
CHAPTER II 
LITERATURE REVIEW

2.1 Biorefineries Overview

T h ere  are tw o  m a jo r  p la tfo rm s to  p r o d u ce  b io fu e l fro m  b io m a ss:  the  
g a s if ic a t io n  p la tfo rm  and  th e  ca rb o h y d ra te  p la tform . C a rb oh yd ra te  p la tfo rm  w o u ld  
break b io m a ss  d o w n  in to  d iffe r e n t ty p e s  o f  c o m p o n e n t  su g a rs, sta rch , or  c e l lu lo s e  for  
ferm en ta tio n  or o th er  b io lo g ic a l  p r o c e s s in g  in to  v a r io u s  fu e ls  and  c h e m ic a ls . W h ile ,  
g a s if ic a t io n  p la tfo r m  w o u ld  co n v e r t  b io m a ss  in to  s y n th e s is  g a s  (h y d r o g e n  and  carb on  
m o n o x id e )  w h ic h  is  th en  ferm en ted  in to  e th a n o l and  b u ta n o l b y  m ic r o o r g a n ism s .
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Figure 2.1 S c h e m a tic  o f  p a th w a y s  to  p ro d u ce  fu e ls  an d  c h e m ic a l fro m  b io m a ss .

2.2 Biobutanol Production

Biobutanol can be produced by acetone-butanol-ethanol fermentation
process or ABE fermentation process, as shown in Figure2.2. This process has been
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im p r o v e d  b y  u s in g  v a r io u s  stra in s o f  th e  b a c ter iu m  e ith e r  Clostridium 
acetobutylicum or Clostridium Beijerinckii and  d iffe r e n t su b sta tra tes  su c h  as c o m  
and  m o la s s e s  for  m a n y  y ea rs. H o w e v e r , th e se  su b tstra te s  h a v e  h ig h  c o s t  re su lt in g  in  
h ig h  p r ice  o f  b u ta n o l. T h e r e fo r e , to  p ro d u ce  b u ta n o l b y  u s in g  b io m a s s  a s  a fe e d s to c k  
is  an o th er  c h o ic e  to  r e d u c e  b u ta n o l p r ice .
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F ig u r e  2 .2  S c h e m a tic  o f  v a r ie ty  o f  ferm en ta tio n  p r o c e s s  to  p r o d u c e  b u ta n o l 
(C a sc o n e , 2 0 0 8 ) .

2 .3  P r o p e r t ie s  o f  B u t a n o l

B u ta n o l’s p ro p er tie s  are m o re  a ttr a ctiv e  th an  e th a n o l w ith  resp e c t  to  
g a so lin e . B e c a u s e  th e  fu e l p ro p er tie s  o f  b u ta n o l are m o r e  s im ila r  to  g a s o l in e  than  
e th a n o l. T h ere  is  a re sea rch  that can  p resen t w e  can  u s e  1 0 0  %  b u ta n o l a s  a fu e l or  
u se  it b len d  w ith  g a s o l in e  lik e  e th a n o l. A n d  it w i l l  n o t  d is s o lv e  in  w a ter  s o  it can  b e  
transport in  p ip e lin e , ta n k s, and o th er  e q u ip m en t.



Table 2.1 P ro p er tie s  o f  n -b u ta n o l, e th a n o l, and g a s o l in e  (K ip lin g e r , 2 0 0 7 )

F U E L  P R O P E R T IE S
B u tan o l E th a n o l G a s o l in e

Energy content Btufgal. 110,000 84,000 115,000
Motor octane rating 94 92 96
Flash Point* CF) 90 55 -45
Reid vapor p ressu re”  (100“F) 0.3 2.3 8-15
W ater solubility at 7 0 'F 9% 100% Negligible
Transportationrnirastnieture Existing Segregated Existing
Feedstock. Sam e as ethanol Sugar or starch crops Crude oil
Production costs Not expected to differ from ethanol About $1 .30/gal. Variable
Availability Available in commercial quantities post-2010 Available now Available now
* Fuels with higher Hash points are le ss  n am m ab li than fuels with lower Hash points.** Vapor p ressu re  is an  indication Ola liquid's evaporation rate.‘ Sources: ButyFuels, Lie, Department of Energy, BP, DuPont, Kiplinger

2.4 Composition of Lignocellulosic Biomass

Figure 2.3 S c h e m a tic  o f  l ig n o c e l lu lo s ic  b io m a ss  (R u b in , 2 0 0 8 ) .
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L ig n o c e l lu lo s ic  b io m a ss  c o n s is ts  o f  c e l lu lo s e ,  h e m ic e l lu lo s e , and  
l ig n in , w h ic h  form  c o m p le x  structure resu lt in  e n z y m a tic  h y d r o ly s is  a c c e s s ib i li ty  
lim ite d . T h e  c o n te n t o f  l ig n o c e l lu lo s e  d e p en d s o n  ty p e  o f  l ig n o c e l lu lo s ic  b io m a ss . 
T a b le  2 .2  s h o w s  th e ty p ica l c o m p o s it io n s  o f  th e  th ree  c o m p o n e n ts  in  v a r io u s  
l ig n o c e l lu lo s ic  m ater ia ls .

Table 2.2 L ig n o c e l lu lo s e  c o n te n ts  o f  so m e  agricu ltu ra l w a s te s  (H o w a r d  et al., 2 0 0 3 )

Lignocellulosic materials Cellulose
(% )

Hemicellulose
( % )

Lignin

N u t s h e lls 2 5 -3 0 2 5 -3 0 3 0 -4 0
C o m  c o b s 4 5 35 15
W h eat straw 3 0 5 0 15
R ic e  straw 32 .1 2 4 18
F resh  b a g a sse 3 3 .4 3 0 1 8 .9
S w itc h  gra ss 4 5 3 1 .4 1 2

C o a sta l B e r m u d a  grass 2 5 3 5 .7 6 .4

2 .4 .1  C e l lu lo s e
C e l lu lo s e  is  a h o m o p o ly m e r  o f  P -g lu c o s e  u n its  that are lin e a r  lin k ed  

v ia  P -1 -4  g ly c o s id ic  b o n d s . T o  id e n tify  th e  p -g lu c o p y r a n o s e , h y d r o x y l gro u p s o n  C l  
and C 6  p o s it io n s  sh o u ld  b e  o n  the sa m e  p la n e . T h e  stru ctu re o f  c e l lu lo s e  is  illu stra ted  
in  F ig u re  2 .4 . T h is  lin e a r ity  c a u se s  p a c k in g  o f  c e l lu lo s e  c h a in s  c a lle d  e le m e n ta r y  and  
m ic r o fib r ils  (F ig u r e  2 .3 )  a ttach ed  to  each  o th er  b y  h e m ic e l lu lo s e s ,  a m o rp h o u s  
p o ly m e r s  o f  d iffe r e n t su g a r s , and  c o v e r e d  b y  lig n in . T h e r e fo r e , c e l lu lo s e  e x is t s  as  
c r y s ta llin e  f ib ers  w h ic h  are a m ajor o f  e n z y m a tic  h y d r o ly s is  a c c e s s ib i l i ty  (K e sh w a n i  
et al., 2 0 0 7 ) .  S in c e  th ere  are se v era l h y d ro x y l g ro u p s  in ea c h  m o n o m e r  u n it, their  
se c o n d a r y  in ter -ch a in  h y d r o g e n  b o n d in g  e x te n s iv e ly  o c c u r s  (W a n g  et al., 2 0 0 7 ) .  
H y d r o g e n  b o n d s  are fo rm ed  b e tw e e n  th e m a n ifo ld  h y d r o x y l g ro u p s  o n  th e  g lu c o s e  
u n its  w ith in  a ch a in  or o n  ad jacen t c h a in s , reta in in g  th e  fir m ly  n e tw o rk  o f  h y d ro g en  
b o n d s and g e n e r a tin g  r ig id  m icro fib r il structure. F u rth erm ore, c e l lu lo s e  h as b o th  
c r y s ta llin e  an d  a m o rp h o u s z o n e s  in  its structure a c c o r d in g  to  th e  m icro stru ctu re
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p e r io d ic a lly  or r a n d o m ly  d istr ib u ted  a lo n g  th e  o r ie n ta tio n  o f  c e l lu lo s e  f ib r ils  (S h e n  
and G u , 2 0 0 9 ) .  E a ch  r e g io n  h as d ifferen t a c t iv ity  w h ic h  ad d s m o re  c o m p le x it ie s .

Figure 2.4 C e l lu lo s e  stru ctu re and  h y d r o g e n  b o n d  n e tw o r k  in  c e l lu lo s e  m o le c u le s .

2 .4 .2  H e m ic e llu lo s e
H e m ic e llu lo s e s  are h e te r o p o ly m e r s , w h ic h  c o n s is t  o f  f iv e -c a r b o n  

su ga rs ( x y lo s e  and a r a b in o se )  and  s ix -c a r b o n  su g a rs  (g a la c to s e  and  m a n n o se ) . In 
con trast to  c e l lu lo s e ,  w h ic h  is  th e  sa m e  for a ll l ig n o c e l lu lo s ic  b io m a s s  re su lt  in  h ig h  
c r y s ta llin ity  and  s tro n g , h e m ic e l lu lo s e s  h a v e  ran d o m  (F ig u re  2 .5 ) ,  a m o rp h o u s, and  
b ran ch ed  stru ctu re w ith  litt le  re s is ta n c e  to  h y d r o ly s is , and  th e y  are m o r e  e a s ily  
h y d r o ly z e d  to  th e ir  m o n o m e r  c o m p o n e n ts  (T a h e r z a d e h  and  K a r im i, 2 0 0 8 ) .

Figure 2.5 M o n o sa c c h a r id e  rep resen t in h e m ic e l lu lo s e .
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2 .4 .3  L ig n in
L ig n in  is  a v ery  c o m p le x  m o le c u le  m a d e  u p  o f  th ree  ty p e s  o f  p h e n o lic  

a c id s  (p -c o u m a r y l a lc o h o l , c o n ife r y l a lc o h o l and  sy n a p y l a lc o h o l)  lin k e d  in a three  
d im e n s io n a l stru ctu re w h ic h  is  p articu lar ly  d if f ic u lt  to  b io d e g r a d e  (F ig u re  2 .6 ) .  
L ig n in  is  th e  m o s t  reca lc itra n t c o m p o n e n t  o f  th e  p lan t c e l l  w a ll ,  and  th e  h ig h er  th e  
p rop o rtio n  o f  l ig n in , th e  h ig h e r  th e  re s is ta n c e  to  c h e m ic a l an d  e n z y m a tic  d egra d ation  
(T a h erza d eh  and  K a rim i, 2 0 0 8 ) .

p -C o u m a ry l  a lc o h o l  C on ife ry l a lc o h o l S in a p y l  a lc o h o l

Figure 2.6 S tru ctu res o f  m o n o lig n o ls  (T a h erza d eh  and K a r im i, 2 0 0 8 ) .

2.5 An Emerging Technology: Microwave Technology

T h e d e v e lo p m e n t  o f  recen t and e m e r g in g  t e c h n o lo g ie s  h a s b e e n  d r iv en  b y  
th e  n e e d  to  f in d  a lte r n a tiv e s  to  th o se  trad ition a l an d  c o n v e n tio n a l t e c h n o lo g ie s  d u e  to  
th e ir  p o o r  e n e r g y  e f f ic ie n t  and  th eir  g en era ted  e n v ir o n m e n ta l p o llu t io n s . In the  
p r o c e s s  and  m a n u fa c tu r in g  in d u str ie s , h e a t in g  b o th  fo r  d ry in g  an d  p ro m o tin g  
c h e m ic a l/p h y s ic a l c h a n g e s  ca n  b e  c o n s id e r e d  a s  o n e  o f  th e  m o s t  c o m m o n  e m p lo y e d  
p r o c e s se s  (A p p le to n  et a i,  2 0 0 5 ) .  M ic r o w a v e  irra d ia tio n  is  an  a ttra ctiv e  e m e r g in g  
te c h n iq u e  that s h o w s  th e  p o te n tia l u se  as an im p r o v e d  e n e r g y  e f f ic ie n t  a ltern a tiv e  as  
co m p a red  w ith  cu rren t h e a t in g  te c h n o lo g ie s . F u rth erm ore , it is  a lso  regard ed  as o n e  
o f  g ree n  and  su s ta in a b le  e n e r g y  w ith  e n v ir o n m e n ta l c o m p a tib ility .
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2.6 Fundamentals of Microwave Technology

M ic r o w a v e s  are e le c tr o m a g n e tic  e n e r g y  w ith  w a v e le n g th s  r a n g in g  from  1 
c m  to  1 m  and  fr e q u e n c ie s  o f  3 0  G H z  to  3 0 0  M H z , w h ic h  c o n s is t  in  th e  
e le c tr o m a g n e t ic  rad ia tion  sp ectru m  b e tw e e n  in frared  r a d ia tio n  and  rad io  fr e q u e n c ie s  
(S tra u ss , 2 0 0 2 ) .  H o w e v e r , n ot a ll fr e q u e n c ie s  ca n  b e  u se d  for  m ic r o w a v e  ch e m istr y . 
A c c o r d in g  to  in tern a tio n a l a g r eem en t, a fr e q u e n c y  o f  2 .4 5  G H z  or 2 4 5 0  M H z  
c o r r e sp o n d in g  to  1 2 .2  c m  w a v e le n g th  (X) and e n e r g y  o f  1 .0 2 x 1 0 -5  e V  is  preferred  
for  s c ie n t if ic  m ic r o w a v e  h ea tin g  and  d ry in g  in la b ora tory  r e a c tio n s  to a v o id  
in terv en tio n  w ith  o th er  d e s ig n a te d  b an d s for  o th er  a p p lic a t io n s  su c h  as radar and  
te le c o m m u n ic a t io n s .

Wavelength
(meters)

About the size of-

Buildings Humans Honey Bee Pinpoint Protozoans Molecules Atoms Atomic Nuclei
Frequency(Hz) ■ ""“"“""■ "■ Hnjlll hi ill แแแ II แฒเ111 III

to4 to8 to17 t o '5 to 16 to '8 to70

Figure 2.7 T h e  e le c tr o m a g n e t ic  sp ectru m  w ith  th e ir  a p p lic a t io n s  at v a r io u s  
fr e q u e n c ie s  (h ttp : / /m c 2 .g u lf -p ix e ls .c o m /? p = :2 8 1 ).

O n e  o f  th e  m a in  lim ita tio n s  o f  m ic r o w a v e  e n e r g y  for  h e a t in g  is  an  a b ility  o f  
ea c h  m ater ia l to  ab so rb  m ic r o w a v e s . D u e  to  d if fe r e n c e s  in th e  r e sp o n se  o f  target 
sa m p le s  to  m ic r o w a v e  rad ia tion , m a ter ia ls  ca n  b e  c la s s if ie d  in to  th ree  m a in  
c a te g o r ie s  a s  f o l lo w s :

http://mc2.gulf-pixels.com/?p=:281
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•  R e f le c t in g  m a ter ia ls  that r e f le c t  m ic r o w a v e s  o u t o f  th e  su r fa ce  o f  
m a te r ia ls , e .g . ,  m e ta ls

•  In su la tin g  m a ter ia ls  that tran sm it m ic r o w a v e  e n e r g y  th rou gh  
w ith o u t  s to r in g  th e  e n e r g y  in  th e  fo rm  o f  h ea t, e .g . ,  quartz

•  A b so r b in g  m a ter ia ls  that ca n  c o u p le  w ith  m ic r o w a v e  e n e r g y  
g e n e r a tin g  h ea t, e .g . ,  w ater

Figure 2 .8  In te r a c tio n s  o f  m ic r o w a v e  rad ia tion  w ith  m a ter ia ls .

W h e n  a  m ater ia l is  su b je c te d  to m ic r o w a v e  e n e r g y , th ere  are tw o  b a s ic  
m e c h a n ism s  o f  m ic r o w a v e  h e a tin g  w h ic h  arise  from  th e d isp la c e m e n t  o f  ch arg ed  
p a rtic le s  in  th e  m ater ia l:

•  P o la r iz a tio n  or  d ip o le  ro ta tio n  is  an a lig n m e n t  o f  d ip o le , e ith er  
in d u c e d  or p erm a n en t, m o le c u le s  ten d  to  a g ita te  an d  reorien t  
th e m s e lv e s  u n d er  th e in f lu e n c e  o f  an o s c i l la t in g  e le c tr ic  f ie ld . 
E n e r g y  d iss ip a tio n  is  in d u ced  in  th e  fo rm  o f  h ea t d u e  to  d ie le c tr ic  
r e la x a tio n  t im e  o f  th e  sa m p le .

•  Io n ic  c o n d u c tio n  g en e r a te s  h ea t th ro u g h  r e s is ta n c e  w ith in  the  
stru ctu re o f  m a ter ia ls  to  an e le c tr ic  cu rren t or  o s c i l la t io n  o f  io n s  
w h ic h  is  g en era ted  b y  th e o s c i l la t in g  e le c tr o m a g n e t ic  f ie ld .

H o w e v e r , th e  m ic r o w a v e  te c h n o lo g y  h a s  b e e n  s h o w n  p o s s ib i l i t ie s  to  b e  an  
e n e r g y  e f f ic ie n t  te c h n iq u e  for  c h e m ic a l p r o c e s s in g . T h e  a d v a n ta g e s  and  c h a lle n g e s  o f  
m ic r o w a v e  p r o c e s s in g  are su m m a r iz e d  in T a b le  2 .3 .
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Table 2.3 Benefits and challenges of microwave processing (Clark and Sutton, 1996)

Benefits Challenges
R a p id  h e a tin g H e a tin g  lo w - lo s s  p o o r ly  a b so r b in g  m a ter ia ls
P r e c ise  and  in s ta n ta n e o u s E ff ic ie n t  tran fer o f  m ic r o w a v e  e n e r g y  to
c o n tr o lle d  h e a t in g w o r k p ie c e
S e le c t iv e  h e a t in g C o n tr o llin g  a c c e le r a te d  h e a tin g
V o lu m e tr ic  an d  u n ifo rm  h e a tin g E c o n o m ic s
S h ort p r o c e s s in g  t im e s
In crea sed  p ro d u ct y ie ld s  
R e d u c tio n  o f  h a za rd o u s e m is s io n
T im e , e n e r g y  an d  c o s t  sa v in g  
C lea n  p o w e r

2.7 Effective Parameters in Pretreatment of Lignocelluloses

OiOH B io e th au o l o r  biogas 
w ith  low yield and 

p ro d u c tiv ity  an d  high

D e g r a d in g

M n u ic ip a l  S o l id  W a s t e  
(.พรพ)

B io fth n n o l o r  b iogns 
w ith  h igh  y ield  a n d  

p roduc tiv ity ' a n d  few er 
residues

D e g r a d i n g
e n z y m e s

Figure 2.9 S c h e m a tic  o f  e f fe c t  o f  p retrea tm en t o n  e n z y m a tic  h y d r o ly s is  
(T a h erza d eh  an d  K arim i, 2 0 0 8 ) .
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2 .7 .1  C e l lu lo s e  C ry sta llin ity
T h e  c r y s ta llin ity  is  g iv e n  b y  th e  r e la t iv e  a m o u n ts  o f  cry sta llin e  

(arou n d  2 /3  o f  to ta l c e l lu lo s e )  and a m o rp h o u s form . S in c e  a m o r p h o u s  r e g io n  is  m ore  
a c c e s s ib le  b y  e n z y m a tic  h y d r o ly s is  co m p a red  w ith  c r y s ta llin e  r e g io n . A s  a resu lt, 
h ig h  c e l lu lo s e  c r y s ta llin ity  w i l l  b e  hard to  h y d r o ly s is  b y  e n z y m e , w h i le  lo w  c e llu lo s e  
c r y s ta llin ity  w i l l  b e  e a sy  to  h y d r o ly s is  b y  e n z y m e  (T a h e r z a d e h  an d  K a r im i, 2 0 0 8 ) .

2 .7 .2  S u b stra tes  A v a ila b le  S u r fa ce  A rea
T h e  m a in  o b je c tiv e  o f  p retrea tm en t is  to  r e m o v e  lig n in  and  

h e m ic e l lu lo s e  to  in c r e a se  th e  a v a ila b le  su r fa ce  area  fo r  im p r o v e m e n t in  e n z y m a tic  
h y d r o ly s is  (A lv ir a  et al., 2 0 0 9 ) .

2 .7 .3  L ig n in  B arrier
L ig n in  a c ts  a s  a p h y s ic a l barrier to  p r e v e n t th e  d ig e s t ib le  parts -o f  

su b strate  (F ig u r e  2 .9 ) ,  w h ic h  resu lt in l im it in g  th e  e n z y m e  a c c e s s ib i l i ty  (A lv ir a  et al.,
2 0 0 9 ) .

2 .7 .4  H e m ic e llu lo s e  C o n ten t
H e m ic e llu lo s e  is  a p h y s ic a l barrier l ik e  lig n in  w h ic h  su rrou n d s th e  

c e llu lo s e  f ib er  and ca n  p ro tect c e l lu lo s e  from  e n z y m a tic  a tta ck . T h u s , r e m o v a l o f  
h e m ic e l lu lo s e  and lig n in  w il l  in crea se  th e  e n z y m a tic  a c c e s s ib i l i ty  (T a h erza d eh  and  
K arim i, 2 0 0 8 ) .

2.8 Pretreatment of Lignocellulosic Biomass

O w in g  to  c o m p le x  structure o f  l ig n o c e l lu lo s e , p retrea tm en t is  a n e c e ssa r y  
p r o c e ss  to  in c r e a se  e n z y m a tic  h y d r o ly s is  a c c e s s ib i l i ty  b y  r e m o v in g  h e m ic e l lu lo s e  
a n d /o r  lig n in  (F ig u r e  2 .1 0 ) .  H o w e v e r , an e f f e c t iv e  and  e c o n o m ic a l  p retrea tm en t  
sh o u ld  m e e t  th e  f o l lo w in g  req u irem en ts: (a ) p r o d u c tio n  o f  r e a c tiv e  c e l lu lo s e  f ib er  for  
e n z y m a tic  a tta ck , (b )  a v o id in g  the d egra d ation  or lo s s  o f  ca rb o h y d ra te , ( c )  a v o id in g  
form a tio n  p o s s ib le  in h ib ito rs  for h y d r o ly t ic  e n z y m e s  and  ferm en tin g  
m ic r o o r a g a n ism s, (d ) p r o d u c in g  le s s  r e s id u e s , ( e )  m in im iz in g  e n e r g y  d em a n d , (f)
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c o n su m p tio n  o f  litt le  c h e m ic a l and u s in g  c h e a p  c h e m ic a l (รนท an d  C h e n g , 2 0 0 2 ;  
T a h e rza d eh  and  K a r im i, 2 0 0 8 ) .

Figure 2.10 S c h e m a tic  o f  th e  ro le  o f  p retrea tm en t (K u m ar et al., 2 0 0 9 ) .

T h ere  are se v e r a l p retrea tm en t m e th o d s , w h ic h  c a n  b e  c la s s if ie d  in to  
b io lo g ic a l, p h y s ic a l, c h e m ic a l, and  p h y s ic o -c h e m ic a l p retrea tm en t. B e c a u se  ea ch  
p retrea tm en t h a s its  n a t iv e  a d v a n ta g e s  and d isa d v a n ta g e s  (T a b le  2 .4 ) .  T h ere fo re , 
n o n e  o f  p retrea tm en t m e th o d  can  b e  e x p r e sse d  a s  a b e st  m eth o d .
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T a b le  2 .4  S u m m a ry  o f  a d v a n ta g e s  and d isa d v a n ta g e s  w ith  d iffe r e n t m e th o d s  for  
l ig n o c e l lu lo s ic  b io m a s s  p retrea tm en t (A lv ir a  et al., 2 0 0 9 ;  Z h e n g  et al., 2 0 0 9 )

Pretreatment
method

Advantages Disadvantages

B io lo g ic a l - D e g r a d e s  lig n in  and  
h e m ic e l lu lo s e
- L o w  e n e r g y  c o n su m p tio n

- L o w  rate o f  h y d r o ly s is

M illin g - R e d u c e s  c e l lu lo s e  
cry sta lin ity

- H ig h  p o w e r  and  en e r g y  
c o n su m p tio n

S tea m  e x p lo s io n - L ig n in  tran sfo rm ation
- H e m ic e llu lo s e  
s o lu b iliz a tio n
- C o s t -e f fe c t iv e
- H ig h e r  y ie ld  o f  g lu c o s e  
and h e m ic e l lu lo s e  in  th e  
tw o -s te p  m eth o d

- P artia l h e m ic e l lu lo s e  
d eg ra d a tio n

A F E X - In c r e a se s  a c c e s s ib le  
su r fa ce  area
- L o w  form a tio n  o f  
in h ib ito rs

- N o t  e f f ic ie n t  for  raw  
m a ter ia ls  w ith  h ig h  lig n in  
c o n te n t
- H ig h  c o s t  o f  la rg e  am o u n t  
o f  a m m o n ia

C O 2  e x p lo s io n - In crea ses  a c c e s s ib le  
su r fa ce  area
- C o s t -e f fe c t iv e
- D o  n o t im p ly  g e n era tio n  
o f  to x ic  c o m p o u n d s

- D o e s  n o t  a ffc t  lig n in  and  
h e m ic e l lu lo s e s
- V e r y  h ig h  p ressu re  
req u irem en ts

W e t o x id a t io n - E ff ic ie n t  r em o v a l o f  lig n in
- L o w  form a tio n  o f  
in h ib ito rs
- M in im iz e s  the e n e r g y  
d em an d

- H ig h  c o s t  o f  o x y g e n  and  
a lk a lin e  c a ta ly s t
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T a b le  2 .4  ( C o n t .)  S u m m a ry  o f  a d v a n ta g e s  and  d isa d v a n ta g e s  w ith  d ifferen t  
m e th o d s  fo r  l ig n o c e l lu lo s ic  b io m a ss  p retrea tm en t

Pretreatment
method

Advantages Disadvantages

O z o n o ly s is - R e d u c e s  lig n in  c o n ten t
- D o s t  n ot im p ly  g en e r a tio n  
o f  to x ic  co m p o u n d

- H ig h  c o s t  o f  o x y g e n

O r g a n o so lv - C a u se s  lig n in  and  
h e m ic e l lu lo s e  h y d r o ly s is

- H ig h  c o s t
- S o lv e n ts  n e e d  to  b e  d rain ed  
and  r e c y c le d

C o n cen tra ted  ac id - H ig h  g lu c o s e  y ie ld
- A m b ie n t  tem p era tu re

- H ig h  c o s t  o f  a c id a n d  n e e d  
to  b e  r e c o v e r e d
- F o rm a tio n  o f  in h ib itors

D ilu te d  a c id - L e s s  c o r r o s io n  p r o b le m s  
th an  co n cen tra ted  ac id
- L e ss  fo rm a tio n  o f  
in h ib ito rs

- G en e r a tio n  o f  d eg ra d a tio n  
p ro d u cts
- L o w  su ga r  co n ce n tr a tio n  in  
e x i t  stream

A lk a li - A m b ie n t  tem p era tu re
- L o w  p ressu re

- L o n g  p retrea tm en t t im e
- F o rm a tio n  o f  sa lts

A lth o u g h  th ere  are sev era l p retrea tm en t m e th o d s , c h e m ic a l and  p h y s ic o ­
c h e m ic a l are cu rren tly  th e  m o st  e f fe c t iv e  m eth o d . C o m b in a tio n  o f  d iffe r e n t m e th o d s  
m ig h t b e  in te r e s tin g  and g a in  v e r y  h ig h  y ie ld s  (A lv ir a  et al., 2 0 0 9 ) .  T a b le  2 .5  sh o w s  
the e f fe c t  o f  d if fe r e n t  p retrea tm en t t e c h n o lo g ie s . H o w e v e r , th e se  e f fe c t s  d o  n ot  
d ep en d  o n ly  o n  th e  m e th o d  but a lso  d ep en d  o n  ty p e  o f  l ig n o c e l lu lo s ic  b io m a ss  and  
o p era tin g  c o n d it io n s .
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T a b le  2 .5  E f fe c ts  o f  d iffe r e n t p retrea tm en ts on  p h y s ic a l/c h e m ic a l  c o m p o s it io n  or  
structure o f  l ig n o c e l lu lo s e  (H en d r ik s  and  Z e e m a n , 2 0 0 9 )

P r e t r e a t m e n t M e e h a n A c id A lk a l i T h e r m a l T h e r m a l A F E X
m e th o d ic a l +  a c id +  a lk a l i

( l im e )
In crease
a c c e s s ib le + + + + + +
su rfa ce  area  
D e c r y s ta lliz a t i  
o n  c e l lu lo s e

+ N /A N /A +

S o lu b iliz a tio n
h e m ic e l lu lo s e

+ - - + - 4-

S o lu b iliz a t io n
lig n in

- + /- + /- + /- +

F o rm a tio n
furfural

+ - + - -

A ltera tio n  
lig n in  stru ctu re

+ + + + +

+  =  m ajor  e f fe c t ,  -  =  m in o r  e f fe c t  and  N /A  =  n o t a v ia la b le .

T h is  p ro jec t is  f o c u s e s  o n  a  c o m b in e d  o f  m ic r o w a v e  an d  a lk a li p retrea tm en t  
m eth o d . S o d iu m , p o ta ss iu m , c a lc iu m , and a m m o n iu m  h y d r o x id e s  are su ita b le  a lk a li, 
w h ic h  is  m o r e  e f f e c t iv e  for  lig n in  so lu b iliz a t io n  and m in o r  h e m ic e l lu lo s e  
so lu b iliz a t io n  than a c id . C h en  et al. (2 0 0 9 )  u se d  fo u r  d if fe r e n t  c h e m ic a ls  (d ilu te  
su lfu r ic  a c id , c a lc iu m  h y d r o x id e , a q u e o u s  a m m o n ia  a c id , and  so d iu m  h y d r o x id e )  to  
pretreat c o m  sto v e r . T h e  au th ors fou n d  that so d iu m  h y d r o x id e  (2  %  so d iu m  
h y d r o x id e  so lu t io n  at 1 2 0  ๐c  for  3 0  m in ) w a s  th e  b e s t  c h e m ic a l to  r e m o v e  7 3 .9  % o f  
lig n in  and  s o d iu m  h y d ro x id e -p re trea ted  sa m p le  g a v e  th e  h y d r o ly s is  y ie ld  reach
8 1 .2  % b y  4 8  h. A lk a li  treated  r ice  straw  w a s  s tu d ie d  b y  Z h a n g  an d  C ai ( 2 0 0 8 ) ,  th ey  
sh o w e d  th e  S E M  m icro g ra p h s  b e fo r e  and a fter  p retrea tm en t (F ig u r e  2 .1 1 )  and th ey
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fo u n d  th at a fter p retrea tm en t, th e  b a s ic  t is su e  in  tra n sv erse  s e c t io n  sh ran k  and the  
f ib er  o f  p retrea ted  s a m p le s  w e r e  d istorted  in  lo n g itu d in a l se c t io n .

a b

F ig u r e  2 .1 1  S E M  m ic r o g r a p h s  o f  r ice  straw  b e fo r e  and  a fter  p retrea tm en t in  the  
fo l lo w in g  form s: (a )  T ra n sv e r se  se c t io n  o f  r ice  stra w  b e fo r e  p retrea tm en t, (b )  
T ra n sv erse  s e c t io n  o f  r ice  stra w  after p retrea tm en t, ( c )  L o n g itu d in a l s e c t io n  o f  r ice  
straw  b e fo r e  p retrea tm en t, (d ) L o n g itu d in a l s e c t io n  o f  r ice  s tra w  a fter  p retrea tm en t  
(Z h a n g  an d  C a i, 2 0 0 8 ) .

M o r e o v e r , A lv ir a  et al. ( 2 0 0 9 )  rep orted  that s o d iu m  h y d r o x id e  c a u se s  
s w e l l in g , in c r e a s in g  th e  in tern al su r fa ce  o f  c e l lu lo s e ,  and  d e c r e a s in g  th e  d e g r e e  o f  
p o ly m e r iz a tio n  an d  c r y s ta llin ity , w h ic h  p r o v o k e s  lig n in  stru ctu re d isru p tio n .

C h a n g  et al. ( 1 9 9 8 )  s tu d ied  o n  th e e f fe c t  o f  lim e  p retrea tm en t c o n d it io n s  on  
cro p s  r e s id u e s  and  fo u n d  that sh ort p retrea tm en t t im e s  ( 1 - 3  h ) w ith  h ig h  
tem p era tu res ( 8 5 - 1 3 5  ๐C ) w e r e  req u ired  to reach  h ig h  su g a r  y ie ld s  w h ile  lo n g  
trea tm en t t im e s  ( e .g . 2 4  h ) w ith  lo w e r  tem p era tu res ( 5 0 - 6 5  °C ) w e r e  m o r e  e f fe c t iv e .
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H o w e v e r , th e  u s e fu l c o m p o n e n t  in  l ig n o c e l lu lo s ic  b io m a s s  m ig h t b e  
d e c o m p o se d  at h ig h  tem p era tu re  (Z h u  et a l,  2 0 0 5 ) .  T h u s , th is  p ro jec t is  in terested  in  
m ic r o w a v e  ra d ia tio n , w h ic h  m ig h t h e lp  a lk a li p retrea tm en t to  op era te  at lo w e r  
tem p era tu re  an d  sh o rter  t im e . T h e  e f fe c t  o f  m ic r o w a v e  irra d ia tio n  o n  r ice  straw  w a s  
rep orted  b y  Z h u  et al. ( 2 0 0 6 ) .  T h e y  in d ic a te d  that r ic e  s tra w  treated  b y  m ic r o w a v e  
a lo n e  ( 7 0 0  พ )  had  a lm o s t  th e  sa m e  r e d u c in g  su ga r  y ie ld  a s  n o  p retrea tm en t. In 
a d d it io n , th e  r ic e  stra w  treated  b y  m ic r o w a v e  a fter  a lk a li p retrea tm en t ( 1  % so d iu m  
h y d r o x id e  s o lu t io n  for  1 h ) a lm o st  h ad  th e  sa m e  h y d r o ly s is  rate and  y ie ld  as  
c o n v e n tio n a l a lk a li p retrea tm en t w h ile  c o m b in a tio n  o f  m ic r o w a v e  and a lk a li 
p retrea tm en t h ad  m u c h  h ig h e r  in itia l h y d r o ly s is  rate, b u t th e  h y d r o ly s is  y ie ld  a lm o st  
th e  sa m e . Z h u  et al. ( 2 0 0 5 )  in d ica ted  d iffe r e n t irrad ia tion  p o w e r  resu lt  in the sa m e  
f in a l w e ig h t  lo s s  an d  c o m p o s it io n .

2.9 Enzymatic Hydrolysis

T h e  o b je c t iv e  o f  th is  p r o c e ss  is  b rea k in g  th e  p o ly m e r  o f  c e l lu lo s e  and  
h e m ic e l lu lo s e  b y  u s in g  e n z y m e . G lu c o se  and  x y lo s e  u s u a lly  are th e  m a in  p rod u cts  o f  
e n z y m a tic  h y d r o ly s is  b e c a u s e  c e l lu lo s e  c o n ta in s  g lu c a n s , w h i le  h e m ic e llu lo s e  
c o n ta in s  s e v e r a l su g a rs  su c h  as x y la n , g lu c a n , and  arab in an . C e l lu la s e s  ca n  b e  
p ro d u ced  b y  b o th  b e c te r ia  (su c h  a s  Clostridium cellulovorans) an d  fu n g i (su c h  as 
Trichoderma reesei an d  A. niger). C e llu la s e s  c o n ta in  th ree  m ajor  o f  e n z y m e s , w h ic h  
are e n d o -g lu c a n a s e , e x o -g lu c a n a s e  and  p -g lu c o s id a s e  (F ig u r e  2 .1 2 ) .  E n d o -g lu c a n a se  
or 1,4 -D -g lu c a n o h y d r o la s  a ttack s r e g io n s  o f  lo w  c r y s ta llin ity  in  th e  c e l lu lo s e  f ib er  
and crea ts  free  c h a in -e n d s . E x o -g lu c a n a se  or c e l lo b io h y d r o la s e  d eg ra d es  th e  
m o le c u le  fu rth er b y  r e m o v in g  c e l lo b io s e  u n its  fro m  th e  free  c h a in -e n d s . P- 
g lu c o s id a se  h y d r o ly z e s  c e l lo b io s e  to  p ro d u ce  g lu c o s e . M o r e o v e r , o th er  e n z y m e s  su c h  
a s g lu c u r o n id a se , x y la n , p -x y lo s id a s e  and g lu c im a n n a n a se  ca n  b reak  th e  p o ly m e r  o f  
h e m ic e l lu lo s e  (รนท an d  C h e n g , 2 0 0 2 ) . T a le b n ia  et al. ( 2 0 0 9 )  rep orted  that an  
o p tim u m  a c t iv ity  o f  th e  m o st  c e l lu lo s e  e n z y m e s  is  at tem p era tu res  and pH  in  th e  
ran g e  o f  4 5 - 5 5  °c an d  4 - 5 ,  r e sp e c tiv e ly . In a d d it io n , c e l lu la s e  d o s a g e  o f  1 0 - 3 0  
(F P U /g  c e l lu lo s e )  is  o f te n  u sed  in lab ora tory  s tu d ie s  b e c a u s e  it r e su lts  in  an  e f f ic ie n t  
h y d r o ly s is  w ith  h ig h  g lu c o s e  y ie ld  in  a r e a so n a b le  t im e  ( 4 8 - 7 2  h ) and  e n z y m e  co st.
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Figure 2.12 M o d e  o f  a c t io n  o f  c e l lu la s e  e n z y m e s  in  th e  h y d r o ly s is  o f  c e l lu lo s e  
(L y n d  et al., 2 0 0 2 ) .

2.10 Improving Enzymatic Hydrolysis

In a d d it io n  to  tem p era tu re  and  p H , w h ic h  a f fe c t  e n z y m a tic  h y d r o ly s is , o th er  
factors  in c lu d in g  su b stra tes , c e l lu lo s e  and  en d -p r o d u c t in h ib it io n  o f  c e l lu lo s e  a c tiv ity  
are th e  fa c to r s  to  im p r o v e  y ie ld  and  rate o f  e n z y m a tic  h y d r o ly s is .

2 .1 0 .1  S u b stra tes
C h e n  et al. ( 2 0 0 9 )  in d ic a te s  that h ig h  su b stra tes  c o n c e n tr a t io n  ( 8  %  

su b stra te) u su a lly  re su lt  in lo w e r  h y d r o ly s is  y ie ld  d u e  to  en d  p rod u ct in h ib it io n , 
w h ile  lo w e r  c o n c e n tr a t io n  (3 %  su b stra te ) g iv e s  h ig h er  h y d r o ly s is  y ie ld . In ad d itio n  
to  su b stra tes  c o n c e n tr a t io n , th e  stru ctu re fea tu res  o f  su b stra te  in c lu d in g  c e l lu lo s e  
c r y s ta llin ity , d e g r e e  o f  c e l lu lo s e  p o ly m e r iz a tio n , su r fa c e  area , and  c o n te n t  o f  lig n in  
are a lso  s e n s ib ili ty  to  c e llu la se .
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2 .1 0 .2  C e llu la se
รนท and  C h e n g  ( 2 0 0 2 )  rep orted  that in c r e a s in g  o f  c e l lu lo s e s  can  

in crea se  th e  y ie ld  an d  rate o f  h y d r o ly s is , but w o u ld  in c r e a se  th e  c o s t  o f  th e  p r o c e ss . 
H o w e v e r , c e l lu la s e  e n z y m e  lo a d in g  in  h y d r o ly s is  d e p e n d s  o n  th e  ty p e  and  
c o n cen tra tio n  o f  su b stra tes .

T h e  e n z y m a tic  h y d r o ly s is  c o n s is t s  o f  th ree  s te p s  (T a h erza d eh  and  
K arim i, 2 0 0 8 ):  ( 1 ) ad so rp tio n  o f  c e llu la s e  e n z y m e s  fr o m  liq u id  p h a se  o n to  th e  
su r fa ce  o f  c e l lu lo s e ,  (2 ) b io d eg ra d a tio n  o f  c e l lu lo s e  to  s im p le  su g a rs , m a in ly  
c e l lo b io s e  and o l i-g o m e r s , and (3 )  d eso r p tio n  o f  c e l lu la s e  to  th e  liq u id  p h ase . 
T a le b n ia  et al. ( 2 0 0 9 )  rep orted  that c e llu la s e  a c t iv ity  d e c r e a s e s  d u r in g  th e  h y d r o ly s is  
and it is  b e l ie v e d  that th e  irrev ersib le  a d so rp tio n  o f  e n z y m e  o n  c e l lu lo s e  is  p artia lly  
r e sp o n s ib le  for  th is  d e a c tiv a tio n .

C e llu la s e  from  T. reesei is  w id e ly  u se d  b u t it is  p o o r  in  c e llu b ia se  
and  lim its  th e  c o n v e r s io n  o f  c e l lu b io s e  to  g lu c o s e . T h u s , u se  o f  c e l lu la s e  e n z y m e  
m ix e d  w ith  o th er  e n z y m e s  h as b e e n  s u g g e s te d  to  reach  h ig h e r  e n z y m a tic  h y d r o ly s is  
rate, b e c a u se  it is  w e l l  k n o w n  that co n ju g a ted  a c t io n  o f  c e l lu la s e s  and  h e m ic e llu la s e  
r esu lts  in  a h ig h e r  u ltim a te  su gar p ro d u ctio n  (T a le b n ia  et al., 2 0 0 9 ) .  U s in g  the  
m ix tu re  o f  c e l lu lo s e  from  T. reesei Z U -0 2  and  c e l lo b ia s e  fro m  A. niger Z U -0 7  to  
h y d r o ly z e  c o m  c o b s  w a s  s tu d ied  b y  C h en  et al. ( 2 0 0 9 ) .  F irst, th e  au th ors s tu d ied  on  
th e  c e llu la s e  d o s a g e  from  T. reesei Z U -0 2  an d  fo u n d  that th e  o p tim u m  c e llu lo s e  
d o s a g e  is  2 0  F P U  g ' 1 su b strate  at pH  4 .8  and 5 0  °c. S e c o n d , th e y  stu d ie d  on  the  
e f fe c t  o f  h y d r o ly s is  t im e  and  fou n d  that h y d r o ly s is  y ie ld  and  r e d u c in g  su gar  
c o n c e n tr a tio n  fo r  4 8  h  w er e  6 7 .5  % and 4 9 .4  g  r 1, r e s p e c t iv e ly . A n d  a fter  4 8  h  
h y d r o ly s is  y ie ld  w a s  litt le  in crea se . L ast, th e y  s tu d ie d  o n  th e  e f fe c t  o f  th e  m ix tu re  o f  
c e llu la s e  and  c e l lu b ia s e  (2 0  F P U  g ' 1 su b strate; 6 .5  C B U  g ' 1 su b stra te ) and  fo u n d  th e  
c e l lo b io s e  c o n c e n tr a t io n  w a s  m a in ta in  at lo w  le v e l d u r in g  th e  w h o le  h y d r o ly s is  
p r o c e s s  s in c e  c e l lu b io s e  w a s  h y d r o ly z e d  to  g lu c o s e  w h ic h  resu lte d  in  h ig h e r  red u c in g  
su ga r  and  h y d r o ly s is  y ie ld . A t 4 8  h , th e  h y d r o ly s is  y ie ld  and  r e d u c in g  su ga r  
c o n c e n tr a tio n  w e r e  8 3 .9  % and 6 1 .4  g  r 1, r e sp e c t iv e ly .
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2 .1 0 .3  E n d -p ro d u ct In h ib itio n  o f  C e l lu lo s e  A c t iv ity
รนท and  C h e n g  (2 0 0 2 )  rep orted  that c e l lu la s e  a c t iv ity  is  in h ib ited  b y  

c e l lo b io s e  an d  resu lts  in  le s s e r  g lu c o s e  p ro d u ctio n . S ev e r a l m e th o d s  h a v e  b e e n  
d e v e lo p e d  to  r ed u ce  th e in h ib it io n  su ch  as th e  u se  o f  h ig h  c o n c e n tr a tio n s  o f  e n z y m e s ,  
th e  su p p le m e n ta t io n  o f  (3 -g lu co sid a ses  d u rin g  h y d r o ly s is , and  th e  r e m o v a l o f  su gars  
d u n rig  h y d r o ly s is  b y  u ltra filtra tio n  or s im u lta n e o u s  sa c c h a r if ic a t io n  and  ferm en ta tio n  
(S S F ) .

2.10 Literature Review

L in  et al. ( 2 0 1 0 )  s tu d ie d  on  th e e f fe c t  o f  c e l lu lo s e ,  h e m ic e l lu lo s e  and  lig n in  
o n  th e  y ie ld  o f  r e d u c in g  su g a r  and  fou n d  o u t the y ie ld  o f  r e d u c in g  su g a r  d e c r e a se s  as  
lig n in  c o n ten t in c r e a se s . T h e re fo re , it can  b e  c o n c lu d e  that lig n in  h a s a m ajor  e f fe c t  
o n  y ie ld  o f  r e d u c in g  su g a r  w h ile  h e m ic e l lu lo s e  is  c o n s id e r e d  to  h a v e  a  m in o r  e ffe c t . 
In a d d it io n , รนท et al. ( 1 9 9 5 )  in d ica ted  that so d iu m  h y d r o x id e  is  th e  m o s t  e f fe c t iv e  in  
r e m o v in g  lig n in  and h e m ic e l lu lo s e . A n d  th e  o p tim a l c o n d it io n  is  1 .5%  N a O H  for 144  
h at 2 0  ° c .  A s  m e n tio n  b e fo r e , sh ort p retrea tm en t t im e s  ( 1 - 3  h ) w ith  h ig h  
tem p era tu res ( 8 5 - 1 3 5  ๐C ) w er e  req u ired  to  reach  h ig h  su ga r  y ie ld s  w h ile  lo n g  
trea tm en t t im e s  ( e .g . 2 4  h ) w ith  lo w e r  tem p era tu res ( 5 0 - 6 5  °C ) w e r e  m o re  e f fe c t iv e .  
T h e re fo re , a  c o m b in e d  o f  m ic r o w a v e  and a lk a li p retrea tm en t m ig h t b e  an  a ltern a tiv e  
for  op era te  in  sh orter  p retrea tm en t t im e  and lo w e r  tem p era tu re . M c In to sh  and  
V a n c o v  ( 2 0 1 0 )  in d ica ted  that treated  so rg h u m  stra w  w ith  2%  N a O H  for  6 0  m in u tes  
at 1 2 1  ° c  f o l lo w e d  b y  e n z y m e  sa c c h a r if ic a tio n  y ie ld e d  g a v e  th e  h ig h e s t  to ta l su gar  
r e le a se  o f  7 9 8 .8  m g /g  p retrea ted  m ateria l. T h u s, th e  o p tim u m  c o n d it io n  o f  c o m b in e d  
o f  m ic r o w a v e  and a lk a li sh o u ld  n ot e x c e e d  1 2 1 ° c  an d  6 0  m in u te s . T h is  is  rea so n  
w h y  th is  w o r k  h a s stu d y  o n  th e  e f fe c t  o f  th e  c o n d it io n s  o f  a c o m b in e d  p retreatm en t  
o f  c o m  c o b s  u s in g  m ic r o w a v e  and  so d iu m  h y d r o x id e  (0 .7 5  % to  3 %  (w /v ) )  in  the  
tem p era tu re  ran g e  o f  6 0  to  1 2 0 ° c  for 5 m in u te s  to  3 0  m in u te s . A fte r  r e m o v in g  o f  
lig n in  an d  h e m ic e l lu lo s e , h y d r o ly s is  is  an e s se n tia l s te p  to  c o n v e r t  c e l lu lo s e  and  
h e m ic e l lu lo s e  in to  f iv e  and  s ix  carb on  su ga rs b y  e ith e r  d ilu te  a c id  or e n z y m a tic  
h y d r o ly s is . H o w e v e r , b e c a u se  o f  the b etter e f f ic ie n c y  o b ta in ed  from  e n z y m a tic  
h y d r o ly s is , it h a s b e c o m e  m o re  attractive  m eth o d  u se d  for  h y d r o ly s is  o f  c e l lu lo s e  and
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h e m ic e l lu lo s e  in  th e  p resen t. T h ere fo re , th e  r e s id u e s  from  th e p retrea tm en t part w ere  
su b je c te d  to  e n z y m a tic  h y d r o ly s is  to  p rod u ct su g a r  at pH  4 .8  and  5 0  ๐c  w h ic h  is  the  
ap p rop ria te  c o n d it io n s  fo r  c e llu la s e  e n z y m e . A n d  th e  o p tim u m  c o n d it io n s  o f  a 
c o m b in e d  o f  m ic r o w a v e  and so d iu m  h y d r o x id e  p retrea tm en t o n  c o m  c o b s  can  b e  
in d ica ted  b y  m e a su r in g  th e  h ig h e s t  a m o u n t o f  su g a r  r e le a se d  from  e n z y m a tic  
h y d r o ly s is  o f  c o m  c o b s  b y  H P L C  in stru m en t.
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