
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Raw material composition
M is s io n  g ra s s  (Pennisetum polystachyon), C o g o n  g r a s s  (Imperata cylindri- 

ca), G u in e a  g ra s s  (Panicum maximum), K a n s  g ra s s  (Saccharum spontaneum), a n d  
G ia n t  r e e d s  (.Arundo donax) w e r e  a n a ly z e d  th e  c h e m ic a l  c o m p o s i t io n s  b y  N a t io n a l  
R e n e w a b le  E n e r g y  L a b o ra to r y  (N R E L )  m e th o d , a s  s u m m a r iz e d  in  T a b le  4 .1 . C o m 
p a r in g  w i th  th e  l i te r a tu r e s  a n d  c o n s id e r in g  th e  c o n te n ts  o f  g lu c a n , x y la n , a n d  l ig n in  
a s  p h e n o l ic  p o ly m e r  in  th o s e  f iv e  w e e d s , M is s io n  g ra s s ,  K a n s  g ra s s ,  a n d  G ia n t  w e e d s  
s h o w  th e  h ig h e s t  p o ly s a c c h a r id e  c o n te n ts .  T h e r e fo re ,  th e s e  th r e e  w e e d s  w e re  c h o s e n  
fo r  f u r th e r  s tu d y  to  p r o d u c e  m o n o m e r ic  s u g a rs s  a s  b io e th a n o l  f e e d s to c k .

Table 4.1 C h e m ic a l  c o m p o s i t io n s  o f  f iv e  T h a i  g ra s s  ( M is s io n  g ra s s ,  C o g o n  g ra s s , 
G u in e a  g ra s s , K a n s  g ra s s ,  a n d  G ia n t  r e e d )

Raw
lignocellulosic

biomass
sample

Composition (% dry matter)

ReferenceWater
extractive

Ethanol
extractive Lignin Cellulose 

as glucan
Hemicellulose 

as xylan Ash

Mission grass 5.7 10.9 14.6±0.5 3 9 .8Ü .5 2 9 .2Ü .0 3.3±0.5 This study
- - 10.6 38.7 27.5 8.5 Supapom et 

a l,  2003

Cogon grass
3.2 7.6 14.5±1.9 36.7±0.5 25 .Ü 0 .6 2.0±0.5 This study
- - 8.2 37.2 32.2 6.3 Supapom et 

a l, 2003
- - - 38.5 22.4 - Lin and Lee 

(2011)
Guinea grass 8.6 4.2 9.9±2.0 3 1 .0Ü .4 22.6±0.9 2.8±0.4 This study

- - 10.7 39.4 28.3 8.2 Supapom et 
ai., 2003

Kans grass
8.5 3.9 14.5Ü .8 35.4±0.9 26.7±0.4 1.U 1.0 This study
- - 8.3 42.2 31.9 5.0 Supapom et 

a l,  2003
- - 20.0 36.8 23.7 1.2 Scordia et 

a l,  2010

Giant reed
5.5 1.9 19.2±3.3 39.1±0.3 24.4±0.5 4.2±0.7 This study
- - 23.0 34.8 20.9 - Franscisco 

et a l, 2010
- - - 42.5 31.2 - Y.J. Jeon et 

a l,  2010
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4.2 Grass particle size analysis
M e c h a n ic a l  p r e t r e a tm e n t  is  a n  im p o r ta n t  p r o c e s s  f o r  s iz e  r e d u c t io n  a n d  lig n o -  

c e l lu lo s ic  e th a n o l  p r o d u c t io n .  F iv e  T h a i  w e e d s  w e re  m il l e d  u n ti l  th e  p a r t i c le  s iz e s  
w e re  a b o u t  6 0  m e s h e s . T h e  p a r t ic le  s iz e  o f  th e  g ra s s  s a m p le s  w e r e  a ls o  c o n f i rm e d  b y  
p a r t i c le  s iz e  a n a ly z e r  a n d  th e  r e s u l t s  a re  s h o w n  in  T a b le  4 .2 .

Table 4.2 T h e  p a r t ic le  s iz e  o f  f iv e  T h a i  g r a s s e s  ( M is s io n ,  C o g o n ,  G u in e a , K a n s , 
a n d  G ia n t  r e e d )  a f te r  m e c h a n ic a l  p r e t r e a tm e n t .

Raw lignocellulosic biomass sample Particle size (mean diameters) (pm)
M is s io n  g ra s s 3 3 6 .0(.Pennisetum polystachyon)
C o g o n  g ra s s 3 6 8 .4{Imper at a cylindrica)
G u in e a  g ra s s 3 2 3 .5{Panicum maximum)

K a n s  g ra s s 3 0 4 .5(Saccharum spontaneum)
G ia n t  re e d  

{Arundo donax) 3 2 6 .1

A f te r  c u t t in g ,  c h o p p in g ,  m il l in g ,  a n d  g r in d in g , th e  m e a n  d ia m e te r s  o f  th e  
g r a s s e s  w e r e  fo u n d  in  a  r a n g e  o f  3 0 0 - 3 7 0  p m . F o r  a c id  h y d r o ly s is  s te p , th e  p a r t ic le  
s iz e  w a s  o p t im iz e d  to  -2 0 /+ 8 0  m e s h e s  s in c e  a  la r g e r  s iz e  d i s t r ib u t io n  w il l  c a u s e  in 
c o m p le te  h y d r o ly s is  w h i le  a  s m a l le r  s iz e  w ill  le a d  to  o v e r  h y d r o ly s is  ( S lu i te r  et a l,
2 0 1 1 ) .  T h u s , th e  6 0  m e s h  p a r t ic le  s iz e  is  c h o s e n  fo r  c h e m ic a l  c o m p o s i t io n  a n a ly s is ,  
p r e t r e a tm e n t ,  a n d  h y d r o ly s is  p ro c e s s .

4.3 Optimization of Microwave-assisted NaOH Pretreatment
N a O H  p r e t r e a tm e n t  is  a n  e f f e c t iv e  c h e m ic a l  p r e t r e a tm e n t  m e th o d  to  re m o v e  

l ig n in  a n d  r e d u c e  c e l lu lo s e  c r y s ta l l in i ty  ( C h e n  et a l,  2 0 0 9 ) .  T h e  m a in  e f f e c t  o f  
N a O H  p r e t r e a tm e n t  is  to  d e l ig n i f y  b y  s e p a r a t in g  s t r u c tu r a l  l in k a 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 n d  d i s ru p t  th e  l ig n in  s t r u c tu r e  f ro m  s o lv a t io n  a n d  s a p h o n if ic a -  
t io n  o f  b io m a s s  ( F a n g  et al, 1 9 8 7 ). In  a d d i t io n ,  N a O H  c a n  s o lu b i l i z e  s o m e  p a r t  o f  
h e m ic e l lu lo s e s .  T h u s , in  th is  s tu d y , M is s io n  g ra s s ,  K a n s  g r a s s  a n d  G ia n t  r e e d  w e re  
f i r s t  p r e t r e a te d  w i th  m ic r o w a v e /N a O H  p r e t r e a tm e n t  p r o c e s s .  T h e  o p t im u m  c o n d i-
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t io n s  to  r e le a s e  th e  h ig h e s t  a m o u n t  o f  m o n o m e r ic  s u g a r s  u s in g  th e  m ic r o w a v e -  
a s s is te d  N a O H  p r e t r e a tm e n t  w e r e  in v e s t ig a te d ,  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  4 .3

Table 4.3 O p tim u m  c o n d i t io n  fo r  M ic ro w a v e /N a O H  p r e t r e a tm e n t  o f  M is s io n  
g ra s s ,  K a n s  g ra s s ,  a n d  G ia n t  re e d .

Raw lignocellulosic 
biomass

Temperature
(°C)

Time
(min)

NaOH
(%w/v)

Total monomeric 
sugars yield 

(g/1 0 0 g biomass)
M is s io n  g ra s s 1 2 0 1 0 3 6 . 6  ± 0 . 1

K a n s  g ra s s 80 5 5 6 . 8  ± 0 . 3
G ia n t  r e e d 1 2 0 5 5 6 . 8  ± 0 . 2

4.3.1 Effects of Time and Temperature
M is s io n  g ra s s ,  K a n s  g ra s s ,  a n d  G ia n t  r e e d  w e r e  p r e t r e a te d  w ith  m i-  

c r o w a v e /N a O H  p r e t r e a tm e n t  a t  th e  te m p e ra tu re  r a n g e  o f  4 0 ° -1 2 0  °c f o r  5 - 6 0  m in  
u s in g  0 .5 %  (w /v )  N a O H  w i th  15:1 l iq u id - to - s o l id  r a t io  (L S R )  to  f in d  o p t im u m  te m 
p e r a tu re  a n d  t im e  c o n d i t io n . M is s io n  g ra s s  r e le a s e s  th e  h ig h e s t  m o n o m e r ic  s u g a rs  
(6 .0  g /1 0 0 g  b io m a s s )  a t  120  °c f o r  10 m in  (F ig  4 .1 ) ,  w h i le  th e  m a x im u m  m o n o m e r ic  

s u g a rs  f ro m  K a n s  g ra s s  a n d  G ia n t  r e e d  w e re  4 .8  g  a n d  4 .5  g /1 0 0 g  b io m a s s  a t  8 0  ๐c  

f o r  5 m in  (F ig  4 .2 ) ,  a n d  12 0  °c fo r  5 m in  (F ig  4 .3 ) ,  r e s p e c t iv e ly .
T h e  e f f e c ts  o f  t e m p e ra tu re  a n d  t im e  o n  m o n o m e r ic  s u g a r s  r e le a s e d  

f ro m  M is s io n  g ra s s ,  K a n s  g ra s s ,  a n d  G ia n t  r e e d  w e r e  a ls o  c o m p a r e d  (F ig  4 .4 ) . A s  c a n  
b e  s e e n  f ro m  th e  r e s u l t s ,  b o th  te m p e ra tu re  a n d  t im e  n o t  o n ly  a f f e c te d  th e  l ig n in  r e 
m o v a l ,  a s  d e s c r ib e d  e a r l ie r ,  b u t  a ls o  th e  m o n o m e r ic  s u g a r  y ie ld  b y  d e g r a d a t io n  p r o 
c e s s  w h e n  th e  te m p e r a tu r e  a n d  t im e  c o n d i t io n s  w e r e  to o  h ig h  ( H u  a n d  W e n , 2 0 0 8 ) . 
T h u s , th e  a p p r o p r ia te  te m p e r a tu r e  a n d  t im e  in  th is  p r e t r e a tm e n t  p r o c e s s  a r e  to  o b ta in  
th e  h ig h e s t  m o n o m e r ic  s u g a r  y ie ld ,  th o s e  a re  12 0  ° C - 1 0  m in , 8 0  ° C -5  m in , a n d  120 

° C -5  m in  fo r  M is s io n  g ra s s ,  K a n s  g ra s s ,  a n d  G ia n t  r e e d , r e s p e c t iv e ly .



Mo
nom

eri
c s

uga
r y

ield
 

Mo
nom

eri
c s

uga
r y

ield
(g/

100
 g b

iom
ass

) 
ร 

„ 
(g/l

OO
g b

iom
ass

)

75

a) b)

5  1 0  1 5  3 0  6 0

Pretreatment time (min)

Figure 4.1 T h e  g lu c o s e  ( □ ) , x y lo s e  (U 3), a r a b in o s e  (□ )  c o m p o n e n ts  a n d  to ta l  
m o n o m e r ic  s u g a r  y ie ld  ( - \ - )  o f  M is s io n  g ra s s  (Pennisetum polysta 
chyon) u s in g  0 .5  %  (w /v )  N a O H , 15:1 L S R , d i f f e r e n t  t im e s , a n d  

te m p e ra tu re s :  a )  4 0 ° , b )  6 0 ° , c )  8 0 ° , d )  1 0 0 ° , a n d  e )  1 2 0  ๐c .
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Figure 4.2 T h e  g lu c o s e  (O ), x y lo s e  (IB), a r a b in o s e  (Q ) c o m p o n e n ts  a n d  to ta l  
m o n o m e r ic  s u g a r  y ie ld  ( - X - )  o f  K a n  g ra s s  (Saccharum spontaneum) 
u s in g  0 .5  %  (w /v )  N a O H , 15:1 L S R , d i f f e r e n t  t im e s ,  a n d  te m p e ra tu re s :  
a ) 4 0 ° , b )  6 0 ° , c )  8 0 ° , d )  1 0 0 ° , a n d  e ) 12 0  °c.
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Figure 4.3 T h e  g lu c o s e  d H ) ,  x y lo s e  d B X  a r a b in o s e  (□ ) c o m p o n e n ts  a n d  to ta l  
m o n o m e r ic  s u g a r  y ie ld  ( - X - )  o f  G ia n t  r e e d  (.Arundo donax) u s in g  
0 .5  %  (w /v )  N a O H , 15:1 L S R , d i f f e r e n t  t im e s ,  a n d  te m p e ra tu re s :  
a ) 4 0 ° , b )  6 0 ° , c )  8 0 ° , d )  1 0 0 ° , a n d  e )  12 0  °c.
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Figure 4.4 C o m p a r i s o n  o f  th e  to ta l  y ie ld  o f  m o n o m e r ic  s u g a r s  o f  a ) M is s io n
g ra s s ,  b )  K a n s  g ra s s ,  c )  G ia n t  r e e d  a t  d i f f e r e n t  t e m p e r a tu r e s  fo r  d i f f e r e n t  
t im e s  u s in g  0 .5 %  (w /v )  N a O H  a n d  15:1 L S R .
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4.3.2 Effect of NaOH Concentration
T h e  e f f e c t  o f  N a O H  c o n c e n t r a t io n  w a s  s tu d ie d  b y  v a r y in g  th e  N a O H  

c o n c e n t r a t io n  f ro m  0.1 to  7  % w /v  a t  th e  o p t im u m  c o n d i t io n s  o f  te m p e r a tu r e  a n d  tim e  
o f  M is s io n  g ra s s  ( 1 2 0  °c,10 m in ) , K a n s  g ra s s  (8 0  °c,5 m in ) ,  a n d  G ia n t  r e e d  (1 2 0  

๐c , 5  m in ) ,  s e e  F ig . 4 .5 . T h e  m a x im u m  m o n o m e r ic  s u g a r  y ie ld s  f ro m  th o s e  th re e  
g r a s s e s  w e r e  6 .6 , 6 .8 , a n d  6 . 8  g /1 0 0 g  b io m a s s  a t  3 , 5 , 5 %  (w /v )  N a O H , r e s p e c t iv e ly .

F ro m  F ig . 4 .6 , th e  s t r o n g e r  a lk a l in e  p r e t r e a tm e n t  c a u s e d  th e  s o lu b i l i 
z a 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  a n d  le d  to  h ig h e r  m o n o m e r ic  s u g a rs  y ie ld s . 
H o w e v e r ,  th e  m o n o m e r ic  s u g a r  y ie ld s  d e c r e a s e d  w h e n  to o  h ig h  N a O H  c o n c e n t r a t io n  
w a s  e m p lo y e d  d u e  to  s u g a r  d e g r a d a t io n  p r o c e s s  (H u  a n d  W e n , 2 0 0 8 ) .  T h e  a c q u ir e d  
o p t im u m  c o n d i t io n  f o r  m ic r o w a v e /N a O H  p r e t r e a tm e n t  c o n f i r m e d  th e  e f f ic ie n c y  o f  
th is  p r e t r e a tm e n t  m e th o d  th a t  s h o r t  r e a c t io n  t im e , lo w  h e a t in g  te m p e r a tu r e ,  a n d  lo w  
N a O H  c o n c e n t r a t io n  a re  n e e d e d .
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Figure 4.5 E f f e c t  o f  N a O H  c o n c e n t r a t io n  (%  w /v )  o n  m o n o m e r ic  s u g a r  y ie ld s  o f  
a )  M is s io n  g ra s s  a t  120  ° C -1 0  m in , b )  K a n s  g ra s s  a t  8 0  ° C -5  m in , a n d  c) 

G ia n t  r e e d  a t  1 2 0  °C -5  m in  u s in g  15:1 L S R
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Alkaline concentration (%w/v)
Figure 4.6 C o m p a r i s o n  o f  th e  to ta l  y ie ld  o f  m o n o m e r ic  s u g a r s  o f  M is s io n  g ra s s  a t 

12 0  ° C - 1 0  m in , K a n s  g ra s s  a t  8 0  ๐C -5  m in , a n d  G ia n t  r e e d  a t  12 0  ๐C -5  
m in  u s in g  15:1 L S R  a n d  d i f f e r e n t  N a O H  c o n c e n t r a t io n s  (% w /v ) .

4.4 Optimization of Two-stage Pretreatment (Microwave/dilute NaOH Followed 
by Microwave/dilute H2SO4 Pretreatment)

T w o - s ta g e  m ic r o w a v e /c h e m ic a l  p r e t r e a tm e n t  p r o c e s s  is  o n e  o f  e f fe c t iv e  
m e th o d s  to  p r o d u c e  h ig h  m o n o m e r ic  s u g a rs  f ro m  l ig n o c e l lu lo s ic  b io m a s s  w i th  h ig h  
h e a t in g  e f f ic ie n c y  a n d  s h o r t  r e a c t io n  t im e  ( B o o n m a n u m s in  et a l,  2 0 1 2 ) .  A f te r  r e 
m o v in g  l ig n in  a n d  r e d u c in g  c e l lu lo s e  c r y s ta l l in i ty  b y  m ic r o w a v e /a lk a l in e  p r e t r e a t 
m e n t  s ta g e , th e  m ic r o w a v e /a c id  p r e t r e a tm e n t  s ta g e  is  r e q u i r e d  to  h y d r o ly z e  th e  p o ly 
s a c c h a r id e  a n d  p r o v id e s  th e  h ig h e s t  m o n o m e r ic  s u g a r s  y ie ld  f o r  b io e th a n o l  p r o d u c 
t io n . 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 %  
w a s  fo u n d  to  b e  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  to  a c h ie v e  h ig h  r e a c t io n  
ra 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 i,  1 9 9 7 ). W h e n  c o m p a r in g  to  o th e r  
ty p e s  o f  d i lu te  a c id  (p h o s p h o r ic  a c id , h y d r o c h lo r ic  a c id , a n d  m a le ic  a c id ) ,  s u l fu r ic  
a c id  r e s u l t s  in  th e  h ig h e s t  to ta l  m o n o m e r ic  s u g a rs  ( D a w e i  et al, 2 0 1 1 ) .  T h u s , s u lfu r ic  
a c id  w a s  a d a p te d  in  th is  s tu d y . S o l id  r e s id u e s  o b ta in e d  f ro m  m ic r o w a v e /N a O H  p r e 
t r e a te d  M is s io n  g ra s s ,  K a n s  g ra s s ,  a n d  G ia n t  r e e d  a t  th e  o p t im u m  c o n d i t io n s  w e re  
w a s h e d  w i th  d i s t i l le d  w a te r  u n ti l  th e  s o lu t io n  p H  b e c a m e  7. T h e  w a s h e d  s o l id s  w e re  
d r ie d  in  a  v a c u u m  o v e n  a n d  k e p t  fo r  th e  m ic r o w a v e /d i lu te  H 2 S O 4 P re t r e a tm e n t .  In  
th e  m ic r o w a v e /a c id  p r e tr e a tm e n t ,  v a r io u s  te m p e r a tu r e s ,  t im e s ,  a n d  a c id  c o n c e n t ra -
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t io n s  w e re  ta k e n  in to  a c c o u n t  to  o b ta in  th e  o p t im u m  c o n d i t io n s ,  a s  s h o w n  th e  re su lts  
in  T a b le  4 .4 .

Table 4.4 O p tim u m  c o n d i t io n s  o f  m ic r o w a v e /H 2 S 0 4 p r e t r e a tm e n ts  o f  m ic r o w a v e -  
a s s is te d  N a O H  p r e tr e a te d  M is s io n  g ra s s ,  K a n s  g r a s s ,  a n d  G ia n t  r e e d

Raw lignocellulosic 
biomass

Temperature
(°C)

Time
(min)

H2SO4 
concentra

tion (%w/v)
Total monomeric 

sugar yields 
(g/100g biomass)

M is s io n  g ra s s 2 0 0 5 1 34.3 ± 1.3
K a n s  g ra s s 2 0 0 10 0.5 33.8 ±3.9
G ia n t  re e d 180 30 0.5 31.9 ± 1.7

4.4.1 Effects of Time and Temperature
T o  s tu d y  th e  e f fe c ts  o f  te m p e r a tu r e  a n d  t im e , m ic r o w a v e /N a O H  p r e 

t r e a te d  M is s io n  g ra s s ,  K a n s  g ra s s , a n d  G ia n t  r e e d  w e r e  t r e a te d  w i th  m ic r o w a v e /d i lu te  
H 2 S O 4 p r e t r e a tm e n t  w i th  a  t e m p e ra tu re  r a n g e  o f  80°-200 ๐c  fo r  5-60 m in  u s in g  
0.5% (w /v )  H 2 S O 4 a n d  L S R  w a s  f ix e d  a t  15:1 b e c a u s e  th is  r a t io  p r o v id e s  th e  h ig h e s t  
m o n o m e r ic  s u g a r  y ie ld  in  th e  tw o - s ta g e  p r e t r e a tm e n t  p r o c e s s  s tu d ie d  b y  T re e b u u b -  
p h a  et al. in  2012. In  th e  e x p e r im e n t ,  th e  p r e t r e a te d  M is s io n  g ra s s .  K a n s  g ra s s , a n d  
G ia n t  r e e d  r e le a s e d  33.7, 33.8, a n d  31.9 g/100 g b io m a s s  o f  th e  to ta ls  m o n o m e r ic  
s u g a r  y ie ld s  a t  200 °C-5 m in , 200 °C-10 m in , a n d  180 °C-30 m in , s e e  F ig  4.7-9, r e 
s p e c t iv e ly . All th re e  c h o s e n  w e e d s  w e re  c o m p a re d  th e  to ta l  m o n o m e r ic  s u g a r  y ie ld  a t 
v a r io u s  t e m p e r a tu r e s  a n d  t im e s  (F ig  4.10).

F ro m  th e  r e s u l t s ,  th o s e  g r a s s e s  g a v e  h ig h  c o n te n ts  o f  x y lo s e  a n d  a ra -  
b io n o s e  s u g a r  a t  th e  t e m p e ra tu re  r a n g e  o f  80°-160 °c. W h e n  th e  te m p e r a tu r e  a n d  th e  
t im e  in c re a s e d ,  th e  a m o u n ts  o f  x y lo s e  a n d  a r a b io n o s e  a ls o  in c r e a s e d  b e c a u s e  o f  th e  
h y d r o ly s is  o f  p o ly s a c c h a r id e .  T h e s e  r e s u lt s  c o n f i r m  th a t  h e m ic e l lu lo s e  w a s  e f f e c t iv e 
ly  h y d r o ly z e d  a t th e s e  c o n d i t io n s .  U n l ik e  c e l lu lo s e ,  h e m ic e l lu lo s e  d i f f e r s  b y  c o m p o 
s i t io n  o f  s u g a r  u n i t s ,  p r e s e n c e  o f  s h o r te r  c h a in s ,  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  b e in g  a m o r p h o u s  (F e n g e l  et a l,  1989), m a k in g  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 .
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a) b)

e)
Pretreatment time (min)

f)
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Pretreatment time (min) Pretreatment time (min)

Figure 4.7 T h e  g lu c o s e  (□  ), x y lo s e  ( [ฐ  ), a r a b in o s e  (□ )  c o m p o n e n ts  a n d  to ta l  
m o n o m e r ic  s u g a r  y ie ld  (-X -) o f  m ic r o w a v e - a s s i s te d  NaO H  p r e tr e a te d  
M is s io n  g ra s s  (Permisetumpolystachyon) u s in g  0 .5  %  (w /v )  H2SO4, 

15:1 L S R  a t d i f f e r e n t  te m p e ra tu re s  fo r  d i f f e r e n t  t im e s :  a )  8 0 ° , b )  10 0 ° , 

c )  1 4 0 ° , d )  1 6 0 ° , e )  1 8 0 ° , a n d  f) 2 0 0  ° c
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Figure 4.8 T h e  g lu c o s e  (□ ), x y lo s e  d ) ,  a r a b in o s e  (T~l) c o m p o n e n ts  a n d  to ta l  
m o n o m e r ic  s u g a r  y ie ld  ( - X - )  o f  m ic r o w a v e - a s s i s te d  N a O H  p r e tr e a te d  
K a n s  g ra s s  (Saccharum spontaneum) u s in g  0 .5  %  (w /v )  H 2 S O 4 ,
15 :1  L S R  a t d i f f e r e n t  te m p e r a tu r e s  fo r  d i f f e r e n t  t im e s :  a )  8 0 ° , b )  10 0 ° , 

c )  1 4 0 ° , d )  1 6 0 ° , e )  1 8 0 ° , a n d  f) 2 0 0  °c
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Figure 4.9 T h e  g lu c o s e  (]~j), x y lo s e  ( เฐ  ), a r a b in o s e  (□ ) c o m p o n e n ts  a n d  to ta l  
m o n o m e r ic  s u g a r  y ie ld  ( - X - )  o f  m ic r o w a v e - a s s i s te d  NaOH p r e tr e a te d  
G ia n t  r e e d  (Arundo donax) u s in g  0 .5  %  (w /v )  H2SO4, 15:1 L S R  a t 
d i f f e r e n t  t e m p e r a tu r e s  fo r  d i f f e r e n t  t im e s :  a )  8 0 ° , b )  1 0 0 ° , c )  1 4 0 ° ,

d )  1 6 0 ° , e )  1 8 0 ° , a n d  f) 2 0 0  ° c
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Figure 4.10 C o m p a r i s o n  o f  th e  to ta l  y ie ld s  o f  m o n o m e r ic  s u g a r s  o f  m ic r o w a v e -
a s s is te d  N a O H  p r e t r e a te d  a ) M is s io n  g ra s s ,  b )  K a n s  g ra s s ,  c )  G ia n t  re e d  
a t  d i f f e r e n t  te m p e r a tu r e s  fo r  d i f f e r e n t  t im e s  u s in g  0 .5 %  (w /v )  H 2 S O 4 

a n d  15:1 L S R .
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O n  th e  o th e r  h a n d , th e  a m o u n t  o f  x y lo s e  a n d  a r a b io n o s e  c le a r ly  d e 
c r e a s e d  a t  to o  h ig h  te m p e r a tu r e  ( a t  1 8 0 ° , 2 0 0  °C )  b e c a u s e  o f  th e  s u g a r  d e g ra d a tio n . 

A t  1 8 0 °  a n d  2 0 0  °c, th e  m a in  m o n o m e r ic  s u g a r  r e le a s e d  w a s  g lu c o s e  f ro m  th e  c e l lu 
lo s e  h y d r o ly s is .  C e l lu lo s e  h a s  m o re  o r d e r e d  s t r u c tu r e  th a n  h e m ic e l lu lo s e ,  so  it  r e 
q u ir e s  m o re  s e v e r e  c o n d i t io n  to  r e le a s e  g lu c o s e . H o w e v e r ,  th e  g lu c o s e  d e g ra d a t io n  
a ls o  o c c u r s  a t  to o  h ig h  s e v e r i ty .  T h e  o p t im u m  c o n d i t io n s  o f  th e  tw o - s ta g e  m ic ro -  
w a v e /c h e m ic a l  p r e t r e a tm e n t  o f  th o s e  th re e  g r a s s e s  w e re  to  p r o d u c e  h ig h  g lu c o s e  c o n 
te n t. T h e  g lu c o s e s  r e le a s e d  f ro m  th e  p r e t r e a te d  M is s io n  g ra s s , K a n s  g ra s s ,  a n d  G ia n t 
r e e d s  w e r e  3 1 .1 , 2 6 .3 , a n d  2 6 .4  g /1 0 0  g  b io m a s s ,  r e s p e c t iv e ly .  T h e  r e le a s e  o f  h ig h  
g lu c o s e  c o n te n t  s h o w s  m a n y  b e n e f i ts  o n  b io e th a n o l  p r o d u c t io n  b e c a u s e  th e  s ix -  
c a r b o n  s u g a r s  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)  is 
o n ly  d o n e  b y  a  f e w  s t r 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 .

4.4.2 Effect of H2SO4 concentration
T h e  c o n c e n t r a t io n  o f  H 2 S O 4 w a s  a n o th e r  p a r a m e r t e r  s tu d ie d  in  th is  

w o r k  to  o p t im iz e  th e  m o n o m e r ic  s u g a rs  r e le a s e d  u s in g  th e  tw o - s ta g e  m ic ro -  
w a v e /c h e m ic a l  p r e t r e a tm e n t  p ro c e s s .  T h e  m ic r o w a v e /N a O H  p r e t r e a te d  M is s io n  
g ra s s ,  K a n s  g ra s s ,  a n d  G ia n t  r e e d s  w e r e  t r e a te d  w i th  m ic r o w a v e /H 2 S 0 4  p r e t r e a tm e n t  
a t  o p t im u m  te m p e r a tu r e  a n d  t im e  c o n d i t io n , 15:1 L S R , a n d  v a r io u s  H 2 S O 4 c o n c e n t r a 
t io n s  ( 0 .5 - 3 %  (w /v ) ) .  T h e  m a x im u m  m o n o m e r ic  s u g a r  y ie ld s  ( F ig .4 .1 1 )  f ro m  M is 
s io n  g ra s s ,  K a n s  g ra s s ,  a n d  G ia n t  r e e d  w e r e  3 4 .3 , 3 3 .8 , a n d  3 1 .9  g /1 0 0 g  b io m a s s  u s 
in g  1, 0 .5 , a n d  0 .5  % (  w /v )  H 2 S O 4 , r e s p e c t iv e ly .

T h e  e f f e c t  o f  H2SO4 c o n c e n t r a t io n s  o n  th e  g r a s s e s  a re  s u m m a r iz e d  in  
F ig  4 .1 2 . T h e  m o n o m e r ic  s u g a r  y ie ld  o b v io u s ly  d e c r e a s e d  w h e n  th e  H2SO4 c o n c e n 
t r a t io n  in c re a s e d  f ro m  0 .5  to  3 %  (w /v )  d u e  to  th e  s u g a r  d e g r a d a t io n  a t  h ig h  te m p e r a 
tu re . T h e  in c re a s e  o f  th e  H2SO4 c o n c e n t r a t io n  g e n e ra l ly  a c c e le r a te s  th e  s u g a r  d e g r a 
d a t io n  p ro c e s s .  T h u s , th e  m a x im u m  m o n o m e r ic  s u g a r  y ie ld  o n  th re e  c h o s e n  w e e d  
c o u ld  b e  o b ta in e d  u s in g  a n d  lo w  a c id  c o n c e n t r a t io n s  a t  h ig h  te m p e r a tu r e  fo r  s h o r te r  
r e a c t io n  t im e .
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Figure 4.11 E f f e c t  o f  H 2 S 0 4 c o n c e n t r a t io n  (%  w /v )  o n  m o n o m e r ic  s u g a r  y ie ld s  o f  
m ic r o w a v e - a s s i s te d  N a O H  p r e t r e a te d  a )  M is s io n  g ra s s  a t  2 0 0  ๐C -5  m in , 

b )  K a n s  g ra s s  a t  2 0 0  ° C -1 0  m in , a n d  c )  G ia n t  r e e d  a t  18 0  ๐C -3 0  m in  
w i th  15 :1  L S R



89

-Mission grass 
- Kans grass 
Giant reed

Acid concentration (%w/v)

Figure 4.12 C o m p a r i s o n  o f  th e  to ta l  y ie ld s  o f  m o n o m e r ic  s u g a r s  o f  m ic r o w a v e -  
a s s is te d  N a O H  p r e t r e a te d  a ) M is s io n  g ra s s  a t  2 0 0  ° C -5  m in , b )  K a n s  

g ra s s  a t  2 0 0  ๐C -1 0  m in , c )  G ia n t  r e e d  a t  18 0  ๐C - 3 0  m in  u s in g  15:1 L S R  
a n d  d i f f e r e n t  H2SO4 c o n c e n t r a t io n s  ( % w /v )

4.5 Effect of two-stage microwave/chemical pretreatment process on % Solid 
loss and pH

T h e  tw o - s ta g e  m ic r o w a v e /c h e m ic a l  p r e t r e a tm e n t  p r o c e s s  h a s  n o t  o n ly  im p a c t  
o n  m o n o m e r ic  s u g a r s  y ie ld  b u t  a ls o  e f f e c t  o n  p h y s ic a l  a p p e a r a n c e  o f  l iq u id  h y d r o ly 
s a te  a n d  s o l id  s a m p le ,  s o l id  lo s s , a n d  h y d r o ly s a te  p H . T h e  c o lo r  o f  th e  l iq u id  h y d r o l
y s a te  f ro m  th e  m ic r o w a v e /N a O H  p r e t r e a tm e n t  w a s  d a r k  b r o w n  w h i le  th e  l iq u id  h y 
d r o ly s a te  c o lo r  f ro m  th e  m ic r o w a v e /H 2 S 0 4  w a s  y e l lo w . T h e  in te n s i ty  o f  th e  h y d r o ly 
s a te  c o lo r  in  b o th  p r e t r e a tm e n t  s ta g e s  in c re a s e d  w i th  s e v e r i ty  o f  th e  p r e t r e a tm e n t  b e 
c a u s e  o f  th e  in c re a s e  o f  th e  l ig n in  c o n te n t  a n d  th e  p r o d u c t  d e g ra d a t io n .

4.5.1 % Solid loss
F ir s t ly ,  th e  p h y s ic a l  a p p e a ra n c e  o f  M is s io n  g ra s s ,  K a n s  g ra s s ,  a n d  G i 

a n t  r e e d s  w e r e  c h a n g e d  (F ig . 4 .1 3 )  w h e n  in c re a s in g  th e  s e v e r i ty  o f  th e  p r e tr e a tm e n t  
c o n d i t io n s .  B o th  th e  f ir s t  ( m ic ro w a v e /N a O H )  a n d  th e  s e c o n d  ( m ic r o w a v e /H 2 S 0 4 ) 
s ta g e s  a ls o  r e s u l te d  in  th e  s a m e  tr e n d  o f  % s o l id  lo s s . I n c r e a s in g  th e  s e v e r i ty  c o n d i 
t io n s  ( te m p e r a tu r e ,  t im e , a n d  c h e m ic a l  c o n c e n t r a t io n )  c a u s e d  th e  % s o l id  lo s s  to  in 
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c r e a s e  d u e  to  th e  d e g r a d a t io n  o f  g ra s s e s .  A m o n g  th e s e  s e v e r i ty  f a c to r s ,  th e  te m p e r a 
tu re  w a s  th e  m a in  e f f e c t  to  c a u s e  h ig h e r  % s o l id  lo s s  th a n  th e  o th e r s .  O th e r  w o rk s  a lso  
r e p o r te d  s im i la r  t r e n d  in  % s o l id  lo s s  d u r in g  th e  p r e t r e a tm e n t  p r o c e s s  ( C h e n  et ah, 
2 0 0 4 ) . T h e  % s o l id  lo s s  fo u n d  w a s  in  th e  r a n g e  o f  7 - 8 6 % ,  b a s e d  o n  ty p e  o f  g ra s s  a n d  
s e v e r i ty  o f  th e  p r e t r e a tm e n t  c o n d i t io n , a s  s h o w n  in  F ig . 4 .1 4 - 4 .1 7 .

Figure 4.13 T h e  p h y s ic a l  a p p e a ra n c e  o f  a ) M is s io n  g ra s s ,  b )  K a n s  g ra s s ,  a n d  c) 
G ia n t  r e e d  f ro m  u n t r e a tm e n t  ( le f t  b o tt le ) ,  m ic r o w a v e /N a O H  p r e tr e a t  
m e n t  ( m id d le  b o t t le ) ,  a n d  tw o - s ta g e ,  m ic r o w a v e /N a O H  f o l lo w e d  b y  
m ic r o w a v e /H 2 S 0 4 , p r e t r e a tm e n t  ( r ig h t  b o tt le ) .
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Figure 4.14 % S o l id  lo s s  o f  u n tr e a te d  a )  M is s io n  g ra s s ,  b )  K a n s  g ra s s ,  c )  G ia n t  r e e d  
a t d i f f e r e n t  te m p e r a tu r e s  fo r  d i f f e r e n t  t im e s  u s in g  0 .5 %  (w /v )  N a O H  
a n d  15:1 L S R
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Figure 4.15 % S o l id  lo s s  o f  m ic r o w a v e - a s s i s te d  N a O H  p r e t r e a te d  a ) M is s io n  g ra s s , 
b )  K a n s  g ra s s ,  c ) G ia n t  r e e d  a t d i f f e r e n t  t e m p e r a tu r e s  fo r  d i f f e r e n t  t im e s  
u s in g  0 .5 %  (w /v )  H 2 S O 4 a n d  15:1 L S R
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Figure 4.16 %Solid loss of Mission grass at 120 °C-10 min, Kans grass at 80 °C-5 
min, c) Giant reed at 120 °C-5 min using 15:1 LSR and different NaOH 
concentrations (%w/v)
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Figure 4.17 %Solid loss of microwave-assisted NaOH pretreated Mission grass at 
200 °C-5 min, Kans grass at 200 ๐C-10 min, and Giant reed at 180 
๐C-30 min using 15:1 LSR and different H2SO4 concentrations (%w/v)
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4.5.2 pH value
The pretreatment temperature and the time also affect the final hydrolysate 

pH because of the chemical reaction taken place to the lignocellulosic structure. The 
final pH values of each alkaline pretreatment condition of Mission grass, Kans grass, 
and Giant reeds at various temperatures and times were demonstrated in Fig. 4.18. 
The pH was decreased from 12.5 to 10.4, 12.6 to 9.9, and 12.7 to 9.9 for Mission 
grass, Kans grass, and Giant reed, respectively. The reason for this decreased pH is 
because more hydroxide ions were used to cleave the lignin ether bond in alkaline 
delignification process (Fig. 4.19) (Gierer et al., 1985, Lin et al., 2002, Harmsen et 
al., 2010). Moreover, acetic acid could be generated at highly severe conditions from 
the sugar degradation process, and thus lower the pH (Larson et al., 2008).

The final pH of the microwave/HiSCfi pretreatment on three chosen 
weeds was also measured at various temperature and time conditions. At the same 
pretreatment time, the pH value mostly increase with high temperature condition. 
(Fig 4.20). Treebubpha et al, in 2012 proposed that the pH of the acid hydrolysate 
increased with temperature because proton acting as a catalyst protonated the oxygen 
atom linkage between cellulose and hemicellulose in the hydrolysis process. The pH 
value is slightly change by time at the same pretreatment temperature. Flowever, the 
pH value can be fluctuated because acetic acid formed at high severity condition by 
degradation process could lower the hydrolysate pH value.
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Figure 4.18 The solution pH of a) Mission grass, b) Kans grass, c) Giant reed at
different temperatures for different times using 0.5% (w/v) NaOH and 
15:1 LSR
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Figure 4.19 Alkaline cleavage of a) a-aryl ether bonds and b) (3-aryl ether bonds 
(Gierer et a l, 1985).
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Figure 4.20 The solution pH of microwave-assisted NaOH pretreated a) Mission
grass, b) Kans grass, c) Giant reed at different temperatures for different 
times using 0.5% (w/v) H2SO4 and 15:1 LSR
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When changing Na0 H/H2S0 4 concentrations in the pretreatment pro
cess, the final pH of the hydrolysate was found that the higher NaOH concentrations 
led to the higher pH while the higher H2SO4 concentration caused the lower pH. The 
pH results at various NaOH and H2SO4 concentrations are shown in Fig 4.21 and 
4.22, respectively.
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Figure 4.21 The solution pH of Mission grass at 120 °C-10 min, Kans grass at 80 
°C-5 min, c) Giant reed at 120 °C-5 min using 15:1 LSR and different 
NaOH concentrations (%w/v)
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Figure 4.22 The solution pH of microwave-assisted NaOH pretreated Mission grass 
at 200 °C-5 min, Kans grass at 200 °C-10 min, and Giant reed at 180 
°C-30 min using 15:1 LSR and different H2SO4 concentrations (%w/v)
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Both Na0 H/H2S0 4  concentrations and temperature affect the pH and 
the lignocellulose structure, as schematically sketched in Fig 4.23. The lignin is de
graded, liberating phenolic lignin monomer at alkaline condition whereas spherical 
lignin droplets are deposited onto the solid fractions under acid condition. For cellu
lose and hemicellulose, this polysaccharide is hydrolyzed in a strong acidic pretreat
ment (Pedersen and Meyer, 2010).

high temp

T

low temp

low pH pH high pH

Figure 4.23 Sketch of lignocellulose pretreatment by temperature and pH. Gray
‘veil’ indicates lignin sheath; orange and red tubes illustrate cellulosic 
fibrils and microfibrils, respectively; black curved lines illustrate hemi 
cellulose (xylan); the gray dots on the cellulose microfibrils in the low 
pH region illustrate redeposited lignin (Pedersen and Meyer., 2010)

4.6 Effect of Pretreatment on Chemical Composition
The chemical compositions of lignocellulosic biomass, including cellulose, 

hemicellulose, lignin, and ash, were investigated using National Renewable Energy 
Taboratory (NREL) method. After Mission grass, Kans grass, and Giant reed were 
treated by the microwave/NaOH and the two-stage pretreatments, the chemical com
positions were analyzed and are summarized in Tables 4.5-4.7. These results con
firm the effect of the two-stage pretreatment process and explain the obtained mon
omeric sugar yield. The chemical composition with high polysaccharide and low lig
nin content can easily release monomeric sugar in the hydrolysis step. The cellulose



100

contents in untreated Mission grass, Kans grass, and Giant reeds were 39.8, 35.4, and
39.1 % dry matter, respectively, and the glucose contents from the optimum condi
tion obtained from the microwave/NaOH pretreatment of those untreated grasses 
were 4.2, 3.6, and 4.4 g/100 g biomass, respectively. These data confirm that the 
higher cellulose content in lignocellulosic biomass resulted in the higher released 
glucose content. On the other hand, the higher hemicellulose content should release 
the higher xylose and arabinose contents. However, some part of xylose and arabi- 
nose sugar can be degraded at the optimum condition. The lignin content in the un
treated Giant reed (19.2 % dry matter) was higher than those in the untreated Mission 
grass and Kans grass, as a result, to release high monomeric sugar yields the opti
mum conditions of the Microwave/NaOH pretreatment for the Giant reed (at 120 °c, 
5 min, 5%(w/v) NaOH) was more severe. In conclusion, the chemical composition in 
the raw biomass can predict the type of the monomeric sugar and the pretreatment 
condition.

Table 4.5 Chemical composition of Mission grass solid residues from each 
pretreatment stage

Composition 
(% dry matter)

Mission grass (Pennisetum polystachyon)

Untreated Microwave/N aOH Microwave/NaOH/ H2SO4

Glucan 39.8±1.5 82.4Ü.6 16.U3.5
Xylan 25.0±0.9 17.2±0.2 3.4±0.1

Arabinan 4.2±0.1 2.8±0.2 0
Lignin 14.6±0.5 2.3±2.0 0.4±0.0

Ash 3.3±0.5 O.liO.l 0.1
Other 16.6 - 87.6±1.3



101

Table 4.6 Chemical composition of Kans grass solid residues from each 
pretreatment stage

Composition 
(% dry matter)

Kans grass {Saccharum spontaneum)

Untreated Microwave/NaOH Microwave/NaOH/ H2SO4

Glucan 35.4±0.9 78.8Ü.0 13.6Ü.1
Xylan 23.Ü0.3 17.0±0.2 0

Arabinan 3.6±0.1 3.3±0.1 0
Lignin 14.5±0.8 6.4±0.9 2.U0.3

Ash l . l i l .o 0.1±0.1 0
Other 12.5 - 76.U2.3

Table 4.7 Chemical composition of Giant reed solid residues from each 
pretreatment stage

Composition 
(% dry matter)

Giant reed (Arundo donax)

Untreated Microwave/NaOH Microwave/NaOH/ H2SO4

Glucan 39.Ü0.3 79.2±0.9 48.8±2.7
Xylan 21.7±0.4 14.9±0.1 7.6±0.2

Arabinan 2.8±0.1 2.4±0.1 0
Lignin 19.2±3.3 10.2Ü.4 0.4±0.0

Ash 4.2±0.7 O.liO.l 0.3
Other 7.4 - 38.7±7.5

After the microwave/NaOH pretreatment, the Mission grass, Kans grass, and 
Giant reed solid residues contained cellulose as the main component in the range of 
78-82 %. These results, corresponding to the monomeric sugar yield at the optimum 
condition of the two-stage pretreatment, thus showed a high glucose content. This 
pretreatment step also solubilized some part of hemicelluloses, lowering its compo
nent in the weeds. Most importantly, this alkali pretreatment stage effectively re
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moved and lowered the lignin content in the samples, leaving most reactive biomass 
with high cellulose content.

When the treated microwave/NaOH Mission grass, Kans grass, and giant reed 
solid residues were further treated with the microwave/H2S0 4  pretreatment at the op
timum conditions, the polysaccharide contents in both Mission grass and Kans grass 
were significantly reduced, remaining only 13-16 % cellulose content. The results 
can be explained that the pretreatment was performed at 200 °c, the main component 
was degraded and burned. However, the Giant reeds was performed at 180 °c, lower 
temperature, higher cellulose content was remained (48.8 %). The ash content rarely 
remained in the two-stage pretreated samples. Therefore, these results assure that the 
two-stage pretreatment process effectively converts high cellulose content into mon
omeric sugars.

4.7 FT-IR Analysis
The chemical structure change of lignocellulose in the two-stage pretreatment 

process was detected by FTIR. The FTIR spectra of the untreated, the micro- 
wave/NaOH pretreated, and the two-stage pretreated Mission grass, Kans grass, and 
Giant reed are illustrated in Fig. 4.24-4.26, respectively. The untreated grasses show 
similar FTIR spectra to the other herbaceous biomass.

After the microwave/NaOH pretreatment, the FTIR peak at 1734 cm'1 disap
peared from those grasses because the complex linkage between lignin and hemicel- 
lulose, such as ester-linked acetyl, feruloyl, and p-coumaroyl groups, were broken. 
FTIR peaks at 1515 (aromatic c= c  stretching from aromatic ring of lignin) and 1248 
cm'1 (aromatic C-0 stretching of lignin) (Wang et al., 2010) also decreased. In addi
tion, the other polysaccharide FTIR peaks (898, 1108, 1164, 1260, 1325, and 1378 
cm'1) became sharper, as compared with the untreated weeds. The FTIR results con
firm the efficiency of the pretreatment method for lignin removal to give reactive bi
omass with high cellulose contents for the dilute acid pretreatment step.
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Figure 4.24 FTIR spectra of (A) raw, (B) microwave-assisted NaOH pretreated, and 
(C) two-stage pretreated Mission grass
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Figure 4.25 FTIR spectra of (A) raw, (B) microwave-assisted NaOH pretreated, and 
(C) two-stage pretreated Kans grass
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Figure 4.26 FTIR spectra of (A) raw, (B) microwave-assisted NaOH pretreated, and 
(C) two-stage pretreated Giant reeds

FTIR spectra obtained from the two-stage pretreatment at the optimum condi
tions were different. The FTIR spectrum of the two-stage pretreated Giant reed was 
similar to that of the microwave/NaOH pretreatment because the optimum conditions 
of Giant reed caused less chemical composition change, unlike Mission grass and 
Kans grass. Both grasses used more severe conditions, thus causing some sugar deg
radation. The two-stage pretreated Mission grass clearly show FTIR peak at 1722 
cm'1 (carbonyl bond unconjugated to aromatic ring) because the lower cellulose con
tent can emphasize the lignin signal. Differently, the FTIR pattern of the pretreated 
two-stage Kans grass was remarkably changed from the pretreated microwave/NaOH 
sample, generating FTIR peaks at 593, 1207, 1309, 1512, and 1703 cm'1 that maybe 
caused from the lignin and degraded residues.

4.8 SEM Characterization
SEM images of the untreated, the pretreated microwave/NaOH, and the treat

ed two-stage samples were characterized to study the physical appearance changes of 
Mission grass, Kans grass, and Giant reed, as shown in Fig. 4.27- 4.29.
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The morphology of the untreated Mission grass, Kans grass, and Giant reed 
(Fig 4.27A-4.29A) show highly fibril and intact structure, and the major cellulose 
structure is maintained. The untreated weed structures were covered with thin film 
layer, probably the wax layer, commonly found in herbaceous biomass (Hu and Wen,
2008) or the lignin, and lignin carbohydrate complexes condense on the surface of 
the cellulose fiber (Zhu et al, 2009).

In SEM images of the pretreated microwave/NaOH Mission grass, Kans 
grass, and Giant reed (4.27B-4.29B), the samples had still an indication of fibril 
structure, but the thin film on the surface was disappeared. Moreover, the surface be
came smooth and thinner with ridge and has been perforated by the micro- 
wave/NaOH pretreatment process (Hu and Wen, 2008). The generated pores would 
increase the surface area, causing the hydrolysis step more effective. This morpholo
gy confirms the FTIR results and that the lignin was destroyed to ease the cellulose 
and the hemicellulose structures better exposed.

On the contrary, the fibril structure of the two-stage pretreated samples (Fig 
4.27C-4.29C) was distorted by hydrolysis process at high temperature. Only Giant 
reeds still maintained fibril-like structure because it was hydrolyzed with lower tem
perature than the others. These SEM images show that the two-stage pretreatment 
effectively break down the lignocellulose structure for monomeric sugar releasing. 
Another word, high severity pretreatment conditions can distort the biomass structure 
more than a low severity pretreatment condition.
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Figure 4.27 Scanning electron microscope images of A) unteated [(Al)(500x),
(A2)(1500x)], B) microwave/NaOH pretreated (at 120 °c,10 min, 3% 
(w/v) NaOH, 15:1 LSR) [(Bl)(2000x), (B2)(5000x)], C) two-stage pre 
treated Mission grass (at 200 °c,5 min, 1% (w/v) H2SO4, 15:1 LSR) [ 
(Cl)(2000x), (C2)(5000x)]
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Figure 4.28 Scanning electron microscope images of A) unteated [(Al)(1000x), 
(A2)(2000x)], B) microwave/NaOH pretreated (at 80 °c,5 min, 5% 
(w/v) NaOH, 15:1 LSR) [(Bl)(1000x), (B2)(2000x)], C) two-stage pre 
treated Mission grass (at 200 °c,10 min, 0.5% (w/v) H2SO4, 15:1 LSR) 
[(Cl)(5000x) ,(C2)(10000x)]
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Figure 4.29 Scanning electron microscope images of A) unteated [(Al)(500x),
(A2)(1000x)], B) microwave/NaOH pretreated Giant reed at 120 °c,5 
min, 5% (w/v) NaOH, 15:1 LSR) [(Bl)(500x), (B2)(2000x)], C) two- 
stage pretreated Giant reed (at 180 ๐c,30 min, 0.5% (w/v) H2SO4, 15:1 
LSR) [ (Cl)(2000x), (C2)(3000x)]
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