
CHAPTER II
BACKGROUND & LITERATURE REVIEWS

2 .1  B i o m a s s

B i o m a s s  i s  a  t e r m  f o r  a l l  o r g a n ic  m a te r i a l  t h a t  c a n  c o n v e r t  t o  r e n e w a b l e  e n e r g y .  

A s  b i o m a s s  is  c r e a t e d  f r o m  s o l a r  e n e r g y ,  w a t e r ,  a n d  c a r b o n  d io x i d e ,  i t s  u t i l i z a t i o n  

d o e s  n o t  r e s u l t  i n  t h e  i n c r e a s e  i n  n e t  c a r b o n  d i o x i d e .  I n  t h i s  r e s p e c t ,  b i o m a s s  i s  s a i d  to  

b e  “ c a r b o n  n e u t r a l ” .

P l a n t  b i o m a s s  i s  t h e  w o r l d ’ s m o s t  a b u n d a n t  s o u r c e  e n e r g y  a n d  c a n  s e r v e  a s  a  

d i r e c t  n o u r i s h m e n t  a s  w e l l  a s  f e e d s t o c k  f o r  c h e m i c a l  p r o d u c t s .  T h e  p l a n t  b i o m a s s  

r e s o u r c e s  a r e  p r e s e n t  i n  t h r e e  m a i n  g r o u p s  [ V e s s i a  e t  a h ,  2 0 0 5 ]  a s  f o l lo w .

1. C e r e a l s ,  g r a i n s ,  s u g a r  c r o p s  a n d  o t h e r  s t a r c h e s .

2 . L i g n o e l l u l o s i c  m a t e r i a l s  l ik e  g r a s s e s ,  t r e e s  a n d  d i f f e r e n t  t y p e s  o f  w a s t e  

p r o d u c t s  a n d  r e s i d u a l s  f r o m  c r o p s ,  w o o d  p r o c e s s i n g ,  a n d  m u n i c i p a l  s o l i d  w a s t e .

3 . O i l - s e e d  c r o p s  ( e .g .  r a p e s e e d ,  s o y b e a n  a n d  s u n f lo w e r ) .

A m o n g  t h e s e  g r o u p s  o f  b io m a s s ,  l i g n o e l l u l o s i c  b io m a s s  i s  t h e  m o s t  a b u n d a n t  

i n  e v e r y  c o u n t r y ,  e s p e c i a l l y  i n  a g r i c u l t u r a l  c o u n t r i e s ,  m a k i n g  i t  i n t e r e s t i n g  f e e d s t o c k  

f o r  a l t e r n a t i v e  f u e l  p r o d u c t i o n .

2 .2  I m p o r t a n t  c o n s t i t u e n t s  o f  l i g n o c e l l u l o s i c  b i o m a s s .

T h e  p r o p e r  u t i l i z a t i o n  o f  p l a n t  b io m a s s  a s  f e e d s t o c k  f o r  f u e l  p r o d u c t i o n  d e p e n d s  

o n  t h e  c h e m i c a l  c o m p o s i t i o n s  a n d  th e  p h y s i c a l  p r o p e r t i e s  o f  t h e  b i o m a s s .  D i f f e r e n t  

b i o m a s s  c o n t a i n s  v a r y i n g  a m o u n t s  o f  c e l l u lo s e ,  h e m i c e l l u l o s e  a n d  l i g n i n  [ A l b r e c h t . ,  

2 0 0 6 ] .

2 .2 .1  C e l l u l o s e

C e l l u lo s e  ( 4 0 - 6 0 %  o f  t h e  d r y  b io m a s s )  i s  a n  o r g a n ic  c o m p o u n d  w i t h  t h e  

f o r m u l a  ( C 6H io 0 5 )n , a  p o l y s a c c h a r i d e  c o n s i s t i n g  o f  a  l i n e a r  c h a i n  o f  s e v e r a l  h u n d r e d  

to  o v e r  t e n  t h o u s a n d  l i n k e d  D - g l u c o s e  u n i t s .  T h e  o r i e n t a t i o n  o f  t h e  l i n k a g e s  a n d  

a d d i t i o n a l  h y d r o g e n  b o n d i n g  m a k e  t h e  p o l y m e r  r i g i d  a n d  d i f f i c u l t  t o  b r e a k .  H o w e v e r ,  

i t  c a n  b e  b r o k e n  d o w n  c h e m i c a l l y  in to  i t s  g l u c o s e  u n i t s  b y  h y d r o l y s i s  a t  h i g h  

t e m p e r a t u r e  o r  b y  a c i d s  o r  e n z y m e  c a t a l y z e d  p r o c e s s e s .
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2 .2 .2  H e m i c e l l u l o s e s

H e m i c e l l u l o s e  ( 2 0 - 4 0 % )  is  c o m p l e x  p o l y s a c c h a r i d e s  w h i c h  c o n s i s t  o f  s h o r t e r  

c h a i n s  -  a r o u n d  2 0 0  s u g a r  u n i t s .  H e m i c e l l u l o s e  is  d e r i v e d  f r o m  s e v e r a l  s u g a r s  m a i n l y  

x y lo s e  ( f i v e - c a r b o n ) ,  a n d  a l s o  a r a b i n o s e  ( f i v e - c a r b o n ) ,  g a l a c t o s e ,  g lu c o s e  a n d  

m a n n o s e  ( a l l  s i x - c a r b o n ) .  I t  a l s o  c o n t a i n s  s m a l l e r  a m o u n t s  o f  n o n  s u g a r s  s u c h  a s  

a c e ty l  g r o u p s .  F u r t h e r m o r e ,  h e m i c e l l u l o s e  i s  a  b r a n c h e d  p o l y m e r  a n d  i t  h a s  

a m o r p h o u s  s t r u c t u r e  w i t h  l i t t l e  s t r e n g t h .  I t  i s  e a s i ly  h y d r o l y z e d  b y  d i l u t e  a c i d  o r  b a s e  

a s  w e l l  a s  m y r i a d  h e m i c e l l u l a s e  e n z y m e s .

2 .2 .3  L i g n i n s

L i g n i n  ( 1 0 - 2 5 % )  i s  a  c r o s s - l i n k e d  m a c r o m o l e c u l e  t h a t  i s  r e l a t i v e l y  h y d r o p h o b i c  a n d  

a r o m a t i c  i n  n a t u r e .  L i g n i n  is  p r e s e n t  i n  a l l  l i g n o c e l l u l o s i c  b i o m a s s ,  e s p e c i a l l y  w o o d y  

s p e c i e s  w h o s e  c o n t e n t  a d d s  u p  to  2 7 - 3 3 %  f o r  s o f t w o o d s  a n d  2 2 %  f o r  h a r d w o o d s ,  

r e s p e c t i v e l y .  I t  f i l l s  t h e  s p a c e s  in  t h e  c e l l  w a l l  b e t w e e n  c e l l u l o s e ,  h e m i c e l l u l o s e ,  a n d  

p e c t i n  c o m p o n e n t s .  L i g n i n  i s  d e g r a d a b l e  b y  o n l y  f e w  o r g a n i s m s ,  i n t o  s e v e r a l  h i g h e r  

v a l u e  p r o d u c t s  s u c h  a s  o r g a n i c  a c i d s ,  p h e n o l s  a n d  v a n i l l i n .  V a l u a b l e  f u e l  a d d i t i v e s  

m a y  b e  p r o d u c e d  v i a  c h e m i c a l  p r o c e s s e s .

2 .3  C a s s a v a  w a s t e

C a s s a v a  i s  a  m a i n  r a w  m a t e r i a l  f o r  u s e  i n  m a n y  i n d u s t r i a l  e s p e c i a l l y  

p r o d u c t i o n  o f  c a s s a v a  f lo u r .  T h e  i n d u s t r y  o f  c a s s a v a  f l o u r  in  T h a i l a n d  is  g r o w i n g  a n d  

a b o u t  m i l l i o n s  t o n  o f  f r e s h  c a s s a v a  w a s  u s e d  f o r  t h e  p r o d u c t i o n  o f  f l o u r  [ S r i s o t h  e t  a h ,

2 0 0 0 ]  y e a r l y .  H o w e v e r ,  t h e  p r o d u c t i o n  o f  f l o u r  r e s u l t s  i n  s o l i d  w a s t e  w h ic h ,  w h i c h  

a c c o u n t s  f o r  a b o u t  1 0 - 1 5 %  o f  f r e s h  c a s s a v a  r o o t .

C a s s a v a  w a s t e  c o m p o s e s  o f  s t a r c h  6 0 % ,  c e l l u l o s e  1 6 % , h e m i c e l l u l o s e  5 %  a n d  

l i g n i n  1 9 %  [ P i m p i s u t  e t  a h ,  2 0 0 8 ] ,  i s  u s e d  a s  a n i m a l  f e e d  b e c a u s e  i t  h i g h  c o n t a i n  o f  

p r o t e i n  a n d  n u t r i e n t  [ S r i n o r a k u t a r a  e t  a l . ,2 0 0 6 ] .  H o w e v e r  d u e  to  i t  h i g h  m o i s t u r e  

c o n t e n t  ( 6 0 - 7 0 % ) ,  d r y in g  p r o c e s s  i s  r e q u i r e d .  A f t e r  d r y i n g ,  i t  i s  l o w  v a l u e  p r o d u c t  

u s e d  f o r  a n i m a l  f e e d ,  h o w e v e r  t h e  s t a r c h  r e m a i n e d  i n  t h e  c a s s a v a  w a s t e  ( u p  t o  5 0 -  

6 0 % ,  d r y  b a s i s )  c o u l d  b e  s u i t a b l e  f o r  t h e  p r o d u c t i o n  o f  b i o f u e l  v i a  B T L  p r o c e s s .
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2 .4  B i o m a s s  t o  l i q u i d  f u e l  p r o c e s s e s .

B i o m a s s  c a n  b e  c o n v e r t e d  to  v a r i o u s  f o r m s  o f  e n e r g y  b y  n u m e r o u s  t e c h n i c a l  

p r o c e s s e s ,  d e p e n d i n g  u p o n  t h e  r a w  m a t e r i a l  c h a r a c t e r i s t i c s  a n d  t h e  t y p e  o f  e n e r g y  

d e s i r e d .  T h e  b i o m a s s  d e r i v e d  e n e r g y ,  s o  c a l l e d  b i o f u e l ,  c a n  b e  d i v i d e d  i n t o  f i v e  m a i n  

g r o u p s  [ V e s s i a  e t  a h ,  2 0 0 5 ] :

-  B i o d i e s e l  ( m a i n l y  R M E  a n d  F A M E )

- A l c o h o l s  ( e t h a n o l / m e t h a n o l )

- S y n t h e t i c  f u e l  ( B T L - b i o m a s s  to  l i q u i d )

- B i o g a s

T h e  b i o g a s ,  b i o d i e s e l  a n d  e t h a n o l  h a v e  l i m i t e d  u s e  c o m p a r e d  w i t h  s y n t h e t i c  f u e l .  

T h e  u s e  o f  b i o g a s  r e q u i r e s  c h a n g e  i n  e n g i n e  s y s t e m s ,  w h i l e  t h a t  o f  b i o d i e s e l  a n d  

e t h a n o l  r e q u i r e  b l e n d i n g  w i t h  o t h e r  f u e l  t o  i m p r o v e  t h e i r  p r o p e r t i e s  b e f o r e  t h e y  c a n  b e  

s u i t a b l e  f o r  a  s t a n d a r d  e n g i n e .  O n  t h e  o t h e r  h a n d ,  s y n t h e t i c  f u e l  h a s  c o m p o n e n t s  t h a t  

a r e  s i m i l a r  t o  t h o s e  o f  t h e  c u r r e n t  f o s s i l - d e r i v e d  p e t r o l  a n d  d i e s e l  f u e l s ,  t h u s  t h e y  c a n  

b e  u s e d  w i t h  a n y  s t a n d a r d  e n g in e s .  F o r  t h i s  r e a s o n ,  t h e  s y n t h e t i c  f u e l  h a s  r e c e n t l y  

g a i n e d  i n c r e a s e d  i n t e r e s t .  T h e  p r o d u c t i o n  o f  s y n t h e t i c  o r  b io m a s s  to  l i q u i d  f u e l  c a n  b e  

a c h i e v e d  b y  s e v e r a l  p r o c e s s e s  a s  f o l lo w s :

- F a s t  p y r o l y s i s

F a s t  p y r o l y s i s  i s  t h e r m a l  d e c o m p o s i t i o n  o f  b i o m a s s  t h a t  o c c u r s  i n  t h e  a b s e n c e  o f  

o x y g e n .  I t  i s  a l s o  t h e  f i r s t  s t e p  in  c o m b u s t i o n  a n d  g a s i f i c a t i o n  p r o c e s s e s  w h e r e  i t  i s  

f o l l o w e d  b y  t o t a l  o r  p a r t i a l  o x id a t i o n  o f  t h e  p r i m a r y  p r o d u c t s .  F a s t  p y r o l y s i s  is  

o p e r a t e d  i n  m o d e r a t e  t e m p e r a t u r e  a n d  s h o r t  v a p o r  r e s i d e n c e  t im e .  T h e  i n t e r e s t  in  

p y r o l y s i s  i s  m o s t l y  d u e  t o  t h e  h ig h e r  e n e r g y  e f f i c i e n c y  a n d  t h e  l o g i s t i c a l  a d v a n t a g e s  

o f  t h e  p r o d u c t .  F l o w e v e r ,  p o o r  v o la t i l i t y ,  h i g h  v i s c o s i t y ,  c o k in g ,  a n d  c o r r o s i v e n e s s  a r e  

a r e  a m o n g  t h e  m o s t  c h a l l e n g i n g  p r o b l e m s  t h a t  h a v e  s o  f a r  l i m i t e d  i t s  a p p l i c a t i o n s  

[ C h e m i k . ,  2 0 0 4 ] ,

-  F i s c h e r - T r o p s c h

T h e  F i s c h e r - T r o p s c h  r e a c t i o n  c o n v e r t s  a  m i x t u r e  o f  h y d r o g e n  a n d  c a r b o n  

m o n o x i d e  d e r i v e d  f r o m  b i o m a s s  to  l i q u i d  h y d r o c a r b o n s  in  v a r i o u s  f o r m s  a s  s h o w n  b y  

t h e  f o l l o w i n g  r e a c t i o n .  G e n e r a l l y  t h e  c a t a l y s t s  u s e d  t h e  r e a c t i o n  a r e  b a s e d  o n  i r o n  a n d  

c o b a l t .

(2 ท + 1 )แ 2  +  ท (C O )  — >  C nH 2 n+2 +  n F E O

T y p ic a l o p e ra t in g  p re ssu res  fo r  F is c h e r -T ro p s c h  syn th e s is  are  1 5 - 4 0  b a r, w h i le

tw o  te m p e ra tu re  m o d e s  ca n  be d is t in g u is h e d : h ig h  te m p e ra tu re  F is c h e r -T ro p s c h
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( 3 0 0 - 3 5 0 ° C )  a n d  l o w  t e m p e r a t u r e  F i s c h e r - T r o p s c h  ( 2 0 0 - 2 6 0 ° C ) .  A t  l o w e r  

t e m p e r a t u r e ,  t h e  c h a i n  g r o w t h  p r o b a b i l i t y  is  h i g h e r ,  r e s u l t i n g  in  l e s s  g a s e o u s  p r o d u c t s  

a n d  m o r e  l i q u i d  p r o d u c t s ,  s u c h  a s  d ie s e l  f u e l .  T h e  F i s c h e r - T r o p s c h  f u e l s  h a v e  l e s s  

s u l f u r ,  n i t r o g e n  o x i d e ,  c a r b o n  m o n o x id e  a n d  p a r t i c u l a t e  m a t t e r  e m i s s i o n s  t h a n  

p e t r o l e u m  f u e l s  s o  t h i s  p r o c e s s  p r o d u c e s  h i g h  v a l u e ,  c l e a n - b u r n i n g  f u e l s  a n d  i t  c a n  b e  

u s e d  i n  c o n v e n t i o n a l  e n g i n e s  w i th  n o  m o d i f i c a t i o n .  H o w e v e r ,  t h e  p r o c e s s  h a s  h i g h  

c a p i t a l  c o s t  a n d  h i g h  o p e r a t i n g  a n d  m a i n t e n a n c e  c o s t s  t h a t  a r e  p r o b l e m a t i c  to  u s e  a s  

c o m m e r c i a l  f u e l  [ D r y  e t  a l ,  2 0 0 2 ] ,

2 .5 .  T h e  a l k a n e  p r o d u c t i o n  f r o m  b i o m a s s .

R e c e n t l y ,  H u b e r  e t  a l .  ( 2 0 0 5 )  p r o p o s e d  a  n o v e l  l o w  c o s t  p r o c e s s  to  p r o d u c e  C 7- 

C 15 a l k a n e s  f r o m  s u g a r - b a s e d  c o m p o u n d .  T h i s  p r o c e s s  c o n s i s t s  o f  4  s t e p s ,  i n c l u d i n g  

h y d r o l y s i s ,  d e h y d r a t i o n ,  a l d o l  c o n d e n s a t i o n  a n d  h y d r o g e n a t i o n ,  a s  s h o w n  i n  f i g u r e  2 . 1  

a n d  f i g u r e  2 .2 .  I n  t h e  f i r s t  s te p ,  b io m a s s  i s  c h a n g e d  i n t o  g lu c o s e  m o l e c u l e s  v i a  

h y d r o l y s i s .  T h i s  p r o c e s s  i s  t y p i c a l l y  c a r r ie d  o u t  a t  h i g h  t e m p e r a t u r e s  in  t h e  p r e s e n c e  

o f  a c i d  c a t a l y s t s .  S u b s e q u e n t l y  g lu c o s e  i s o m e r i z e s  i n t o  f r u c t o s e .  B o t h  g l u c o s e  a n d  

f r u c t o s e  u n d e r g o  d e h y d r a t i o n  b y  lo s s  o f  t h r e e  w a t e r  m o l e c u l e s  to  f o r m  f u r a n  

c o m p o u n d s  s u c h  a s  H M F  a n d  f u r f u r a l .  D e h y d r a t i o n  r e a c t i o n s  a r e  t y p i c a l l y  c a r r i e d  o u t  

i n  t h e  p r e s e n c e  o f  s o l i d  o r  m i n e r a l  a c id  c a t a l y s t s  a t  h i g h  t e m p e r a t u r e s .  S u b s e q u e n t l y ,  

v i a  a l d o l  c o n d e n s a t i o n ,  l a r g e r  o r g a n ic  m o l e c u l e s  c a n  b e  p r o d u c e d  b y  t h e  C - C  

c o u p l i n g  b e t w e e n  t w o  s m a l l e r  c o m p o u n d s  c o n t a i n i n g  c a r b o n y l  g r o u p s  ( H M F  a n d  

f u f u r a l ) .  . H o w e v e r ,  w i t h o u t  a n  a - H  a to m ,  H M F  a n d  f u r f u r a l  c a n n o t  u n d e r g o  s e l f ­

c o n d e n s a t i o n .  N e v e r t h e l e s s ,  H M F  a n d  f u r f u r a l  h a v e  a l d e h y d e  g r o u p  t h a t  c a n  r e a c t s  

w i t h  m o l e c u l e s  t h a t  c a n  f o r m  c a r b a n i o n  s p e c i e s ,  s u c h  a s  a c e t o n e  a n d  

d i h y d r o x y a c e t o n e .  T h e s e  a l d o l  c o n d e n s a t i o n  r e a c t i o n s  o f  H M F  a n d  f u r f u r a l  a r e  s h o w n  

i n  F i g u r e .2 .1  a n d  F i g u r e .  2 .2 ,  r e s p e c t i v e ly .  F i g u r e .2 .1  i n d i c a t e s  t h a t  a c e t o n e  r e a c t  w i t h  

H M F  t o  f o r m  C 9, w h i c h  t h e n  r e a c t  w i t h  a  s e c o n d  H M F  m o l e c u l e  t o  f o r m  a  C 15 

m o l e c u l e ,  w h i l e  F i g u r e  2 .2  in d i c a t e s  t h a t  a c e t o n e  r e a c t s  w i t h  f u r f u r a l  t o  f o r m  C g , 

w h i c h  t h e n  r e a c t  w i t h  a  s e c o n d  f u r f u r a l  m o l e c u l e  t o  f o r m  a  C 13 m o l e c u l e .  T h e  

s u b s e q u e n t  h y d r o g e n a t i o n  o f  c = c  a n d  c = 0  b o n d s  o f  t h e  p r o d u c t  r e s u l t e d  f r o m  a l d o l -  

c o n d e n s a t i o n  p r o c e s s  s a t u r a t e s  t h e  m o l e c u l e s  a n d  p r o d u c e s  l a r g e  w a t e r - s o l u b l e  

o r g a n i c  c o m p o u n d s .  F i n a l l y ,  t h e s e  m o l e c u l e s  a r e  t h e n  c o n v e r t e d  i n t o  a l k a n e s  b y  

o p e r a t i n g  i n  d e h y d r a t i o n / h y d r o g e n a t i o n  r e a c t i o n  in  t h e  p r e s e n c e  o f  b i f u n c t i o n a l  

c a t a l y s t s  c o n t a i n i n g  a c i d  a n d  m e ta l  s i t e s  in  f o u r  p h a s e  r e a c to r .
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F ro m  th e  p a th w a y  o f  a lk a n e  p ro d u c t io n  f r o m  b io m a s s  d e s c r ib e d , i t  w a s

d e m o n s tra te d  th a t H M F  and  fu r fu r a l  a re  im p o r ta n t in te rm e d ia te s  fo r  th e  p ro d u c t io n

l iq u id  a lka n e s , and  th e re fo re  th e  p ro d u c t io n  o f  H M F  and  fu r fu r a l  f r o m  b io m a s s  is  th e

m o s t  p r i m a r y  s t e p  f o r  t h e  p r o d u c t i o n  o f  f u t u r e  a l t e r n a t i v e  l i q u i d  f u e l .
Biomass Feed

H H 
fp-pyrarwsu j 

D-G lucose

{ p  fV/ranc-Kn )  

D-Fructosô

H M F  2 H 2

A ld o l  c ro s -s e d -
e onde tbvU lion

(base)

A ldol self- 
condensation  (base)

H M T H F A

' r

c^-alkane

F i g u r e  2 .1  R e a c t i o n  p a t h w a y s  f o r  t h e  c o n v e r s io n  o f  b i o m a s s - d e r i v e d  g l u c o s e  i n t o  

l i q u i d  a l k a n e s .
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water insoluble Cg water insoluble € 13

* A

Acetone

F i g u r e  2 .2  R e a c t i o n  n e t w o r k  f o r  a l d o l - c o n d e n s a t i o n  o f  f u r f u r a l  ( o r  H M F )  a n d  

a c e t o n e ,  f o l l o w e d  b y  h y d r o g e n a t i o n  o f  a l d o l - a d d u c t s .

2 .6  H M F  o r  5 - ( H y d r o x y m e t h y l )  f u r f u r a l  a n d  i t s  a p p l i c a t i o n s .

H M F  i s  a n  o r g a n i c  c o m p o u n d  d e r i v e d  f r o m  d e h y d r a t i o n  o f  s u g a r s .  T h e  m o l e c u l e  

is  a  d e r i v a t i v e  o f  f u r a n  c o n ta in i n g  b o t h  a l d e h y d e  a n d  a l c o h o l  f u n c t i o n a l  g r o u p .  T h e  

s y n t h e s i s  o f  H M F  i s  b a s e d  o n  t h e  t r i p l e  d e h y d r a t i o n  o f  h e x o s e s .  V a r i o u s  s u b s t r a t e s  

c a n  b e  u s e d :  h e x o s e s  t h e m s e l v e s ,  o l i g o s a c c h a r i d e s  a n d  p o l y s a c c h a r i d e s  a s  w e l l  a s  

b io m a s s .  T h e  s y n t h e s i s  o f  H M F  is  v e r y  s i m p l e .  B u t  s tu d i e s  p e r f o r m e d  b y  a  n u m b e r  o f  

i n d e p e n d e n t  s c i e n t i s t s  d e m o n s t r a t e d  t h a t  t h e  c h e m is t r y  o f  t h e  f o r m a t i o n  o f  H M F  i s  

v e r y  c o m p l e x ;  i t  i n c l u d e s  a  s e r i e s  o f  s i d e - r e a c t i o n s ,  w h i c h  i n f l u e n c e  s t r o n g l y  o n  t h e  

e f f i c i e n c y  o f  t h e  p r o c e s s .  T h e  d e c o m p o s i t i o n  t o  l e v u l i n i c  a c i d  a n d  t h e  p o l y m e r i z a t i o n  

to  h u m i c  a c i d s  a r e  t h e  m o s t  i m p o r t a n t  f a c t o r s  d e c r e a s i n g  t h e  y i e l d  o f  H M F  

[ L e w k o w s k i  e t  a h ,  2 0 0 1 ] .

Heïcse (Intermsรa«|

’

Levuirë: açkj 
Formic acid

S o l u b l e  p o l y m e r s
Insoluble hum*: acids HMF ether

F i g u r e  2 .3  T h e  s y n t h e s i s  o f  H M F  f r o m  h e x o s e s  [ L e w k o w s k i  e t  a h ,  2 0 0 1 ] .

H M F  h a s  s e v e r a l  u s e s  in  c h e m i c a l  a n d  f o o d  i n d u s t r i e s .  I t i s  u s e d  i n  t h e  s y n t h e s i s  o f  

d i a l d e h y d e s ,  g l y c o l s ,  e t h e r s ,  a m i n o  a l c o h o l s  a n d  a c e t a l s ,  a n d  a s  a  v e r s a t i l e
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intermediate between biomass-based carbohydrate chemistry and petroleum-based 

industrial organic chemistry. H M F and its derivatives could potentia lly  replace 

volum inously consumed petroleum-based bu ild ing  blocks [B icker et ah, 2003], which 

are currently used to make plastics and fine chemicals. Recently, Dumesic and co­

workers introduced the idea o f  using H M F  as a key intermediate to produce liqu id  

alkanes from  renewable biomass resources [Huber et ah, 2005].

2.7 Furfural and its applications.

Furfural is an aromatic aldehyde, having the chemical form ula C5H 4O2. In its 

pure state, i t  is a colorless o ily  liqu id, but upon exposure to air it  qu ick ly  becomes 

yellow. The production o f  furfural was prepared by hydrolysis o f  the pentosan 

polymers (e.g. xylan) to the pentoses (e.g. xylose) which is fo llow ed by catalytic 

dehydration to fo rm  furfura l. Furfural dissolves readily in  most polar organic solvents, 

but is only s ligh tly  soluble in  either water or alkanes. Chemically, fu rfu ra l participates 

in  hydrogenation and other addition reactions more readily than many other 

aromatics. When heated above 250°c, furfura l decomposes into ftiran and carbon 

monoxide, sometimes explosively. When heated in  the presence o f  acids, furfura l 

irreversibly so lid ifies into a hard thermosetting resin.

Furfural is an intermediate for chemical synthesis o f  a range o f  more specialized 

chemical products, starting m ainly w ith  furfura l alcohol (FFA), w h ich  also has many 

derivatives. Furfura l is important in  a chemical industry dominated by hydrocarbons. 

Furfural is used largely in  the resin production in  which it  is used as a b inding agent 

in  foundry technologies. The second main use is a selective solvent in  petroleum 

production o f  lubricants [International Furan Chemicals, 2006].

2.8 Conversion of biomass to H M F and furfural.

Generally, the methods o f the synthesis H M F and fu rfu ra l from  biomass 

consist o f hydrolysis and dehydration process as shown in Figure 2.4. The firs t step, 

biomass decomposes to cellulose, hemicelluloses and lign in  by hydrolysis process. 

Subsequently, cellulose hydrolyzes to glucose w hile  hemicellulose hydrolyzes to 

glucose and xylose. F inally, glucose dehydrates to H M F and fu rfu ra l w h ile  xylose 

dehydrates to only furfura l. H M F and furfura l can be produce from  various substrates 

which want difference condition. Thus, conversion o f  biomass to H M F  and furfura l
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can be devised to 2 parts. F irst part is the decomposition o f  biomass to monomer 

sugar and last part is the production o f  H M F and furfura l from  monomer sugar.

H M F  Furfural

Figure 2.4 The pathways o f  Biomass to H M F  and furfural.

2.8.1 Decomposition of biomass to monomer sugar

Generally, biomass decomposes to monomer sugar by hydrolysis which can be 

carried out as acid catalyst and/or enzymatic catalyzed process. However, these 

processes have many problem such as acid catalyst is corrosive and must be recovered 

the catalyst from  product w h ile  enzymatic catalyzed process is long reaction tim e and 

to additional biomass. Thus, converting biomass to sugar in  aqueous medium at h igh 

temperature, also known as hydrothermolysis, employing hot compress water (H C W ) 

as a reaction medium is nowadays preferred because this process is environmentally
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friendly, non tox ic  and shot reaction time. Moreover, sugar can be dehydrated to H M F 

and furfura l in  this process.

2.8.1.1 Process in hot compress water

1. Hot compress water properties

H C W  or water near and above its critica l point (T c=647 K ; p c =  22.1 MPa) 

offers the potential o f  h igh degree o f conversion w ith in  short residence time, and it  

m inim izes form ation o f  toxic products. H C W  serves as an excellence reaction 

medium due to the dielectric constant (e) o f  water decrease at h igh temperature 

(Figure 2.5). The significant drops in the dielectric constant lead to a much increased 

solvent power. Furthermore, fo r process at near critica l HCW , the ion  product o f 

water rises when the temperature is increased due to an increase in  activ ity  o f 

hydronium ion and hydroxyl ion, and as a result, water itse lf acts as an acid and base 

catalyst. [A lbrecht et al.,2006].
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F igure  2.5 Selected properties o f  water at high temperature and high pressure 

[Kruse and D injus., 2007]

2. Hydrolysis mechanism in HCW

The mechanism o f  hydrolysis by H C W  includes three steps. F irst, the water at 

h igh temperature and h igh pressure acts as an acid. Then, proton from  acids adds to 

oxygen atom connecting the sugar unit and sp lit C -O -linkage between the glycosidic 

oxygen. Lastly, acyclic carbonium ion in  shape o f  a chair is form . Therefore, the 

water at h igh temperature and high pressure leads to an increase in  the rate o f 

hydrolysis and consequently to a high degree o f  decomposition.
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3. Variable affecting the rate of hydrolysis in HCW

Hydrolysis affecting o f  biomass to monomer sugar depend on several variable 

such as k ind  o f  biomass, temperature, pressure and time o f  reaction. Ando et al. (2000) 

studied decomposition behavior o f  plant biomass under 9.8 MPa in  H CW . Bamboo, 

chinquapin, and Japan cedar was used as substrate. They found that the decomposition 

o f  soft wood such as Japan cedar is hard to compose more then hard wood because o f  

cross-linked structure o f  soft wood. Furthermore, they reported that hemicelluloses 

started to decompose when the temperature o f the H C W  was 180 ° c  then cellulose 

started to decompose when the temperature was over 230 °c , w h ile  on the other hand, 

most lig n in  was extracted by H C W  at low  temperature. Moreover, Sasaki et al.,(1998) 

studied cellulose hydrolysis in  subcritical and supercritical water to recover glucose, 

fructose and oligomers in  the range o f  temperature from  290 to 400°c  at 25 MPa. 

They found that hydrolysis product y ie ld obtained form  supercritical water were much 

higher than those in  subcritical because o f  at high temperature region, the glucose or 

o ligom er conversion rate was much slower than the hydrolysis rate o f  cellulose.

2.8.2 H M F and furfural production from monomer sugar

Pentose and hexose convert to H M F and furfura l by dehydration. However, 

most o f  research studies the production o f H M F and furfura l from  glucose because 

glucose can produce from  cellulose that main component from  biomass. The type o f  

reaction medium and its influence on the efficiency o f  the dehydration is closely 

connected w ith  temperature conditions. Cottier et al (1991) divided methods into 3 

groups depending on the type o f  reaction medium

2.8.2.1 Processes in Hot Compress Water

1. The kinetics of H M F and Furfural synthesis via HCW .

The production pathways o f  H M F and furfura l from  glucose have been 

reported by a number o f  researches as shown in  Figure 2.6. The main products o f  

glucose decomposition are fructose, erythrose, glycolaldéhyde, dihydroxyacetone, 

glyceraldehyde, 1,6 -anhydroglucose, pyruvaldehyde, fu rfu ra l and H M F. The reactions 

invo lve  m ain ly three types o f  reactions, namely isomerization, aldol condensation and 

dehydration. Pathway [a], [b ], [c] and [d] show the isomerization o f  glucose and 

fructose. The dehydration process is presented in  pathway [e] and [ท] from  glucose 

and fructose to HM F. Pathway [ f ] ,  [g] and [r] show the dehydration o f  glucose and
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fructose to furfura l. In addition, glucose react in  dehydration process to 1,6 

anhydroglucose (A H G ) in  pathway [o] then decomposition to acetic acid and form ic 

acid in pathway [p]. Pathway [q], [ร] and [t] were proposed by Kabyemela et al. 

(1999), in  w h ich  glycolaldéhyde and dihydroxyacetone can be formed by aldol 

condensation process o f  fructose and the intermediate compounds during 

isomerization. Furthermore, erythrose and glycolaldéhyde were produced form  

glucose and fructose by aldol condensation in  pathway [q], [ร] and [t].



furfural p/iwaüctiyck!

t [ร]
C H O

พร

ind iv idua l reactions are given in  brackets, [a], [b], [c] and [d] =  Peterson et al. (2008),

[e] =  watanabe et al (2005) [r] =  A ida et al.(2007), [ f j ,  [g] and [ท] = Krishna et 

al. 1986, [h] ,[i], [m ] and [o] = Anta l et al. 1990 5 0 ], [k ], [1] = Bonn et al. 1985, [p ], 

[q ], [ร], [t] and [น] = Kabyemela et al. 1999.
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Although H M F and fu rfu ra l can be produced either from  glucose, fructose and 

intermediate compounds during isomerization o f  glucose and fructose in  H C W  as 

shown in  Figure 2.6, in  several research works, the low  y ie ld  o f  H M F and furfura l in  

H C W  was observed [Watanebe et ah, 2008], Previous research works suggested three 

possible reasons o f  this problem, which can be summarized as fo llow :

1. , H M F  can undergo further reactions in H C W  to undesired products such as 

those shown in  Figure 2.7. A ida et al (2007) indicated that under H C W  

process, H M F can be rehydrated to levu lin ic acid and form ic acid, w h ile  1,2,4 

benzenetriol was produced by dehydration o f  H M F.

Figure 2.7 Decomposition pathways from  5 -H M F  [A ida  et al.,2007].

2. In  H C W  process, fu rfu ra l can decompose to other product as shown in  Figure 

2.8. Sinag et al. (2003), D injus et al.,(2004) and Kruse et al (2003) proposed 

that furfura l under H C W  process can convert to phenol and acids/aldehydes by 

dehydration and bond-breaking reaction, respectively.

o

levulinic aeid fonde aeid
OH

glucose 5-HMF

X.M-bereerwirW

B taJ braking

■ 11 ►  D e hyd irjiic ia

Figure 2.8 Simple reaction pathways of glucose reaction in HCW.



18

3. I t  is generally known that D-fructose exists in five d ifferent tautomeric forms. 

The two pyranoid and the two furanoid from  are presented in  Figure 2.9. 

However, only furanoid form  o f  D-fructose can react to form  HM F. B icker et 

al. (2005) studied tautomeric forms o f  D-fructose in  water and they found that 

the furanoid form  is lower, whereas the pyranoid fo rm  is most preferred in  

water. Therefore in H C W  process in which water was the only reaction 

medium, the furanoid form  o f  D- fructose was suppressed, making the 

processs unsuitable fo r H M F  production.

Obfuninuid

Figure 2.9 Tautomeric forms o f  D-fructose.

2. Variable affecting the rate of H M F and furfural formation in HCW

The maximum yie ld o f  H M F  and furfural depends on the condition in  H C W  

such as temperature and pressure, catalyst and the feedstock. The effects o f  the 

process variables are described as fo llow .

2.1. Effect of temperature and pressure

Temperature and pressure on the reactions in  H C W  are generally the main 

effects o f  H M F  and furfura l production. H M F and furfura l s ligh tly increase w ith  

increasing temperature and pressure. Nevertheless, the highest yields o f  H M F and 

fu rfu ra l are usually obtained at the optim um condition before it  decreased at higher 

temperatures and pressure. For instance, Asghari et al. (2006) investigated the 

reaction o f  D-fructose over a temperature range o f  473 -593 K  and found that the 

temperature had a strong influence on the reaction, from  low  to moderate temperature 

(473-533 K ). However, at temperature higher than 533 K , the production yie ld 

decreases, because o f  the decomposition o f H M F and furfura l (Figure 2.7). A ida  et al. 

(2007) studied the dehydration o f  D-glucose in  high temperature water (up to 673 K )
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at pressures up to 80 MPa using a flo w  reactor. They indicated that an increase in 

temperature (350 to 400 K ) and pressure (40 MPa to 70 and 80 MPa) enhanced both 

dehydration reactions to 5-HM F and furfura l and hydrolysis reactions o f  5-HM F lead 

to the production o f  1,2,4-benzenetriol (BTO). The enhanced hydrolysis o f  5-HM F to 

BTO however led to lower yields o f  5 -H M F (below 10%). A n  increasing pressure and 

temperature on the dehydration and hydrolysis reactions may be due to the change o f  

ion product (K w) o f  HCW . Higher K w values have been reported to enhance 

dehydration and hydration reactions by increasing the activ ity o f  the acid catalyst 

[Yoshida et al., 2006].

2.2. Effect of heating rate and reaction time

The effect o f  heating rate and reaction time on the reactions in  H C W  (473-773 

K , 4^10 MPa) were รณdied by Watanabe et al. (2005b). They found that 

hydroglucose form ation was increased and H M F production was suppressed when 

increasing the heating rate (from  4.2 to 15.8 K/s). The furfura l y ie ld  was not affected 

by the increased heating rate. Furthermore, the conversion and gasification o f glucose 

was enhanced w ith  increasing heating rate. A t 673 K, the dependence o f  reaction time 

on the glucose reaction was measured. H M F and furfural was s ligh tly  increased w ith  

increasing reaction tim e (30-45 ร). A fte r 45 sec, the yields o f  H M F  and furfural 

gradually decreased w ith  reaction tim e due to the decomposition o f  H M F  to BTO, 

luve lin ic  acid and fo rm ic  acid and that o f  furfura l to gas. This result was confirmed by 

the reaction pathways shown in Figure 2.7 and 2.8.

2.3. Effect of catalyst

A lthough under the high pressure and temperature conditions, the dehydration 

o f  fructose to H M F  and furfura l can be conducted even in  absence o f  acid catalyst. 

However, in  the presence o f  acids, the amount o f  conversion o f  fructose to H M F 

increases. As shown in  Figure 2.10, an acid-induced elim ination o f  3 m ol o f  water 

from  saccharides occurs in  the presence o f  acid catalyst.

Figure 2.10 Dehydration o f  saccharides to 5-Hydroxym ethyl Furfura l (H M F) 

Furthermore, many researchers also reported that acid catalyst could accelerate 

the production o f  H M F  and levu lin ic  acid under hydrothermal condition. Takeuchi et
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al (2008) examined the effect o f  d iffereny homogeneous acid catalysts (H 2SO4, H 3PO4 
and HC1) on the production o f  H M F  and levulin ic acid. The H 2SO4 and H 3PO4 gave 

higher conversion o f  glucose to H M F  than HC1, whereas HC1 is more effective than 

H 2SO4 and H 3PO4 fo r further conversion o f H M F into levu lin ic  acid. Other than the 

type o f  the acid catalyst, Salak et al (2006) reported also the importance o f  the pH  on 

the production o f  H M F  and Furfural. In their work, o f  a ll acid catalyst (H C l, H 2SO4, 

c itr ic  acid, maleic acid, PTSA, oxalic acid) in the pH range o f  1.5-5 used, phosphoric 

acid catalyst at pH 2 was found to give the highest y ie ld  o f  H M F. Compared w ith  

homogeneous catalysts however, heterogeneous acid catalysts o ffer h igher 

selectivities towards H M F  and furfura l. Moreover, heterogeneous acid catalysts are 

easily separable from  the reaction products, thus are recyclable. พ atanebe et al 

(2005a) conducted an experiment on H M F production from  fructose and glucose in  

H C W . They found that the process carried out using TiC>2 and ZrC>2 gave comparable 

H M F  yie ld  to those using homogeneous acid catalysts and they indicated that Z rÛ 2 
promoted the isomerization reaction while T 1O2 promote both dehydration and 

isomerization reaction. Furthermore, Chareonlimkun et al (2010a) studied the effect 

o f  sulfate zirconia (SÛ4-Z r0 2 ), T i0 2 and Z r0 2 and they found that S0 4 -Z r0 2 promote 

the dehydration reaction as same as T ie r  catalyst whereas ZrC>2 promoted the 

isomerization reaction. To im prove the catalytic activ ity, Chareonlimkun et al (2010b) 

aimed to m ixed-oxide T i0 2 -ZrC>2 to enhance the H M F  and furfura l production. 

Compare w ith  TiC>2 and ZrC>2 catalyst, they found that the TiCk-ZrCh catalyst 

produced the highest H M F  and furfura l yields w ith  less by product (e.g. glucose, 

fructose, xylose and xylose) selectivity. In addition, they claim  that the catalyst 

preparation procedure, the starting salt precursor and the calcinations temperature 

strongly affected the acid ity-basicity and the reactiv ity o f  catalyst in  H M F  and 

fu rfu ra l production.
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2.8.2.2 Processes in non-aqueous medium.

As already mentioned and schematically shown in  Figure 2.9, fructose 

dehydration in  pure water is generally nonselective, leading to many by-products 

besides H M F  and furfura l. Moreover, furanoid form o f D-fructose is low er in process 

in  pure water. These problems were resolved by employing non-aqueous medium 

[Richard et al, 1987; Roman-Leshkov et al., 2009]. Richard et al. (1987) demonstrated 

high yields o f  H M F  and furfura l could be obtained from  fructose by using strong 

polar organic solvents. Dehydration o f fructose in d im ethylsulfoxide (DM SO ) at 150 

° c  for 2 h. D M SO  was found to give as high as 92% H M F yield. The reason for high 

y ie ld ing reaction in  DM SO  was due to the fact that furanoid form s o f  D-fructose are 

h igh ly favored and h igh ly stabable in  this solvent. This explanation was confirmed by 

the study o f  Lichtenthaler et al (1990) which demonstrated a fructose and DMSO 

associate in  Figure 2.11, which conceivable dimethyl sulphoxide c is-d io l hydrogen 

bonding in  the B-f-tautomer o f  fructose. In  addition, Ananda et al (2008) propose 

mechanism fo r the dehydration o f  D-fructose furanose form  to H M F  in DMSO 

(Figure 2.12).

Figure 2.11 d-fructose/DMSO associate

H 3C
s=0 

h3c' 3

h 3c ,
]ร=0

H.c' c

Figure 2.12 Proposed mechanism fo r the dehydration o f D -fructose furanose forms 1 

(a -f/b-f) to 5-hydroxym ethylfurfura l (5) in  dimethyl su lfoxide at 150 °c .
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Other than DM SO , ion ic liquids have also been applied as solvents due to 

the ir unique properties such as very low  vapor pressures, unusual modes o f  

coordination and the tendency to form  solvent cages and capability o f  acting both as 

solvent and catalyst. Several studies have investigated ionic-liquid-phase reactions, 

w h ich  are relevant as potential routes for the production o f  H M F and furfura l. For 

example, Moreua et al (2003) have demonstrated that neutral ion ic liqu id  such as 1- 

buty 3-methyl im idazolium  tetrafluoroborate (B M IM +PF4‘) can act as a suitable 

reaction medium for dehydration o f  fructose to H M F  in  the presence o f  the 

Am berlyst-15 catalyst. They found that as high as 92% H M F  yie ld was achieved 

w ith in  15-45 m in at 9 0 °c  using l-H -3-m ethylim idazolium  choride (H M IM +CF), 

acting both as solvent and catalyst [Moreau et al., 2006], Moreover, when l-e thy l-3 - 

m ethylim idazolium  chloride ([EMIMJC1) was used as a solvent and metal chlorides 

(C uC b jC rC b) as catalyst, 96% yie ld  o f H M F could be produced at 80-120°C [Y u  รน 

et al]. A lthough, Ionic liqu ids are advanced solvents in  v iew  o f  contro llab ility  o f  its 

properties and productiv ity, but many o f these are too expensive to a llow  their use on 

a practical scale.

2.8.2,3 Processes in mixed medium.

Because o f  its s im ila r to the DMSO molecule (Figure 2.13), acetone is 

considered another essential reaction medium that can promote conversion o f  fructose 

to the furan form  [Q i et ah, 2008]. Unfortunately, the so lub ility  o f  fructose in  pure 

acetone is almost neglig ib le (0.5 g/L at 25 C) [B icker et al.,2002] and thus, either 

water or another solvent is needed to allow  improved conversion. B icker et al. (2003) 

studied the dehydration o f  fructose to 5-HMF in sub-and supercritical acetone/water 

m ixtures and obtained the results that both the 5-H M F selectivity and the fructose 

conversion increased w ith  increasing acetone content and that the optim al selectivity 

to 5-H M F o f  77% could be obtained w ith  99% fructose conversion using 

acetone/water in  a 90:10 v /v  ratio. Q i et al (2008) found that the use o f  a 70:30 (พ /พ ) 

acetone/water reaction m edium  resulted in as high as 73.4% yie ld  o f  5-H M F and 94% 

conversion at 150 ° c  in  the presence o f a strong cation-exchange resin as the catalyst 

under m icrowave heating. This result confirms that the problems concerning the 

so lub ility  o f  hexoses or pentose in  organic solvents were resolved by the application 

o f  m ixed-solvent (water-organic) systems. Unfortunately, although the use o f  water as 

a solvent does increase the so lub ility  o f fructose in  the solvent, it  also promotes side 

reactions such as luve lin ic  acid and form ic acid. Hence, other types o f  solvents
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instead o f  water are need. Q i et al (2008) found that the acetone/DMSO (70:30 พ /พ ) 

m ixture were shown to be effective fo r the dehydration fructose to 5 -H M F selectivity 

in  the presence o f  a strong acidic cation exchange resin catalyst (dowex 50wx 8-100) 

under m icrowave heating. The higher H M F  yie ld o f  89.8% (se lectiv ity o f  91.7%) was 

achieved compared w ith  that obtained w ith  the reaction w ith  70:30(w/w) 

acetone/water as solvent. Furthermore, they investigated the dehydration o f  fructose 

to 5-HM F in aqueous and acetone-DMSO m ixture solvents in  the presence o f  sulfated 

zirconia catalyst and found that h igh fructose conversion o f  93.6% w ith  72.8% 5- 

H M F yie ld could be attained at 180 ° c  fo r 20 m in reaction tim e in  acetone- 

d im ethylsulfoxide (D M SO ) mixtures under m icrowave heating.

M C \  M e  M c n  M l-

ร Ç
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Figure 2.13 Structure analogy o f DM SO and acetone.
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