
CHAPTER II 
LITERATURE REVIEW

2.1 Biomass-based fuels
B io m a s s - b a s e d  fu e ls  o r  b io f u e ls  a re  o n e  k in d  o f  a l t e r n a t iv e  e n e r g y  m a d e  

f ro m  b io - b a s e d  m a te r ia l  th ro u g h  th e rm o c h e m ic a l  p r o c e s s  s u c h  a s  p y ro ly s i s ,  g a s i f i c a 
t io n , l iq u e fa c t io n ,  s u p e rc r i t ic a l  f lu id  e x t r a c t io n ,  s u p e rc r i t ic a l  w a te r  l iq u e fa c t io n ,  a n d  
b io c h e m ic a l  ( B a la t ,  2 0 1 1 ) .  B io f u e ls  in c lu d e  b io e th a n o l ,  b io m e th a n o l ,  v e g e ta b le  o i ls , 
b io d ie s e l ,  b io g a s ,  b io - s y n g a s ,  b io o i l ,  a n d  b io c h a r .  T h e  p r o d u c t io n  o f  b io m a s s  e n e rg y  
c a n  b e  m a d e  f ro m  th e  b io m a s s  r e s id u e s  o b ta in e d  f ro m  w o o d  p r o c e s s in g  in d u s try  
( s a w d u s t ,  c u t -o f f s ,  b a rk ) ,  a g r ic u l tu re  in d u s try  ( s u g a r  c a n e  b a g a s s e ,  c o m  s to v e r ,  w h e a t  
s t r a w ) , f o o d  p r o c e s s in g  in d u s try  ( o rg a n ic  w a s te  a n im a l  m a n u r e  a n d  r e s id u e s ) ,  w a s te  
w a te r  a n d  la n d f i l l  m u n ic ip a l  s e w a g e  ( S u s ta  et al., 2 0 0 3 ;  R a m ir e z  et a l,  2 0 0 7 ) . T h e  
u s a g e  o f  b io m a s s  e n e r g y  c a n  b e  d iv id e d  in to  tw o  ty p e s .

T ra d i t io n a l  u s e s  (e .g . ,  f i r in g  f o r  c o o k in g  a n d  h e a t in g )
M o d e r n  u s e s  (e .g . ,  p r o d u c in g  e le c t r ic i ty ,  s tr e a m , a n d  l iq u id  b io f u e ls )

T h e  u s a g e  o f  b io f u e ls  o f f e r s  m a n y  a d v a n ta g e s  o v e r  p e t ro le u m - b a s e d  fu e ls . 
F o r  e x a m p le s ,  th e y  a re  a v a i la b le  f ro m  c o m m o n  b io m a s s  s o u rc e s ,  r e p r e s e n t in g  a  C O 2 - 
c y c le  in  c o m b u s t io n ,  a n d  c o n s id e r in g  a s  e n v i r o n m e n ta l  f r ie n d ly  a n d  s u s ta in a b le  fu e l. 
T h e  m a jo r  b e n e f i ts  o f  b io fu e l  a re  s h o w n  in  T a b le  2 .1 .
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Table 2.1 M a jo r  b e n e f i ts  o f  b io fu e l  (B a la t ,  2 0 1 1 )

E c o n o m ic  im p ac ts S usta in ab ility  
F uel d iv ers ity
In creased  n u m b e r o f  ru ra l m a n u fa c tu rin g  jo b s
In c rea se d  in co m e taxes
In creased  in v es tm en ts  in p la n t an d  eq u ip m e n t
A g ric u ltu ra l d ev e lo p m e n t
In te rn a tio n a l co m p e titiv e n e ss
R ed u c in g  th e  d ep en d e n c y  on im p o rted  p e tro leu m

E n v iro n m e n t im p ac ts G re en h o u se  gas  re d u c tio n s  
R e d u c in g  o f  a ir  p o llu tio n  
B io d e g rad ab ility  
H ig h er co m b u stio n  e ffic ien cy  
Im p ro ved  land  and  w a te r use 
C arb o n  seq u e stra tio n

E n e rg y  secu rity D o m e stic  ta rg e ts  
S u p p ly  re liab ility  
R ed u c in g  u se  o f  fo ssil fuels  
R ead y  a v a ila b ility  
D o m e stic  d is trib u tio n  
R en cw a b ility

T h e  b e n e f i t s  o f  b io f u e ls  la r g e - s c a le  p r o d u c t io n  g iv e  th e  o p p o r tu n i ty  f o r  d e v e lo p in g  
c o u n t r ie s  to  r e d u c e  th e i r  d e m a n d  fo r  o il im p o r t ,  th u s  it  is  g o o d  fo r  th e  e c o n o m ic s  o f  
th e s e  c o u n t r ie s .

2.2 Bioethanol
B io e th a n o l  is  th e  m o s t  d o m in a n t  b io fu e l  b e c a u s e  it is  th e  a l t e rn a t iv e  l iq u id  

t r a n s p o r ta t io n  fu e ls  w i th  p o w e r fu l  e c o n o m ic , e n v i r o n m e n ta l ,  a n d  s t r a te g ic  a t t r ib u te s  
(B a i et a l,  2 0 0 8 ) . It is  w id e ly  u s e d  in  fu e l o x y g e n a te  o r  g a s o h o l  to  p a r t ia l  r e p la c e  
g a s o l in e  in  t r a n s p o r ta t io n  in  U S  s in c e  1 9 8 0 s . G a s o h o l  is  m o s t  c o m m o n ly  b le n d e d  1 0 %  
b io e th a n o l  w i th  9 0 %  g a s o l in e ,  k n o w n  a s  E 1 0 , a n d  b io e th a n o l  c a n  b e  u s e d  a t  h ig h e r  
le v e ls  l ik e  E 8 5  w i th  e n g in e  m o d if ic a t io n .
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M a n y  r e s e a r c h  g r o u p s  c o n f i rm e d  th e  b e n e f i t  o f  b io e th a n o l  fu e l. S h a p o u r i  et 
al. ( 1 9 9 5 )  c o n c lu d e d  th a t  th e  e th a n o l  e n e r g y  c o n te n t  w a s  h ig h e r  th a n  th e  e n e r g y  fo r  
e th a n o l  p r o d u c t io n  w h i le  K im  a n d  D a le  ( 2 0 0 2 )  e s t im a te d  th a t  th e  e th a n o l  c o u ld  b e  
u s e d  a s  a  l iq u id  t r a n s p o r ta t io n  fu e l r e d u c in g  fo s s i l  fu e l c o n s u m p t io n .  W a n g  et al.
( 1 9 9 9 )  s h o w e d  th a t  th e  u s e  o f  e th a n o l- b le n d e d  fu e l fo r  a u to m o b i le s  c o u ld  r e d u c e  p e 
t r o le u m  u s e  a n d  g r e e n h o u s e  g a s  ( G H G )  e m is s io n  th a t  is  g o o d  f o r  e n v ir o n m e n t .

Figure 2.1 D e m o n s t r a t io n  o f  th e  lo w e r  G H C  e m is s io n s ,  r e s u l t in g  f ro m  th e  u s e  o f  
b io f u e ls ,  a s  c o m p a re d  to  g a s o l in e  o n  a  l i fe  c y c le  b a s is .  ( P h i l ip p id i s  G ., 
2 0 0 9 )

In  a d d i t io n ,  e th a n o l  c a n  p a r t i a l ly  r e p la c e  m e th y l  t e r t i a r y  b u ty l  e th e r  (M T B E ) , 
th e  to x ic  a d d i t iv e  c h e m ic a l  c o m p o u n d  u s e d  to  p r o v id e  c le a n e r  c o m b u s t io n  ( M c C a r 
th y  a n d  T ie m a n n , 1 9 8 8 ).

A l th o u g h  th e  b io e th a n o l  s h o w s  m a n y  a d v a n ta g e s  a g a in s t  th e  p e t ro le u m  
s o u rc e  fu e l ,  th e  c o s t  o f  b io e th a n o l  is  r e la t iv e ly  h ig h  a s  c o m p a r e d  to  fo s s i l  fu e l. M o r e 
o v e r ,  th e  r a p id  in c re a s in g  h u m a n  p o p u la t io n  a n d  e th a n o l  fu e l d e m a n d  le a d  to  in s u f f i 
c ie n t  r a w  m a te r ia l  fo r  e th a n o l  p r o d u c t io n  b e c a u s e  th e  c u r r e n t  t e c h n o lo g y  p ro d u c e s  
e th a n o l  f ro m  th e  s ta r c h  b a s e d  r a w  m a te r ia ls ,  s u c h  a s  c o r n  a n d  s u g a r  c a n e . B o th  a re  
l im i te d  b y  a g r ic u l tu ra l  la n d  n e e d  fo r  fo o d  a n d  f e e d  p r o d u c t io n .  A l te r n a t iv e ly ,  a  p o 
te n t ia l ly  a b u n d a n t  s o u rc e  fo r  lo w  c o s t  e th a n o l  p r o d u c t io n  is  to  u t i l i z e  l ig n o c e l lu lo s ic  
m a te r ia l .

2.3 Lignocellulosic Biomass
L ig n o c e l lu lo s ic  b io m a s s  is  a n  a t t r a c t iv e  f e e d s to c k  fo r  fu e l e th a n o l  p r o d u c 

t io n  b e c a u s e  it  is  a v a i la b le  in  la rg e  q u a n t i t i e s  a n d  lo w  c o s t  ( C a r d o n a  a n d  S a n c h e z ,
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2 0 0 7 ; C h e n g  et al., 2 0 0 8 ) .  L ig n o c e l lu lo s ic  b io m a s s  fo r  e th a n o l  p r o d u c t io n  c a n  b e  d i 
v id e d  in to  6  g r o u p s  ( J in - S u k  L e e  el al.)

i) C r o p  r e s id u e s  ( e .g . c a n e  b a g a s s e ,  c o r n  s to v e r ,  w h e a t  s t r a w , r ic e  s tra w , 
r ic e  h u l l s ,  b a r le y  s tr a w , s w e e t  s o r g h u m , o l iv e  s to n e s  a n d  p u lp )

ii)  H a rd  w o o d  (e .g . a s p e n ,  p o p la r )
ii i)  S o f t  w o o d  (e .g . p in e , s p ru c e )
iv )  C e l lu lo s e  w a s te s  (e .g . n e w s p r in t ,  w a s te  o f f ic e  p a p e r ,  r e c y c le d  p a p e r  

s lu d g e )
v )  H e r b a c e o u s  b io m a s s  (e .g . a l f a l f a  h a y , s w i tc h  g ra s s ,  r e e d  c a n a ry  g ra s s , 

c o a ta l  B e r m u d a  g ra s s ,  th im o th y  g ra s s ,  m is c a n th u s  g r a s s  )
v i)  M u n ic ip a l  s o l id  w a s te  ( M S W )

A l th o u g h  l ig n o c e l lu lo s ic  b io m a s s  is  th e  g o o d  c h o ic e  to  s o lv e  th e  l im it  o f  
e th a n o l  p r o d u c t io n  f ro m  s ta r c h  b a s e d  r a w  m a te r ia l ,  th e  e th a n o l  p r o d u c t io n  f ro m  l ig 
n o c e l lu lo s ic  b io m a s s  is  s t i l l  b e in g  d e v e lo p e d . T o d a y , th e  e th a n o l  p r o d u c t io n  c o s t 
f ro m  l ig n o c e l lu lo s ic  b io m a s s  is  to o  h ig h , th u s  it n e e d s  to  r e d u c e  th e  p r o d u c t io n  c o s t  
to  a b o u t  a t  le a s t  th e  s a m e  le v e l a s  o il a n d  d ie s e l  f o r  p r o m o t in g  e th a n o l  f ro m  l ig n o c e l
lu lo s ic  m a te r ia l  a s  a  la r g e - s c a le  t r a n s p o r ta t io n  fu e l.

T o  u t i l i z e  l ig n o c e l lu lo s ic  b io m a s s  in  la r g e - s c a le  p r o d u c t io n ,  n u m e ro u s  r e 
s e a r c h e r s  t r y  to  d e v e lo p  th e  e th a n o l  p r o d u c t io n  f ro m  l ig n o c e l lu lo s ic  b io m a s s ,  b u t th e  
m a jo r  l im i t in g  f a c to r  is  th e  n a tu re  a n d  c o m p o s i t io n  o f  th e  f e e d s to c k ,  c o n t r ib u t in g  to  
th e  h ig h e r  c o m p le x i ty  in  p r o c e s s in g  o f  th e  f e e d s to c k .

In  l ig n o c e l lu lo s ic  b io m a s s  f o r  e th a n o l  p r o d u c t io n ,  o n e  n e e d s  to  b r e a k  c e l lu 
lo s e  a n d  h e m ic e l lu lo s e s  in to  f e rm e n ta b le  s u g a rs  in  o r d e r  to  b e  c o n v e r te d  in to  e th a n o l  
o r  o th e r  v a lu a b le  p r o d u c ts  (e .g . x y la n s ,  x y l i to l ,  h y d r o g e n ,  a n d  e n z y m e s ) .T h is  d e g r a 
d a t io n  p r o c e s s  is  c o m p lic a te d ,  in c o m p le te  d e v e lo p e d ,  a n d  e n e r g y  c o n s u m in g  ( C a r d o 
n a  a n d  S a n c h e z . ,  2 0 0 8 ) .  T h e  a d v e n t  o f  m o d e rn  g e n e t ic  te c h n o lo g ie s  a n d  o th e r  to o l 
c a n  r e d u c e  th e  e th a n o l  p r o d u c t io n  c o s t  f ro m  th e  l ig n ic e l l i lo s ic  b io m a s s  in  th e  fu tu re , 
so  it is  p o s s ib le  fo r  th is  fu e l to  b e c o m e  a  w id e ly  u s e d  fu e l.
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The composition of lignocellulosic biomass
C h e m ic a l  c o m p o s i t io n  o f  l ig n o c e l lu lo s ic  m a te r ia l  is  a  k e y  f a c to r  a f fe c t in g  

e f f ic ie n c y  o f  b io f u e l  p r o d u c t io n  d u r in g  c o n v e r s io n  p ro c e s s .  L ig n o c e l lu lo s e ,  th e  p r i 
m a ry  b u i ld in g  b lo c k  o f  p la n t  c e ll  w a l ls ,  is  m a in ly  c o m p o s e d  o f  c e l lu lo s e ,  h e m ic e l lu -  
lo s e s ,  a n d  l ig n in , a lo n g  w i th  s m a l le r  a m o u n ts  o f  p e c t in ,  p r o te in ,  e x t r a c t iv e s  ( s o lu b le  
n o n s t ru c tu r a l  m a te r ia ls  s u c h  a s  n o n s t ru c tu r a l  s u g a rs ,  n i t r o g e n o u s  m a te r ia l ,  c h lo r o 
p h y l l ,  a n d  w a x e s ) ,  a n d  a s h  ( J o rg e n s e n  et a i,  2 0 0 7 ) .C e l lu lo s e ,  h e m ic e l lu lo s e s ,  a n d  
l ig n in , p o ly m e r s  a r e  c lo s e ly  a s s o c ia te d w i th  e a c h  o th e r  c o n s t i t u t in g  th e  c e l lu la r  c o m 
p le x  o f  th e  l i g n o c e l lu lo s ic  b io m a s s . B a s ic a l ly ,  c e l lu lo s e  f o rm s  a  s k e le to n  w h ic h  is su r-  
r o u n d e d  b y  h e m ic e l lu lo s e  a n d  l ig n in  (F ig . 2 .2 ) .

Figure 2.2 R e p r e s e n ta t io n  o f  l ig n o c e l lu lo s e s  s tr u c tu r e ,  s h o w in g  c e l lu lo s e ,  h e m ic e l  
lu lo s e s ,  a n d  l ig n in  f r a c t io n s  ( F e n g e l  et a l,  1 9 8 3 )

T h e  p o r t io n  o f  l ig n o c e l lu lo s e  c o n s t i tu e n ts  v a r ie s  b e tw e e n  s p e c ie s ,  a n d  th e re  
d in t in c t  d i f f e r e n c e s  b e tw e e n  h a r d w o o d  a n d  s o f tw o o d . C e l lu lo s e  a n d  h e m ic e l lu lo s e s  
c o n te n ts  a r e  m o r e  in  h a r d w o o d s  ( 7 8 .8 % )  th a n  s o f tw o o d s  ( 7 0 .3 % ) ,  b u t  l ig n in  is  m o re  
in  s o f tw o o d s  (2 9 .2 % )  th a n  h a r d w o o d s  (2 1 .7 % )  ( B a la t  M , 2 0 0 9 ) .A  ty p ic a l  c h e m ic a l  
c o m p o s i t io n  o f  l i g n o c e l lu lo s ic  m a te r ia ls  is  4 8  w t .%  c, 6  w t .%  FI, a n d  4 5  w t .%  o, th e  
in o r g a n ic  m a t te r  b e in g  a  m in o r  c o m p o n e n t  ( M o l in a - S a b io  et a l,  2 0 0 4 ) .  T h e  s t r u c 
tu ra l  c o m p o s i t io n  o f  v a r io u s  ty p e s  o f  l ig n o c e l lu lo s ic  b io m a s s  m a te r ia ls  a re  g iv e n  in  
(T a b le  2 .2 ) .
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Table 2.2 T h e  c o n te n ts  o f  c e l lu lo s e ,  h e m ic e l lu lo s e s ,  a n d  l ig n in  in  c o m m o n  a g r i 
c u l tu ra l  r e s id u e s  a n d  w a s te s .  ( S o u rc e :  R e s h a m w a la  et al.{ 1 9 9 5 ), 
C h e u n g  a n d  A n d e r s o n  (1 9 9 7 ) ,  B o o p a th y  ( 1 9 9 8 )  a n d  D e w e s  a n d  
H u n s c h e  ( 1 9 9 8 ) .)

Lignocellulosic materials Cellulose
( % )

Hemicelluloses
( % )

Lignin(%)

H a r d w o o d s  s te m s 4 0 -5 5 2 4 -4 0 18 -2 5
S o f tw o o d  s te m s 4 5 -5 0 2 5 -3 5 2 5 -3 5
N u t  s h e l ls 2 5 -3 0 2 5 -3 0 3 0 -4 0
C o rn  c o b s 45 35 15
G ra s s e s 2 5 -4 0 3 5 -5 0 1 0 -3 0
P a p e r 8 5 -9 9 0 0 -1 5
W h e a t  s t r a w 30 5 0 15
S o r te d  r e fu s e 6 0 2 0 2 0

L e a v e s 1 5 -2 0 8 0 -8 5 0

C o t to n  s e e d  h a ir s 8 0 -9 5 5 -2 0 0

N e w s p a p e r 4 0 -5 5 2 5 -4 0 1 8 -3 0
W a s te  p a p e r s  f ro m  c h e m ic a l 6 0 -7 0 1 0 - 2 0 5 -1 0
p u lp s
P r im a r y  w a s te w a te r  s o l id s 8 -1 5 - 2 4 -2 9
S w in e  w a s te 6 . 0 2 8 -

S o l id  c a t t le  m a n u re 1 .6 -4 .7 1 .4 -3 .3 2 .7 -5 .7
C o a s ta l  B e r m u d a  g ra s s 25 3 5 .7 6 .4
S w itc h  g ra s s 45 3 1 .4 1 2 . 0

Cellulose
C e l lu lo s e ,  th e  m a in  c o m p o n e n t  in  p la n t  c e ll w a l l  ( 3 0 - 6 0 %  o f  to ta l  f e e d s to c k  

d ry  m a t te r ) ,  is  a  h ig h  m o le c u la r  w e ig h t  l in e a r  h o m o p o ly m e r  o f  D - g lu c o s e .  T h e  r e 
p e a t in g  u n i t  o f  c e l lu lo s e  is  c a l le d  c e l lo b io s e ,  tw o  D - g lu c o p y r a n o s e  m o n o m e r  u n its
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b o u n d  b y  (3-1-4 g ly c o s id ic  l in k a g e s , a n d  th e  d e g re e  o f  p o ly m e r iz a t io n  o f  c e l lu lo s e  
v a r ie s  b e tw e e n  7 ,0 0 0  a n d  1 5 ,0 0 0  d e p e n d in g  o n  m a te r ia l .

In  n a tu r a l  c e l lu lo s e ,  th e  lo n g  c h a in  c e l lu lo s e  a re  c o n n e c te d  b y  h y d r o g e n  b o n d  
f ro m  h y d r o p h i l ic  f u n c t io n a l  g ro u p  in  m o le c u le  a n d  V a n  d e r  W a l ls  fo rc e . T h is  in te r a c 
t io n s  c a u s e  th e  a l ig n m e n t  a n d  p a c k in g  o f  c e l lu lo s e  to  f ro m  m ic r o s t r u c tu r e ,  w h e th e r  in  
c r y s ta l l in e  o r  a m o r p h o u s  s tru c tu re s .  M o re  o r d e r e d  o r  c r y s ta l l in e  c e l lu lo s e  is  le s s  so l-  
u a b le  a n d  le s s  d e g r a d a b le  ( Z h a n g  et al., 2 0 0 4 , T a h e r z a d e h  et al., 2 0 0 8 ) .  T h e  c h e m i
c a l s t r u c tu r e  o f  c e l lu lo s e  is  s h o w n  in  (F ig u re  2 .3 ) .

Figure 2 .3  C h e m ic a l  s t r u c tu r e  o f  c e l lu lo s e  ( C o u g h la n ,  1 9 8 5 )

W ith  th is  o r ie n ta t io n  o f  c e l lu lo s e , th e  c e l lu lo s e  s t r u c tu r e  is  r ig id  a n d  d i f f ic u l t  
to  b re a k . In  c e l lu lo s e  h y d r o ly s is ,  th e  p o ly s a c c h a r id e  is  b r o k e n  d o w n  to  f re e  s u g a r  
m o le c u le  b y  a d d i t io n  o f  w a te r  (H a m e lin c k ,  2 0 0 5 ) .  T h is  p r o c e s s  is  c a l l e d  s a c c h a r i f ic a 
t io n , a n d  th e  s ix -c a r b o n  s u g a r  p r o d u c ts ,  g lu c o s e , a r e  fo rm e d .

Hemicelluloses
F le m ic e l lu lo s e s  ( 2 0 - 4 0 %  o f  to ta l  f e e d s to c k  d r y  m a t te r )  a r e  c lo s e ly  r e la te d  

w i th  c e l lu lo s e  in  p la n t  t i s s u e s  a n d  to g e th e r  w i th  c e l lu lo s e .  H e m ic e l lu lo s e s  a re  a  l in e a r  
a n d  b r a n c h e d  h e te r o g e n e o u s  c la s s  o f  p o ly m e r  ty p ic a l ly  m a d e  u p  o f  th e  m ix tu r e  o f  
p e n to s e s  ((3 -D -x y lo se , a - L - a r a b in o s e ) ,  h e x o s e s  ( P - D - m a n n o s e ,  (3 -D -g lu c o se , a - D -
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g a la c to s e ) ,  a n d /o r  u ro n ic  a c id  ( a - D - g lu c o r o n ic ,  a - D - 4 - O - m e th y lg a la c tu r o n ic  a n d  a -  
D - g a la c tu r o n ic  a c id s ) .  I t m a y  c o n ta in  o th e r  s u g a r  s u c h  a s  a - L - r h a m n o s e  a n d  a - L -  
f u c o s e  in  s m a ll  a m o u n t  a n d  th e  h y d r o x y l  g ro u p  o f  s u g a r  c a n  b e  p a r t i a l ly  s u b s t i tu te d  
w i th  a c e ty l  g ro u p s . T h e  h e m ic e l lu lo s e s  b a c k b o n e  c a n  b e  a  h o m o p o ly m e r  g e n e ra l  
c o n s is t in g  o f  s in g le  s u g a r  r e p e a t in g  u n i t s  o r  a  h e t e r o p o ly m e r  ( m ix tu r e  o f  d i f f e re n t  
su g a r ) .

H e m ic e l lu lo s e s  c a n  b e  c la s s i f ie d  b y  th e  m a in  s u g a r  r e s id u e  in  th e  b a c k b o n e  
e .g . x y la n s ,  m a n n a n s ,  g lu c a n s , g lu c u ro n o x y la n s ,  a r a b in o x y la n s ,g lu c o m a n n a n s ,  g a la c -  
to m a n n a n s ,  g a la c to  g lu c o m a n n a n s ,  |3 -g lu c a n s , a n d  x y lo g lu c a n s .T h e  d o m in a n t  h e m i
c e l lu lo s e s  ty p e s  a r e  x y la n  a n d  m a n n a n .

X y la n , th e  m a in  h e m ic e l lu lo s e s  c o m p o n e n t  o f  s e c o n d a r y  c e ll  w a l ls  o f  h a r d 
w o o d s  a n d  h e r b a c e o u s  p la n t ,  a re  h e t e r o p o ly s a c c h a r id e  w i th  h o m o p o ly m e r ic  b a c k 
b o n e  c h a in s  o f  1 ,4 - l in k e d  (3 -D -x y lo p y ra n o se  u n its .  A p a r t  f ro m  x y lo s e ,  x y la n s  m a y  
c o n ta in  a r a b in o s e ,  g lu c u ro n ic  a c id  o r  its  4 - O - m e th y l  e th e r ,  a n d a c e t ic ,  f e ru l ic ,  a n d  p - 
c o u m a r ic  a c id s .  T h e  c o m p o s i t io n s  o f  b ra n c h e s  a re  d e p e n d e n t  o n  th e  s o u rc e  (A s p in a ll  
1 9 8 0 ). X y la n  c a n  b e  c la s s i f ie d  a s  l in e a r  h o m o x y la n ,  a r a b in o x y la n ,  g lu c u ro n o x y la n ,  
a n d  g lu c u ro n o  a r a b in o x y la n  d e p e n d in g  o n  s u b s t i tu e n t  g ro u p s .

C o r n  f ib e r x y la n  is  o n e  o f  th e  c o m p le x  h e te r o x y la n s ,  c o n ta in in g  (3 -( l,4 )-  
l in k e d  x y lo s e  r e s id u e s  (S a h a  et a l,  1 9 9 9 ). A b o u t  8 0 %  o f  th e  x y la n  b a c k b o n e is  h ig h ly  
s u b s t i tu te d  w i th  m o n o m e r ic  s id e -c h a in s  o f  a r a b in o s e  o r  g lu c u r o n ic  a c id  l in k e d  to  0 - 2  

a n d /o r  0 - 3  o f  x y lo s e  r e s id u e s ,  a n d  a ls o  b y  o l ig o m e r ic  s id e  c h a in s  c o n ta in in g  a r a b i 
n o s e , x y lo s e , a n d  s o m e tim e s  g a la c to s e  r e s id u e s  (F ig . 2 .4 )  ( S a h a  et al., 2 0 0 3 ) . T h e  
m o d e l  fo r  th e  c o r n  f ib e r  c e ll  w a ll  is  s h o w n  th e  h e te ro x y la n s ,  w h ic h  a re  h ig h ly  c ro s s -  
l in k e d  b y  d i f e r u l ic  b r id g e  (F ig . 2 .5 ) .
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Figure 2.4 S c h e m a tic  s t r u c tu r e  o f  c o r n  f ib e r  h e te r o x y la n  ( S a h a  et al., 2 0 0 3 ) .

Figure 2.5 M o d e l  fo r  c o rn  f ib e r  c e ll w a l ls  ( S a h a  et al., 2 0 0 3 ) .

M a n n a n  is  th e  m a in  h e m ic e l lu lo s e s  c o m p o n e n t  o f  s e c o n d a r y  c e ll  w a l ls  o f  
s o f tw o o d s ,  l ik e  g lu c o m a n n a n s  a n d  g a la c to m a n a n s ,  w i th  a  f e w  a m o u n ts  in  h a rd w o o d . 
T h e  d i f f e r e n c e s  o f  h e m ic e l lu lo s e s  d e p e n d  o n  th e ir  b io lo g ic a l  o r ig in  ( T a b le  2 .3 ) .
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Table 2.3 M a in  ty p e s  o f  p o ly s a c c h a r id e s  p r e s e n t  in  h e m ic e l lu lo s e s  ( in f o r m a t io n  
b a s e d  m a in ly  o n  A le n , 2 0 0 0 ;  C a r p i ta  a n d  G ib e a u t ,  1 9 9 3 ; d e  V r ie s  a n d  
V is s e r ,  2 0 0 1 ;  E b r in g e r o v a  et a l,  2 0 0 5 ;  P e re i r a  et al., 2 0 0 3 )



13

T h e  v a r ie t ie s  o f  b in d in g s  a n d  r a m if ic a t io n s ,  j u s t  a s  th e  p r e s e n c e  o f  d i f f e r e n t  
m o n o m e r ic  u n i t s ,  c o n tr ib u te  to  th e  h e m ic e l lu lo s e  s t r u c tu r e  c o m p le x i ty  a n d  its  d i f f e r 
e n t  c o n f o r m a t io n s  ( J a c o b s e n ,  2 0 0 0  a n d  M a lb u rg  et a l,  1 9 9 2 ). F ig u r e  2 .6  s h o w s  th e  
s t r u c tu r e s  o f  h e m ic e l lu lo s e s  o f  a n g io s p e r m  (A )  a n d  g y m n o s p e r m  (B ) , o f  w h ic h  th e  
p r in c ip a l  l in e a r  c h a in s  a r e  c o n s t i tu te d  o f  x y la n s .

(  A  )  COOH

Figure 2 .6  A n g io s p e r m  (A )  a n d  G y m n o s p e rm  (B )  H e m ic e l lu lo s e  S tru c tu re s .
A c :a c e ty l  g ro u p ;  a - A r a f :  a - A r a b in o f u r a n o s e ;  a - 4 - O - M e - G lc A :  a - 4 - 0 -  
m e th y lg lu c u r in ic  A c id  ( S u n n a  a n d  A n tr a n ik ia n . ,  1 9 9 7 )

D i f f e re n t  f ro m  c e l lu lo s e ,  th e  h e m ic e l lu lo s e s  d i f f e r  b y  c o m p o s i t io n  o f  s u g a r  
u n i t s ,  b y  p r e s e n c e  o f  s h o r te r  c h a in s ,  b y  a  b r a n c h in g  o f  m a in  c h a in  m o le c u le s  a n d  to  
b e  a m o r p h o u s  (F e n g e l  et a l,  1 9 8 9 ), w h ic h  m a d e  its  s t r u c tu r e  e a s ie r  to  h y d r o ly z e  th a n  
c e l lu lo s e .

T o  d e f in e  s t r a te g ie s  in  b io m a s s  f e e d s to c k  u t i l i z a t io n  f o r  e th a n o l  p r o d u c t io n , 
th e  u n d e r s ta n d in g  in  th e  m a in  d i f f e r e n c e  b e tw e e n  p o ly s a c c h a r id e  c o m p o n e n t  o f  lig -  
n o c e l lu lo s ic  m a te r ia l  is  r e q u i r e d  (T a b le  2 .4 ) .
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Table 2.4 D if f e re n c e s  b e tw e e n  C e l lu lo s e  a n d  H e m ic e l lu lo s e s  (N e i P e re i r a  J r ., 
2 0 0 8 )

Cellulose Hemicelluloses
C o n s is ts  o f  g lu c o s e  u n its C o n s is t  o f  v a r io u s  u n i t s  o f  p e n to s e s  a n d  

h e x o s e s
H ig h  d e g re e  o f  p o ly m e r iz a t io n  
( 2 , 0 0 0  a  1 8 ,0 0 0 )

L o w  d e g re e  o f  p o ly m e r iz a t io n  
(5 0  a  3 0 0 )

F o r m s  f ib r o u s  a r r a n g e m e n t D o  n o t  f o rm  f ib r o u s  a r r a n g e m e n t

P re s e n ts  c r y s ta l l in e  a n d  a m o r p h o u s  r e 
g io n s

P re s e n t  o n ly  a m o r p h o u s  r e g io n s

S lo w ly  a t t a c k e d  b y  d i lu te d  in o rg a n ic  
a c id  in  h o t  c o n d i t io n s

R a p id ly  a t t a c k e d  b y  in o r g a n ic  a c id  d i 
lu te d  in  h o t  c o n d i t io n s

I n s o lu b le  in  a lk a l is S o lu b le  in  a lk a l is

Lignin
L ig n in  ( 1 5 - 2 5 %  o f  to ta l  f e e d s to c k  d r y  m a t te r )  is  th e  th i r d  m o s t  a b u n d a n t  

n a tu ra l  p o ly m e r  p r e s e n t in  n a tu re  a f te r  c e l lu lo s e  a n d  h e m ic e l lu lo s e s .  T h e r e  a re  3 m a in  
g r o u p s  o f  l ig n in s :  ( 1 ) th e  l ig n in s  o f  s o f tw o o d s ( g y m n o s p e r m s ) ,  ( 2 ) th e  l ig n in s  o f  
h a r d w o o d s  ( a n g io s p e r m s ) ,  a n d  (3 )  th e  l ig n in s  o f  g r a s s e s  ( n o n - w o o d y  o r  h e rb a -  
c e o u s c ro p s ) .

L ig n in  is  a  c o m p le x  m o le c u le ,  h y d r o p h i l ic ,  a m o r p h o u s ,  a n d  c r o s s - l in k e d  a r 
o m a t ic  p o ly m e r  o f  p h e n o l ic  m o n o m e rs .  I t is  p r e s e n t  in  th e  p r im a r y  c e l l  w a l l ,  im p a r t 
in g  s t r u c tu r a l  s u p p o r t ,  im p e rm e a b i l i ty ,  a n d  r e s i s ta n c e  a g a in s t  m ic r o b ia l  a t ta c k  (P e re z  
et al., 2 0 0 2 ) .  T h r e e  p h e n y l  p r o p io n ic  a lc o h o ls  e x i s t in g  a s  m o n o m e r s  o f  l ig n in a r e  c o -  
n i fe r y l  a lc o h o l  (g u a ia c y l  p r o p a n o l) ,  c o u m a ry l  a lc o h o l  (/7- h y d r o x y p h e n y l  p r o p a n o l) ,  
a n d  s in a p y l  a lc o h o l  ( s y r in g y l  a lc o h o l)  (F ig  2 .7 ) , w h ic h  d i f f e r  f ro m  o n e  a n o th e r  b y  
p o s s e s s in g  d i f f e r e n t  s u b s t i tu e n ts  in  th e ir  a r o m a tic  r in g . T h e  r e s p e c t iv e  a r o m a tic  c o n 
s t i tu e n ts  o f  th e s e  a lc o h o ls  in  th e  p o ly m e r  a re  c a l l e d  p - h y d r o x y p h e n y l  (H ) , g u a ia c y l  
(G )  a n d  s y r in g y l  (ร )  m o ie t ie s  (L e w is  a n d  Y a m a m o to ,  1 9 9 0 ).
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1. R,=R2=H
2. R,=OCH3; R2=H
3. R,=R2=OCHj

Figure 2.7 P r im a r y  p r e c u r s o r  o f  l ig n in  p - c o u m a r y l  ( l ) , c o n i f e r y l  (2), a n d  s in a p y l 
a lc o h o ls  (3 )  ( A n v a r  a n d  M e z z a . ,  2 0 0 8 )

T h e  b a s ic  c h e m ic a l  p h e n y l  p r o p a n e  u n i t s  o f  l ig n in  a re  b o n d e d  to g e th e r  b y  a 
s e t  o f  l in k a g e s  ( A lk y l- a r y l ,  a lk y l - a lk y l ,  a n d  a r y l- a ry l  e th e r  b o n d s  l in k a g e )  to  fo rm  a 
v e r y  c o m p le x  m a tr ix  ( D e m ir b a s ,  2 0 0 8 ) . T h is  m a tr ix  c o m p r is e s  a  v a r ie ty  o f  f u n c t io n a l  
g r o u p s , s u c h  a s  h y d r o x y l ,  m e th o x y l ,  a n d  c a r b o n y l ,  w h ic h  im p a r t  a  h ig h  p o la r i ty  to  
th e  l ig n in  m a c r o m o le c u le  ( F e ld m a n  et a l, 1 9 9 ใ ).

L ig n in  is  c lo s e ly  b o u n d  to  c e l lu lo s e  a n d  h e m ic e l lu lo s e  a n d  its  f u n c t io n  is to  
p r o v id e  r ig id i ty  a n d  c o h e s io n  to  th e  m a te r ia l  c e ll  w a l l ,  to  c o n f e r  w a te r  im p e r m e a b i l 
i ty  to  x y le m  v e s s e ls ,  a n d  to  fo rm  a  p h y s ic - c h e m ic a l  b a r r ie r  a g a in s t  m ic r o b ia l  a t ta c k  
(F e n g e l  et a l,  1 9 8 9 ). D u e  to  its  m o le c u la r  c o n f ig u ra t io n ,  l ig n in s  a re  e x t r e m e ly  r e 
s is ta n t  to  c h e m ic a l  a n d  e n z y m a tic  d e g ra d a t io n  ( P a lm q v is t  et a l,  2 0 0 0 ) .

N o r m a l ly ,  th e  m o le c u le  o f  l ig n in  is  a lw a y s  in v o lv e d  in  c a r b o h y d r a te  ( e s p e 
c ia l ly ,  h e m ic e l lu lo s e s ) v ia  c o v a le n t  b o n d s  a t  tw o  s ite s :  a - c a r b o n  a n d  C -4  in  th e  b e n 
z e n e r in g . T h is  r e la t io n  is  c a l le d  l i g n in - c a r b o h y d r a te  c o m p le x  ( L C C )  s tru c tu re .

In  h e r b a c e o u s  p la n t ,  L C C  a re  f o rm e d  b y  a t t a c h in g  h y d r o x y c y n n a m ic  a c id s  
( p - c o u m a r ic  a n d  fe ru l ic  a c id s )  to  l ig n in  a n d  h e m ic e l lu lo s e s  v ia  e s te r  a n d  e th e r  b o n d s  
a s  b r id g e s  b e tw e e n  th e m , f o rm in g  l ig n in /p h e n o l ic s - c a r b o h y d r a te  c o m p le x e s  (B a u c h -  
e r  et al, 1 9 9 8 ; รนท et a l,  2 0 0 2 )  ( F ig  2 .8 ) . T h e  L C C  f ro m  h e r b a c e o u s  c r o p s  a re  s t r u c 
tu ra l ly  d i f f e r e n t  f ro m  th o s e  f ro m  w o o d s  a n d  c o n ta in  fe ru l ic  b r id g e s  b e tw e e n  lig n in  
a n d  c a r b o h y d r a te s  ( a r a b io n x y la n s )  v ia  e s te r - l in k e d  fe ru l ic  a c id s  ( H im m e ls b a c h .  1 9 9 3 ; 
L a p ie r r e  a n d  M o n t ie s ,  1 9 8 9 ).
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Phenolics fragment Carbohydrate fragment

Lignin fragment

Figure 2.8 L ig n in /p h e n o l i c s - c a r b o h y d r a t e  c o m p le x  in  w h e a t  s t r a w  ( a d a p te d  f ro m  
รนท et al., 1 9 9 7 ).

T h e  c o n te n t  o f  l ig n in  in  e a c h  g ro u p s  o f  l ig n o c e l lu lo s ic  m a te r ia l  s h o u ld  b e  
c o n s id e re d  in  b io e th a n o l  p r o d u c t io n . S o f tw o o d  a n d  h a r d w o o d  l ig n in s  b e lo n g  to  th e  
f ir s t  a n d  s e c o n d  c a te g o r y ,  r e s p e c t iv e ly .  S o f tw o o d s  g e n e ra l ly  c o n ta in  m o r e  l ig n in  th a n  
h a r d w o o d s  ( D e m ir b a s ,  2 0 0 8 ) .L ig n in  c o n te n ts  o n  a  d ry  b a s i s  in  b o th  s o f tw o o d s  a n d  
h a r d w o o d s  g e n e ra l ly  r a n g e  f ro m  2 0 %  to  4 0 %  b y  w e ig h t .  H e r b a c e o u s  p la n ts  s u c h  as 
g ra s s  g e n e ra l ly  h a v e  th e  lo w e s t  c o n te n ts  o f  l ig n in , w h i le  s o f tw o o d s  h a v e  th e  h ig h e s t  
l ig n in  c o n te n ts .  T h e  l ig n in  c o n te n t  o f  h e r b a c e o u s  p la n ts  g e n e r a l ly  r a n g e  f ro m  10%  to  
4 0 %  b y  w e ig h t  in  v a r io u s  h e r b a c e o u s  s p e c ie s ,  s u c h  a s  b a g a s s e ,  c o r n c o b s ,  p e a n u t  
s h e l ls ,  r ic e  h u l l s  a n d  s t r a w s  ( Y a m a n , 2 0 0 4 ) . L ig n in  is  a n  o b s ta c le  fo r  u s in g  l ig n o c e l
lu lo s ic  b io m a s s  in  f e rm e n ta t io n  p ro c e s s ,  so  th e  p r e t r e a tm e n t  p r o c e s s e s  a re  r e q u ire d .

B e s id e s  th e s e  th re e  m a in  c o m p o n e n ts ,  th e re  a r e  o th e r s  in  m in o r  p r o p o r t io n s ,  
s u c h  a s  r e s in s ,  ta n n in , fa t a c id s  e tc . N i t r o g e n  c o m p o u n d s  a re  f o u n d  in  s m a ll  q u a n t i 
t ie s ,  in  g e n e ra l  in  th e  f o rm  o f  p ro te in s .  A m o n g s t  th e  m in e ra l  s a l ts ,  th e  s a lts  o f  c a lc i 
u m , p o ta s s iu m  a n d  m a g n e s iu m  a re  th e  m o s t  f r e q u e n t ly  fo u n d  c o m p o u n d s  
( D ’A lm e id a ,  1 9 8 8  a n d  W a y m a n  &  P a re k h , 1 9 9 0 ).

2.4 Ethanol conversion process overview
T o  u t i l i z e  th e  l ig n o c e l lu lo s ic  m a te r ia l  a s  a  b io e th a n o l  p r o d u c t io n  f e e d s to c k , 

m a n y  r e s e a r c h e r s  e x te n s iv e ly  s tu d y  o n  th e  c o n v e r s io n  o f  l ig n o c e l lu lo s ic  m a te r ia ls  to  
fu e ls ,  e s p e c ia l ly  e th a n o l  in  th e  p a s t  f e w  d e c a d e s . T h e  c o n v e r s io n  in c lu d e s  th e  h y 
d r o ly s is  o f  l ig n o c e l lu lo s ic  m a te r ia l  to  f e rm e n ta b le  r e d u c in g  s u g a r ,  f o l lo w e d  b y  f e r 
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m e n ta t iv e  r e d u c in g  s u g a r  to  fu e ls ,  s u c h  a s  e th a n o l  a n d  b u ta n o l .  T h e  e th a n o l  c o n v e r 
s io n  p r o c e s s e s  o f  l ig n o c e l lu lo s ic  m a te r ia l  f o l lo w  4  m a jo r  u n i t  o p e ra t io n s :  p r e t r e a t 
m e n t , h y d r o ly s is  ( s a c c h a r i f i c a t io n ) ,  f e rm e n ta t io n ,  a n d  p r o d u c t  s e p a r a t io n /p u r i f ic a t io n  
(F ig  2 .9 ) .

Çp-»Ttatmer£>
H?3ï5JÿSr Femuntatian E th a n o l .

Biomass—  Sugar Monomers ------ higher alcohols,
(T .iyn in , o i i u i n s r ,  hydrogen,
U c m c c l l d « พ )  acids...

5ep*r*tic า/
Pu rf ica bon

Fuels

Figure 2.9 S c h e m a tic  o f  th e  c o n v e r s io n  o f  l ig n o c e l lu lo s ic  b io m a s s  to  fu e l.

P r e t r e a tm e n t  s te p  is  m a in ly  r e q u i r e d  fo r  e th a n o l  p r o d u c t io n  p r o c e s s ,  b e c a u s e  
th is  s te p  e n h a n c e s  th e  r a te  o f  p r o d u c t io n  a n d  th e  to ta l  y ie ld  o f  m o n o m e r ic  s u g a r  in  
th e  h y d r o ly s is  s te p . T h is  p r o c e s s  c a n  s ig n if ic a n t ly  im p ro v e  th e  h y d r o ly s is  p r o c e s s  b y  
r e m o v a l  o f  l ig n in  a n d  h e m ic e l lu lo s e s ,  r e d u c t io n  o f  c e l lu lo s e  c r y s ta l l in i ty ,  a n d  in 
c r e a s e  o f  p o r o u s i ty  ( M c m il la n  et al., 1 9 9 4 ) . I t a l te r s  th e  m ic r o s c o p ic  a n d  m a c r o s c o p 
ic  s iz e ,  c h e m ic a l  c o m p o s i t io n  a n d  s tru c tu re  o f  l i g n o c e l lu lo s ic  m a te r ia l .  A  n u m b e r  o f  
p r e t r e a tm e n t  p r o c e s s e s  s u c h  a s  a lk a l in e  t r e a tm e n t  ( C a r r i l lo  et a l,  2 0 0 5 ) ,  s o d iu m  
c h lo r i te  t r e a tm e n t  (รนท et al., 2 0 0 4 ) ,  a n d  o r g a n ic  s o lv e n t  t r e a tm e n t  (X u  et al, 2 0 0 6 ) , 
a re  in v e n te d  to  im p ro v e  th e  h y d r o ly s is  p ro c e s s .

T h e  h y d r o ly s is  p r o c e s s  is  im p o r ta n t  to  g e n e ra te  f e r m e n ta b le  r e d u c in g  s u g a r  
w h ic h  is  c o n v e r te d  to  e th a n o l  b y  m ic r o b ia l  a c t iv i ty .  T h is  p r o c e s s  is  g e n e ra l ly  c a ta 
ly z e d  b y  a c id  o r  e n z y m a t ic  a p p ro a c h e s  w i th  v a r io u s  e f f ic ie n c ie s ,  d e p e n d in g  o n  
t r e a tm e n t  c o n d i t io n s ,  ty p e  o f  b io m a s s , a n d  h y d r o ly t ic  a g e n t  p r o p e r t ie s .  C e l lu lo s e  c a n  
b e  b r o k e n  in to  g lu c o s e  v ia  c e l lu lo s e  e n z y m e  a n d  s u l fu r ic  o r  o th e r  a c id . H e m ic e l lu 
lo s e s  a r e  h y d r o ly z e d  b y  h e m ic e l lu la s e s  o r  a c id  h y d r o ly s is  to  r e le a s e  its  s u g a r  c o m p o 
n e n t. T h e  d i lu te - a c id  p r o c e s s  is  c o n s id e re d  a s  h a r s h  p r o c e s s  b e c a u s e  th e  fo rm a t io n  o f  
to x ic  d e g r a d a t io n  p r o d u c ts  f ro m  th is  p r o c e s s  c a n  in te r f e r e  w i th  th e  f e rm e n ta t io n  p r o 
c e s s . T h e  f a c to r s  a f f e c t in g  th e  h y d r o ly s is  o f  c e l lu lo s e  in c lu d e  p o r o s i ty  ( a c c e s s ib le  
s u r fa c e  a r e a )  o f  th e  b io m a s s  m a te r ia ls ,  c e l lu lo s e  f ib e r  c r y s ta l l in i ty ,  a n d  c o n te n t  o f  
b o th  l ig n in  a n d  h e m ic e l lu lo s e s  ( M c m il la n  et a l,  1 9 9 4 ).
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F e r m e n ta t io n  p r o c e s s  is  a  c o n v e r s io n  p r o c e s s  o f  th e  r e d u c in g  s u g a r  to  e th a 
n o l b y  th e  a c t io n  o f  m ic r o o r g a n is m . T h e  s ix -c a r b o n  s u g a rs ,  o r  h e x o s e s ,  g lu c o s e , g a 
la c to s e , a n d m a n n o s e ,  a r e  r e a d i ly  f e rm e n te d  to  e th a n o l  b y  m a n y  n a tu r a l ly  o c c u r r in g  
o r g a n is m s  ( M o s ie r  et a l,  2 0 0 5 ) ,  w h i le  th e  f e r m e n ta t io n  o f  p e n to s e  ( f iv e  c a r b o n  s u g 
a r s )  is  o n ly  d o n e  b y  a  f e w  s tr a in s  a n d  u s u a l ly  r e s u l t s  in  r e la t iv e ly  lo w  y ie ld s .  X y lo s e , 
o n e  k in d  o f  p e n to s e  s u g a r , is  c o n v e r te d  to  e th a n o l  b y  ร. pombe, ร. cerevisiae, ร. 
amucae, a n d  Kluveromyces lactis (G o n g , 1 9 8 3 ). B e c a u s e  th e  c a r b o h y d r a te  in  l ig n o -  
c e l lu lo s ic  m a te r ia l  c o n ta in s  b o th  p e n to s e  a n d  h e x o s e  s u g a r ,  th e  a b i l i ty  o f  m ic r o o r g a n 
is m  to  f e rm e n t  th e  w h o le  r a n g e  o f  s u g a rs  is  im p o r ta n t  fo r  e c o n o m ic a l  p r o c e s s  fo r  lig -  
n o c e l lu lo s ic  b io e th a n o l  c o n v e r s io n . G e n e tic  m o d i f i c a t i o n o f  b a c te r i a  ( In g ra m  et a l, 
1 9 9 8 , 1 9 9 9 )  a n d  y e a s t  (H o  et al., 1 9 9 8 , 1 9 9 9 ) h a s  p r o d u c e d  s t r a in s  c a p a b le  o fc o -  
f e rm e n t in g  b o th  p e n to s e s  a n d  h e x o s e s  to  e th a n o la n d  o th e r  v a lu e - a d d e d  p r o d u c ts  a t 
h ig h  y ie ld s .

T h e  p r o b le m  in  th is  f e rm e n ta t io n  p r o c e s s  is  th e  e th a n o l  p r o d u c t ,  f o rm e d  b e 
in g  a n  in h ib i to r  fo r  th e  a c t iv i ty  o f  th e  y e a s ts /b a c te r ia .  T h is  c a u s e s  a  l im i t  to  th e  c o n 
c e n t r a t io n  o f  f e r m e n ta b le  s u g a rs  ( H e n d r ik s  a n d  Z e e m a n , 2 0 0 9 ) .  F u r fu ra l  a n d  o th e r  
in h ib i to r s  l ik e  s o lu b le  l ig n in  c o m p o u n d s  fo rm e d  a re  a ls o  a  p r o b le m  fo r  th e  f e rm e n ta 
t io n  s te p  b e c a u s e  s u c h  c o m p o u n d s  c a n  in h ib i t  o r  e v e n  s to p  th e  f e r m e n ta t io n  ( L a s e r  et 
a l,  2 0 0 2 ).

B e c a u s e  o f  th e  d i f f e r e n t  c h a r a c te r i s t ic s  o f  h y d r o ly s is  a n d  f e rm e n ta t io n  p r o 
c e s s e s ,  th e  f o l lo w in g  te r m s  a re  u s e d  to  c a ll  v a r io u s  o p e r a t io n  u n i t s  o f  b io e th a n o l  
c o n v e r s io n  p r o c e s s  (F ig  2 .1 0 ) .

S e p a r a te  h y d r o ly s is  a n d  f e rm e n ta t io n  (S H F ):  E n z y m a t ic  h y d r o ly s is  is  s e p a 
r a te d  f ro m  f e r m e n ta t io n  s te p .
S im u l ta n e o u s  s a c c h a r i f ic a t io n  a n d  f e r m e n ta t io n  ( S S F ) :  C e l lu lo s e  h y d r o ly s is  
is  p e r f o r m e d  in  th e  p r e s e n c e  o f  th e  f e rm e n ta t iv e  m ic r o o r g a n is m .
S im u l ta n e o u s  s a c c h a r i f ic a t io n  a n d  c o - f e r m e n ta t io n  (S S C F ) :  B o th  c e l lu lo s e  
a n d  h e m ic e l lu lo s e s  a re  h y d r o ly z e d ,  a n d  th e  g e n e t ic  e n g in e e r in g  m ic r o o r g a n 
is m  w ill f e r m e n t  b o th  x y lo s e  a n d  g lu c o s e  in  th e  s a m e  b ro th .

S S F  a n d  S S C F  a re  p r e f e r r e d  s in c e  b o th  u n i t  o p e r a t io n s  c a n  b e  d o n e  in  th e  
s a m e  ta n k ,  r e s u l t in g  in  lo w e r  c o s ts  ( W r ig h t  et a l,  1 9 8 8 ).
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Figure 2.10 G e n e r ic  b lo c k  d ia g r a m  o f  b io e th a n o l  p r o d u c t io n  f ro m  l ig n o c e l lu lo s e s  
b io m a s s . P o s s ib i l i t i e s  fo r  r e a c t io n - r e a c t io n  in te g r a t io n  a re  s h o w n  in  
s id e  th e  s h a d e d b o x e s :  S S F  -  s im u l ta n e o u s  s a c c h a r i f ic a t io n  a n d  fe r  
m e n ta t io n ;  S S F C  -  s im u l ta n e o u s  s a c c h a r i f ic a t io n  a n d  c o - f e rm e n ta t io n .  
M a in  s t r e a m  c o m p o n e n ts  a re : c  -  c e l lu lo s e ;  H -  h e m ic e l lu lo s e ;  L  -  
l ig n in ; G  -  g lu c o s e ;  p  -  p e n to s e ;  I -  in h ib i to r s ;  E tO F l -  e th a n o l  (C a r  
d o n a  A lz a te  et al, 2 0 0 6 ) .

In  s e p a r a t io n  a n d  p u r i f i c a t io n  p r o c e s s e s ,  e th a n o l  is  r e c o v e r e d  f ro m  th e  f e r 
m e n ta t io n  b r o th  b y  d i s t i l la t io n  o r  d is t i l la t io n  c o m b in e d  w i th  a d s o r p t io n  (G u la t i  et a l, 
1 9 9 6 ; L a d is c h  a n d  D y c k , 1 9 7 9 ; L a d is c h  et a l,  1 9 8 4 ) .T h e  r e s id u a l  l ig n in , u n re a c te d  
c e l lu lo s e  a n d  h e m ic e l lu lo s e ,  a s h , e n z y m e , o r g a n is m s ,  a n d  o th e r  c o m p o n e n ts  e n d  u p  
a t  th e  b o t to m  o f  th e  d i s t i l la t io n  c o lu m n . T h e s e  m a te r ia ls  m a y  b e  c o n c e n t r a te d ,  a n d  
b u rn e d  a s  fu e l to  p o w e r  th e  p r o c e s s ,  o r  c o n v e r te d  to  v a r io u s  c o p r o d u c ts  (W y m a n , 
1 9 9 5 a ; H in m a n  et a l,  1 9 9 2 ; W o o le y  et al., 1 9 9 9 ).

F ro m  th e  p r o c e s s  o v e rv ie w , th e  l ig n o c e l lu lo s ic  b io e th a n o l  c o n v e r s io n  is n o t 
e a s y  d u e  to  f o l lo w in g  r e a s o n s .

i) T h e  r e s i s ta n t  n a tu r e  o f  l i g n o c e l lu lo s ic  b io m a s s  s t r u c tu r e  to  p r e v e n t  h y 
d r o ly s is
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ii)  T h e  v a r io u s  ty p e s  o f  r e d u c in g  s u g a rs  f ro m  th e  h y d r o ly s is  n e e d  a n  e f f e c 
t iv e  m ic r o o r g a n is m  w i th  e f f e c t iv e  f e r m e n ta t io n  a c t iv i t ie s .

iii)  C o s t  fo r  c o l le c t io n  a n d  s to ra g e  o f  lo w  l ig n o c e l lu lo s ic  m a te r ia l .

M a n y  r e s e a r c h e r s  t r y  to  d e v e lo p  th e  b io e th a n o l  c o n v e r s io n  p r o c e s s  o f  l ig n o 
c e l lu lo s ic  b io m a s s  to  c o m p e te  w i th  p e t ro le u m  fu e l ,  a n d  c a p a b le  to  u t i l i z e  in  la rg e  
s c a le  fu e l.

2.5 Pretreatment of lignocellulosic biomass.
P r e t r e a tm e n t  s te p  is  v e ry  c r u c ia l  s te p  in  b io e th a n o l  p r o d u c t io n .  It u t i l iz e s  

p r e t r e a tm e n t  a d d i t iv e  a n d /o r  e n e r g y  to  fo rm  s o l id s  th a t  a r e  m o r e  r e a c t iv e  th a n  n a t iv e  
m a te r ia l  a n d /o r  g e n e ra te  s o lu b le  o l ig o -  a n d  m o n o s a c c h a r id e  ( F ig  2 .1 1 ) .  T h e  g o a l o f  
th is  p r o c e s s  is  to  d e c r e a s e  c r y s ta l l in i ty  o f  c e l lu lo s e ,  in c re a s e  b io m a s s  s u r fa c e  a re a , 
r e m o v e  h e m ic e l lu lo s e s ,  a n d  b re a k  l ig n in  in  l ig n o c e l lu lo s ic  s t r u c tu r e  (F ig  2 .1 2 ) .T h e  
b e n e f ic ia l  e f f e c ts  o f  p r e t r e a tm e n t  o f  l i g n o c e l lu lo s ic  m a te r ia ls  h a v e  b e e n  r e c o g n iz e d  
fo r  s o m e  t im e  ( M c m il la n  et a l,  1 9 9 4 ). In  th is  p r e t r e a tm e n t  p r o c e s s ,  i f  th e  p r e t r e a t 
m e n t  is  n o t  e f f ic ie n t  e n o u g h , th e  r e s u l ta n t  r e s id u e  is  n o t  e a s i ly  h y d r o ly z e d  a n d  i f  it is  
m o re  s e v e re ,  th e  p r o d u c t io n  o f  to x ic  c o m p o u n d s  w ill  b e  r e s u l te d  w h ic h  in h ib i t th e  
m ic r o b ia l  m e ta b o l i s m  (K o d a l i  a n d  P o g a k u , 2 0 0 6 ) .

Pretreatment
Additives

Biomass
Energy

Mechanical
Heat

±
Prc treat ment

1,

Vapor or gas stream 
-►  (includes pretreatment 

additives)
Solid (cellulose, 

hemiccllulosc, lignin 
and residual additives)

Liquid (contains 
oligosaccharides + 
pretreatment additives)

Figure 2.11 S c h e m a tic  o f  p r e t r e a tm e n t  p r o c e s s  (N . M o s ie r  et al., 2 0 0 5 )
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Figure 2.12 S c h e m a t ic  o f  th e  r o le  o f  p r e t r e a tm e n t  in  th e  c o n v e r s io n  o f  b io m a s s  to  
fu e l ( H s u  et a i, 1 9 8 0 ).

A l th o u g h  th is  s te p  is  v e ry  im p o r ta n t ,  th e  c o s t  o f  th is  s te p  is  th e  m o s t  e x p e n 
s iv e  p r o c e s s in g  s te p s  w i th in  th e  c o n v e r s io n  o f  b io m a s s  to  f e rm e n ta b le  s u g a r  ( Z h a n g  
et a i,  2 0 0 9 ) .  T h e r e fo re ,  th e  p r e t r e a tm e n t  o f  l ig n o c e l lu lo s ic  m a te r ia l  w i th  c o s t  e f f e c 
t iv e  m a n n e r  b e c o m e s  a  m a jo r  c h a l le n g e  in  b io e th a n o l  t e c h n o lo g y  r e s e a r c h  a n d  d e v e l
o p m e n t.

T a h e r z a d e h  a n d  K a r im i ( 2 0 0 8 )  s u m m a r iz e d  th e  p r e r e q u is i te s  f o r  a n  id e a l lig -  
n o c e l lu lo s e  p r e t r e a tm e n t ,  a s  fo llo w s ;

i) P ro d u c t io n  o f  r e a c t iv e  c e l lu lo s ic  f ib e r  fo r  e n z y m a t ic  a t ta c k
ii)  A v o id in g  d e s t ru c t io n  o f  h e m ic e l lu lo s e s  a n d  c e l lu lo s e
ii i)  A v o id in g  fo rm a t io n  o f  p o s s ib le  in h ib i to r s  f o r  h y d r o ly t ic  e n z y m e s  a n d

f e r m e n t in g  m ic r o o r g a n is m s
iv )  M in im iz in g  th e  e n e r g y  d e m a n d
v )  R e d u c in g  th e  c o s t  o f  s iz e  r e d u c t io n  f o r  f e e d s to c k s
v i)  R e d u c in g  th e  c o s t  o f  m a te r ia l  fo r  c o n s t r u c t io n  o f  p r e t r e a tm e n t  r e a c to r s
v i i)  P r o d u c in g  le s s  r e s id u e s
v i i i )  C o n s u m p t io n  o f  li t t le  o r  n o  c h e m ic a l  a n d  u s in g  a  c h e a p  c h e m ic a l

2.5.1 Physical pretreatment
i) Mechanical comminutions: S iz e  r e d u c t io n  o f  l ig n o c e l lu lo s ic  m a te r ia l  

th ro u g h  th e  c o m b in a t io n  o f  c h ip p in g , g r in d in g ,  a n d /o r  m i l l in g  to  r e d u c e
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c e l lu lo s e  c r y s ta l l in i ty .  T h e  r e d u c t io n  in  p a r t i c le  s iz e  le a d s  to  a n  in c re a s e  
o f  s p e c i f ic  s u r f a c e  a n d  a  r e d u c t io n  o f  th e  d e g r e e  o f  p o ly m e r iz a t io n  (D P ).

ii)  Thermal treatment (pyrolysis): L ig n o c e l lu lo s ic  m a te r ia l  is  h e a te d . It 
c a n  b e  u s e d  a s  s u b s tr a te  fo r  a  f a s t  p y ro ly s i s  f o r  th e r m a l  c o n v e r s io n  o f  c e l 
lu lo s e  a n d  h e m ic e l lu lo s e s  in to  f e rm e n ta b le  s u g a r s  w i th  g o o d  y ie ld s  (T o -  
m a s -P e jo ,  2 0 0 8 ) . W h e n  th e  te m p e r a tu r e  in c r e a s e s  a b o v e  1 5 0 ° - 1 8 0  ๐c ,  
p a r ts  o f  th e  l ig n o c e l lu lo s ic  b io m a s s ,  f i r s t ly  th e  h e m ic e l lu lo s e s ,  fo l lo w e d  
b y  l ig n in , w i l l  s ta r t  to  s o lu b i l iz e  ( B o b le te r ,  1 9 9 4 ; G a r r o te  et a l,  1 9 9 9 ). 
W h e n  th e  m a te r ia ls  a re  t r e a te d  a t  te m p e r a tu r e s  g r e a te r  th a n  3 0 0  °c, c e l lu 
lo s e  r a p id ly  d e c o m p o s e s  to  p r o d u c e  g a s e o u s  p r o d u c ts  a n d  r e s id u a l  c h a r  
( K i lz e r  a n d  B ro id o , 1 9 6 5 ; S h a f iz a d e h  a n d  B r a d b u r y , 1 9 7 9 ).

2.5.2Physicochemical pretreatment
i) Steam explosion (autohydrolysis): S tre a m  e x p lo s io n  is  th e  m o s t  c o m 

m o n ly  u s e d  m e th o d  fo r  l ig n o c e l lu lo s ic  b io m a s s  p r e t r e a tm e n t  ( M c m il la n  et 
al, 1 9 9 4 )  w i th  lo w e r  c a p i ta l  in v e s tm e n t  a n d  e n v i r o n m e n ta l  im p a c t. In  th is  
p r o c e s s ,  l ig n o c e l lu lo s ic  m a te r ia l  is  t r e a te d  w i th  h ig h  p r e s s u r e  s a tu ra te d  
s tr e a m , a n d  th e n  th e  p r e s s u r e  is  s u d d e n ly  r e d u c e d ,  le a d in g  to  a n  e x p lo s iv e  
d e c o m p o s i t io n  o f  m a te r ia ls .
T h is  p r o c e s s  in c re a s e s  c r y s ta l l in i ty  o f  c e l lu lo s e  b y  p r o m o t in g  c r y s ta l l iz a 
t io n  o f  a m o r p h o u s  p o r t io n s ,  e n h a n c e s  h e m ic e l lu lo s e s  h y d r o ly s is ,  a n d  
p r o m o te s  d e l ig n if ic a t io n .  ii)

ii)  Ammonia fiber explosion(AFEX): T h e  c o n c e p t  o f  A F E X  is  s im ila r  to  
th e  s te a m  e x p lo s io n .  L ig n o c e l lu lo s ic  m a te r ia ls  a r e  e x p o s e d  to  l iq u id  a m 
m o n ia  a t h ig h  te m p e r a tu r e  a n d  p r e s s u r e  fo r  a  p e r io d  o f  t im e ,  a n d  th e n  th e  
p r e s s u r e  is  s w i f t ly  r e d u c e d . A F E X  p r e t r e a tm e n t  c a n  s ig n i f ic a n t ly  im p ro v e  
th e  s a c c h a r i f ic a t io n  r a te s  o f  v a r io u s  h e r b a c e o u s  c r o p s  a n d  g ra s s e s . It c a n  
b e  u s e d  fo r  th e  p r e t r e a tm e n t  o f  m a n y  l ig n o c e l lu lo s ic  m a te r ia ls  in c lu d in g  
a l f a l f a ,  w h e a t  s tr a w , w h e a t  c h a f f  ( M e s - H a r t r e e  et al, 1 9 8 8 ), b a r le y  s tra w , 
c o r n  s to v e r ,  r ic e  s t r a w  ( V la s e n k o  et al, 1 9 9 7 ).



23

i i i)  Carbon dioxide explosion: S im ila r  to  s t r e a m  a n d  a m m o n ia  e x p lo s io n  
p r e t r e a tm e n t ,  s u p e r  c r i t ic a l  C O 2  e x p lo s io n  is  u s e d  f o r  p r e t r e a tm e n t  o f  lig -  
n o c e l lu lo s ic  m a te r ia ls  w i th  a  lo w e r  te m p e r a tu r e  th a n  s t r e a m  e x p lo s io n , 
a n d  a  r e d u c e d  e x p e n s e  is  c o m p a re d  to  th e  a m m o n ia  e x p lo s io n .  I t w a s  h y 
p o th e s iz e d  th a t  C O 2 w o u ld  fo rm  c a r b o n ic  a c id  a n d  in c re a s e  th e  h y d ro ly s is  
r a te  (D a le  a n d  M o re i ra ,  1 9 8 2 ).

iv )  Liquid hot-water pretreatment (LHW): L iq u id  h o t  w a te r  is  u s e d  in 
s te a d  o f  s t r e a m  to  s o lu b i l iz e  m a in ly  h e m ic e l lu lo s e s  to  m a k e  c e l lu lo s e  b e t 
te r  a c c e s s ib le  a n d  to  a v o id  in h ib i to r  f o rm a t io n . L H W  s u b je c ts  b io m a s s  to  
h o t  w a te r  in  l iq u id  s ta te  a t  h ig h  p r e s s u r e  d u r in g  a  f ix e d  p e r io d  a n d  it  p r e 
s e n ts  e le v a te d  r e c o v e r y  ra te s  fo r  p e n to s e s  a n d  g e n e ra te s  lo w  a m o u n t  o f  
in h ib i to r s  (T o m a s -P e jo  et al, 2 0 0 8 ) . A  d i f f e r e n c e  b e tw e e n  th e  L H W  a n d  
th e  s te a m  p r e t r e a tm e n t  is  th e  a m o u n t  a n d  c o n c e n t r a t io n  o f  s o lu b i l iz e d  
p r o d u c ts .  In  a  L H W  p r e tr e a tm e n t ,  th e  a m o u n t  o f  s o lu b i l i z e d  p r o d u c ts  is 
h ig h e r ,  w h i le  th e  c o n c e n t r a t io n  o f  th e s e  p r o d u c ts  is  lo w e r ,  a s  c o m p a re d  to  
s te a m  p r e t r e a tm e n t  ( B o b le te r ,  1 9 9 4 ) b e c a u s e  o f  th e  a m o u n t  o f  w a te r  in 
p u t.

2.5.3 Chemical pretreatment
i) Ozonolysis

O z o n e  g a s  is  u s e d  to  b r e a k  d o w n  th e  l ig n in  a n d  h e m ic e l lu lo s e s  a n d  in c re a s e  
th e  b io d e g r a d a b i l i ty  o f  th e  c e l lu lo s e . T h is  p r o c e s s  e f f e c t iv e ly  r e m o v e s  l ig n in  a n d  
d o e s  n o t  p r o d u c e  to x ic  r e s id u e  fo r  th e  d o w n  s t r e a m  p r o c e s s ,  a n d  th e  r e a c t io n  is  c a r 
r ie d  o u t  a t  ro o m  te m p e r a tu r e  a n d  p r e s s u r e  ( V id a l  a n d  M o lin ie r ,  1 9 8 8 ). H o w e v e r ,  a 
la rg e  a m o u n t  o f  o z o n e  is  r e q u i re d , m a k in g  th e  p r o c e s s  e x p e n s iv e .
ii) Alkaline pretreatment

L ig n o c e l lu lo s ic  m a te r ia l  c a n  b e  t r e a te d  w i th  a lk a l in e  s o lu t io n  to  r e m o v e  l ig 
n in  a n d  v a r io u s  u r o n ic  a c id  s u b s t i tu t io n s  o n  h e m ic e l lu lo s e s  th a t  lo w e r  th e  a c c e s s ib i l 
i ty  o f  e n z y m e  to  th e  h e m ic e l lu lo s e s  a n d  c e l lu lo s e  ( S i lv e r s te in  et al, 2 0 0 8  a n d  H a n  et 
a l,  2 0 0 9 ) . T h is  p r e t r e a tm e n t  p ro c e s s  c a n  b e  a c h ie v e d  a t  a m b ie n t  c o n d i t io n  a n d  u t i l iz e  
lo w e r  t e m p e r a tu r e  a n d  p r e s s u r e  th a n  o th e r  p r e t r e a tm e n t  t e c h n o lo g ie s ,  b u t  p r e t r e a t 
m e n t  t im e  is  m e a s u r e d  in  te rm  o f  h o u r s  o r  d a y s  r a th e r  th a n  m in u te s  o r  s e c o n d s
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( M o s ie r  et al. 1 2 0 0 5 ) .  S o d iu m , p o ta s s iu m , c a lc iu m , a n d  a m m o n iu m  h y d r o x id e  a re  th e  
a p p ro p r ia te  c h e m ic a l  in  th is  p r e t r e a tm e n t  p ro c e s s .  A m o n g  th e s e  c h e m ic a ls ,  N a O H  
h a s  b e e n  s tu d ie d  th e  m o s t  ( K u m a r  et al, 2 0 0 9 )  w h i le  c a lc iu m  h y d r o x id e  ( s la k e  lim e )  
s h o w s  th e  e f f e c t iv e  p r e t r e a tm e n t  a g e n t  w i th  th e  le a s t  e x p e n s iv e  p e r  k i lo g ra m  o f  h y 
d r o x id e .  In  a d d i t io n ,  a lk a l in e  p e r o x id e  is  th e  e f f e c t iv e  p r e t r e a tm e n t  m e th o d  to o . D u r 
in g  th e  a lk a l in e  p r e tr e a tm e n t ,  th e  s o lv a t io n  a n d  s a p h o n ic a t io n  o c c u r  a n d  le a d  to  a  
s w o l le n  s ta te  o f  th e  b io m a s s  th a t  in c re a s e s  th e  in te r n a l  s u r f a c e  a r e a , d e c r e a s e s  c r y s 
ta l l in i ty ,  s e p a r a te s  s t r u c tu r a l  l in k a g e s  b e tw e e n  l ig n in  a n d  c a r b o h y d r a te s ,  a n d  d is ru p ts  
th e  l ig n in  s t r u c tu r e  ( F a n g  et al., 1 9 8 7 ). C o m p a re d  w i th  a c id  p r o c e s s e s ,  a lk a l in e  p r o 
c e s s e s  c a u s e  le s s  s u g a r  d e g ra d a t io n ,  a n d  m a n y  o f  th e  c a u s t ic  s a l t s  c a n  b e  r e c o v e r e d  
a n d /o r  r e g e n e r a te d ,
iii) Acid pretreatment

L ig n o c e l lu lo s ic  b io m a s s  is  t r e a te d  w i th  a c id  s o lu t io n  fo r  h ig h  y ie ld  o f  su g a r . 
T h e  m a in  g o a l  o f  th is  p r o c e s s  is  to  s o lu b i l iz e  th e  h e m ic e l lu lo s e s ,  a n d  to  m a k e  th e  c e l 
lu lo s e  b e t te r  a c c e s s ib le .  A c id  p r e t r e a tm e n t  in v o lv e s  th e  u s e  o f  s u l fu r ic ,  n i tr ic , o r  h y 
d r o c h lo r ic  a c id s .  I t c a n  o p e ra te  e i th e r  u n d e r  a  h ig h  te m p e r a tu r e  a n d  lo w  a c id  c o n c e n 
t r a t io n  ( d i lu te  a c id  p r e t r e a tm e n t )  o r  u n d e r  a  lo w  te m p e r a tu r e  a n d  h ig h  a c id  c o n c e n t ra -  
t i o n ( c o n c e n t r a te d  a c id  p r e tr e a tm e n t )  ( T a h e rz a d e h  et al, 2 0 0 8 ) .  T h e  m a in  r e a c t io n  in  
th e  a c id  p r e t r e a tm e n t  p r o c e s s  is  th e  h y d r o ly s is  o f  h e m ic e l lu lo s e s  a n d  p r e c ip i ta t io n  o f  
s o lu b i l i z e d  l ig n in . S o lu b i l iz e d  h e m ic e l lu lo s e s  ( o l ig o m e r s )  c a n  b e  s u b je c te d  to  h y d r o 
ly tic  r e a c t io n s  p r o d u c in g  m o n o m e rs ,  fu r f u r a l ,  H M F , a n d  o th e r  ( v o la t i l e )  p r o d u c ts  in  
a c id ic  e n v i r o n m e n ts  ( P e r e ir a  R a m o s , 2 0 0 3 ) .  D u r in g  th e  a c id  p r e t r e a tm e n t ,  s o lu b i l 
iz e d  l ig n in  w il l  q u ic k ly  c o n d e n s a te  a n d  p r e c ip i ta te  in  a c id ic  e n v i r o n m e n ts  (L iu  a n d  
W y m a n , 2 0 0 3 ;  S h e v c h e n k o  et a l,  1 9 9 9 ).

T h e r e  a re  p r im a r i ly  tw o  ty p e s  o f  d i lu te  a c id  p r e tr e a tm e n tp r o c e s s e s :
1) h ig h  te m p e r a tu r e  (T  g r e a te r  th a n  16 0  ° C ) , c o n t in u o u s - f lo w  p r o c e s s  fo r  lo w  

s o l id  lo a d in g  ( 5 - 1 0 %  [ w e ig h t  o f  s u b s t r a te /w e ig h t  o f  r e a c t io n  m ix tu re ] )  
(B re n n a n  et a l,  1 9 8 6 ; C o n v e r s e  et al. 1 9 8 9 )

2 ) lo w te m p e ra tu r e  (T  le s s  th a n  160  ° C ) , b a tc h  p r o c e s s  fo r  h ig h  s o l id  lo a d in g  
( 1 0 ^ 1 0 % )  ( C a h e la  et a l,  1 9 8 3 ; E s te g h la l ia n  et a l,  1 9 9 7 ).
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In  r e c e n t  y e a r s ,  a c id  p r e t r e a tm e n t  b y  s u l fu r ic  a c id  a t  c o n c e n t r a t io n  b e lo w  4 %  
h a s  b e e n  th e  m o s t  in te r e s t in g ly  e f f e c t iv e  p r e t r e a tm e n t  s y s te m  th a t  c a n  a c h ie v e  h ig h  
r e a c t io n  r a te  a n d  im p ro v e  h y d r o ly s is  ( E s te g h la l i a n  et a l,  1 9 9 7 ) .D i lu te  s u l fu r ic  a c id  
p r e t r e a tm e n t  ( 0 .2 - 2 .0 %  s u lfu r ic  a c id , 3 9 4 - 4 9 3  K ) o f  l ig n o c e l lu lo s e  s e rv e s  th re e  im 
p o r ta n t  f u n c t io n s  in  th e  c o n v e r s io n  p r o c e s s ( S i lv e r s te in  et a l,  2 0 0 4 ) .

1 ) H e m ic e l lu lo s e  h y d r o ly s is  to  p r o d u c e  a  m o n o m e r ic  s u g a r .
2 )  E x p o s u r e  o f  c e l lu lo s e  fo r  e n z y m a tic  d ig e s t io n  b y  r e m o v a l  o f  h e m ic e l lu -  

lo s e s  a n d  p a r t  o f  th e  l ig n in .
3 ) S o lu b i l iz a t io n  o f  h e a v y  m e ta ls  w h ic h m a y  b e  c o n ta m in a t in g  th e  f e e d s to c k .

A l th o u g h  th is  m e th o d  s h o w s  m a n y  b e n e f i ts  in  th e  p r e t r e a tm e n t  p r o c e s s ,  d i lu te  s u l f u 
r ic  a c id  a ls o  h a s  s o m e  im p o r ta n t  d i s a d v a n ta g e s  (Z h e n g  et al, 2 0 0 9 ) .

1 ) C o r r o s io n  th a t  m a n d a te s  e x p e n s iv e  m a te r ia ls  o f  c o n s t r u c t io n
2 )  A c id ic  p r e h y d r o ly z a te s  m u s t  b e  n e u t r a l iz e d  b e f o r e  th e  s u g a r s  p r o c e e d  to  

f e rm e n ta t io n
3 )  G y p s u m  h a s  p r o b le m a t ic  r e v e r s e  s o lu b i l i ty  c h a r a c te r i s t ic s  w h e n  n e u t r a l 

iz e d  w i th  in e x p e n s iv e  c a lc iu m  h y d r o x id e
4 )  F o r m a t io n  o f  d e g r a d a t io n  p r o d u c ts  a n d  r e le a s e  o f  n a tu r a l  b io m a s s  f e rm e n 

ta t io n  in h ib i to r s  a re  o th e r  c h a r a c te r is t ic s  o f  th e  a c id  p r e t r e a tm e n t
5 ) D is p o s a l  o f  n e u t r a l iz a t io n  s a l ts  is  n e e d e d
6 ) B io m a s s  p a r t ic le  s iz e  r e d u c t io n  is  n e c e s s a r y

F ro m  th e s e  d i s a d v a n ta g e s ,  th e  c o s t  o f  th e  d i lu te  a c id  p r e t r e a tm e n t  is  r e la 
t iv e ly  h ig h , a s  c o m p a r e d  to  p h y s ic o c h e m ic a l  p r e t r e a tm e n ts  ( V io la  et al, 2 0 0 8 ) . R e 
c e n t ly ,  th e  a c id  p r e t r e a tm e n t  h a s  b e e n  u s e d  o n  a  w id e  r a n g e  o f  f e e d s to c k s  r a n g in g  
f ro m  h a r d w o o d s  to  g r a s s e s  a n d  a g r ic u l tu ra l  r e s id u e s .

M a r t in  et a l ( 2 0 0 7 )  s tu d ie d  th e  p o te n t ia l  o f  d i lu te - a c id  p r e h y d r o ly s is  a s  a  p r e 
t r e a tm e n t  m e th o d  fo r  s u g a rc a n e  b a g a s s e , r ic e  h u lls ,  p e a n u t  s h e l ls ,  a n d  c a s s a v a  s ta lk s . 
T h e  p r e h y d r o ly s is  w a s  p e r f o rm e d  a t  122  ๐c  fo r  2 0 , 4 0 , o r  6 0  m in  u s in g  2 %  H 2 S O 4  a t 
a  s o l id - to - l iq u id  r a t io  o f  1: 10. U n d e r  th e  c o n d i t io n s  te s te d , p r e h y d r o ly s is  u s in g  d i lu te  
s u l fu r ic  a c id  w a s  e f f ic ie n t  fo r  o b ta in in g  s u g a rs  f ro m  s u g a rc a n e  b a g a s s e  a n d  r ic e  h u lls
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h e m ic e l lu lo s e s ,  a n d  fo r  im p ro v in g  th e  e n z y m a tic  c o n v e r t ib i l i ty  o f  b a g a s s e  c e l lu lo s e , 
b u t  it  w a s  n o t  e f f ic ie n t  fo r  th e  o th e r  m a te r ia ls .  T h is  w o rk  d e m o n s t r a te s  th e  p o te n tia l  
in  u s in g  d i lu te  s u l fu r ic  a c id  fo r  th e  p r e t r e a tm e n t  b e f o r e  e n z y m a tic  h y d r o ly s is  o f  b a 
g a s s e .
iv) Oxidative pretreatment

L ig n o c e l lu lo s ic  b io m a s s  is  t r e a te d  b y  th e  a d d i t io n  o f  a n  o x id iz in g  c o m p o u n d , 
s u c h  a s  h y d r o g e n  p e r o x id e  o r  p e r a c e t ic  a c id  w h ic h  is  s u s p e n d e d  in  w a te r  to  re m o v e  
th e  h e m ic e l lu lo s e s  a n d  l ig n in , so  th e  a c c e s s ib i l i ty  o f  th e  c e l lu lo s e  in c re a s e s .  D u r in g  
o x id a t iv e  p r e tr e a tm e n t ,  s e v e ra l  r e a c t io n s  c a n  ta k e  p la c e , l ik e  e le c t r o p h i l i c  s u b s t i tu 
t io n , d i s p la c e m e n t  o f  s id e  c h a in s ,  c le a v a g e  o f  a lk y l a ry l e th e r  l in k a g e s  o r  th e  o x id a 
t iv e  c le a v a g e  o f  a r o m a tic  n u c le i  ( H e n d r ik s  a n d  Z e e m a n , 2 0 0 9 ) .  T h e  u s e d  o x id a n t  is 
n o t  s e le c t iv e  in  m a n y  c a s e s ,  so  lo s s e s  o f  h e m ic e l lu lo s e s  a n d  c e l lu lo s e  c a n  o c c u r . 
M o re o v e r ,  a  h ig h  r is k  o n  th e  fo rm a t io n  o f  in h ib i to r s  e x is ts ,  s u c h  a s  a r o m a tic  c o m 
p o u n d s ,  f o rm e d  b y  l ig n in  o x id iz a t io n .
v) Organosolv process

O r g a n o s o lv  p r o c e s s  is  u s e d  to  tr e a t  th e  l ig n o c e l lu lo s ic  m a te r ia l .  O r g a n o s o lv  
is  th e  m ix tu r e  o f  a n  o r g a n ic  o r  a q u e o u s  o r g a n ic  s o lv e n t  w i th  in o r g a n ic  a c id  c a ta t ly s ts  
(H C 1 o r  H 2 S O 4 ). I t is  u s e d  to  b re a k  th e  in te rn a l  l ig n in  a n d  h e m ic e l lu lo s e s  b o n d s . T h e  
o rg a n ic  s o lv e n ts  u s e d  in  th e  p r o c e s s  in c lu d e  m e th a n o l ,  e th a n o l ,  a c e to n e ,  e th y le n e  
g ly c o l ,  t r ie th y le n e  g ly c o l ,  a n d  te t r a h y d ro f u r fu ry l  a lc o h o l  ( C h u m  et al, 1 9 8 8 ; T h r in g  
et al, 1 9 9 0 ). O r g a n ic  a c id s ,  s u c h  a s  o x a lic ,  a c e ty ls a l i c y l ic ,  a n d  s a l ic y l ic  a c id , c a n  
a ls o  b e  u s e d  a s  c a ta ly s ts  in  th e  o r g a n o s o lv  p r o c e s s  ( S a r k a n e n ,  1 9 8 0 ). S o lv e n ts  m a y  
b e  in h ib i to r y  to  m ic r o o r g a n is m  g ro w th  a n d  e n z y m a tic  h y d r o ly s is ,  th u s ,  th e  s o lv e n t  
r e m o v a l  is  n e c e s s a r y  in  th is  p ro c e s s .

2.5.4 Biological pretreatment
In  b io lo g ic a l  p r e t r e a tm e n t  p r o c e s s e s ,  a  m ic r o o r g a n is m ,  s u c h  a s  b ro w n - , 

w h i te - ,  a n d  s o f t - ro t  f u n g i ,  is  u s e d  to  d e g ra d e  l ig n in  a n d  h e m ic e l lu lo s e  in  w a s te  m a te 
r ia ls  (S c h u r z ,  1 9 7 8 ). B r o w n  ro ts  m a in ly  a t ta c k  c e l lu lo s e ,  w h i le  w h i te  a n d  s o f t  ro ts  
a t ta c k  b o th  c e l lu lo s e  a n d  l ig n in . W h ite - r o t  fu n g i a r e  th e  m o s t  e f f e c t iv e  b a s id io m y -  
c e te s  fo r  b io lo g ic a l  p r e t r e a tm e n t  o f  l ig n o c e l lu lo s ic  m a te r ia ls  ( F a n  et al, 1 9 8 7 ). T h is  
p r e t r e a tm e n t  p r o c e s s  is  c o n s id e re d  a s  a  s a fe  a n d  e n v i r o n m e n ta l ly  f r ie n d ly  m e th o d . It
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is  in c re a s in g ly  p r o m o te d  a s  a  p ro c e s s  th a t  d o e s  n o t  r e q u i r e  h ig h  e n e r g y  f o r  l ig n in  r e 
m o v a l  f ro m  a  l ig n o c e l lu lo s ic  b io m a s s  ( l ik e  m o s t  p r e t r e a tm e n t  te c h n o lo g ie s ) ,d e s p i te  
e x te n s iv e  l ig n in  d e g r a d a t io n  ( O k a n o  et al.1 2 0 0 5 ) .

2.5.5 Pulsed-electric-field pretreatment
P u ls e d - e le c t r ic f ie ld ( P E F )  p r e t r e a tm e n t  in v o lv e s  a p p l i c a t io n  o f  a  s h o r t  b u rs t  

o f  h ig h  v o l ta g e  to  a  s a m p le  p la c e d  b e tw e e n  tw o  e le c t ro d e s .  L ig n o c e l lu l lo s ic  m a te r ia l  
is  t r e a te d  b y  P E F  u s in g  h ig h  f ie ld  s t r e n g th s  in  th e  r a n g e  o f  5 -2 0  k v / c m  to  ra p tu re  
p la n t  c e l ls  a n d  c r e a te  p e r m a n e n t  p o re s  in  th e  c e ll  m e m b ra n e .  T h is  p o re  f a c i l i ta te s  th e  
e n t ry  o f  a c id s  o r  e n z y m e s  u s e d  to  b re a k  d o w n  th e  c e l lu lo s e  in to  i ts  c o n s t i tu e n t  su g a rs . 
P E F  p r e t r e a tm e n t  c a n  b e  c a r r ie d  o u t  a t  a m b ie n t  c o n d i t io n s  a n d  e n e r g y  u s e  is lo w  b e 
c a u s e  o f  s h o r t  p u ls e  t im e s .

2.5.6 Microwave pretreatment
M ic r o w a v e  is  a n  a l t e rn a t iv e  m e th o d  fo r  c o n v e n t io n a l  h e a t in g  in  l ig n o c e l lu 

lo s ic  b io m a s s  p r e t r e a tm e n t  w h ile  th e  o th e r  p r e t r e a tm e n t  m e th o d s ,  s u c h  a s  s tr e a m  e x 
p lo s io n , l iq u id  h o t  w a te r ,  a n d  a m m o n ia  f ib e r  e x p lo s io n ,  a re  u s u a l ly  a c h ie v e d  th ro u g h  
a  c o n v e c t io n  o r  c o n d u c t io n  b a s e d  h e a t in g , w h ic h  is  b a s e d  o n  s u p e r f ic ia l  h e a t  t r a n s f e r  
(L iu  a n d  W y m a n .,  2 0 0 5 ;  M o s ie r  et al, 2 0 0 5 ) .

M ic r o w a v e  h e a t in g  is  b a s e d  o n  th e  a b i l i ty  o f  a  p a r t i c u la r  s u b s ta n c e ,  s u c h  a s  
a  s o lv e n t  o r  s u b s tr a te ,  to  a b s o rb  m ic r o w a v e  e n e r g y  a n d  e f f e c t iv e ly  c o n v e r ts  th e  e le c 
t r o m a g n e t ic  e n e r g y  to  h e a t  (k in e t ic  e n e rg y ) .  M o le c u le s  w i th  a  d ip o le  m o m e n t  ( p e r 
m a n e n t  o r  in d u c e d )  t ry  to  a l ig n  th e m s e lv e s  w i th  th e  o s c i l la t in g  e le c t r i c  f ie ld  o f  th e  
m ic r o w a v e  i r r a d ia t io n ,  le a d in g  to  r o ta t io n . U n d e r  m ic r o w a v e  i r r a d ia t io n ,  a  la rg e  
n u m b e r  o f  m o le c u le s  a re  r o ta t io n a l ly  e x c i te d  a n d , a s  th e y  s t r ik e  o th e r  m o le c u le s ,  r o 
ta t io n a l  e n e r g y  is  c o n v e r te d  in to  t r a n s la t io n a l  e n e r g y  ( i .e . ,  k in e t ic  e n e r g y )  a n d , a s  a  
c o n s e q u e n c e ,  h e a t in g  is o b s e rv e d  (F ig  2 .1 3 ) ( J a s o n  R . S c h m in k  a n d  N ic h o la s  E . 
L e a d b e a te r . ,  2 0 1 1 ) .  T h e r e fo re ,  th e  h e a t in g  in  th is  p r o c e s s  is  v o lu m e t r ic  a n d  r a p id  (A . 
d e  la  H o z  et a l,  2 0 0 5 ) . T h e  m o re  p o la r  s o lv e n ts ,  s u c h  a s  d im e th y l  s u l fo x id e ,  d im e 
th y l fo rm a m id e ,  e th a n o l ,  a n d  w a te r ,  b e t te r  c o n v e r t  m ic r o w a v e  i r r a d ia t io n  in to  h e a t  a s  
c o m p a re d  to  n o n p o la r  o n e s ,  s u c h  a s  to lu e n e  o r  h e x a n e ,  b e c a u s e  m ic r o w a v e  h e a t in g  
d e p e n d s  o n  th e  d ip o le  m o m e n t  o f  a  m o le c u le .
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Figure 2.13 M ic r o w a v e  h e a t in g . P a n e ls  1 - 3  s h o w  a  m o le c u le  th a t  h a s  b e e n  ro ta  
t io n a l ly  e x c i te d  b y  m ic r o w a v e  i r r a d ia t io n  b e in g  a p p r o a c h e d  b y  a  
s e c o n d  m o le c u le  b . U p o n  im p a c t  ( p a n e l  3 ) , th e  r o ta t io n a l  e n e r g y  o f  
m o le c u le  is  c o n v e r te d  to  th e  t r a n s la t io n a l  m o v e m e n t  o f  m o le c u le  b . In  
p a n e l  4 . n o te  th e  in c re a s e  in  t r a n s la t io n a l  v e c to r  m a g n i tu d e ,  th e  c o n  
s e q u e n c e  o f  w h ic h  le a d s  to  a n  in c re a s e  in  m o le c u la r  c o l l i s io n s  (k in e t ic  
e n e rg y ) .

T h e  o n e  o f  m ic r o w a v e  e f f e c t  is  th e  in v e r s io n  o f  t e m p e r a tu r e  g r a d ie n ts  w h e n  
u s in g  m ic r o w a v e  i r r a d ia t io n . In  c o n t r a s t  to  h e a t in g  b y  c o n v e n t io n a l  m e a n s ,  m ic ro -  
w a v e  i r r a d ia t io n  r a is e s  th e  te m p e ra tu re  in  th e  w h o le  r e a c t io n  v o lu m e  s im u l ta n e o u s ly ,  
w i th o u t  in te r v e n t io n  th ro u g h  th e  v e s s e l  w a ll  (F ig  2 .1 4 ) . T h is  m e a n s  th a t  th e  s y n th e s is  
c a n  p r o c e e d  u n i f o r m ly  th r o u g h o u t  th e  r e a c t io n  v e s s e l .
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Figure 2.14 T h e  te m p e r a tu r e  p r o f i le  a f te r  6 0  s e c  o f  m ic r o w a v e  i r r a d ia t io n  ( le f t)  
c o m p a r e d  to  t r e a tm e n t  in  a n  o i l - b a th  ( r ig h t ) .  M ic r o w a v e  i r r a d ia t io n  
r a is e s  th e  te m p e r a tu r e  o f  th e  w h o le  r e a c t io n  v o lu m e  s im u l ta n e o u s ly ,  
w h e re a s  in  th e  o il h e a te d  tu b e , th e  r e a c t io n  m ix tu r e  in  c o n ta c t  w i th  th e  
v e s s e l  w a l l  is  h e a te d  f irs t . T e m p e r a tu r e  s c a le  in  K e lv in . ‘O’ o n  th e  v e r  
t ic a l  s c a le  in d ic a te s  th e  p o s i t io n  o f  th e  m e n is c u s  (S c h a n c h e ,  J .-S . ,  Mol. 
Diversity 2 0 0 3 , 7, 2 9 3 - 3 0 0 )

M ic ro w a v e  p r e t r e a tm e n t  o f  l ig n o c e l lu lo s e s  w a s  in i t i a l ly  r e p o r te d  b y  O o -  
s h im a  et al. ( 1 9 8 4 )  a n d  A z u m a  et al. (1 9 8 4 ) . T h is  p r e t r e a tm e n t  p r o c e s s  s e le c t iv e ly  
h e a ts  th e  m o re  p o la r  ( lo s s y )  p a r t  a n d  c r e a te s  a  “ h o t  s p o t” w i th in  th e  in h o m o g e n e o u s  
m a te r ia ls .  I t is  h y p o th e s iz e d  th a t  th is  u n iq u e  h e a t in g  f e a tu r e  r e s u l t s  in  a n  “ e x p lo -  
s io n ” e f f e c t  a m o n g  th e  p a r t ic le s ,  a n d  im p ro v e s  th e  d i s r u p t io n  o f  th e  r e c a lc i t r a n t  s t r u c 
tu re s  o f  l ig n o c e l lu lo s e .  In  a d d i t io n ,  th e  e le c t r o m a g n e t ic  f ie ld  u s e d  in  m ic r o w a v e  
m ig h t  c r e a te  n o n - th e r m a l  e f fe c ts  th a t  a ls o  a c c e le r a te  th e  d e s t r u c t io n  o f  th e  c ry s ta l  
s t r u c tu r e s  (A . d e  la  H o z  et al, 2 0 0 5 ) .

F o r  in i t ia l  s tu d y , O o s h im a  et al. ( 1 9 8 4 )  in v e s t ig a te d  th e  m ic r o w a v e  t r e a t 
m e n t  fo r  w e t  r ic e  s t r a w  a n d  b a g a s s e  w i th  w a te r  c o n te n t  8 4  o r  9 4 % . T h is  t r e a tm e n t  
e n h a n c e d  th e  a c c e s s ib i l i ty  o f  th e  c e l lu lo s ic  m a te r ia ls  fo r  th e  e n z y m a t ic  h y d ro ly s is :  
fo r  e x a m p le ,  1 .6  t im e s  in  th e  r ic e  s t r a w  b y  th e  m ic r o w a v e  t r e a tm e n t  a t  17 0  °c fo r  5
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m in  a n d  3 .2  t im e s  in  th e  b a g a s s e  b y  th e  t r e a tm e n t  a t  2 0 0  ๐c  f o r  5 m in , c o m p a re d  
w i th  th e  u n tr e a te d  o n e s .

R e c e n t ly ,  m ic r o w a v e - a s s i s te d  a lk a l i / a c id /H 2 0 2  p r e t r e a tm e n t  o f  r ic e  a n d  
w h e a t  s t r a w  w a s  in v e s t ig a te d  b y  Z h u  et ai, (2 0 0 6 ) .  T h e y  a ls o  in v e s t ig a te  th e  s im u l
ta n e o u s  s a c c h a r i f ic a t io n  a n d  f e rm e n ta t io n  ( S S F )  o f  th e  m ic r o w a v e - a s s i s te d  a n d  c o n 
v e n t io n a l  a lk a l i  p r e t r e a te d  w h e a t  s t r a w  to  e th a n o l .  T h e  S S F  o p t im a  f o r  c o n v e n t io n a l  
a lk a l i  p r e t r e a te d  w h e a t  s t r a w  w e re  1 0 0  g / 1  s u b s tr a te ,  4 0  ๐c ,  2 0  m g  [c e l lu la s e ]  g ' 1 

[ s u b s t r a te ] ,  in i t ia l  p H  5 .3 , a n d  9 6  h . U n d e r  th is  o p t im u m  c o n d i t io n s  th e  e th a n o l  c o n 
c e n t r a t io n  a n d  its  y ie ld  w e re  3 1 .1  g /1  a n d  6 4 .8 % , r e s p e c t iv e ly ,  w h e re a s  th e  S S F  o p 
t im a  fo r  m ic r o w a v e - a s s i s te d  a lk a li  p r e t r e a te d  w h e a t  s t r a w  w e r e  10 0  g/1 s u b s tr a te ,  4 0  0 

c, 15 m g  [ c e l lu la s e ] g - l  [ s u b s t ra te ] ,  in i t ia l  p H  5 .3 , a n d  7 2  h . U n d e r  th e  o p t im u m  c o n 
d i t io n s  th e  e th a n o l  c o n c e n t r a t io n  r e a c h e d  3 4 .3  g/1 a n d  th e  e th a n o l  y ie ld  w a s  6 9 .3 % . It 
s h o w s  th a t  p r o d u c t io n  o f  e th a n o l  f ro m  m ic r o w a v e - a s s i s te d  p r e t r e a te d  w h e a t  s tr a w  
h a d  lo w e r  e n z y m e  lo a d in g , s h o r te r  r e a c t io n  t im e  a n d  c o u ld  a c h ie v e  h ig h e r  e th a n o l 
c o n c e n t r a t io n  a n d  y ie ld  th a n  th a t  f ro m  th e  c o n v e n t io n a l  a lk a l i  p r e t r e a tm e n t .

T h e  s u g a r  y ie ld  b a s e d  o n  d ry  w e ig h t  o f  s w i tc h  g r a s s  b y  m ic r o w a v e - a s s i s te d  
a lk a l i  p r e t r e a tm e n t  w a s  r e p o r te d  b y  H u  et al. (2 0 0 8 ) . In  th is  s tu d y , m ic r o w a v e - b a s e d  
h e a t in g  w a s  u s e d  to  p r e t r e a t  s w i tc h g ra s s ,  w h ic h  w a s  th e n  h y d r o ly z e d  b y  c e l lu la s e  
e n z y m e s . W h e n  s w i tc h g ra s s  w a s  s o a k e d  in  w a te r  a n d  t r e a te d  b y  m ic r o w a v e ,  to ta l  
s u g a r  (x y lo s e  +  g lu c o s e )  y ie ld  f ro m  th e  c o m b in e d  t r e a tm e n t  a n d  h y d r o ly s is  w a s  3 4 .5  
g /1 0 0  g  b io m a s s ,  e q u iv a le n t  to  5 8 .5 %  o f  th e  m a x im u m  p o te n t ia l  s u g a r s  re le a s e d . 
T h is  y ie ld  w a s  5 3 %  h ig h e r  th a n  th a t  o b ta in e d  f ro m  c o n v e n t io n a l  h e a t in g  o f  
s w i tc h g ra s s .  T o  im p ro v e  th e  s u g a r  y ie ld , s w i tc h g ra s s  w a s  p r e s o a k e d  in  d i f f e r e n t  c o n 
c e n t r a t io n s  o f  a lk a l i  s o lu t io n s  a n d  th e n  t r e a te d  b y  m ic r o w a v e  o r  c o n v e n t io n a l  h e a t in g . 
M o re o v e r ,  th e  e f f e c ts  o f  te m p e ra tu re ,  s o l id  c o n te n t ,  a n d  t r e a tm e n t  t im e  o n  m ic ro -  
w a v e  p r e t r e a tm e n t  o f  s w i tc h g ra s s  w e re  in v e s t ig a te d . A t  o p t im a l  c o n d i t io n s  o f  190  °c, 
5 0  g /L  s o l id  c o n te n t ,  0 .1  g /g  o f  a lk a li  lo a d in g , a n d  3 0  m in  t r e a tm e n t  t im e ;  th e  s u g a r  
y ie ld  f ro m  th e  c o m b in e d  p r e t r e a tm e n t  a n d  h y d r o ly s is  w a s  5 8 .7  g /1 0 0  g  b io m a s s , 
e q u iv a le n t  to  9 9 %  o f  p o te n t ia l  m a x im u m  s u g a rs . T h e  r e s u l t s  d e m o n s t r a te  th a t  th e  m i
c r o w a v e - a s s i s te d  a lk a l i  t r e a tm e n t  is  a n  e f f ic ie n t  w a y  to  im p ro v e  th e  e n z y m a tic  d i 
g e s t ib i l i ty  o f  s w i tc h g ra s s .



31

2.5.7 Summary of pretreatment method
M a n y  p r e t r e a tm e n t  p r o c e s s e s  h a v e  b e e n  d e v e lo p e d  to  im p ro v e  b io e th a n o l  

c o n v e r s io n  p r o c e s s .  T h e  c h o ic e  o f  th e  p r e t r e a tm e n t  t e c h n o lo g y  u s e d  f o r  a  p a r t ic u la r  
b io m a s s  d e p e n d s  o n  its  c o m p o s i t io n  a n d  th e  b y p r o d u c ts  p r o d u c e d  a s  a  r e s u l t  o f  p r e 
t r e a tm e n t .  T h e r e  a r e  2 th in g s  to  e m p h a s iz e .

1) O n e  te c h n o lo g y  th a t  is  e f f ic ie n t  fo r  a  p a r t i c u la r  ty p e  o f  b io m a s s  m a te r ia l  
m ig h t  n o t  w o rk  fo r  a n o th e r  m a te r ia l .

2 )  It is  n o t  a lw a y s  p o s s ib le  to  t r a n s f e r  th e  r e s u l t s  o f  p r e t r e a tm e n t  f ro m  o n e  ty p e  
o f  m a te r ia l  to  a n o th e r  m a te r ia l

A d v a n ta g e s  a n d  d i s a d v a n ta g e s  o f  th e  v a r io u s  p r e t r e a tm e n t  p r o c e s s e s  a re  
s u m m a r iz e d  in  ( T a b le s  2 .5 , 2 .6 ) ,a n d  th e  e f fe c t  o f  v a r io u s  p r e t r e a tm e n t  m e th o d s  o n  
th e  c h e m ic a l  c o m p o s i t io n  a n d  p h y s ic a l  s tr u c tu r e  o f  l ig n o c e l lu lo s ic  b io m a s s  is  s h o w n  
in  (T a b le  2 .7 ) . T h e r e  h a v e  b e e n  s o m e  r e p o r ts  c o m p a r in g  v a r io u s  p r e t r e a tm e n t  m e th 
o d s  fo r  b io m a s s .  A m o n g  th e s e  r e p o r ts  a b o u t  th e  p r e t r e a tm e n t  p r o c e s s ,  th e  c o m b in a 
t io n  o f  th e  p r e t r e a tm e n ts  u s u a l ly  p e r f o rm e d  th e  e f f e c t iv e  p r e t r e a tm e n t  p r o c e s s  in  e th 
a n o l c o n v e r s io n .  F o r  e x a m p le s ,  R o s g a a rd  et al. ( 2 0 0 7 )  e v a lu a te d  th e  e f f ic a c y  o f  th re e  
d i f f e r e n t  p r e t r e a tm e n t  p r o c e d u r e s ,  i .e ., a c id  o r  w a te r  im p r e g n a t io n  f o l lo w e d  b y  s te a m  
e x p lo s io n  v e r s u s  h o t  w a te r  e x t r a c t io n ,  o n  b a r le y  a n d  w h e a t  s tr a w . T h e  p r e tr e a tm e n ts  
w e re  c o m p a r e d  a f te r  e n z y m e  t r e a tm e n t  u s in g  a c e l lu la s e  e n z y m e  s y s te m . T h e  a c id  o r  
w a te r  im p r e g n a t io n  f o l lo w e d  b y  th e  s te a m  e x p lo s io n  o f  b a r le y  s t r a w  w a s  th e  b e s t  
p r e t r e a tm e n t  in  te r m s  o f  th e  r e s u l t in g  g lu c o s e  c o n c e n t r a t io n  in  th e  l iq u id  h y d r o ly s a te  
a f te r  e n z y m a tic  h y d r o ly s is .
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Table 2.5 A d v a n ta g e s  a n d  d i s a d v a n ta g e s  o f  v a r io u s  p r e t r e a tm e n t  p r o c e s s e s  fo r  
l ig n o c e l lu lo s ic  m a te r ia ls  ( K u m a r  et al, 2 0 0 9 )

Pretreatment
process

advantages Limitations and disadvantages

Mechanical com
minution

Reduces cellulose crystallinity Power consumption usually higher than in
herent biomass energy

Steam explosion Causes hemicellulose degradation and 
lignin transformation; cost-effective

Destruction of a portion of the xylan fraction; 
incomplete disruption of the lignin- 
carbohydrate matrix;generation of compounds 
inhibitory to microorganisms

AFEX Increases accessible surface area, re
moves lignin and hemicellulose to an 
extent;does not produce inhibitors for 
down-stream processes

Not efficient for biomass with high lignin 
content

C02 explosion Increases accessible surface area; cost- 
effective; does not cause formation of 
inhibitory compounds

Does not modify lignin or hemicelluloses

Ozonolysis Reduces lignin content; does not pro
duce toxic residues

Large amount of ozone required; expensive

Acid hydrolysis Hydrolyzes hemicellulose to xylose and 
other sugars; alters lignin structure

High cost; equipment corrosion; formation of 
toxic substances

Alkaline hydroly
sis

Removes hemicelluloses and lig- 
nin;increases accessible surface area

Long residence times required; irrecoverable 
salts formed and incorporated into biomass

Organosolv Hydrolyzes lignin and hemicelluloses Solvents need to be drained from the reactor, 
evaporated, condensed, and recycled; high 
cost
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Pretreatment
process

advantages Limitations and disadvantages

Pyrolysis Produces gas and liquid products High temperature; ash production

Pulsed electrical 
field

Ambient conditions; disrupts plant 
cells;

Process needs more research

Biological Simple equipment degrades lignin 
and hemicelluloses; low energy re
quirements

Rate of hydrolysis is very low

Table 2.6 C o m p a r i s o n  o f  a d v a n ta g e s  a n d  d i s a d v a n ta g e s  o f  d i f f e r e n t  p r e 
t r e a tm e n t  o p t io n s  f o r  l i g n o c e l lu lo s ic  m a te r ia ls  ( G ir io  et a l, 2 0 1 0 ) .

Desirable features Concentrated
acid

Dilute
and

Steam
explosion

Autohydrolysis Orga nosol V Solid
Superacids

Alkaline Ionic 
liquidร

Supercntical
fluids

High hemicellulose solubilisation ♦ . ♦  ♦ ♦  ♦ ♦ ♦ ♦ ♦  + ♦
High hemiceltulosic ♦  ♦ ** 0 10 ♦ to 01*

monosaccharides production
Low hemicellulosic oligosaccharides ♦ * 0 10 ♦ to 01*

production
High cellulose recovery *■* ♦  ♦ ** ♦ * * *
High cellulose digestibility ♦  ♦ *•♦ ♦ ♦ ♦ ♦ * Oh
High lignin quality O'* ♦ * 10 * *
High chemicals recycling 0 nr. * ,'๐, ♦ * n.r./*
Low inhibitors formation 0 0 ♦ 0 + 0
Low corrosion problems 0 0 0 10 to
Low need for chemicals 0 0/* 10 * **
Low neutralisation requirements - 0 nr. 4 to to 0 ns.
Low investment costs 4 ♦ ♦ 0 0 01* ♦
Low operational costs 0 *♦ ♦ 0 /  0
Low energy use 0 0 0 0 * ♦ ♦ ♦ *

+, a d v a n ta g e ;  -, d is a d v a n ta g e  ; 0 , n e u tr a l  ; n .r . ,  n o t  r e le v a n t .

Table 2.7 E f f e c t  o f  v a r io u s  p r e t r e a tm e n t  m e th o d s  o n  th e  c h e m ic a l  c o m p o s i t io n  
a n d  c h e m ic a l /p h y s ic a l  s t r u c tu r e  o f  l ig n o c e l lu lo s ic  b io m a s s  ( M o s ie r  et 
a l,  2 0 0 5 )

1 ne rca ses aoce ร sib 1 e 
surface area

Decrystalizes
cellulose

Removes
hcmicdluiosc

Removes
lignin

Alters lignin 
structure

บทcatalyzed steam explosion ■ ■ £3
Liquid hot water ■ ND ■ H
pH controlled hot water ■ ND ■ ND
How-through liquid hot water ■ ND ■ a o
Dilute acid ■ ■ ■
How'through acid ■ ■ m ■
Al I X ■ ■ ffl ■ ■
ARP ■ ■ ฒ ■ ■
Lime ■ ND Q ■ ■
■  : Major effect 
Ü: Minor effect.
ND: Not determined
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2.6 Hydrolysis (Saccharification) process
H y d r o ly s is  p r o c e s s  is  a  v e ry  im p o r ta n t  p r o c e s s  to  c o n v e r t  th e  c a r b o h y d ra te  

p o ly m e r s  in  l ig n o c e l lu lo s ic  m a te r ia l  to  f e rm e n ta b le  s u g a r . S e v e r a l  p r o d u c ts  c a n  b e  
r e s u l te d  f ro m  h y d r o ly s is  o f  l ig n o c e l lu lo s ic  m a te r ia ls  (F ig  2 .1 5 ) .

CELLULOSE

j HEXOSES

Figure 2.15 M a in  d e g r a d a t io n  p r o d u c ts  o c c u r r in g  d u r in g  h y d r o ly s is  o f  l ig n o c e l lu  
lo s ic m a te r ia l  ( D e m ir b a s  A ., 2 0 0 8 ) .

H e m ic e l lu lo s e s  c a n  b e  h y d r o ly z e d  to  x y lo s e ,m a n n o s e ,  a c e t ic  a c id , g a la c to s e , 
a n d  g lu c o s e . I t c a n  b e  g e n e ra l iz e d  a s

H e m ic e l lu lo s e  ------ ►  X y la n  ------ ►  X y lo s e  ------ ►  F u r fu ra l

A c e t ic  g r o u p  ------ ►  A c e tic  a c id

A m o n g  th e s e  p r o d u c ts ,  x y lo s e  h a s  th e  m a in  a p p l ic a t io n  to  f o rm  x y lo to l ,  a  f u n c t io n a l  
s w e e te n e r ,  v ia  b io c o n v e r s io n  p ro c e s s .

T h e  d e g r a d a t io n  o f  x y la n  y ie ld s  e ig h t  m a in  p r o d u c ts :  w a te r ,  m e th a n o l ,  f o r 
m ic , a c e t ic ,  a n d  p r o p io n ic  a c id s ,  h y d r o x y - 1 - p ro p a n o n e ,  h y d r o x y - 1  - b u ta n o n e  a n d  2 - 
f u r f u r a ld e y d e  ( G u l lu  D E .,  2 0 0 3 ) .  X y lo s e  is  f u r th e r  d e g r a d e d  to  fu r f u r a l  u n d e r  h ig h  
te m p e r a tu r e  a n d  p r e s s u r e  ( D u n lo p  A P .,  1 9 4 8 ). 5 - h y d r o x y m e th y l  fu r f u r a l  (H M F )  is 
a ls o  f o rm e d  f ro m  h e x o s e  d e g ra d a t io n  ( U lb r ic h t  et al., 1 9 8 4 ).
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F o r  c e l lu lo s e  h y d r o ly s is ,  th e  f o l lo w in g  r e a c t io n  is  p ro p o s e d .

C e l lu lo s e  — ►  G lu c a n  ------ ►  G lu c o s e

— ►  D e c o m p o s i t io n  p ro d u c ts

T h e  c o m m o n  h y d r o ly s is  m e th o d s  c a n  b e  d iv id e d  in to  2 ty p e s :  c h e m ic a l  h y 
d r o ly s is  ( d i lu te  a n d  c o n c e n t r a te d  a c id  h y d r o ly s is )  a n d  e n z y m a t ic  h y d r o ly s is .  T h e  o th 
e r  t e c h n iq u e s ,  s u c h  a s  g a m m a - ra y ,  e le c t ro n - b e a m  i r r a d ia t io n ,  o r  m ic r o w a v e  i r r a d ia 
t io n , a re  u s e d  to  h y d r o ly z e  th e  l i g n o c e l lu lo s ic  m a te r ia l  to o ,  b u t  c o m m e r c ia l ly  u n im 
p o r ta n t .

2.6.1 Chemical hydrolysis
In  th e  c h e m ic a l  h y d r o ly s is ,  th e  p r e t r e a tm e n t  a n d  th e  h y d r o ly s is  m a y  b e  c a r 

r ie d  o u t  in  a  s in g le  s te p . A c id s  a re  p r e d o m in a n t ly  a p p l ie d  in  c h e m ic a l  h y d r o ly s is  
( T a h e r z a d e h  et a l,  2 0 0 7 ) .  T h is  a c id  h y d r o ly s is  c a n  b e  c la s s i f ie d  in to  2  ty p e s , 
i) Dilute acid hydrolysis

T h e  d i lu te  a c id  p r o c e s s  is  o n e  o f  th e  o ld e s t ,  s im p le s t ,  a n d  m o s t  e f f ic ie n t  
m e th o d s  o f  p r o d u c in g  e th a n o l  f ro m  b io m a s s . T h is  p r o c e s s  is  in v o lv e d  in  F 1 2 S 0 4  s o lu 
t io n  o f  a b o u t  1 %  c o n c e n t r a t io n  u n d e r  h ig h  te m p e r a tu r e  a n d  p r e s s u r e ,  a n d  h a s  a  r e a c 
t io n  t im e  in  th e  r a n g e  o f  s e c o n d s  o r  m in u te s ,  w h ic h  f a c i l i ta te s  c o n t in u o u s  p ro c e s s in g . 
T h e  r e a c to r  in  th is  m e th o d  is  v e ry  e x p e n s iv e  b e c a u s e  o f  th e  u t i l i z a t io n  o f  a c id  a n d  
h ig h  te m p e r a tu r e  a n d  p r e s s u r e .  M o s t  d i lu te  a c id  p r o c e s s e s  a r e  l im i te d  to  a  s u g a r  r e 
c o v e ry  e f f ic ie n c y  o f  a r o u n d  5 0 %  ( B a d g e r  P C ., 2 0 0 2 ) . A t  m o d e r a te  te m p e ra tu re ,  d i 
r e c t  s a c c h a r i f ic a t io n  s u f f e r e d  f ro m  lo w  y ie ld s  b e c a u s e  o f  s u g a r  d e c o m p o s i t io n .  H ig h  
te m p e r a tu r e  in  d i lu te  a c id  t r e a tm e n t  is  f a v o r a b le  f o r  c e l lu lo s e  h y d r o ly s is  ( M c M il la n ,
1 9 9 4 ).

D i lu te  a c id  h y d r o ly s is  is  c o n s id e re d  a s  th e  m o s t  e m p lo y e d  te c h n iq u e  fo r  th e  
h e m ic e l lu lo s e  b re a k d o w n . In  th is  p r o c e s s ,  th e  u s e  o f  d i lu te d  a c id s  ( 1 - 4 % ) ,  u n d e r  
m o d e ra te  te m p e r a tu r e s  ( 1 2 0 ° to  16 0  ๐C ) , h a s  p r o v e n  to  b e  a d e q u a te  fo r  h e m ic e l lu -  
lo s e s  h y d r o ly s is ,  p r o m o t in g  l i t t le  s u g a r  d e c o m p o s i t io n  ( M c M il la n  et al., 1 9 9 4 ; M u s -  
s a t to  a n d  R o b e r to . ,  2 0 0 6 ) .  T h e  m e c h a n is m  in  a c id  h y d r o ly s is  o f  h e m ic e l lu lo s e  is  th e
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b r e a k d o w n  o f  lo n g  h e m ic e l lu lo s e  c h a in s  b y  a c id  to  fo rm  s h o r te r  c h a in  o l ig o m e rs  a n d  
th e n  to  s u g a r  m o n o m e rs .  H o w e v e r ,  b e c a u s e  h e m ic e l lu lo s e  is  a m o r p h o u s ,  le s s  s e v e re  
c o n d i t io n s  a re  r e q u i r e d  to  re le a s e  h e m ic e l lu lo s e  s u g a rs .

T o  ta k e  a d v a n ta g e  o f  th e  d if f e r e n c e s  b e tw e e n  h e m ic e l lu lo s e s  a n d  c e l lu lo s e s ,  
d i lu te  a c id  h y d r o ly s is  is  p e r f o rm e d  in  2  s ta g e s . T h e  f i r s t  s ta g e  is  p e r f o rm e d  a t  lo w  
te m p e r a tu r e  to  m a x im iz e  th e  y ie ld  f ro m  th e  h e m ic e l lu lo s e s ,  a n d  th e  s e c o n d , h ig h e r  
t e m p e r a tu r e  s ta g e  i s o p t im iz e d  fo r  h y d r o ly s is  o f  th e  c e l lu lo s e  p o r t io n  o f  th e  f e e d s to c k  
( F a r o o q i  R  a n d  S a m  A G ., 2 0 0 4 )  (F ig  2 .1 6 ) . T h e  f i r s t  s ta g e  u s e s  0 .7 %  s u l fu r ic  a c id  a t 
19 0  ๐c  to  h y d r o ly z e  th e  h e m ic e l lu lo s e s  p r e s e n t  in th e  b io m a s s .  T h e  s e c o n d  s ta g e  is 
o p t im iz e d  to  y ie ld  th e  m o re  r e s i s ta n t  c e l lu lo s e  f ra c t io n . T h is  is  a c h ie v e d  b y  u s in g  0 .4 %  
s u l fu r ic  a c id  a t  2 1 5  °c. T h e  l iq u id  h y d r o ly z a te s  a re  th e n  n e u t r a l iz e d  a n d  to x ic  c o m 
p o u n d s  a re  r e m o v e d  b e f o r e  f e rm e n ta t io n  o f  s u g a r  s o lu t io n  ( B r e n n a n  et al., 1 9 8 6 ). In  
d i lu te  a c id  h y d r o ly s is ,  f e e d s to c k  m u s t  b e  r e d u c e d  in  s iz e  in  th e  r a n g e  o f  a  f e w  m i l l i 
m e te r s  to  a l lo w  s u f f ic ie n t  a c id  p e n e tr a t io n  ( B a d g e r  P C ., 2 0 0 2 ) .

Ligiiocrllulosic matenal I 

[ Dilute acid hydrolysis (First stage}]

Dilute add hydrolysate (Liquid) I

■  ๆ Détoxification » 

I Bioethanô) fermentation I 

I Recovery o f bioetlianol

; i
[ Residual solid biomass fraction]

Second stage diluie nerd iiydiolysis ill 
higher

teinperalurc and tune 

รëccntl St age IlycEoTysale

Figure 2.16 D ilu te  a c id  h y d r o ly s is  ( f i r s t - s ta g e  a n d  tw o - s ta g e s )  a n d  s e p a r a te d  fe r  
m e n ta t io n  o f  p e n to s e  a n d  h e x o s e  s u g a rs  ( C h a n d e l  et al. , 2 0 0 7 ) . ii)

ii) Concentrated acid hydrolysis
C o n c e n t r a te d  a c id s ,  s u c h  a s  H2SO4 a n d  HC1, h a v e  b e e n  u s e d  to  t r e a t  l ig n o -  

c e l lu lo s ic  m a te r ia ls .  T h is  p r o c e s s  p r o v id e s  a  c o m p le te  a n d  r a p id  c o n v e r s io n  o f  c e llu -



37

lo s e  to  g lu c o s e  a n d  h e m ic e l lu lo s e s  to  f iv e - c a rb o n  s u g a r s  w i th  l i t t le  d e g ra d a t io n . T h e  

a c id  c o n c e n t r a t io n  u s e d  in  c o n c e n t r a te d  a c id  h y d r o ly s is  p r o c e s s  is  in  th e  r a n g e  o f  1 0 -  
3 0 %  a t te m p e r a tu r e s  o f  a b o u t  16 0  °c a n d  p r e s s u r e s  o f  a b o u t  10 a tm  (รนท et a l,  2 0 0 2 ; 
K u m a r  et al., 2 0 0 9 ) .  T h e s e  s e v e r e  c o n d i t io n s  a r e  r e q u i r e d  to  r e le a s e  g lu c o s e  t ig h t ly  
a s s o c ia te d  c h a in s  b e c a u s e  o f  c r y s ta l l in e  in  c e l lu lo s e . A c id  c o n c e n t r a t io n ,  te m p e ra tu re ,  
a n d  t im e  a re  c r u c ia l  f a c to r s  in  th is  p r o c e s s ,  so  it  h a s  to  c o n t r o l  w e l l  to  a v o id  th e  s u g a r  
a n d  l ig n in  d e g r a d a t io n  to  b y - p r o d u c t  ( M c M il la n  et al, 1 9 9 4 ). R e a c t io n  t im e  o f  th is  
p r o c e s s  is  n o r m a l ly  lo n g e r  th a n  d i lu te  a c id  p ro c e s s .

T h is  c o n c e n t r a te d  a c id  h y d r o ly s is  is  n o r m a l ly  in v o lv e d  in  2  s te p s : a  d e c r y s 
ta l l i z a t io n  s te p  to  b r e a k  d o w n  th e  c r y s ta l  s t r u c tu r e  o f  f ib e r  u s in g  s u l fu r ic  a c id  o f  m o re  
th a n  6 0 %  c o n c e n t r a t io n ,  a n d  a  h y d r o ly s is  s te p  w i th  a c id  o f  a r o u n d  2 0 - 3 0 %  c o n c e n 
t r a t io n  to  l ib e r a te  s u g a r s  f ro m  th e  d e c r y s ta l l i z e d  f ib e r  ( B a y a t - m a k o o i  et al, 1 9 8 5 ). 
I r a n m a h b o o b  et al., ( 2 0 0 2 )  s tu d ie d  a  c o n c e n t r a te d  a c id  h y d r o ly s is  o f  m ix e d  w o o d  
c h ip , a n d  a c h ie v e d  a  h ig h  g lu c o s e  y ie ld  o f  7 2 - 8 2 % .

In  c o m p a r i s o n  to  d i lu te  a c id  h y d r o ly s is ,  c o n c e n t r a te d  a c id  h y d r o ly s is  le a d s  
to  l i t t le  s u g a r  d e g r a d a t io n  a n d  g iv e s  s u g a r  y ie ld s  a p p r o a c h in g  1 0 0 %  ( Y u  et al, 2 0 0 8 ) , 
b u t  it  c o u ld  c a u s e  s e r io u s  e n v ir o n m e n ta l  c o n c e rn s  (รนท a n d  C h e n g ,  2 0 0 2 ) .  E n v i r o n 
m e n t  a n d  c o r r o s io n  p r o b le m s ,  th e  h ig h  c o s t  o f  a c id  c o n s u m p t io n ,  a n d  r e c o v e r y  p r e 
s e n t  m a jo r  b a r r ie r s  to  e c o n o m ic  s u c c e s s  in  a  c o n c e n t r a te d  a c id  h y d r o ly s is  p ro c e s s .

2.6.2 Enzymatic hydrolysis
E n z y m a tic  h y d r o ly s is  is  a  h y d r o ly s is  p r o c e s s  c a ta ly z e d  b y  th e  a c t io n  o f  s e v 

e ra l  e n z y m e s .  T h e  m o s t  im p o r ta n t  o f  w h ic h  a re  c e l lu la s e s ,  p r o d u c in g  f ro m  b o th  b a c 
te r ia  a n d  fu n g i .  T h r e e  m a jo r  ty p e s  o f  c e l lu lo s e  a c t iv i t ie s  a re  r e c o g n iz e d  ( L y n d , 1 9 9 6 ): 1 2

1) E n d o g lu c a n a s e s  ( 1 ,4 -b -D - g lu c a n o h y d r o la s e s ) :  C u t  a t  r a n d o m  th e  in te rn a l 
a m o r p h o u s  s i te s  in  th e  c e l lu lo s e  p o ly s a c c h a r id e  c h a in  g e n e r a t in g  o l ig o s a c c h a 
r id e s  o f  v a r io u s  le n g th s ,  a n d  c o n s e q u e n t ly  s h o r te r  c h a in s  a p p e a r .

2 ) E x o g lu c a n a s e s :  a c t  in  a  p r o g re s s iv e  m a n n e r  o n  th e  r e d u c in g  a n d  n o n - re d u c in g  
e n d s  o f  th e  c e l lu lo s e  c h a in s  l ib e r a t in g  e i th e r  g lu c o s e  ( g lu c a n o  h y d r o la s e s )  o r
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c e l lo b io s e ,  a n d  a c t  o n  m ic r o c r y s ta l l in e  c e l lu lo s e  p e e l in g  th e  c h a in s  f ro m  th e  
m ic r o c r y s ta l l in e  s t r u c tu r e  ( S h e e h a n  a n d  H im m e l ,  1 9 9 9 ).

3 ) (3 -G lu c o s id a se s  ( (3 -g lu c o s id e  g lu c o h y d ro la s e s ) :  h y d r o ly z e  s o lu b le  c e l lo d e x -  
t r in s  a n d  c e l lo b io s e  to  g lu c o s e .

T h e  s c h e m a t ic  r e p r e s e n ta t io n s  o f  th e  c e l lu la s e s  e n z y m e  a c t iv i t ie s  a re  s h o w n  
in  F ig  2 .1 7  a n d  2 .1 8 . In  a d d i t io n  to  th re e  m a jo r  g r o u p s  o f  c e l lu la s e  e n z y m e s ,  th e re  
a re  a ls o  a  n u m b e r  o f  a n c i l la ry  e n z y m e s  th a t  a t ta c k  h e m ic e l lu lo s e ,  s u c h  a s  g lu c u r o n i 
d a s e , a c e ty l  e s te r a s e ,  x y la n a s e ,  b - x y lo s id a s e ,  g a la c to  m a n n a n a s e ,  a n d  g lu c o m a n -  
n a n a s e  ( D u f f  a n d  M u r r a y ,  1 9 9 6 ).

Cellulose Endo_-P( 1 ->4)-_glucanase Cellulose'1'
(susceptible)

E xo P( 1 -> 4 ).g lu can jse  
(cellobiohydrolase)

Endo-p< 1 -» 4 ) . 
glucauase

Cellobiose
p-Glucostdase
(Cellobiase)

Glucose

Cellobiose + glucose

P-GIucosidase
(Cellobiase)

Figure 2.17 M o d e  o f  a c t io n  o f  c e l lu lo ly t ic  e n z y m e s  ( K im  S H ., 2 0 0 4 )

CELLITOSE

P-1-4-e u d o g lu c a n a v e

o-OfOO-o , ๐0๐7๐ o o ooc-jooo๐ o o jo o o  * 0 oc-o o
๐0 0๐ 0๐ oCKO>p-CK5

B -l-4 - fX 0 g L sîa » .- is f

oo o oc 00๐ 0 ๐  o o  o(K K ) o  0 ๐  i3-gU K 0.K i.-iif©-๐ OO, ๐๐
CELLOBIOSE

© ๐
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๐ ® ๐ ๐
©

บ )  GLUCOSE

Figure 2.18 S c h e m a tic  r e p r e s e n ta t io n  o f  th e  c e l lu la s e  e n z y m e s  o v e r  th e  c e l lu lo s e
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s t r u c tu r e  ( M u s s a t to  et al, 2 0 1 0 ) .

C e l lu la s e  e n z y m e  is  h ig h ly  s p e c if ic  to  e n z y m a tic  h y d r o ly s is .  T h e  p r o d u c ts  o f  
th e  h y d r o ly s is  a r e  u s u a l ly  r e d u c in g  s u g a rs ,  in c lu d in g  g lu c o s e . U t i l i ty  c o s t  o f  e n z y 
m a t ic  h y d r o ly s is  is  lo w e r  th a n  a c id  o r  a lk a l in e  h y d r o ly s is  b e c a u s e  e n z y m e  h y d r o ly s is  
is  u s u a l ly  c o n d u c te d  a t  m ild  c o n d i t io n s  (p H  4 .8  a n d  te m p e r a tu r e  4 5 - 5 0  ° C ) , a n d  d o e s  
n o t h a v e  a  c o r r o s io n  p r o b le m  ( D u f f  a n d  M u rra y , 1 9 9 6 ). M o r e o v e r ,  e n z y m a tic  h y 
d r o ly s is  is  a n  e n v i r o n m e n ta l ly  f r ie n d ly  p r o c e s s  ( K e s h w a n i  a n d  C h e n g ,  2 0 0 9 ) . H o w 
e v e r ,  e n z y m a tic  h y d r o ly s is  o f  n a tu ra l  l ig n o c e l lu lo s ic  m a te r ia ls  is  a  v e r y  s lo w  p ro c e s s . 
It is  l im i te d  b y  s e v e r a l  fa c to r s :  c r y s ta l l in i ty  o f  c e l lu lo s e ,  d e g r e e  o f  p o ly m e r iz a t io n  
( D P ) , m o is tu r e ,  a v a i la b le  s u r fa c e  a re a , a n d  l ig n in  c o n te n t  ( C h a n g  a n d  H o ltz a p p le ,  
2 0 0 0 ;  K o u l la s  et al., 1 9 9 2 ; L a u r e a n o - P e r e z  et al., 2 0 0 5 ;  P u r i ,  1 9 8 4 ). T h is  c o m p a r is o n  
is  s u m m a r iz e d  in  T a b le  2 .8  ( H a m e lin c k  et a l,  2 0 0 5 ) .

Table 2.8 C o m p a r i s o n  o f  p r o c e s s  c o n d i t io n s  a n d  p e r f o r m a n c e  o f  th r e e  h y d r o ly  
s is  p r o c e s s e s  ( H a m e lin c k  et al, 2 0 0 5 )

Consumable Temperature (K) Time Glucose yield (%) Available
Dilute acid <1%H2S04 488 3 min 50-70 Now
Concentrated acid 30-70% 313 2-6 h 90 Now
Enzymatic Cellulase 323 1.5 days 75-95 Now-2020

2.6.3 Characterization of the pretreated solid residues before hydrolysis
H s u  et al. ( 2 0 1 0 )  in v e s t ig a te d  th e  o p e ra t io n  c o n d i t io n  fo r  th e  d i lu te  a c id  p r e 

t r e a tm e n t  f o l lo w e d  b y  e n z y m a tic  h y d r o ly s is  o f  r ic e  s tra w . A  m a x im a l  s u g a r  y ie ld  o f  
8 3 %  w a s  a c h ie v e d  w h e n  th e  r ic e  s t r a w  w a s  p r e tr e a te d  w i th  1%  ( พ /พ )  s u l fu r ic  a c id  
w i th  a  r e a c t io n  t im e  o f  1 - 5  m in  a t  160  ๐ o r  180  ๐c ,  f o l lo w e d  b y  e n z y m a t ic  h y d ro ly s is .  
T h e  p r e t r e a te d  r ic e  s t r a w  is  c h a r a c te r iz e d  b y  F T IR  s p e c t ru m  a n a ly s is  (F ig  2 .1 9 ) .
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Figure 2.19 F T IR  s p e c t r a  o f  r a w  r ic e  s t r a w  a n d  p r e t r e a te d  s o l id  r e s id u e s  u n d e r  

C S F  o f  1.5 (1 8 0  ๐C /0 .7 %  H 2 S O 4 / I  m in )  a n d  2 .3  ( 1 8 0  ° c /1 .0 %  
H 2 S O 4 / 4  m in ) .

T h e  b ro a d  b a n d  a t  3 3 5 0  c m ’1: O - H  s t r e tc h in g  o f  th e  h y d r o g e n  b o n d s  o f  c e llu -  
lo s e (T h e  a b s o r p t io n  p e a k  in  th e  u n tr e a te d  r ic e  s t r a w  w a s  s im i l a r  to  th a t  in  p r e 
t r e a te d  s o l id  r e s id u e s ,  im p ly in g  th a t  m o s t  o f  th e  c r y s ta l l in e  c e l lu lo s e  in  th e  
r ic e  s t r a w  w a s  n o t  d i s ru p te d  b y  th e  a c id - c a ta ly z e d  r e a c t io n  a t  c u r r e n t  c o n d i 
t io n .)
T h e  b a n d  a t  2 9 0 0  c m ’1: C - H  s t r e tc h in g  w i th in  th e  m e th y le n e  o f  c e l lu lo s e  
( T h is  p e a k  w a s  s l ig h t ly  e n h a n c e d  a f te r  th e  p r e t r e a tm e n t  ( K u m a r  et al., 2 0 0 9 )) . 
T h e  p r o m in e n t  b a n d s  a t  1 2 0 0 - 1 0 0 0  c m '1: T h e  o v e r la p p e d  b a n d s  re la te  to  th e  
s t r u c tu r a l  c e l lu lo s e  a n d  h e m ic e l lu lo s e s :
T h e  C - O - H  s t r e tc h in g  o f  p r im a r y  a n d  s e c o n d a r y  a lc o h o ls  a t  1 0 6 4  c m '1 
T h e  C - O - C  g ly c o s id ic  b o n d  s t r e tc h in g  a t  1 1 6 0  c m '1 
T h e  C - O - C  r in g  s k e le ta l  v ib r a t io n  a t  1 1 0 0  c m '1
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T h e  b a n d  a t 9 1 0  c m '1 w a s  d o m in a te d  b y  th e  |3-(1 , 4 ) - g ly c o s id ic  b o n d  ( C - O -  
C ) , w h ic h  w a s  n o t  e a s i ly  c le a v e d  b y  th e  a c id  c a ta ly z e d  r e a c t io n  (X ia o  et al., 2 0 0 1 ) .

A f te r  th e  d i lu te  a c id  p r e tr e a tm e n t ,  th e  a d s o r p t io n  p e a k s  o f  th e s e  b a n d s  w e re  
e n h a n c e d  b e c a u s e  th e  c o n te n t  o f  c e l lu lo s e  in c re a s e d  in  th e  p r e t r e a te d  s o l id  r e s id u e  
f ro m  h e m ic e l lu lo s e s  r e le a s in g  in  th e  a c id  h y d r o ly s is  r e a c t io n .

T h e  b a n d s  a t  1 7 4 0  a n d  12 45  c m -1 :  r e la te d  to  th e  a lk y l  e s te r  o f  th e  a c e ty l 
g r o u p  in  h e m ic e l lu lo s e s  ( B o th  o f  th e s e  b a n d s  w e r e  a b s e n t  in  th e  p re tr e a te d  
s o l id  r e s id u e ,  a s  a  r e s u l t  o f  th e  r e m o v a l  o f  th e  h e m ic e l lu lo s e s  f ro m  th e  r ic e  
s tra w ) .
T h e  p e a k  a t  1 7 2 0  c m '1: th e  a c e ty l  g ro u p  in  h e m ic e l lu lo s e s  s t r u c tu r e  a n d /o r  th e  
l in k a g e  b e tw e e n  h e m ic e l lu lo s e s  a n d  lig n in

T h e  d is t r ib u t io n  o f  l ig n in  c a n  b e  o b s e rv e d  b y  th e s e  F T IR  b a n d s  th a t  w e re  
d im in is h e d  a f te r  th e  d i lu te  a c id  p re tr e a tm e n t .  It is  s u g g e s te d  th a t  th e  r e le a s e  o f  a c id -  
s o lu b le  l ig n in  in  th e  p r e tr e a te d  s o l id  r e s id u e  h a s  o c c u r re d .

T h e  b a n d s  a t 1 6 1 0  a n d  1 5 1 6  c m '1 : a r o m a tic  s k e le ta l  s t r e tc h in g
T h e  b a n d s  a t  2 8 6 0 , 1 4 6 0 , a n d  14 2 5  c m -1 : C -H  d e f o r m a t io n  w i th in  th e  m e th -
o x y l g r o u p s  o f  l ig n in
T h e  p e a k s  a t 13 7 5  a n d  1 3 3 0  c m '1: a r o m a tic  h y d r o x y l  g r o u p s  (m a y  b e  g e n e r 
a te d  b y  c le a v a g e  o f  e th e r  b o n d s  w i th in  th e  l ig n in )
T h e  p e a k  a t  1640 c m '1: th e  c= 0  g r o u p s  in  th e  a lk y l  g r o u p s  o f  th e  l ig n in  s id e  
c h a in  c o n ju g a t in g  w ith  th e  a r o m a tic  s tr u c tu r e

T h e y  fo u n d  th a t  th e  a b s o rp t io n  p e a k  fo r  c= 0  g r o u p s  w a s  r e d u c e d  in  th e  p r e 
t r e a te d  s o l id  r e s id u e s  s in c e  th e  a c id  h y d r o ly s is  r e a c t io n  m a y  c a u s e  p a r t ia l  l ig n in  
s t r u c tu r e  to  r e le a s e  f ro m  r a w  r ic e  s tra w .

T h e  d e g r a d a t io n  o f  th e  e s te r  a n d  e th e r  l in k a g e s  w i th in  th e  l ig n in  b y  th e  a c id -  
c a ta ly z e d  r e a c t io n  m a y  a ls o  d e s t ro y  th e  m a tr ix  s t r u c tu r e  a n d  g e n e ra te  s m a ll  l ig n in  
f ra g m e n ts .  T h is  r e d is t r ib u t io n  o f  th e  l ig n in  h a s  b e e n  s u g g e s te d  to  g e n e ra te  a  t r a p  e f 
f e c t  th a t  m a y  h in d e r  c e l lu la s e  a s  it b e g in s  to  a t ta c k  th e  s u r f a c e  o f  th e  c e l lu lo s e . H o w 
e v e r , th e s e  s m a l le r  l ig n in  f r a g m e n ts  e a s i ly  c o n g r e g a te  in to  d r o p s  d u e  to  h y d r o p h o b ic
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in te r a c t io n s  w i th in  th e  s o l id  r e s id u e  a n d  th is  c o n g r e g a t io n  in c r e a s e s  th e  h y d r o p h o b ic  
a re a s  w i th in  th e  m a tr ix ,  w h ic h  th e n  a l lo w s  m o re  a d s o r p t io n  o f  c e l lu la s e .  T h is  n a tu r a l 
ly  r e d u c e s  th e  a m o u n t  o f  c e l lu la s e  a v a i la b le  fo r  th e  h y d r o ly t ic  r e a c t io n  (S e l ig  et al.,
2007).

2.7 The potential of lignocellulosic materials for second generation bioethanol 
production

T h e  l ig n o c e l lu lo s ic  m a te r ia ls  a re  c o n s id e r e d  to  b e  a  p o te n t ia l  f e e d s to c k  fo r  
b io e th a n o l  p r o d u c t io n  w i th  s u s ta in a b i l i ty  w h i le  th e  b io f u e ls  f ro m  c r o p s  a re  la c k  o f  
s u s ta in a b i l i ty  a n d  d i s tu r b  th e  fo o d  c h a in . M a n y  c o u n t r ie s  a r o u n d  th e  w o r ld  try  to  r e 
s e a rc h  a n d  d e v e lo p  th e  u t i l i z a t io n  o f  l ig n o c e l lu lo s ic  m a te r ia ls  to  b e  b io f u e ls .  In  E u 
ro p e , th e  C4 p e r e n t ia l  g ra s s  Miscanthus X giganteus h a s  p r o v e d  a  p r o m is in g  b io m a s s  
c ro p  w h i le  s w i tc h g ra s s  (Panicum virgatum) h a s  b e e n  te s te d  a t  s e v e ra l  lo c a t io n s  in  
N o r th  A m e r ic a .

In  A u s t r a l ia ,  Y .J . J e o n  et al., (2010) s tu d ie d  th e  p o te n t ia l  o f  d i f f e r e n t  l ig n o 
c e l lu lo s ic  m a te r ia ls  fo r  b io e th a n o l  p r o d u c t io n . T h e y  e v a lu a te d  s u g a r  r e c o v e r ie s  a n d  
f e rm e n ta b i l i t i e s  o f  e ig h t  l ig n o c e l lu lo s ic  m a te r ia ls :  S o r g h u m  s t r a w  (Sorghum bicolor), 
w h e a t  s t r a w  (Triticumaestivum), s u g a rc a n e  b a g a s s e ,  a n d  s u g a r c a n e  to p s  ( S C T )  (Sac- 
charum officinarum), H a r d w o o d  (Eucalyptus dunniï),s o f tw o o d  c h ip s  (Firms elliotii), 
Eucalyptus loxophleba ssp. lissophloia (o il  m a lle e ) ,  a n d  Arundo donax. T h e s e  b io 
m a s s  s a m p le s  w e r e  a n a ly z e d  fo r  c e l lu lo s e ,  h e m ic e l lu lo s e s  a n d  l ig n in  u s in g  th e  d e te r 
g e n t  f ib re  m e th o d  (V a n  S o e s t  et a l,  1991) a n d  th e  r e s u l t s  a r e  s h o w n  in  T a b le  2.9.
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Table 2.9 T h e  l is t  o f  p la n t  s p e c ie s  u s e d  in  th is  s tu d y  a n d  th e i r  s u g a r  c o m p o s i  
t io n s  (Y .J . J e o n  et a l,  2 0 1 0 )

Raw materials Component (%)*
(common name) Cellulose Hemicellulose References
Wheat straw 36 26 This study

33.7 25.0 Ali et al. (1991)
Sugarcane bagasse 39.6 26.5 This study

35.0 35.8 Sasaki et al. (2003)
Sorghum straw 32.4 27 This study

35.1 24 Tellez-Lus et al. (2002)
Arundo donax 42.5 31.2 This study

36 30 Pascoal Neto et al. (1997)
Sugarcane tops 35 32 This study
Oil mallee 53 33 This study
Pine 49.8 13.1 This study

45.3 22.2 Araque et al. (2008)
Eucalyptus 51.9 18.1 This study

46.8 16.6 Garrote et al. (2003)

* C o m p o s i t io n  p e r c e n ta g e s  a re  o n  d r y - w e ig h t  b a s is .

A l l  b io m a s s  m a te r ia l  w a s  m il le d  f o l lo w in g  d i lu te  a c id  p r e t r e a tm e n t  (2 %  
H2SO4 (v /v )  w i th  10% (w /v )  r a w  m a te r ia l  a t  134°c fo r  6 0  m in )  a n d  e n z y m a tic  h y 
d r o ly s is .  T h e  a c id /e n z y m e - t r e a te d  h y d r o ly s a te s  w e re  f e rm e n te d  b y  a  r e c o m b in a n t  
s t r a in  o f  Zymomonas mobilis. T h e  a n a ly s is  o f  A c i d / e n z y m e  h y d r o ly s a te  s a m p le s  fo r  
g lu c o s e , x y lo s e  a n d  a r a b in o s e  a s  w e ll  a s  th e  d e g r a d a t io n  p r o d u c ts  in c lu d in g  a c e ta te , 
f u r f u r a l ,  h y d r o x y m e th y l  f u ra ld é h y d e  ( H M F ) , le v u l in ic  a c id  a n d  f o rm a te  w e re  
a c h ie v e d  b y  HPLC u s in g  a n  A m in e x  c o lu m n  HPX-87H e q u ip p e d  w i th  a  r e f r a c t iv e  
in d e x  d e te c to r  a n d  a  c o m p u te r  in te r f a c e d  e le c t ro n ic  in te g ra to r .  S e p a r a t io n s  w e re  p e r 
fo rm e d  a t  5 0  °c a n d  e lu te d  a t  0 .6  m l/m in  u s in g  5 m m o l/1  H2SO4. T h e  a n a ly z e d  r e 
s u l ts  a re  s u m m a r iz e d  in  T a b le  2 .1 0 .
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Table 2 .1 0 S u g a r  p r o d u c t io n  fo r  f e r m e n ta t io n o f  r a w  m a te r ia ls  ( 1 0 %  พ /v) f ro m  a c id  
/e n z y m e  p r e t r e a tm e n t ( Y .J .  J e o n  et a l,  2 0 1 0 )

R a w  m a te r ia l G lu c o s e
(g/1)

X y lo s e
(g /l)

A r a b in o s e
(g /l)

T o ta l  s u g a r
z

S u g a r  r e c o v e r y  
y ie ld  (% )*

Wheat straw 23.3 19 3.0 45.3 74
Sugarcane bagasse 26.9 18.2 2.8 47.9 72
Sorghum straw 22.0 16.9 3.7 42.6 72
Arundo donax 17.7 23.3 2.2 43.2 59
Sugarcane tops 22.3 18.7 3.1 44.1 66
Oil mallee (Bark and 10.6 3.4 5.0 19.0 25
hard wood)
Pine (soft wood) 10.6 19.7 1.5 31.8 51
Eucalyptus (hard 8.9 14.6 0.3 23.8 34
wood)
Acid hydrolysis carried out using 2% H2S 04 (v /v ) at 134°c for 1 h.
Enzyme hydrolysis carried out using 2% cellulase and 4% b-glucosidase at 60_c for 22 h. 
*Sugar recovery yields were calculated based on composition (on dry-weight basis) of cellulose 
and hemicellulose (see Table 2.9).

T h e  r e s u l t s  s h o w  th a t  p r e t r e a tm e n t  a n d  e n z y m e  h y d r o ly s is  o f  th e  h e r b a c e o u s  
r a w  m a te r ia ls  r e s u l te d  in  h ig h e r  s u g a r  r e c o v e r ie s  w h e n  c o m p a r e d  to  th o s e  o f  w o o d y  
r a w  m a te r ia ls .  A m o n g  th e  h e r b a c e o u s  m a te r ia ls ,  w h e a t  s tr a w , s u g a r c a n e  b a g a s s e , a n d  
s o r g h u m  s t r a w ( 7 2 - 7 4 % )  s h o w e d  th e  h ig h e s t  s u g a r  r e c o v e r ie s .  T h e  h y d r o ly s a te  f ro m  
A . d o n a x  (A d x )  s h o w e d  th e  lo w e s t  s u g a r  r e c o v e r y  ( 6 5 % ) , w h i le  th e  s u g a r  r e c o v e r ie s  
o f  w o o d y  r a w  m a te r ia ls  s h o w e d  p o o r e r  r e c o v e r ie s  ( < 5 5 % ) . F ro m  e v a lu a t io n  o f  l ig n o -  
c e l lu lo s ic  m a te r ia ls  in  th is  s tu d y , th e  h e r b a c e o u s  r a w  m a te r ia ls  h a v e  a  h ig h  p o te n tia l  
fo r  b io e th a n o l  p r o d u c t io n  a n d  m a y  b e  u s e d  a s  f e e d s to c k  in  la rg e  s c a le  p r o d u c t io n .

B e s id e s  th is  s tu d y , th e  o th e r  r e s e a rc h  g r o u p s  h a v e  a ls o  t r ie d  to  e s t im a te  th e  
e th a n o l  p r o d u c t io n  a b i l i ty  f ro m  v a r io u s  l ig n o c e l lu lo s ic  m a te r ia ls  th a t  s u i t  fo r  th e ir  
h o m e  c o u n t ry , s u c h  a s  w a te r  h y a c in th , g ia n t  r e e d , b a n a n a ,  w i ld  s u g a rc a n e ,  m is c a n -  
th u s  g ra s s ,  a n d  so  o n .
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2 .7 .1  W a t e r  H y a c i n t h  [E ichhornia  crassipes (M art.) S o lm s]

F ig u r e 2 .2 0  Eichhornia crassipes (Mart.) Solms 
(h t tp : / /w w w .m p b d . in f o /p la n ts /e i c h h o r n ia - c r a s s ip e s .p h p )

W a te r  H y a c in th  (F ig  2 .2 0 )  w a s  s tu d ie d  a s  c h e a p  f e e d s to c k  fo r  th e  b io e th a n o l  
p r o d u c t io n  b y  M u k h o p a d h y a y ,  ร .,  a n d  C h a n d ra  C h a t te r je e ,  N . ( 2 0 1 0 ) .  W a te r  h y a 
c in th  is  a  n o x io u s  a q u a t ic  w e e d  fo u n d  in  m a n y  t r o p ic a l  a n d  s u b - t ro p ic a l  f re s h w a te r  
h a b i ta ts  w i th  f a s te r  g r o w th  ra te . T h e  u t i l i z a t io n  o f  w a te r  h y a c in th  a s  a  f e e d s to c k  fo r  
e th a n o l  p r o d u c t io n  is  a  e n v ir o n m e n ta l ly  f r ie n d ly  m e th o d  to  ta k e  it  a w a y . In  th is  r e 
s e a rc h , w a te r  h y a c in th  [Eichhornia crassipes (Mart.) Solms] w a s  p r e t r e a te d  w ith  0.1 
N  H 2 S O 4 a n d  1%  (w /v )  N a O H , f o l lo w e d  b y  e n z y m a tic  h y d r o ly s is  u s in g  th e  e n z y m e  
b le n d  f ro m  Trichoderma reesei A T C C  2 6 9 2 1  a n d  Aspergillus phoenicis A T C C  
5 2 0 0 7 . A f te r  th e  p r e t r e a te d  w a te r  h y a c in th  w a s  h y d r o ly z e d  b y  th e  e n z y m e  b le n d s  
f ro m  tw o  f u n g a l  c u l tu re s  fo r  7 2  h o u r s ,  th e  to ta l  s u g a r  o f  1 8 .2 8  g/1 w a s  o b ta in e d .

T h e  e th a n o l  p r o d u c t io n  f ro m  th e  p r e t r e a te d  w a te r  h y a c in th  w a s  a ls o  s tu d ie d  
in  f o u r  d i f f e r e n t  m o d e s  o f  e n z y m a tic  h y d r o ly s is  ( s a c c h a r i f i c a t io n )  a n d  f e rm e n ta t io n  
p r o c e s s  w i th  o r  w i th o u t  p r e f e r m e n ta t io n  h y d r o ly s is  fo r  b e t te r  e th a n o l  p r o d u c t io n .  T h e  
r e s u l t s  o f  th e  e th a n o l  p r o d u c t io n  b y  d i f f e r e n t  m e th o d s  a r e  s h o w n  in  T a b le  2 .1 1 .

http://www.mpbd.info/plants/eichhornia-crassipes.php
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Table 2.11 C o n c e n t r a t io n  (g/1) a n d  y ie ld  g /g  p r e t r e a te d  w a te r  h y a c in th  o f  e th a n o l  
p r o d u c e d  u n d e r  d i f f e r e n t  m o d e s  o f  e n z y m a t ic  h y d r o ly s is  a n d  f e rm e n  
ta t io n  (M u k h o p a d h y a y ,  ร . ,  a n d  C h a n d r a  C h a t te r je e ,  N . (2 0 1 0 ) ) .

Mode of fermentation Concentrate
(g/I )*

Yield (g/g dry 
substrate)*

S e p a r a te  h y d r o ly s is  a n d  f e rm e n ta t io n  (S H F ) 4 .5 ± 0 .3 0 .1 1 ± 0 .0 0 7
S im u l ta n e o u s  s a c c h a r i f ic a t io n  a n d  f e r m e n ta 
t io n  (S S F )

5 .2 ± 0 .2 0 .1 4 ± 0 .0 0 7

S in g le  b a tc h  b io c o n v e r s io n  (S B B ) 5 .0 ± 0 .2 0 .1 3 ± 0 .0 0 6

P re f e r m e n ta t io n  h y d r o ly s is -  S im u l ta n e o u s  
s a c c h a r i f ic a t io n  a n d  f e rm e n ta t io n  ( P H -S S F )

8 .3 ± 0 .5 0 . 2 Ü 0 . 0 1 1

C D  a t  5 %  le v e l 1 .72 0 .0 4 5
^ R e s u l ts  a r e  m e a n  o f  th r e e  r e p l ic a t io n  ±  S D
D if f e re n t  le t te r  in  th e  s u p e r s c r ip t  d e n o te s  s ig n i f ic a n t  d i f f e r e n c e  a t  5 %  le v e l.

F ro m  th e s e  r e s u l t s ,  w a te r  h y a c in th ,  w h ic h  is  b e in g  u s e d  to  a b s o r b  h e a v y  m e ta l 
p o l lu ta n ts  in  w a s te  w a te r ,  c o u ld  b e  u t i l i z e d  a s  a b u n d a n t  c h e a p  f e e d s to c k  fo r  th e  p r o 
d u c t io n  o f  fu e l e th a n o l .

2.7.2 Banana pseudostem

Figure 2.21 B a n a n a  p s e u d o s te m
(h t tp : / / s 3 .a m a z o n a w s .c o m /r e a d e r s /2 0 1 0 /0 4 /1 5 /p o s o la _ l . jp g )

http://s3.amazonaws.com/readers/2010/04/15/posola_l.jpg
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B a n a n a  p s e u d o s te m  ( F ig  2 .2 1 )  w a s  u s e d  a s  r a w  m a te r ia l  fo r  th e  b io e th a n o l  
p r o d u c t io n  b y  C h i t t ib a b u  et al.,{2 0 1 1 ) . T h e y  a re  in te r e s te d  in  b a n a n a  p s e u d o s te m  b e 
c a u s e  I n d ia  is  th e  la r g e s t  p r o d u c e r  o f  b a n a n a . I n d ia  c o n t r ib u te s  to  2 7 %  o f  w o r ld 4 ร 
b a n a n a  p r o d u c t io n .  6 0 - 7 0 %  t /h a  o f  b a n a n a  p s e u d o s te m  is  g e n e r a te d  in  th e  f ie ld  a f te r  
h a r v e s t in g  th a t  is  d u m p e d  o n  r o a d s id e  o r b u m t  o r  le f t  in situ, c a u s in g  im p a c t  o n  e n v i 
ro n m e n t .  T h e  p o te n t ia l s  o f  b a n a n a  p s e u d o s te m  ( B P S )  fo r  e th a n o l  p r o d u c t io n  a re  c o n 
s is t  o f  th re e  f a c to r s :  H ig h  c o n c e n t r a t io n  o f  h o lo c e l lu lo s e  ( 7 2 % ) w i th  lo w  l ig n in  c o n 
te n t  (1 0 % ) , a n d  i ts  e a s y  a v a i la b i l i ty .

O p t im iz a t io n  o f  th e  m ic r o w a v e  a s s is te d  a lk a l i  p r e t r e a tm e n t  a n d  e n z y m a tic  
h y d r o ly s is  o f  b a n a n a  p s e u d o s te m  (B P S )  f o r  th e  p r o d u c t io n  o f  b io e th a n o l  w e re  s tu d 
ie d  b y  C h i t t ib a b u  et a i,  ( 2 0 1 1 ) .  P r e t r e a tm e n t  o f  B P S  w a s  p e r f o r m e d  a t  d i f f e r e n t  a lk a 
li c o n c e n t r a t io n s ,  l iq u id - s o l id  r a t io s ,  te m p e r a tu r e s  a n d  m ic r o w a v e  e x p o s u r e  t im e s , 
f o l lo w e d  b y  e n z y m a tic  h y d r o ly s is .  T h e  e x p e r im e n ta l  r e s u l t s  s h o w e d  th a t  w h e n  B P S  
w a s  p r e t r e a te d  u s in g  m ic r o w a v e  h e a t in g  w i th  1 0 %  N a O H , 4 :1  l iq u id - s o l id  ra t io  a t 
te m p e r a tu r e  o f  90°c fo r  8 m in  p r e t r e a tm e n t  t im e , th e  y ie ld  o f  r e d u c in g  s u g a r s ( Y R S % )  
r e a c h e d  its  m a x im u m  8 4 %  a f te r  110  h  o f  e n z y m a tic  h y d r o ly s is  a t  3 0  F P U /g  o f  s o l id  
e n z y m e  lo a d in g . T h e  r e d u c in g  s u g a rs  p r o d u c e d  b y  e n z y m a t ic  h y d r o ly s is  w a s  d e te r 
m in e d  b y  D N S  (3 ,5 -  d in i t ro  s a l ic y l ic  a c id )  m e th o d .

T h e  y ie ld  o f  r e d u c in g  s u g a r s  ( Y R S )  in  %  is  d e f in e d  as:

Y R S  %  =  (พ Rs X 0.9 X 1 0 0 ) /  (พ,ร)

W rs -  weight o f  reducing sugars produced by enzymatic hydrolysis 

พ ,ร -  weight o f initial solids, (the initial solid concentration was 2% w/v)

E x p e r im e n ts  w e r e  a ls o  p e r f o rm e d  u n d e r  o p t im u m  p r e t r e a tm e n t  c o n d i t io n s  fo r  
b o th  m ic r o w a v e  a n d  c o n v e c t io n a l  h e a t  p r e t r e a te d  t e c h n iq u e s  w i th  d i f f e r e n t  e n z y m e  
lo a d in g s  ( 5 - 3 0  F P U /g  o f  s o l id )  (F ig  2 .2 2 ) .T h e  r e s id u a l  c e l lu la s e  a c t iv i ty  o f  m ic ro -  
w a v e  p r e t r e a te d  B P S  s a m p le s  w a s  h ig h e r  th a n  th a t  o f  th e  c o n v e n t io n a l  h e a t  t r e a te d  
B P S . In  b r ie f ,  th e  r e s u l t s  o f  th is  s tu d y  c a n  s e rv e  f o r  f u r th e r  o p t im iz a t io n  o f  b io e th a 
n o l p r o d u c t io n  p r o c e s s  f ro m  l ig n o c e l lu lo s ic  b io m a s s .
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Enzyma loadings (FPU/g of solid)

Figure 2 .2 2  R e s id u a l  c e l lu la s e  a c t iv i ty  in  th e  l iq u id  p h a s e  a f te r  1 1 0  h  o f  e n z y m a tic  
h y d r o ly s is

2.7.3 Giant reed (A rundo donax)

Figure 2.23 G ia n t  r e e d  (Arundo donax)
( h t tp : / / l u i r i a .a l te r v i s ta .o r t i /c p m /a lb u m s /b o t - u n i t s 0 3 /a r u n d o -
d o n a x 8 6 0 6 . jp g )

G ia n t  r e e d  ( A ru n d o  d o n a x  L .)  (F ig  2 .2 3 ) ,  a  p e r e n n ia l ,  h e r b a c e o u s  rh iz o m a -  
to u s  c ro p  o f  P o a c e a c e  f a m i ly , w h ic h  o c c u r s  o v e r  a  w id e  r a n g e  o f  c l im a t ic  h a b ita ts ,  
w a s  u s e d  a s  s u b s tr a te  to  te s t  its  s u i ta b i l i ty  f o r  s e c o n d  g e n e r a t io n  e th a n o l  p ro d u c t io n . 
I t  is  n a t iv e  in  A s ia  a n d  c o u n t r ie s  s u r ro u n d in g  M e d i te r r a n e a n  S e a ; it h a s  a  C 3 p h o to 
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synthetic cycle, but its high rates o f  photosynthesis and productivity are similar to 
those o f  C4 species (Lewandowski e t  a l ,  2003). Normally, it uses for pulp production 
in some country. It is able to grow w ell on marginal and non-agricultural lands, and 
its raw material has carbohydrate content similar to those o f  agricultural residues, 
such as corn stover and wheat straw. Moreover, it has been recognized as very robust 
species with the potential to avoid competition with food crops for lands. The chem i
cal and energetic characterization o f  A r u n d o  d o n a x  is shown in Table 2.12, and lig- 
nocelluloses and lignin from Arundo donax was analyzed in data follow ing these ex
periments: ash determination and characterization by dispersive X-ray analysis, solu
bility, u v ,  FTIR, molecular weight determination (Oskar e t  a l ,  1989).

Table 2.12 Chemical and energetic characterization o f  A r u n d o  d o n a x  (Franscisco 
e t  a l ,  2010)

G lu c a n  K la so n H o lo c e llu lo s e X y la n A r a b a n A c e ty l H ig h e r H ig h e r
(% )  lig n in (% ) (% ) (% ) g r o u p h e a t in g h e a tin g

(% ) (% ) v a lu e v a lu e
(c o n s t a n t ( c o n s ta n t
v o lu m e ) v o lu m e )
c a l /g  o v e r c a l/g  (%
d r y  b a s is m o is tu r e )

A r u n d o  3 4 .8  2 3 .0 6 4 .5 19 .4 1.5 3 .4 4 5 7 3  (9 .1 ) 4 1 6 6  (8 .2 )
d o n a x (8 .9 % )
- Percentages relative to the raw material (100 kg dry mass). Average value of four replicated varia-
tion coefficient less than 2%.

Scordia e t  a l ,  (2011) studied the effect o f  temperature, reaction time, and 
dilute oxalic acid (OA) concentration during the steam-pretreatment o f  giant reed. 
The giant reed biomass was collected along the Tellaro torrent in Southern Italy. It 
was pretreated with stream and oxalic acid. The oxalic acid, dicarboxylic organic ac
ids, can hydrolyze [3-(l,4)-bonds more selectively than sulfuric acid. The basis for 
this is not really known, however, hem icellulolytic and cellulolytic enzym es catalyze 
hydrolysis through a general acid-base
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m e c h a n is m  m e d ia te d  b y  tw o  c a r b o x y l ic  a c id s ,  a n d  o x a l ic  a c id  w i th  its  tw o  p K a ’s 
m ig h t  m im ic  th is  r e a c t io n  th ro u g h  s im ila r  io n - p a ir  m e c h a n is m s .  In  p r e t r e a tm e n t  s te p , 
th e  e f f e c ts  o f  t e m p e r a tu r e  ( 1 7 0 - 1 9 0  ° C ) , a c id  lo a d in g  ( 2 - 1 0 %  พ /พ )  a n d  re a c t io n  
t im e  ( 1 5 - 4 0  m in )  w e re  h a n d le d  a s a  s in g le  p a r a m e te r ,  c o m b in e d  s e v e r i ty .  T h e n , th e  
p r e t r e a te d  g ia n t  r e e d  is  f o l lo w e d  b y  e n z y m a tic  h y d r o ly s is .

C o m b in e d  s e v e r i ty  p a r a m e te r  d e s c r ib e s  th e  e f f e c t  o f  p r e t r e a tm e n t  c o n d i t io n s ,  
h e r e in a f te r  r e f e r r e d  a s  c s , w a s  d e s c r ib e d  b y  C h u m  e t  a l . ,  ( 1 9 9 0 ) .

t  is  th e  t im e  ( m in ) ,  Tp is  th e  p r e t r e a tm e n t  t e m p e r a tu r e  ( ° C )
T refis  th e  r e f e r e n c e  t e m p e ra tu re
p H  w a s  m e a s u r e d  f ro m  th e  a m o u n t  o f  o x a l ic  a c id  a d d e d  b e f o r e  r e a c t io n .

T h e  c o m b in e d  s e v e r i ty  ( C S )  w a s  p lo t te d  a g a in s t  th e  r e s id u a l  h e m ic e l lu lo s ic  
a n d  c e l lu lo s ic  p o ly m e r s .  A t  h ig h  c o m b in e d  s e v e r i t ie s  d i lu te  o x a l ic  a c id  p r e tr e a tm e n t  
c a n  r e m o v e  h e m ic e l lu lo s e s  a n d  p r e p a r e  th e  s o l id  r e s id u e  f o r  e n z y m a t ic  h y d r o ly s is  
a n d  S S F . A f te r  th e  p r e t r e a tm e n t  s te p , th e  s im u l ta n e o u s  s a c c h a r i f ic a t io n  a n d  f e rm e n 
ta t io n  ( S S F ) , o f  th is  b io m a s s  w a s  te s te d  b y  tw o  d i f f e r e n t  y e a s t  s t r a in s ;  S c h e f f e r s o m y -  

c e s  ( P i c h i a )  s t i p i t i s  C B S  6 0 5 4 , w h ic h  is  a  n a t iv e  x y lo s e  a n d  c e l lo b io s e  fe rm e n te r ,  
a n d  S a c c h a r o m y c e s  c a r l s b e r g e n s i s  F P L - 4 5 0 , w h ic h  d o e s  n o t  f e r m e n t  x y lo s e  o r  c e l 
lo b io s e , a lo n g  w i th  c o m m e r c ia l  c e l lu lo ly t ic  e n z y m e s .  ร. c a r l s b e r g e n s i s  a t ta in e d  a  
m a x im u m  e th a n o l  c o n c e n t r a t io n  o f  1 5 .9  g/1 a f te r  4 8  h  a t  p H  5 .0 ,w h i le  ร. s t i p i t i s ,  a t 
th e  s a m e  c o n d i t io n ,  to o k  9 6  h  to  r e a c h  a  s im ila r  e th a n o l  v a lu e ;  in c r e a s in g  th e  p H  to
6 .0  r e d u c e d  th e  ร . s t ip i t i s  la g  p h a s e  a n d  a t t a in e d  1 8 .0  g/1 o f  e th a n o l  w i th in  7 2  h.

C a r b o h y d r a te  c o m p o s i t io n s  o f  th e  o r ig in a l  a n d  p r e t r e a te d  g ia n t  r e e d  s a m p le s  
w e r e  m e a s u r e d  b y  u s in g  a n  im p ro v e d  h ig h - p e r f o r m a n c e  a n io n  e x c h a n g e  c h r o m a to g 
r a p h y  ( IC S - 3 0 0 0 ,  D io n e x , S u n n y v a le ,  C a l i fo rn ia )  w i th  p u l s e d  a m p e r o m e tr ic  d e te c 
t io n  ( H P A E C - P A D ) , a c c o r d in g  to  th e  m e th o d  o f  D a v is  M W .,( 1 9 9 8 ) ,  a n d  m o n o m e r ic  
s u g a r  c o n c e n t r a t io n s  in  th e  h y d r o ly z a te  f r a c t io n  w e r e  d e te r m in e d  b y  H P L C  e q u ip p e d  
w ith  a  r e f r a c t io n  in d e x  d e te c to r .

M o re o v e r ,  S c o r d ia  e t  a l. (2 0 1 2 )  a ls o  e v a lu a te d  th e  c a p a c i ty  o f  ร. s t i p i t i s  

C B S 6 0 5 4 , a  n a t iv e  x y lo s e  f e rm e n t in g  y e a s t ,  to  p r o d u c e  e th a n o l  f ro m  s u g a rs  c o n 

Tp -  T re f  
1 4 .7 5
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ta in e d  in  th e  g ia n t  r e e d  (.Arundo donax) h e m ic e l lu lo s ic  h y d r o ly s a te .  S e v e r i ty  f a c to r  
a n d  o x a l ic  a c id  c o n c e n t r a t io n  r a n g in g  f ro m  2 .8 7  to  4 .0 5  a n d  f ro m  2  to  8 (%  พ  o x a lic  
a c id /w  s o l id  d ry  m a t te r ) ,  r e s p e c t iv e ly ,  w e r e  e m p lo y e d  to  m in im iz e  d e g r a d a t io n  p r o d 
u c ts  a n d  m a x im iz e  s u g a r  r e le a s e . H o w e v e r ,  a t  th e  o p t im u m  c o n d i t io n  fo r  s u g a r  r e 
le a s e  (4 3 .8  g/1), le v e ls  o f  to x ic  d e g ra d a t io n  p r o d u c ts  ( a c e t ic  a c id , fu r f u r a l ,  H M F  a n d  
p h e n o l ic  c o m p o u n d s )  w e r e  c o n s id e re d  to o  h ig h  f o r  y e a s t  f e rm e n ta t io n .  T h e  c o n d i t io n  
to  m in im iz e  d e g r a d a t io n  p r o d u c ts  a n d  m a x im iz e  s u g a r  y ie ld s  w a s  ju d g e d  to  b e  2 .8 7  
s e v e r i ty  f a c to r  a n d  5 .0 %  o x a lic  a c id  c o n c e n t r a t io n .  A t  th is  c o n d i t io n  2 6 .0  g/1 x y lo s e ,
5 .0  g/1 g lu c o s e  a n d  2 .4  g/1 a r a b in o s e  w e r e  r e c o v e r e d  in  g ia n t  r e e d  h y d r o ly s a te  f r a c 
t io n . In  f e r m e n ta t io n  a t  p H  6 .0  a f te r  4 8  h , 8 .2  g/1 o f  e th a n o l  w a s  o b ta in e d  w i th  e th a 
n o l y ie ld  o f  0 .3 3  ( g e/g s) a n d  a  p r o d u c t iv i ty  o f  0 .1 7  g / l* h .

2.7.4 Wild sugarcane or Kans grass (Saccharum  spon taneum )

Figure 2.24 W ild  s u g a rc a n e  o r  K a n s  g ra s s  (Saccharum spontaneum)
( h t tp : / / e n d iu i ta lk in m e n .k m n p .a o v . tw /e z F i l e s / l / 1 0 0 1 /p lu g in /o  k m n p /p i  
c tu r e s /7 5 /2 8 7 5 /b ig k m n p - s l id e - p la n t_ % 2 0 P o - 0 0 1 6 -0 0 0 1 .jp g )

W ild  s u g a rc a n e  o r  K a n s  g ra s s  (Saccharum spontaneum) ( F ig  2 .2 4 )  is  a  p e r 
e n n ia l  g r a s s  w i th  a  d e e p  r o o ts  a n d  r h iz o m e s  u p  to  6 m  in  h e ig h t .  I t is  b e l ie v e d  to  b e  a 
p r e d e c e s s o r  o f  th e  im p o r ta n t  s p e c ie s  ร . o f f i c in a r u m  L . ( c u l t iv a t e d  s u g a rc a n e ) .  It is 
w i ld  in  M e d i te r r a n e a n  a re a s  a n d  it  h a s  a d a p te d  to  l iv e  o v e r  a  w id e  r a n g e  o f  g ra s s la n d  
c l im a t ic  h a b i ta ts : f r o m  o r ie n ta l  A s ia  to  th e  s o u th e rn  r e g io n , in  th e  w a r m - te m p e r a te a r e  
a s  o f  A f r ic a  a n d  in  M e d i te r r a n e a n  r e g io n s  ( A u s t r a l ia n  G o v e r n m e n t ,2 0 0 4 )  w h i le  m is -

http://endiuitalkinmen.kmnp.aov.tw/ezFiles/l/1001/plugin/o
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c a n th u s , p e r e n n ia l  e n e r g y  c ro p  w h ic h  is  n a t iv e  to  s u b t r o p ic a l  a r e a s ,  e n c o u n te r s  d i f f i 
c u l ty  in  th e  M e d i te r r a n e a n  s e m i- a r id  e n v i r o n m e n t  b e c a u s e  o f  th e  d r y  s u m m e r  p e r io d  
( C o s e n t in o  et al., 2 0 0 7 ) . In  a d d i t io n , it is  th e  o n e  o f  th e  m o s t  d i s t r ib u te d  w e e d s  
w o r ld w id e  in fe s t in g  m il l io n s  o f  a c re s  la n d s , o f te n  c a u s in g  a b a n d o n m e n t  o f  a g r ic u l
tu ra l  f ie ld  ( C h a n d e l  et a l,  2 0 0 9 ) .

S a c c h a r u m  g e n u s  is  s im ila r  to  th e  M is c a n th u s  g e n u s . I t d i f f e r s  f ro m  th e  la t 
te r  b y  th e  d i f f e r e n t  d i s p o s i t io n s  o f  th e  s p ik e le ts  in  th e  b lo o m  a n d  th e  r a c h is  f ra g i l i ty  
( S c a l ly  et al., 1 9 9 7 ). B e s id e s ,  th e  c ro p  s h o w s  h ig h  a b o v e g r o u n d  b io m a s s  y ie ld ,  s ta r t 
in g  a f te r  th e  s e c o n d  y e a r  o f  e s ta b l is h m e n t ,  w h e re a s  th is  o c c u r s  o n ly  a f te r  th e  th ird  
y e a r  in  th e  M is c a n th u s  g e n u s  ( C o s e n t in o  et a l,  2 0 0 6 ) .  S u r p r is in g ly ,  it  r a r e ly  h a s  a  
p r e t r e a tm e n t  s tu d ie s  fo r  w i ld  s p e c ie s  o f  s a c c h a r u m  g e n u s  th a t  c a n  g r o w  in  m o re  a r id  
h a b i t a t  w h i le  s u g a rc a n e  ( s a c c h a r u m  h y b r id s )  is  s tu d ie d  in  v a r io u s  a s p e c ts .

S c o r d ia  et al. ( 2 0 1 0 )  e v a lu a te d  o x a l ic  a c id  a s  a  p r e t r e a tm e n t  fo r  b io c o n v e r 
s io n . O v e ra l l  s u g a r  y ie ld s ,  s u g a r  d e g r a d a t io n  p r o d u c ts ,  e n z y m a t ic g lu c a n  h y d r o ly s is  
a n d  e th a n o l  p r o d u c t io n  w e r e  s tu d ie d  a s  e f f e c ts  o f  t e m p e r a tu r e  ( 1 5 0 ° - 1 9 0  ° C ) , r e a c 
t io n  t im e  ( 1 0 ^ 1 0  m in ) ,  a n d  o x a l ic  a c id  (O A )  c o n c e n t r a t io n  2 - 8 %  ( พ /พ ) .  T im e  a n d  
te m p e r a tu r e  w e r e  c o m b in e d  in to  a  s in g le  p a r a m e te r ,  c a l l e d  S e v e r i ty  F a c to r  (S F )  [L o g  
(R o)] a n d  r e la te d  to  o x a l ic  a c id  u s in g  a  r e s p o n s e  s u r f a c e  m e th o d o lo g y .

S e v e r i ty  f a c to r (S F ) :  lo g ( R 0) =  Log f t  X e x p  ( r p rร ็'̂ ) ]

t  is  th e  t im e  ( m in ) ,  T  is  th e  p r e t r e a tm e n t  te m p e ra tu re  (°C )
Tref is  th e  r e f e r e n c e  te m p e r a tu r e ,  u s u a l ly  s e t  to  10 0  °c

C a r b o h y d r a te  c o m p o s i t io n s  o f  S a c c h a r u m  r a w  m a te r ia ls  a n d  d i lu te  O A  p r e tr e a te d  
s o l id  s a m p le s  w e r e  m e a s u r e d  b y  u s in g  a n  im p ro v e d  h ig h  p e r f o r m a n c e  a n io n  e x 
c h a n g e  c h r o m a to g r a p h y .  T h e  c o m p o s i t io n  is  s h o w n  in  T a b le  2 .1 3 .
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Table 2.13 R a w  m a te r ia l  c o m p o s i t io n  o f  Saccharum spontaneum L . s sp . A e g y p  
t ia c u m  ( พ น พ .)  H a c k  ( S c o r d ia  et al. , 2 0 1 0 ) .

C o m p o s it io n D r y  m a t te r 3 (% )
Glucan 36.81i0.13
Xylan 21.53±0.04
Galactan 0.72±0.01
Arabinan 2.16±0.01
Mannan 0.16±0.04
Rhamnan 0.14±0.01
Acetyl groups 3.68±0.00
Protiens 2.35±0.18
K. lignin 20.03±0.12
Ash 5.40±0.21
AL ash 1.2Ü0.09
aMean values and standard deviation of two determinations.

F ro m  c o m p o s i t io n  a n a ly s is ,  c a r b o h y d ra te  in  K a n s  g r a s s  c e l l  w a l l  a c c o u n ts  
fo r  6 1 .5 %  o f  to ta l  d r y  w e ig h t  ( td w )  w h ile  c e l lu lo s e  c o n s t i tu te s  th e  m a in  g lu c a n  f r a c 
t io n  (3 6 .8 % ) . T h e  m a in  s u g a rs  in  th e  h e m ic e l lu lo s e s  f r a c t io n  a re  a r a b in a n  a n d  x y la n  
w i th  2.1  a n d  2 1 .5 %  ( td w ) .

T h e  c o m p o s i t io n  o f  Saccharum spontaneum w a s  a ls o  d e te r m in e d  b y  C h e n -  
d e l. ( 2 0 0 9 )  u s in g  th e  T e c h n ic a l  A s s o c ia t io n  o f  P u lp  a n d  P a p e r  I n d u s tr ie s  m e th o d  
( T A P P I ,  A t la n ta ,  G e o rg ia ,  U S A ). It c o n ta in s  (o n  a  d r y  w e ig h t  b a s is ,  m g /g ) :  
4 5 .1 0 c e l lu lo s e ,  2 2 .7 5 h e m ic e l lu lo s e s ,  2 4 .5 6 1 ig n in , 4 .8 5  m o is tu r e  a n d  2 .6 4 a s h . T h e  
to ta l  c a r b o h y d r a te  c o n te n t  ( T C C )  p r e s e n t  in  th e  ร. spontaneumctW w a l l  w a s  6 7 .8 5  
m g /g  o f  d r y  w e ig h t  c o n s is ta n t  w i th  S c o rd ia  et al. ( 2 0 1 0 )  r e p o r t .T h e  le v e l o f  T C C  is 
c o m p a r a b le  to  th o s e  o f  o th e r  s u b s tr a te s  u s e d  fo r  b io e th a n o l  p r o d u c t io n ,  v iz . s u g a r  
c a n e  b a g a s s e  (6 3 ) ,  w h e a t  s t r a w  (5 4 ) , b i rc h  (7 3 ) , s p r u c e  ( 6 3 .2 ) ,  c o r n  s to v e r  ( 5 9 .9 ) ,a n d  
p o p la r  (5 8 .2  m g /g )  (C h a n d e l  et al., 2 0 0 7 a ) .

M o n o m e r ic  s u g a r  c o n c e n t r a t io n s  in  th e  h y d r o ly s a te  f r a c t io n  ( H F )  w e r e  d e 
te r m in e d  b y  H P L C  e q u ip p e d  w i th  a  r e f r a c t io n  in d e x  d e te c to r .  A  m u l t ip le  v a r ia n t  r e 
s p o n s e  s u r fa c e  a n a ly s is  fo r  to ta l  s u g a rs  w a s  c a r r ie d  o u t  to  o p t im iz e  th e  d i lu te -O A -  
p r e t r e a tm e n t  p r o c e s s  fo r  H F  f e rm e n ta t io n  (F ig  2 .2 5 ) .M a x im u m  to ta l  s u g a r  y ie ld  w a s
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a t ta in e d  a t  a  s e v e r i ty  f a c to r  (S F )  o f  2 .9 3  a n d  6 .7 9 %  ( พ /พ )  o x a l ic  a c id , w h i le  m a x i
m u m  f o rm a t io n  o f  s u g a r  d e g ra d a t io n  p r o d u c ts  w a s  o b s e r v e d  a t  th e  h ig h e s t  S F  (4 .0 5 )  
a n d  5 %  ( พ /พ )  o x a l ic  a c id .

In  s im u l ta n e o u s  s a c c h a r i f ic a t io n  a n d  f e r m e n ta t io n  ( S S F )  p r o c e s s ,  c o m m e r 
c ia l  c e l lu la s e s  a n d  S a c c h a r o m y c e s  c e r e v i s i a e  a t ta in e d  8 9 .9 %  g lu c a n  c o n v e r s io n  a n d
17 .8  g/1 e th a n o l  w h i le  P i c h i a  s t i p i t i s  C B S  6 0 5 4  f e rm e n te d  h e m ic e l lu lo s ic  h y d r o ly 
s a te s  f ro m  le s s  s e v e r e  c o n d i t io n s  to  e th a n o l  w i th  a  y ie ld  o f  0 .3 5  ( g e/g s).

Figure 2.25 P e r s p e c t iv e  p lo t  o f  th e  f i t te d  to ta l  s u g a r s  (g/1) r e s p o n s e  s u r fa c e  o f  se  
v e r i ty f a c to r  [L o g  (R 0 ) ]  v e r s u s  o x a l ic  a c id  c o n c e n t r a t io n  a f te r  d i lu te -  
O A - p r e t r e a tm e n t  o f  S a c c h a r u m  s p o n ta n e u m  L . s s p . a e g y p t ia c u m  
( W il ld . )  H a c k  ( S c o rd ia  e t  a l ,  2 0 1 0 ) .

E x c e p t  o x a l ic  a c id  p r e t r e a tm e n t  f o l lo w e d  b y  e m z y m a t ic  h y d r o ly s is ,  a c id  
h y d r o ly s is  o f  S a c c h a r u m  s p o n t a n e u m  w a s  s tu d ie d  b y  C h a n d e l  e t  a l ,  (2 0 1 1 ) .  In  th is  
s tu d y , ร . s p o n t a n e u m  w a s  c o l le c te d  f ro m  S a th e d i ,  M u z a f f a r n a g a r  D is t . ,  In d ia . D ry  
s te m  p ie c e s  in c lu d in g  l e a f  s h e a th  w e re  p r o c e s s e d  a n d  th e r m o c h e m ic a l ly  s a c c h a r i f ie d  
w i th  v a r y in g  c o n c e n t r a t io n s  o f  d i lu te  s u l fu r ic  a c id  [0 .7 5 % , 1 .5 0 %  ( v /v ) ] ,  a u to c la v e d  
u n d e r  p r e s s u r e  (1 5 , 2 0  a n d  2 5  p s i ) f o r  v a r y in g  t im e  p e r io d  r a n g e s  f ro m  15 to  6 0  m in  
u s in g  in i t ia l  s o l id  to  l iq u id  r a t io  o f  1 :1 0 .A  m a x im u m ( 3 5 .8 6 ± 2 .3 3  g /L )  to ta l  s u g a r  w a s  
r e le a s e d  w i th  1 .5 % H 2 S 0 4  in  15 m in  a t  2 5  p s i  (T a b le  2 .1 4 ) .
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Table 2.14 T o ta l  s u g a rs  a n d  f e rm e n ta t io n  in h ib i to r s  p r o f i l e  f ro m  a c id  h y d ro ly  
s a te s  o f  ร. spontaneum a t  d i f f e r e n t  p a r a m e te r s  ( C h a n d e l  et a l ,2 0 1 1 ) .

Autoclave pressure (psi) H2S04 ( % v /v ) Time (min) Total sucjars (g/L) Furfurals (g/L) Phenolics (g/L)
15 0.75 15 9.44 02 2 0.23 X 0.02 023 r  0.03

30 12.82 0.714 0.41 f  0 03 02 6 ! 0.04

45 15.02 T 0.75 0.53 -r 0.02 00 5 T  0.05

60 17.52 + 0.85 0.65 r  0 0 4 09 8 X  0.05

1.50 15 10.11 0.45 0.27 X 0 .01 0B 5 X 0.04

30 13.95 0.62 0.45 ±  0.02 0.95 * 0.04

45 16.02 t 0.0.75 0.60 X 00 3 108 : 0.06

60 18.25 0.94 0.72 r  0 .04 122 : 0.06

20 0.75 IS 12.25 ± 00 5 0.64 T  00 2 1.09 X  0.05

30 16.36 —0.004 0.74 X  00 3 121 X  0.07

45 19.76 ± 00 8 0.92 T 0 05 125 t  0.08

60 21.75 ± 1.10 1.21 X  0 0 7 1.46 X  0.07

1.50 15 15.10 00 8 0.84 X 0 0 5 121 X  0.06

30 18.25 * .96 1.02 X  0.06 121 : .08

45 22.35 3- 1.11 1.11 X  0.0 ; 108 X  0.07

60 20.91 * 1.16 1.31 X  0.06 225 X  0.10

25 0.75 15 20.62 ± 1.12 1.11 X  0.04 123 X 0 08

30 28.32 X 122 1.63 +  0.07 1.98 X  0.09

45 25.52 X 1.410 1.81 T 0.08 221 T  0.12

60 22.85 r 126 2.05 *  0 .09 225 X 0.15

1.50 IS 35.86 T  22 3 1.54 T  00610

o'NoQ

30 30.73 X  2 26 1.89 X  0.06 265  X  0.13

45 27.92 T 1.85 2.06 T 0 0 9 301 r  0.21

60 24.90 X  1.85 2.15 X  0 0 8 3.45 X  0.22

T h e  in s ig h t  s t r u c tu r e  d e v ia t io n  o f  Saccharum spontaneum in  th e  p r e t r e a t 
m e n t  p r o c e s s  w a s  r e v e a le d  u s in g  s c a n n in g  e le c t r o n  m ic r o s c o p ic  ( S E M ). I t  s h o w s  c e ll 
w a l l  d i s r u p t io n ,  u l t r a  s t r u c tu r e  a n d  s u r fa c e  p r o p e r t ie s  o f  n a t iv e  a n d  a c id ic  s a c c h a r i 
f ie d  ร. spontaneum (F ig . 2 .2 6 a  a n d  2 .2 6 b ) .  T h e  a n a to m y  o f  c h o p p e d  a n d  u n tr e a te d  ร . 
s p o n ta n e u m  w a s  e a s i ly  r e c o g n iz a b le ,  w i th  s h e a th  le a v e s  s u r r o u n d in g  th e  s t r a w  i t s e l f  
a s  th ic k - w a l le d  f ib e r  c e lls .
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Figure 2.26 S c a n n in g  e le c t ro n  m ic r o s c o p ic  ( S E M )  o b s e r v a t io n s  o f  s u b s tr a te  ร.
s p o n t a n e u m a ) N a t iv e  v ie w  o f  ร . s p o n ta n e u m  ( c o n t r o l /u n t r e a te d ) ,  re  
v e a l in g  c o m p a c t  a n a to m y  a n d  b )  A c id ic  p r e t r e a te d  ร . s p o n t a n e u m  a t 
2 5  p s i  p r e s s u r e  fo r  15 m in  w i th  1 .5 0 %  (v /v )  s u l fu r ic  a c id , s h o w in g  d e  
l ig n if ic a t io n  c a u s e d  b y  tr e a tm e n t .

C h a n d e l  e t  a l ,  (2 0 1 0 )  a ls o  a s s e s s e d  S S F  o f  a q u e o u s  a m m o n ia  p r e tr e a te d  ร. 
s p o n t a n e u m  w ith  th e r m o to le r a n t  ร. c e r e v i s i a e  V S 3 a n d  n a tu r a l ly  x y lo s e  f e rm e n t in g  p .  
s t i p i t i s  N C I M  3 4 9 8 . T h e  c e l lu la s e  e n z y m e  u s e d  f o r  s a c c h a r i f ic a t io n  w a s  p re -  
p a r e d f r o m  th e  c u l tu re  s u p e rn a ta n ts  o f  A s p e r g i l l u s  o r y z a e  M T C C 1 8 4 6 . D u r in g  S S F , 
p . s t i p i t i s ,  V S 3 a n d  m ix e d  c u l tu re  s h o w e d  e th a n o l  p r o d u c t io n  o f  1 5 .7 3 ± 0 .4 4  g/1 
( p ro d u c t iv i ty ,  0 .2 1 8 ± 0 .0 4  g / l /h ) , 1 4 .2 2 ± 0 .1 5  g/1 ( p ro d u c t iv i ty ,  0 .1 9 7 ± 0 .0 2  g / l /h ) , a n d  
1 7 .7 3 ± 0 .2 5  g / l ( p r o d u c t iv i ty ,  0 .2 4 6 ± 0 .0 2  g / l /h ) , r e s p e c t iv e ly .  In  a d d i t io n ,  th e  e n z y m e  
m ix tu r e  f ro m  T r ic h o d e r m a  r e e s e i  w a s  s tu d ie d  b y  K a ta r ia  a n d  G h o s h  ( 2 0 1 1 )  to  h y d r o 
ly z e  K a n s  g ra s s . M a x im u m  to ta l  s u g a r  w a s  fo u n d  to  b e  6 9 .0 8  m g /g  d r y  b io m a s s  w ith  
2 0  F P U /g  d r y  b io m a s s  o f  e n z y m e  d o s a g e . T h e s e  r e s e a r c h e s  s h o w  th e  p o s s ib i l i t ie s  fo r  
u s in g  S a c c h a r u m  s p o n t a n e u m  a s  a  f e e d s to c k  fo r  b io e th a n o l  p r o d u c t io n .

2.8 Biomass energy potential and research in Thailand
T h a i la n d  is  a  d e v e lo p in g  c o u n t ry  in  S o u th e a s t  A s ia ,  w i th  a  p o p u la t io n  o f  a p 

p r o x im a te ly  6 7  m i l l io n  in  2 0 0 7 .T h e  e c o n o m ic  g r o w th  a n d  th e  in e f f ic ie n t  e n e r g y  u t i 
l i z a t io n  in  T h a i la n d  a re  r e s p o n s ib le  fo r  th e  r is in g  e n e r g y  e la s t ic i ty .  A s  a  c o u n t ry  d e 
p e n d in g  o n  m o r e  th a n  5 0 %  o f  im p o r te d  e n e r g y ,  d e v e lo p m e n t  o f  a  r e n e w a b le  e n e r g y  
p r o g r a m  s u c h  a s  b io m a s s  e n e r g y  in  T h a i la n d ,  is  n e e d e d  to  r e d u c e  e n e r g y  s u p p ly  r is k  
a n d  to  c o n t r ib u te  to  g lo b a l  G F IG  e m is s io n  r e d u c t io n .  R e n e w a b le  e n e r g y  h a s  c o n tin u -
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o u s ly  c o n t r ib u te d  to  T h a i l a n d ’s e n e r g y  s u p p ly  a t  a  p o r t io n  o f  a r o u n d  1 7 % , b u ta l -  
m o s ta l l  r e n e w a b le  e n e r g y  u s e  is  f ro m  tr a d i t io n a l ly  b u r n in g  o f  f i r e w o o d , c h a rc o a l ,  a n d  
a g r ic u l tu ra l  w a s te s .  L e s s  th a n  1%  h a s  b e e n  c o n v e r te d  to  m o d e r n  f o rm s  o f  e n e rg y , 
s u c h  a s  e le c t r i c i ty ,  m e th a n e , a n d  l iq u id  b io fu e ls .  E n e r g y  s u p p ly  a n d  d e m a n d  a re  
s h o w n  in  T a b le  2 .1 5 .

Table 2.15 T h a i l a n d ’s e n e r g y  b a la n c e  in  2 0 0 8  ( in  k to e )  ( D e p a r tm e n t  o f  A l te r n a  
t iv e  E n e r g y  D e v e lo p m e n t  a n d  E f f ic ie n c y  ( D E D E ) )

Energy supply Components of energy demand
Coal and its 
products

Crude oil Natural gas Condeasate 
and NLG

Petroleum
products

Electricity Renewable
energy15

Total

Domestic production 4743 7318 24.969 3900 1577“ 20.188 62.695
Imports 10.02b 40.516 8261 884 237 43 59,967
Exports 47) ,2388) 109) !9009) (101 ) : 57) 11.7 11 !
Stock changes 225 3281 446.1 (39) 25 3046
Total primary energy supply 14.947 48.727 33.230 3345 (9204) 1713 20.199 112.957
Supply from secondary sources. 7203 1 48.727) ะ 30.077) 177 41254 9828 17954) 42.702

less own uses and losses'̂
Total final energy output 7744 3153 3522 32,050 1 1.541 12.245 70.255
Non energy uses 3522 843 4 365
Final energy consumption 7744 3153 31207 1 1,541 12.245 65.890
■* From hydro and other sources. 
b Excludes electricity generation.
' Includes supply from power and processing plants.

A c c o r d in g ly  g iv e n  th e  h ig h  a n d  r is in g  p r ic e  o f  o i l  s in c e  2 0 0 4 , th e  g o v e r n 
m e n t  h a s  b e c o m e  m o r e  a w a re  o f  th e  n e e d  to  p r o m o te  d o m e s t ic  r e n e w a b le  e n e rg y , 
p a r t i c u la r ly  b io m a s s  fu e l ,  in  o r d e r  to  r e d u c e  r e l ia n c e  o n  e n e r g y  im p o r t s  a n d  im p ro v e  
fu e l s e c u r i ty .  In  J a n u a r y  2 0 0 9 , th e  N a t io n a l  E n e r g y  P o l ic y  C o u n c i l  ( N E P C )  a p p ro v e d  
a  1 5 -y e a r  r e n e w a b le  e n e r g y  d e v e lo p m e n t  p la n  ( 2 0 0 8 - 2 0 2 2 )  w h ic h  is  c a te g o r iz e d  in to  
th re e  s ta g e s :  s h o r t ,  m e d iu m , a n d  lo n g  ru n s , a s  s h o w n  in  T a b le  2 .1 6 . T h e  p la n  fo c u s e s  
o n  in c re a s in g  d o m e s t ic  a l t e rn a t iv e  e n e r g y  u s e  to  r e p la c e  fo s s i l  fu e l im p o r ts  a n d  a  
r o a d m a p  w a s  d e v e lo p e d  to  p r o m o te  r a w  m a te r ia l / f e e d s to c k  f o r  e th a n o l  p r o d u c t io n ,  to  
in c re a s e  p r o d u c t io n  e f f ic ie n c y  o f  e th a n o l  f e e d s to c k s  a n d  to  in c re a s e  p la n t in g  a re a s  
f o r  e th a n o l  f e e d s to c k s .



58

Table 2.16 T a rg e ts  fo r  T h a i l a n d 's  1 5 -y e a r  r e n e w a b le  e n e r g y  d e v e lo p m e n t  p la n  
( D e p a r tm e n t  o f  A l te r n a t iv e  E n e r g y  D e v e lo p m e n t  a n d  E f f ic ie n c y  
(D E D E ) )

Forms ot Sources 2008 2011 2016 2022 Unit
energy

Existing Short
run

Medium
run

Long
run

1. Electricity Total 1750 3273 4191 5680 M W
Biomass-* 1610 2SQ0 3220 37(X) M W
Other 140 473 971 19 SO M W

2. Heat Total 3007 4150 5582 7433 ktoe
Biomass 2781 3660 5000 6760 ktoe
Other 226 490 582 673 ktoe

3. Bio liquid Total 725 2190 3591 4927 Million
fuel

Ethanol 328 1095 2263 3285
liters
Million

Biodiesel 397 1095 1328 1642
liters
Million

4. Compressed natural 28.236 144,540 217,540 251,850
liters
MMscf

gas
Targets: fossil tuel reduction 10,960 1 5,580 19.800 ktoe

-* In 2008 electricity generated from biomass was 1610 MW, with halt ot this 
amount sold to the national gnd.

B e c a u s e  o f  a g g re s s iv e  p o l ic ie s  o f  th e  T h a i  g o v e r n m e n t  in  r e d u c in g  fo re ig n  
o i l  im p o r t  a n d  in c re a s in g  d o m e s t ic  r e n e w a b le  e n e r g y  u t i l i z a t io n ,  p r o d u c t io n  a n d  c o n 
s u m p tio n  o f  b io f u e l  in  T h a i la n d  h a v e  c o n t in u e d  to  in c re a s e .

B io f u e ls  n o w a d a y s  a re  im p o r ta n t ly  a l t e rn a t iv e  fu e ls  fo r  t r a n s p o r t .  F ro m  
2 0 0 1  to  2 0 0 7 , th e  g lo b a l  a n n u a l  p r o d u c t io n  o f  b io - e th a n o l  a n d  b io d ie s e l  g r e w  b y  23  
a n d  4 3 % , r e s p e c t iv e ly .  In  T h a i la n d ,  th e  R o y a l  T h a i  G o v e r n m e n t  ( R T G )  h a s  p r o m o t
e d  b io f u e ls  fo r  t r a n s p o r t  to  r e d u c e  o i l  im p o r ts  a n d  s p u r  r u ra l  d e v e lo p m e n t  s in c e  
2 0 0 4 .B io - e th a n o l  d e r iv e d  f ro m  c a n e  m o la s s e s ,  c a s s a v a  a n d  s u g a r c a n e  h a s  b e e n  
s t r o n g ly  r e c e iv in g  a t t e n t io n  b y  th e  R T G  to  p a r t i a l ly  s u b s t i tu te  c o n v e n t io n a l  g a s o lin e . 
A l th o u g h  T h a i la n d  is  a n  a g r o - in d u s t r i a l  b a s e d  c o u n t ry  a n d  h a s  a  v a r ie ty  o f  c ro p s  fo r  
f i r s t  g e n e r a t io n  b io e th a n o l ,  o n ly  c a n e  m o la s s e s ,  c a s s a v a  a n d  s u g a r c a n e  ju ic e  a re  th e  
m a jo r  f e e d s to c k s  b e in g  p r o m o te d  fo r  th e  c o m m e r c ia l  e th a n o l  p la n t s  d u e  to  th e i r  s u r 
p lu s  a v a i la b i l i ty  a n d  th e i r  e c o n o m ic  a n d  te c h n ic a l  f e a s ib i l i ty .

T h e  a c tu a l  p r o d u c t io n  o f  e th a n o l  ( J a n u a r y  2 0 0 9 )  in  T h a i la n d  w a s  a t  1 .33  
m i l l io n  l i te r s  p e r  d a y . T h e  E n e r g y  M in is t ry  h a s  ta r g e te d  th e  u s e  o f  e th a n o l  a t  9 m il-
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l io n  l i te r s  p e r  d a y  in  2 0 2 3 . T h e  e x is te n c e  o f  e th a n o l  p l a n t  in  T h a i la n d  (2 0 0 9 )  is 
s h o w n  in  T a b le  2 .1 7 .

Table 2.17 E x is t in g  E th a n o l  P la n ts  in  T h a i la n d  ( J u n e  2 0 0 9 )
(www.dede.go.th/dede/fileadmin/upload/pictures eng/pdffile/Existing

E th a n o l_ P la n t .x ls )

C o m p a n y
I n s t a l le d
C a p a c i t y
( L /d a y )

F e e d s t o c k P r o v in c e C o m m e n c in g
D a te

1. P o m w ila i  In te rn a t io n a l 
G ro u p

2 5 .0 0 0 M o la s se s A y u d d h a y a O c t 03

2. T h a i A lc o h o l 2 0 0 .0 0 0 M o la s se s N a k h o n -P a th o m A u g  04
3. T h a i A g io  E n e rg y 150 0 0 0 M o la sse s S u p h a n b u ri J a n  05
4. T h a i N g u a n  E th a n o l 1 3 0 .0 00 C a ssa v a K lio n  K h a n A u g  05
5. K lio n  K h a n  A lc o h o l 150 0 0 0 S u g a rc a n e

M o la s se s
K lio n  K h a n Ja n  06

6. P e tro G re e n 2 0 0 .0 0 0 S u g a rc a n e
M o la s se s

C h a iy a p h o o m D ec 06

7. T h a i S u g a r  E th a n o l 1 0 0 .0 0 0 S u g a rc a n e
M o la s s e s

K a n c h a n a ln ir i A p r 07

ร. K I E th a n o l 10 0 .0 00 S u g a rc a n e
M o la s s e s

N a k lio n
R a tc h a s im a

Jim  07

9. P e tro G re e n 2 0 0 .0 0 0 S u g a rc a n e
M o la s s e s

K a la s e e n Ja n  OS

10. E k a ra t P a t ta n a 1 2 0 0 .0 0 0 M o la sse s N a k lio n s a w a n M a r OS
11. T h a i R u n g  R u a n g  E n e rg y 120 .000 S u g a rc a n e

M o la s se s
S a ra b u r i M a r  08

12. R a tc h a b u ri  E th a n o l 15 0 .0 00 C a ssa v a
M o la s se s

R a tc h a b u ri J a n  09

13. E S  P o w e r 1 5 0 .0 00 M o la s se s
C a ssa v a

S a k a e w Ja n  09

14 M a e s a w d  C le a n  E n e r s v 2 0 0 .0 0 0 S u g a rc a n e T a k M a y  09
15. S u p T h ip 20 0  00 0 C a ssa v a L o p b u n M a v  09
T o t a l 2 ,2 7 5 ,0 0 0
N o te :  1 Production for exporting. 95% purity

A lth o u g h  b io f u e l  e n e r g y  is  p r o m o te d  b y  T h a i  g o v e r n m e n t ,  th e  c u r r e n t  f e e d 
s to c k  fo r  b io e th a n o l  p r o d u c t io n  in  T h a i la n d  is  s t i l l  f o o d  c ro p s . T h e s e  r a w  m a te r ia ls  
c o m p e te  w i th  f o o d  c r o p s  d e m a n d , le a d in g  to  h ig h e r  o r  u n s ta b le  g lo b a l  a n d  r e g io n a l  
p r ic e s  ( O f f ic e  o f  A g r ic u l tu r a l  E c o n o m ic s ,  M in is t ry  o f  A g r ic u l tu r e ,  T h a i la n d ,  2 0 1 1 ) . 
T o  u t i l i z e  th e  n o n - fo o d  m a te r ia l  f o r  b io e th a n o l  p r o d u c t io n  in  T h a i la n d ,  m a n y  l ig n o -  
c e l lu lo s ic  m a te r ia ls  w e re  r e s e a rc h e d  fo r  lo w  c o s t , a b u n d a n t  a n d  e f f e c t iv e  f e e d s to c k

http://www.dede.go.th/dede/fileadmin/upload/pictures
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th a t  m a y  le a d  to  la rg e  s c a le  e th a n o l  p r o d u c t io n  in  th e  fu tu re .  A m o n g  l ig n o c e l lu lo s ic  
m a te r ia ls ,  th e  p e r e n n ia l  h e r b a c e o u s  e n e r g y  c r o p s  a r e  s tu d ie d ,  s u c h  a s  M is c a n th u s  
g ra s s ,  s w i tc h g ra s s ,  a n d  K a n s  g ra s s .

P e re n n ia l  h e r b a c e o u s  e n e r g y  c r o p s , w e ll  a d a p te d  to  th e  c l im a t ic  a n d  s o il 
c o n d i t io n s  o f  a  s p e c i f ic  a re a , c o u ld  r e d u c e  th e  r a w  m a te r ia l  c o s t  f o r  th is  te c h n o lo g y . 
O n c e  e s ta b l i s h e d ,  th e y  d o  n o t  r e q u i re  a n n u a l  r e s e e d in g  a n d  r e q u i r e  lo w e r  e n e r g y  in 
p u ts  o f  f e r t i l iz e r  a n d  p e s t ic id e  th a n  a n n u a ls  c r o p s  ( V e c c h ie t  a n d  J o d ic e . ,  1 9 9 6 ). T h e y  
h a v e  a  h ig h  p r o d u c t io n  o f  b io m a s s  th a t  m o s t  o f  th e m  h a v e  n o t  b e e n  c u l t iv a te d  fo r  b i 
o m a s s  p r o d u c t io n .  M o re o v e r ,  th e  k n o w le d g e  a b o u t  th e m  fo r  b io e th a n o l  c o n v e r s io n  is 
n o t  w e ll  k n o w n  a s  t r a d i t io n a l  a g r ic u l tu ra l  r e s id u e s .  In  T h a i la n d ,  m a n y  re s e a rc h  
g r o u p s  a ls o  s tu d y  in  b io e th a n o l  c o n v e r s io n  f ro m  h e r b a c e o u s  e n e r g y  c ro p s .

Purple guinea grass
P u r p le  g u in e a  g ra s s  (Panicum maximum c v . T D 5 3 )  is  o n e  o f  th e  p o p u la r  

fo ra g e  p la n t s  g r o w n  in  T h a i la n d . I t g iv e s  a  v e r y  h ig h  y ie ld ,  is  e a s y  to  h a r v e s t  a n d  
s e l f - g e n e r a te d  a f te r  h a r v e s t in g ,  r e s is ts  to  d r o u g h , a n d  g r o w s  w e l l  o n  v a r io u s  ty p e s  o f  
so i l . B io e th a n o l  c o n v e r s io n  o f  p u rp le  g u in e a  g r a s s  w a s  s tu d ie d  b y  R a ts a m e e  et al,
( 2 0 1 2 )  f ro m  a  D e p a r tm e n t  o f  M ic ro b io lo g y ,  F a c u l ty  o f  S c ie n c e , C h u la lo n g k o m  U n i
v e rs i ty .

R a ts a m e e  et al. ( 2 0 1 2 )  c o l le c te d  p u rp le  g u in e a  g r a s s  f ro m  th e  D e p a r tm e n t  o f  
L iv e s to c k  D e v e lo p m e n t ,  M in is t ry  o f  A g r ic u l tu r e ,  P a k c h o n g  d is t in c t ,  N a k o r n  
R a tc h a s im a  p r o v in c e ,  T h a i la n d . T h is  s a m p le  w a s  d e te r m in e d  c h e m ic a l  c o m p o s i t io n s  
b y  th e  T e c h n ic a l  A s s o c ia t io n  o f  P u lp  a n d  P a p e r  I n d u s t r y  m e th o d  ( T A P P I  1 9 8 8 ). T h e  
p u rp le  g u in e a  g ra s s  u s e d  in  th is  s tu d y  w a s  fo u n d  to  b e  c o m p o s e d  o f  4 1 .7 %  ( พ /พ ,D S )  
c e l lu lo s e ,  2 7 .1 %  ( พ /พ ,D S )  h e m ic e l lu lo s e s ,  a n d  1 0 .4 %  ( พ /พ , D S )  l ig n in . A f te r  c o m 
p o s i t io n  a n a ly s is ,  th e  p u rp le  g u in e a  g ra s s  w a s  t r e a te d  w i th  d i lu te  s u l fu r ic  a c id  (H2SO4) 

o r  c a lc iu m  h y d r o x id e  (Ca(OH)2) f o l lo w e d  b y  e n z y m a tic  h y d r o ly s is .
U n d e r  th e  o p t im u m  c o n d i t io n  fo r  th e  a c id  p r e t r e a tm e n t  ( 6 % (w /v )  lo a d in g  in  

3% (w /v )  H2SO4 a t 121 °c, 103.4 k P a  fo r  30 m in ) , 173 m g /g  DS r e d u c in g  s u g a r  w a s  
r e le a s e d  w h i le  1 1 0 .5  m g /g  DS w a s  r e le a s e d  a f te r  h y d r o ly s is  b y  c e l lu la s e  G C 2 2 0  (63  
F P U /g , DS) u n d e r  th e  o p t im u m  c o n d i t io n  fo r  a lk a l i  p r e t r e a tm e n t  ( 6 % (w /v )  lo a d in g  in
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4 %  (w /v )  C a ( 0 H ) 2  a t  121 °c, 1 0 3 .4  k P a  fo r  5 m in ) . R e d u c in g  s u g a r s  w e r e  q u a n t i f ie d  
u s in g  th e  S o m o g y i - N e ls o n  m e th o d  ( S o m o g y i 1 9 5 2 ) , a n d  g lu c o s e ,  x y lo s e  a n d  f iv e  
p r e t r e a tm e n t  b y p r o d u c ts  ( fu r fu ra l ,  h y d r o x y m e th y l  fu r f u r a l ,  4 - h y d r o x y b e n z a ld e h y d e ,  
s y r in g  a ld e h y d e  a n d  v a n i l l in )  w e re  a n a ly z e d  b y  H P L C . A l th o u g h  th e  q u a n t i ty  o f  r e 
d u c in g  s u g a r  f ro m  H 2 S O 4 p r e t r e a tm e n t  w a s  h ig h e r  th a n  C a ( O H ) 2  p r e t r e a tm e n t ,  th e  
le v e l  o f  g lu c o s e  r e le a s e d  f ro m  C a ( O H ) 2  - p r e t r e a t e d  p u rp le  g u in e a  g r a s s  w a s  s l ig h t ly  
h ig h e r  th a n  th a t  f ro m  d i lu te  H 2 S O 4  p r e t r e a tm e n t .  F e r m e n ta t io n  o f  th e  C a ( O H ) 2  p r e 
t r e a te d  p u rp le  g u in e a  g r a s s  (1 0 0 g  c o n ta in in g  4 1 .7  g  o f  c e l lu lo s e )  b y  th e  S H F  a n d  S S F  
m e th o d s  y ie ld e d  8 .7 6  a n d  7 .5 1  g  o f  e th a n o l  p e r  1 0 0  g  p r e t r e a te d  p u r p le  g u in e a  g ra s s  
a t  a  0 .0 5  L  s c a le  r e s p e c t iv e ly .  T h e  h ig h  e th a n o l  y ie ld  ( 9 6 %  th e o r e t ic a l  y ie ld )  a n d  
h ig h  c e l lu lo s e  c o n te n t  s h o w  th a t  th e  p u rp le  g u in e a  g ra s s  is  a ls o  a  p r o m is in g  h e r b a 
c e o u s  e n e r g y  c ro p  in  T h a i la n d .

Mis can thus Sin es is
Miscanthus sinesis is  w id ly  fo u n d  in  S o u th  E a s t  A s ia . I t w a s  s tu d ie d  to  h a v e  

a  g re a t  p o te n t ia l  a s  a n  e n e r g y  c ro p  fo r  e th a n o l  p r o d u c t io n .  R e le a s e  o f  m o n o m e r ic  
s u g a r  o f  M is c a n th u s  s in e s is  w a s  s tu d ie d  b y  B o o n m a n u m s in  et al. ( 2 0 1 2 )  f ro m  th e  
P e t r o le u m  a n d  P e t r o c h e m ic a l  C o lle g e , C h u la lo n g k o r n  U n iv e r s i ty .  T h e y  c o l le c te d  th e  
s a m p le  f ro m  C h a -C h u e n g - S a o  p ro v in c e , T h a i la n d . T h e  M. sinesis s a m p le  w a s  t r e a te d  
w i th  m ic r o w a v e - a s s i s te d  a m m o n iu m  h y d r o x id e  ( N H 4 O H )  f o l lo w e d  b y  p h o s p h o r ic  
a c id  ( H 3 P O 4 ). T h e  tw o  s ta g e  p r e t r e a tm e n t  w i th  1 .0 % (w /v )  N H 4 O H , 15:1 l iq u id - to -  
s o l id  r a t io  (L S R )  a t  12 0  °c fo r  15 m in , f o l lo w e d  b y  1 .7 8 % (v /v )  H 3P 0 4,1 5 :1  L S R  a t 

1 4 0  °c fo r  3 0  m in  p r o v id e d  th e  h ig h e s t  to to a l  m o n o m e r ic  s u g a r  y ie ld  o f  7 1 .6 g /1 0 0 g  
d r ie d  b io m a s s .  T h e  c h e m ic a l  c o m p o s i t io n  o f  M. Sinesis s a m p le  w a s  a n a ly z e d  b y  u s 
in g  th e  m e th o d  d e s c r ib e d  b y  L in  et a l , (2 0 1 0 )  a n d  th e  m o n o s a c c h a r id e s  w e re  m e a s 
u re d  u s in g  a  H P L C  w i th  p u ls e d  r e f r a c t iv e  in d e x  d e te c to r .

W e e d s
T h a i la n d  is  a  c o u n t ry  th a t  h a s  p la n t  d iv e r s i ty ,  in c lu d in g  v a r io u s  ty p e s  o f  

w e e d  d i s tu r b in g  th e  a g r ic u l tu re  in  th e  c o u n try . M a n y  ty p e s  o f  w e e d  w e r e  s c re e n e d  
th e  p o te n t ia l  a s  th e  r a w  m a te r ia ls  fo r  p r o d u c t io n  o f  b io f u e ls  b y  S u p a p o rn  et al. (2 0 0 3 )
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f ro m  D e p a r tm e n t  o f  B o ta n y , F a c u l ty  o f  S c ie n c e , C h u la lo n g k o r n  U n iv e r s i ty .  T h e  10 
w e e d  s a m p le s  w e r e  c o l le c te d  f ro m  8  p r o v in c e s  o f  T h a i la n d :  B a n g k o k ,  S a m u tp ra k a rn , 
C h o n b u r i ,  P a th u m th a n i ,  L u m p o o n , N a k o r n p a to m , C h a - C h u e n g - S a o ,  a n d  N a k o r n  
R a tc h a s im a .

T e n  s c re e n e d  w e e d s , th e  h e ig h t  m o re  th a n  1 m , c o n s i s t  o f  Coix aquatic, Im- 
perata cylindrical, Panicnm maximum, Pennisetum polystachyon, Pennisetum pur- 
pureum, Phragmites karka, Saccharum spontaneum, Sorghum propinquum, Thysa- 
nolaena maxima, a n d  Typha angustifolia. T h e  c h e m ic a l  c o m p o s i t io n s  o f  b io m a s s  
s a m p le s  w e r e  d e te r m in e d  b y  G o e r in g  a n  V a n  S o e s t  m e th o d  in  1 9 7 0  ( T a b le  2 .1 8 ) .

T a b l e  2 .1 8  C h e m ic a l  c o m p o s i t io n  a n d  s o u rc e  o f  10 s c r e e n e d  w e e d s  in  T h a i la n d  
( S u p a p o r n  et a l,  2 0 0 3 ) .

T y p e S o u r c e C o m p o s i t i o n  ( % ) *
C e l lu lo s e H e m i c e l lu lo s e L ig n in A s h

Coix aquatics. N a k o r n p a to m 3 3 .1 6 3 4 .2 1 6 . 0 0 7 .2 9
Imper at a cylindrical N a k o r n p a to m 37 .2 1 3 2 .2 3 8 . 2 1 6 .2 7
Panicum maximum C h o n b u r i 3 9 .3 9 2 8 .3 1 10 .6 5 8 .1 8
Pennisetum polystachyon P a th u m th a n i 3 8 .6 9 2 7 .4 6 1 0 .5 6 8 .4 6
Pennisetum purpureum N a k o r n p a to m 3 4 .6 0 2 8 .4 4 6 .8 4 1 0 .1 9
Phragmites karka S a m u tp ra k a rn 3 7 .8 3 3 0 .5 2 11 .03 7 .5 3
Saccharum spontaneum C h o n b u r i 4 2 .2 3 3 1 .9 1 8 .3 0 4 .9 5
Sorghum propinquum B a n g k o k 3 3 .8 1 3 0 .8 0 8 .1 5 8 .7 9
Thysanolaena maxima T u m p o o n 39 .8 1 2 6 .7 2 1 4 .4 4 5 .4 7
Typha angustifolia N a k o r n p a to m 3 2 .0 3 2 7 .6 6 1 0 . 2 2 11 .0 8

* r e la te  to  d r ie d  b io m a s s  w e ig h t

In pretreatment step, all biomass samples were cut and grinded. Then samples
were soaked with 10% (w/v) of 2:1 NaOH solutiomsample at 60 °c for 2 h. The
change in composition of the pretreated biomass is shown in Table 2.19.
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T a b l e  2 .1 9  C o m p a r i s o n  o f  th e  c h e m ic a l  c o m p o s i t io n  o f  th e  u n t r e a te d  a n d  th e  
N a O H - p r e t r e a te d  w e e d s .( S u p a p o r n  et al, 2 0 0 3 )

Type Cellulose content (%) % differ
ence

Hemicellulose content
(%)

% differ
ence

Lignin content (%) % differ
ence

untreated pretreated untreated pretreated untreated pretreated
Coix aquatica 33.16 64.53 94.60 34.21 13.85 59.51 6.00 4.32 28.00
Imperata
cylindrical

37.21 67.79 82.18 32.23 15.89 50.70 8.21 8.1 1.34

Panicum
maximum

39.39 68.27 73.32 28.31 11.98 57.68 10.65 10.43 2.07

Pennisetum
polystachyon

38.69 71.17 83.95 27.46 10.1 63.22 10.56 9.73 7.86

Permisetum
purpureum

34.60 67.71 95.69 28.44 1.84 44.30 6.84 8.09 -18.27

Phragmites
karka

37.83 64.48 70.45 30.52 13.13 56.98 11.03 12.39 -12.33

Saccharum
spontaneum

42.23 67.33 59.44 31.91 15.24 52.24 8.30 8.29 0.12

Sorghum
propinquum

33.81 65.48 93.73 30.80 14.11 54.19 8.15 6.49 20.37

Thysanolaena
maxima

39.81 60.48 51.92 26.72 17.38 34.96 14.44 12.43 13.92

Typha an- 
gustifolia

32.03 55.29 72.62 27.66 14.09 49.06 10.22 11.82 15.66

A f te r  a lk a l in e  p r e tr e a tm e n t ,  th e  p r e t r e a te d  w e e d s  w e r e  p r o d u c e d  e th a n o l  b y  
s im u l ta n e o u s  s a c c h a r i f ic a t io n  a n d  f e rm e n ta t io n  ( S S F )  p r o c e s s  u s in g  c e l lu la s e  e n 
z y m e  f ro m  Acrophialophora sp . U V 1 0 -2  a n d  f e rm e n te d  b y  h e a t  r e s i s ta n t  y e a s t  Kluy- 
veromyces marxianus N R R L  Y - l  109  a t  4 0  °c, p H  5 .0 . Coix aquatica g a v e  th e  h ig h 
e s t  e th a n o l  p r o d u c t io n  o f  4 .9  g/1 (0 .1 6  g / g  s u b s tr a te )  a m o n g  s c re e n e d  w e e d s . T h is  
r e s e a rc h  s h o w s  th e  p o s s ib i l i ty  fo r  w e e d  in  T h a i la n d  to  b e  b io f u e l  f e e d s to c k ,  h o w e v e r ,  
th e  p r e t r e a tm e n t  a n d  b io c o n v e r s io n  m e th o d  a re  n e e d e d  to  c o n t in u e  s tu d y in g  to  g e t 
h ig h  to ta l  r e d u c in g  s u g a r  a n d  e th a n o l  p r o d u c t io n  y ie ld .
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