
R E S U L T S  A N D  D I S C U S S I O N

CHAPTER IV

4 .1  C h a r a c t e r i z a t i o n  o f  C a t a l y s t

T h is  r e s e a rc h  s tu d ie d  th e  c a ta ly t ic  a c t iv i ty  o f  s u l fo n a te d  l ig n in  c a ta ly s t  a s  a 
h e te ro g e n e o u s  a c id  c a ta ly s t  fo r  b io d ie s e l  p r o d u c t io n  v ia  e s te r i f ic a t io n  r e a c t io n  in  a 
b a tc h  r e a c to r .  In  o r d e r  to  in v e s t ig a te  th e  o p t im u m  c o n d i t io n s  fo r  th is  r e a c t io n ,  th e  
c a ta ly s t  w a s  v a r ie d  w i th  m a n y  im p o r ta n t  p a r a m e te r s ,  s u c h  a s  a m o u n t  o f  c a ta ly s t ,  
r e a c t io n  te m p e ra tu re ,  m o la r  r a t io  o f  m e th a n o l  to  o il, s u l f o n a t io n  te m p e r a tu r e  a n d  
s u l f o n a t io n  t im e . In  o r d e r  to  e x p la in  th e  c a ta ly t ic  a c t iv i ty ,  th e  c a ta ly s ts  w e re  
c h a r a c te r iz e d  b y  s e v e r a l  te c h n iq u e s ,  s u c h  a s  B E T . T P D - N H 3, t i t r a t io n  m e th o d ,  S E M , 
F T - IR , a n d  X R D .

4 .1 .1  B E T  M e th o d
T h e  p r o p e r t ie s  o f  th e  s u l fo n a te d  lig n in  c a ta ly s ts  w i th  v a r io u s  

s u l f o n a t io n  te m p e r a tu r e s  a n d  s u l fo n a t io n  t im e s  w e re  c h a r a c te r iz e d  b y  B r u n a u e r -  
E m m e t t - T e l le r  ( B E T )  m e th o d  a n d  th e  r e s u lt s  a re  g iv e n  in  T a b le  4 .1 . F o r  s u l fo n a te d  
c a ta ly s ts  w i th  v a r io u s  s u l fo n a t io n  te m p e r a tu r e s ,  th e  B E T  s u r f a c e  a r e a s  a r e  in  th e  
r a n g s  o f  6 .2 4 - 8 .6 6  m 2/g . B E T  a n a ly s is  s h o w e d  th a t  a ll s y n th e s iz e d  s a m p le s  h a v e  v e ry  
lo w  s u r f a c e  a re a  a n d  m e s o p o re s  te x tu re .  T h e 'c a t a ly s t  s u l fo n a t io n  a t 11 0  ๐c  g a v e  th e  
h ig h e s t  s u r fa c e  a r e a  a b o u t  8 .6 6  m 2/g . O n  th e  o th e r  h a n d , th e  c a ta ly s t  s u l fo n a te d  a t 
1 5 0  °c g a v e  th e  lo w e s t  s u r fa c e  a re a  a t 6 .2 4  m 2/g . F o r  p o re  d i a m e te r  o f  c a ta ly s t ,  it 
w a s  f o u n d  th a t  s u l f o n a t io n  c a n  c a u s e  a  d r a m a t ic  in c re a s e d  o f  p o re  d i a m e te r  f ro m  
1 .5 4  n m  o f  th e  c a ta ly s t  s u l fo n a te d  a t  ro o m  te m p e r a tu r e  to  8 .7 7 , 9 .5 5 , a n d  1 0 .0 8  n m  a t 
11 0  °c, 13 0  °c, a n d  1 5 0  °c, r e s p e c t iv e ly . F ro m  th e  re su lt , it c a n  b e  c o n c lu d e d  th a t  
s u l f o n a t io n  te m p e r a tu r e  p r o m o te d  p o re  d i a m e te r  o f  s u l fo n a te d  l ig n in  c a ta ly s t .  T h e  
r e s u l t s  c o in c id e s  w i th  th e  r e s u lt s  r e p o r te d  b y  P u a  et al. (2 0 1 1 ) .

F o r  s u l fo n a te d  c a ta ly s ts  w i th  v a r io u s  s u l fo n a t io n  t im e s ,  th e  s u r fa c e  
a r e a  g r a d u a l ly  in c r e a s e d  f ro m  8 .1 4  m 2/g  o f  c a ta ly s t  s u l fo n a te d  a t  3 h to  8 . 6 6  m 2/g  o f  
c a ta ly s t  s u l fo n a te d  fo r  5 h , w h e re a s  th e  s u r f a c e  a r e a  o f  c a ta ly s t  s u l fo n a te d  fo r  7 h  
d r a m a t ic a l ly  d e c r e a s e d  to  2 .1 2  m 2/g . F o r  p o re  d ia m e te r  o f  th e  c a ta ly s t  s u l f o n a te d  fo r
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3 h  a n d  5 h  g a v e  th e  v a lu e  8 .5 8  n m  a n d  8 .7 7  n m , re s p e c tiv e ly . O n  th e  o th e r  h a n d ,  th e  
c a ta ly s t  s u l fo n a te d  f o r  7 h  g a v e  th e  h ig h e s t  p o re  d ia m e te r  a t 1 7 7 .9  n m  a n d  th e  lo w e s t 
s u r f a c e  a r e a  d u e  to  a n  in c re a s e  o f  p e r io d  o f  t im e  to  a tta c k  o n  th e  s t r u c tu r e  b y  s tro n g  
a c id , r e s u l t in g  in  s h r in k a g e  o f  s t r u c tu r e  a n d  b r o k e n  b o n d s  ( P u a  et al., 2 0 1 1 ) .  F ro m  
th e  r e s u l t ,  it c a n  b e  c o n c lu d e d  th a t  th e  s u i ta b le  s u l fo n a t io n  te m p e r a tu r e  a n d  
s u l f o n a t io n  t im e  fo r  p r e p a r in g  th e  s u l fo n a te d  l ig n in  c a ta ly s t  w e r e  11 0  ๐c  f o r  5 h.

T a b l e  4 .1  T e x tu ra l  p r o p e r t ie s  o f  th e  s u l fo n a te d  l ig n in  c a ta ly s ts

S u l f o n a t i o n  

T e m p e r a t u r e  ( ° C )

S u l f o n a t i o n  

T i m e  ( h )

S u r f a c e  A r e a  

J n i 2/ g )

P o r e  V o l u m e

( c m 3/ g )

P o r e

D i a m e t e r

( n m )

R o o m  te m p e ra tu re 5 6 .3 5 0 .0 2 1 5 1 .5 4
150 5 6 .2 4 0 .0 1 6 9 1 0 .0 8
130 5 7.21 0 .0 1 7 2 9 .5 5
1 1 0 5 8 .6 6 0 .0 1 9 0 8 .7 7
1 1 0 3 8 .1 4 0 .0 1 7 5 8 .5 8
1 1 0 7 1 .1 4 0 .0 0 1 9 6 .6 7

4 .1 .2  N F F  T e m p e r a tu r e -P r o g ra m m e d  D e s o rp t io n  ( T P D - N H j)
N H 3- T P D  te s t  c e r t i f ie d  th e  e x te n t  o f  s u lfa te d  s p e c ie s  a d s o r p t io n  b y  

e v a lu a te d  th e  a c id i ty  o f  th e  m a te r ia ls .  T h e  N H 3-T P D  p r o f i l e d  o f  a ll c a ta ly s ts  a re  
s h o w n  in  F ig u re  4 .1 ,  th e  d e s o rp t io n  p e a k s  a t  h ig h e r  th a n  5 5 0  °c a re  a s s ig n e d  to  
s t r o n g  a c id  s ite s , w h e r e a s  th o s e  a t 4 0 0 - 5 5 0  ๐c  a re  c la s s i f ie d  a s  m e d iu m  a c id  s i te s  a n d  
fo r  p e a k s  fo u n d  b e tw e e n  100  a n d  4 0 0  °c a re  r e g ra rd e d  a s  w e a k  a c id  s i te s .  F ro m  
T a b le  4 .2  s h o w s  th e  a m o u n t  o f  a c id  s ite s  p r e s e n t  in th e  c a ta ly s ts  is  e s t im a te d  b y  
c a lc u la t in g  th e  d e s o r p t io n  p e a k  a r e a  o f  a m m o n ia  a n d  th e  a c id i ty  is  d e te r m in e d  b y  th e  
m a x im u m  p e a k  te m p e r a tu r e  (T max) o f  d e s o rp t io n  p e a k  (Z h a n g  et al., 2 0 1 4 ) .

T h e  N F 13-T P D  p r o f i l e s  o f  s u l fo n a te d  l ig n in  c a ta ly s ts  w i th  v a r io u s  
s u l f o n a t io n  te m p e r a tu r e s  a re  s h o w n  in  F ig u re  4.1 a n d  th e  a c id  q u a n t i ty  o f  s u l fo n a te d  
l ig n in  c a ta ly s t  by  N F I3- T P D  p r o f i le s  a re  s h o w n  in  T a b le  4 .2 , th e  c a ta ly s t  s u l fo n a te d  a t
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110 ๐c  g iv e s  w e a k  a c id i ty ,  m e d u m  a c id i ty ,  a n d  s t r o n g  a c id i ty  v a lu e  o f  1.252, 0.296, 
a n d  0.480 m m o l/g ,  r e s p e c t iv e ly  w h ic h  a re  h ig h e r  th a n  s u l fo n a t io n  te m p e r a tu r e  a t  130 
a n d  150 ๐c. A t th e  c a ta ly s t  s u l f o n a t io n  te m p e r a tu r e  o f  130 °c, w e a k  a c id i ty  h a s  
h ig h e r  v a lu e  th a n  th a t  o f  c a ta ly s t  s u l fo n a te d  a t  150 °c b u t th e  m e d iu m  a c id i ty  a n d  
s t r o n g  a c id i ty  h a v e  lo w e r  v a lu e  th a n  th a t  o f  c a ta ly s t  s u lfo n a te d  a t  150 ๐c. M o re o v e r ,  
th e  to ta l  a c id i ty  d e c r e a s e d  w h e n  th e  s u l fo n a t io n  te m p e ra tu re  w a s  in c re a s e d  b y  110 °c 
g îv e  h ig h e s t  to ta l  a c id i ty  o f  2.028 m m o l/g .

F o r  s u l f o n a te d  l ig n in  c a ta ly s ts  w i th  v a r io u s  s u l f o n a t io n  t im e  f ro m  3 to  
7 h , it w a s  fo u n d  th a t  w e a k  a c id i ty ,  m e d iu m  a c id i ty ,  an d  s t r o n g  a c id i ty  in c re a s e d  
w h e n  th e  s u l fo n a t io n  t im e  w a s  in c re a s e d  f ro m  3 to  5 h . In  a d d i t io n ,  w h e n  in c re a s in g  
s u l f o n a t io n  t im e  to  7 h , th e  a c id i ty  d e c re a s e d  s ig n if ic a n tly .  A n d  th e  c a ta ly s te d  
s u l f o n a te d  a t 5 h  g iv e  th e  h ig h e s t  to ta l  a c id i ty  o f  2 .0 2 8  m m o l/g .

F ro m  th e  r e s u l t s ,  th e  c a ta ly s t  s u l fo n a te d  a t 110 °c 5 h  g iv e  th e  h ig h e s t  
a c id i ty  b e c a u s e  it h a d  h ig h  a m o u n t  o f  s u lp h a te  io n  o n  th e  c a ta ly s t ,  w h ic h  r e s u l t e d  in  
th e  h ig h  a m o u n t  o f  d e s o r b e d  N H 3 a n d  c o n s e q u e n t ly  th e  h ig h  c a ta ly t ic  a c id i ty .  It w a s  
p r o p a b ly  d u e  to  i ts  la r g e  n u m b e r  o f  a c id  s ite s  ( S h u  et ai, 2 0 1 0 ) .

0 200 400 600 800 1000

... .. 150°c 5h
—— 130°c 5h
----  1 1 0 °c 7h๐00 5h

1 1 0  °c 3h

Temperature (°C)

F i g u r e  4 . 1  N H 3- T P D  p r o f i l e s  o f  s u l fo n a te d  l ig n in  c a ta ly s t .
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T a b l e  4 . 2  T o ta l  a c id i ty  o f  th e  p r e p a r e d  c a ta ly s t  b y  NH3-TPD

S u l fo n a t io n S u l fo n a t io n W e a k M e d iu m S tro n g T o ta l A c id
T e m p e r a tu r e T im e a c id i ty a c id i ty a c id i ty Q u a n t i ty

(°C ) (h ) ( m m o l /g ) ( m m o l /g ) ( m m o l /g ) ( m m o l /g )
150 5 0 .9 8 4 0 .2 0 9 0 . 2 2 2 1 .4 1 5
130 5 1 .1 9 4 0 .1 6 6 0 .1 9 9 1 .5 5 9
1 1 0 5 1 .2 5 2 0 .2 9 6 0 .4 8 0 2 .0 2 8
1 1 0 7 1 .0 4 7 0 .0 4 6 0 .0 4 5 1 .4 5 5
1 10 J 0 .6 8 4 0 . 2 1 1 0 .0 9 8 0 .9 9 3

4 .1 .3  T i t r a t io n  M e th o d
T h e  a c id i ty  o f  c a ta ly s t  s u r fa c e  is a n  im p o r ta n t  i s s u e  fo r  th is  s tu d y . In  

th is  s tu d y  in  o r d e r  to  m e a s u r e  th e  s u r f a c e  a c id i ty  c h a n g e s  d u r in g  c a ta ly s t  p r e p a r a t io n ,  
a  t i t r a t io n  m e th o d  w a s  u s e d . T a b le  4 .2  s h o w s  th e  to ta l  a c id  q u a n t i ty  o f  s u l fo n a te d  
l ig n in  c a ta ly s ts  w i th  v a r io u s  s u l f o n a t io n  te m p e r a tu r e s  a n d  s u l f o n a t io n  t im e s . T h e  
to ta l a c id  q u a n t i ty  o f  a ll  s u l fo n a te d  l ig n in  c a ta ly s ts  d e te rm in e d  b y  N a O H  t i t r a t io n  
w e re  a r o u n d  1 .1 2 -1 .3 6  m m o l/g .  T h is  v a lu e  s u g g e s te d  th a t a  la rg e  f ra c t io n  o f  th e  
a c id i ty  w a s  a s s o c ia te d  w i th  w e a k  a c id  g ro u p s  ( m a in ly  p h e n o l ic  a n d  c a r b o x y l ic  
f u n c t io n a l i t ie s ) ,  th e re b y  e n d o w in g  th e  c a r b o n  m ic r o s p h e re s  w ith  p o la r i ty .  It s h o u ld  
b e  n o te d  th a t  o n ly  th e  - S O 3H  a c id  g r o u p s  ( s t ro n g  a c id i ty )  p r e s e n t  in  th e  c a ta ly s t  a re  
a c t iv e  a s  c a ta ly t ic  s i te s  in  m a n y  r e a c t io n s  (L iu  et al., 2 0 1 3 ) .

In th e  p a r t  o f  d i s c u s s io n ,  th e  s u l fo n a te d  lig n in  c a ta ly s t  p r e p a r e d  a t 
s u l f o n a t io n  te m p e ra tu re  o f  110  °c f o r  5 h g a v e  th e  h ig h e s t  a c id  d e n s i ty  o f  1 .3 6  
m m o l /g  a n d  th e  h ig h e s t  c a ta ly t ic  a c t iv i ty .  A s  m e n t io n e d  b e fo re , it  c a n  b e  c o n c lu d e d  
th a t  th e  c a ta ly t ic  a c t iv i ty  d e p e n d e d  o n  th e  to ta l  a c id  d e n s i ty  fo r  e s te r i f ic a t io n  o f  o le ic  
a c id .
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T a b l e  4 . 3  T o ta l  a c id  d e n s i ty  o f  th e  s u l fo n a te d  l ig n in  c a ta ly s ts

S u l f o n a t i o n S u l f o n a t i o n  T i m e A c i d  Q u a n t i t y

T e m p e r a t u r e  ( ° C ) ( h ) ( m m o l / g )

1 5 0 5 1 . 1 7

1 3 0 5 1.12
110 7 " 1 . 1 3

110 5 1 . 3 6

110 3 1 . 1 9

4 .1 .4  S c a n n in g  E le c t r o n  M ic ro s c o p e  ( S E M )  w ith  E n e rg y  D is p e r s iv e
S p e c t ro m e te r  (E D S )
T h e  m o r p h o lo g y  o f  th e  c a ta ly s t  f ro m  S E M  c h a r a c te r iz a t io n  a n d  

e le m e n ts  p r e s e n t  in  th e  s a m p le s  (O, c . Si a n d  ร) f ro m  E D S  c h a r a c te r iz a t io n  o f  
c o rn c o b , p r e t r e a te d  c o r n c o b ,  s u l fo n a te d  lig n in  c a ta ly s ts  w ith  v a r io u s  s u l f o n a t io n  
te m p e r a tu r e s  a n d  s u l fo n a te d  lig n in  c a ta ly s ts  w i th  v a r io u s  s u l f o n a t io n  t im e s  a re  
s h o w n  in  F ig u r e  4 .2 .

T h e  S E M  im a g e s  s h o w  th a t  c o r n c o b  is n o n - p o ro u s ,  b u lg in g ,  s m o o th  
a n d  u n if o r m  s u r fa c e s . In  c o n tr a s t ,  S E M  im a g e s  o f  p re tr e a te d  c o r n c o b  s h o w s  
s ig n if ic a n t  c o l la p s e  a n d  d e s t ru c t io n  s t r u c tu r e s .  A f te r  th e  s a m p le  w a s  t r e a te d  b y  
s u l fo n a t io n  o f  c o n c e n t r a te d  แ 2ร 0 4, th e  s t r u c tu r e  o f  s u l fo n a te d  l ig n in  c a ta ly s t  w o u ld  
b e  m o re  c o m p a c t .  T h is  in d ic a te d  th a t  th e  s t r u c tu r e  o f  c a ta ly s t  w a s  m o r e  d i f f ic u l t  to  b e  
s u l fo n a te d . H o w e v e r ,  th e  s tru c tu re  o f  s u l fo n a te d  lig n in  c a ta ly s t  p r e p a r e d  a t 
s u l fo n a t io n  te m p e ra tu re  o f  11 0  °c fo r  5 h  a n d  s u l f o n a te d  lig n in  c a ta ly s t  p r e p a r e d  a t 
s u l fo n a t io n  te m p e ra tu re  o f  110  °c fo r  7 h  s h o w e d  s ig n i f ic a n t  c o l la p s e  a n d  d e s t r u c t io n  
s t r u c tu r e s .  H e n c e , th e  in te r c a la t io n  o f  c o n c e n t r a te d  H 2S O 4 w i th  d e s t r u c t io n  s t r u c tu r e  
w ill  b e  e a s ie r  th a n  th e  c a s e  w i th  a  c o m p a c t  s t r u c tu r e  ( S h u  et ah, 2 0 1 0 ) .

T h e  E D S  r e s u l t s  o f  p r e t r e a te d  c o r n c o b ,  s u l fo n a te d  l ig n in  c a ta ly s ts  
w i th  v a r io u s  s u l fo n a t io n  te m p e ra tu re s ,  s u l fo n a te d  l ig n in  c a ta ly s ts  w i th  v a r io u s  
s u l fo n a t io n  t im e s  a n d  s p e n t  c a ta ly s t  s h o w e d  th e  c o n te n t  o f  c a rb o n , o x y g e n ,  s i l ic a  a n d  
s u lfu r . T h e  c o n te n t  o f  s u l f u r  o f  p r e t r e a te d  c o r n c o b  w a s  0 .01  w t% . A f te r  th e



34

s u l fo n a t io n  t r e a tm e n t ,  th e  c o n te n ts  o f  s u l fu r  w e re  in c re a s e d  to  a r o u n d  1 -4  w t% . T h e  
s u l fo n a te d  l ig n in  c a ta ly s t  p r e p a r e d  a t s u l fo n a t io n  te m p e ra tu re  o f  110  °c fo r  5 h h a d  
th e  h ig h e s t  s u l f u r  c o n te n t  o f  4 .0 4  w t% . T h e  s u l fu r  c o n te n t  d e c r e a s e d  f ro m  4 .0 4  w t%  
o f  f re s h  c a ta ly s t  to  3 .4 7  w t%  o f  s p e n t  c a ta ly s t  d u e  to  th e  lo w e r in g  o f  a c t iv e  s i te  a n d  
lo s in g  a c id i ty  a f te r  d o  th e  f i r s t  e x p e r im e n t .

C o rn c o b
cps

E le m e n t W t% A t%
C K 4 7 .7 4 5 5 .0 7
O K 5 1 .3 8 4 4 .4 9
Si K 0 .8 7 0 .4 3

ร  K 0.01 0.01

P re t re a te d  c o rn c o b
Energy (VeV)

1 5 0 °c 5 h
Energy (keV)

F i g u r e  4 . 2  S E M  im a g e s  a n d  E D X  s p e c t r a  o f  s a m p le s .
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Energy (keV)

13 0  °c 5 h

Energy (UeV)

1 1 0  °c 5 h

cps

E le m e n t W t% A t%
c K 4 9 .8 4 5 7 .5

0 K 4 7 .9 3 41 .51
Si K 0 .4 4 0 .2 2

ร K 1 .80 0 .7 8
20—3 ร

Energy (keV)

1 1 0  °c 3 h

F i g u r e  4 . 2  ( C o n t)  S E M  im a g e s  a n d  E D X  s p e c t ra  o f  s a m p le s .

I2%36W\
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cps

E le m e n t W t% A t%
C K 5 0 .9 7 5 8 .5 3

O K 4 7 .1 0 40 .61
Si K 0 .3 7 0 .1 8

S K 1.56 0 .6 7
ร

Energy (keV)

110 °c 7 h

S p e n t  c a ta ly s t

Figure 4.2 ( C o n t)  S E M  im a g e s  a n d  E D X  s p e c tra  o f  s a m p le s .

4 .1 .5  F o u r ie r  T r a n s f o r m  In f r a re d  S p e c t ro s c o p y  (F T - IR )
F T 1R  s p e c t r o s c o p y  w a s  u s e d  to  in v e s t ig a te  th e  f u n c t io n a l  g r o u p s  o n  

th e  s u l fo n a te d  l ig n in  c a ta ly s t .  T h is  is  a n  e f f e c t iv e  to o l fo r  a  s e m i- q u a n t i ta t iv e  
e s t im a t io n  o f  s tru c tu ra l  in fo rm a t io n  o n  fu n c t io n a l  g r o u p s  in  c o m p le x  s o l id s  ( S h u  et 
al., 2 0 0 9 ) . T h e  F T IR  t r a n s m i t ta n c e  s p e c t r a  o f  th e  s u l fo n a te d  l ig n in  c a ta ly s ts  a re  
s h o w n  in  F ig u r e s  4 .3 . F T - I R  s p e c t r a  s h o w e d  th a t  th e  c a ta ly s t  c o n ta in  r e s id e n t  
f u n c t io n a l i t ie s  in c lu d in g  c=c (1 5 7 0  c m " 1), C -C  ( 1 1 4 0  c m '1), c=0 ( 1 6 5 0  c m " 1), a n d  
O H  (3 4 0 0  c m " 1) w h ic h  w a s  a s s ig n e d  to  th e  p re s e n c e  o f  l ig n in  c o n te n t .  In  a d d i t io n ,  it 
s h o w s  th e  v ib r a t io n  b a n d s  a t 1 0 4 0  is  S O 3 s t r e tc h in g  a n d  13 7 7  c m ' 1 0=s=0 s t r e tc h in g  
in  th e  F T IR  s p e c t ru m  a s  a  r e s u l t  o f  in d u c in g  th e  S O 3H  g ro u p s  in  c a ta ly s t  (X in g  et al.,
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2 0 0 7 ) .  T h e r e f o r e ,  it c a n  b e  c o n f i r m e d  th e  e x is te n c e  o f  th e  s u lfo n ic  a c id  g r o u p  o f  th e  
c a ta ly s ts  s u l f o n a te d  a t d i f f e r e n t  s u l fo n a t io n  te m p e ra tu re s .

1650 1570

WavPtT1 imher«t (cm ร

3400 1570 1100

Figure 4.3 F T IR  s p e c tra  o f  s u l fo n a te d  l ig n in  c a ta ly s t  (a )  a t v a r io u s  s u l fo n a t io n  
te m p e r a tu r e s  a n d  (b )  a t v a r io u s  s u l fo n a t io n  t im e s .
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4 .1 .6  X - ra y  D i f f r a c t io n  ( X R D )
C o r n c o b  c o n s is ts  o f  a  c r y s ta l l in e  s tru c tu re  a n d  a m o r p h o u s  s tru c tu re ,  

w h ic h  c e l lu lo s e  is  c r y s ta l l in e  p o r t io n  w h e r e a s  l ig n in  a n d  h e m ic e l lu lo s e s  a re  
a m o r p h o u s  p o r t io n .  F ig u re  4 .4  s h o w s  th e  X R D  p a t te rn s  o f  p r e t r e a te d  c o r n c o b  a n d  
s u l fo n a te d  l ig n in  c a ta ly s ts  w i th  v a r io u s  s u l fo n a t io n  te m p e r a tu r e s  a n d  v a r io u s  
s u l fo n a t io n  t im e s .  T h e  X R D  p a t te r n s  o f  p r e t r e a te d  c o r n c o b  e x h ib i te d  tw o  d i f f r a c t io n  
p e a k s  a t  2 0  a n g le s  o f  1 0 -2 0 °  a n d  2 0 -3 0 ° , w h ic h  r e p r e s e n te d  to  ty p ic a l c e l lu lo s e  
c ry s ta l  fo rm  (L u  et al., 2 0 1 3 ) . In  th e  c a s e  o f  a ll s u l fo n a te d  l ig n in  c a ta ly s t ,  th e  
d i f f r a c t io n  p e a k  (2 0 = 2 0 -3 0 ° )  w a s  a t t r ib u te d  to  a m o r p h o u s  c o m p o s e d  o f  a ro m a tic  
c a r b o n  s h e e ts ,  d u e  to  c e l lu lo s e  w a s  h y d r o ly z e d  b y  c o n c e n t r a te d  H 2S O 4 d u r in g  
s u l fo n a t io n  r e a c t io n .  T h e r e fo re ,  th e  c r y s ta l l in e  s tru c tu re  o f  th e  c a ta ly s t  p r e p a r e d  b y  
s u l f o n a t io n  a t d i f f e r e n t  t e m p e r a tu r e s  a n d  t im e s  c a n  b e  d e s t ro y e d  a n d  tu r n e d  in to  
a m o r p h o u s  fo rm  ( N a k a j im a  a n d  H a r a , 2 0 0 7 ) .

-------  Pretreated corncob
------- 150°c 5 h
----  130 °c 5 เา

110°c 7 h
------- 110 °c 5 h
----  110 °c 3 h

0 10 20 30 40 50 60 70 80 90 100

2-theta (degree)

Figure 4 .4  X R D  p a t te r n s  o f  s a m p le s :  (a )  P re t re a te d  c o r n c o b ,  (b )  1 1 0  °c 7 h,
(c )  110 °c 3 h , (d )  110 °c 5 h , (e )  1 3 0  °c 5 h , a n d  (0 150 °c 5 h .
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4.2 Effect of Catalyst Preparation

4 .2 .1  E f f e c t  o f  S u l fo n a t io n  T e m p e r a tu r e  o n  B io d ie s e l  Y ie ld
T h e  s u l fo n a te d  l ig n in  c a ta ly s ts  h a v e  b e e n  p r e p a r e d  b y  s u l f o n a t io n  

r e a c t io n  to  g iv e  a n  a c t iv e  a n d  s ta b le  s o l id  c a ta ly s t  th a t  c a n  c a ta ly z e  th e  e s te r i f ic a t io n  
o f  m e th a n o l  a n d  o le ic  a c id  to  f ro m  m e th y l  o le a te  (ZT iang et al., 2 0 1 4 ) . F ig u r e  4 .5  
s h o w s  th e  e f fe c t  o f  s u l f o n a t io n  te m p e ra tu re  u n d e r  th e  c o n d i t io n s  o f  r e a c t io n  
te m p e ra tu re  o f  6 0  ° c ,  3 0 0  rp m  o f  s t i r r e r  s p e e d , 12:1 m o la r  r a t io  o f  m e th a n o l  to  o i l ,  
a m o u n t  o f  c a ta ly s t  5 w t% , a n d  r e a c t io n  t im e  8 h . F ro m  F ig u re  4 .5 ,  it c a n  b e  o b s e r v e d  
th a t  th e  b io d ie s e l  y ie ld  o f  c a ta ly s t  s u l fo n a te d  a t ro o m  te m p e r a tu r e  g r a d u a l ly  
in c re a s e d  w ith  th e  r e a c t io n  t im e . T h e  % F A M E  o f  th e  c a ta ly s t  s u l fo n a te d  a t  ro o m  
te m p e ra tu re  w a s  a b o u t  2 8 %  a t r e a c t io n  t im e  o f  1 h a n d  c o n t in u e s  to  in c re a s e  (~ 6 5  
% F A M E )  u p  o n  th e  r e a c t io n  t im e  is  f u tu re  in c re a s e d  to  8 h . In  a d d i t io n ,  th e  c a ta ly s t  
s u l fo n a te d  a t  ro o m  te m p e r a tu r e s  g a v e  lo w e r  b io d ie s e l  y ie ld  th a n  th e  c a ta ly s t  
s u l fo n a te d  a t  h ig h  te m p e r a tu r e s ,  s u g g e s t in g  th a t  s u l fo n a t io n  te m p e r a tu r e  a f f e c te d  th e  
c a ta ly t ic  a c t iv i ty  o f  s u l fo n a te d  c a ta ly s t .  F ro m  B r u n a u e r - E m m e t t - T e l le r  ( B E T )  r e s u l t s  
in  T a b le  4.1 c a n  b e  s e e n  th a t  th e  c a ta ly s t  s u l fo n a te d  a t ro o m  te m p e r a tu r e  s h o w s  s m a ll  
p o re  s iz e  d ia m e te r  a s  c o m a r e d  w ith  th e  c a ta ly s t  s u l fo n a te d  a t  h ig h  te m p e r a tu r e  th a t  
r e s u lte d  in  th e  lo w e s t  b io d ie s e l  y ie ld .  It s e e m e d  th a t  w h e n  th e  p o re  s iz e  o f  c a ta ly s t  is 
s m a l l ,  th e  e n try  o f  b u lk y  o rg a n ic  m o le c u le  r e a c ta n t  w ill b e  o b s t r u c te d .  O n  th e  o th e r  
h a n d , th e  c a ta ly s ts  s u l fo n a te d  a t  h ig h  te m p e r a tu r e  th a t h a v e  th e  la rg e  p o r e  s iz e  
d ia m e te r  c a n  g a v e  h ig h e r  b io d ie s e l  y ie ld ,  th e re f o r e ,  it c a n  e a s i ly  d i f f u s e  in to  th e  
in te r io r  o f  th e  c a ta ly s t .  T h is  a l lo w s  r e a c ta n ts  to  c o n ta c t  w i th  m o r e  a c id  s i te s ,  a n d  th e  
c a ta ly s t  h a d  b e t te r  a c t iv i ty  (S h u  et a l, 2 0 0 9 ) .

F o r  th e  c a ta ly s t  s u l f o n a te d  h ig h  te m p e r a tu r e ,  th e  c a ta ly s t  s u l f o n a te d  at 
150  ° c  h a d  lo w e r  b io d ie s e l  y ie ld  th a n  th e  c a ta ly s t  s u l fo n a te d  a t  110  ° c ,  w h ic h  g a v e  
th e  h ig h e s t  b io d ie s e l .  T h is  r e s u lt  c a n  b e  e x p la in e d  b y  B E T  r e s u l t s  a n d  N H 3-T P D , 
f ro m  B E T  re s u l t  s h o w  th a t  th e  c a ta ly s t  s u l fo n a te d  a t  110 ๐c  g a v e  h ig h e r  s u r f a c e  a re a  
th a n  th e  c a ta ly s ts  s u l f o n a te d  a t  1 3 0  ° c  a n d  150 ๐c ,  in d ic a t in g  th a t  th e  c a ta ly s t  w i th  
h ig h  s u r f a c e  a r e a  h a d  a  c h a n c e  to  c o n ta c t  w i th  m o re  a c id  s i te  a n d  s u b s e q u e n t ly  
r e s u l te d  in  h ig h  a c t iv i ty .  M o re o v e r ,  f ro m  th e  a c id  q u a n t i ty  m e a s u r e d  b y  N F I3- T P D  in  
T a b le  4 .2 ,  th e  c a ta ly s t  s u l fo n a te d  a t  11 0  ° c  h a d  th e  to ta l  a c id i ty  h ig h e r  th a n  th o s e  a t
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130 °c a n d  150  °c s u l f o n a t io n  te m p e ra tu re .  In th e  e s te r i f ic a t io n  r e a c t io n ,  o le ic  a c id  
(F F A )  in i t i a l ly  r e q u i r e s  th e  a c t iv a t io n  o f  p r o to n a t io n  o f  c a rb o n y l  g r o u p  to  in i t i a te  th e  
re a c t io n . A c id  s ite s  o n  th e  c a ta ly s t  c o u ld  a c t iv a te  th e  p r o to n a t io n  o f  th e  c a r b o n y l  
g ro u p s . T h e  c a ta ly s t  w i th  h ig h e r  a c id i ty  s u p p l ie s  m o r e  a c id  s i te s  a n d  s t r o n g e r  a c id  
s t r e n g th  w o u ld  le a d  to  a  m o re  e f f e c t iv e  p r o to n a t io n  o f  th e  c a r b o n y l  g ro u p  o f  F F A  
th a t  c a n  g iv e  m o re  p r o d u c ts .  T h e r e fo re ,  th e  c a ta ly s t  s u l fo n a te d  a t  110  ๐c  g a v e  th e  
h ig h e s t  b io d ie s e l  s in c e  it h a d  th e  h ig h e s t  to ta l  a c id i ty .  T h is  a g r e e s  w e ll w i th  th e  
t i t r a t io n  r e s u l t ,  th e  c a ta ly s t  s u lfo n a te d  a t  110  ๐c  h a d  th e  h ig h e s t  a c id  d e n s i ty  o f  1 .3 6  
m m o l/g . F r o m J h e s e  r e s u l t s ,  it c a n  b e  c o n c lu d e d  th a t  th e  c a ta ly s t  h a d  m o re  - S O 3FI 
g ro u p s  a s  a c id  s i te s  in  c a ta ly s t ,  s u b s e q u e n t ly  r e s u l te d  in  h ig h  a c t iv i ty  (S h u  et al.,
2010).

A s  m e n t io n e d  a b o v e , th e  c a ta ly s t  h a s  h ig h  s u r f a c e  a r e a , p o re  
d ia m e te r ,  a n d  a c id i ty ,  le a d in g  to  h ig h  a c t iv i ty  fo r  e s te r i f ic a t io n .  It s h o u ld  b e  n o te d  
th a t  th e  c a ta ly t ic  a c t iv i t ie s  o f  th e  s u l fo n a te d  l ig n in  c a ta ly s ts  c o u ld  b e  r e la te d  w i th  
v a r ia b le s  d u r in g  s u l f o n a t io n  r e a c tio n . T h e  s u l fo n a t io n  te m p e r a tu r e  a n d  th e  s u i ta b le  
s u l f o n a t io n  te m p e ra tu re  fo r  p r e p a r in g  th e  s u l fo n a te d  l ig n in  c a ta ly s t  b e lo n g e d  to  1 1 0

๐c .

0 I 2 3 4 5 6 7 8
Reaction time (h)

Figure 4.5 Effect of sulfonation temperature on biodiesel yield. Reaction condition:
50 g oleic acid, 68 g methanol, 2.5 g catalyst, reaction temperature 60 °c.
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4 .2 .2  E f f e c t  o f  S u l fo n a t io n  T im e  o n  B io d ie s e l  Y ie ld
T h e  s u l f o n a te d  l ig n in  a c id  c a ta ly s ts  p re p a re d  b y  s u l f o n a t io n  r e a c t io n  

w e re  e x p e c te d  to  g iv e  a n  a c t iv e  a n d  s ta b le  s o l id  c a ta ly s t  th a t  c a n  c a ta ly z e  th e  
e s te r i f ic a t io n  o f  m e th a n o l  a n d  o le ic  a c id  to  f ro m  m e th y l  o le a te . F ig u r e  4 .6  s h o w s  th e  
e f fe c t  o f  s u l f o n a t io n  t im e  u n d e r  th e  r e a c t io n  c o n d i t io n s  a t 6 0  ๐c ,  a  m e th a n o l  to  o il 
r a t io  o f  1 2 :1 , a n d  3 0 0  r p m  s t i r r e r  s p e e d  a n d  s u l f o n a t io n  te m p e ra tu re  a t 110  °c. F ro m  
th e  F ig u re  4 .6  in d ic a te s  th a t  th e  s u l fo n a te d  l ig n in  c a ta ly s t  a t  s u l f o n a t io n  t im e  o f  7 h  
g a v e  th e  lo w e s t  b io d ie s e l  y ie ld  b e c a u s e  it h a d  th e  lo w e s t  s u r f a c e  a r e a  (T a b le  4 .1 ) . 
T h e  c a ta ly s t  s u l fo n a te d  a t  5 h  e x h ib i te d  th e  h ig h e s t  b io d ie s e l  y ie ld .  F ro m  B E T  r e s u l t s  
(T a b le  4 .1 )  c a n  b e  s e e n  th a t  th e  c a ta ly s t  s u l fo n a te d  a t  3 h  a n d  5 h  h a d  h ig h  s u r f a c e  
a r e a s  th a t  c o u ld  r e s u lt  in  h ig h  a c t iv e  s i te s  s u r fa c e  a re a .

M o r e o v e r ,  f ro m  th e  a c id  q u a n t i ty  m e a s u r e d  b y  N H 3- T P D , as s h o w n  in  
T a b le  4 .2 ,  th e  c a ta ly s t  s u l fo n a te d  a t 5 h  h a d  th e  h ig h e s t  a c id  d e n s i ty  o f  2 .6 8 7  m m o l/g .  
A c c o r d in g  to  t i t r a t io n  r e s u l t ,  th e  c a ta ly s t  s u l fo n a te d  a t 5 h  a ls o  h a d  th e  h ig h e s t  a c id  
d e n s i ty  o f  1 .3 6  m m o l/g .  O b v io u s ly , th e  c a ta ly s t  w i th  h ig h e r  a c id i ty  s u p p l ie s  m o r e  
a c id  s i te s  a n d  s t r o n g e r  a c id  s tre n g th  w o u ld  le a d  to  h ig h  a c t iv i ty  f o r  th e  e s te r i f ic a t io n  
(S h u  et al., 2 0 1 0 ) .  O n  th e  o th e r  h a n d , a ll c a ta ly s ts  p re p a re d  a t d i f f e r e n t  s u l f o n a t io n  
t im e s  d i s p la y e d  a s im i l a r  % F A M E  ( - 8 0 % )  a n d  e s te r i f ic a t io n  r a te  d e s p i te  a  b ig  
d i f f e r e n c e  in  to ta l  a c id  q u a n t i f ie d  b y  N H 3-T P D .

A s  m e n t io n e d  a b o v e , th e  c a ta ly s t  w i th  h ig h  s u r f a c e  a re a  a n d  a c id i ty  
w o u ld  le a d  to  h ig h  a c t iv i ty  fo r  e s te r i f ic a t io n .  T h is  s h o u ld  b e  n o te d  th a t  th e  c a ta ly t ic  
a c t iv i t ie s  o f  th e  s u l f o n a te d  l ig n in  c a ta ly s ts  c o u ld  b e  r e la te d  w i th  th e  s u l f o n a t io n  
te m p e r a tu r e  a n d  th e  s u i ta b le  s u l f o n a t io n  te m p e r a tu r e  fo r  p r e p a r in g  th e  s u l f o n a te d  
l ig n in  c a ta ly s t  b e lo n g e d  to  5 h.
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Figure 4.6 E ffe c t  o f  s u l f o n a t io n  t im e  o n  b io d ie s e l  y ie ld . R e a c t io n  c o n d i t io n s :  5 0  g 
o le ic  a c id , 68  g  m e th a n o l ,  2 .5  g  c a ta ly s t ,  r e a c t io n  te m p e ra tu re  6 0  ๐c .

4.3 Esterification Reaction

T h e  e s te r i f ic a t io n  r e a c t io n  w a s  p e r f o rm e d  in  a la b o ra to ry  s c a le  P a r r  r e a c to r .  
T h e  s u l f o n a te d  l ig n in  c a ta ly s t  w a s  u s e d  a s  a  h e te ro g e n e o u s  a c id  - c a ta ly s t  in  th e  
e s te r i f ic a t io n  re a c t io n . T o  in v e s t ig a te  th e  o p t im u m  c o n d i t io n s  o f  th e s e  c a ta ly s ts  in  
e s te r i f ic a t io n  o f  o le ic  a c id ,  th e  s ta r t in g  c o n d i t io n s  o f  e s te r i f ic a t io n  r e a c t io n  o v e r  th e  
s u l fo n a te d  l ig n in  c a ta ly s t  w e r e  60 °c, 300 rp m  o f  s t i r r e r  s p e e d , 12:1 m o la r  r a t io  o f  
m e th a n o l  to  o i l ,  a m o u n t  o f  c a ta ly s t  5 w t%  (b a s e d  o n  w e ig h t  o f  o le ic  a c id ) ,  a n d  
r e a c t io n  t im e  o f  8 h.

4 .3 .1  E f fe c t  o f  A m o u n t  o f  C a ta ly s t  o n  B io d ie s e l  Y ie ld
T h e  a m o u n t  o f  c a ta ly s t  u s e d  in  th is  r e a c t io n  a ls o  a f f e c ts  th e  b io d ie s e l  

y ie ld .  T h e  c a ta ly s t  s u l f o n a te d  a t  110 °c 5 h w a s  u s e d  a s  a  c a ta ly s t  to  s tu d y  th e  e f f e c t  
o f  a m o u n t  o f  c a ta ly s t  o n  b io d ie s e l  y ie ld .  T h e  f ix e d  p a r a m e te r s  w e re  6 0  ๐c ,  a  
m e th a n o l  to  o il ra tio  o f  1 2 :1 . a n d  3 0 0  rp m  s t i r r e r  s p e e d .
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T h e  e f fe c t  o f  a m o u n t  o f  c a ta ly s t  w a s  s tu d ie d  a t 5 w t% , 6 w t%  a n d  7 
w t%  o n  th e  b io d ie s e l  y ie ld , a s  i l lu s t ra te d  in  F ig u re  4 .7 . T h e  b io d ie s e l  y ie ld  w a s  a b o u t  
7 5 %  a t a  lo w  a m o u n t  o f  c a ta ly s t  (5 % )  a t  a  r e a c t io n  t im e  o f  1 h  a n d  in c re a s e d  s l ig h t ly  
w i th  in c re a s e d  r e a c t io n  t im e .  T h e  h ig h e s t  b io d ie s e l  y ie ld  o f  o le ic  a c id  w a s  8 3 .3 %  
w h e n  th e  a m o u n t  o f  c a ta ly s t  w a s  5 w t%  a f te r  8 h . H o w e v e r ,  a  s ig n i f ic a n t  d e c r e a s e  in  
th e  b io d ie s e l  y ie ld  w a s  c le a r ly  o b s e rv e d  w h e n  th e  a m o u n t  o f  c a ta ly s t  w a s  6 w t% . 
T h is  w a s  p r o b a b ly  d u e  to  th e  g ro w th  o f  s id e  e f fe c t r e s u l te d  f ro m  th e  in c re a s in g  
a c id i ty  o f  th e  r e a c t io n  s y s te m  w ith  la rg e r  a m o u n t  o f  c a ta ly s t ,  a n d  th e  a d s o rp t io n  o f  
th e  p r o d u c t  m o le c u le s  b y  th e  e x c e s s iv e  o f  c a ta ly s t  th a t  c o u ld  le a d  to  h ig h e r  m a s s  
t r a n s f e r  r e s i s ta n c e  (L iu  et al., 2 0 1 3 ) . W h e n  fu r th e r  in c re a s in g  a m o u n t  o f  c a ta ly s t  
f ro m  5 w t%  to  7 w t% , n o  im p ro v e m e n t  in  th e  b io d ie s e l  y ie ld  w a s  o b s e rv e d . 
T h e r e fo re ,  5 w t%  s e e m  to  b e  o p t im a l  in  th is  s e c tio n .

Figure 4.7 E f f e c t  o f  a m o u n t  o f  c a ta ly s ts  o n  b io d ie s e l  y ie ld . R e a c t io n  c o n d i t io n s :  5 0  
g  o le ic  a c id , 68  g  m e th a n o l ,  r e a c t io n  te m p e r a tu r e  6 0  ๐c .
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4 .3 .2  E f f e c t  o f  M o la r  R a t io  o f  M e th a n o l  to  O le ic  A c id  o n  B io d ie s e l  Y ie ld
T h e  e s te r i f ic a t io n  r e a c t io n  r e q u i r e s  o n e  m o le s  o f  a lc o h o l  a n d  o n e  

m o le  o f  o le ic  a c id  to  g iv e  o n e  m o le  o f  e s te r s  a n d  o n e  m o le  o f  w a te r  ( B o r g e s  a n d  
D ia z ,  2 0 1 2 ) .  T h e r e f o r e ,  e x c e s s  a lc o h o l  is  r e q u i r e d  to  d r iv e  th e  r e a c t io n  to w a r d  th e  
p r o d u c t  s id e  to  in c re a s e  b io d ie s e l  y ie ld . T o  e v a lu a te  th e  in f lu e n c e  o f  m o la r  r a t io  o f  
m e th a n o l  to  o le ic  a c id  o n  b io d ie s e l  y ie ld . T h e  re a c t io n  w a s  e v a lu a te d  a t th re e  
d i f f e r e n t  m o la r  r a t io s  o f  m e th a n o l  to  o le ic  a c id :  9 :1 , 1 2 :1 , 1 5 :1 . T h e  f ix e d  p a r a m e te r s  
w e r e  6 0  °c, c a ta ly s t  a m o u n t  o f  5 w t% , a n d  3 0 0  rp m  s t i r r e r  s p e e d .

T h e  e f fe c t  o f  m o la r  r a t io  o f  m e th a n o l  to  o le ic  a c id  o n  b io d ie s e l  y ie ld  
is  s h o w n  in  F ig u re  4 .8 . T h e  b io d ie s e l  y ie ld  w a s  in f lu e n c e d  b y  th e  m o la r  ra tio  o f  
m e th a n o l  to  o le ic  a c id . A s  c a n  b e  s e e n  in  F ig u r e  4 .8 , th e  b io d ie s e l  y ie ld  in c re a s e d  
w i th  a n  in c re a s e  in  th e  m o la r  r a t io  o f  m e th a n o l  to  o le ic  a c id . T h e  m o la r  ra t io  o f  
m e th a n o l  to  o le ic  a c id  a t 15:1 a n d  18:1 g a v e  b io d ie s e l  y ie ld  h ig h e r  th a n  9:1 a n d  12 :1 . 
H o w e v e r ,  a t a  15:1 a n d  18:1 m o la r  ra tio  o f  m e th a n o l  to  o le ic - a c id  th e  b io d ie s e l  y ie ld  
d u r in g  1 h to  7 h  r e a c t io n  t im e  a r e  s im ila r ,  b u t  a f te r  th a t  th e  m o la r  r a t io  o f  m e th a n o l  
to  o le ic  a c id  a t  15:1 b io d ie s e l  y ie ld  is  h ig h e r  th a n  1 8 :1 . It s e e m e d  th a t  a t  a  15:1 m o la r  
r a t io  o f  m e th a n o l  to  o le ic  a c id  s e e m s  to  b e  o p t im a l  in  th is  s e c tio n . T h e r e f o r e ,  th e  
m o la r  r a t io  o f  m e th a n o l  to  o le ic  a c id  a t  15:1 w a s  n e c e s s a ry  to  a c c e le r a te  th e  ra te  o f  
r e a c t io n  a n d  d r iv e  th e  e q u i l ib r iu m  to  o b ta in  th e  h ig h  b io d ie s e l  y ie ld  fo r  th is  r e a c t io n . 
It s h o u ld  b e  n o te d  th a t  th e  b io d ie s e l  y ie ld  c o u ld  b e  r e la te d  w i th  th e  m o la r  ra t io  o f  
m e th a n o l  to  o le ic  a c id  ( R a t ta n a p h r a  et al., 2 0 1 2 ) .
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F i g u r e  4 .8  E ffe c t o f  m o la r  r a t io  o f  m e th a n o l  to  o le ic  a c id  o n  b io d ie s e l  y ie ld . 
R e a c t io n  c o n d i t io n s :  5 0  g  o le ic  a c id ,  2 .5  g  c a ta ly s t ,  r e a c t io n  te m p e ra tu re  6 0  ๐c .

4 .3 .3  C a ta ly s t  S ta b il i ty
T h e  c a ta ly t ic  s ta b i l i ty  te s t in g  o f  th e  s u l fo n a te d  l ig n in  c a ta ly s t  w a s  

te s te d  f o r  32 h o f  t im e  o n  s tr e a m  u n d e r  o p t im u m  c o n d i t io n s  o f  8 h o f  r e a c t io n  t im e , 
15:1 m o la r  ra tio  o f  m e th a n o l  to  o i l ,  a m o u n t o f  c a ta ly s t  5 w t% , 300 r p m  o f  s t i r r e r  
s p e e d , 110 °c s u l fo n a t io n  te m p e r a tu r e  a n d  5 h  s u l fo n a t io n  t im e . T h e  c a ta ly t ic  
s ta b i l i ty  is  s h o w n  in  F ig u re  4.9. T h e  e x p e r im e n ta l  r e s u lt s  d e m o n s t r a te d  th a t  th e  
b io d ie s e l  y ie ld  o f  th e  c a ta ly s t  s t i l l  r e m a in  s ta b le  a r o u n d  90 %  u n ti l  20 h  o f  r e a c t io n . 
A f te r  th a t ,  th e  b io d ie s e l  y ie ld  d e c r e a s e d  to  75  %  a t 32 h o f  r e a c t io n . O n e  p o s s ib le  
c a u s e  f o r  th e  d e p le t in g  o f  a c t iv i ty  d u r in g  s ta b il i ty  te s t  is d u e  to  th e  r e d u c t io n  o f  a c t iv e  
s ite  a n d  a  lo s s  o f  th e  c a ta ly s t  a c id i ty .
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F ig u r e  4 .9  C a ta ly s t  s ta b i l i ty  o f  th e  p r e tr e a te d  s a m p le . R e a c t io n  c o n d i t io n s :  5 0  g 
o le ic  a c id . 8 5  g  m e th a n o l ,  2 .5  g  c a ta ly s ts ,  r e a c t io n  te m p e ra tu re  6 0  °c.

4 .3 .4  C a ta ly s t  R e u s a b i l i ty
In  th e  f ie ld  o f  c a ta ly s t ,  th e  life  t im e  o f  th e  p re p a re d  c a ta ly s t  is d e f in e d  

a s  o n e  o f  th e  m o s t  im p o r ta n t  c r i te r ia  fo r  th e  p r e s e n t  c o m m e r c ia l i z a t io n .  T h e  c a ta ly s t  
s u l fo n a te d  o f  110 °c 5 h  w a s  u se d  to  te s t  th e  c a ta ly s t  r e u s a b i l i ty  u n d e r  th e  o p t im u m  
c o n d i t io n  a t  6 0  ๐c , a  m e th a n o l  to  o il r a t io  o f  1 5 :1 , c a ta ly s t  o f  5 w t% , a n d  3 0 0  rp m  
s t i r r e r  s p e e d .  It w a s  r e p e a te d ly  u s e d  fo r  b io d ie s e l  p ro d u c t io n . T h e  c a ta ly s t  w a s  
f i l te re d  o u t  f ro m  th e  r e a c t io n  m e d iu m  a f te r  8 h  o f  r e a c t io n  a n d  r e u s e d  in  th e  2 nd ru n  
w i th o u t  a n y  t r e a tm e n t ,  w h ic h  is ty p ic a l ly  d o n e  to  r e a c t iv a te  th e  a c t iv e  s i t e s  o f  th e  
c a ta ly s t .  F ig u r e  4 .1 0  s h o w s  th e  c a ta ly s t  r e u s a b i l i ty .  It c a n  be  o b s e r v e d  th a t  b io d ie s e l  
y ie ld  d e c r e a s e d  a s  r e c y c l in g  t im e  in c re a s e d . T h e  s u l fo n a te d  l ig n in  c a ta ly s t  e x h ib i te d  
h ig h  c a ta ly t ic  a c t iv i ty  a b o u t  9 0 % F A M E  in  th e  f i r s t  ru n ;  h o w e v e r ,  th e  b io d ie s e l  y ie ld  
d e c r e a s e d  d r a m a t ic a l ly  to  7 0 %  a f te r  th e  2 nd ru n . A t  th e  e n d  o f  r e a c t io n ,  th e  s p e n t  
c a ta ly s t  w a s  s e p a r a te d  a n d  th e  s u l f u r  c o n te n t  w a s  a n a ly s e d  b y  S E M - E D X  te c h n iq u e .  
F ro m  E D X  s p e c tra ,  th e  s u lfu r  c o n te n t  o f  f re sh  c a ta ly s t  d e c r e a s e d  a b o u t  1 4 %  a f te r  
te s t in g  in  e s te r i f ic a t io n  f o r  8 h d u e  to  le a c h in g  o f  -SO3FI g ro u p  ( S h u  et al., 2 0 1 0 ) .
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F ig u r e  4 .1 0  C a ta ly s t  r e u s a b i l i ty  o n  b io d ie s e l  y ie ld . R e a c t io n  c o n d i t io n s :  5 0  g  o le ic  
a c id , 85  g  m e th a n o l ,  2 .5  g  c a ta ly s t ,  r e a c t io n  te m p e ra tu re  6 0  ๐c .
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