20 แต่เมื่อแยกคอลัมน์ Lipase AY กับ Lipase AK โดยท้าการย่อยสลายน้้ามันปาล์มใช้แล้วด้วย 
Lipase AY ก่อน พบว่าสามารถย่อยสลายน้้ามันได้เป็นอย่างดีส่งผลให้เกิดการผลิตกรดไขมันอิสระได้
มาก กว่าร้อยละ 60 และเมื่ อน้าผลิตภัณฑ์ที่ได้ ไปแยก น้้า ออกและน้า ไป เติมเอทานอลเพื่อ ผลิต             
เอทิลเอสเทอร์ด้วย Lipase AK พบว่าเกิดการผลิตเอทิลเอสเทอร์ได้ มากกว่าร้อยละ 70 ซึ่งจากการศึกษา
คุณสมบัติของเอทิลเอสเทอร์ จากน้้ามันปาล์มใช้แล้ว ที่ผ่านการท้าบริสุทธิ์ ด้วยซิลิกาเจลและระเหย          
เอทานอลส่วนเกินออก พบว่ามีค่าความหนืดที่อุณหภูมิ 40 องศาเซลเซียส เท่ากับ 5.66 เซ็นติสโตกและมี
ค่าจุดวาบไฟ จุดขุ่นและจุดไหลเทเท่ากับ 120, 8 และ 6 องศาเซลเซียส ตามล้าดับ  
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ABSTRACT 
 

 Fatty acid ethyl ester (biodiesel) was produced by transesterification reaction of used 
palm oil and ethanol in batch and continuous systems using immobilized lipases. Four commercial 
lipases, three free lipases of Lipase PS, Lipase AK and Lipase AY from Pseudomonas cepacia, 
Pseudomonas fluorescens and Candida rugosa, respectively, were immobilized on accurel EP100, and 
one commercial immobilized lipase, Lipozyme TL IM from Thermomysis lauginosa, were screened. 
The results showed that Lipase AY and Lipase AK were suitable for ethyl ester production due to the 
fact that Lipase AY was able to hydrolyze, resulting in 53% fatty acid production while Lipase AK 
exhibited high transesterification and produced 91% ethyl ester. The mixed enzymes Lipase AY and 
Lipase AK gave 89% of ethyl ester under the optimum condition: the ratio of Lipase AY and Lipase 
AK of 1:1, the amount of mixed immobilized enzymes of 10%, water content of 2% and molar ratio of 
ethanol/oil at 3:1 incubated at 45 o C for 12 h. The highest yield of ethyl ester of 91% was obtained 
when ethanol addition was applied in three steps. The reusability of mixed immobilized lipases was 
tested. It was found that the mixed immobilized lipases produced ethyl ester more than 50% in 12 
replicates. Continuous production by the mixed immobilized lipases in packed-bed column produced 
only 20% of ethyl ester. While the separately packed column of Lipase AY and Lipase AK was more 
suitable for ethyl ester production. The used palm oil was hydrolyzed well by the column of Lipase 
AY which gave 60% of free fatty acid. The products from column of Lipase AY were further catalyzed 
by the column of Lipase AK and 70% of ethyl ester was obtained. Fatty acid ethyl ester from the used 
palm oil was purified by silica gel and the excess ethanol was removed using rotary evaporator. The 
analysis for biodiesel properties showed that the viscosity of produced ethyl ester was 5.66 cSt (at 40 
oC) and flash point, cloud point and pour point were 120, 8, and 6 oC, respectively.  
 
 
 



 (5) 

กิตติกรรมประกาศ 

 ข้าพเจ้าขอกราบขอบพระคุณ ผศ.ดร.เบญจมาส  เชียรศิลป์ อาจารย์ที่ปรึกษาวิทยานิพนธ์ ที่
เป็นผู้ จุดประกายการเรียนรู้พร้อมทั้งมอบ ความรักและความ ปรารถน าดีแก่ข้าพเจ้าเสมอมา ขอกราบ
ขอบพระคุณ รศ .ดร.อรัญ  หันพงศ์กิตติกูล  อาจารย์ที่ปรึกษาวิทยานิพนธ์ ร่วมผู้ให้การ สนับสนุน และ
เอ้ือเฟื้อเอนไซม์ส้าหรับใช้ในการท้างานวิจัยในคร้ังนี้  ทั้งยังเป็นแบบอย่างที่ดีของอ าจารย์และนักวิจัยที่
น่ายกย่อง  ขอกราบขอบพระคุณ  รศ.ดร.พูนสุข   ประ เสริฐสรรพ์  ประธานกรรมการ สอบวิทยานิพนธ์ 
ส้าหรับการเสียสละเวลาเพื่อตรวจทานแก้ไขวิทยานิพนธ์และให้แนวคิดในการท้างานวิจัยจนส้าเร็จลุล่วง 
ขอกราบขอบพระคุณ  ผศ.ดร.สมชาย  ไกรรักษ์  กรรมการสอบ วิทยานิพนธ์ ส้าหรับค้าแนะน้าและ การ
ตรวจทานแก้ไขวิทยานิพนธ์จนมีความสมบูรณ์มากยิ่งขึ้น 
 ขอขอบคุณคณะอุตสาหกรรมเกษตร มหาวิทยาลัยสงขลานครินทร์ สถานศึกษาที่ให้ทั้ง
สถานที่ในการท้างานวิจัยและให้ทุนความเป็นเลิศ ของคณะอุตสาหกรรมเกษตร  เพื่อเป็นทุนการศึกษา
และการท้างาน ขอขอบคุณบัณฑิตวิทยาลัย มหาวิทยาลัยสงขลานครินทร์ ที่ให้ทุ นอุดหนุนในการท้า วิจัย
พร้อมทั้งเปิดโอกาสทางการศึกษาให้แก่ข้าพเจ้า และขอขอบคุณบริษัท ซีเวลท์โฟรเซ่นฟูดส์ จ้ากัด  ที่
เอ้ือเฟื้อตัวอย่างน้้ามันปาล์มใช้แล้วเพื่อใช้ในการทดลองในคร้ังนี้ 
 ขอกราบขอบพระคุณอาจารย์ผู้ประสิทธ ิ์ประสาทวิชาทุกท่านที่ได้ให้ความรู้อันเป็นสิ่งที่มี
ค่ายิ่งแก่ข้าพเจ้า และขอขอบคุณพี่ๆ เพื่อนๆ และน้องๆ ในห้อง ปฏิบัติ การของข้าพเจ้า ที่คอยให้ความ
ช่วยเหลือ คอยเคียงข้างและเป็นก้าลังใจให้ ในทุกโอกาส  ขอขอบคุณ บุคลากรและนักศึกษาในภ าควิชา
เทคโนโลยีชีวภาพอุตสาหกรรม คณะอุตสาหก รรมเกษ ตร และภายใน มหาวิทยาลัยสงขลานครินทร์   
รวมทั้งบุคคลที่ยังมิได้เอ่ยนามทุกท่าน ในมิตรไมตรีที่มีให้แก่กัน   
 ขอกราบขอบพระคุณคุณพ่อและคุณแม่ ผู้ให้ก้าเนิด ให้โอกาส  ทั้งมอบคว ามรักความ
อบอุ่นและเป็นแรงใจให้ข้าพเจ้ามีก้าลังที่จะต่อสู้กับ อุปสรรคต่างๆ ขอกราบขอบพระคุณพี่ส าวกับพี่ชาย
ทั้ง 3 ของข้าพเจ้า  ตลอดจนญาติพี่น้อง ที่ให้การสนับสนุน ในการเรียน ให้ค้าแนะน้าในด้าเนินชีวิต และ
คอยเป็นก้าลังใจให้ข้าพเจ้าได้ก้าวเดินต่อไป 
 

        นางสาวเกษรา   ทองบริบูรณ์ 
พฤศจิกายน 2552 



 (6) 

 
   

.................................................................................................................................... (6) 

LIST OF TABLES................................................................................................................. (7) 

LIST OF FIGURES................................................................................................................ (9) 

  

1  

  ......................................................................................................... 1 

  .................................................................................................... 2 

  ....................................................................................... 50 

  ............................................................................................... 50 

2   

  ........................................................................................................................ 51 

  .................................................................................................................. 51 

  ......................................................................................................... 54 

3  

  .................. 64 

  ............................................ 67 

          

............................................................................................... 

 
69 

           

........................................................................................................ 

 
82 

   92 

  

(Packed-bed reactor) ..................... 

 
108 

  

................................................................................................................. 

 
117 

4 ................................................................................................................................ 122 

......................................................................................................................... 124 

................................................................................................................................ 136 

.......................................................................................................................... 151 

 



 (7) 

LIST OF TABLES 

 

Table             Page 

1. Technical properties of biodiesel...................................................................................... 3 

2. Physical and chemical properties of biodiesel from different oils................................... 4 

3. Standard specification for characteristics and quality of fatty acid methyl ester as 

biodiesel fuel 2009............................................................................................................ 

 

5 

4. Critical temperatures and critical pressures of various alcohols...................................... 9 

5. Comparison of the different technologies for biodiesel production................................. 10 

6. Sample of commercialized lipases.................................................................................... 14 

7. Specificity of lipases from different sources to types and position of fatty acid of 

triglyceride........................................................................................................................ 

 

20 

8. Major specificities of lipases and their applications......................................................... 21 

9. Source of free and immobilized lipases used for biodiesel production............................ 23 

10. Granulometric analysis of different accurel materials...................................................... 27 

11. Structure, systematic, trivial, and shorthand names of some common fatty acids........... 29 

12. Iodine value and fatty acid content of the major commodity oils.................................... 30 

13. Chemical property of palm oil.......................................................................................... 31 

14. Melting and crystallization peaks of diglycerides by differential scanning calorimetry..  32 

15. Some properties of alcohol fuels...................................................................................... 36 

16. Comparison of ethanol production from various raw materials....................................... 37 

17. Biodiesel production by lipase through different conditions............................................ 46 

18. Properties and composition of used palm oil and palm olein........................................... 66 

19. Characteristic of lipases in palm olein hydrolysis............................................................ 69 

20. Relative activity of immobilized lipases........................................................................... 81 

21. Some physical and chemical properties of biodiesel........................................................ 121 

22. Available sample for P.V. determination......................................................................... 139 

23. Available sample for I.N. determination.......................................................................... 140 

24. TLC/FID report................................................................................................................. 147 

 
 



 (8) 

LIST OF TABLES (Continued) 

 

Table             Page 

25. . 288-2535 : 

.............................................................................................. 

 

148 

26. . 288-2535 : 

.................................................................................... 

 

149 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 (9) 

LIST OF FIGURES 

 

Figure              Page 

1. Transesterification of triglyceride and alcohol.................................................................... 7 

2. Production of biodiesel by alkali process............................................................................ 8 

3. Schematic process of biodiesel fuel production by supercritical method........................... 8 

4. Flow diagram of biodiesel production using the lipase-catalysis process........................... 10 

5. Lipase production process for methanolysis with extracellular lipases.............................. 11 

6. Lipase production process for methanolysis with intracellular lipases............................... 11 

7. Lipase catalyzed reactions................................................................................................... 15 

8 Shape of the binding site of lipases..................................................................................... 16 

9. Hydrolysis of 1,2-dipalmitoyl-3-oleoyl-rac-glycerol or 1,3-dipalmitoyl-2-oleoyl-

glycerol by crude lipase from Geotrichum sp. ................................................................... 

 

18 

10. Structure and stereospecific numbering (sn) of acylglycerols............................................. 19 

11. Graphical representation of the mechanismic steps of triglyceride ester-bond 

transesterification................................................................................................................. 

 

22 

12. Classification of immobilization methods for enzymes...................................................... 24 

13. Illustration of general procedures for enzyme immobilization........................................... 25 

14. SEM of Accurel EP 100 in different particle sizes (p)........................................................ 28 

15. Degradation of frying oil..................................................................................................... 33 

16. Physical and chemical reactions of oil that occur during frying......................................... 34 

17. Packed-bed reactor of immobilized enzyme....................................................................... 47 

18. Lipase immobilization......................................................................................................... 55 

19. Continuous biodiesel productions in packed-bed columns................................................. 61 

20. Continuous biodiesel production in packed-bed columns with separations col.................. 62 

21. Recycle system for transesterificaton of used palm oil in packed-bed column................... 63 

22. Purification of biodiesel by silica gel column..................................................................... 63 

23. Time course of hydrolysis reaction of used palm oil by immobilized lipases.................... 71 

24. Comparision of hydrolysis activity of used palm oil by four immobilized lipases............. 72 

25. Time course of transesterification of used palm oil by immobilized lipases...................... 75 

26. Comparison of transesterification activity of used palm oil by four immobilized lipases.. 76 



 (10) 

LIST OF FIGURES (Continued) 

 

Figure             Page 

27. Time course of the direct esterification of palmitic acid using immobilized lipases.... 79 

28. Comparison of esterification activity of four immobilized lipases............................... 80 

29. Comparision of ethyl ester production from used palm oil by single and mixed 

immobilized lipases....................................................................................................... 

 

84 

30. Effect of ethanol addition time on fatty acid ethyl ester production by 

tranesterification of used palm oil using mixed immobilized Lipases AK and    

Lipase AY...................................................................................................................... 

 

 

87 

31. Comparison of ethanol addition time on tranesterification activity of mixed 

immobilized Lipase AK and Lipase AY....................................................................... 

 

88 

32. Effect of enzyme ratio on fatty acid ethyl ester production by tranesterification of 

used palm oil using mixed immobilized lipases............................................................ 

 

90 

33. Comparison of immobilized lipases ratio on tranesterification reaction....................... 91 

34. Effect of water content on fatty acid ethyl ester production by tranesterification of 

used palm oil using mixed immobilized lipases............................................................ 

 

94 

35. Comparison of water content on tranesterification reaction.......................................... 95 

36. Effect of mixed immobilized lipase AK and AY (50: 50) content on fatty acid ethyl 

ester production by tranesterification of used palm oil................................................. 

 

97 

37. Comparison of amount of mixed immobilized lipase AK and AY (50: 50) on 

tranesterification reaction.............................................................................................. 

 

98 

38. Effect of ethanol molar ratio on fatty acid ethyl ester production by tranesterification 

of used palm oil............................................................................................................. 

 

101 

39. Comparison of ethanol: oil molar ratio on tranesterification reaction........................... 102 

40. Effect of stepwise ethanol adition on fatty acid ethyl ester production by 

tranesterification of used palm oil................................................................................. 

 

104 

41. Comparison of stepwise ethanol adition on tranesterification reaction......................... 105 

42. Effect of repeated used of immobilized lipases on FAEE yield.................................... 106 

43. Effect of immobilized enzymes distribution on continuous biodiesel production in 

packed-bed column........................................................................................................ 

 

109 

 



 (11) 

LIST OF FIGURES (Continued) 

 

Figure             Page 

44. Effect of extended retention time on continuous biodiesel production in packed-bed 

column........................................................................................................................... 

 

111 

45. Continuous biodiesel production with dual packed-bed column................................... 113 

46. Continuous biodiesel production in packed-bed column with stepwise ethanol 

addition.......................................................................................................................... 

 

115 

47. Continuous biodiesel productions in packed-bed column by hydrolysis of used palm 

oil followed by transesterification................................................................................. 

 

116 

48. Continuous biodiesel productions in packed-bed column with recycle system............ 118 

49. Standard curve of palmitic acid..................................................................................... 144 

50. GC chromatogram of used palm oil fatty acid.............................................................. 145 

51. TLC/FID chromatogram of fatty acid ethyl ester.......................................................... 146 

 



1 

 

 

   

 

 

40 64 (Vasudevan and Briggs, 2008)  

 

  

 

-

 

  

   

   (heterogeneous solid catalyst) 

     

 

            

  

  

 

  

    
1 



 2 

 

1.  

 1.1   

   

 

 Table 1 

  

(transesterification) 

 

 

( , 2546)  

 

 

 

 1.2   

   

 Table 2  

 Table 3 

 

 (Demirdes, 2008)  (viscosity) (density) 

(flash point)  

 

   (cetane 

number)  (cloud point) (pour point) 

 (hexadecane) (heptamethylnonane) 100  

15  

 



 3 

Table 1. Technical properties of biodiesel. 

Property Characteristic 

Common name 

Common chemical name 

Chemical formula range 

Kinematic viscosity range (mm
2
/s, at 313 K) 

Density range (kg/m
3
, at 288 K) 

Boiling point range (K) 

Flash point range (K) 

Distillation range (K) 

Vapor pressure (mm Hg, at 295 K) 

Solubility in water 

Physical appearance 

Odor 

Biodegradability 

Reactivity 

Biodiesel (bio-diesel) 

Fatty acid (m)ethyl ester 

C14-C24 methyl esters or C15-25H28-48O2 

3.3-5.2 

860-894 

>475 

430-455 

470-600 

<5 

Insoluble in water  

Light to dark yellow, clear liquid 

Light musty/soapy odor 

More biodegradable than petroleum diesel 

Stable, but avoid strong oxidizing agents 

:  Demirbas (2008) 

 

2.   

  

3   1  (pyrolysis) 

2 (micro-emulsification) 

3 

 (Fukuda et al., 2001) 

3  

 

 

 



 4 

Table 2. Physical and chemical properties of biodiesel from different oils. 

Vegetable oil 

Methyl ester 

Kinematics 

viscosity 

(mm
2
/s) 

Cetane 

number 

Lower 

heating 

value 

(MJ/l) 

Cloud 

point 

(
°
C) 

Flash 

point 

(
°
C) 

Density 

 (g/l) 

Sulfur 

(wt %) 

Peanut 

Soybean
 a
 

Soybean
 a
 

Babassu 

Palm
 a
 

Palm
 a
 

Sunflower  

Tallow 

Cottonseed 

Safflower 

Rapeseed 

Used rapeseed 

Used corn oil 

4.9(37.8
°
C) 

4.5(37.8
°
C) 

4.0(40
°
C) 

3.6(37.8
°
C) 

5.7(37.8 C ) 

4.3-4.5(40
°
C) 

4.6(37.8
°
C) 

- 

6.8(21
°
C) 

- 

4.2(40
°
C) 

9.48(30
°
C) 

6.23(30
°
C) 

54 

45 

45.7-56 

63 

62 

64.3-70 

49 

- 

51.2 

49.8 

51-59.7 

53 

63.9 

33.6 

33.5 

32.7 

31.8 

33.5 

32.4 

33.5 

- 

- 

- 

32.8 

36.7 

42.3 

5 

1 

- 

4 

13 

- 

1 

12 

- 

- 

- 

- 

- 

176 

178 

- 

127 

164 

- 

183 

96 

110 

180 

- 

192 

166 

0.883 

0.885 

0.880(15
°
C) 

0.879 

0.880 

0.872-0.877(15
°
C) 

0.860 

- 

- 

- 

0.882(15
°
C) 

0.895 

0.884 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

0.002 

0.0013 

Diesel fuel 

JIS-2D (Gas 

oil) 

12-3.5(40
°
C) 

2.8(30
°
C) 

51 

58 

35.5 

42.7 

- 

- 

- 

59 

0.830-0.840(15
°
C) 

0.833 

- 

0.05 

a  
: The reaction that used the same raw material but  different conditions.  

:  Fukuda  (2001) 
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Table 3. Standard specification for characteristics and quality of fatty acid methyl ester as biodiesel 

fuel 2009. 

No. Property Level Unit Test method
 a
 

1 methyl ester  96.5 % wt EN 14103 

2 density at 15 C  860-900 kg/m
3
 ASTM D 1298 

3 viscosity at 40 C 3.5-5.0 cSt ASTM D 445 

4 flash Point 120 C ASTM D 93 

5 sulphur  0.0010 % wt ASTM D 2622 

6 carbon residue, on 10%  0.30 %wt ASTM D 4530 

7 cetane number 51  ASTM D 613 

8 sulphated ash  0.02 %wt ASTM D 874 

9 water 0.050 % wt EN ISO 12937 

10 total contaminate 0.0024 % wt EN 12662 

11 copper strip corrosion  No. 1 No. 1 ASTM D 130 

12 oxidation stability at 110 C 10 hours EN 14112 

13 acid value  0.50 mg KOH/g ASTM D 664 

14 iodine value  120 g Iodine/100g EN 14111 

15 linolenic acid methyl ester  12.0 % wt EN 14103 

16 methanol   0.20 % wt EN 14110 

17 monoglyceride  0.80 % wt EN 14105 

18 diglyceride  0.20 % wt EN 14105 

19 triglyceride  0.20 % wt EN 14105 

20 free glycerin  0.02 % wt EN 14105 

21 total glycerin  0.25 % wt EN 14105 

22 Group I metals (Na+K)            5.0 mg/kg EN 14108 and 

    EN 14109 

 group II metals (Ca+Mg)          5.0 mg/kg pr EN 14538 

23 phosphorus     0.0010 % wt ASTM D 4951 

24 additive follow by department of energy business 
a
 : Alternative method could be used.  

:  (2552) 
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 2.1   

  

 (organic acid esters)   

(methyl esters) (ethyl esters) 

  

(reversible reaction)   

 

  1 

(primary alcohol) (secondary alcohol) 

 1-8     

   

 (polar compound) 

( , 2546)  

   Figure 1 

3 1 

  

 

 

(methoxide) 

 

 

 Figure 2 

 2.2   (supercritical method) 

  

 

 350-400   

 45-65 (MPa) 
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 Figure 3  

 

 
 

 

Figure 1. Transesterification of triglyceride and alcohol. 

a: General equation for transesterification 

b: Sequences of reactions 

R: alkyl group 

: Meher  (2006) 

 

  

Table 4 

 

 

(a) 

(b) 
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Figure 2. Production of biodiesel by alkali process. 

: Ranganathan  (2008) 

 

Figure 3. Schematic process of biodiesel fuel production by supercritical method. 

SC MeOH =   Super Critical Methyl alcohol 

 : Saka  Kusdiana (2001) 
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 Table 4. Critical temperatures and critical pressures of various alcohols. 

Alcohol Critical temperature (K) Critical pressure (MPa) 

Methanol 

Ethanol 

1-Propanol 

1-Butanol 

512.2 

516.2 

537.2 

560.2 

8.1 

6.4 

5.1 

4.9 

: Demirbas (2009) 

 

  Saka Kusdiana (2001) (rapeseed oil) 

 1:42  350   

 240 

 

 

   Demirbas (2009) (linseed oil)           

 1:41  

503  (230 ) 523  (300 )  

 88-98 8-12  

 

  

 

   Kiwjaroun 

(2009) 

 

  

 

 2.3   

  -     
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  Table 4 

 

 Figure 4 

 

Table 5. Comparison of the different technologies for biodiesel production. 

Variable 
Alkali  

Catalysis 

Lipase 

catalysis 

Supercritic

al alcohol 

Acid catalysis 

-Reaction temperature ( C) 

-Free fatty acids in raw  

materials 

-Water in raw materials 

 

-Yield of methyl esters 

-Recovery of glycerol 

-Purification of methyl 

esters 

-Production cost of 

catalyst 

60-70   

Saponified 

products 

Interference with 

the reaction 

Normal 

Difficult 

Repeated washing 

 

Cheap 

30-40   

Methyl esters 

 

No influence 

 

Higher 

Easy 

None 

 

Relatively 

expensive 

239 385 

Esters 

 

- 

 

Good 

- 

- 

 

Medium 

55 80 

Esters 

 

Interference 

with reaction 

Normal 

Difficult 

Repeated 

washing 

Cheap 

: Machetti (2007) 

  

 

 

 

 

 

 

 

 

Figure 4. Flow diagram of biodiesel production using the lipase-catalysis processes. 

: Fukuda  (2001) 

Lipase+MeOH 

Oil Transesterification Separation of reaction mixture 

Upper phase Lower phase 

Methyl esters Glycerol 
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  Fukuda (2001) 2 

 

 2.3.1  (extracellular lipase)  

   

 Figure 5 

 

 

      

 

 

 

 

 

Figure 5. Lipase production process for methanolysis with extracellular lipases. 

 : Fukuda (2001) 

 

2.3.2  (intracellular or whole cell biocatalyst)  

   

(Biomass Support Particles: BSPs) 

 

  Figure 6 

  

 

 

 

Figure 6. Lipase production process for methanolysis with intracellular lipases. 

 : Fukuda (2001) 

Cultivation Separation Purification of lipase 

- extraction 

- adsorption 

- chromatography 

- crystallization etc. 

Immobilization of lipase 

- cross-linking 

- covalent bonding 

- entrapment etc. 

Methanolysis 

Cultivation & 

Immobilization (BSPs) Separation Methanolysis 
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3.   

  

 (mild reaction) 

 

1  ( , 

2543)  

  

 

  

                                          PEESSE                                             (1)  

  E    =   enzyme 

     S    =   substrate 

     ES =   enzyme-substrate complex 

    P    =   product    

 

  1 

 

 3.1 (Lipase) 

  (EC. 3.1.1.3, glycerol ester hydrolase) 
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 Table 6    

 Candida cylindracea Candida rugosa Rhizomucor 

 Pseudomonas Staphylococcus (

, 2546) 

  Figure 7 3 

(hydrolysis) 

(esterification) 

(transesterification) 3 

(1) (interesterification) 

 

 (2) (alcoholysis) 

(3)   

(acidolysis)  
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Table 6. Sample of commercialized lipases. 

Type Source Another name Company 

 

PPL 

 

CE 

(BSSL) 

 

CRL 

 

CAL-A 

CAL-B 

CLL 

GCL 

HLL 

PcamL 

 

ROL 

 

ANL 

ProqL 

 

PCL 

 

PCL-

AH 

PFL 

 

Mammalian lipase 

Porcine pancreas 

 

Pancreatic cholesterol 

esterase 

Fungal lipase 

Candida rugosa 

 

Candida antartica A 

Candida antartica B 

Candida lipolytica 

Geotrichum candidum 

Humicola lanuginosa 

Penicillium 

camembertii 

Rhizopus oryzae 

 

Aspergillus niger 

Penicillium roqueforti 

Bacterial lipase 

Pseudomonas cepacia 

 

Pseudomonas cepacia 

 

Pseudomonas 

fluorescens 

 

 

 

 

 

 

Candida cylindracea 

 

 

 

 

 

Thermomyces I. 

P. cyclopium 

 

R. javanicus, 

R. delemar,  R. niveus 

 

 

 

Burkholderia cepacia 

 

 

Amano, Sigma, Fluka, Boehring 

Mannhein  

Genzyme, Sigma 

 

 

Altus Biologics, Sangyo, Amano, 

Boehring,Mannheim    

Boehring Mannheim, Novo Nordisk 

Boehring Mannheim, Novo Nordisk 

Amano 

 

Boehring Mannheim, Novo Nordisk 

Amano 

 

Amano, Fluka,  

Sigma Seikagaku Kogyo Co 

Amano 

Amano 

 

Altus Biologics, Amano, Boehring 

Mannheim, Fluka, Sigma 

Amano 

 

Amano, Biocatalysts Ltd. 

PfragiL 

CVL 

 

 

BTL2 

Pseudomonas fragi 

Cromobacterium-

viscosum 

Pseudomonas sp. 

Bacillus- 

thermocatenulatas 

Alcaligenes species 

 

 

 

Pseudomonas glumae 

Wako Pure Chemical 

Sigma, Genzyme, Asahi 

 

Chemical, Biocatalysts Ltd., Amano 

Boehring Mannheim 

 

Meito Sangyo 

: Kazlauskas  Bornscheuer (1997) 
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 i. Hydrolysis: 

2O                  

ii. Esterification: 

RCOOH + RCOOR  +  H2O    

iii. Transesterification: 

      (1). Interesterification 

       COOR* RCOOR*                     

       (2). Alcoholysis 

             

               (3). Acidolysis 

 

Figure 7. Lipase catalyzed reactions. 

: Gandhi (1997 Reis et al. 2009) 

  

  

 

Interfacial activation 

 (lid) (loop) 

(Marangori, 2002) 

Figure 8 
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Figure 8. Shape of the binding site of lipases. (a) Orientation of the cross-sections which are planes 

perpendicular to the paper plane and indicated by a straight line. The direction of the view 

is indicated by an arrow. A number indicates the length of the longest fatty acid which 

completely binds inside the binding pocket. 

: Pleiss (1998) 
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 3.1.1   

  

 

 1) (regio or stereo-

specificity) 

 Lai (2000) 

2  

 -  1 3 (1, 3-specific 

lipase)   Aspergillus niger, Rhizomucor miehei, Rhizopus 

javanicus, Mucor javanicus, Rhizopus niveus, Alcaligenes sp. 

 -   (non-specific 

lipase)   Pseudomonas sp.  Candida rugosa   

  2) (type and chain length 

specification) 

(C  6) (C 8-10) (C  14) (Zhou et al., 2000) 

 

 Figure 9 1,2-dipalmitoyl-3-

oleoyl-rac-glycerol  1,3-dipalmitoyl-2-oleoyl-glycerol Geotrichum sp. 

1,2-dipalmitoyl-3-oleoyl-rac-glycerol a 

1 3 

1 3 2 

c 
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Figure 9. Hydrolysis of 1, 2-dipalmitoyl-3-oleoyl-rac-glycerol or 1,3-dipalmitoyl-2-oleoyl-glycerol by 

crude lipase from Geotrichum sp. 

: Stransky (2007) 

 

  Figure 10 

 sn- 

            

(P) (L) (O) 
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Figure 10.  Structure and stereospecific numbering (sn) of acylglycerols. 

: Scrimgeour (2005) 

  

 

 Table 7 

 

 

 Table 8 
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Table 7. Specificity of lipases from different sources to types and position of fatty acid of triglyceride. 

Source of lipase Fatty acid specificity
a
 Positional specificity 

Microorganisms 

    Aspergillus niger 

   Candida antarctica 

   Candida rugosa (syn. C. cylindracea) 

   Chromobacterium viscosum 

   Rhizomucor miehei 

   Penicillium roquefortii 

   Pseudomonas aeruginosa
b
 

   Pseudomonas fluorescens 

   Rhizopus delemar 

   Rhizopus oryzae 

Plants 

   Rapeseed (Brassica napus)
 c
 

   Papaya (Carica papaya) latex
d 
 

Animal tissues 

   Porcine pancreatic 

   Rabbit gastric
b
 

 

S, M, L 

S > M, L 

S, L > M  

S, M, L 

S > M, L 

S, M >> L 

 S, M, L 

 S, L > M 

S, M, L 

M, L > S 

 

S > M, L 

 

 

S > M, L 

S, M, L 

 

sn-1,3 >> sn-2 

sn-3 

sn-1,2,3 

sn-1,2,3 

sn-1,3 >> sn-2 

sn-1,3 

sn-1 

sn-1,2,3 

sn-1,2,3 

sn-1,3 >> sn-2 

 

sn-1,3 > sn-2 

sn-3 

 

sn-1,3 

sn-3 

a 
: S, short chain; M, medium chain; L, long chain 

b 
: Data from Villeneuve et al. (1995) 

c
 : Data from Hills and Mukherjee (1990) 

d
 : Data from Villeneuve et al. (1995) 

:  Godfrey (1995  Weber Mukherjee, 2008)  
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Table 8. Major specificities of lipases and their applications. 

 

: Diks Bosley (2000) 
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  3.1.2   

    2  

 

1   

Al-Zuhair (2005)  

  Ping-Pong kinetic model   

Figure 11 (E) (S) 

(E.S) 

 (E.F) 

(A) (E.F.A) 

(E.Bd.G) (G)  (Bd)  

(E.A) k 

 

 

 
 

Figure 11. Graphical representation of the mechanismic steps of triglyceride ester-bond 

transesterification. 

 E: enzyme, F: intermediate product, Bd: biodiesel 

: Al-Zuhair (2005) 

 

 3.2   

  

 

 Table 9 
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 Table 9. Source of free and immobilized lipases used for biodiesel production. 

Lipase source 
Commercial 

name 
Supplier Support Reference 

Candida antarctica 

 
 
Candida cylindracea 

Candida rucosa 

Chromobacteriun 

viscosum 

Cryptococcus spp. S-2 

 

 

Pocine pancreatic 

 

Pseudomonas cepacia 

 

 

 

 

 

 

 

Pseudomonas 

fluorescence 
 
 
 
 

SP435 
Novozym 435 
Chirazyme L-2 
OF 
- 
- 
 
Lipase produced 

laboratory 
- 
 
PS 
 
PS 
PS-30 
PS-30 
 
PS-D 
 
- 
AK 
AK 
 
AK 
 

Novo 
Novo 
Roche 
Meito Sangyo 
Meito Sangyo 
Asahi 
 
 
 
 
Sigma 
 
Amano 
 
Amano 
Amano 
Amano 
 
Amano 
 
Rhom GmbH 
Amano 
Amano 
 
Amano 
 

Acrylic resin
(a)

 
Acrylic resin

(a)
 

None 
None 
None 
Celite-545

(b)
 

 
None 
 
 
Anion exchange 
resin 
Sol-gel matrix

(b)
 

 
None 
None 
Pyllosilicate 
sol-gel matrix 

(b)
 

Diatomaceous 
earth

(a)
 

None 
None 
Porous 
kaolinite

(b)
 

Polypropylene 
EP100

(b)
 

Nelson et al., 1996 
Shimada et al., 1996 
Lee et al., 2002 
Lara and Park 2004 
Kaieda et al., 2001 
Shah et al., 2004 
 
Kamini and Iefuji 
2001 
 
 
Yesiloglu, 2004 
Noureddini et al., 
2005 
Kaieda et al., 2001 
Abigor et al., 2000 
Hsu et al., 2002 
 
Salis et al., 2005b 
 
Mittlebach, 1990 
Kaieda et al., 2001 
Iso et al., 2001 
 
Soumanou and 
Bornscheuer, 2003b 

Mucor Miehei 
 
Rhizopus oryzae 
Thermomyces  
lanuginosa 
 

Lipozyme IM60 
 
F-AP15 
Lipozyme TL IM 
- 

Novo 
 
Amano 
Novo 
Novo 

Anion exchange 
resin

(a)
 

None 
Acrylic resin

(a)
 

Pyllosilicate 
sol-gel matrix

(b)
 

Nelson et al., 1996 
 
Kaieda et al., 1999 
Du et al., 2003 
Hsu et al., 2004b 
 

(a)
: Commercially available immobilised lipases. 

(b)
: Lipases immobilised by researchers in their own laboratories.

 

b: reference no.2  

: Salis  (2007) 
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 3.3   

  

 (solid 

catalyst) ( , 2543) 

 

  Figure 12 2 

  

 

Immobilization methods for enzymes 

 

            Methods for insoluble enzymes                                              Methods for soluble enzymes 

                                                                                                                          Ultrafiltration membranes 

                                                                                                                   Hollow fiber devices 

      Binding                                                                           Entrapping 

 

Crosslinking          Carrier binding           Gel entrapping  Fiber entrapping   Microencapsulation 

 

                      Physical               Ionic               Metal               Covalent 

                     adsorption           binding            binding             binding 

Figure 12. Classification of immobilization methods for enzymes. 

: Kennedy  Cabral (1987) 

 

 

Figure 13 
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Figure 13. Illustration of general procedures for enzyme immobilization. 

: Cao (2005) 

 

 3.3.1   (Support-Binding method) 

  

4 

 

 1) (physical-adsorption method) 

(vanderwals force) (hydrophobic interaction) 

 (solid support) 

 (saturation) 

(specific activity)  

  

(desorption) 

 2) (ionic-binding method) 

 

 3) (metal-binding method)   
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 4) (covalent-binding method) 

 (Kennedy and Cabral, 

1987) 

  3.3.2  (Entrapment method)  

  

  3 

  (Kennedy and Cabral, 1987) 

  

 

 3.4  

  

  (permeability)  

(hydrophilicity) 

(Kennedy and Cabral, 1987) 

  

  (accurel)  porous polypropylene 

(Salis et al., 2009) 

 

   

Table 10 
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Table 10. Granulometric analysis of different accurel materials. 

Accurel sample 
Particle size

a
 

(µm) 
Span

b
 

Average pore 

diameter 

(µm) 

Range pore 

diameter (µm) 

Accurel EP 100, <200 µm 

Accurel EP 100, 200-350 µm 

Accurel MP 1001, 400-1000 µm 

Accurel MP 1000, <1500 µm 

200 

230 

440 

610 

1.1 

1.0 

0.81 

1.5 

9
c
 

11
c
 

23
d
 

25
d
 

4-17
c
 

8-15
c
 

12-35
d
 

12-35
d
 

a
 Determined by laser light scattering, presented as the volume median diameter d(0.5). 

b 
Size distribution is expressed as span = d(0.5)/[d(0.9) - d(0.1)]. 

c
 Measured manually on SEM picture with magnification 500×. 

d 
Measured on SEM picture with magnification 100×. 

: Sabbani  (2006) 

 

 Kaewthong (2004) Lipase PS 

(Immobilized activity) 

(Immobilized yield) 200 

(Accurel EP 100, <200 µm) 

200 400  (Accurel EP 100, 200-450 µm) 

0.37 0.30 37 

31  Figure 14 Scanning electron 

microscopy (SEM) 
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Figure 14. SEM of Accurel EP 100 in different particle sizes (p). 

 A : p <200 µm at a magnification of 25× 

 B: p <200 µm at a magnification of 500× 

 C : p  200 350 µm at a magnification of 500× 

: Sabbani  (2006) 

 

4.    

  

 

 4.1   

    

(triglyceride) (triolein)  

(fatty acid ester)      

 

- (palm oil)  (soybean oil)  (peanut oil)  

(corn oil) 

(A) (B) 

(C) 
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- (sunflower oil) (safflower oil) 

(rapeseed oil) (cottonseed oil) 

 Table 11  

 

Table 11. Structure, systematic, trivial, and shorthand names of some common fatty acids. 

 

 
a
 : Icosa- replaced eicosa- in systematic nomenclature in 1975, but the latter is still widely used in 

     the current literature. 

: Scrimgeour  Harwood (2005) 

  

 2 (saturated Fatty acid) 

(unsaturated Fatty acid)   

 Table 12 
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Table 12. Iodine value and fatty acid content of the major commodity oils. 

Type of oil 
Iodine 

value 

Fatty acid 

C12:0 C14:0 C16:0 C18:0 C18:1 C18:2 C18:3 

Palm oil 

 

14.1-21.0 ND-0.5 0.5-2.0 39.3-

47.5 

3.5-6.0 36.0-

44.0 

9.0-

12.0 

ND-0.5 

Palm olein  56 0.1-0.5 0.5-1.5 38.0-

43.5 

3.5-5.0 39.8-

46.0 

10.0-

13.5 

ND-0.6 

Palm sterin  48 0.1-0.5 1.0-2.0 48.0-

74.0 

3.9-6.0 15.5-

36.0 

3.0-

10.0 

0.5 

Palm kernel 50.0-55.0 45.0-

55.0 

14.0-

18.0 

6.5-

10.0 

1.0-3.0 12.0-

19.0 

1.0-3.5 ND-0.2 

Coconut  6.3-10.6 45.1-

53.2 

16.8-

21.0 

7.5-

10.2 

2.0-4.0 5.0-

10.0 

1.0-2.5 ND 

Peanut  86-107 ND-0.1  ND-0.1 8.0-

14.0 

1.0-4.5 35.0-

67.0 

13.0-

43.0 

ND-0.3 

Jatropha 101 ND ND 14.9 6.0 41.2 37.4 ND 

Rape seed 94-120 ND ND-0.2 1.5-6.0 0.5-3.1 8.0-

60.0 

11.0-

23.0 

5.0-

13.0 

Soybean 124-139 ND-0.1 ND-0.2 8.0-

13.5 

2.0-5.4 17.7-

28.0 

49.8-59 5.0-

11.0 

:  (2546) 
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 (

, 2545) 

  

 Elaies guineensis   

 

 3 

2 (Palm kernel) 

(palm kernel oil) (mesocarp) 

(palm oil) 

(palm olein) 

(palm stearin) 

 

 Table 13  

78.82  

48.05 51.95   

 

Table 13. Chemical property of palm oil. 

Property of palm oil Palm kernel oil Palm oil 

Iodine value  

Acid value  

Saponification value 

Unsaponification matter (%) 

Color (Lovibond) 

Total saturated fatty acid (%) 

Total unsaturated fatty acid (%) 

14-20 

20 

240-257 

1 

10Y:1R25 

78.82 

21.18 

43-59 

15 

195-210 

1 

Y:2.5R 

48.05 

51.95 

: (2530) (2546) 
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Table 14 

Table 14. Melting and crystallization peaks of diglycerides by differential scanning calorimetry. 

Diglyceride 
Fusion peak 

(
 o
C) 

Melting point 

(
o
C) 

Crystallization 

peak (
o
C) 

Onset of 

crystallization (
o
C) 

1,2 PP  

1,3 PP  

1,2 0 0  

1,3 0 0  

1,2 PO  

1,3 PO  

PDG 

50.7 

71.5 

22.7 

24.6 

51.5 

41.7 

22.8, 30. 4 3 

52.5 

75.0 

26.0 

28.3 

54.0 

45.3 

47.0 

47.4 

62.5 

3.2 

10.9 

47.5 

28.0 

-15, 9. 26.7 

50.0 

65.0 

10.0 

15.7 

49.8 

30.6 

32.0 

PDG: palm diglyceride mixture 

: Siew NG (2000) 

 

 4.2  

 

  

3  (  , 2535) 

 1)   

 2)       

(hydroperoxide) (conjugated dienoic acid) 

(epoxide)       

(cross-link)        

 

 3) 

  1 

(cyclic fatty acid) 2 
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2  

 -  (volatile decomposed product) 

 

 -  (nonvolatile decomposed product)  

     

 Figure 15 

16 

 

fat and oil 

                                                                                oxygen, heat and water 

 

                           volatile compounds                            non volatile compound 

                                                -  hydrocarbons                (polar and nonpolar) 

                                                -  ketones                                              - (cyclic monomer) 

-  aldehydes     - (noncyclic monomer) 

-  furan                                                  - dimers 

-  carboxylic acids                                - trimers 

- high molecular weight 

  compound 

Figure 15. Degradation of frying oil. 

:  (2535) 
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Figure 16. Physical and chemical reactions of oil that occur during frying. 

: Warner (2008) 

 

 

 

 (Cvengros and Cvengrosova, 2004)  

(1) 

 

(2) 

 

(3)  neutralization  

(4) decanter 

(5) (active charcoal) 

(clay) 

 

  (Dehydrate) 

(Wu et al., 1999) 
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5.   

  (ethyl alcohol)  (primary alcohol) 

 CH3 CH2 OH EtOH   

 

    

 (gasohol) 

(desohol) 

(oxygenate) 

(Hansen et al., 2005  Balat et al., 2008) 

 wood alcohol 

(anaerobic metabolism) (Methanol, 2008)          

 

 (Bouaid et al., 2007)        

 

  

 Table 15 
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Table 15.  Some properties of alcohol fuels. 

Fuel property Isoctane Methanol Ethanol 

Cetane number 

Octane number 

Auto-ignition temperature (K) 

Latent heat of vaporization (MJ/Kg) 

Lower heating value (MJ/Kg) 

- 

100 

530 

0.26 

44.4 

5 

112 

737 

1.18 

19.9 

8 

107 

606 

0.91 

26.7 

: Balat (2007)  Balat (2008) 

 

 

     

 

 

(Encinar et al., 2007) 

 

Table   16 

 3 

 1) 

 

 2)  

 3)   
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Table 16. Comparison of ethanol yields (by volume) from various raw materials. 

Raw material (one ton) Ethanol Yield ( liters ) 

molasses 

sugar cane 

fresh cassava 

sorghum 

grains (e.g., rice, corn) 

coconut juice 

260 

70 

180 

70 

375 

83 

:  (2545) 

 

    

 

  -   

  -   

  -   

  -   

    

  

 

 

3  

 

. . 2006 10 (Sanchez and Cardona, 2008 and  Balat et al, 

2008) 
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6.   

 

   

 

 6.1 

     

  

 

 

  

 6.1.1  

  

 Pseudomonas cepacia  Lipase PS  Mucor - 

miehei   Lipozyme Candida antarctica  

Lipase SP435 Novozym 435  

  Nelson (1996 )                  

Mucor miehei               

94.8-98.5 (secondary alcohol) (branch 

alcohol) Candida antarctica 

61.2-83.8 Samukawa (2000)  

Novozym 435 

methyloleate 97 

3.5  Wu (2004) 

 Candida antarctica 
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(waste oil)  

88.6 30  

  Noureddini (2005)            

9  Lipase PS 

Pseudomonas cepacia     

 41 65 

 

 36 63   

 Lipase PS sol-gel polymer 

matrix  67 65   

Iso (2001) 

(kaolinite) Toyonite 200-M 

(safflower oil) 

Pseudomonas fluorescens propyl oleate 

butyl oleate (biodiesel)  

(2546) 

7   Lipase AY (Candida rugosa) Lipase PS 

(Pseudomonas sp.)  Lipase AK (Pseudomonas fluorescens) Lipase D (Rhizopus delemar) Lipase M 

(Mucor javanicus) Lipase OF (Candida rugosa)  Lipase FAM-15 (Rhizopus oryzae) 

 Lipase PS 

92.2 

 

  (2548) 

5 Lipase AY (Candida rugosa) Lipase FAP-15 (Rhizopus oryzae) Lipase OF (Candida 

rugosa) Lipase AK (Pseudomonas fluorescens)  Lipase PS (Pseudomonas sp.) 

(Accurel EP-100) Lipase  PS 

72.33 87.36  

 6.1.2  
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 Wu 

(1999) Pseudomonas cepacia (Lipase PS-30)    

Candida antarctica (Lipase SP435)  

(grease)  5   Lipase PS-30 

1 Lipase SP435 5 

 Lipase PS-30 80 

96 Li (2006) Novozym 435 

Thermomyces lanuginosa (LipozymeTL IM) 

(soybean oil deodolizer distillate) 

Novozym 435 

Lipozyme TL IM  

  Novozym 435  Lipozyme TL IM 

2 3   3.2:1 

94 12  

 6.2  

   

  

 (Samukawa et al., 2000) 

 

  

  

  

(Samukawa et al., 2000)  

  Noureddini  (2005)            

Lipase PS 

 0 700  0 3.5 

 

 

 

  Shah  (2004) 
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Chromobacterium viscosum 

4 1 

10, 50, 75 100 

100  

50 70 

60 70   

Shah Gupta (2007) 

Lipase PS (celite) (12.5- 100 ) 

4 1 40  24 

75 70  100 

 Yesiloglu (2004)          

(ionic linkage on a macroporous anion exchange resin         

3 1 45  

200, 300, 400 500    

500 

7 80  

 6.3  

 6.3.1   

 

(short chain alcohol)  

  (propanol) (butanol)   

 

 

 Mittelbach (1990) 

Pseudomonas fluorescens 

  

 

96  99 82 70  
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76  3 

 Salis (2005)     

  Pseudomonas cepacia 

2-4 (linear and branched primary alcohols with short alkyl 

chains) 40  aw  0.432 

  

95  

90 2- 85 

(steric hindrance)  

40 40 

 

 6.3.2  

 

 

Shimada  (2002) 

1/2  

2/3 (stoichiometric amount)  

2 1/2  (molar equivalent) 

2/3  

1/3 3  2 

90 100 

 

 (Su and Wei , 2008)  

 6.4  
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Log P (partition coefficient or 

distribution coefficient) 

2  

(octanol) 

log P log P > 2 (Li et al., 

2006)  

  

  Nelson (1996) 

90 45  5 

 Li (2006) 

 Novozyme 435 Lipozyme TL IM tert-

butanol 1: 1  

95  tert-butanol 

 

200  

  

 

  (solvent-free medium) 

  

 

 

  Vacek  (2001) 

(blackcurrant oil) Pseudomonas fluorescens 30 -

  (reactant) 8 

52 Hsu 

(2003) (grease) 

Pseudomonas cepacia 

 

77 42  
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 6.5   

    

 

 (hydrolysis) 

Selmi  Thomas 

(1998) Mucor 

miehei  0.125  

72  50   7  Salis  (2005) 

Pseudomonas cepacia water activity (aw) 

0.4-0.6  Noureddini (2005) 

 water content 

0.5 0.3  10     

 6.6 

  

 30-40 

Selmi  Thomas 

(1998) Mucor 

miehei 35 , 50   60   50      

 Shimada (1999) 

(rapeseed oil) 

Candida antarctica  1:1 

20, 30, 40, 50  60 40   

24  Hsu (2003) 

40-70 

(grease)  Pseudomonas cepacia 40 

 Noureddini (2005) 

 Pseudomonas cepacia 

 35 

35  
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 6.7 

    

PI (Isoelectric point) 

 

 7 (2548)  

 Lipase PS 

7 

72.33 87.36  Chen (2008) 

 Aspergillus oryzae NS81020     

6.86 

6.86  

  Table 17 

  

 

 

7.   (Packed-bed bioreactor) 

   

 

(continuous stirred tank reactor; CSTR)  

(packed-bed reactor)  (fluidized bed reactor) 

 (Vikbjerg et al., 2005) 

(pressure drop) 

( , 2543) 

 Figure 17   
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Table 17. Biodiesel production by lipase through different conditions. 

 

 

 

a : Commercially available immobilised lipases.
 

b : Lipases immobilised by researchers in their own laboratories. 

: Salis et al. (2007) 
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Figure 17. Packed-bed reactor of immobilized enzyme. 

: (2543)  

 

   Figure 17 3 

(downward flow) (upward flow) 

(recycle) 

                 

( , 2543)    

  (residence time) 

2  (Vikbjerg et al., 2005) 

 

     residence time    =    
fV

lr ... 2

                                                           (2) 

     r : inner radius of column  

     l : column length 

     : bed void fraction 

     Vf : flow rate of substrate  

 

  bed void fraction 
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8.  

 

  

 (2549) ( ) 

   

 500   60 

  60   7   100  

 90  5.360  5.488 

  320   46 

 (2549) 

(KOH) 1 

6 1 84 

94 

  

 

.  

 

  

 

(2548) 

(waste palm oil) 

85-90 

1-1.2 4  95.45   
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98.69   87.7 

10 1 

(IRR) (MARR) 18 (2549) 

 

2  

 

 30 36 

60    

97 

88 

 

  

(2546)  

  Lipase PS 

 

92.2     

 (2548) 

    

72.33 87.36  
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1. 

 

2.  

3.  

 

 

 

 

   

 

 

 

 



  

2 

 

 

1.  

 -     

  

   - 95%   

 

2.  

 2.1  

  -  Lipase PS (Pseudomonas cepacia), Lipase AY (Candida rugosa), Lipase AK 

(Pseudomonas fluorescens)  Amano Pharmaceutical Co. 

Ltd. 

 2.2 

  - Lipozyme TL IM (Thermomyces lanuginosa) 

Novozyme  

 

3.  

   -  (Accurel) EP-100 Polypropylene powder  400 

                           Akzo Nobel Membrana 

 

4.   

   

 

 

 

 -  (magnetic stirrer) Fine PCR ST5  

 -  (incubator) Binder BD 115 

51 



 

 

52 

 

 -   (Spectrophotometer) Biochrom Libra S22 

 -  Thin-Layer Chromatography/Flame Ionization 

Detection analyzer (TLC/FID) Iatron  Iatroscan MK-5  

Chromarod Slll (Silica gel powder coated) 

 -  (Karl Fischer Titrator) Metrohm 831 KF 

Coulometer  

 - Eppendorfthermomixer Eppendorf  

  Eppendorf AG 22331  

 -  (Peristaltic pump)  Longer pump BT00-300T   

 -  (Peristaltic pump)  Chomatograph Atto  SJ-I211  

 - Denver 320  

 - Memmert W 350 

 - 

 - (Vortex) Fine PCR Finevortex  

 -  Tokyo Rikakikai A-3S  

 -  Rotary vacuum evaporator N-N series EYELA SB651 

 -  (microcentrifuge) MPW-52  

 

 

1.  

  

AOAC (1990) 

 

 

2.   

 Karl Fischer 

Titrator Karl 

Fischer  (SO2) 
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3.   

 

 

  

TLC/FID analyzer (Freedman et al., 1984   

, 2548)  

 -  quartz rods (silica gel powder coated Chromarod S-III) 

3 5 quartz rods 105               

5 blank scan  TLC/FID analyzer 

30 rod 160 

2000  

 - 5 

 50  

 -   quartz rods 1  quartz 

rods 

50:20:0.3  ( )   quartz rods  

8  ( 15 )  

1:1 ( ) 10 

 ( 30 ) 

 -    quartz rods  105 5 

blank scan 

 

 

4.   

  Two-phase emulsion method Lee Rhee (1993)  

 4.1   

   

10 ( )  1.0 0.1 

7 0.5 10 

0.2  1 

300 45 15 
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6.0 0.3  

cupric acetate method 

 4.2  cupric acetate method   

  cupric acetate method (Kwon and Rhee, 1986 

Lee and Rhee, 1993) 4.1 0.1 

1     cupric 

acetate-pyridine reagent 0.4  ( 15 ) 

715 

 3 

 

Activity (U)                 =      
T0.1samp.slope

OD715
      (3) 

   

slope:  

   samp.: ( ) 

   T: 15 

      

 4.3  

 1  1 (U) 

1 

1  

 

 

1.    

  2 

2 1 

 

 

 

2.  
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 TLC/FID 

 

GC (Gas Chromatography) 

   

 

 

3.   

 Lipase PS, Lipase AY Lipase AK 

Soumanou Bornscheuer (2003a)  Figure 18 

  0.5  0.2      

7.0  20 0.5      

95%  2  3 

30 

1 

0.2 20  20 

1  

 

               Pretreatment of carrier                            0.5 g of lipase dissolved in 20 ml potassium 

 (0.5 g of EP100 adding 2 ml of 95% ethanol 3 minutes)         phosphate buffer (pH 7.0, 0.2 M)                                        

  

Stirring with magnetic stirrer at room temperature 30 minutes 
 

Filtration  

 

Washed twice with 20 ml phosphate buffer followed by distilled water 20 ml 

 

Dry overnight under vacuum  

Figure 18. Lipase immobilization. 

: Soumanou and Bornscheuer (2003a) 

    

  ( ) 

 

(%) = ( - ) x 100 
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 (Immobilized Yield)    

             

(%)    =                         x 100 

        (Immobilized ratio)              -  

             

 4  

 

 

4.  

  

 4.1   

 4.1.1  

   Lipase PS, 

Lipase AY, Lipase AK Lipozyme TL IM 0.168 

10  10  

eppendorf tube 1.5  Eppendorf thermomixer 

500  45 12 

1, 2, 4, 6, 8, 10 12 5 

50  0 

  TLC/FID analyzer 

  

 4.1.2   

  

Lipase PS, Lipase AY, Lipase AK Lipozyme TL IM 0.168 

0.0291 ( 3 1) 

 10  4.1.1 

 

  4.1.3   

  Lipase 

PS, Lipase AY, Lipase AK Lipozyme TL IM 0.168             

0.0301 (  1 1)    
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1 10  

4.1.1  

 4.2   

 4.2.1   

   3 1 

2 

 3  

10 

0.168 0.0291  (  3 1) 

10  

eppendorf tube 1.5 Eppendorf thermomixer 

500  45 12 

0.5, 1, 2, 4, 6, 8, 10 12 5 

50  0 

 TLC/FID analyzer 

 

 4.2.2  

   4.2.1 

10 

0.168 10  

 0.0291 (  3 1) 0 

0 

4.2.1 0.5, 1, 2, 4, 6 12  

 

  4.2.3  

   3.2.1 

 25:75, 50:50 100:0 10  

0.168 0.0291 ( 3 1) 

10 4.2.1 
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0.5, 1, 2, 4, 6 12  

 

 4.3   

   4.3.1  

   4.2.1 

4.2.3 10 0.168 

0.0291  (  3 1) 

4.2.2  5, 10, 15 20 

 eppendorf tube 

1.5 Eppendorf thermomixer 500 

   45 12 0.5, 1, 2, 4, 6 

12  5 50     

0 

 TLC/FID analyzer 

 

    4.3.2   

  4.2.1  

4.2.3 1, 5, 10  15 

0.168 0.0291 (  3 1) 

4.2.2 4.3.1 

4.3.1  

   4.3.3   

   4.2.1   

4.2.3 4.3.2 0.168 

1:1, 2:1 3:1 

4.2.2 4.3.1 4.3.1 

 

  4.3.4  

   4.2.1   

4.2.3 4.3.2 0.168 

4.3.1 2 

1 3  1:1 
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0, 1 2  2 2             

 2:1 0 1:1 2 

 3:1 0 

1  ( 4.3.3) 4.3.1 

 

   4.3.5   

   4.2.1   

4.2.3 4.3.2 

0.168  3:1   

4.3.1 4.2.2 4.3.1 

 TLC/FID 

 5000 g 10  

 

 12  50   

 

5.  

 (Packed-bed reactor)  

 5.1    

   

4.2.3 1 

1  10 7.85  

2 1 2 

2 

 

    

95  3: 1 

 (upward flow) 

0.2 

(retension time)  30   (incubator) 

45  

 

 



 

 

60 

 

 5.2   (Packed-bed 

  reactor)  

  5.2.1 

   

4.2.3 1  

1 10  1 

95 3:1 

 Figure 18 (silicone tube) 

 0.2  

 30 ( 5.1) 

 120  0.05 

45  

 5.2.2  

   

0.5 1 

10  2 

95  3:1 1 2 

1 

2 

Figure 19 

5.2.1 45  

 

 5.2.3  

  

0.5 1  

10 2 

95 2:1 

1 0.01 

1:1 

5.2.1 Figure 19 

45 
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Figure 19. Continuous biodiesel productions in packed-bed columns. 

 (A): substrate bottle, (B): enzyme column 1, (C): product bottle 1, (D): enzyme  

 column 2, (E): product bottle 2  

 

 5.2.4  

  

1 1  10 

( 1)  

(Accurel MP1003)  

(water bath)  45  

 ( 10 

4.1.1)  0.1 

60  

1  3: 1 

 1  

( 2) 0.1 45 

Figure 20  

 

 

(A) 

  (B) 

(C) 

  (D) 

(E) 
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Figure 20. Continuous biodiesel production in packed-bed columns with separations column. The 

column was controled temperature by hot water from water bath. (A): substrate bottle, (B): 

enzyme column 1 (with hot water jacket), (C): product bottle 1, (D): enzyme column 2 

(with hot water jacket), (E): product bottle 2, (F): substrate pump, (G): water bath. 

 

6.  

  

0.4 1  10  

3: 1 

0.1 

Figure 21 

60 (Silica gel 60)  (activate)  120 

4 10 

5  

0.1  

Figure 22 

 Rotary evaporator 

(A) (C) 

(B) 

(D) 

  (E) 

(F) 

  (G) 
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Figure 21. Recycle system for transesterificaton of used palm oil in packed-bed column. 

 (A): substrate bottle, (B): enzyme column, (C): substrate pump. 

 

 
 

Figure 22. Purification of biodiesel by silica gel column. 

    (A): silica gel column, (B): final product bottle, (C): biodiesel bottle, (D): peristaltic pump. 

(A) 

(B) 

(C) 

(A) 

(B) (C) 

(D) 



3 

1.  

 

  

 Table 18  (acid value) 

1.24±0.25 

0.6 

 

TLC/FID 

 93.54, 0.59, 5.70  0.60  

6.46 

 

  

  52.91±0.18 

 

(oxidation rancidity) 

   0.5 

  

  (saponification value) 

184.84±0.25   

     

 

 ( , 2541)  
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910.53  Kaewthong (2004)   

 

838 .22 

 

  

 (water content) 0.86 

100 Foresti (2007)      

0.2-3 

 

  

 

(FFA) 1 TPM (% of Total Polar Materials) 

25 TPM  

 

 

Table 18 (C-16 C-18) 

43.85, 37.66 

9.51  (30 

) 

16.2 62.9 

(Scrimgeour and Harwood, 2005)   

0.57, 1.08 0.37  

 

Table 18. Properties and composition of used palm oil and palm olein. 
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Property 
Used palm oil  

in this study 

Palm olein  

from other references  

Acid value  

Saponification value  

Peroxide value  

Iodine value  

Water content (%) 

Molecular weight (g/mol) 
a
 

Composition (%)
 b
 

TG 

FFA 

DG 

MG 

Fatty acid composition (%)
 c
 

Lauric acid (C12:0) 

Myristic acid (C14:0) 

Palmitic acid (C16:0) 

Palmitoleic acid (C16:1) 

Heptadecanoic acid (C17:0) 

Stearic acid (C18:0) 

Oleic acid (C18:1) 

Linoleic acid (C18:2) 

Linolenic acid (C18:3) 

Arachidic acid (C20:0) 

1.24±0.25 

184.84±0.25 

0.58±0.09 

52.91±0.18 

0.86±0.06 

910.53 

 

93.54 

0.59 

5.70 

0.60 

 

0.57 

1.08 

37.66 

0.21 

0.11 

4.26 

43.85 

9.51 

0.27 

0.37 

0.6
d
 

190-209
e
 

0.2-0.3
 f
 

44-55
f
 

0.2
 d
 

838.22
g
 

 

96.07
 g
 

could not detect 

2.84
 g
 

1.09
 g
 

 

0.1-1.1
h
 

0.9-1.4
 h
 

37.7-47.7
 h
 

0.1-0.4
 h
 

- 

4.0-4.8
 h
 

40.7-43.9
 h
 

10.4-13.4
 h
 

0.1-0.6
 h
 

0.2-0.5
 h
 

TG = Triglyceride, FFA = Free fatty acid, DG = Diglyceride, MG = Monoglyceride 
a
 Calculated from saponification value 

b 
Determined by TLC/FID 

c
 Determined by GC/FID  

d
 . 288-2535 (2546) 

e 
Scrimgeour (2005)

 

f
 (2541) 

g
 Kaewthong (2004) 

h
 Maclellan (1983) Kaewthong (2004) 

2.  
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(hydrophobic)  

(open form) 

(interfacial activation) 

 (lid)  (active site) 

(Mateo et al., 2007; Foresti et al., 2005a 

and 2005b) 

(Blanco et al., 2007) 

   Langmuir 

isotherm (monolayer) 

(multilayer) (Gitlesen et al, 1997; Blanco et al., 2007; Salis et al., 2008)  

 3  Lipase PS   

Pseudomonas cepacia, Lipase AK   Pseudomonas fluorescens  Lipase 

AY  Candida rugosa   Soumanou  Bornscheuer (2003)  

Lipozyme TL IM 

(porous silica granulate)   Thermomyces lanuginosa   

 

 Cupric acetate method (Kwon and Rhee, 1986 Lee Rhee, 1993) 

3   Lipase PS   

Lipase AK Lipase AY  

5.74, 5.41 5.18  (Table 19) (1 

1 1 )  3 

 (Table 8)  

 (2548) 

 Lipase AY, 

Lipase PS Lipase AK  4.39, 4.13 3.49 

      Salis (2008) 

(triolein assay)  Lipase AK, 
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Lipase PS Lipase AY   4, 1.8 4.7 (kLU/g) 

 

 

 3  EP100  

400   85  (total 

pore volume)  2.95  

(mean pore diameter)  140  (Bosley and Peilow, 1997)   Lipase 

AK   Lipase PS   Lipase AY  

 4.21, 3.32 1.60  

  (Immobilized  yield) 97.90, 95.89 

97.90 Lipase AY 

Lipase AY 

 (Salis et al., 2008; Foresti, M. L. and Ferreira, M. L. 2004, and Bosley and Peilow, 1997)  

  (Immobilized activity) Lipase AK 

86.83 Lipase PS 61.77 Lipase AY 45.5  

  

  

Lipozyme TL IM     3.92          

 Lipase PS  Lipase AK   

  (2548) Lipase PS 

EP100  200  

 1392.6 

(1.3926 ) 

 

 0.025 

 ( ) 

 Kaewthong (2004) 

 

 

Table 19.  Characteristic of lipases in palm olein hydrolysis. 
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Lipase 

Activity 
a
 

(U/mg 

commercial 

lipase) 

Activity
 a
 

(U/mg 

support) 

Immobilized 

yield (%) 
b
 

Immobilized 

activity (%) 
c
 

PS (Pseudomonas cepacia) 

AK (Pseudomonas fluorescens) 

AY (Candida rugosa) 

TL IM (Thermomyces lanuginosa) 

5.74 0.07 

5.41 0.12 

5.18 0.37 

ND 

3.32 0.41 

4.21 0.32 

1.60 0.14 

3.92 0.61 

95.89 4.36 

97.90 0.77 

97.39 0.86 

ND 

61.77 5.41 

86.83 3.10 

45.50 12.72 

ND 

ND: not determined. 
a
Activity of lipase was determined by cupric acetate method. 

b
 (%) = ( - )x100 

 (Immobilized Yield)    

            
c
 (%)  =                         x100 

        (Immobilized ratio)              -  
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3.  

  3.1  

  

4  Lipase PS, Lipase AY, Lipase AK Lipozyme TL IM 

10  0.168 

10  Figure 23 

24   Lipase PS, Lipase AY 

Lipase AK Figures 23A, B C 

  

 

3  
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(Table 8) 

Lipase AY  Candida rugosa  

   (Diks and Bosley, 2000)  

 (product inhibition) Lipozyme TL IM 

 (Figure 23D)   

 4 

(Figure 24A) Lipase AY 

46 30 Lipase PS, Lipase AK Lipozyme TL IM 

23, 29 2 12 Lipase AY 

 Lipase AK, Lipase PS Lipozyme TL IM   

53, 39, 37 34 (Figure 24B) Lipozyme TL IM 

 1 3 

 (Hayes, 2004)  

  Lipozyme TL IM 

  

( -OH) (  -CH3) (Castillo et 

al., 1997) 

 

  3    

 Al-Duri  (1995) 

  

  Sulaiman Al-Zuhair (2003) 

    

(interfacial area)   
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Figure 23. Time course of hydrolysis reaction of used palm oil by immobilized lipases. A reaction 

mixture consisted of 0.168 g used palm oil, 10% water, and 10 % immobilized lipase by 

oil weight, was incubated at 45 °C at 500 rpm. (A) Lipase PS, (B) Lipase AY, (C) Lipase 

AK, and (D) Lipozyme TL IM. TG: Triglyceride; DG: Diglyceride; MG: Monoglyceride; 

FFA: Free fatty acid. 
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Figure 24. Comparision of hydrolysis activity of used palm oil by four immobilized lipases. A 

reaction mixture consisted of used palm oil 0.168 g, 10% water and 10% immobilized 

lipase by oil weight, was incubated at 45 °C at 500 rpm. (A) Time course of free fatty acid 

formulation by hydrolysis reaction of used palm oil; (B) Relative yield of free fatty acid 

content after 12 h. Different letters within the same product indicate significant 

differences (p < .05). 
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 3.2  

          

  4 

 Lipase PS, Lipase AY, Lipase AK Lipozyme TL IM 0.168 

0.0291 ( 3:1)    

10 2  Figure 25  

Figure 26 12 Lipase AK -

  Lipase PS, Lipozyme TL IM  Lipase AY       

 91, 64, 22 5 (Figure 26) Lipase PS 

Lipase AK Pseudomonas  

 (Soumanou and 

Bornscheuer, 2003a)  Lipase AY Lipozyme TL IM 

 

 (Figure 24) Lipase AY Lipozyme TL IM 

Lipase AY 

 

 

Lipase AY 

2 10 

 Lipozyme TL IM  

Lipase AK Lipase PS  (Figure 25)    

 

Xu (2004) 

Lipozyme TL IM 

1.5 

 Shah (2004) -

Candida 

rugosa 

Yamada (2007) 2 Lipase QLC 

Alcaligenes sp. Lipase OF Candida cylindracea (Candida rugosa) 

Lipase OF Lipase QLC Lipase QLC 

Lipase OF 

50 5  
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 Lipase AK Lipase PS  Soumanou  

Bornscheuer (2003a) 

3:1 Lipase AK 

50 24  

4.5 90  

Lipozyme TL IM Lipozyme RM IM        

 Salis (2008) 

 

8 1 40 

Lipase AK  58 

 Lipase PS 37   22 51.5   

Rhizopus oryzae, Candida rugosa (Lipase AY), Mucor 

javanicus, Penicillium roqueforti, Aspergillus niger Penicillium camembertii 

  

 (2546) Lipase PS 

Lipase AK  

Lipase AK  

 Lipase PS  Moreira  (2007) 

Lipase AK Lipase PS 40 

18 1 Lipase 

AK  Lipase PS  hybrid support polysiloxane poly-(vinyl alcohol) 

72  91 75.1  

 Lipase 

AK 

 

 

Figure 8 

   

 

 

 



 

 

75 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25. Time course of transesterification of used palm oil by immobilized lipases. A reaction 

mixture consisted of 0.168 g used palm oil, ethanol was added in the mole ratio of 1:3 

(oil: ethanol), 2 % water, and 10 % immobilized lipase by oil weight, was incubated at   

45 °C at 500 rpm. (A) Lipase PS, (B) Lipase AY, (C) Lipase AK, and (D) Lipozyme     

TL IM. TG: Triglyceride; DG: Diglyceride; MG: Monoglyceride; FFA: Free fatty acid; 

FAEE: Fatty acid ethyl ester. TG: Triglyceride; DG: Diglyceride; MG: Monoglyceride; 

FFA: Free fatty acid; FAEE: Fatty acid ethyl ester. 
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Figure 26. Comparison of transesterification activity of used palm oil by four immobilized lipases. A 

reaction mixture consisted used palm oil 0.168 g, ethanol was added in the mole ratio of 

1:3 (oil: ethanol), 2% water, and 10% immobilized lipase by oil weight, was incubated at 

45 °C at 500 rpm. (A) Time course of fatty acid ethyl ester formulation by 

transesterification reaction; (B) Relative yield of fatty acid ethyl ester content after 12 h. 

Different letters within the same product indicate significant differences (p < .05). 
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 3 Pseudomonas cepacia, Candida rugosa Thermomyces lauginosa 

(binding site)  (hydrophobic lid) 

 Pseudomonas cepacia  (funnel) (Pleiss et al., 1998) 

Thermomyces lanuginosa  (crevice) 

(Wang et al., 2007)  Candida rugosa  

(tunnel)  (Pleiss et al., 

1998) 

   

 3.3  

 

4  0.168 

 1 1 1 ( ) 

10 1       

 Figure 27  Figure 28    

Lipase PS  Lipozyme TL IM, Lipase AK Lipase AY 

 80, 75, 61 3  (Figure 

28B) Lipase AY 

 

 Figure 27B Lipase AY 

 Foresti 

 (2005a) Lipase AY 

 

 

 (side reaction) 

 Lipase AK Lipase PS 
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Lipozyme TL IM 
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Soumanou  Bornscheuer (2003b) 

 Thermomyces lanuginosa  

97 

  

 

 

log P  3.98  Manjon (1991 

Foresti 2005b) log P 3.5 

Colombie (1998) -

  

    

 3.4  

 

Figures 24, 26 28 

Table 20                  

Lipase AY (Lipase PS, 

Lipase AK and Lipozyme TL IM) 

65-74  Lipase AY  

4 6  

Lipase AY 
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Figure 27. Time course of the direct esterification of palmitic acid using immobilized lipases. A 

reaction mixture consisted of 0.168 g palmitic acid dissolved in 1 ml of hexane, ethanol 

was added in the molar ratio of 1:1 (palmitic acid: ethanol), 0.9 % water, and 10 % 

immobilized lipase by oil weight, was incubated at 45 °C at 500 rpm. (A) Lipase PS, (B) 

Lipase AY, (C) Lipase AK, and (D) Lipozyme TL IM. FFA: Free fatty acid; FAEE: Fatty 

acid ethyl ester. 
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Figure 28. Comparison of esterification activity of four immobilized lipases. A reaction mixture 

consisted of 0.168 g palmitic acid dissolved in 1 ml of hexane, ethanol was added in the 

molar ratio of 1:1 (palmitic acid: ethanol), 0.9 % water, and 10 % immobilized lipase by 

oil weight, was incubated at 45 °C at 500 rpm. (A) Time course of palmitic acid ethyl 

ester formulation by esterification reaction; (B) Relative yield of palmitic acid ethyl ester 

content after 12 h. Different letters within the same product indicate significant 

differences (p < .05). 
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  Lipase PS 

Lipozyme TL IM  Lipase PS 

Lipase AK Lipase AY  

Lipase AK Lipase PS, Lipozyme TL IM Lipase AY 

83, 24 6  Lipase AK  Lipase PS Lipase 

AK Pseudomonas 

 

Table 20. Relative activity of immobilized lipases. 

Immobilized lipase 
Relative activity (%) 

Hydrolysis Esterification Transesterification 

Lipase PS  

Lipase AK  

Lipase AY  

Lipozyme TL IM 

71 

74 

100 

65 

100 

76 

4 

94 

83 

100 

6 

24 

Relative activity: The yield of the product from each enzyme compared to the maximum yields in 

the same reaction.  
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Figure 29. Comparision of ethyl ester production from used palm oil by single and mixed 

immobilized lipases. A reaction mixture consisted of 0.168 g used palm oil, 10% water, 

and 10 % immobilized lipases by oil weight, ethanol was added in the mole ratio of 1:3 

(oil: ethanol) at 30 min, was incubated at 45 °C at 500 rpm. (A): Lipase AK (B): Lipase 

PS and AY (C): Lipase AK and AY. TG: Triglyceride; DG: Diglyceride; MG: 

Monoglyceride; FFA: Free fatty acid; FAEE: Fatty acid ethyl ester. 
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 0 30 
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45 42  (Figure 30B, C and D) 

0 Figure 31A  
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(Figure 31B) 
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Figure 30. Effect of ethanol addition time on fatty acid ethyl ester production by tranesterification of 

used palm oil using mixed immobilized Lipases AK and Lipase AY. A reaction mixture 

consisted of 0.168 g of used palm oil, 3:1 molar ratio of ethanol: oil was added at 30 min, 

10% of water, and 10 % of immobilized lipases based on oil weight, was incubated at       

45 °C at 500 rpm. (A): Control (0 min, Lipase AK), (B): 0 min, (C): 30 min, (D): 60 min. 

TG: Triglyceride; DG: Diglyceride; MG: Monoglyceride; FFA: Free fatty acid; FAEE: 

Fatty acid ethyl ester. 
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Figure 31. Comparison of ethanol addition time on tranesterification activity of mixed immobilized 

Lipase AK and Lipase AY. A reaction mixture consisted of 0.168 g of used palm oil, 3:1 

molar ratio of ethanol: oil, 10% of water, and 10 % of immobilized lipases based on oil 

weight, was incubated at 45 °C at 500 rpm. (A) Time course of fatty acid  ethyl ester 

formulate by transesterification reaction; (B) Relative yield of fatty acid ethyl ester content 

after 12 hour. Control: Lipase AK (0 min). Different letters within the same product 

indicate significant differences (p < .05). 
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Figure 32. Effect of enzyme ratio on fatty acid ethyl ester production by tranesterification of used 

palm oil using mixed immobilized lipases. A reaction mixture consisted of 0.168 g of used 

palm oil, 3:1 molar ratio of ethanol: oil, 10% of water, and 10 % of immobilized lipases 

based on oil weight, was incubated at 45 °C at 500 rpm. (A): 25:75 (B): 50:50 and (C): 100:0 

of immobilized lipase AK:AY. TG:Triglyceride; DG:Diglyceride; MG:Monoglyceride; FFA: 

Free fatty acid; FAEE: Fatty acid ethyl ester. 
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Figure 33. Comparison of immobilized lipases ratio on tranesterification reaction. A reaction mixture 

consisted of 0.168 g of used palm oil, 3:1 molar ratio of ethanol: oil, 10% of water, and 10 

% of immobilized lipases based on oil weight, was incubated at 45 °C at 500 rpm. (A) 

Time course of fatty acid ethyl ester formulation by transesterification reaction; (B) Initial 

rateand relative yield of fatty acid ethyl ester content after 12 h. Different letters within the 

same product indicate significant differences (p < .05). 

 

 



 

 

92 

 

5. 

 5. 1  

  

  

0.168   3:1 

 Lipase AK: AY (1:1) 10  

 Figure 34 Figure 35 2 

  

88.64  

5, 10, 15 20 83, 83, 80 77 

(Figure 35) 2 

0.78   

 (Noureddini et al., 2005)  

5, 10, 15 20 

0.65, 0.64, 0.61 0.54 

 

12  5, 6, 10 13 5, 10, 15 20 

2 3 (Figure 34) 

  Zhao  (2007) 

 Lipase AK  

10  

57 Chen (2008 )           

NS81020 

Aspegilus oryzae 

  

10 

  

 Liko (1995) 

 Candida rugosa 

Pseudomonas fluorescens 3.2  90 



 

 

93 

 

30  Qin (2008) 

    

Rhizopus chinensis   

2 86 72 

  

 Yesiloglu (2004) -

 

75 7   

  

 

2  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

94 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 34. Effect of water content on fatty acid ethyl ester production by tranesterification of used 

palm oil using mixed immobilized lipases. A reaction mixture consisted of 0.168 g of used 

palm oil, 3:1 molar ratio of ethanol: oil, and 10 % of mixed immobilized lipases AK and AY 

based on oil weight, was incubated at 45 °C at 500 rpm. (A): Control (2%), (B): 5%, (C): 

10%, (D): 15%, (E): 20% of water content. TG: Triglyceride; DG: Diglyceride; MG: 

Monoglyceride;  FFA: Free fatty acid; FAEE:  Fatty acid ethyl ester. 
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Figure 35. Comparison of water content on tranesterification reaction. A reaction mixture consisted of 

0.168 g of used palm oil, 3:1 molar ratio of ethanol: oil, and 10 % of mixed immobilized 

lipases AK and AY (50:50) based on oil weight, was incubated at 45°C at 500 rpm. Control 

is 2% of water content. (A) Time course of fatty acid ethyl ester formulate by 

transesterification reaction; (B) Initial rateand relative yield of fatty acid ethyl ester content 

after 12 h. Different letters within the same product indicate significant differences            

(p < .05). 
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Figure 36. Effect of mixed immobilized lipase AK and AY (50: 50) content on fatty acid ethyl ester 

production by tranesterification of used palm oil. A reaction mixture consisted of 0.168 g of 

used palm oil, 3:1 molar ratio of ethanol: oil, and 2% of water was incubated at 45 °C at 500 

rpm. (A): 1% (B): 5%, (C): 10%, (D): 15% of enzyme content. TG: Triglyceride; DG: 

Diglyceride; MG: Monoglyceride; FFA: Free fatty acid; FAEE:  Fatty acid ethyl ester. 
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Figure 37. Comparison of amount of mixed immobilized lipase AK and AY (50: 50) on 

tranesterification reaction. A reaction mixture consisted of 0.168 g of used palm oil, 3:1 

molar ratio of ethanol: oil, and 2% of water was incubated at 45 °C at 500 rpm. (A) Time 

course of fatty acid ethyl ester formulation by transesterification reaction; (B) Initial rate 

and relative yield of fatty acid ethyl ester content after 12 h. Different letters within the 

same product indicate significant differences (p < .05). 
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Figure 38. Effect of ethanol molar ratio on fatty acid ethyl ester production by tranesterification of 

used palm oil. A reaction mixture consisted of 0.168 g of used palm oil, 10% of mixed 

immobilized lipase AK and AY (50:50), and 2% of water based on oil weight, was incubated 

at 45 °C at 500 rpm. (A): 1:1 (B): 2:1, (C): 3:1 of ethanol: oil molar ratio. TG: Triglyceride; 

DG: Diglyceride; MG: Monoglyceride; FFA: Free fatty acid; FAEE:  Fatty acid ethyl ester. 

 

0

20

40

60

80

100

0 2 4 6 8 10 12
Time (h)

C
o
m

p
o
si

ti
o
n

 (
%

) 
 

0

20

40

60

80

100

0 2 4 6 8 10 12
Time (h)

C
o
m

p
o
si

ti
o
n

 (
%

) 
 

0

20

40

60

80

100

0 2 4 6 8 10 12
Time (h)

C
o
m

p
o
si

ti
o
n

 (
%

) 
 

(A) (B)

(C)



 

 

102 

 

0

20

40

60

80

100

0 2 4 6 8 10 12
Time (h)

F
a

tt
y

 a
ci

d
 e

th
y

l 
es

te
r 

(%
)

1:1 2:1 3:1

      

(A)

 
 

0

20

40

60

80

100

1 2 3

Molar ratio of ethanol:oil 

Y
ie

ld
 (

%
)

0.0

0.4

0.6

0.8

1.0

1.2

In
it

ia
l 

ra
te

 (
m

m
o

le
.g

-1
.h

-1
)

(B)

 c

 b

 a

 
Figure 39. Comparison of ethanol: oil molar ratio on tranesterification reaction. A reaction mixture 

consisted of 0.168 g of used palm oil, 10% of mixed immobilized lipase AK and AY 

(50:50), and 2% of water based on oil weight, was incubated at 45 °C at 500 rpm. (A) Time 

course of fatty acid ethyl ester formulation by transesterification reaction; (B) Initial 

rateand relative yield of fatty acid ethyl ester content after 12 h. Different letters within the 

same product indicate significant differences (p < .05). 
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Figure 40. Effect of stepwise ethanol addition on fatty acid ethyl ester production by tranesterification 

of used palm oil. A reaction mixture consisted of 0.168 g of used palm oil, 10% of mixed 

immobilized lipase AK and AY (50:50), and 2% of water based on oil weight, was incubated 

at 45 °C at 500 rpm. (A): 1 molar ratio of ethanol was add at 0, 1, and 2 h, (3 step) (B): 2 and 

1 molar ratio of ethanol was add at 0 h and 2 h, (2 step) (C): 3 molar ratio of ethanol was add 

at 0 h, (1 step). TG: Triglyceride; DG: Diglyceride; MG: Monoglyceride; FFA: Free fatty 

acid; FAEE:  Fatty acid ethyl ester. 
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Figure 41. Comparison of stepwise ethanol addition on tranesterification reaction. A reaction mixture 

consisted of 0.168 g of used palm oil, 10% of mixed immobilized lipase AK and AY 

(50:50), and 2% of water based on oil weight, was incubated at 45 °C at 500 rpm. (A) Time 

course of fatty acid ethyl ester formulation by transesterification reaction; (B) Initial rate 

and relative yield of fatty acid ethyl ester content after 12 h. Different letters within the 

same product indicate significant differences (p < .05). 
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Figure 42. Effect of repeated used of immobilized lipases on FAEE yield. A reaction mixture 

consisted of used palm oil 0.168 g, 3:1 molar ratio of ethanol : oil, 10% immobilized 

lipases AK and AY (50:50) and 2% of water by oil weight. 
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Figure 43. Effect of immobilized enzymes distribution on continuous biodiesel production in packed-

bed column. A reaction mixture consisted of ethanol and used palm oil at molar ratio of 

3:1, immobilized lipases AK and AY (50:50) 1 g. (A): Column 1 using mixed immobilized 

enzymes (Lipase AK and Lipase AY), (B):Column 2 using separately immobilized 

enzymes (packed Lipase AY on the bottom and Lipase AK on the top). Close circle and 

open circle in packed column represent Lipase AK and Lipase AY, respectively. 
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Figure 44. Effect of extended retention time on continuous biodiesel production in packed-bed 

column. A reaction mixture consisted of ethanol and used palm at molar ratio of 3:1, mixed 

immobilized lipases AK and AY (50:50) 1 g, substrate flow rate was 0.05 ml/min at 45
 O

C. 

Retention time of the substrates in column were 30 min(A) and 120 min(B). 
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Figure 45. Continuous biodiesel production with dual packed-bed column. A reaction mixture 

consisted of ethanol and used palm oil at molar ratio of 3:1, mixed immobilized lipases AK 

and AY (50:50) 1 g, substrate flow rate was 0.25 ml/min at 45
 O

C. (A): column 1, (B): 

column 2. 
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Figure 46. Continuous biodiesel production in packed-bed column with stepwise ethanol addition. A 

reaction mixture consisted of used palm oil and ethanol at 1:2 molar ratio in column 1 and 

1:1 molar ratio in column 2, mixed immobilized lipases AK and AY (50:50) 1 g, substrate 

flow rate was 0.25 ml/min at 45
 O

C. (A): column 1, (B): column 2, ethanol was added 

before flow in column 2 by peristaltic pump. 
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Figure 47. Continuous biodiesel production in packed-bed column by hydrolysis of used palm oil 

followed by transesterification. A reaction mixture consisted of used frying oil and water 

(10% of oil weight) in column 1 and 1: 3 molar ratio of oil: ethanol in column 2, substrate 

flow rate was 0.1 ml/min at 45
 O

C. (A): column 1 (immobilized Lipase AY 1 g), (B): 

column 2 (immobilized Lipase AK 1 g). 
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Figure 48. Continuous biodiesel production in packed-bed column with recycles system. Immobilized 

Lipase AK 0.4 g was packed in the column; a reaction mixture consisted of ethanol and 

used palm oil at molar ratio of 3:1, substrate flow rate was 0.1 ml/min at 45
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C. The arrow 
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1. (Fatty Acid, FA; Free Fatty Acid, FFA) 

 : 1  

 1. 95 

 2. 0.1  (N)  

 3. 1  

  

 1. 1-10 250  

 2. 5 

0.1 

 

 3. 50  

60-65    

 4. 0.1  

 1  

 5.  

 

           =  ( ) x ( ) x 56.1 
                   

         ( ) 

 

 ( )  =  ( ) x ( ) x 25.6 
                     

         ( ) 

 

  : : 282    

                                    : 256  

                             : 200  
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2.  (Saponification Number, S.N.)  

 : 1  

 1. 0.5  95 

5  

 2. 0.5   

 3.  1 

  

 1. 1.2    

 2. 25 

 

 3. 

1 

 4.  

 5. 5 0.5   

 6.  

 7.  

 

 (S.N.)  =   (b-a) x N x 56.1 

         W 

 

b   = ( ) 

a   = ( ) 

N = ( ) 

W = ( )  
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          S.N. 
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3. (Peroxide Value, P.V.) 

 : 1  

 1. 3: 2 

 2.  (KI) 

 3.  (Na2S2O3. 5H2O) 0.1   

 4.  (soluble starch)  1 

 

   

1. 250  

 

 Table 22. Available sample for P.V. determination. 

( )  

0-12 5.0-2.0 

12-20 2.0-1.2 

20-30 1.2-0.8 

30-50 0.8-0.5 

50-90 0.5-0.3 

 

2. - 25  

3. 1 1 

5  

4. 75  

5. 

0.5  (

0.1  0.5 

 0.002 

) 

6.  

7.  
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 =   (a-b) x N x 1000 
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  a:  ( ) 

 b:  ( ) 

 N:  ( ) 

 W: ( )  

 

4. (Iodine Number, I.N.) 

 : 100 

 

  

 2. 10%   

 3. (Na2S2O3. 5H2O)  0.1   

 4. (cyclohexane) 

 5. 1 

  

 1. (

) 500    

 

 Table 23. Available sample for I.N. determination. 

   

< 5 3.00 

5-20  1.00 

21-50 0.4 

51-100 0.2 

101-150 0.13 

151-200 0.1 
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5. Cupric acetate (Cupric acetate method) 

 

1. Cupric acetate-pyridine reagent  

  cupric acetate (C4H6CuO4.H2O) 50 850 

6.1 (pyridine) 

1  ( , 2548) 

2. 0.2   

 (Perin and Dempsey, 1974 , 2542)  

 A B 7.0 

A 0.2 M monobasic sodium phosphate  NaH2PO4. 2H2O  

31.21 1  

B 0.2 M dibasic sodium phosphate  Na2HPO4. 2H2O  

36.61 1   

 

A B 

6.0 

6.1 

6.2 

6.3 

6.4 

6.5 

6.6 

6.7 

6.8 

6.9 

7.0 

7.1 

7.2 

7.3 

7.4 

7.5 

7.6 

7.7 

7.8 

7.9 

8.0 

87.7 

85.0 

81.5 

77.5 

73.5 

68.5 

62.5 

56.5 

51.0 

45.0 

39.0 

33.0 

28.0 

23.0 

19.0 

16.0 

13.0 

10.5 

8.5 

7.0 

5.3 

12.3 

15.0 

18.5 

22.5 

26.5 

31.5 

37.5 

43.5 

49.0 

55.0 

61.0 

67.0 

72.0 

77.0 

81.0 

84.0 

87.0 

90.5 

91.5 

93.0 

94.7 

: 
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 1.  

-  (fw = 256.4 g/ mol) 0.2564 (Isooctane) 

100  10   

     

 -  0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7 0.8  

1  

 -  Cupric acetate-pyridine reagent 0.4  15  

                    

- 715 (OD715) 

(blank)  

2.  

 1)  7 0.5  10  

2) 0.2 (

1 ) 

2) 10 

 1  (

) 

 3)  300 45  15 

4) 6  (HCl) 0.3   

 5)  0.1  1  

6) Cupric acetate-pyridine reagent 0.4  15 

715 

  

  

  (U/ml or U/mg)                   =            
T0.1samp.slope

OD715
 

   

   slope: 0.0979  

 samp.:  ( 0.2  

 1  ) 

   T: 15 
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   Figure 49. Standard curve of palmitic acid. 
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1.  (Gass chromatography)  

 

 

 

No. 
Sample 

Name 

Time 

(Min) 
Compound Name 

% Fatty Acid 

Methyl Ester 

1 Used Palm 

Oil 

2.594 

3.041 

3.883 

4.065 

4.530 

5.426 

5.704 

6.267 

7.202 

8.279 

Lauric Acid Methyl Ester (C12:0) 

Myristic Acid Methyl Ester (C14:0) 

Palmitic Acid Methyl Ester (C16:0) 

Pamitoleic Acid Methyl Ester (C16:1) 

Heptadecanoic Acid Methyl Ester (C17:0) 

Stearic Acid Methyl Ester (C18:0) 

Oleic Acid Methyl Ester (C18:1) 

Linoleic Acid Methyl Ester (C18:2) 

Linolenic Acid Methyl Ester (C18:3) 

Arachidic Acid Methyl Ester (C20:0)  

0.56678 

1.07900 

     37.66280 

0.20916 

0.11193 

4.26333 

     43.85114 

9.50762 

0.26725 

0.37067 

 Test Instrument: HP 6850 Gas Chomatograph with Flame Photometric Detector  

 Test Technique: Gas Chromatography 

 Condition: Inlet temperature: 290 C, Detector temperature: 300 C 

  Oven temperature: initial 210 C hold 25 minutes 

  Ramp to 250 C at 20 C/min, hold 5 minutes 

 Column: Select Biodiesel for Fame, length 30 m., 320 µm I.D., 0.25 µm film thickness  

Figure 50. GC chromatogram of used palm oil fatty acid.  
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2. TLC/FID  

 

 

 

Peak 

no 

Ret. Time 

(min) 

Pk.Start 

(min) 

Pk.End 

(min) 
Area 

Height 

(mV) 
Area % 

1 

2 

3 

4 

5 

6 

0.062 

0.125 

0.218 

0.328 

0.338 

0.450 

0.042 

0.112 

0.205 

0.303 

0.327 

0.435 

0.100 

0.195 

0.282 

0.327 

0.395 

0.472 

2952 

10147 

1615 

1284 

6877 

2418 

3.68 

9.38 

1.40 

2.80 

7.43 

6.11 

11.670 

40.118 

6.383 

5.078 

27.189 

9.561 

           25294            30.79      100.000 

 Condition: 

  Stationary phase: Chromorod SIII 

  Mobile phase: n-hexane: diethyl ether: formic acid (50:20:0.3) 

  Gas flow: H2 160 mL/min, Air 2 L/min  

  Scanning speed: 30 s/scan 

Figure 51. TLC/FID chromatogram of fatty acid ethyl ester. 
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Table 24. TLC/FID report. 

Peak no Compound name % of compound 

1 

2 

3 

4 

5 

6 

Fatty acid ethyl ester 

Triglyceride 

Free fatty acid 

1,3 Diglyceride 

1,2 Diglyceride 

Monoglyceride 

11.67 

40.11 

  6.38 

  5.08 

27.19 

   9.56 
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Table 25. . 288-2535 : 

 

  

 

  

1 

2 

3 

4 

5 

6 

7 

8 

9 

(lauric acid) 

(myristic acid) 

(palmitic acid) 

(palmitoleic acid) 

(stearic acid) 

(oleic acid) 

(linoleic acid) 

(linolenic acid) 

(arachidic acid) 

 1.2 

0.5 5.9  

32 59 

0.6 

1.5 8.0 

27 52 

5 14 

1.5  

1.0 

1.2 

0.5 5.9 

32 59 

0.6 

1.5 6 

35 52 

10 16 

1.5 

1.0 

:  (2546) 
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