
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Composition of Rice Straw

T h e  f ib e r  c o n c e n t r a t io n  o f  r ic e  s tr a w  w a s  e x a m in e d  b y  u s in g  th e  N e u tr a l  
D e te rg e n t  F ib e r  ( N D F ) ,  A c id  D e te rg e n t  F ib e r  ( A D F )  a n d  A c id  D ig e s t ib le  L ig n in  
(A D L )  p r o c e d u r e s  ( v a n  S o e s t  et al., 1 9 9 1 ). T h e  c o m p o s i t io n  d e te rm in a t io n  w a s  
d e te rm in e d  b y  th e  f o l lo w in g  e q u a tio n s :

A  n a t iv e  r ic e  s t r a w  in  th is  r e s e a rc h  c a m e  f ro m  s u r in  p r o v in c e  w h ic h  
c o n s is te d  o f  th e  m a in  c o m p o n e n t  o f  c e l lu lo s e  ( 4 9 .5 6 % )  a n d  h e m ic e l lu lo s e  ( 2 1 .2 2 % )  
a s  s h o w n  in  T a b le  4 .1 .  F ro m  th e s e  tw o  m a in  c o m p o n e n ts ,  i t  c o u ld  b e  u s e d  to  
e x a m in e  th e  th e o r e t ic a l  m a x im u m  o f  to ta l  s u g a r  c o n c e n t r a t io n  f r o m  th e  e q u a t io n  as 
s h o w n  b e lo w :

Theoretical maximum of total sugar concentration = (1.11 X cellulose) + (1.136 X hemicellulose) (4 .4 )

W h e re  1 .1 1 1  w a s  th e  f a c to r  th a t  c o n v e r te d  c e l lu lo s e  to  e q u iv a le n t  g lu c o s e  a n d  1 .1 3 6  
w a s  th e  f a c to r  th a t  c o n v e r te d  h e m ic e l lu lo s e  to  e q u iv a le n t  x y lo s e  ( C h e n g  et al., 2 0 1 1 ) .

F r o m  th is  e q u a t io n ,  7 9 .1 7 %  o f  r ic e  s tr a w  h a s  b e e n  c o n v e r te d  to  s u g a r . W h e n  
u s in g  3 0  g /L  o f  s u b s t r a te  s o lu t io n  w h ic h  w a s  c a lc u la te d  b y  th e  r a t io  o f  r ic e  s t r a w  (g )  
a n d  v o lu m e  o f  s o d iu m  c i t r a t e  b u f f e r  (L ) , th e  m a x im u m  to ta l  s u g a r  c o n c e n t r a t io n  w a s  
2 3 .7 5  g /L .

N D F  =  C e l lu lo s e  +  H e m ic e l lu lo s e  +  L ig n in  
A D F  =  C e l lu lo s e  +  L ig n in  
A D L  =  L ig n in

(4 .1 )
(4 .2 )
(4 .3 )
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Table 4.1 Composition of untreated rice straw

Composition Percentage
C e l lu lo s e 4 9 .5 6
H e m ic e l lu lo s e 2 1 . 2 2

A c id  d e te rg e n t  l ig n in 3 .2 7
E x t r a c t iv e 7 .5 3
O th e r s  ( a c id  s o lu b le  l ig n in , p r o te in  a n d  a sh ) 1 8 .4 2

4.2 Optimization oT the Total Sugar Concentration using Response Surface 
Methodology (RSM)

T h e  c h e m ic a l  p r e t r e a tm e n t  o f  r ic e  s t r a w  w h ic h  u s e d  a q u e o u s - [ E M IM ][ A c ]  
c o m b in e d  w i th  m ic r o w a v e  te c h n o lo g y  g a v e  th e  f e rm e n ta b le  s u g a r ,  a s  s h o w n  in  T a b le
4 .2 . T h e  r e s u l t s  s h o w e d  th a t  g lu c o s e  c o n c e n t r a t io n  w a s  d e r iv e d  in  th e  r a n g e  o f  1 1 .8 1 -  
1 7 .8 3  g /L  w h ile -x y lo s e  c o n c e n t r a t io n s  w a s  o b ta in e d  b e g in n in g  f r o m  2 .9 1  to  4 .0 6  g /L . 
F ro m  a ll  p r e t r e a tm e n t  c o n d i t io n s ,  th e  h y d r o ly s a te  f ro m  p r e tr e a te d  r ic e  s tr a w  a t 5 0 %  
[ E M IM ][ A c ] ,  a t  160  ° c  f o r  55  m in  g a v e  th e  h ig h e s t  g lu c o s e  a n d  to ta l s u g a r  
c o n c e n t r a t io n .  In  th is  c o n d i t io n ,  g lu c o s e , x y lo s e  a n d  to ta l  s u g a r  c o n c e n t r a t io n  w e re  
1 7 .8 3 , 3 .3 0  a n d  2 1 .1 3 g /L ,  r e s p e c t iv e ly .  H o w e v e r ,  w h e n  u s in g  r e s p o n s e  s u r fa c e  
m e th o d o lo g y  ( R S M )  w i th  a  fu ll th re e - le v e l  f a c to r ia l  d e s ig n s  to  e x a m in e  th e  o p tim a l 
c o n d i t io n ,  th e  th r e e - d im e n s io n a l  r e s p o n s e  s u r fa c e  in  F ig u r e  4.1 a n d  tw o - d im e n s io n a l  
c o n to u r  p lo t s  f o r  th e  c o n c e n t r a t io n  o f  to ta l  s u g a r  in  F ig u r e  4 .2  c o u ld  n o t  s h o w  th e  
c le a r  o p t im a l  c o n d i t io n  w h ic h  w a s  o u ts id e  th e  e x p e r im e n t  r e g io n .  H o w e v e r ,  th is  
m o d e l  c o u ld  p r e d ic t  th e  o p t im a l  c o n d i t io n  f ro m  th e  tr e n d  o f  r e d u c in g  s u g a r  
c o n c e n t r a t io n  a n d  p r o v id e d  th e  p o ly n o m ia l  e q u a t io n  f ro m  th e  f o l lo w in g :

Y, =  1 9 .7 6 4 6  +  2 .3 9 5 8 x 1  +  1 .1 1 6 5 x 2 -  l.iooix!2-  1 .6 9 5 3 x 22 + 0 .6 3  x lX 2 (4 .5 )

Where Yi was the total sugar concentration (g/L), X] was the pretreatment
temperature (°C) and x2 was the pretreatment time (min).
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F ro m  th is  e q u a t io n ,  w h e n  a p p ly  th e  p a r t i a l  d e r iv a t iv e s  to  z e r o  w i th  r e s p e c t  to  
th e  c o r r e s p o n d in g  v a r ia b le s ,  th e  m a x im u m  to ta l  s u g a r  c o n c e n t r a t io n  o f  2 1 .5 8  g /L  w a s  
d e r iv e d  w h e n  r ic e  s t r a w  w a s  p r e tr e a te d  a t  5 0 %  [E M IM ][ A c ] ,  a t 16 2  ° c  fo r  4 8  m in  
w h ic h  w a s  9 0 .8 6 %  o f  th e o r e t ic a l  y ie ld  ( s u g a r  c o n c e n t r a t io n  /  m a x im u m  to ta l s u g a r  
c o n c e n t r a t io n ) .

Table 4.2 E x p e r im e n ta l  d e s ig n  a n d  r e s u lts  o f  th e  c e n tra l  c o m p o s i te  d e s ig n  o f  
A q u e o u s - [E M I M ]  [ A c ] /M ic ro w a v e  p r e t r e a tm e n t

Run Temp
(°C)

Time
(min)

Glucose
(g/L)

Xylose
'(g/L)

Total sugar 
(g/L)

1 14 0 - 2 5 1 2 .1 8 2 .9 1 1 5 .0 9  ะ1 1.15

2 14 0 4 0 1 1 .4 7 3 .5 7 1 5 .0 4  ± 0 . 1 9

3 14 0 55 1 1 .8 2 3 .4 6 1 5 .2 8  ± 1 .1 8

4 15 0 2 5 11 .81 'ฯ oว. วว 1 5 .1 4  ± 0 .6 8

5 1 5 0 4 0 1 6 .0 7 3 .7 2 1 9 .8 0  ± 2 .8 5

6 1 5 0 5 5 1 4 .8 9 4 .0 6 1 8 .9 5  ±  1 .18

7 1 6 0 2 5 1 7 .1 2 3 .5 7 2 0 .6 9  ± 3 .2 1

8 1 6 0 4 0 1 6 .5 4 3 .7 0 2 0 .2 4  ±  0 .3 5

9 16 0 55 1 7 .8 3 3 .3 0 2 1 .1 3  ±  0 .3 2
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Figure 4.1 R e s p o n s e  s u r fa c e  f o r  to ta l  s u g a r  c o n c e n t r a t io n :  e f fe c ts  o f  te m p e ra tu re  
a n d  t im e .

140 14Ç ISO 155 160
Temperature (•C)

Figure 4.2 C o n to u r  p lo t s  f o r  to ta l  s u g a r  c o n c e n t r a t io n :  e f f e c ts  o f  te m p e r a tu r e  a n d  
t im e .

4.3 Confirmation of Total Sugar Concentration from Response Surface 
Methodology (RSM)

Table 4.3 C o m p a r i s o n  o f  th e o r e t ic a l  a n d  a c tu a l to ta l  s u g a r  c o n c e n t r a t io n

M e th o d s C o n c e n t r a t io n  (g /L )
T o ta l  s u g a r  c o n c e n t r a t io n  f ro m  R S M 2 1 .5 8
A c tu a l  to ta l  s u g a r  c o n c e n t r a t io n 1 9 .5 9
%  E r r o r 9 .2 4
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F ro m  u s in g  r e s p o n s e  s u r f a c e  m e th o d o lo g y  (R S M )  to  d e te rm in e  to ta l  su g a r  
c o n c e n t r a t io n ,  th e  o p t im a l  c o n d i t io n  o f  r ic e  s t r a w  p r e t r e a tm e n t  a t 16 2  ° c  fo r  
4 8  m in  p r o v id e d  2 1 .5 8  g /L  o f  to ta l  s u g a r  c o n c e n t r a t io n .  H o w e v e r ,  f ro m  T a b le  4 .3 , 
1 9 .5 9  g /L  c a n  b e  p r o d u c e d  in  th e  a c tu a l  p r e t r e a tm e n t  a t  th is  c o n d i t io n  th a t  w a s  a 
9 .2 4 %  e r r o r  o f  th is  m o d e l  to  e x a m in e  th e  to ta l  s u g a r  c o n c e n t r a t io n .

4.4 Comparison of Chemical Pretreatment Method of Rice Straw

In  th is  s tu d y ,  th e  o p t im a l  c o n d i t io n  o f  io n ic  l iq u id  p r e t r e a tm e n t  o f  r ic e  s tra w  
h a s  b e e n  c o m p a r e d  to  o th e r  c h e m ic a l  p r e t r e a tm e n t  m e th o d s  w h ic h  w e re  a lk a l i  a n d  
a c id  p r e t r e a tm e n t s .  F o r  a lk a l i  p r e t r e a tm e n t ,  r ic e  s t r a w  w a s  p r e t r e a te d  b y  0 .5 %  (พ /พ )  
c o n c e n t r a t io n  o f  N a O H  a t 14 0  ๐c  f o r  15 m in  w h ic h  w a s  r e p o r te d  a s  th e  o p tim a l 
c o n d i t io n  o f  a lk a l i  p r e t r e a tm e n t  ( C h e n g  et al., 2 0 1 1 )  w h ile  p r e t r e a tm e n t  c o n d i t io n  o f  
2 %  ( พ /พ )  c o n c e n t r a t io n  o f  H N O 3 a t 100  ° c  fo r  7 m in  g a v e  th e  m a x im u m  
f e r m e n ta b le  s u g a r  f o r  a c id  p r e t r e a tm e n t  o f  r ic e  s t r a w  ( C h i t t ib a b u  et ai, 2 0 1 2  ).

4 .4 .1  T o ta l  S u g a r  C o n c e n t r a t io n

A f te r  p r e t r e a tm e n t ,  p r e t r e a te d  r i c e  s t r a w  b y  d i f f e r e n t  m e th o d s  w e re  
h y d r o ly z e d  b y  c e l lu la s e  e n z y m e  a t  5 0  ๐c  fo r  7 2  h  a n d  th e  to ta l  s u g a r  c o n c e n t ra t io n s  
w e r e  m e a s u r e d  b y  H P L C . F ro m  T a b le  4 .4 , th e  r e s u l t s  s h o w e d  th a t  th e  c o n d i t io n  o f
0 .5 %  N a O H , a t  1 4 0  ° c  fo r  15 m in  p r e s e n te d  th e  h ig h e s t  s u g a r  c o n c e n t r a t io n  o f  
2 2 .3 2  g /L  a n d  th e  f o l lo w in g  w a s  c o n d i t io n  o f  5 0 %  [ E M lM ] [ A c ] ,  a t 16 2  ° c  fo r  4 8  
m in  w h ic h  g a v e  th e  1 9 .5 9  g /L  o f  to ta l  s u g a r  c o n c e n t r a t io n ,  b e in g  h ig h e r  a m o u n t  o f  
s u g a r  th a n  2 %  H N O 3 p r e t r e a tm e n t  a n d  u n tr e a te d  r ic e  s tr a w  w h ic h  w e r e  5 .4 7  g /L  an d  
4 .8 4  g /L , r e s p e c t iv e ly .
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Table 4.4 C o m p a r i s o n  o f  to ta l  su g a r  
p r e t r e a tm e n t  m e th o d s

c o n c e n t r a t io n  b y  d i f f e r e n t  c h e m ic a l

M e th o d s T o ta l  s u g a r  c o n c e n t r a t io n  (g /L )
U n tr e a te d 4 .8 4  ± 0 . 1 0
5 0 %  [ E M I M ] [ A c ] ,  a t  1 6 2  ° c  fo r  4 8  m in 1 9 .5 9  ±  1 .0 7
0 .5 %  N a O H , a t  1 4 0  ° c  f o r  15 m in 2 2 .3 2  ±  1.31
2 %  H N 0 3, a t  10 0  ° c  fo r  7 m in 5 .4 7  ± 0 . 6 9

4 .4 .2  C r y s ta l l in i ty  I n d e x  b y  X - R a y  D i f f r a c t io n
T h e  d i f f e r e n t  to ta l  s u g a r  c o n c e n t r a t io n  o f  th r e e  c h e m ic a l  p r e t r e a te d  

r ic e  s t r a w  c a n  b e  in d ic a te d  th a t  s t r u c tu r e  c h a n g e s  o f  e a c h  p r e t r e a te d  s a m p le s  w o u ld  
o c c u r . T h e r e f o r e ,  th e  a n a ly s is  o f  u n tr e a te d  a n d  p r e t r e a te d  r ic e  s t r a w  w a s  r e q u ire d . 
C r y s ta l l in i ty  in d e x  o f  b io m a s s  w h ic h  c a n  b e  p r o v id e d  b y  X - R a y  D i f f r a c t io n  
A n a ly z e r  ( X R D )  w a s  u s e d  to  d e s c r ib e  th e  r e la t iv e  a m o u n t  o f  c r y s ta l l in e  m a te r ia l  in  
c e l lu lo s e  a n d  to  in te r p r e t  c h a n g e s  in  c e l lu lo s e  s t r u c tu r e  ( P a r k  et al, 2 0 1 0 ) .  T h e  
c r y s ta l l in i ty  in d e x  c a n  b e  e x a m in e d  b y  f o l lo w in g  e q u a t io n :

CrI =  - 002 ^ -a'',ô “ -- X 1 0 0 %  (4 .3 )
ho2

w h e re , I 0 0 2  is  th e  in te n s i ty  fo r  th e  c ry s ta l l in e  p o r t io n  o f  b io m a s s  ( i .e .,  c e l lu lo s e )  a t 
a b o u t  2 0  =  2 2 .5 °  a n d  Iamorphous is th e  p e a k  fo r  th e  a m o r p h o u s  p o r t io n  ( i .e .,  c e l lu lo s e , 
h e m ic e l lu lo s e ,  a n d  l ig n in )  a t  a b o u t  2 0  =  18 .6 ° .

T h e  X R D  p ro f i le s  o f  u n tr e a te d  a n d  p r e t r e a te d  r ic e  s t r a w  a re  s h o w n  in  
F ig u re  4 .3  a n d  th e  c r y s ta l l in i ty  in d e x  o f  s a m p le s  o b ta in e d  f ro m  X R D  p a t te r n s  a re  
s h o w n  in  T a b le  4 .5 .
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-Figure 4 .3  X R D  p a t te r n s  o f  u n t r e a te d  r ic e  s t r a w  (A ) , p r e t r e a te d  r ic e  s t r a w  b y  
0 .5 % N a O H  (B ) , 2 % H N 0 3 (C )  a n d  5 0 %  [E M IM ][A c ]  (D ).

F ro m  th e  p ro f i le ,  th e  n a t iv e  c e l lu lo s e  w a s  o b ta in e d  tw o  m a in  p e a k s  at 
15° a n d  2 2 .5 °  c o r r e s p o n d in g  to  101 a n d  0 0 2  p la n e s  o f  c r y s ta l l in e  p o r t io n  o f  c e l lu lo s e  
w h ile  a m o r p h o u s  p o r t io n  w a s  s h o w n  a t 1 8 .6 °  a n d  th e  c r y s ta l l in i ty  in d e x  w a s  f o u n d  to  
b e  4 4 .0 3 %  w h ic h  w a s  le s s  c o m p a re d  to  o th e r  p r e t r e a te d  s a m p le s .  A f te r  p r e t r e a tm e n t ,  
th e  in te n s i ty  o f  c r y s ta l l in e  p e a k  in c r e a s e d  s ig n if ic a n t ly  a t  2  th e ta = 2 2 .5 c a n d  s l ig h t ly  
in c re a s e d  a t  2 th e ta = 1 5 ° ,  le a d in g  to  a n  in c re s e  o f  c r y s ta l l in i ty  o f  c e l lu lo s e .  T h e  
c r y s ta l l in i ty  o f  N a O H  a n d  H N O 3 w e r e  o b s e rv e d  to  b e  5 6 .5 4 %  a n d  5 0 .9 9 % , 
r e s p e c t iv e ly .  T h e  in c r e a s e d  c r y s ta l l in i ty  in  a lk a l i  a n d  a c id  p r e t r e a te d  r ic e  s tr a w  
s h o w e d  th e  s im ila r  r e s u l t s  to  R a h n a m a  et al, 2 0 1 3  w h o  f o u n d  a  r i s e  o f  c r y s ta l l in t iy  
f ro m  5 0 .8 1 %  in  u n tr e a te d  r ic e  s t r a w  to  6 2 .4 1 %  in  N a O H  p r e t r e a te d  r ic e  s t r a w  a n d  
H su  et al, 2 0 1 0  p r e s e n te d  th e  c r y s ta l l in i ty  o f  r ic e  s t r a w  a f te r  H 2 S O 4 p r e t r e a tm e n t  
in c re a s e d  f ro m  5 7 %  in  u n t r e a te d  s a m p le  to  th e  r a n g e  f ro m  5 8 %  to  6 5 %  d e p e n d in g  o n  
th e  in c r e a s e d  o f  p r e t r e a tm e n t  te m p e r a tu r e  f ro m  16 0  °c to  1 8 0  °c. H o w e v e r ,  th e  
c o n tr a s t  r e s u l t s  o f  a q u e o u s - [E M 1 M ]  [A c ]  p re t r e a te d  r ic e  s tr a w  w a s  s h o w n , c o m p a re d  
to  th e  o th e r  s tu d ie s  th a t  fo u n d  th e  d e c r e a s e  o f  c r y s ta l l in i ty  a f te r  u s in g  io n ic  l iq u id  
p r e tr e a tm e n t .  W e e ra c h a n c h a i  et al, 2 0 1 2  s h o w e d  th e  d e c r e a s e  o f  c r y s ta l l in i ty  o f  r ic e  
s tra w  a f te r  in c re a s in g  th e  p r e t r e a tm e n t  te m p e ra tu re  b u t  th e  in c r e a s e  o f  c r y s ta l l in i ty  
w a s  o b s e r v e d  w h e n  p r e t r e a tm e n t  te m p e r a tu r e  w a s  1 8 0  ๐c .  In  th is  te m p e r a tu r e ,  th e  
lo w  s u g a r  c o n v e r s io n  w a s  f o u n d  d u e  to  th e  d e c o m p o s i t io n  o f  r ic e  s t r a w  to  b io c h a r . 
N e v e r th e le s s ,  th e  p r e t r e a tm e n t  o f  r ic e  s tra w  a t 1 6 2  ° c  4 8  m in  g a v e  o n ly  h ig h
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c r y s ta l l in ty  b u t  n o t  p r e s e n te d  th e  lo w  s u g a r  c o n v e r s io n ,  it  c a n  b e  in d ic a te d  th a t  
a q u e o u s - [ E M I M ] [ A c ]  p r e tr e a te d  r ic e  s t r a w  h a s  n o t  d e c o m p o s e  to  b io c h a r .  T h e  
in c re a s e  o f  c r y s ta l l in e  p o r t io n  o f  r ic e  s t r a w  a f te r  p r e t r e a tm e n t  c o u ld  b e  p o s s ib le  d u e  
to  th e  r e m o v a l  o f  a m o r p h o u s  s t r u c tu r e  s u r ro u n d in g  th e  c e l lu lo s e  w h ic h  a re  l ig n in  a n d  
h e m ic e l lu lo s e  le a d in g  to  a n  e x p o s u r e  o f  th e  c r y s ta l l in e  p o r t io n  o f  c e l lu lo s e . A  
d o m in a n t  o f  c e l lu lo s e  in  p r e t r e a te d  r ic e  s tr a w  c a n  im p o r o v e  th e  e n z y m e  a c c e s s ib i l i ty  
le a d in g  to  a n  e n h a n c e m e n t  o f  h y d r o ly s is  r a te  a n d  s u g a r  c o n v e r s io n  ( B a k  et al, 2 0 0 9 ) .

Table 4.5 C r y s ta l l in i ty  in d e x  o f  r ic e  s t r a w  b e fo re  a n d  a f te r  p r e t r e a tm e n t

R ic e  s t r a w  s a m p le s C r y s ta l l in i ty  in d e x
U n tr e a te d 4 4 .0 3
5 0 %  ( พ /พ )  [ E M I M ] [ A c ] ,  a t  16 2  ° c  f o r  4 8  m in 4 6 .6 9
0 .5 %  ( พ /พ )  N a O H , a t  1 4 0  ° c  fo r  15 m in 5 6 .5 4
2 %  ( พ /พ )  H N Ü 3 . a t  1 0 0  ° c  fo r  7 m in 5 0 .9 9

4 .4 .3  C r y s ta l l in i ty  In d e x  a n d  F u n c tio n a l  G r o u p  b y  F o u r ie r  T ra n s fo rm  
I n f r a r e d  S p e c t ro s c o p y
T h e  F T IR  p ro f i le s  o f  u n tr e a te d  a n d  p r e t r e a te d  r ic e  s t r a w  a re  s h o w n  in  

F ig u re  4 .4  a n d  th e  c r y s ta l l in i ty  in d e x  o b ta in e d  f ro m  F T I R  w e re  s h o w n  in  T a b le  4 .6 . 
T h e  to ta l  c r y s ta l l in i ty  in d e x  (T C I)  w a s  c a lc u la te d  b y  th e  a b s o r b a n c e  ra t io  o f  13 73  
c m " 1 a n d  2 9 0 0  c m " 1 ( N e ls o n  a n d  O 'C o n n o r ,  1 9 6 4 ). T h e  r e s u l t s  s h o w e d  th a t  th e  
c r y s ta l l in i ty  in d e x  o f  p r e t r e a te d  r ic e  s t r a w  p re s e n te d  th e  h ig h e r  v a lu e  th a n  u n tr e a te d  
s a m p le  s u p p o r t in g  th e  r e s u l t s  o f  X R D . M o re o v e r ,  u n t r e a te d  r ic e  s t r a w  s h o w e d  th e  
s h a rp  p e a k  a t  th e  a b s o r b a n c e  b a n d  lo c a te d  a t 1 5 1 6  a n d  1 6 3 9  c m " 1 b u t  p r e s e n te d  th e  
s m a lle r  b a n d  a n d  b ro a d  p e a k  a f te r  u s in g  th re e  c h e m ic a l  p r e t r e a tm e n ts .  T h e s e  tw o  
a b s o rp t io n  b a n d s  c o r r e s p o n d e d  to  a r o m a t ic  C - 0  s t r e tc h in g  m o d e  f o r  l ig n in  (S te w a r t  
et al, 1 9 9 5 )  a n d  d o u b le t  p h e n o l ic s  o f  r e m a in e d  l ig n in  ( S e n e  et al, 1 9 9 4 ), r e s p e c tiv e ly . 
T h e  d e c r e a s e  o f  th e s e  b a n d s  a f te r  p r e t r e a tm e n t  p r o v id e d  th e  r e m o v a l  o f  l ig n in  in  th e  
c o m p o s i t io n  o f  r ic e  s tr a w . W h e re a s  th e  a b s o rb a n c e  b a n d  a t  1 7 3 2  c m ' 1 w a s  a s s ig n e d  
to  a lk y l e s te r  o f  th e  a c e ty l  g ro u p  in  h e m ic e l lu lo s e  (F Isu  et al, 2 0 1 0 ) .  W h e n  r ic e  s tr a w
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w a s  p r e t r e a te d ,  r e d u c e d  th e  a b s o r b a n c e  a t  th is  b a n d  w a s  o b s e rv e d . I t c a n  b e  in d ic a te d  
th a t  h e m ic e l lu lo s e  w a s  e x t r a c te d  e s p e c ia l ly  in  H N O 3 p r e t r e a te d  r ic e  s tra w . 
C o n s e q u e n t ly ,  th e  s t r u c tu r a l  c h a n g e s  o f  c e l lu lo s e  w a s  fo u n d  a f te r  th re e  c h e m ic a l  
p r e t r e a tm e n ts  w h ic h  c o u ld  b e  e a s ie r  to  h y d r o ly z e  b y  c e l lu la s e  e n z y m e .

Table 4.6 T o ta l  c r y s ta l l in i ty  in d e x  o f  r ic e  s tr a w  b e f o r e  a n d  a f te r  p r e t r e a tm e n t

R ic e  s tr a w  s a m p le s C r y s ta l l in i ty  in d e x
U n tre a te d T 0 5
5 0 %  (พ /พ )  [ E M IM ][ A c ] ,  a t  16 2  ° c  f o r  4 8  m in 1 . 1 0

0 .5 %  ( พ /พ )  N a O H , a t  1 4 0  ° c  fo r  15 m in 1.45
2 %  (พ /พ )  HNC>3 , a t  4 0 0  ° c  f o r  7  m in 1 .36

T o ta l  c r y s ta l l in i ty  in d e x  (T C I)  =  A i 3 7 3 Cm' I/A 2 9 0 0 cm'1

Figure 4.4 F T I R  s p e c t r a  o f  u n tr e a te d  r ic e  s tr a w  ( A ) , p r e t r e a te d  r ic e  s t r a w  b y  5 0 %  
[E M IM ][A c ]  (B ) , 0 .5 % N a O H  (C )  a n d  2 % H N 0 3 (D ).
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4 .4 .4  T h e r m a l  A n a ly s is

NaOH jmftreated rice straw
I i 1:0
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F i g u r e  4 .5  T h e  T G A  c u r v e s  o f  u n tr e a te d  a n d  th re e  c h e m ic a ls  p r e t r e a te d  r ic e  s tra w .

T h e  T G A  w a s  u s e d  to  f o u n d  w e ig h t lo s s e s  (T G )  a n d  its  f i r s t  d e r iv a t iv e  
(D T A )  o f  l i g n o c e l lu lo s ic  s tru c tu re  w h ic h  w a s  r e le v a n t  to  th e  c o m p o s i t io n  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  f ra c t io n s  in  b io m a s s  ( C h e n  a n d  K u o , 2 0 1 0 ;  
Z a b a n io to u  et al., 2 0 0 8 ) .  T h e  T G  c u r v e s  o f  b io m a s s  p r e s e n te d  th e  e v a p o r a t io n  o f  
m o is tu r e  a n d  l ig h t  v o la t i le  a t  th e  te m p e r a tu r e  b e lo w  2 0 0  ๐c  ( A b d u l la h  et al., 2 0 1 0 ) .  
A f te r  th a t , th e  te m p e r a tu r e  b e tw e e n  2 0 0  °c a n d  3 0 0  ๐c  s h o w e d  th e  d e c o m p o s i t io n  o f  
h e m ic e l lu lo s e  a n d  c o n t in u o u s ly  d e c o m p o s e d  to  4 0 0  ๐c  a n d  th e  d e g r a d a t io n  o f  
c e l lu lo s e  b y  b r e a k in g  o f  g ly c o s id ic  l in k a g e s  o f  th e  g lu c o s e  c h a in  w a s  o b s e rv e d  a t 
3 0 0 -4 0 0  ๐c  w h e re a s  l ig n in  d e c o m p o s e d  a t th e  w id e  r a n g e  o f  te m p e r a tu r e  s ta r t in g  
a t  2 0 0  ๐C  ( B e n i te z - G u e r r e r o  et al., 2 0 1 4 ) .  H o w e v e r ,  th e  s m a ll  a m o u n t  o f  l ig n in  
c o m p a re d  to  c e l lu lo s e  a n d  h e m ic e l lu lo s e  c o m p o n e n t  c o u ld  n o t s h o w  th e  c le a r ly  p e a k  
b u t  th e re  w a s  r e p o r te d  th a t  th e  s h o u ld e r  o r  ta il  th a t  a p p e a r e d  a b o v e  4 0 0  °c u n d e r  
in e r t  a tm o s p h e r e  w a s  a s s o c ia te d  w i th  l ig n in  (D i B la s i ,  2 0 0 8 ;  T ih a y  a n d  G il la rd ,
2 0 1 0 ) . F ro m  F ig u re  4 .5  w h ic h  p r o v id e d  th e  T G  a n d  D T A  r e s u l t s  o f  u n tr e a te d  a n d
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th r e e  c h e m ic a l s  p r e t r e a te d  r ic e  s t r a w  f o u n d  th a t  th e  t e m p e r a tu r e  f ro m  2 0 0  ° c  to  
4 0 0  ° c  s h o w e d  th e  o v e r l a p p in g  p e a k  w h ic h  m a in ly  c o n s is te d  o f  c e l lu lo s e  a n d  
h e m ic e l lu lo s e  in  u n t r e a te d ,  io n ic  l iq u id , a n d  N a O H  p r e t r e a te d  s a m p le s  w h ile  H N O 3 

p r e tr e a te d  r ic e  s t r a w  c o u ld  n o t  a p p e a r  th e  s h o u ld e r  o f  h e m ic e l lu lo s e  p e a k  th a t  c o u ld  
b e  p o in te d  o u t  th a t  H N O 3 h a s  r e m o v e d  m o r e  h e m ic e l lu lo s e .  H o w e v e r ,  th e  D T A  p e a k  
o f  p r e t r e a te d  r ic e  s t r a w  s h o w e d  th e  h ig h e r  p e a k  o f  c e l lu lo s e  d e g r a d a t io n  th a n  
u n t r e a te d  r i c e  s t r a w  in d ic a te d  th e  c e l lu lo s e  h a s  b e e n  m o r e  e x p o s e d  a f te r  u s in g  
p r e t r e a tm e n t  w h ic h  c a n  b e  c o n f i rm e d  b y  th e  d ro p  d r a m a t ic a l ly  o f  w e ig h t  lo ss  in  T G  
c u rv e s .  M o r e o v e r ,  th e  c e l lu lo s e  p e a k  s h i f t e d  to  h ig h e r  te m p e r a tu r e  o f  p re t r e a te d  
s a m p le s  r e f e r r e d  to  th e  in c r e m e n t  o f  th e r m a l  s ta b i l i ty  w h ic h  r e la te d  to  m o re  e x p o s u re  
o f  c e l lu lo s e  a n d  th e  e n h a n c e m e n t  o f  c r y s ta l l in i ty  in  X R D  a n d  F T IR . A n d  a t  
te m p e r a tu r e  h ig h e r  th a n  4 0 0  ° c  o f  u n t r e a te d  r ic e  s tr a w  s h o w e d  h ig h e r  s h o u ld e r  th a n  
th e  p r e t r e a te d  s a m p le s  w h ic h  c a n  b e  c o n c lu d e d  th a t  th e  l i g n in  c o n te n t  w a s  d e c r e a s e d  
w h e n  p r e t r e a tm e n t  p r o c e s s e s  w e re  u s e d . .

4 .4 .5  S u r fa c e  M o r p h o lo g y
T h e  im a g e s  o f  s c a n n in g  e le c t ro n  m ic r o s c o p e  ( S E M )  o f  th e  u n tr e a te d  

a n d  th e  p r e t r e a te d  r ic e  s t r a w  w i th  d i f f e r e n t  m e th o d s  a r e  s h o w n  in  F ig u r e  4 .6 . F ro m  
F ig u r e  4 .6  ( A ) ,  th e  u n t r e a te d  r ic e  s t r a w  p r e s e n te d  th e  s m o o th  a n d  r ig id  s u r fa c e  a re a . 
A f te r  p r e t r e a tm e n t  p r o c e s s e s ,  m o r p h o lo g y  o f  r ic e  s tr a w  h a s  b e e n  c h a n g e d  a s  s h o w n  
in  F ig u re  4 .6 ( B ) -  4 .6 (D ) . P re t r e a te d  s a m p le  s h o w e d  th e  d e s t ro y e d  s tru c tu re  w h ic h  
c a n  g e n e ra te  p o r e s  a n d  r o u g h  s u r fa c e  a r e a .  F ro m  th e  S E M  a n a ly s is ,  it c a n  s u p p o r t  
c r y s ta l l in i ty  in d e x  r e s u l t s  f ro m  X R D  a n d  F T I R  th a t  p r e t r e a tm e n t  c a n  h e lp  to  r e m o v e  
l ig n in  a n d  h e m ic e l lu lo s e  w h ic h  a re  th e  b a n d e r  o f  c e l lu lo s e  h y d r o ly s is .  S im ila r ly , H o u  
et ah, 2 0 1 3  f o u n d  th a t  th e  in c re a s e  o f  s u r f a c e  a r e a  a n d  p o r e  v o lu m e  o f  p re t r e a te d  r ic e  
s t r a w  b y  io n ic  l i q u id  a r o u n d  3 -2 3  fo ld  a n d  2 -1 1  fo ld , r e s p e c t iv e ly ,  a s  c o m p a re d  to  th e  
u n tr e a te d  s a m p le .  I t  w a s  r e p o r te d  th a t  th e  in c re m e n t  o f  th e  d e l ig n i f ic a t io n  d e g re e  
c o u ld  b e  o b s e r v e d ,  w h ic h  m a y  e n h a n c e  th e  in i t ia l  s u g a rs  r e le a s e  ra te s  a n d  
p o ly s a c c h a r id e s  d ig e s t ib i l i ty .
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T M 3 0 0 0 _ 0 7 3 1  N L  D 6  6  * 6  Ok 1 0  u m  T M 3 0 0 0 _ 0 7 3 0  M L D 6 .2  xS .O k 2 0  u m

Figure 4.6 S E M  im a g e s  o f  u n tr e a te d  r ic e  s t r a w  (A ), p r e t r e a te d  r ic e  s t r a w  b y  5 0 %
. [E M IM ][A c ]  ( B ) ,  2 % H N 0 3 ( C )  a n d  0 .5 % N a O H  (D ).

4 .4 .6  S u r f a c e  A r e a  a n d  P o re  D ia m e te r
F r o m  th e  S E M  re s u lt s  w h ic h  s h o w e d  th e  d i f f e r e n t  s tru c tu re  o f  

p r e t r e a te d  r ic e  s t r a w  h a v e  b e e n  c o n f i rm e d  b y  s u r fa c e  a r e a  a n d  p o re  d ia m e te r  as 
s h o w n  in  T a b le  4 .7 .  B E T  a n a ly z e r  p r o v id e d  th e  lo w  s u r f a c e  a r e a  a n d  p o r e  d ia m e te r  
o f  u n tr e a te d  s a m p le  a p p r o x im a te ly  5 .5 7  m 2/g  a n d  6 3 .7 7  Â , r e s p e c t iv e ly ,  w h e n  
p r e t r e a tm e n t  p r o c e s s e s  w e re  a p p l ie d , th e  h ig h e r  v a lu e  o f  s u r f a c e  a r e a  a n d  p o re  s iz e  
w e r e  fo u n d . T h e  h ig h e s t  a v e r a g e  p o re  d i a m e te r  c a n  b e  p r o v id e d  b y  5 0 %  o f  io n ic  
l iq u id  p r e t r e a tm e n t  w h e re a s  H N O 3 g a v e  th e  m o s t  in c r e m e n t  o f  s u r fa c e  a r e a . F ro m  th e  
s u g a r  c o n c e n t r a t io n  r e s u l t s  o f  p r e t r e a te d  s a m p le s ,  it c a n  b e  in d ic a te d  th a t  in c re a s in g  
o f  s u r fa c e  a r e a  a n d  p o r e  d i a m e te r  c a n  e n h a n c e  th e  s u g a r  y i e ld  b u t a n  in c re a s in g  o f  
p o r e  d ia m e te r  p l a y e d  a n  im p o r t a n t  ro ll th a n  s u r f a c e  a r e a . I t  w a s  d u e  to  th e  re m o v a l o f  
m o r e  h e m ic e l lu lo s e  in  H N O 3 p r e t r e a tm e n t  a n d  l ig n in  in  io n ic  l iq u id  a n d  N a O H
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p r e tr e a tm e n t .  T h e  e x t r a c t io n  o f  h e m ic e l lu lo s e  a n d  l ig n in  c o u ld  in c re a s e  th e  p o ro s i ty  
o f  r ic e  s tra w ; th e r e f o r e ,  th e  e n z y m e s  c o u ld  e a s i ly  p e n e tr a te  to  a t t a c k  c e l lu lo s e  le a d in g  
to  th e  h ig h  s u g a r  p r o d u c t io n .

Table 4.7 S u r fa c e  a r e a  a n d  p o re  d ia m e te r  o f  r ic e  s tr a w  b e f o r e  a n d  a f te r  p r e t r e a tm e n t

R ic e  s t r a w  s a m p le s S u r fa c e  a r e a  

(ท'12/ g )

P o re  d ia m e te r

(A )
U n tr e a te d 5 .5 7 6 3 .7 7

5 0 %  ( พ /พ )  [ E M IM ][ A c ] ,  a t  16 2  ๐c  fo r  4 8  m in 8 .8 7  ( + 5 9 .2 5 % ) 1 3 2 .8 0  (+ 1 0 8 .2 5 % )

0 .5 %  ( พ /พ )  N a O H , a t  1 4 0  ° c  fo r  15 m in 1 1 .3 0  ( + 1 0 2 .8 7 % ) 8 5 .4 8  ( + 3 4 .0 4 % )

2 %  ( พ /พ )  H N O 3 , a t  1 0 0  ๐c  fo r  7 m in 1 2 .0 6  ( + 1 1 6 .5 2 % ) 7 9 .5 3  ( + 2 4 .7 1 % )

4.5 Comparison of Acetone-Butanol-Ethanol (ABE) Concentration of 
Pretreated Rice Straw

T h e  l iq u id  f r a c t io n  f ro m  e n z y m a t ic  h y d r o ly s is  w a s  u s e d  to  p ro d u c e  
A c e to n e - B u ta n o l - E th a n o l  ( A B E )  in  f e n n e n ta t io n  s te p  b y  u s in g  Clostridium 
beijermckii T IS T R 1 4 6 1  a t  3 7  ๐c  fo r  7 2  h . T h e  r e s u l t s  f r o m  g a s  c h r o m a to g r a p h y  
( G C )  p r e s e n te d  th e  A B E  c o n c e n t r a t io n s  a t  e a c h  p r e t r e a tm e n ts  o f  r ic e  s tr a w  in  
F ig u r e  4 .7 . T h e  h ig h e s t  A B E  c o n c e n t r a t io n  w a s  fo u n d  in  l iq u id  s o lu t io n  f ro m  N aO E I 
p r e t r e a te d  r ic e  s t r a w . พ !ไ ile  to ta l  s u g a r  d e r iv e d  b y  H N O }  p r e t r e a te d  r ic e  s t r a w  c a n n o t  
p r o d u c e  A B E  a t th e  s a m e  f e r m e n ta t io n  c o n d i t io n .  M o r e o v e r ,  w h e n  A B E  y ie ld  a n d  
% p r o d u c t iv i ty  w e r e  o b s e rv e d  in  T a b le  4 .8 , th e  r e s u lts  s h o w e d  th a t  th e  m a x im u m  
y ie ld  o f  0 .4 7  w a s  f o u n d  in  to ta l  s u g a r  f ro m  io n ic  l iq u id  p r e t r e a te d  r ic e  s t r a w  w h ic h  
c o n s u m e d  th e  a m o u n t  o f  to ta l  s u g a r  o n ly  4 .8 3  g /L  b u t  c a n  p r o d u c e  A B E  
c o n c e n t r a t io n  o f  2 .2 7  g /L . H o w e v e r ,  w h e n  e x a m in e d  th e  A B E  p r o d u c t io n  p e r  h o u r , 
th e  r e s u l t s  s h o w e d  th a t  N a O H  p r e t r e a te d  r ic e  s tr a w  c a n  p r o v id e  th e  h ig h e s t  
p r o d u c t iv i ty  o f  8 .8 2 %  w h e re a s  s u g a r  f ro m  io n ic  l iq u id  p r e t r e a te d  r ic e  s t r a w  c a n  g a v e  
o n ly  3 .1 5 %  w h ic h  w a s  le s s  th a n  c o n tro l  s o lu t io n  (g lu c o s e  s o lu t io n )  a n d  u n tr e a te d  r ic e
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s tr a w . A d d i t io n a l ly ,  th e  s u g a r  c o n c e n t r a t io n  f ro m  H N O 3 p r e t r e a te d  s a m p le s  w a s  
s m a ll  h ig h e r  th a n  u n t r e a te d  r ic e  s tr a w  b u t  c a n n o t  p r e s e n t  th e  a m o u n t  o f  A B E . It 
c o u ld  b e  p o s s ib le  th a t  s u g a r  d e r iv e d  b y  H N O 3 p r e tr e a te d  r ic e  s t r a w  m a y  h a v e  s o m e  
in h ib i to r s  th a t  c a n  b e  to x ic i ty  to  m ic r o o r g a n is m s  le a d in g  to  lo w  c o n c e n t r a t io n  o f  
A B E . S im ila r ly ,  th e  s tu d y  o f  T u t t  et al., 2 0 1 2  fo u n d  th a t c e l lu lo s e  c a n  b e  d is s o lv e d  in  
H N O 3 b e t te r  t h a n  H 2 S O 4 a n d  H N O 3 a l s o  e l im in a te d  m o r e  h e m ic e l lu lo s e  b u t 
c o m p o u n d s  f o r m e d  d u r in g  H N O 3 p r e t r e a tm e n t  w e re  m o re  d i f f ic u l t  to  re m o v e  w ith  
w a s h in g  th a t  c a n  c a u s e  a  n e g a t iv e  im p a c t  o n  f e rm e n ta t io n .

H Butanol 
» Ethanol 
« Acetone

Figure 4.7 A B E  c o n c e n t r a t io n  o f  c h e m ic a l  p r e tr e a te d  r ic ç  s t r a w  in  f e rm e n ta t io n  
te c h n iq u e .

Table 4 .8  T h e  A B E  y ie ld  a n d  p r o d u c t iv i ty  o f  p re t r e a te d  r ic e  s t r a w  a t  7 2  h

Method Control IL HNO3 NaOH Untreated
ABE Cone. (g/L) 3.38 2.27 0 6.35 - 2.48
ABE Yield 0 . 2 1 0.47 0 0.29 0.42
%Productivity (g/L h) 4.70 3.15 0 8.82 3.44
Initial Sugar (g/L) 25.13 22.54 6.94 24.23 6.43
Utilized Sugar (g/L) 16.31 4.83 0 21.90 5.92
Remaining Sugar (g/L) 8.82 17.71 6.94 2.33 0.51

Moreover, the results from gas chromatography-mass spectrometry (GC-
MS) shown in Appendix c  could be used to detect other components from the
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d i f f e r e n t  m o le c u la r  w e ig h t  in  s o lu t io n  a f te r  f e r m e n ta t io n  s te p . In  l iq u id  f ra c t io n  f ro m  
u n t r e a te d  r ic e  s t r a w  g a v e  th e  s im ila r  c o m p o n e n t  to  G C  r e s u l t s  w h ic h  c o n ta in e d  th e  
a c e to n e ,  b u ta n o l  a n d  e th a n o l .  A d d i t io n a l ly ,  th e  h ig h  a m o u n t  o f  a c e t ic  a n d  b u ty r ic  
a c id s  w a s  fo u n d  in  th is  s o lu t io n . F ro m  th e  p a th  w a y  o f  A B E  f e rm e n ta t io n ,  a c e tic  a n d  
b u ty r ic  a c id s  w e r e  p r o d u c e d  in  e x p o n e n t ia l  p h a s e  ( a c id o g e n e s is ) .  A f te r  th a t ,  th e  p a th  
w a y  h a s  s h if te d  to  th e  s o lv e n to g e n ic  p h a s e  to  p r o d u c e  a c e to n e ,  b u ta n o l  a n d  e th a n o l 
( C h a n g ,  2 0 1 0 ) . W h e n  th e  h ig h  a m o u n t  o f  a c id s  w a s  o b s e rv e d ,  it c a n  b e  in d ic a te d  th a t 
th e  c o n v e r s io n  to  A B E  p r o d u c ts  w e re  le s s . W h e re a s  s o lu t io n  f ro m  p re tr e a te d  r ic e  
s t r a w  c o n s is te d  o f  o n ly  a c e t ic  a c id  a n d  th e  h ig h e s t  a m o u n t  o f  a c e t ic  a c id  w a s  
p r e s e n te d  in  H N O 3 p r e t r e a te d  r ic e  s tr a w  w h ic h  r e la te d  to  th e  d is a p p e a r a n c e  o f  A B E  
p r o d u c ts .  F u r th e r m o r e ,  o th e r  c o m p o n e n ts  w e r e  fo u n d  in  s o lu t io n  f ro m  p re tr e a te d  
s a m p le s  w h ic h  w e r e  1 -h y d r o x y - 2 -p ro p a n o n e  a n d  is o s o r b id e .  F o r  l - h y d r o x y - 2 -  
p r o p a n o n e  c a n  b e  c a l l e d  a s  h y d r o x y a c e to n e  w h ic h  w a s  th e  o n e  p r o d u c t  o f  c e l lu lo s e  
d e c o m p o s i t io n  in  f a s t  p y ro ly s is  ( S h e n  et al., 2 0 1 3 ) .  W h ile  i s o s o r b id e  c a n  b e  ta k e n  
p la c e  b y  c o n v e r t in g  c e l lu lo s e  th ro u g h  s im u l ta n e o u s  h y d r o ly s is  a n d  h y d r o g e n a t io n  
r e a c t io n s  to  p r o d u c e  s o r b i to l  a n d  b e  fu r th e r  d e h y d ra te d  to  i s o s o r b id e  (L i et al., 2 0 1 3 ). 
F ro m  o b s e r v a t io n  o f  1 - h y d r o x y - 2 -p ro p a n o n e  a n d  is o s o r b id e ,  it m ig h t  b e  p o s s ib le  th a t 
th r e e  c h e m ic a ls  u s e d  in  p r e t r e a tm e n t  a n d  th e rm a l  c o n d i t io n  b r o u g h t  in to  th e  c e l lu lo s e  
d e g r a d a t io n .  M o r e o v e r ,  2 - m e ty lp r o p a n a l  o r  i s o b u ty r a ld é h y d e  w a s  p r e s e n te d  s o lu t io n  
f ro m  N a O H  p r e t r e a te d  r ic e  s tra w . I s o b u ty r a ld é h y d e  w a s  a n  in te r m e d ia te  p ro d u c t  in  
is o b u ta n o l  p r o d u c t io n  p a th w a y  w h ic h  w a s  d i f f e r e n t  p a th w a y  to  p r o d u c e  b u ta n o l  as 
s h o w n  in  F ig . 4 .8 .  I t m ig h t  b e  h y p o th e s iz e d  th a t  i s o b u ta n o l  p r o d u c t io n  c o u ld  b e  
p r o d u c e d  b y  u s in g  Clostridium beijerinckii in  s o lu t io n  f ro m  N a O H  p r e tr e a te d  r ic e  
s t r a w  b u t  it h a d  to  d e v e lo p  a n d  c o n c e rn  m o r e  o th e r  f a c to r s  th a t  r e la te d  to  th e  
i s o b u ta n o l  p r o d u t io n .
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