
THEORETICAL BACKGROUND AND LITERATURE REVIEW
CHAPTER II

2.1 Vegetable Oil and Animal Fat

Vegetable oil and animal fat contain triglyceride as the major component. 
The word “fat” usually refers to the triglycerides, which are solid at room 
temperature; while “oil” is liquid at room temperature. Chemically, triglycerides are 
molecules containing three long chain fatty acids that are ester bonded to a single 
glycerol molecule. These fatty acids are differenciated by the length of carbon 
chains, the number, orientation, and position of double bonds between the carbon 
atoms in these chains. The number of double bonds in the triglyceride molecules 
allows to categorize the type of oil based on saturation, which can be classified as 
saturated triglycerides when there are no double bonds whithin the molecules and un
saturated triglycerides when the molecules have at least one position of double bond 
within the molecules. The chemical structure of the triglyceride molecule is shown in 
Figure 2.1, where Ri, R2, and, R3 represent the long chain fatty acids (Ma and 
Hanna., 1999).

Triglyceride 3 moles of Water 3 moles of Fatty acids Glycerol

Figure 2.1 The chemical structure of triglyceride and the hydrolysis products (Ma 
and Hanna., 1999).

Molecules having three chains of fatty acid are referred to as triglycerides, 
while those with two fatty acid chains are diglycerides, and those with one fatty acid 
chain are monoglycerides. Vegetable oil and animal fat typically contain several
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different kinds of fatty acids. Thus, different or the same fatty acids can be attached 
to one glycerol backbone. The different fatty acids that are contained in the 
triglyceride comprise the fatty acids profile (or fatty acids composition) of the 
vegetable oil or animal fat. Because different fatty acids have different chemical and 
physical properties, the fatty acids profile is probably the most important parameter 
influencing the corresponding properties of vegetable oil or animal fat (Ma and 
Hanna., 1999).

Table 2.1 shows typical fatty acids found in oil and fat. The “Acronym” is a 
chemical abbreviation for the molecule. The first number refers to the number of 
carbon atoms in the chain, and the second number refers to the number of double 
bonds in the molecule. Thus, Oleic acid, for example, is a fatty acid consisting of a 
chain of 18 carbon atoms, with one double bond. Some fatty acids found in vegetable 
oil and animal fat are summarized in Table 2.2 and some properties of the vegetable 
oil are presented in Table 2.3.

Table 2.1 Chemical structure of common fatty acids (Srivastava and Prasad, 2000)

Fatty acid Systematic name Acronym Formula
L au rie  acid D od ecan oic 12:0 C12H24O2

M yristic  acid T etradecanoic 14:0 C14H28O2

Palm itic  acid H exad ecan oic 16:0 C16H32O2

Stearic  acid O ctadecanoic 18:0 C18H36O2

O leic acid c is -9 -O ctadecenoic 18:1 C18H34O2

L in o le ic  acid c is-9 ,c is -12 -O ctadecadienoic 18:2 C18H32O2

L in o len ic  acid c is-9 ,c is - l  2 ,c is - l 5 -O ctadecatrienoic 18:3 C18H30O2

A rach id ic  acid E ico sa n o ic 2 0 :0 C20H40O2

B eh en ic  acid D o co san o ic 2 2 :0 C22H44O2

E ru c ic  acid c is -13-D ocosen oic 22:1 C22H42O2

L ig n o ce ric  acid T etracosan oic 2 4 :0 C24H48O2



หอสมดกลาง สำนักงานวิทยทรัพยากร 
จุฬาลงกรณ์นน5าทยาลัย

Table 2.2 C o m p o s it io n  o f  v e g e ta b le  o i l  b io d ie s e l o b ta in e d  fro m  d iffe r e n t  so u r c e s  
(S r iv a sta v a  an d  P ra sa d ., 2 0 0 0 )  -

Oil or Fat

Fatty acid composition (%wt)
Saturated Mono

unsaturated
Poly

unsaturated
12:0 14:0 16:0 18:0 18:1 22:1 18:2 18:3

Babassu 44-45 15-17 5.8-9 2.5-5.5 12-16 1.4-3
Canola 4-5 1-2 55-63 20-31 9-10 1-2
Coconut 44-51 13-

18.5
7.7-
10.5 1-3 5-8.2 1.0-2.6

Corn 7-13 2.5-3 30.5-43 39-52 1
Cottonseed 0.8-1.5 22-24 2.6-5 19 50-52.5
Linseed 6 3.2-4 13-37 5-23 26-60
Olive 1.3 7-18.3 1.4-3.3 55.5-

84.5 4-19
Palm 0.6-2.4 32-

46.3 4-6.3 37-53 6-12
Peanut 0.5 6-12.5 2.5-6 37-61 13-41 1
Rapeseed 1.5 1-4.7 1-3.5 13-38 9.5-22 1-10 40-64
Safflower 6.4-7.0 2.4-29 9.7-13.8 75.3-

80.5
Safflower 
(high oleic) 4-8 2.3-8 73.6-79 11-19
Sesame 1.2-92 5.8-7.7 35-46 35-48
Soybean 2.3-11 2.4-6 22-30.8 49-53 2-10.5
Sunflower 3.5-6.5 1.3-5.6 14-43 44-68.7
Tallow
(beef) 3-6 25-37 14-29 26-50 1-2.5
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Table 2.3 P r o p e r tie s  o f  th e  v e g e ta b le  o i l  (B a m w a l e t a l., 2 0 0 5 )

Vegetable
oil

Kinematic 
viscosity at 

38 ° c  
(m m 2/s)

Cetane
no.

Heating
value

(MJ/kg)
Cloud
point
(°C)

Pour
point
(°C)

Flash
point
(°C)

Density
(kg/1)

Corn 34.9 37.6 39.5 -1.1 -40.0 277 0.9095
Cottonseed 33.5 41.8 39.5 1.7 -15.0 234 0.9148

Crambe 53.6 44.6 40.5 10,0 -12.2 274 0.9048
Linseed 27.2 34.6 39.3 1.7 -15.0 271 0.9236
Peanut 39.6 41.8 39.8 12.8 ' ; -6.7 271 0.9026

Rapeseed 37.0 37.6 39.7 -3.9 . -31.7 246 0.9115
Safflower 31.3 41.3 39.5 18.3 -6.7 260 0.9144
Sesame 35.5 40.2 39.3 -3.9 -9.4 260 0.9133

Soya bean 32.6 37.9 39.6 -3.9 ’ -12.2 254 0.9138
Sunflower 33.9 37.1 39.6 7.2 . -15.0 274 0.9161

Palm 39.6 42.0 - 31.0 - 267 0.9180
Babassu 30.3 38.0 - 20.0 - 150 0.9460
Diesel 3.06 50.0 43.8 - -16.0 760 0.8550

2.2 Use of Vegetable Oil as Engine Fuel

S h a y  ( 1 9 9 3 )  s ta ted  that b ack  in  th e  1 9 3 0 s  an d  1 9 4 0 s , v e g e ta b le  o i l  w er e  
u se d  a s  e m e r g e n c y  fu e ls  in  d ie s e l e n g in e s . T h e  m a in  a d v a n ta g e s  o f  u s in g  v e g e ta b le  
o i l  a s  fu e ls  are th a t th e y  d o  n o t  c o n ta in  su lfu r  and  h a v e  a b o u t 1 0 % o x y g e n  b y  w e ig h t . 
T h e se  ten d  to  r e d u c e  th e  u n b u m e d  h y d ro ca rb o n s, su lfu r  d io x id e , ca rb o n  m o n o x id e ,  
and  p a rticu la te  e m is s io n s  co m p a red  w ith  c o n v e n tio n a l d ie s e l  fu e l. T h e r e fo r e , th e  u se  
o f  v e g e ta b le  o i l  b a se d  fu e l m a y  red u ce  air p o llu tio n . H o w e v e r , th e  u s e  o f  v e g e ta b le  
o i l  d ir e c t ly  in  d ie s e l  e n g in e s  c a u se s  s e v e r a l p r o b le m s  s u c h  a s  c o k in g  o f  in jec to r  
n o z z le s ,  carb o n  d e p o s its , o i l  r in g  s t ic k in g , c o n ta m in a tio n  an d  d eg ra d a tio n  o f  
lu b r ic a tin g  o i l ,  an d  p o o r  fu e l  a to m iz a tio n  (R y a n  e t a l.,  1 9 8 4 ) . A  k e y  p ro b lem  
a sso c ia te d  w ith  th e  u se  o f  p ure v e g e ta b le  o i l  a s  fu e ls  fo r  c o m p r e s s io n  ig n it io n  
e n g in e s  is  c a u se d  b y  th e ir  h ig h  v is c o s ity .  C o n v e r s io n  o f  th e  o i l  to  th e ir  a lk y l e s te rs  
r e d u c e s  th eir  v i s c o s i t y  to  n ear fo s s i l  b a sed  d ie s e l  fu e l le v e ls  an d  p r o d u c e s  a fu e l w ith
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p ro p er tie s  that are s im ila r  to  th e  p e tro leu m  b a sed  d ie s e l fu e l. T h e r e fo r e , a lk y l esters  
(c h e m ic a lly  m o d if ie d  v e g e ta b le  o i l )  c o u ld  b e  u se d  in  e x is t in g  d ie s e l  e n g in e s  w ith o u t  
m ajor  m o d if ic a t io n s .

T h ree  m a in  p r o c e s s e s  h a v e  b e e n  in v e s t ig a te d  to  o v e r c o m e  th e  d r a w b a c k s  o f  
the d irec t  u se  o f  v ir g in  v e g e ta b le  o i l  or w a s te  c o o k in g  o i l  a s  v ia b le  a tltern a tiv e  fu e ls:  
m ic r o e m u ls if ic a t io n , p y r o ly s is  (th erm al c r a c k in g ), and tr a n se s te r if ic a tio n . A m o n g  
th e se , th e  tr a n se ste r ific a tio n  is  th e  m o s t  p r o m is in g  p r o c e s s  fo r  p r o d u c in g  c le a n  and  
e n v ir o n m e n ta lly  sa fe  fu e l, so  c a lle d  b io d ie s e l fu e l, fro m  v e g e ta b le  o i l  (M a  and  
H a n n a ., 1 9 9 9 ).

2.3 Biodiesel

T h e  b e s t  p r o c e s s  to  o v e r c o m e  the d ra w b a ck s  o f  th e  u s e  o f  v e g e ta b le  o i l  as  
a u to m o tiv e  fu e l is  th e  c h e m ic a l c o n v e r s io n  o f  v e g e ta b le  o i l  in to  b io d ie s e l . B io d ie s e l  
is  d e fin e d  a s  th e  m o n o  or d i a lk y l e s te r s  o f  lo n g  c h a in  fa tty  a c id s  o f  th e  a lc o h o l u sed  
d u rin g  th e  tr a n se ste r ific a tio n , that is  d er iv ed  fro m  r e n e w a b le  f e e d s to c k s , su c h  as  
v e g e ta b le  o i l  or  a n im a l fat, for  u se  in  c o m p r e ss io n  ig n it io n  e n g in e s  a lso  k n o w n  as  
d ie se l e n g in e . It is  fo r m e d  fro m  th e  tr a n se ste r ific a tio n  o f  v e g e ta b le  o i l  w ith  m e th a n o l, 
e th a n o l, or h ig h e r  m o le c u la r  w e ig h t  a lc o h o ls . T a b le  2 .4  p r e se n ts  s o m e  m e th y l esters  
d er iv ed  fro m  fa tty  a c id  , w ith  th e ir  c o r r e sp o n d in g  n a m e , m o le c u la r  w e ig h t , and  
m o le c u la r  fo rm u la .
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Table 2.4 M e th y l e s te rs  d er iv e d  from  fa tty  ac id  (K n o th e , G ., 2 0 0 5 )

Fatty acid Ester names
M olecular

weight
(g/mole)

Formula

P a lm itic  a c id M e th y l p a lm ita te 2 7 0 .4 6 C17H3 4O2

P a lm ito le ic  a c id M e th y l p a lm ito le a te 2 6 8 .4 4 C17H32O2

S tea r ic  a c id M e th y l stearate 2 9 8 .5 1 C19H38O2

O le ic  a c id M e th y l o le a te 2 9 6 .4 9 C19H3 8O2

L in o le ic  a c id M e th y l lin o le a te 2 9 4 .4 7 C19H34O2

L in o le n ic  a c id M e th y l lin o le la id a te 2 9 2 .4 7 C19H3 2O2

A r a c h id ic  a c id M e th y l ara ch id on a te 3 1 8 .5 0 C2 1H4 2O2

B e h e n ic  a c id M e th y l b eh en a te 3 5 4 .6 1 C2 3H4 6O2

E ru c ic  a c id M e th y l eru cate 3 5 2 .6 0 C2 3H4 4O2

L ig n o c e r ic  a c id M e th y l lig n o cera te 3 8 2 .6 7 C25H50O2

N e r v o n ic  a c id M e th y l n erv o n a te 3 8 0 .6 5 C25H4 8O2

B io d ie s e l  h a s  m a n y  m er its  as a r e n e w a b le  e n e r g y  r e so u r c e , th ereb y  it h a s  th e  
p o te n tia l to  r e lie v e  th e  cu rrent r e lia n c e  o n  p e tr o le u m  fu e l , in  a d d it io n  to  its  
b io d e g r a d a b le  and  n o n - to x ic  p rop erties . Further, co m p a r e d  to  p e tr o le u m -b a se d  
d ie s e l ,  b io d ie s e l  h a s  a m o r e  fa v o ra b le  c o m b u s t io n  e m is s io n  p r o f ile , su c h  a s  lo w  
e m is s io n s  o f  carb o n  m o n o x id e , p a rticu la te  m atter , an d  u n b u m e d  h y d r o c a r b o n s  as  
p r e v io u s ly  in d ic a te d  (A l-Z u h a ir ., 2 0 0 7 ) .

2.4 Transestérification

T h e  tr a n se s te r if ic a tio n  p r o c e s s  a l lo w s  r e d u c in g  th e  h ig h  v i s c o s i t y  o f  
tr ig ly c e r id e  o i ls .  In th e  r e a c tio n , a tr ig ly c e r id e  m o le c u le  rea c ts  w ith  th ree  a lc o h o l  
m o le c u le s  s e q u e n t ia lly  in  th e  p r e se n c e  o f  a c a ta ly s t  (a c id  or b a s e )  to  p r o d u c e  f ir s t  a 
d ig ly c e r id e , th en  a  m o n o g ly c e r id e  and f in a lly  a g ly c e r o l p ro d u ct an d  th ree  m o le c u le s  
o f  m o n o e s te r . A l l  r e a c tio n  s te p s  are r e v e r s ib le  w ith  th e  n e t  e q u ilib r iu m  fa v o r in g  th e
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fo rm a tio n  o f  p r o d u c ts . T h e  rea c tio n  ca n  u se  e ith e r  a b a se  or an a c id  c a ta ly st. 
H o w e v e r , b a se  c a ta ly s ts  are p referred  b e c a u s e  th e y  g iv e  a  fa s te r  r e a c tio n  u n d er  m ild  
r ea c tio n  c o n d it io n s  (F reed m a n  e t a l ., 1 9 8 6 ). F ig u r e  2 .2  il lu s tr a te s  th e  o v e r a ll 
tr a n se s te r ific a tio n  rea c tio n .

Catalysts 
3R'OH ...... ^

HO-----CH2

HO-----ÇH

HO-----CH2

Triglyceride 3 moles of Alcohol 3 moles of Alkyl esters Glycerol

Figure 2.2 T h e  tr a n se ste r ific a tio n  rea c tio n . Rj is  a  m ix tu r e  o f  v a r io u s  fatty  a c id  
c h a in s . T h e  a lc o h o l u se d  fo r  p ro d u c in g  b io d ie s e l  is  u su a lly  m e th a n o l, th u s  R ' is  C H 3 

(F reed m a n  e t a l.,  1 9 8 6 ).

2.5 Catalysts for Biodiesel Production

T h e  tr a n se s te r if ic a tio n  rea c tio n  ca n  b e  c a ta ly z e d  b y  b o th  a c id  and  b a s ic  
c a ta ly s ts , u s in g  a  h o m o g e n e o u s  or h e te r o g e n e o u s  c a ta ly t ic  p r o c e s s . S o d iu m  and  
p o ta s s iu m  h y d r o x id e  are c o m m o n ly  u s e d  as in d u str ia l h o m o g e n e o u s  b a s ic  c a ta ly s ts ,  
b e c a u se  th e y  are r e la t iv e ly  c h e a p  and a c t iv e . T h e  b a s e -c a ta ly z e d  tr a n se s te r if ic a tio n  
r ea c tio n  is  m u c h  fa s te r  th an  th e  a c id -c a ta ly z e d  tr a n se s te r if ic a tio n  an d  it  is  m o s t  o fte n  
u se d  c o m m e r c ia l ly .

2 .5 .1  H o m o g e n e o u s  B a s e -c a ta ly z e d  T r a n se s te r if ic a tio n
T h e  m e c h a n ism  o f  th e  b a se -c a ta ly z e d  tr a n se s te r if ic a tio n  o f  v e g e ta b le  

o i l  is  sh o w n  in  F ig u r e  2 .3 . T h e  se q u e n c e  o f  s te p s  c a n  b e  su m m a r iz e d  a s  fo l lo w s :  first, 
th e  b a se  c a ta ly s t  rea c ts  w ith  a lc o h o l p r o d u c in g  th e  c a ta ly t ic a lly  a c t iv e  s p e c ie s ,  R O \  
S e c o n d , a te trah ed ra l in term ed ia te  is  fo r m e d  b y  n u c le o p h il ic  a ttack  o n  a  ca rb o n y l 
carb o n  in  th e  tr ig ly c e r id e . T h ird , th e  tetrah ed ra l in te r m e d ia te  b rea k s  d o w n  in to  a fa tty
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a c id  e s te r  and  a d ig ly c e r id e  an io n . T h e  latter s tep  is  th e  d e p r o to n a tio n  o f  th e  ca ta ly s t , 
th u s re g e n e r a tin g  th e  a c t iv e  s p e c ie s , w h ic h  is  n o w  a b le  to  react w ith  a  se c o n d  
m o le c u le  o f  th e  a lc o h o l , startin g  an oth er c a ta ly t ic  c y c le .  T h is  s e q u e n c e  is  th en  
rep ea ted  tw ic e  to  y ie ld  fir st a m o n o g ly c e r id e  in term ed ia te  an d  f in a lly  th e  g ly c e r o l  
p ro d u ct an d  b io d ie s e l  (S ch u ch a rd ta  e t a l., 1 9 9 8 ).

B

OR

ROH +

R’C O O — ÇH 2 
R"COO— f  + 

H,c— OCR'"
HO

R'COO— ÇH 2 
R"COO— (j;H OR 

H2d--O-r^R’"

R’COO— ÇH 2 
R"coo— (J:h  +

H J — o'

BH

RO BH

R'COO— ÇH 2 
R"COO— ([h  o r  

Hod— OCR"’

R’COO--ÇH 2
R"COO— k n  +

H,d— O"

R’COO--ÇH 2
R"Coo— <d:H

i -

( 1)

(2)

ROOCR"’ (3)

B (4)
OH

Figure 2.3 H o m o g e n e o u s  b a se -c a ta ly z e d  r ea c tio n  m e c h a n ism  for  th e  
tr a n se ste r ific a tio n  o f  tr ig ly c e r id e s  (S ch u ch a rd t e t a l., 1 9 9 7 ).

E v e n  th o u g h  th e  b a se -c a ta ly z e d  p r o c e s s  s e e m s  o p era to r  fr ie n d ly  and  
e c o n o m ic a l ly  p o s s ib le ,  it su ffe r s  fro m  a k e y  lim ita tio n : o n ly  r e f in e d  o i l  and  
p retrea ted  fat w ith  lo w  c o n c e n tr a tio n s  o f  free  fa tty  a c id s  (F F A s )  c a n  b e  u se d  to  
p r o d u ce  b io d ie s e l  u s in g  h o m o g e n e o u s  b a se  c a ta ly s ts . F F A s  c a n  r ea c t w ith  th e  b a se  
c a ta ly s t  g iv in g  r ise  to  sa p o n if ic a t io n  as sh o w n  in  F ig u re  2 .4 (a ) . T h e  p r e se n c e  o f  
so a p s  c a u s e s  an  in c r e a se  in  v is c o s it y  and th e  fo r m a tio n  o f  g e ls ,  w h ic h  c o m p lic a te s  
th e  g ly c e r o l-m o n o a lk y l e ste r  sep ara tion  p r o c e s s . W ater  a ls o  c o n tr ib u te s  to  so a p  
p ro d u c tio n  s in c e  w a te r  ca n  react w ith  th e  m o n o a lk y l e s te r  p ro d u ct to  fo rm  F F A s  
sh o w n  in  fig u r e  2 .4 (b ) . T o  s o lv e  th is  p ro b le m , startin g  v e g e ta b le  o i l  m u s t  b e  d ried  
(m o is tu r e  le v e l  le s s  th an  0 .0 6 %  พ /พ ), free  fa tty  a c id  c o n te n t  m u st  b e  le s s  th a n  0 .5%
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b y  w ie g h t  and  b o th  a lc o h o l and  c a ta ly s t  m u st b e  e s s e n t ia l ly  a n h y d ro u s (M a  and  
H an n a ., 1 9 9 9 ).

a) + NaOH ---------
(or CH3ONa) / \ _  + + (or CH 3OH)

R 5 Na

b)
Base Catalysts

H70
-CH,

+ c h 3oh
OH

Figure 2.4 (a ) R e a c t io n  o f  th e  b a se  c a ta ly s t  w ith  F F A s  to  p r o d u c e  so a p  an d  w a ter , 
b o th  u n d e s ir a b le  b y -p r o d u c ts , (b ) E ster  h y d r o ly s is  d u e  to  r e a c tio n  w ith  w a te r  fo r m in g  
F F A s  (S c h u c h a r d  e t a l.,  1 9 9 8 ).

C u rren tly , n e a r ly  all b io d ie s e l is  p ro d u ced  v ia  h o m o g e n e o u s  c a ta ly s ts . T h e  
u se  o f  h o m o g e n e o u s  c a ta ly s ts  a l lo w s  ca rry in g  o u t th e  tr a n se s te r if ic a tio n  o f  lip id  
fe e d s to c k  w ith  sh o r t ch a in  a lc o h o ls  ( lo w  ca rb o n  n u m b er) u n d er  m ild  r ea c tio n  
c o n d it io n s . H o w e v e r , a d d it io n a l sep a ra tio n  p ro ce d u r e s  are req u ired . R e s id u a l c a ta ly s t  
m u st b e  r e m o v e d  an d  c a ta ly s t  lo s s  is  in h eren t, r a is in g  th e  o v e r a ll  c o s t  o f  p ro d u ctio n . 
In c o n tra st, p r o c e s s e s  u s in g  h e te r o g e n e o u s  c a ta ly s ts  n e e d  h ig h e r  tem p era tu res  to  b e  
a s e f f e c t iv e  as h o m o g e n e o u s  c a ta ly s ts  in  a r e a so n a b le  r e a c tio n  t im e . S o m e  o f  th e  
a d v a n ta g e s  o f  u s in g  h e te r o g e n o e u s  c a ta ly s ts  are a s  f o l lo w s .  T h e  r e a c tio n  p ro d u cts  d o  
n o t req u ired  c o m p le x  sep a ra tio n  p ro ce d u r e s  an d , in  m o s t  c a s e s ,  c a ta ly s ts  c a n  b e  
r e c y c le d  an d  reu se d  fo r  lo n g  p e r io d s  o f  t im e .

2 .5 .2  H o m o g e n e o u s  A c id -c a ta ly z e d  T r a n se s te r if ic a tio n
N o r m a lly , th e  b a s ic -c a ta ly z e d  or  a lk a li-c a ta ly z e d  tr a n se ste r ific a tio n  

o f  o i ls  p r o c e e d s  fa s te r  th an  th e  a c id -c a ta ly z e d  tr a n se s te r if ic a tio n  e s p e c ia l ly  w h e n  
re fin ed  o i l s  w h ic h  h a s  lo w  a c id  v a lu e  and  h ig h  c o s t  are u se d . In th e  o th er  h an d  
u n re fin ed  o i ls  or  w a s te  g r e a se , w h ic h  h a s h ig h  a c id  v a lu e  an d  lo w  c o s t , ca n  b e
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s u c c e s s fu lly  u se d  to  p r o d u c e  b io d ie s e l b y  a c id  c a ta ly s is  (C a n a k c i an d  V a n  G erp en , 
2001). T h e  d e a c t iv a t io n  o f  th e  a lk a li c a ta ly s t  b y  th e  h ig h  free  fa tty  a c id  c o n te n ts  o f  
th e  o i l ,  le a d in g  to  lo w e r  b io d ie s e l y ie ld s , h a s b e e n  o b se r v e d  ( G o f f  e t a l.,  2004). T h e  
e f fe c t iv e n e s s  o f  v a r io u s  a c id  c a ta ly s ts  (su lfu r ic , h y d r o c h lo r ic , n itr ic , a c e t ic , and  
p h o sp h o r ic  a c id s )  (5%, v /v )  in  th e  e s te r if ic a t io n  o f  th e  f e e d s to c k  w ith  a  fe e d s to c k  to  
m eth a n o l m o la r  ratio  o f  1:20 w a s  in v e s t ig a te d  b y  T in g  e t ah , (2008). S tro n g  a c id s  
(su lfu r ic , h y d r o c h lo r ic , or n itr ic  a c id ) e x h ib ite d  h ig h e r  c a ta ly t ic  a c t iv ity  as co m p a red  
to  w e a k  a c id s  (p h o sp h o r ic  or a c e t ic  a c id ). T h e  h ig h e s t  b io d ie s e l  c o n v e r s io n .o b ta in e d  
w a s  o f  86% in  p r e se n c e  o f  su lfu r ic  a c id  after 1 h o u r  o f  r e a c tio n  at 50°c. H o w e v e r , 
th e  resu lts  o f  th e ir  s tu d y  r e v e a le d  that th e  s tren g th  o f  th e  a c id  a lo n e  is  n o t  th e  b est  
in d ica to r  to  sc r e e n  a  su ita b le  acid  as c a ta ly s t  fo r  tr a n se s te r ific a tio n . G o f f  e t a l., 
(2004) rep orted  s im ila r  f in d in g s  o n  th e  c a ta ly t ic  a c t iv ity  o f  v a r io u s  a c id s  for  
tr a n se ste r ific a tio n  o f  s o y b e a n  o il.

H o m o g e n e o u s  a c id -c a ta ly z e d  tr a n se s te r if ic a tio n  is  m o r e  su ita b le  for  
w a ste  or  u n r e fin e d  o i l  w h ic h  c o n ta in  m o r e  free  fa tty  a c id s  th at c a u se  s o m e  tro u b le  for  
b a s ic -c a ta ly z e d  tr a n se ste r ific a tio n . H ig h  a m o u n ts  o f  free  fa tty  a c id s  (F F A ) resu lt in  
e x te n s iv e  so a p  fo r m a tio n  a s  sh o w n  in  th e  F ig u re  2 .4 (a ) ,  w h ic h  is  a  c o m m o n  o cu rrece  
w h e n  s o d iu m  h y d r o x id e  (N a O H ) or p o ta ss iu m  h y d r o x id e  (K O H ) are u se d  a s  th e  
b a s ic  c a ta ly s ts . T h is  s id e  re a c tio n  c o n s u m e s  s o m e  o f  th e  c a ta ly s t  an d  resu lts  in  lo w e r  
b io d ie s e l  y ie ld . S o a p  ren d ers b io d ie s e l p u r if ic a tio n  an d  c a ta ly s t  r e m o v a l e v e n  m o re  
c h a lle n g in g  d u e  to  th e  fo r m a tio n  o f  a  s ta b le  e m u ls io n  g e n e r a tin g  a  s ig n if ic a n t  a m o u n t  
o f  w a s te  w a ter . In fa c t, s tu d ie s  h a v e  in d ic a te d  th at th e  a m o u n t o f  fr e e  fa tty  a c id s  
(F F A ) in  th e  fe e d s to c k  fo r  b io d ie s e l p r o d u ctio n  sh o u ld  n o t  b e  h ig h e r  th an  0 .5 %  in  
ord er to  rea c h  th e  A S T M  b io d ie s e l  standard. T h e  a c id  c a ta ly z e d -p r o c e s s  h a s  n o t  
g a in e d  a s  m u c h  a tte n tio n  a s  the b a se -c a ta ly z e d  tr a n se s te r if ic a tio n  b e c a u s e  o f  th e  
s lo w e r  r e a c tio n  rate and  th e  v e r y  h ig h  m eth a n o l to  o i l  m o la r  ra tio  r e q u irem en ts . T h e  
tw o -s te p  b io d ie s e l  p r o c e s s  a d d ress  th is  is s u e  b y  u s in g  an  a c id  c a ta ly s t  f o l lo w e d  b y  a  
n orm al b a s e -c a ta ly z e d  tr a n se ste r ific a tio n .T h e  f ir st  s tep  in v o lv e  th e  e s te r if ic a t io n  
r ea c tio n  b e tw e e n  th e  m e th a n o l and  free  fa tty  a c id s  (F F A ) to  p r o d u ce  th e  
c o r r e sp o n d in g  fa tty  a c id  m e th y l ester  (F A M E ) an d  r ed u ce  th e  a m o n u t o f  free  fa tty
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a c id  in  th e  r e a c tio n  m ix tu re . F in a lly , th e  b a s ic  c a ta ly s t  is  u se d  to  a c h ie v e  h ig h e r  y ie ld  
w ith  sh orter  r e a c tio n  t im e  (M arch etti e t a l., 2 0 0 7 ) .

2 .5 .3  H e te r o g e n e o u s  B a se -c a ta ly z e d  T r a n se ste r if ic a tio n
C u rren tly , research  and d e v e lo p m e n t  are fo c u s e d  o n  a tte m p tin g  th e  

d e v e lo p m e n t  and  u s e  o f  h e te r o g e n e o u s  c a ta ly s ts  to  re p la c e  h o m o g e n e o u s  ca ta ly s ts . 
N g a m c h a r u ssr iv ic h a i, T otarat, and  B u n y a k ia t ( 2 0 0 8 )  h a v e  u se d  a m ix tu r e  o f  c a lc iu m  
an d  z in c  o x id e . (C a O  an d  Z n O ) as h e te r o g e n e o u s  c a ta ly s ts  fo r  th e  tr a n se ste r ific a tio n  
o f  p a lm  kernel- o i l  w ith  m eth a n o l. T h e y  fo u n d  that a m ix tu r e  ra tio  1 :4 o f  C aO  and  
Z n O  c a t a ly s t . c a n  ren d er m o re  than  94%  y ie ld  o f  m e th y l e ste r  at a  r e a c tio n  
tem p era tu re  o f  60°c, 1 h ou r o f  rea c tio n  t im e , and m e th a n o l- to -o il  m o la r  ratio  eq u a l  
to  3 0 . T h e  c a ta ly s t  c o n c e n tr a tio n  u sed  in  th is  e x p e r im e n t w a s  10%  b y  w e ig h t  o f  th e  
o i l  u se d . In a d d it io n , th is  ca ta ly s t  can  b e  reg e n era ted  b y  w a s h in g  w ith  a m ix tu re  o f  
m e th a n o l a n d  a m m o n iu m  h y d r o x id e  (NH4OH). T h e  e x p e r im e n ta l r e su lts  
d e m o n stra ted  th at th e  r e c y c le d  ca ta ly st ren d ers a m e th y l e s te r  y ie ld  h ig h e r  than  90 %  
u p  to  3 r e c y c le  t im e s .  F urther research  is  b e in g  c o n d u c te d  u s in g  d iffe r e n t m ix tu r e s  o f  
th e s e  ty p e s  o f  m e ta l o x id e  c a ta ly s ts  for  the tr a n se ste r ific a tio n  o f  d if fe r e n t  v e g e ta b le  
o i l ,  a s  w e l l  as re se a r c h  and  d e v e lo p m e n t o f  c a ta ly s t  r e g e n e r a tin g  m e th o d s .

In 2 0 0 7 ,  X u eju n  L iu  and h is  c o w o r k e r s  p rese n te d  th e  r e su lts  for  u s in g  
S rO  a s a s o l id  b a se  c a ta ly s t  and  p ro p o sed  th e  rea c tio n  m e c h a n ism  o f  th is  c a ta ly s t  a s  
s h o w n  in  th e  F ig u r e  2 .5 . T h e  r esu lts  sh o w e d  th at th e  y ie ld  o f  b io d ie s e l  p r o d u c e d  w ith  
S rO  a s a  c a ta ly s t  w a s  in  e x c e s s  o f  95%  at tem p era tu res b e lo w  7 0  ๐c  w ith in  3 0  
m in u te s  o f  r e a c tio n  t im e . T h e  SrO  ca ta ly s t  m a in ta in ed  su sta in e d  a c t iv ity  e v e n  a fter  
b e in g  u se d  fo r  10  c y c le s .  It is  in so lu b le  in  m eth a n o l, v e g e ta b le  o i ls ,  an d  fa tty  a c id  
m e th y l ester . T h e  r e su lts  p ro v ed  that tr a n se ste r ific a tio n  o f  s o y b e a n  o i l  to  b io d ie s e l  
u s in g  SrO  a s a c a ta ly s t  is  a c o m m e r c ia lly  v ia b le  p r o c e ss  to  d e c r e a se  th e  c o s t s  o f  
b io d ie s e l  p ro d u c tio n . C a ta ly tic  r ea c tio n s  ta k e  p la c e  o n  th e  su r fa ce  o f  s o l id  b a se  
c a ta ly s ts . T h e  m e c h a n is m  o f  th e  rea c tio n  is  as f o l lo w s . In th e  fir st s te p  s h o w n  in  
F ig u r e  2 .5 (a ) ,  su r fa c e  o 2' ex tra cts  H + fro m  CH3OH to  fo rm  su r fa c e  CH3O' w h ic h  is  
s tr o n g ly  b a s ic  an d  h a s  h ig h  c a ta ly tic  a c t iv ity  in  th e  tr a n se s te r if ic a tio n  r e a c tio n . In  th e  
s e c o n d  step  sh o w n  in  F ig u re  2 .5 (b ) , th e  ca rb o n y l carb o n  a to m  o f  th e  tr ig ly c e r id e  
m o le c u le  attracts a m e th o x id e  a n io n  from  th e  su r fa ce  o f  th e  S rO  to  fo r m  a  tetrahed ra l
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in term ed ia te , w h e r e  R1 r e p resen ts  th e  lo n g  ch a in  a lk y l gro u p . In th e  th ird  ste p  sh o w n  
in  F ig u re  2 .5 ( c ) ,  th e  tetrah ed ra l in term ed ia te  p ic k s  u p  H + fro m  th e  su r fa ce  o f  th e  SrO . 
T h e  tetrah ed ra l in te r m e d ia te  a ls o  ca n  react w ith  m e th a n o l to  g e n e r a te  m e th o x id e  
a n io n s  a s  sh o w n  in  F ig u re  2 .5 (d ) . In th e  la s t  s te p  sh o w n  in  F ig u r e  2 .5 (e ) ,  
rea rra n g em en t o f  th e  tetrah ed ra l in term ed ia te  r e su lts  in  th e  fo r m a tio n  o f  m e th y l ester.

C H 3 O — H

—  Sr---- o -

C H 3O - H+

ะ -— Sr— o —

/ °  C H 3? '

R 1 +  i"OR Sr—

H+ ? ๓ 3  H-f 
-----  R 1 C O 4“

O— —  Sr— O —
RO

OCH3 H+
OCH3

R]— Ç — O - + s - O — * 1 1  U + Sr 0

RO ROH+
OCH3 OCH3

R ,— c — O -  +  H O C I V

R O
O C H 3
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R O H +

.OCH3
R,— C —  O

R Ô H +
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(a)

(b )

(c)

(d)

(e)

Figure 2.5 T r a n se s te r if ic a tio n  m e c h a n ism  o f  tr ig ly c e r id e s  an d  m e th a n o l b y  u s in g  
SrO  a s a  c a ta ly s t  (L iu  e t a l., 2 0 0 7 ) .

In a d d it io n , a s e r ie s  o f  a lk a li-d o p e d  m eta l o x id e  c a ta ly s ts  su c h  a s  lith iu m  
n itrate lo a d e d  o n  c a lc iu m  o x id e  ( L i N 0 3 /C a O ), s o d iu m  n itra te  lo a d e d  o n  c a lc iu m  
o x id e  ( N a N 0 3 /C a O ), p o ta s s iu m  nitatrate lo a d e d  o n  c a lc iu m  o x id e  ( K N 0 3 /C a O ), and  
lith iu m  n itra te  lo a d e d  o n  m a g n e s iu m  o x id e  ( L i N 0 3 /M g O )  h a v e  b e e n  e v a lu a te d  b y  
M a c le o d  e t a l., ( 2 0 0 8 ) .  T h e  r e serch ers  in d ic a te d  th at th e s e  c a ta ly s ts  c o u ld  r e a c h  m o re
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than 90% yield in 3 hours reaction time and found that the best catalyst is 
“LiN03/MgO”. The reusability- of these catalysts could last long up to 5 runs. 
However, some degree of catalyst leaching was observed and this caused 
homogeneous catalytic activity which could improve the yield but reduce the lifetime 
of the catalyst.

2.5.4 Heterogeneous Acid-catalyzed Transesterification
The effect of the catalytic properties on the esterification of FFA to 

FAME was examined using W0 3/Zr0 2  catalysts in a batch reactor by Park et al.,
(2008). The free fatty acid conversion was compared with those of the SO42' / ZrC>2 
and Amberlyst-15 catalysts under optimized reaction conditions. All catalysts 
showed approximately 93% FFA conversion. However, SO42’ / ZrC>2 and Amberlyst- 
15 exhibited some structural problems. The main concern with the SO42' / ZrC>2 
catalyst was the potential loss of SO42'. On the other hand, the structure of the 
Amberlyst-15 catalyst might be decomposed at reaction temperatures over 180°c. 
Increasing the w o 3 loading favored the crystallization of triclinic phase W 03 and 
generation of the tetragonal phase of zirconia. Among the W0 3/Zr0 2  catalysts with 
W 03 loading amount from 10 to 30 wt%, 20 wt% W0 3/Zr0 2  showed the highest 
catalytic activity. And TPD analysis indicated that the 20 wt% W0 3/Zr0 2  catalyst 
had higher acidity than the other samples, as evidenced by the existence of a high 
temperature desorption peak at 750°c. Therefore, it can be concluded that the strong 
acidity of the catalyst is thought to be one of the reasons for the highest catalytic 
activity of the 20 wt% W0 3/Zr0 2  catalyst.

The drawbacks for this kind of catalyst are longer reaction times or 
higher reaction temperatures. These conditions will lead to higher biodiesel 
production cost.

2.5.5 Non-ionic Base-Catalyzed Transesterification
While a large body of work has been carried out on ionic base 

catalysts for transesterification of vegetable oil to methyl ester, less research efforts 
have been directed to the use of non-ionic nitrogen bases. However, since they are 
easy to handle and can be used under mild conditions, non-ionic nitrogen bases could
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be employed as base catalysts. In this regard, TBD or l,5,7-triazabicyclo[4.4.0]dec- 
5-ene and its methyl derivative-MTBD are strong organic bases, their use as basic 
catalysts seemed especially interesting for synthesis purposes (Simoni et al., 2000). 
TBD is a strong guanidine base (pKb = 25) widely utilized as acid scavenger and 
homogeneous catalyst, i.e. for transesterification reactions (Ballini et al., 2002). 
Figure 2.6 shows the chemical structure of TBD

H
l ,5 ,7 - t r ia z a b ic y c lo [ 4 .4 .0 ]d e c -5 - e n e  ( T B D )

Figure 2.6 The structure of l,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)
(Schuchardta. et al., 1998).

In order to obtain milder reaction conditions and to simplify 
manipulations, a great number of organic bases have been developed. The activity 
and efficiency of such non-ionic bases as catalysts for the transesterification of 
vegetable oils were studied. In a first series of studies, it was observed that TBD, 
even if applied at only 1 mol%, produces more than 90% of methyl esters after 1 h 
when compared to other bases such as the amidines DBU and DBN, and the 
triamino(imino)phosphoranes BEMP and Me7P.

In 1995, Schuchardt et al. studied the transesterification of rapeseed 
oil with methanol in the presence of eight substituted cyclic and acyclic guanidines 
and compared them with unsubstituted guanidines. They found that the best catalyst 
was l,5,7-triazabicyclo[4.4.0]dec-5-ene which, when used at 1 mol%, produces a 
90% yield of methyl esters with 1 hour reaction time.

The advantage of using guanidines in the transesterification of 
vegetable oils is the possibility of heterogenized them on organic polymers. 
Schuchardt et al., (1995), also reported results on the heterogenization of these 
guanidines on different types of chloromethylated poly(styrene/divinylbenzene) and
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linear polystyrene with the use of a “spacer-arm”. They found that the guanidines 
heterogenized on gel-type poly(-styrene/divinylbenzene) with 1 meq Cl/g showed a 
slightly lower activity than their homogeneous analogous but reached the same high 
conversions after a prolonged reaction time. However, they slowly leached from the 
polymers, allowing only nine catalytic cycles. On the other hand, a significant 
advantage to using the TBD catalyst is a clean transesterification process, even if 
unrefined oils are used, with an easy phase separation of the glycerin, as the 
guanidium salts of the fatty acids, present in small amounts in the oil, are soluble in 
the reaction mixture and do not form soaps or emulsions (Schuchardt et al., 1995).

2.6 Natural M aterials as Catalysts for Transesterification
Boey et al., (2009) used crab shell from crab aquaculture as a source of 

calcium oxide to transesterify palm olein into methyl esters (biodiesel). 
Characterization results revealed that the main component of the shell is calcium 
carbonate which is transformed into calcium oxide when activated above 700°c for 2 
hours. The optimal conditions for this catalyst were found to be methanol/oil mass 
ratio, 0.5:1 ; catalyst amount, 5 wt%; reaction temperature, 65°C; and a stirring rate of 
500 rpm. The waste catalyst performs equally well as synthetic CaO, thus creating 
another low-cost catalyst source for biodiesel production. Reusability results 
confirmed that the prepared catalyst is able to be used up to 11 times.

In addition, the possibility to use eggshell, golden apple snail shell, and 
meretrix venus shell as sources for calcium oxide was investigated by Viriya- 
empikul et ah, (2010). They found that the CaO catalysts derived from eggshell, 
golden apple snail shell, and meretrix venus shell were elucidated to become active 
in heterogeneous transesterification for biodiesel production. The descending order 
of the catalytic activity over the shell-derived catalysts was as follows: eggshell > 
golden apple snail shell > meretrix venus shell. After simple calcination at 800 °C, all 
shell-derived catalysts mainly consisted of CaO phase with high crystallinity as 
confirmed by XRD. Among three raw materials, the catalyst synthesized from 
eggshell showed the highest Ca content and highest surface area with smallest 
particle size, which could be the reasons of highest biodiesel yield.
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In recent years, the food industry generates huge amounts of egg shell and 
animal shell waste. Lea (1990) found that egg shell consists of several mutually 
growing layers of CaCC>3, the innermost layer-maxillary layer (-100 pm) grows on 
the outermost egg membrane and creates the base on which palisade layer constitutes 
the thickest part (-200 pm) of the eggshell. The top layer is a vertical layer (-5.8 
urn) covered by the organic cuticle. The chemical composition (by weight) of by
product eggshell has been reported by Stadelman (2000) as follows: calcium 
carbonate (94%), magnesium carbonate (1%), calcium phosphate (1%) and organic 
matter (4%). Since eggshell and animal shell have base properties, they can be used 
as the combination of a basic heterogeneous catalyst to generate the multiple basic 
catalytic sites in the transesterification reaction. However, the synergistic effect of 
heterogeneous catalyst combinations on the transesterification should be evaluated. 
Therefore, it is of interest to study these combinations.

2.7 Determination of Biodiesel Yield by 'H-NMR Spectroscopy

The first report on the use of 'H-NMR spectroscopy to monitor the progress 
and yield of the transesterification reaction was presented by Gelbard et al., (1995). 
These authors used the protons of the methylene group adjacent to the ester moiety in 
triglycerides, which appears at 2.3 ppm and the protons in the alcohol moiety of the 
product methyl esters, which appear at 3.7 ppm to monitor the reaction yield. A 
simple equation given by the authors is as follows.

c = lOOx 2  AME
y ^ ^ a - C H  2

\

y
(1)

Where c is the percentage conversion of triglycerides to the corresponding methyl 
ester, A ME is the integration value of the protons of methyl esters (the strong singlet), 
and Aa-CH2 is the integration value of the methylene protons. The factors 2 and 3 are 
derived from the fact that the methylene carbon possesses two protons and the 
alcohol (methanol-derived) carbon has three attached protons, and in equation 1 , the
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number of protons is normalized by multiplying the term on the right by 2/3 (L.c. 
Meher et al., 2006). Figure 2.7 presents the assignment of chemical shifts of protons 
in the transesterification reaction.

—o — CH2 
- O - C HÏ

CH3-(C H 2) -(CH=CH-CH2)y-(C H 2)z-CH2 — C — o  -C H 2
2.3 (tr) j j j  4.1-4.4

ch3—(CH2) -(CH=CH-CH2) - (C H 2)z-CH2-  C -O  - c h3
2.3 (tr) ^  3.7 (ร)

Figure 2.7 Assignment of chemical .shifts of protons in the transesterification 
reaction (Gelbard et al., 1995).

Figure 2.8(a) shows the 'H-NMR spectrum for canola oil as shown in the 
signals at 4.1-4.3 ppm that are caused by the protons attached to the glycerol moiety 
of mono-, di-, or triacylglycerols, which do not appear in 'H-NMR spectrum when it 
is converted to biodiesel. The 'H-NMR spectrum for biodiesel shown in Figure 
2.8(b) indicates the !H-NMR spectrum at 3.70 ppm, which represents the methyl 
ester (-CO2CH3) functional group in the molecule. The signals at 2.30 ppm result 
from the protons on the -CH2 groups adjacent to the methyl or glyceryl ester moieties 
or -CH2CO2CFI3 for the methyl esters. These signals can be used to calculate the 
methyl ester yield by using equation (1).
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Figure 2.8 'h -NMR spectrum of a progressing transesterification reaction for (a)
canola oil and (b) biodiesel.
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The overall objective of this research is the development of formulations of 
heterogeneous catalysts for the efficient transesterification of vegetable oils and 
methanol at mild reaction conditions. Consequently, the optimum reaction conditions 
for the most efficient catalyst formulations were determined. The progress of the 
reaction was monitored by 'H-NMR spectroscopy. The catalytic efficiency was 
examined based on the conversion of canola oil to methyl esters. This evaluation was 
conducted at laboratory bench scale. The ultimate goal of this research was to 
identify' and develop formulations of heterogeneous catalysts that demonstrate high 
catalityc activity under mild reaction conditions feasible for commercial applications.
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