
THEORETICAL BACKGROUND AND LITERATURE REVIEW
CHAPTER II

2.1 Lignocellulosic Biomass

Lignocellulosic biomass refers to agricultural and forestry residues, 
municipal solid wastes, energy crops, solid animal wastes, and biowaste streams, 
which are composed of cellulose, hemicellulose, and lignin. As shown in Figure 2.1, 
the major fraction is cellulose (35-50%). The next largest fraction is hemicellulose 
(20-35%), and the third largest fraction is lignin (15-25%). The cellulose and 
hemicellulose. which typically comprise two thirds of the dry lignocellulosic 
materials, are polysaccharides. Both hemicellulose and lignin provide a protective 
sheath around the cellulose, so the utilization of the embedded polysaccharides can 
be accomplished by the hydrolysis step (Mosier e t a l ,  2005; Laser e t a l ,  2002; Lynd, 
1996; Kuhad and Singh, 1997; รนท and Cheng, 2002).

Lignocellulosic biomass can improve energy security, reduce trade deficits, 
decrease urban air-pollution, and contribute little, if any, net carbon dioxide 
accumulation to the atmosphere (Wyman, 1994). Lignocellulosic biomass can also 
be converted to ethanol, which is a great alternative energy source and a safer 
alternative to methyl tertiary butyl ether (MTBE). the most common additive to 
gasoline used to provide cleaner combustion (McCarthy and Tiemann, 1998). Figure
2.2 shows the production of ethanol from lignocellulosic biomass. Ethanol from 
lignocellulosic biomass is produced mainly via biochemical routes. The three major 
steps involved are pretreatment, enzymatic hydrolysis, and fermentation. Biomass is 
pretreated to improve the accessibility of enzymes. After pretreatment, biomass 
undergoes enzymatic hydrolysis for conversion of polysaccharides into monomer 
sugars, such as glucose and xylose. Subsequently, sugars are fermented to ethanol by 
the use of different microorganisms (www.bioenergyconsult.com).

http://www.bioenergyconsult.com
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Figure 2.1 Various types of lignocellulosic biomass showing very similar 
composition with the major fraction being cellulose with a lesser amount of 
hemicellulose and lignin (Wyman, 1993; Wyman and Goodman, 1993a,b).
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Figure 2.2 Production of ethanol from lignocellulosic biomass (www.ethanolrfa.org).

http://www.ethanolrfa.org
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2 .2  C h e m i c a l  S t r u c t u r e  a n d  B a s i c  C o m p o n e n t s  o f  L i g n o c e l l u l o s i c  M a t e r i a l s

2 .2 .1  C e l lu l o s e
C e l lu l o s e  is  a  l in e a r  p o ly m e r  o f  g lu c o s e  l in k e d  th r o u g h  a - 1 ,4 - l i n k a g e s  

a n d  is  u s u a l ly  a r r a n g e d  in  m ic r o c r y s t a l l in e  s tr u c tu r e s  ( M a lh e r b e  a n d  C lo e t e .  2 0 0 2 ) .  
T h e  r e p e a t in g  u n it  th a t h a s  b e e n  e s t a b l i s h e d  th r o u g h  th e  l in k a g e  a n d  c o n s t i t u t e s  

c e l l u l o s e  c h a in  is  c a l le d  c e l l o b i o s e .  C e l lu l o s e  in  b io m a s s  is  p r e s e n t  in  b o th  c r y s t a l l in e  

a n d  a m o r p h o u s  f o r m s . C r y s t a l l in e  c e l l u l o s e  c o m p r is e s  th e  m a jo r  p r o p o r t io n  o f  

c e l l u l o s e ,  w h e r e a s  a  s m a ll  p e r c e n t a g e  o f  u n o r g a n iz e d  c e l l u l o s e  c h a in s  fo r m  

a m o r p h o u s  c e l l u l o s e .  C e l lu l o s e  is  m o r e  s u s c e p t ib le  to  e n z y m a t ic  d e g r a d a t io n  in  its  

a m o r p h o u s  fo r m  ( B é g u i n  a n d  A u b e r t . 1 9 9 4 ) .  F ig u r e  2 .3  s h o w s  s tr u c tu r e  o f  s in g le  

c e l l u l o s e  m o le c u le .

F i g u r e  2 .3  S tr u c tu r e  o f  s in g le  c e l l u l o s e  m o le c u l e  (H a r m s e n  e t a l.t 2 0 1 0 ) .

2 .2 .2  H e m ic e l l u l o s e
H e m ic e l l u l o s e  is  a  p o ly s a c c h a r id e  w i t h  a  lo w e r  m o le c u la r  w e i g h t  th a n  

c e l l u l o s e .  It is  fo r m e d  fr o m  D - x y l o s e .  D - m a n n o s e ,  D - g a la c t o s e ,  D - g l u c o s e .  L -  

a r a b in o s e ,  4 - O - m e t h y l - g lu c u r o n ic ,  D - g a la c t u r o n ic a n d  D - g lu c u r o n ic  a c id s  a s  s h o w n  

in  F ig u r e  2 .4 .  S u g a r s  a re  l in k e d  t o g e t h e r  b y  P - 1 ,4 -  a n d  s o m e t i m e s  b y  (3 -1 ,3 -  

g ly c o s i d i c  b o n d s .  T h e  m a in  d i f f e r e n c e  b e t w e e n  c e l l u l o s e  a n d  h e m ic e l l u l o s e  is  th a t  

h e m ic e l l u l o s e  h a s  b r a n c h e s  w ith  sh o r t  la tera l c h a in s  c o n s i s t in g  o f  d i f f e r e n t  s u g a r s  

a n d  c e l l u l o s e  c o n s i s t s  o f  e a s i l y  h y d r o ly s a b le  o l i g o m e r s  (M u r a d  a n d  A z z a z .  2 0 1 0 ) .  
H e m ic e l l u l o s e s  a re  c l a s s i f i e d  a c c o r d in g  to  th e  s u g a r  th a t c o m p o s e s  th e  b a c k b o n e .  In  

s o f t w o o d s  m a n n a n  ( m a in  s u g a r  is  m a n n o s e )  is  p r e s e n t ,  a n d  in  h a r d w o o d s  a n d  g r a s s e s  

i s  x y la n  ( J o r g e n s e n  e t a l . , 2 0 0 7 ;  C C R C , 2 0 0 7 ) .  X y la n  h a s  a b a c k b o n e  o f  1 ,4 -P - l in k e d
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x y l o s e  r e s id u e s ,  s e v e r a l  o f  w h i c h  a re  a c e t y la t e d  (K u h a d  e t a l., 1 9 9 7 ) .  D e s p i t e  

h o m o x y la n s  ( l in e a r  a n d  u n s u b s t itu te d )  h a v in g  b e e n  r e p o r te d , th e  m o s t  c o m m o n  is  to  

f in d  h e t e r o x y la n s ,  w h ic h  p o s s e s s  s m a ll  r a m if ic a t io n s  c o n t a in in g  o th e r  s u g a r s  o r  a c id s .  
A c c o r d in g  to  th e  a b u n d a n c e  o f  th e  o th e r  r e s id u e s ,  x y la n s  a re  fu r th e r  c l a s s i f i e d  in to  

s u b g r o u p s . G r a s s e s  a re  c o m p o s e d  m a in ly  o f  g lu c u r o n o a r a b in o x y la n s ,  h a v in g  

a r a b in o s e  a n d  g lu c u r o n ic  a c id  a s  th e  m o s t  a b u n d a n t  s u b s t i t u e n t s  (C a r p ita  et a l .  2 0 0 1 ;  

S a h a , 2 0 0 3 ) .

s tr u c tu r a l p r o t e in s  a n d  l ig n in ,  f o r m in g  p art o f  th e  m a tr ix ,  in  w h ic h  c e l l u l o s e  is  

e m b e d d e d .  It fo r m s  a  p h y s ic a l  b a rr ier  to  m ic r o b ia l  a n d  e n z y m a t ic  a t ta c k  o n  c e l l u l o s e .  
Its a c e t y l  c o n t e n t  h a s  th e  a d d e d  e f f e c t  o f  s t e r ic a l ly  h in d e r in g  e n z y m e  a c t iv it y ,  
in te r fe r in g  w it h  s u b s tr a te  r e c o g n it io n .  T h a t  a p p l ie s  n o t  o n ly  to  c e l l u l o s e ,  b u t a ls o  to  

th e  e n z y m a t ic  h y d r o ly s i s  o f  h e m ic e l l u l o s e  i t s e l f  (C h a n g  a n d  H o l t z a p p le ,  2 0 0 0 ) .  
H e m ic e l l u l o s e  h a s  w e a k e r  b o n d s  th a n  c e l l u l o s e ,  w h ic h  c a n  b e  e x t e n s iv e l y  b r o k e n  

u s in g  s u i t a b le  k in d s  o f  p r e tr e a tm e n ts , s u c h  a s  d i lu t e  a c id  h y d r o ly s i s .  R e m o v in g  

h e m ic e l l u l o s e  b y  t h e s e  m e t h o d s  g r e a t ly  f a c i l i t a t e s  s u b s e q u e n t  c e l l u l o s e  d ig e s t io n  

(S a h a  e t a l ,  2 0 0 5 ) .

H e t e r o x y la n s  c a n  c r o s s l in k  w ith  e a c h  o th e r , a d s o r b  to  c e l l u l o s e ,  b in d  to

H
D -x y !n se

[ I ™

L -arab in ose D-mannose

H
D g a la cto se

H
D g lu c o s e 4-O -m e th y l-D -g lu c u r o n tc  acid

F i g u r e  2 .4  S c h e m a t ic  r e p r e s e n ta t io n  o f  h e m ic e l l u l o s e  s tr u c tu r e . A ,  a r a b in o s e ;  F e A ,  
fe r u l ic  a c id ;  G . g a la c t o s e ;  G lc ,  g lu c u r o n ic  a c id ;  X . x y lo s e  ( M o u s d a le ,  2 0 0 8 ) .
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2 .2 .3  L ig n in
L ig n in  is  a  c o m p l e x ,  la r g e  m o le c u la r  s tr u c tu r e  c o n t a in in g  c r o s s - l in k e d  

p o ly m e r s  o f  p h e n o l ic  m o n o m e r s ,  a n d  it is  a n  a m o r p h o u s  t h r e e - d im e n s io n a l  p o ly m e r  

w it h  p h e n y lp r o p a n e  u n it s  a s  th e  p r e d o m in a n t  b u i ld in g  b lo c k s  (H a r m s e n  e t a l ,  2 0 1 0 ) .  
It 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 tr u c tu r a l s u p p o r t , im p e r m e a b i l i t y ,  
a n d  r e s is t a n c e  to  m ic r o b ia l  a tta c k  ( P e r e z  et a l ,  2 0 0 2 ) .  In g e n e r a l ,  h e r b a c e o u s  p la n ts  

s u c h  a s  g r a s s e s  h a v e  th e  l o w e s t  c o n t e n t s  o f  l ig n in ,  w h e r e a s  s o f t w o o d s  h a v e  th e  

h ig h e s t  l ig n in  c o n t e n t s  (K u m a r  e t a l ,  2 0 0 9 ) .  T h e  p r e s e n c e  o f  l ig n in  in  th e  b io m a s s  

m a k e s  it m o r e  d i f f i c u l t  fo r  e n z y m e  a n d  a c id  a c c e s s i b i l i t y  to  c e l l u l o s e  b e c a u s e  o f  its  

h ig h ly  o r d e r e d  c r y s t a l l in e  s tr u c tu r e , th u s  th e  e f f i c i e n c y  o f  h y d r o ly s i s  p r o c e s s  is  lo w e r .

H O . H O .
c h 2 C H 2 c h 2

^ C H ^ C H -J.CH
H C HC

A rS X
V y ^ 0 C H ; H ;C O X *S s p X ° CH

O H O H OH

p -C ou m ary l a lco h o l C o n ifery l a lco h o l S in ap y l a lco h o l

F i g u r e  2 .5  P - c o u m a r y l-  ( 1 ) ,  c o n i f e r y l -  ( 2 )  a n d  s in a p y l  a lc o h o l  (3 ) :  d o m in a n t  b u i ld in g  

b lo c k s  o f  th e  t h r e e - d im e n s io n a l  p o ly m e r  l ig n in  (H a r m s e n  et a l ,  2 0 1 0 ) .

2 .3  C o r n c o b

C o r n c o b  is  a  c o n c e n tr a t e d  a g r ic u ltu r a l  w a s t e ,  w h ic h  c a n  b e  p r o d u c e d  fr o m  

c o r n  in d u s tr ie s  a n d  o f t e n  c a u s e s  e n v ir o n m e n t a l  p r o b le m s  d u e  to  th e  la c k  o f  e f f e c t i v e  

u t i l i z a t io n  ( C h e n  e t a l ,  2 0 0 7 ) .  C o r n c o b  a p p r o x im a t e ly  c o n s i s t s  o f  4 5 %  c e l l u l o s e ,  
3 5 %  h e m ic e l l u l o s e ,  a n d  15 %  l ig n in ,  a s  s h o w n  in  T a b le  2 .1 .  D u e  to  its  c h e m ic a l  

p r o p e r t ie s  a n d  p h y s ic a l  c h a r a c te r is t ic s ,  c o r n c o b  is  s u i t a b le  a s  a  f e e d s t o c k  fo r  e n e r g y  

g e n e r a t io n  ( S a l iu  a n d  S a n i.  2 0 1 2 ) .  F ig u r e  2 .6  s h o w s  th e  p ic tu r e  o f  c o r n c o b s .  In  

a d d it io n , e th a n o l  is  o n e  o f  th e  r e n e w a b le  e n e r g y  s o u r c e s ,  w h ic h  c a n  b e  p r o d u c e d  b y
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th e  c o n v e r s io n  o f  c o r n c o b  to  fe r m e n ta b le  su g a r . C r o f c h e c k  a n d  M o n t r o s s  ( 2 0 0 4 )  

fo u n d  a  g r e a te r  y ie ld  o f  g lu c o s e  ( i . e . ,  e t h a n o l)  fr o m  c o r n c o b  th a n  o th e r  c o r n  r e s id u e s  

s u c h  a s  s ta lk s  o r  l e a v e s  p lu s  h u s k s .

T a b l e  2 .1  C e l lu l o s e ,  H e m ic e l l u l o s e ,  a n d  L ig n in  c o n t e n t s  in  c o m m o n  a g r ic u ltu r a l  
r e s id u e s  a n d  w a s t e  (K u m a r  e t a i ,  2 0 0 9 )

l ig n o c e l l u lo s i c  m a te r ia l c e l lu lo s e ( % ) h e m ic e l lu lo s e ( % ) l ig n in (% )

h a r d w o o d  s t e m s 4 0 - 5 0 2 4 - 4 0 1 8 -2 5
s o f t w o o d  s t e m s 4 5 - 5 0 2 5 - 3 5 2 5 - 3 5
n u t s h e l l s 2 5 - 3 0 2 5 - 3 0 3 0 - 4 0
c o r n  c o b s 4 5 3 5 15
G r a 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 tr a w 3 0 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 t o 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 t e  p a p e r s  fr o m  c h e m ic a l
p u lp 6 0 - 7 0 1 0 - 2 0 5 - 1 0
p r im a r y  w a s t e w a t e r  s o l i d s 8 - 1 5
s o l id  c a t t le  m a n u r e 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 r a s s 2 5 3 5 .7 6 .4
ร พ itc h g r a s s 4 5 3 1 .4 1 2

s w in e  w a s t e 6 2 8 n a
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F ig u r e  2 .6  C o r n c o b  a s  a  f e e d  s t o c k  fo r  e th a n o l  p r o d u c t io n  ( w w w .r e p l a c i n g o i l . c o m ).

C h e n  e t al. ( 2 0 0 7 )  s tu d ie d  e n z y m a t ic  h y d r o ly s i s  o f  c o r n c o b  a n d  e th a n o l  

p r o d u c t io n  fr o m  c e l l u l o s i c  h y d r o ly s a t e .  A f t e r  c o r n c o b  w a s  p r o tr e a te d  b y  1%  H2SO4 
at 1 0 8  °c fo r  3 h , th e  c e l l u l o s i c  r e s id u e  w a s  h y d r o ly z e d  b y  c e l l u l o s e  fr o m  

T rich o d erm a  re e se i  Z U - 0 2  a n d  th e  h y d r o ly s i s  y ie ld  w a s  6 7 .5 % . D u e  to  th e  p o o r  

c e l lu b ia s e  a c t iv i t y  in  T. ree se i  c e l l u l o s e ,  it le a d s  to  th e  r e s tr ic t io n  o f  th e  c o n v e r s i o n  o f  

c e l l o b i o s e  to  g l u c o s e  a n d  th e  a c c u m u la t io n  o f  c e l l o b i o s e  c a u s e d  s e v e r e  f e e d b a c k  

in h ib it io n  to  th e  a c t iv i t i e s  o f  P - 1 ,4 - e n d o g lu c a n a s e  a n d  P - l , 4 - e x o g l u c a n a s e  in  

c e l l u l o s e  s y s t e m .  S u p p le m e n t a t io n  o f  c e l l o b i a s e  fr o m  A sp e rg illu s  n ig e r  Z U - 0 7  

g r e a t ly  r e d u c e d  th e  in h ib it o r y  e f f e c t  c a u s e d  b y  c e l l o b i o s e ,  a n d  th e  h y d r o ly s i s  y ie ld  

w a s  im p r o v e d  to  8 3 .9 %  w ith  e n h a n c e d  c e l l o b i a s e  a c t iv i t y  o f  6 .5  C B U / g .  F e d - b a tc h  

h y d r o ly s i s  p r o c e s s  w a s  s ta r te d  w ith  a  b a th  h y d r o ly s i s  c o n t a in in g  1 0 0  g /L  s u b s tr a te ,  
w it h  a d d in g  c e l l u l o s i c  r e s id u e  at 6  a n d  1 2  h t w i c e  to  g e t  a  f in a l  s u b s tr a te  

c o n c e n t r a t io n  o f  2 0 0  g /L . A f t e r  6 0  h  o f  r e a c t io n ,  th e  r e d u c in g  s u g a r  c o n c e n t r a t io n  

r e a c h e d  1 1 6 .3  g /L  w i t h  a  h y d r o ly s i s  y ie ld  o f  7 9 .5 % . F u r th er  f e r m e n t a t io n  o f  

c e l l u l o s i c  h y d r o ly s a t e  c o n t a in in g  9 5 .3  g /L  g lu c o s e  w a s  p e r fo r m e d  u s in g  

S a c c h a ro m y c e s  cerev is ia e  3 1 6 ,  a n d  4 5 .7  g /L  e th a n o l  w a s  o b ta in e d  w i t h in  18  h. T h e  

r e s e a r c h  r e s u lt s  are  m e a n in g f u l  in  fu e l  e th a n o l  p r o d u c t io n  fr o m  a g r ic u ltu r a l  r e s id u e  

in s te a d  o f  g r a in  s ta r c h .

http://www.replacingoil.com
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2 .4  S u g a r c a n e  B a g a s s e

S u g a r c a n e  b a g a s s e  ( S C B )  is  o n e  o f  m a n y  fu tu r e  f e e d  s t o c k s  fo r  e th a n o l  

p r o d u c t io n  e s p e c ia l l y  in  tr o p ic a l  c o u n tr ie s .  T h is  f ib r o u s  r e s id u e  c a n  b e  o b ta in e d  a fte r  

e x tr a c t in g  j u ic e  fr o m  s u g a r c a n e . In  g e n e r a l ,  a b o u t  1 to n  o f  s u g a r c a n e  g e n e r a te s  2 8 0  

k g  o f  b a g a s s e  o r  a b o u t  5 0 %  o f  th is  r e s id u e  is  u s e d  in  d i s t i l l e r y  p la n t s  a s  a  s o u r c e  o f  

e n e r g y  (C a r d o n a  e t a l., 2 0 0 9 ) .  T h e r e f o r e ,  S C B  b e c o m e s  a n  in te r e s t in g  f e e d s t o c k  fo r  

a n  a lt e r n a t iv e  e n e r g y  s o u r c e .  F ig u r e  2 .7  s h o w s  th e  p ic tu r e  o f  c r u s h e d  b a g a s s e .
S C B  c o n s i s t s  o f  c e l l u l o s e  ( 4 0 - 4 5 % ) ,  h e m ic e l l u l o s e  ( 3 0 - 3 5 % ) ,  a n d  l ig n in  ( 2 0 -  

3 0 % ) ( P e n g  et a l ,  2 0 0 9 ) .  B a g a s s e  a ls o  h a s  l o w  a sh  c o n t e n t  s o  it o f f e r s  n u m e r o u s  

a d v a n t a g e s  c o m p a r e d  w it h  o th e r  a g r ic u ltu r a l  r e s id u e s  s u c h  a s  p a d d y  s tr a w , r ic e  s tr a w ,  
a n d  w h e a t  s tr a w . P r e tr e a tm e n t  o f  b a g a s s e  h a s  o f t e n  b e e n  fo u n d  u s e f u l  to  im p r o v e  its  

d ig e s t i b i l i t y  a n d  e a s y  a c c e s s  fo r  m ic r o b ia l  a t ta c k  ( A la n i  a n d  S m it h ,  1 9 8 8 ;  D o r a n  et 
a l . 1 1 9 9 4 ) .  T h is  h e lp s  to  f r a c t io n a te  c e l l u l o s e ,  h e m ic e l l u l o s e ,  a n d  l ig n in  a n d  a ls o  to  

o p e n  th e  c e l l u l o s e  s tr u c tu r e .

F ig u r e  2 .7  S u g a r c a n e  b a g a s s e  ( S C B )  w a s t e s  ( L o h  e t a l ,  2 0 1 3 ) .



2.5 Pretreatment of Lignocellulosic Materials

L i g n o c e l l u l o s i c  m a te r ia ls  h a v e  to  b e  p r e tr e a te d  p r io r  to  h y d r o ly s i s  to  im p r o v e  

th e  a c c e s s i b i l i t y  o f  th e  b io m a s s  a s  s h o w n  in  F ig u r e  2 .8 .  F o r  th is  p r e tr e a tm e n t , s e v e r a l  
p r o c e s s e s  a re  a v a i la b le :  m e c h a n ic a l  t r e a tm e n t  fo r  s iz e  r e d u c t io n  ( e .g .  c h o p p in g ,  
m il l in g ,  g r in d in g ) ,  h y d r o th e r m a l tr e a tm e n t  ( e .g .  u n c a t a ly s e d  s t e a m  tr e a tm e n t  w ith  o r  

w it h o u t  s t e a m  e x p l o s io n ,  a c id  c a t a ly z e d  s t e a m  tr e a tm e n t , l iq u id  h o t  w a te r  tr e a tm e n t)  

a n d  c h e m ic a l  t r e a tm e n t  ( e .g .  d i lu t e  a c id ,  c o n c e n tr a t e d  a c id ,  l im e ,  N H 3 . FI2O 2 ). 
D iv e r s e  a d v a n t a g e s  a n d  d r a w b a c k s  a re  a s s o c ia t e d  w it h  e a c h  p r e tr e a tm e n t  m e th o d  

( M o s ie r  e t a l ,  2 0 0 5 ;  H e n d r ik s  a n d  Z e e m a n , 2 0 0 9 ;  C h e n  a n d  Q u i .  2 0 1 0 ;  T e le b n ia  et 
a l 1 2 0 1 0 ).

F i g u r e  2 .8  S c h e m a t ic  o f  th e  r o le  o f  p r e tr 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  
(K u m a r  et a l ,  2 0 0 9 ) .

2 .5 .1  P h y s ic a l  P r e tr e a tm e n ts
P h y s ic a l  p r e tr e a tm e n ts  a lte r  th e  p h y s ic a l  s tr u c tu r e  o f  b io m a s s ,  r e fe r r in g  

to  r e d u c in g  c r y s t a l l in i t y ,  in c r e a s in g  p o r e  s i z e ,  a n d  r e d u c in g  d e g r e e  o f  p o ly m e r iz a t io n .  
In  s im p le r  te r m , th e  p u r p o s e  o f  a  p r e tr e a tm e n t  is  to  b r e a k d o w n  th e  l i g n o c e l l u l o s i c  

s tr u c tu r e  to  its  m o n o s a c c h a r id e  c o m p o n e n t s  fo r  u s e  a s  f e r m e n ta t io n  s u b s t r a te s .  T h e y  

c a n  i n v o lv e  m e c h a n ic a l  m e t h o d s  ( m i l l in g ) ,  r a d ia t io n  o r  p y r o ly s is .  O n e  o f  th e
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a d v a n t a g e s  o f  p h y s ic a l  p r e tr e a tm e n t  is  th a t it is  r e la t iv e ly  i n s e n s i t iv e  to  th e  p h y s ic a l  

a n d  c h e m ic a l  c h a r a c te r is t ic s  o f  th e  b io m a s s  e m p lo y e d  (C a r v a lh o , 2 0 0 9 ) .
C o m m in u t in g  o f  l i g n o c e l l u lo s i c  m a te r ia ls  th r o u g h  a  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  c a n  b e  a p p lie d  in  o r d e r  to  r e d u c e  c e l l u l o s e  c r y s t a l l in i t y ,  
m a k in g  it e a s i l y  a c c e s s  b y  c e l l u l a s e s .  T h e  f in a l  ta r g e t  s i z e  o f  th e  l i g n o c e l l u lo s i c  

m a te r ia ls  is  u s u a l ly  fr o m  2  to  0 .2  m m  w h e n  p h y s ic a l  p r e tr e a tm e n t  h a s  b e e n  u s e d . It is  

a ls o  th o u g h t  th a t  it d is r u p ts  l ig n in -c a r b o h y d r a te  c o m p l e x e s ,  w h ic h  fu r th e r  a id s  th e  

e n z y m a t ic  h y d r o ly s i s  ( M a is  e t a l . 1 2 0 0 2 ) .  O n e  l im it a t io n  o f  th e  p h y s ic a l  

p r e tr e a tm e n ts  is  th e  fa c t  th a t it is  u n a b le  to  r e m o v e  l ig n in . T h is  r e s tr ic t s  th e  a c c e s s  o f  

e n z y m e s  a n d  in h ib it s  th e ir  a c t iv i t y ,  p r e v e n t in g  th e  h y d r o ly s i s  o f  c e l l u l o s e  fr o m  

g e t t in g  c l o s e  to  th e  th e o r e t ic a l  v a lu e s .
2 .5 .2  C h e m ic a l  P r e tr e a tm e n ts

2 .5 .2 .1 A c id  h yd ro ly s is
A c id  h y d r o ly s i s  c a n  b e  c la s s i f i e d  in to  t w o  ty p e s :  c o n c e n tr a t e d  

a c id  h y d r o ly s i s  a n d  d i lu t e  a c id  h y d r o ly s i s  (p r e h y d r o ly s i s ) .  C o n c e n tr a te d  h y d r o ly s i s  

h a s  b e e n  u s e d  to  trea t l i g n o c e l l u lo s i c  m a te r ia ls  b y  l ib e r a t in g  th e  h e m ic e l l u l o s i c  

s u g a r s ,  w h i l e  th e  s u b s e q u e n t  s ta g e  r e q u ir e s  th e  b io m a s s  to  b e  d r ie d  f o l lo w e d  b y  th e  

a d d it io n  o f  c o n c e n tr a t e d  a c id  ( 7 0 - 9 0 % )  ( H a y e s ,  2 0 0 9 ) .  A l t h o u g h  t h e y  a re  p o w e r f u l  

a g e n t s  fo r  c e l l u l o s e  h y d r o ly s i s ,  c o n c e n tr a t e d  a c id s  a re  t o x ic ,  c o r r o s iv e ,  h a z a r d o u s ,  
a n d  r e q u ir e  r e a c to r s  th a t a re  r e s is ta n t  to  c o r r o s io n  (ร น ท  a n d  C h e n g ,  2 0 0 2 ) .  In 

a d d it io n ,  th e  c o n c e n tr a t e d  a c id  m u s t  b e  r e c o v e r e d  a fte r  h y d r o ly s i s  to  m a k e  th e  

p r o c e s s  e c o n o m i c a l ly  f e a s ib le  ( S iv e r s  a n d  Z a c c h i ,  1 9 9 5 ) .  D i lu t e  a c id  h y d r o ly s i s  h a s  

b e e n  s u c c e s s f u l ly  d e v e lo p e d  fo r  p r e tr e a tm e n t  o f  l i g n o c e l l u lo s i c  m a te r ia ls .  T h is  

m e t h o d  c a n  a c h i e v e  h ig h  r e a c t io n  r a te s  a n d  s ig n i f ic a n t ly  im p r o v e  c e l l u l o s e  

h y d r o ly s i s  ( E s t e g h la l ia n  e t a i .  1 9 9 7 ) .  T h e r e  a re  t w o  ty p e s  o f  d i lu t e  a c id  p r e tr e a tm e n t  

p r o c e s s e s :  h ig h  te m p e r a tu r e  (T e m p e r a tu r e  >  1 6 0  ° C ) ,  c o n t in u o u s - f lo w  p r o c e s s  fo r  

l o 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 t e /w e ig h t  o f  r e a c t io n  m ix t u r e )  a n d  l o w  

te m p e r a tu r e  (T e m p e r a tu r e  <  1 6 0  ๐C ) , 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 - 4 0 % )  

( B r e n n a n  et a i .  1 9 8 6 ;  C o n v e r s e  e t a l., 1 9 8 9 ;  C a h e la  et al.. 1 9 8 3 ;  E s t e g h la l ia n  et al., 
1 9 9 7 ) .  H ig h  te m p e r a tu r e  in  d i lu t e  a c id  tr e a tm e n t  is  f a v o r a b le  fo r  c e l l u l o s e  h y d r o ly s i s  

( M c M i l la n ,  1 9 9 4 ) .  R e c e n t ly  d e v e lo p e d  d i lu t e  a c id  h y d r o ly s i s  p r o c e s s e s  u s e  l e s s



1 3

s e v e r e  c o n d i t io n s  a n d  a c h ie v e  h ig h  x y la n  to  x y l o s e  c o n v e r s io n  y ie ld s .  A c h ie v i n g  

h ig h  x y la n  to  x y l o s e  c o n v e r s io n  y ie ld s  is  n e c e s s a r y  to  a c h ie v e  f a v o r a b le  o v e r a ll  

p r o c e s s  e c o n o m i c s  b e c a u s e  x y la n  a c c o u n t s  fo r  u p  to  a  th ird  o f  th e  to ta l c a r b o h y d r a te  

in  m a n y  l ig n o c e l l u lo s i c  m a te r ia ls  (H in m a n  e t a i ,  1 9 9 2 ) .
2 .5 .2 .2  A lk a lin e  h yd ro ly s is

A lk a l in e  h y d r o ly s i s  is  th e  p r o c e s s  th a t u s e s  a lk a l in e  s o lu t io n s  

s u c h  a s  N a O H , C a ( O H ) 2 ( l im e )  o r  a m m o n ia  to  r e m o v e  p art o f  th e  l ig n in  a n d  

h e m ic e l l u l o s e ,  a n d  a ls o  h e lp s  to  im p r o v e  th e  a c c e s s i b i l i t y  o f  e n z y m e  to  th e  c e l l u l o s e  

d e p e n d in g  o n  c a t a ly s t  u s e d .  A lk a l in e  p r e tr e a tm e n t  c a n  b e  d iv id e d  in to  t w o  m a jo r  

g r o u p s :  i)  P r e tr e a tm e n ts  th a t u s e  s o d iu m , p o t a s s iu m , o r  c a lc iu m  h y d r o x id e ;  a n d  ii)  

P r e tr e a tm e n ts  th a t u s e  a m m o n ia .  T h e  m e c h a n is m  o f  a lk a l in e  h y d r o ly s i s  is  th e  

s a p o n i f i c a t io n  o f  in t e r m o le c u la r  e s t e r  b o n d s  c r o s s l in k in g  h e m ic e l l u l o s e  a n d  l ig n in .  
T h e  r e m o v a l  o f  t h e s e  l in k a g e s  s u b s t a n t ia l ly  in c r e a s e s  b io m a s s  p o r o s i t y  a n d  c a u s e s  

c e l l u l o s e  s w e l l i n g  ( T a r k o w  a n d  F e is t .  1 9 6 9 ) .  A lk a l in e - b a s e d  m e t h o d s  a re  m o r e  

e f f e c t i v e  fo r  l ig n in  s o lu b i l i z a t io n  c o m p a r e d  to  a c id  o r  h y d r o th e r m a l  p r o c e s s e s ,  e x c e p t  

a m m o n ia  r e c y c l in g  p e r c o la t io n  tr e a tm e n t , w h ic h  y ie ld  b io m a s s  s o l i d s  m o s t ly  

c o n t a in in g  c e l l u l o s e  ( F lo r b e la  et a l ,  2 0 0 8 ) .  F u r th e r m o r e , a lk a l in e  h y d r o ly s i s  

p r o c e s s e s  u t i l i z e  lo w e r  te m p e r a tu r e s  a n d  p r e s s u r e s  th a n  o th e r  p r e tr e a tm e n t  

t e c h n o l o g ie s  ( M o s ie r  e t a l . . 2 0 0 5 )  a n d  th is  p r e tr e a tm e n t  m e th o d  c a n  b e  c a r r ie d  o u t  at 

a m b ie n t  c o n d i t io n s ,  b u t p r e tr e a tm e n t  t im e s  a re  o n  th e  o r d e r  o f  h o u r s  o r  d a y s  ra th er  

th a n  m in u t e s  o r  s e c o n d s .  C o m p a r e d  w ith  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  

l e s s  s u g a r  d e g r a d a t io n , a n d  m a n y  o f  th e  c a u s t ic  s a lt 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  (K u m a r  et a i .  2 0 0 9 ) .  H o w e v e r ,  th e  s u i t a b i l i t y  o f  p r e tr e a tm e n t  

t e c h n o l o g ie s  c a n  d i f f e r  fr o m  s p e c ie s  to  s p e c ie s  o f  b io m a s s  ( K im , 2 0 0 4 ) .
2 .5 .3  P h y s ic o - C h e m ic a l  P r e tr e a tm e n ts

2 .5 .3 .1  S tea m  exp lo sio n
S t e a m  e x p l o s io n  w a s  d e v e lo p e d  in  1 9 2 5  b y  W .F I. M a s o n  fo r  

h a r d b o a r d  p r o d u c t io n  ( M a s o n ,  1 9 2 6 ) .  S in c e  th e  u s e  o f  th e  p r o c e s s  h a s  b e e n  e x p lo d e d  

to  in c lu d e  a p p l ic a t io n s  s u c h  a s  r u m in a n t  f e e d  p r o d u c t io n  a n d  h a r d w o o d  p u lp in g .  
S e v e r a l  s t u d ie s  a p p ly in g  s te a m  e x p l o s io n  fo r  p r e tr e a tm e n t  o f  v a r io u s  b io m a s s  

f e e d s t o c k s .  S c h u lt z  et al. ( 1 9 8 4 )  c o m p a r e d  th e  e f f e c t i v e n e s s  o f  s t e a m  e x p l o s io n  

p r e tr e a tm e n t  o n  m ix e d  h a r d w o o d  c h ip s ,  r ic e  h u l ls ,  c o r n  s ta lk s ,  a n d  s u g a r c a n e  b a g a s s e .



1 4

S t e a m  e x p l o s i o n  at 2 4 0 - 2 5 0  ° c  a n d  1 m in  in c r e a s e d  e n z y m a t ic  h y d r o ly s i s  r a te s  o f  

h a r d w o o d  c h ip s ,  r ic e  h u l ls ,  a n d  s u g a r c a n e  b a g a s s e  to  a b o u t  th e  s a m e  ra te  a s  f i l t e r  

p a p e r . T h e  s t e a m  e x p lo d e d  s a m p le s  s h o w e d  n o  in c r e a s e  in  a c id  h y d r o ly s i s  r a te s  a s  

c o m p a r e d  to  u n tr e a te d  s a m p le s .  T h e  s tu d y  a ls o  fo u n d  n o  d i f f e r e n c e s  in  h y d r o ly s i s  

r a te s  fo r  s a m p le  s to r e d  fo r  8 m o n th s  p r io r  to  e n z y m e  h y d r o ly s i s  a n d  s a m p le s  

e x p lo d e d  s h o r t ly  b e f o r e  e n z y m e  h y d r o ly s i s .  C h o r n e t  a n d  O v e r e n d  ( 1 9 8 8 )  d e s c r ib e  

s t e a m  e x p l o s io n  a s  b e in g  a  t h e r m o m e c h a n o c h e m ic a l  p r o c e s s .  T h e  b r e a k d o w n  o f  

s tr u c tu r a l c o m p o n e n t s  is  a id e d  b y  h e a t  in  th e  fo r m  o f  s t e m  ( th e r m o ) ,  s h e a r  f o r c e s  d u e  

to  th e  e x p a n s io n  o f  m o is tu r e  ( m e c h a n o ) ,  a n d  h y d r o ly s i s  o f  g ly c o s i d i c  b o n d s  

( c h e m i c a l ) .  In  th e  r e a c to r , s te a m  u n d e r  h ig h  p r e s s u r e  p e n e tr a t e s  th e  l i g n o c e l l u l o s i c  

s tr u c tu r e s  b y  d i f f u s io n .  T h e  s te a m  c o n d e n s e s  u n d e r  th e  h ig h  p r e s s u r e  th e r e b y  

“ w e t t i n g ” th e  m a te r ia l.  T h e  w e t  b io m a s s  is  e x p lo d e d  w h e n  th e  p r e s s u r e  in s id e  th e  

r e a c to r  is  s u d d e n ly  r e le a s e d .  T y p ic a l ly ,  th e  m a te r ia l  is  d r iv e n  o u t  o f  th e  r e a c to r  

th r o u g h  a  s m a ll  n o z z le  b y  th e  in d u c e d  fo r c e .  S e v e r a l  p h e n o m e n a  o c c u r  a t th is  p o in t .  
F ir s t , th e  c o n d e n s e d  m o is t u r e  w i t h in  th e  s tr u c tu r e  e v a p o r a t e s  in s t a n t a n e o u s ly  d u e  to  

th e  s u d d e n  d e c r e a s e  in  p r e s s u r e . T h e  e x p a n s io n  o f  th e  w a te r  v a p o r  e x e r t s  a  s h e a r  

f o r c e  o n  th e  s u r r o u n d in g  s tr u c tu r e . I f  th is  s h e a r  f o r c e  is  h ig h  e n o u g h ,  th e  v a p o r  w i l l  

c a u s e  th e  m e c h a n ic a l  b r e a k d o w n  o f  th e  l i g n o c e l l u lo s i c  s tr u c tu r e . T h e  p r o c e s s  

d e s c r ip t io n  h ig h l ig h t s  th e  im p o r ta n c e  o f  o p t im iz in g  th e  t w o  g o v e r n in g  fa c to r s :  

r e te n t io n  t im e ,  a n d  te m p e r a tu r e . T e m p e r a tu r e  g o v e r n s  th e  s t e a m  p r e s s u r e  w i t h in  th e  

r e a c to r . H ig h e r  te m p e r a tu r e s  tr a n s la te  to  h ig h e r  p r e s s u r e s ,  th e r e fo r e  in c r e a s in g  th e  

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

d i f f e r e n c e  is  in  tu rn  p r o p o r t io n a l  to  th e  s h e a r  f o r c e  o f  th e  e v a p o r a t in g  m o is t u r e  (J e o h ,
1 9 9 8 ) .  T h e  l im i t a t io n s  o f  s te a m  e x p l o s io n  in c lu d e  th e  fo 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  th a t m a y  in h ib it  d o w n s t r e a m  p r o c e s s e s  ( A p a r ic io  et a i ,  2 0 0 6 ) .
2 .5 .3 .2  A m m o n ia  fib e r  exp lo s io n  (A F E X )

In th e  A F E X  p r o c e s s ,  b io m a s s  is  tr e a te d  w i t h  l iq u id  a m m o n ia  at 

h ig h  te m p e r a tu r e  a n d  p r e s s u r e  ( T e y m o u r i  et a l ,  2 0 0 5 ) .  T h e  e f f e c t i v e  p a r a m e te r s  in  

th e  A F E X  p r o c e s s  a re  a m m o n ia  lo a d in g ,  t e m p e r a tu r e , w a te r  lo a d in g ,  b lo w d o w n  

p r e s s u r e ,  t im e  a n d  n u m b e r  o f  tr e a tm e n ts . A  ty p ic a l  A F E X  p r o c e s s  is  c a r r ie d  o u t  w ith  

1 -2  k g  a m m o n ia /k g  d r y  b io m a s s  at 9 0  ° c  d u r in g  3 0  m in . It r e d u c e s  th e  l ig n in  c o n t e n t  

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



5

a m m o n ia  a n d  e s p e c ia l l y  o f  a m m o n ia  r e c o v e r y  d r iv e s  th e  c o s t  o f  th e  p r e - tr e a tm e n t  

( H o l t z a p p le  e t a i ,  1 9 9 1 ) ,  e v e n  t h o u g h  a m m o n ia  c a n  b e  e a s i l y  r e c o v e r e d  d u e  to  its  

v o la t i l i t y .
2 .5 .3 .3  L iq u id  ho t w a ter  (LH W )

L H W  p r e tr e a tm e n t  u t i l i z e s  p r e s s u r iz e d  h o t  w a te r  a t a  p r e s su r e  

l e s s  th a n  5 M P a  a n d  in  th e  te m p e r a tu r e  r a n g e  o f  1 7 0 - 2 3 0  °c fo r  s e v e r a l  m in u te s  

f o l l o w e d  b y  d e c o m p r e s s io n  u p  to  a t m o s p h e r ic  p r e s su r e . B a g a s s e ,  c o r n  s ta lk ,  s tr a w  o f  

w h e a t ,  r ic e , a n d  b a r le y  p r e tr e a te d  b y  L H W  c o u ld  a c h ie v e  8 0 - 1 0 0 %  c o n v e r s io n  o f  

h e m ic e l l u l o s e  to  p r o d u c e  4 5 - 6 5 %  x y l o s e  (ร น ท  a n d  C h e n g ,  2 0 0 2 ;  C a r d o n a  a n d  
S a n c h e z ,  2 0 0 7 ) .

T a b l e  2 .2  A d v a n t a g e s  a n d  D is a d v a n t a g e s  o f  v a r io u s  p r e tr e a tm e n ts  ( “K u m a r  e t a i ,  
2 0 0 9 ;  bD im ia n  a n d  B i ld e a .  2 0 0 8 )

Type Pietreatment Advantages Disadvantages

Physical
pretreatment

Mechanical
comminution’

Improve the digestibility of biomass Require exorbitant 
amount of energy

Steam
explosion1

(autohydrolysis)

1 Low energy requirement 
compared to mechanical 
comminution
2 No recycling or environmental 
costs

1 Formation of 
inhibitory compounds
2 Destruction of 
xylan fraction
3 Incomplete 
disruption of 
the lignin- 
carbohydrate matrix

Physico
chemical

pretreatment Ammonia
fiber

explosionb
(AFEX)

1 Significantly improve 
saccharification rates of various 
herbaceous crops 
2. Not produce inhibitors for 
downstream biological process 
3 Not require small particle size 
for efficacy

Not very effective for
biomass
with high lignin
content

co2
explosion’

1 More cost effective than ammonia 
fiber explosion 
2. No formation of inhibitory 
Compounds

Low yield compared 
to steam or ammonia 
explosion
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T a b l e  2 .2  ( c o n t . )  A d v a n t a g e s  a n d  D is a d v a n t a g e s  o f  v a r io u s  p r e tr e a tm e n ts  ( “K u m a r  
et a i ,  2 0 0 9 ;  bD im ia n  a n d  B i ld e a ,  2 0 0 8 )

Ozonolysis1

1 Effectively remove ligum 
2. Not produce toxic residues for 
tire downstream process 
3 Carry out at room temperature 
and pressure

Large amount of 
ozone required, 
making the process 
expensive

Chemical
pretreatment Acid

hydrolysis6

1 Achieve high xylan-to-xylose 
conversion Yields
(less severe conditions)
2 Significant improve cellulose 
hydrolysis

1 Higher cost than 
some
physico-chemical 
pretreatmeut 
2. Need neutralization 
of pH

Alkaline
hydrolysis6

1 Decrease degree of 
polymerization and crystallinity 
2. Separation of structural linkages 
between lignin and carbohydrates 
3 Disruption of lignin structure

No effect for soft 
woods with lignin 
content greater than
26%

Biological
pretreatment1

1 Low energy' requirement
2 Mild environmental conditions

Very low hydrolysis 
rate

2 .6  E n z y m a t i c  H y d r o l y s i s

E n z y m a t ic  h y d r o ly s i s  o f  c e l l u l o s e  a n d  h e m ic e l l u l o s e  c a n  b e  c a r r ie d  o u t  b y  

h ig h ly  s p e c i f i c  c e l l u l o s e  a n d  h e m ic e l lu la s e  e n z y m e s  ( g l y c o s y l h y d r o l a s e s )  

( R a b in o v ic h  et al., 2 0 0 2 a ) .

2 .6 .1  E n z y m a t ic  H y d r o ly s i s  o f  C e l lu l o s e

E n z y m a t ic  h y d r o ly s i s  c a n  b e  c o n s id e r e d  a s  a  p art o f  th e  b io l o g i c a l  

p r e tr e a tm e n ts . E n z y m a t ic  h y d r o ly s i s  o f  c e l l u l o s e  c o n s i s t s  o f  c e l l u l a s e  e n z y m e  

a d s o r p t io n  o n t o  th e  s u r f a c e  o f  th e  c e l l u l o s e ,  b io d e g r a d a t io n  o f  c e l l u l o s e  to  

f e r m e n t a b le  s u g a r s ,  a n d  d e s o r p t io n  o f  th e  c e l lu la s e .  E n z y m a t ic  d e g r a d a t io n  o f  

c e l l u l o s e  to  g lu c o s e  is  g e n e r a l ly  a c c o m p l i s h e d  b y  s y n e r g is t ic  a c t io n  o f  a t le a s t  th r e e  

m a jo r  c l a s s e s  o f  e n z y m e s :  e n d o - g lu c a n a s e s ,  e x o - g lu c a n a s e s ,  a n d  P - g lu c o s id a s e .  
T h e s e  e n z y m e s  a re  u s u a l ly  c a l le d  t o g e t h e r  c e l l u l a s e  o r  c e l l u l o ly t i c  e n z y m e s  a n d  th e  

p r o d u c ts  o f  th e  h y d r o ly s i s  a re  u s u a l ly  r e d u c in g  s u g a r s  in c lu d in g  g lu c o s e  a s  s h o w n  in  

F ig u r e  2 .9  ( W y m a n  1 9 9 6 ;  D u f f  a n d  M u r r a y , 1 9 9 6 ) .  T h e  r e a c t io n  p a th w a y  s h o w s  th e  

p r o g r e s s io n  fr o m  th e  c e l l u l o s e  s u b s tr a te  to  th e  g lu c o s e  p r o d u c t  th r o u g h  th e  a c t iv i t y  o f
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th r e e  e n z y m e s :  e n d o c e l l u l a s e ,  e x o c e l lu l a s e  a n d  P - g lu c o s id a s e .  T h e  e n d o c e l l u l a s e  a n d  

e x o c e l l u l a s e  e n z y m e s  in c r e m e n t a l ly  c l e a v e  c e l l o b i o s e  m o le c u l e s  o f f  o f  th e  lo n g  

c h a in  p o ly s a c c h a r id e  m o le c u l e s .  T h is  c e l l o b i o s e  in te r m e d ia te  th e n  b e c o m e s  th e  

s u b s tr a te  in  th e  h y d r o ly s i s  r e a c t io n  w i t h  (3 -g lu c o s id a s e ,  p r o d u c in g  th e  f in a l  g lu c o s e  

p r o d u c t  ( D e m e r s  et a l . , 2 0 0 9 ) .

P (น ) P-1 -i-endoglucaaase pu,-*)

G K ^ O O O

๐
0 0 - 0 0

P-1 -4-exoelucana se
o o o  o o  o o o

o ©  o o  o
GKOO ©  0 - 0  P-elueoudas<-
o o  <0hOy t t

CELLOBIOSE

o

©  GLUCOSE

F i g u r e  2 .9  R e a c t io n  p a th w a y s  fr o m  c e l l u l o s e  to  g lu c o s e  (M u s s a t to  and  T e ix e ir a ,  
2 0 1 0 )

T h e  h y d r o ly s i s  is  p e r fo r m e d  u n d e r  m i ld  c o n d i t io n s  ( e .g .  p H  4 .5 - 5 .0  a n d  

te m p e r a tu r e  4 0 - 5 0  ° C ) .  T h e r e f o r e ,  o n e  m a y  e x p e c t  l o w  c o r r o s io n  p r o b le m s ,  l o w  

u t i l i ty  c o n s u m p t io n ,  a n d  l o w  t o x ic i t y  o f  th e  h y d r o ly s a t e s  a s  th e  m a in  a d v a n t a g e s  o f  

th is  p r o c e s s  (T a h e r z a d e h  a n d  K a r im i, 2 0 0 8 ) .
2 .6 .2  E n z y m a t ic  H y d r o ly s i s  o f  H e m ic e l l u l o s e s

A l t h o u g h  s im i la r  t y p e s  o f  e n z y m e s  a re  r e q u ir e d  fo r  h e m ic e l l u l o s e  

h y d r o ly s i s ,  m o r e  e n z y m e s  are  r e q u ir e d  fo r  its  c o m p l ic a t e d  d e g r a d a t io n  b e c a u s e  o f  its  

g r e a te r  c o m p l e x i t y  c o m p a r e d  to  c e l l u l o s e .  T h e r e f o r e ,  x y la n a s e  is  th e  b e s t  s tu d ie d  

(K u h a d  et a i .  1 9 9 7 ) .  I f  h e m ic e l l u l o s e  fr a c t io n  is  n o t  u s e d  e f f e c t i v e l y ,  it a d d s
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s u b s t a n t ia l  c o s t s  fo r  w a s t e  d i s p o s a l  to  th e  p r o c e s s  a n d  r e s u lt s  in  s ig n i f ic a n t  lo s s  

p o te n t ia l  r e v e n u e  f r o m  a  f r a c t io n  o f  th e  f e e d s t o c k ,  w h ic h  w a s  p a id  fo r  ( W y m a n ,
1 9 9 4 ) .

2 .7  C e l l u l a s e  E n z y m e s

C e l lu la s e s  h a v e  m a n y  a p p lic a t io n s  in  v a r io u s  in d u s tr ie s  s u c h  a s  c h e m ic a l s ,  
f u e l ,  f o o d ,  w in e ,  a n im a l  f e e d ,  t e x t i l e ,  la u n d r y , p u lp  a n d  p a p e r , a n d  a g r ic u ltu r e .  
C e l lu la s e  e n z y m e  c a n  b e  p r o d u c e d  b y  s e v e r a l  o r g a n is m s ,  m o s t ly  b y  fu n g i  a n d  

b a c te r ia , in c lu d in g  a e r o b e s ,  a n a e r o b e s ,  m e s o p h i l e s ,  t h e r m o p h i le s ,  a n d  e x t r e m o p h i l e s  

( B a h k a l i ,  1 9 9 6 ;  M a g n e l l i  a n d  F o r c h ia s s in ,  1 9 9 9 ;  S h in  et a l ,  2 0 0 0 ;  I m m a n u e l  e t a l ,
2 0 0 6 ) .  A e r o b ic  fu n g i  a n d  b a c te r ia  g e n e r a l ly  p r o d u c e  e x t r a c e l lu la r  c e l l u l a s e s .  
B a c t e r ia l  c e l l u l a s e s  are  c o n s t i t u t iv e ly  p r o d u c e d , w h e r e a s  fu n g a l  c e l l u l a s e  is  p r o d u c e d  

o n ly  in  th e  p r e s e n c e  o f  c e l l u l o s e  ( S u t o  a n d  T o m it o ,  2 0 0 1 ) .
H o w e v e r ,  th e  e n z y m a t ic  h y d r o ly s i s  ra te  o f  th e  c e l l u l o s e  is  r e la t iv e ly  l o w  

b e c a u s e  o f  its  h ig h  c r y s t a l l in i t y  ( T a e c h a p e m p o l  et a l ,  2 0 1 1 ) .  M o s t  a n im a ls  c a n n o t  

h y d r o ly z e  c e l l u l o s e  b e c a u s e  t h e y  d o  n o t  h a v e  c e l l u l o ly t i c  e n z y m e s .  B y  c o n tr a s t ,  
t e r m ite s  c a n  e f f i c i e n t ly  h y d r o ly z e  c e l l u l o s e  w it h  th e  a id  o f  in te s t in a l  m ic r o b io t a  

( B r e z n a k  a n d  B r u n e , 1 9 9 4 ) .

2 .8  C e l l u l o s e  H y d r o l y s i s  w i t h  E n z y m e  f r o m  T e r m i t e s

T a e c h a p o e m p o l  et a l  ( 2 0 1 1 )  s tu d ie d  c e l lu la s e - p r o d u c in g  b a c t e r ia  fr o m  T h a i  
h ig h e r  te r m ite s , M ic ro c e ro te rm e s  sp . : e n z y m a t ic  a c t iv i t i e s  a n d  io n ic  l iq u id  t o le r a n c e .  
T h e  th r e e  h ig h e s t  h y d r o ly s i s - c a p a c i t y - v a lu e  i s o la t e s  o f  B a c illu s  S u b tilis  ( A  0 0 2 ,  
M  0 1 5 ,  F  0 1 8 )  o b ta in e d  fr o m  T h a i h ig h e r  t e r m it e s .  M ic ro c e ro te rm e s  s p . ,  u n d e r  

d if f e r e n t  i s o la t io n  c o n d i t io n s  ( a e r o b ic ,  a n a e r o b ic ,  a n d  a n a e r o b ic /a e r o b ic )  th a t  

p o s s e s s e d  th e  h ig h e s t  H C  v a lu e  w e r e  t e s t e d  c o m p a r a t iv e ly  fo r  c e l l u l o s e  a c t iv i t i e s  

( F P a s e ,  e n d o g lu c a n a s e ,  a n d  ( 3 - g lo c o s id a s e )  at 3 7  ° c  a n d  p H  7 .2  fo r  2 4  h. T h e ir  

to le r a n c e  to  a n  io n ic  l iq u id , l - b u t y l - 3 - m e t h y l im i d a z a o l iu m  c h lo r id e  ( [B M I M ] C 1 ) ,  
w a s  a ls o  in v e s t ig a t e d .  A l l  th e  e f f e c t i v e  i s o la t e s  w e r e  id e n t i f ie d  a s  B. su b tilis  b y  th e  

1 6 S  r R N A  g e n e  s e q u e n c in g  m e th o d . T h e  r e s u lt s  s h o w e d  th a t  th e  i s o la t e  M  0 1 5
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p r o v id e d  th e  h ig h e s t  e n d o g lu c a n a s e  a c t iv i t y  a n d  th e  i s o la t e  F  0 1 8  p r o v id e d  th e  

h ig h e s t  F P a s e  a n d  ( 3 - g lo c o s id a s e  a c t iv i t i e s .  T h e  c h a r a c te r is t ic s  o f  i s o la t e s  A  0 0 2 ,  M  

0 1 5 ,  a n d  F 0 1 8  b y  m ic r o b io lo g ic a l  m e t h o d s  w e r e  s h o w n  in  T a b le  2 .3 .  In  a d d it io n ,  
t h e s e  e f f e c t i v e  i s o la t e s  w e r e  t e s t e d  fo r  th e ir  t o x ic  to le r a n c e  to  [B M IM J C 1 . A l l  o f  th e  

i s o la t e s  W'ere a b le  to  to le r a te  th e  [ B M I M j C l  in  th e  c o n c e n t r a t io n  r a n g e  o f  0 .1  to  1 .0  

v o l% . a n d  n o  g r o w th  r e ta r d a tio n  in  th e  la g  p h a s e s  w a s  o b s e r v e d ,  e x c e p t  th a t th e  

i s o la t e  A  0 0 2  h a d  a  g r o w th  r e ta r d a tio n  in  th e  [B M IM J C 1  c o n c e n t r a t io n  r a n g e  o f  0 .5  

to  1 .0  v o l% . T h e r e f o r e ,  th e  c e l l u lo s e - d e g r a d in g  a b i l i t y  o f  t h e s e  i s o la t e s  c a n  

p o t e n t ia l ly  b e  u s e d  a s  a  p r e tr e a tm e n t  s te p  fo r  a lc o h o l  f e r m e n ta t io n .

T a b l e  2 .3  C h a r a c te r is t ic s  o f  i s o la t e s  A  0 0 2 ,  M  0 1 5 .  a n d  F 0 1 8  b y  m ic r o b io lo g ic a l  

m e t h o d s  ( T a e c h a p o e m p o l  et a i .  2 0 1 1 )

Isolate Colonial appearance Pigmentation Cell
shape

Gram’s
staining

Spore
forming

Oxidase Catalase 
lest test

A 002 Circular, flat, cnlin- 
rough, and membranous

Light brown cream Rod 4- 4- -  4-

M 015 Spindle, raised, entire, 
glistering, and opaque

Light brown cream Rod + 4- 4-

F OIK Spindle, flat, filamentous, 
glistering, and opaque

Light green cream Rod 1 + +

W o n g s k e o  e t al. ( 2 0 1 2 )  s tu d ie d  p r o d u c t io n  o f  g lu c o s e  fr o m  th e  h y d r o ly s i s  o f  

c a s s a v a  r e s id u e  u s in g  b a c te r ia  i s o la t e s  fr o m  T h a i h ig h e r  t e r m ite s .  T h e y  s t u d ie d  th e  

p o s s i b i l i t y  o f  u s in g  c a s s a v a  r e s id u e  c o n s i s t s  o f  4 9 .6 6 %  s ta r c h , 2 1 .4 7 %  c e l l u l o s e ,  
1 2 .9 7 %  h e m ic e l l u l o s e ,  a n d  2 1 .8 6 %  l ig n in  a s  a  r a w  m a te r ia l to  p r o d u c e  g l u c o s e  u s in g  

e n z y m a t ic  h y d r o ly s i s .  In th is  r e s e a r c h , th e  t w o  e f f e c t i v e  i s o la t e s  ( s tr a in  A  0 0 2  a n d  

s tr a in  M  0 1 5 ) .  M irco rero te rm es  s p . .  fr o m  T h a i h ig h e r  t e r m it e s  w e r e  u s e d  to  

d e te r m in e  th e ir  h y d r o ly s i s  a c t iv i t y  o f  c a s s a v a  r e s id u e  at 3 7  ๐c .  T h e  e f f e c t s  o f  

p a r t ic le s  s i z e  ( 4 0  m e s h  a n d  6 0  m e s h )  w e r e  a ls o  s tu d ie d . T h e  r e s u lt s  s h o w e d  th at th e  

o p t im u m  c o n d i t io n  fo r  m a x im u m  g lu c o s e  c o n c e n t r a t io n  w a s  1 .5 1  g /L  a t 10  h u s in g  

6 0  m e s h  s i z e s  o f  c a s s a v a  r e s id u e  a n d  s tr a in  A 0 0 2  a s  a  b a c t e r ia  c e l l  a t 3 7  °c.
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E o u r a r e k u lla r t  ( 2 0 1 1 )  s tu d ie d  c o n v e r s io n  o f  c o r n c o b  to  s u g a r s  b y  m ic r o b ia l  

h y d r o ly s i s .  T h e y  in v e s t ig a t e d  th e  e f f e c t s  o f  p a r t ic le  s iz e  o f  c o r n c o b  ( 4 0  a n d  6 0  m e s h ) ,  

h y d r o ly s i s  te m p e r a tu r e  ( 3 0  ° c  a n d  3 7  ° C ) ,  h y d r o ly s i s  t im e ,  a n d  s tr a in s  o f  b a c te r ia  

i s o la t e d  fr o m  T h a i h ig h e r  te r m ite s  ( s tr a in  A  0 0 2  a n d  M  0 1 5 ) .  In th e  e x p e r im e n t s ,
1 .6  g  o f  c o r n c o b  o b ta in e d  fr o m  R iv e r  K vvai I n te r n a t io n a l  F o o d  I n d u s tr y  C o . ,  L td ., 4 - 7  

g  o f  b a c te r ia  c e l l s ,  a n d  1 L  o f  p r o d u c t io n  m e d iu m  w e r e  u s e d . C e l lu l o s e ,  
h e m ic e l l u l o s e ,  l ig n in ,  a n d  e x t r a c t iv e  c o n t e n t s  o f  th e  r a w  c o r n c o b  w e r e  4 7 .3 7 % ,  
3 1 .2 6 % , 1 7 .0 6 % , a n d  3 .3 2  %  r e s p e c t iv e ly .  T h e  r e s u lt  s h o w e d  th a t th e  m a x im u m  

a m o u n t  o f  g l u c o s e  fr o m  th e  h y d r o ly s i s  r e a c t io n  w a s  1 .0 8  g /L ,  w h ic h  c a n  b e  o b ta in e d  

fr o m  th e  b a c te r ia  s ta in  A 0 0 2  w i t h  6 0  m e s h  c o r n c o b  s i z e s  at 3 7  ° c .
W o r a s a m u tp r a k a r n  ( 2 0 1 0 )  s tu d ie d  th e  c o n v e r s io n  o f  c e l l u l o s e  to  g lu c o s e  b y  

m ic r o b e s  i s o la t e d  fr o m  h ig h e r  te r m ite s .  D u e  to  th e  h ig h  c r y s t a l l in i t y  o f  c e l l u l o s e ,  a  

p r e tr e a tm e n t  s te p  is  r e q u ir e d  in  o r d e r  to  r e d u c e  th e  c r y s t a l l in i t y  a n d  in c r e a s e  th e  

a c c e s s i b i l i t y  o f  c e l l u l o s e .  A n  io n ic  l iq u id .  [B M I M ]C 1 . w a s  u s e d  in  th e  e x p e r im e n t .  
T h e  e f f e c t s  o f  c e l l u l o s e - t o - [ B M I M ] C l  r a tio , te m p e r a tu r e , a n d  t im e  o n  th e  d i s s o lu t io n  

o f  c e l l u l o s e  w e r e  s tu d ie d . F o r  th e  p r e tr e a tm e n t  s t e p , it w a s  fo u n d  th a t [ B M I M j C l  c a n  

b e  u s e d  to  r e d u c e  th e  c r y s t a l l in i t y  o f  c e l l u l o s e  w it h  th e  o p t im u m  c o n d i t io n  a t th e  

5 : 1 0 0  c e l l u l o s e - t o - [ B M I M ] C l  r a tio , a n d  th e  c r y s t a l l in i t y  o f  c e l l u l o s e  w a s  d e c r e a s e d  

a b o u t  9 0 %  a fte r  tr e a t in g  w ith  io n ic  l iq u id  at 1 0 0  ๐c ,  a l t h o u g h  th e  io n ic  l iq u id  s t i l l  

r e m a in e d  in  th e  p r e tr e a te d  c e l l u l o s e  at a b o u t  5 %  a fte r  w a s h in g  b y  d e io n iz e d  w a te r .  
F o r  th e  e n z y m a t ic  h y d r o ly s i s  s te p , th e  th r e e  e f f e c t i v e  i s o la t e s  ( s tr a in  A  0 0 2 ,  M  0 1 5 ,  
a n d  F 0 1 8 )  fr o m  T h a i h ig h e r  t e r m it e s ,  M ic ro c e ro te rm e s  sp . o n  th e  g l u c o s e  p r o d u c t io n  

fr o m  c e l l u l o s e  w e r e  a ls o  in v e s t ig a t e d .  T h e  r e s u lt s  s h o w e d  th a t s tr a in  F 0 1 8  p r o v id e d  

th e  h ig h e s t  g lu c o s e  c o n c e n t r a t io n  fr o m  th e  p r e tr e a te d  c e l l u l o s e  a b o u t  0 .5 9  g /L  a t 4  h  

a n d  th e  g lu c o s e  c o n c e n t r a t io n  fr o m  th e  u n tr e a te d  c e l l u l o s e  w a s  lo w e r  th a n  th e  

p r e tr e a te d  c e l l u l o s e .  In a d d it io n ,  th e  s tr u c tu r e s  o f  c e l l u l o s e  in  th e  e n z y m a t ic  

h y d r o ly s i s  w e r e  in v e s t ig a t e d  b y  u s in g  n o .5 W h a tm a n  f i l t e r  p a p e r . T h e  r e s u lt  s h o w e d  

th a t th e  h y d r o ly s i s  o f  N o . 5 W h a tm a n  f i l t e r  p a p e r  r e s u lt e d  in  th e  l o w e s t  g lu c o s e  

c o n c e n t r a t io n ,  w h i l e  u s in g  N o .  1, 2 ,  a n d  4  W h a tm a n  f i l t e r  p a p e r s  s h o w e d  th e  h ig h e r  

g lu c o s e  c o n c e n tr a t io n .
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H o k it t ik u l  ( 2 0 1 3 )  s tu d ie d  g lu c o s e  p r o d u c t io n  fr o m  c o r n c o b  b y  m ic r o b ia l  

h y d r o ly s i s .  T h e  m ic r o b ia l  h y d r o ly s i s  o f  c o r n c o b  to  g lu c o s e  b y  u s in g  c e l l u l a s e -  

p r o d u c in g  b a c te r ia  i s o la t e d  fr o m  T h a i h ig h e r  t e r m it e s ,  M ic ro c e ro te rm e s  s p . C o r n c o b  

c o n s i s t e d  o f  4 5 .7 3 %  c e l l u l o s e ,  4 2 .6 6 %  h e m ic e l l u l o s e ,  a n d  7 .9 9 %  l ig n in . In th e  

e x p e r im e n t s ,  e a c h  r e a c to r  c o n t a in e d  c o r n c o b  p a r t ic le s ,  b a c te r ia  c e l l s ,  a n d  p r o d u c t io n  

m e d iu m . T h e  e f f e c t s  o f  p a r t ic le  s iz e  ( 4 0  m e s h ,  6 0  m e s h ,  8 0  m e s h ) ,  t e m p e r a tu r e  ( 3 0  

°c a n d  3 7  ๐C ) . a n d  s tr a in s  o f  b a c te r ia  (A  0 0 2  a n d  M  0 1 5 )  o n  th e  g lu c o s e  

c o n c e n t r a t io n  w e r e  a ls o  s tu d ie d . F u r th e r m o r e , g lu c o s e  p r o d u c t io n  u s in g  th e  i s o la t e d  

b a c te r ia  c o m p a r e d  w ith  th a t u s in g  c o m m e r c ia l  e n z y m e .  F r o m  th e  p r e lim in a r y  r e s u lt ,  
th e  o p t im u m  c o n d i t io n  o f  m ic r o b ia l  h y d r o ly s i s  u s in g  th e  b a c te r ia l  i s o la t e s  fr o m  T h a i  
h ig h e r  t e r m ite s  w a s  fo u n d  to  b e  6 0  m e s h  o f  c o r n c o b  p a r t ic le ,  w it h  s ta in  A  0 0 2  at 3 7

°c.
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