
CHAPTER IV

RESULTS AND DISCUSSION

4.1 Raw Material Composition

T h e  c o m p o s it io n  o f  N apier grass  u sed  in  th is  s tu d y  is  p resen ted  in T a b le  4 .1 . 
T h e h o lo c e llu lo s e  fra c tio n (o r  the tota l p o ly sa c c h a r id e  fra ctio n ) o f  5 9 .9 %  o f  the dry  
b io m a ss  c o n s is te d  o f  c e l lu lo s e  b e in g  the m ajor c o m p o n e n t  at 3 6 .3 %  and  the r em a in in g  
o f  2 5 .1 %  w a s  b e lo n g  to  h e m ic e llu lo s e . L ign in  le v e ls  w er e  1 6 .5 5 % . W ater e x tr a c tiv e  
c o m p o u n d s  a cc o u n te d  for  a p p ro x im a te ly  16 % w as id e n tifie d  a s  th e  n on -stru ctu ra l 
d isa c c h a r id e  (N S D )  su c r o se . Further so lv e n t  ex tra c tio n  w ith  e th a n o l resu lted  in 2 .3 3 %  o f  
m a ter ia ls , p resu m a b ly  c o m p o s e d  o f  o i ls ,  p ig m e n ts  an d  w a x e s . T h e  h ig h  p o ly sa c c h a r id e s  
c o n ten t to g e th e r  w ith  lo w  lig n in  c o n ten t in the raw  m ateria l in d ic a te s  that N apier grass  
is  a p r o m is in g  l ig n o c e l lu lo s ic  su b strate for  e th a n o l p rod u ction .

Table 4.1 C h e m ic a l C o m p o s it io n  o f  N apier grass

C o m p o s it io n R a w  N a p ie r  g r a ss  (%  D ry  m atter)

C e l lu lo s e  as g lu c a n 3 6 .3

H e m ic e llu lo s e  (x y la n  and arab inan) 2 5 .1

L ig n in 1 6 .5 5

W ater e x tr a c t iv e 1 5 .9 8

E th an o l e x tr a c tiv e 2 .3 3

A s h 2 .9 9
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4.2 Optimization of Microwave-Assisted Alkali Pretreatment

4 .2 .1  E ffe c t  o f  T im e  and T em p era tu re
N apier grass  w a s  p retreated  w ith  e ith er  NaOH or NH4OH under the 

fo l lo w in g  co n d it io n s:  0 .5 %  v o lu m e  o f  a lk a lin e , 15:1 liq u id  to  so lid  ratio , h eatin g  
tem p era tu re in  the ran g e  o f  4 0 ° - 1 6 0  °c, and h e a tin g  t im e  in  th e  ran g e  o f  5 - 6 0  m in . 
M ic r o w a v e -a ss is te d  NaOH sy stem  resu lted  in  th e  h ig h e st  a m o u n t o f  m o n o m e r ic  sugars, 
ab ou t 6 .1 5  g /1 0 0  g  b io m a ss .T h e  o p tim a l tem p era tu re /tim e  s e le c te d  for  th e  NaOH 

p retrea tm en t w ere  at 4 0  °c for 3 0  m in  to g iv e  the m a x im u m  g lu c o s e , x y lo s e , and  
a ra b in o se  y ie ld s  o f  2 . 9 1 ,2 .8 8 ,  and 0 .3 4  g  per 10 0  g  b io m a ss , r e s p e c t iv e ly  (F ig u r e  4 .1 a ) .

W h ile  m ic r o w a v e -a s s is te d  NH4OH sy s te m  g a v e  th e  h ig h e s t  m o n o m er ic  
su gar c o n te n t  o f  6 .1 9  g /1 0 0  g b io m a ss .T h o se  c o n d it io n s  s e le c te d  for  the NH4OH 

p retrea tm en t w ere  at 4 0  °c for 3 0  m in  to g iv e  th e  m a x im u m  g lu c o s e , x y lo s e , and  
a ra b in o se  y ie ld s  o f  2 .8 8 ,  2 .9 5 , and 0 .3 6  g  per 10 0  g  b io m a ss , r e s p e c t iv e ly  (F ig u r e  4 .1 b ).  
C o m p a r iso n  o f  the r e su lts  from  u s in g  NaOH and  N H 4 O H  is  s h o w n  in  F ig u re  4 .3 .

A lk a li-b a se d  p retreatm en t e f f ic ie n t ly  d e lig n if ie s  l ig n o c e l lu lo s e  by  
d isru p tin g  th e ester  b o n d s  c r o ss - lin k in g  lig n in  a n d x y la n , le a d in g  to  fr a c tio n s  en r ich ed  in 
b oth  c e l lu lo s e  and h e m ic e l lu lo s e s , as d e sc r ib e d  b y  p r e v io u s  resea rch ers  that alk ali 
p retrea tm en ts  ( so d iu m , c a lc iu m , p o ta ss iu m , and  a m m o n iu m  h y d r o x id e )  w e r e  very  
e f fe c t iv e  in  lig n in  so lu b iliz a t io n , e x h ib it in g  a le s se r  e f fe c t  o n  g lu c a n  and x y la n , as  
co m p a red  to  a c id p retrea tm en ts  (A lv ir a e / al., 2 0 1 0 ;  H en d rik s an d  Z e e m a n , 2 0 0 9 ; W ym an  
et al., 2 0 0 5 ) .  M o r e o v e r , it w a s  a lso  fou n d  that a lk a li p retrea tm en t p r o c e s se s  g en era lly  
u tiliz e d  lo w e r  tem p era tu res, p ressu res, and sh orter  r e s id e n c e  t im e s , c o m p a r in g  to  other  
p r e tr e a tm e n tte c h n o lo g ie s  (M c M illa n e / al., 1 9 9 4 ) .H u  et al., 2 0 0 8  a ls o  s h o w e d  that an  
in crea se  o f  tem p era tu re resu lted  in  n o t o n ly  a s ig n if ic a n t  in c r e a se  in  lig n in  r e m o v a l, but 
a lso  a d e c r e a se  in  th e  to ta l su gar y ie ld , in d ic a tin g  th e  d e c o m p o s it io n  o f  su ga rs, a s  sh o w n  
in  F ig u res4 .1  and  4 .2 .
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F ig u r e  4 .1  T h e  g lu c o s e  ([^] ) , x y lo s e  ( j g  ), ara b in o se  ( ■  ) c o m p o n e n ts  and tota l 
m o n o m e r ic  su gar y ie ld  ( - x - ) o f  N apier grass  h y d ro ly sa te  u s in g  N a O H  0 .5  %  ( พ /v ) and  
d iffe r e n t t im e s  an d  tem p era tu res: (a ) 4 0  ° , (b ) 6 0  °, (c )  8 0  ๐, (d )  10 0  °, (e )  1 2 0 ° , ( f)  140  ๐,
(g) 160 °c.
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F ig u r e  4 .2  T h e  g lu c o s e  ( O  ), x y lo s e  ( H  ), a ra b in o se  ( ■  ) c o m p o n e n ts  and tota l 
m o n o m e r ic  su g a r  y ie ld  ( - X - )  o f  N apier grass  h y d ro ly sa te  u s in g  N H 4 O H  0 .5  % (w /v )  
an d  d ifferen t t im e s  and tem p era tu res: (a ) 4 0  ๐, (b ) 6 0  ° , ( c )  8 0  ๐, (d ) 1 0 0  ๐, (e )  120  °, (f)  
14 0  °, (g) 1 6 0  °c.
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F ig u r e  4 .3  T h e  c o m p a r iso n  o f  the to ta l y ie ld  o f  m o n o m e r ic  su ga rs at d ifferen t  
tem p era tu res and tim es  u s in g  0 .5  % w /v  o f  (a ) N a O H  an d  (b ) N H 4 O H .

4 .2 .2  E ffe c t  o f  A lk a li C o n cen tra tio n
In the stu d y , N apier grass  w a s  p retreated  by m ic r o w a v e -a s s is te d  NaOIi 

/NH4OH u s in g  d ifferen t a lk a lin e  c o n cen tra tio n s  in a  ran g e  o f  0 .5  to  5%  (w /v )  at 15:1 
L S R , 40°c fo r  3 0  m in . F or  m ic r o w a v e -a ss is te d  NaOH, th e  m a x im u m  su ga r  y ie ld s  from  
p retreatin g  N apier grass  w e r e  6 .1 5  g /1 0 0  g  b io m a ss  (F ig u re  4 .4 a ) .T h e  h ig h e s t  su gar  
y ie ld  c a m e  from  the N apier grass  sa m p le s  p retreated  w ith  a 0 .5 %  NaOH so lu t io n . A s  
s e e n  in F ig u re  4 .4 a , the h ig h e r  co n cen tra tio n s  o f  so d iu m  h y d r o x id e  r esu lted  in the m ore  

irrev ersib le  d eg ra d a tio n  o f  b io m a ss , c o n s is te n t  to  p r e v io u s  s tu d y  by K in g s le y  et al.
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( 2 0 1 0 ) .In 2 0 0 8 , b o th  H u  et al. and W a n g  et al. rep orted  s im ila r  r e sp o n se s  to th e  a lk a lin e  
co n cen tra tio n ; th ey  re c o v e r e d  s ig n if ic a n tly  le s s  to ta l su gars at e le v a te d  N a O H  strength s.

For m ic r o w a v e -a s s is te d  NH4OH, the p retrea tm en t u s in g  sm aller  
p erc e n ta g e s  o f  NH4OH (0 .5  to 1% w /v )  w a s  s lig h t ly  d ifferen t in  q u an tity  o f  su gar y ie ld s . 
T h e h ig h e s t  to ta l m o n o m e r ic  su gar y ie ld  o f  6 .1 9  g /1 0 0  g  b io m a ss  w a s  a c h ie v e d  b y u sin g  
0 .5  % (w /v )  NH4OH, a s sh o w n  in F igu re 4 .4 b . S e v e r e  c o n d it io n s  o f  th is  p retreatm ent 
m eth o d  c a u se d  a h ig h  d e g r e e  o f  d egra d ation  o f  th e  re lea sed  su g a rs , as in d ica ted  b y the  
lo w  y ie ld s  o f  g lu c o se , x y lo s e  and ara b in ose .

F ig u r e  4 .4  E ffec t  o f  (a) NaOH and  (b ) NH4OH c o n c e n tr a tio n s  on  th e release of 

m o n o m e r ic  su gars o f  pretreated  N apier grass  u s in g  15:1 L S R  at 4 0  °c for 30 m m  : 
g lu c o s e  ( Q  ), x y lo s e  ( Ü ) ,  ara b in ose  ( D  and to ta l m o n o m e r ic  su g a r  y ie ld  ( - X - ) .

4 .2 .3 _  E ffe c t  o f  L iq u id -to -S o lid  R atio  (L S R )

In th is  c a s e , N apier grass  w a s  p retrea ted  u s in g  L S R  o f  15 :1 , 3 0 : la n d 4 5 : l  
w ith  0 .5  % (w /v )  N a O H  at 40°c for  3 0  m in . T h e  m a x im u m  su ga r  y ie ld s  o f  6 .1 5  g /1 0 0  g  
b io m a ss  w e r e  ob ta in ed  at 15:1 L S R  ofO .5%  N a O H , g iv in g  th e  h ig h e s t  g lu c o s e , x y lo s e ,  
and a ra b in o se  y ie ld s  o f  2 .9 1 , 2 .8 8 , and  0 .3 4  g /1 0 0  g  b io m a ss , r e sp e c t iv e ly  (F ig u res  4 .5  
a).

A n d  L S R  w er e  a lso  s tu d ied  w ith  0 .5  % (w /v )  NH4OH at 40°c for  3 0  m in  
T h e resu lt  sh o w n  that 15:1 L S R  o f  0 .5%  (w /v )  NH4OH g a v e  th e  m a x im u m  su gar y ie ld s
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o f  6 .1 9  g /1 0 0  g  b io m a ss , c o n ta in in g  g lu c o se , x y lo s e , and a ra b in o se  y ie ld s  o f  2 .8 8 , 2 .9 5 ,  
and  0 .3 6  g /1 0 0  g  b io m a ss , r e sp e c tiv e ly  (F ig u r e s  4 .5  b).

W h en  u s in g  lo w e r  than 1 5 :1 L S R , n o n -h o m o g e n e o u s  m ix tu re  w a s  
o b ta in ed . It w a s  o b se r v e d  that an  in crea se  in  L S R  resu lted  in  a  d e c r e a se  in  th e  re le a se  o f  
the m o n o m e r ic  su ga rs d u e to th e  m ore  d ilu tio n  o f  the m ix tu re  (C ara  et a l ,  2 0 0 7 ) .

Figure 4.5 E ffe c t  o f  L S R  o n  th e  re lea se  o f  th e  m o n o m e r ic  su ga rs u s in g  (a ) N a O H  and  
(b ) N H 4 O H  (c o n d itio n s:  0 .5  % w /v  o f  a lk a lin e  so lu t io n  at 4 0  °c for  30 m in ) : g lu c o s e  
( Q ) ,  x y lo s e  ( j g  ), ara b in ose  ( D  and  tota l m o n o m e r ic  su ga r  y ie ld  ( - X - ) .

4.3 Optimization of Microwave-Assisted Acid Pretreatment

4 .3 .1  E f fe c ts  o f  T im e  and  T em p era tu re
A c id  p retrea tm en t is  c o n s id e r e d  a s  o n e  o f  th e  m o s t  im p o rtan t te c h n iq u e s  

and  e x p e c te d  to  g iv e  h ig h  y ie ld s  o f  su gars fro m  l ig n o c e l lu lo s ic s .H 2 S 0 4  is  w id e ly  u sed  
for a c id  p retrea tm en t a m o n g  v a r io u s  ty p es  o f  ac id  b e c a u se  o f  its lo w  c o s t  and h ig h  
e f f ic ie n c y . B o o n m a n u m sin  et al, (2 0 1 1 )  s tu d ie d  a  re lea se  o f  m o n o m e r ic  su ga r  y ie ld  from  
M iscanthus S inensis , and fo u n d  that the to ta l m o n o m e r ic  su ga r  p ro d u ced  from  the  
H 3 P O 4  p retrea tm en t w a s  m u ch  h ig h er  than th e  o th er a c id s , g iv in g  th e  h ig h e st  total 
m o n o m e r ic  su gar y ie ld  o f  6 2 .2 8 g /1 0 0  g  b io m a ss . T h ere fo re , it w a s  a grea t in terest to 
stu d y  th e  e f f ic ie n c y  o f  H 3 P O 4  p retrea tm en t in  th is  w o rk , c o m p a r in g  to  H 2 S O 4 .

T วรbbๆ ^ ^ L
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N apier grass  w a s  pretreated  w ith  H2SO4 an d  H3PO4 u n d er  the fo l lo w in g  
c o n d it io n s:  0 .5 %  w /v  v o lu m e  o f  ac id , 15:1 o f  liq u id  to  s o l id  ra tio , h e a tin g  tem p era tu re in  
th e  ran ge o f  6 0 - 1 6 0  ° c ,  and  h ea tin g  t im e  in  th e  range o f  5 - 6 0  m in .

In th is  w o rk , th e  o p tim a l tem p era tu re an d  t im e  s e le c te d  for th e  H2SO4 
p retrea tm en t w e r e  at 160 ๐c  for 15 m in  to g iv e  th e  m a x im u m  g lu c o s e , x y lo s e , and  
ara b in o se  y ie ld s  o f  5.93, 15.30, and 6.09 g  per 100 g b io m a s s , r e s p e c t iv e ly  (F igu re  4.61), 
and  the o p tim a l tem p era tu re and tim e  se le c te d  for the H3PO4 p retrea tm en t w ere  at 140 
°c for  30 m in , g iv in g  th e m a x im u m  g lu c o s e , x y lo s e , and  a ra b in o se  y ie ld s  o f  6.80, 13.63, 
and  4.00 g p er 100 g  b io m a ss , r e sp e c tiv e ly  (F ig u re  4.7 e ) .C o m p a r iso n  o f  th e  resu lts  from  
u s in g  H2SO4 and  FI3PO4 is  sh o w n  in F ig u re  4.8.

T h e  resu lts  illu stra te  the in f lu e n c e  o f  th e  r e a c tio n  tem p era tu re  and t im e  on  
th e  e f f e c t iv e n e s s  o f  m ic r o w a v e -a s s is te d  H2SO4/H3PO4 p retrea tm en t. T h e  F igu re  4 .1 7  
in d ic a te d  that in c r e a se s  o f  th e  reac tio n  tem p era tu re and  t im e  to  a  certa in  p o in t g a v e  
h ig h er  m o n o m e r ic  su gar y ie ld s , but to o  h ig h  tem p era tu re resu lte d  in  further d eg ra d a tio n  
o f  c e l lu lo s e  to  furfu ral, 5 -h y d r o x y m e th y l furfural (H M F ), le v u lin ic  a c id , and fo rm ic  ac id  
to g e th e r  w ith  o th er  su b sta n c e s  (G a b h a n e et al., 2 0 1 1 ) . H2SO4 and  H3PO4 p retrea tm en ts  
sh o w e d  that x y lo s e  w a s  th e  m a in  p rod u ct. S in c e  th e  a c id s  a ttack  th e  p o ly sa c c h a r id e s , 
e s p e c ia l ly  h e m ic e l lu lo s e s  w h ic h  are e a s ie r  to h y d ro ly ze  th a n  c e l lu lo s e  (C ard o n a  et a i ,  
2 0 0 9 ) .
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F ig u r e  4 .6  T h e  g lu c o s e  ( [^ ] ) ,  x y lo s e  ( H ) ,  a ra b in o se  d  ) c o m p o n e n ts  and  total 
m o n o m e r ic  su ga r  y ie ld  ( - x - ) o f  N apier grass  h y d r o ly sa te  u s in g  H 2 S O 4  0 .5  % w /v ,  
d ifferen t t im e s  and  tem p era tu res: (a ) 6 0  ° , (b ) 8 0  ๐, ( c )  10 0  ๐, (d )  1 2 0 ° , ( e )  140  ๐, ( f )  160
°c.
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F ig u r e  4 .7  T h e  g lu c o s e  ( Q  ), x y lo s e  ( H  ), a ra b in o se  (■ ) c o m p o n e n ts  an d  tota l 
m o n o m e r ic  su g a r  y ie ld  ( - x - ) o f  N apier grass  h y d r o ly sa te  u s in g  H 3 P O 4  0 .5  % w /v ,  
d ifferen t t im e s  and  tem peratu res: (a ) 6 0  ° , (b ) 8 0  ° , ( c )  1 0 0  ๐, (d )  1 2 0  ° , ( e )  14 0  ๐, ( f)  160
°c.
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F ig u r e  4 .8  T h e  co m p a r iso n  o f  the tota l y ie ld  o f  m o n o m e r ic  su g a rs  at d ifferen t  
tem p era tu res u s in g  0.5 % w/v o f  (a ) H2SO4 and (b )  H3PO4.

4 .3 .2  E ffe c t  o f  A c id  C o n cen tra tio n

V a r io u s  H2SO4 a c id  c o n cen tra tio n s  (0 .5 -5 %  w /v )  at 160°c for  15 m in  

and  v a r io u s  H3PO4 acid  c o n cen tra tio n s  ( 0 .5 - 5  % w /v )  at 1 4 0  °c for  3 0  m in  w er e  
in v e s t ig a te d . F rom  F igu re 4 .9 a  sh o w in g  th e resu lts  o b ta in e d  from  th e  m ic r o w a v e -  
a ss is te d  H2SO4, it w a s  fou n d  that r e lea s in g  m o n o m e r ic  su g a rs  w er e  in crea sed  w h en  
in c r e a s in g  a c id  co n cen tra tio n  from  0 .5  to 1.0%  w /v . A m o n g  m o n o m e r ic  su ga rs re lea sed ,
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g lu c o s e  a m o u n t d id  n ot se e m  to b e a ffe c te d , but w h en F E S C E  c o n cen tra tio n  w a s  
in crea sed  a b o v e  1 .0 % w /v , th e  g lu c o se  y ie ld  d e c rea sed  o w in g  to  to o  h ig h  co n cen tra tion  
o f  ac id  c a u s in g  th e d e c o m p o s it io n  o f  su ga rs, as a ls o  o b se r v e d  b y  C ard on a et al. 
( 2 0 1 0 ) .T h e h ig h e s t  total m o n o m e r ic  su gar y ie ld  o f  3 0 .9 3  g /1 0 0  g  b io m a ss , c o n ta in in g  
g lu c o s e , x y lo s e , and a ra b in o se  y ie ld s  o f  6 .4 4 , 2 0 .2 0 , and 4 .2 8  g /  100  g  b io m a ss ,  
r e sp e c tiv e ly , o b ta in ed  from  th is  w o rk  w a s  to u se  l% w /v  H2SO4. A s  d isc u sse d  earlier, 
h e m ic e l lu lo s e s , m a in ly  c o m p o s in g  o f  x y la n , are e a s ie r  to  b reak  d o w n  in acid  
p retrea tm en t than  c e llu lo s e , re su ltin g  in  m u c h  h ig h er  y ie ld  o f  x y lo s e  than g lu c o se  (W a n g  
et a i ,  2 0 1 0 , L ia o  et a i ,  2 0 0 6 ) .

T h e  m ic r o w a v e -a s s is te d  PE PC E also s h o w e d  th e sa m e  trend as the  
m ic r o w a v e -a s s is te d  H2SO4, s e e  F ig u re4 .9 b . T h e  h ig h e s t  to ta l m o n o m e r ic  sugar y ie ld  
o f 2 4 .9 9  g /1 0 0  g  b io m a ss , co n ta in in g  g lu c o s e , x y lo s e , and  a ra b in o se  y ie ld s  o f  6 .4 6 ,  
1 5 .1 8 , and 3 .4 4  g / 100  g  b io m a ss , r e sp e c tiv e ly , w a s  o b ta in ed  from  u s in g  1% w /v  H 3 P O 4 .
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Figure 4.9 E ffe c t  o f  (a ) H2SO4 and (b ) H3PO4 c o n c e n tr a tio n  o n  th e re lea se  o f  
m o n o m e r ic  su ga rs o f  p retreated  Napier grass  u s in g  15:1 L S R  at 16 0  °c for 15 m in  and  
1 4 0  °c for 15 m in , r e sp e c tiv e ly :  g lu c o s e  0 ) >  x y lo s e  ( H  ), a ra b in o se  ( ■  ) and total 
m o n o m e r ic  su ga r  y ie ld  ( - X - ) .



41

4 .3 .3  E ffe c t  o f  L iq u id -to -S o lid  R a tio  (L S R )

T o  in v e s t ig a te  the e f fe c t  o f  L S R  o n  th e re le a se  o f  m o n o m e r ic  su gar, 
N apier g rass  w a s  e v a lu a te d  u s in g  L S R  o f  15 :1 , 3 0 :1 , and 45 :1  at 1 .0  % (w /v )  H 2S O 4 , 

16 0  °c for 15 m in  and  at 1 .0  % (w /v )  H 3P O 4 , 140 °c for  3 0  m in . T h e  p retreatm en t w a s  
n ot p erfo rm ed  at lo w e r  15:1 L S R  b e c a u se  o f  n o n -h o m o g e n o u s  m ix tu r e  ob ta in ed .

T h e 15:1 L S R  o f  1% (w /v )  H 2 S O 4  g a v e  the m a x im u m  su gar y ie ld s  o f  
3 0 .9 3 g /1 0 0  g  b io m a ss , c o n ta in in g  g lu c o s e , x y lo s e , and a ra b in o se  y ie ld s  o f  6 .4 4 , 2 0 .2 0 ,  
and 3 .2 8 g /1 0 0  g  b io m a ss , r e sp e c tiv e ly  (F ig u re  4 .1 0  a).

T h e H 3 P O 4  p retrea tm en t a lso  sh o w e d  the sa m e  trend  as th e  H 2 S O 4  

p r o c e ss , s e e  F igu re 4 .1 0 b . T h e  m a x im u m  su gar y ie ld s  o f  2 4 .9 9  g /1 0 0  g  b io m a ss  w er e  
ob ta in ed  at 15:1 L S R  o f  1 .0  % (w /v )  H 3 P O 4 , g iv in g  th e h ig h e s t  g lu c o s e , x y lo s e , and  
a ra b in ose  y ie ld s  o f  6 .4 6 , 1 5 .1 8 , and 3 .4 4  g /1 0 0  g  b io m a ss , r e sp e c t iv e ly .

T h e L S R  resu lts  o f  FLSCLandPEPCL r ev e a led  that an  in crea se  in L S R  
resu lted  in  a  d ecr e a se  in  th e  re lea se  o f  th e  m o n o m e r ic  su ga rs, s im ila r  to th o se  ob ta in ed  
from  th e NaOH and NH4OH p retrea tm en ts. T h e  in crea se  in L S R  m a k e s  the m ix tu re  
m ore d ilu te , th u s le s s  c a ta ly s t  c o n cen tra tio n , r e su ltin g  in le s s  e f f ic ie n c y  in p r o d u c in g  the  
m o n o m e r ic  su gar

15/1 30/1 45/1
LS R LS R

Figure 4,10 E ffe c t  o f  L S R  on  th e r e le a se  o f  th e  m o n o m e r ic  su g a rs  o f  (a ) H 2 S O 4  

(c o n d itio n s:  1 % H 2 S O 4  w /v  at 160°c for 15 m in ) and (b ) H 3 P O 4  ( co n d it io n s:  1 %  
H 3 P O 4  w /v  at 140°c for  30 m in ) : g lu c o s e  ( □ ) ,  x y lo s e  ( ร ! ! ) ,  a r a b in o se  (■  ) and  tota l 
m o n o m e r ic  su gar y ie ld  ( - X - ) .
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4.4 Two-stage Pretreatment (Dilute Sodium Hydroxide/Dilute Ammonium 
Hydroxide Followed by Dilute Sulfuric Acid Pretreatment)

F rom  a b o v e  stu d y , b oth  m ic r o w a v e -a s s is te d  N a O H /N H 4O H  p retrea tm en ts  
p ro v id ed  s im ila r  a m o u n ts  o f  the r e le a s in g  m o n o m e r ic  su gar, w h ic h  are 6 .1 5  and  6 .1 9  
g /1 0 0  g  b io m a ss , r e sp e c tiv e ly . T h ere fo re , th ey  b o th  w er e  in te r e s tin g  for further s tu d y  by  
b rin g in g  b o th  so lid  r e s id u e s  after th e  b a se  p retrea tm en t to w a sh  w ith  d is t illa t io n  w ater  
u n til p H  b e c a m e  7 b e fo r e  p retrea tin g  w ith  th e  o p tim a l c o n d it io n s  o f  th e  H 2 S O 4  

p retrea tm en t (1 .0  % ( w /v )  H 2 S O 4  u s in g  15:1 L S R  at 160  °c  for  15 m in . A s  can  be seen  
in  F ig u re  4 .1 1 ,  th e  to ta l su gar y ie ld  o f  o n e -s te p  and  tw o -s ta g e  p retrea ted  N apier grass  is  
co m p a red . B o th  g lu c o s e  and  x y lo s e  y ie ld s  for the tw o -s te p  trea ted  sa m p le s  w er e  h igh er, 
as co m p a red  to  that p retreated  w ith  the o n e -s te p  m eth o d . S in c e  h e m ic e l lu lo s e  and  lign in  
w er e  (p a r tia lly ) r e m o v e d  from  the su rfa ce  o f  c e l lu lo s e  w ith  a lk a lin e  from  th e first 
p retrea tm en t, m o re  b in d in g  s ite s  w e r e  a v a ila b le  to  c e l lu lo s e  and  c r y s ta llin ity  o f  c e llu lo s e  
w a s  d e c r e a se d  d u e  to s w e llin g , w h ic h  m a y  co n tr ib u te  to h ig h er  d ig e s t ib i l ity  o f  c e llu lo s e  
o b ta in ed  in  th e  tw o -s ta g e  pretreated  sa m p le s  (W a n g  et a l ,  2 0 1 0 ) .

Figure 4.11 T h e e f fe c t  o f  p retreatm en t p r o c e s se s  o n  th e r e le a se  o f  th e  m o n o m e r ic  sugar  
y ie ld s  v ia  (a ) m ic r o w a v e -a s s is te d  NaOH fo llo w e d  b y  H 2 S 0 4an d  (b )  m ic r o w a v e -a s s is te d  
NH4OH fo l lo w e d  b y  H2SO4: g lu c o s e  ( □ ) , x y lo s e  ( III), a ra b in o se  ( ■  ) and  tota l 
m o n o m e r ic  su gar y ie ld  ( - X - ) .
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T h e m ic r o w a v e -a s s is te d  N H 4 O H  p retrea tm en t f o l lo w e d  b y  the H 2 S O 4  

p retrea tm en t resu lte d  in  th e  to ta l m o n o m e r ic  su gar y ie ld  o f  4 0 .1 6  g /1 0 0  g  b io m a ss , 
c o n ta in in g  g lu c o s e , x y lo s e , and ara b in o se  y ie ld s  o f  1 5 .7 4 , 2 1 .6 1  and 2 .81  g /1 0 0  g  
b io m a ss , r e sp e c tiv e ly . H o w e v e r , th e  h ig h e s t  to ta l m o n o m e r ic  su g a r  y ie ld  o f  4 5 .2 8  g /1 0 0  
g b io m a ss , c o m p o s in g  o f  18 .01 g  g lu c o se , 2 3 .0 2  g  x y lo s e  an d  4 .2 4  g  a r a b in o se /1 0 0  g 
b io m a ss , w a s  a c h ie v e d  w h e n  u s in g  the m ic r o w a v e -a s s is te d  N a O H  p retrea tm en t fo llo w e d  
b y  th e H 2 S O 4  p retreatm en t.

4.5 Effect of Pretreatment on Chemical Composition

T h e p e r c e n ta g e s  o f  b a s ic  c o n s titu e n ts , in c lu d in g  h e m ic e l lu lo s e , c e llu lo s e ,  
lig n in , and ash , c o n ta in e d  in the raw  N apier grass  and  th e  p retreated  m ater ia ls  are 
a n a ly z e d  and lis te d  in T a b le  4 .2 . T h e se  data  are to p ro v id e  an  in s ig h t  in to  the varia tion  
o f  th e  c o n s titu e n ts  a f fe c te d  b y  m ic r o w a v e -a s s is te d  c h e m ic a l.

Table 4.2 C h e m ic a l c o m p o s it io n  o f  th e  so lid  r e s id u es  from  e a c h  treatm en t

M ethod
% Recovered

(m g)
% Glucan

(m g)
% Xylan

(m g)
% Arabinan

(m g)
% Lignin

(m g)
%Ash
(m g)

Untreated 1 0 0

(300 )
36.3

(108 .9 )
2 1 . 1

(63 .3) ร ิ

16.5
(49 .5 ) «

M icrow ave/N H 4 0 H 71,2
(213 .4 )

48 .8
(103 .8 )

23 .9
(51) ร ิ

12.4
(27 .6 ) ( 2 .2 )

M icrow ave/N aO H 69.7
(207 .3 )

49.3
( 1 0 2 ) Â

2.9
(5 .9 )

1 1

(22 .9 )
0.9

(1 .9 )
M ierow ave/H 3 P 0 4 59.8

(166 .8 )
55.6

(92 .8 ) ร ิ ; ร

1.9
(3 .2 )

M icrow ave/H 2 SO 4 54.2
(162 .6 )

57.1
(92 .9 ) ร ิ 1

18.72
(30 .2 ) ร ิ

M icrow ave/N H 4OH
/ h 2 s o 4

50.7
(151 .2 )

48
(72 .6 )

0 . 6

( 1 )
0

( 0 )
1 0 . 2

(18 .1 )
0.92
(1 .4 )
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M ethod
% Recovered

(m g)
% Glucan

(m g)
% Xylan

(m g)
% Arabinan

(m g)
% Lignin

(m g)
% Ash
(m g)

M icrow ave/N aO H
/ h 2 s o 4

48 .6
(145 .8 )

44.5
(64 .5 )

0.3
(0 .5 )

0

( 0 )
8.3

( 1 2 . 1 )
0.7

( 1 .0 )

For m ic r o w a v e  a ss is te d  a lk a lin e  p retreatm en t h a v e  s ig n if ic a n tly  red u ced  lig n in  
c o n te n t w h en  c o m p a red  to th e  u n treated  a fter p retrea tm en t, a  33%  d e lig n if ic a t io n  w a s  
o b se r v e d  in  NaOH treated  N apier g rass, as co m p a red  to o n ly  25%  in  NFI4OH treated  
sa m p le s . T h is  is  ty p ic a l forth e  a lk a lin e  p retrea tm en t, w h ic h  g e n e r a lly  r e m o v e s  m ore  
lig n in  and le s s  h e m ic e l lu lo s e  than the d ilu te  ac id  p retrea tm en t, p r o d u c in g  reco v ered  
m ateria l w ith  lo w e r  le v e ls  o f  resid u a l lig n in  and h ig h e r  le v e ls  o f  resid u a l x y la n  
(C h e n lin e t  a l,  2 0 1 0 ) .  T h e a lk a li p retrea tm en t is  the m o s t  e f fe c t iv e  w ith  lo w  lign in  
c o n te n t b io m a ss  l ik e  agricu ltu ral re s id u e s , but b e c o m e s  le s s  e f fe c t iv e  as lig n in  con ten t o f  
th e  b io m a ss  in c r e a se s .

T h e m ic r o w a v e  a ss is te d  ac id  p ro d u ced  c e l lu lo s e  e n r ich ed  s o lid s , co m p a r in g  to  
th e  raw  N apier grass. T h e  g lu c a n  fraction  w a s  fou n d  to b e  th e  m ajor c o m p o n e n t  p resen t 
in  th e  pretreated  s o l id  r es id u e (5 7 .1  and 5 5 .6 % forH 2 S 0 4 an d  H 3 P O 4 , r e s p e c t iv e ly ) ,w h ile  
th e  raw  N apier g rass  co n ta in s  o n ly  36 .3 % . T h e  in crea se  o b se r v e d  in  th e  g lu c a n  co n ten t  
w a s  in  a g reem en t w ith  the red u ctio n  o f  th e  x y la n  c o n te n t d e term in ed  in  th e  N apier 
grass. A s  e x p e c te d , m o st  o f  th e  lig n in  w a s  n o t r em o v ed  from  th e N apier grass  b y  d ilu te  
a c id  p retrea tm en t, a s  sh o w n  in  T a b le  4 .2  (Q i et al., 2 0 1 0 ) .

For th e  m ic r o w a v e  a s s is te d  a lk a lin e  fo llo w e d  a c id  p retrea tm en t, the x y lo s e  
c o n te n t  o f  th e  s o l id  resid u e  a fter  th e se  p retrea tm en ts w a s  fou n d  to b e  lo w  and  ran ged  
from  0 .6  to 0 .3 %  o f  the m ic r o w a v e  a ss is te d  N F f4O H fo llo w e d  F ^SC U pretreatm ent and the  
m ic r o w a v e  a s s is te d  N a O H  fo llo w e d  H 2 S O 4  p retrea tm en t, r e s p e c t iv e ly , im p ly in g  that 
th ere  w a s  a n e a r ly  c o m p le te  h y d r o ly s is  o f  x y la n  d u rin g  th e  p retrea tm en t. T h e  g lu c o se  
c o n te n t  in  th e  treated  sa m p le  w a s  o b se r v e d  to  b e  d e c r e a se d  w h e n  c o m p a r in g  w ith  the  
m ic r o w a v e -a s s is te d  a c id  p retrea tm en t d u e  to  a  h ig h  r e le a se  o f  th e  g lu c o s e  con ten t in to  
p reh y d ro ly sa te  d u r in g  th e tw o -s ta g e  p retrea tm en t, s e e  F ig u re  4 .1 1 . M o reo v er , the
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h ig h e s t  lig n in  rem o v a l w a s  o b ta in ed  fro m  the tw o -s ta g e  p retrea tm en t. T h e  am o u n t o f  
lig n in  r e m o v e d  w a s  ran ged  from  6 3 .4  to 75 .7 %  o f  th e  in itia l lig n in  in  the untreated  
N apier grass.

4.6 FT-IR Analysis

T h e un treated  sa m p le s  g e n e r a lly  s h o w  p eak  at 1 7 3 4  c m " 1 d u e  to  stron g  carb on yl 
g ro u p s in b ra n ch ed  h e m ic e l lu lo s e s  (C h o u d h a ry  el a i ,  2 0 1 2 ) .T h is  p ea k  is  m is s in g  from  
th e  sp ectra  o f  th e  acid , th e  a lk a lin e , and  the tw o -s ta g e  p retrea tm en ts , in d ica tin g  the  
r e m o v a l o f  h e m ic e l lu lo s e  from  the sa m p le . T h is  s h o w s  that th e  pretreatm en t is 
r e sp o n s ib le  for  th e  h e m ic e llu lo s e  rem o v a l. It is , th ere fo re , in a g r e e m e n t w ith  the resu lts  
o f  th e  c o m p o s it io n  a n a ly s is  a fter p retreatm en t in  T a b le  4 .2 .

T h e  p e a k  at 1 ,2 5 3  c m ' 1 is  b e lo n g in g  to aro m atic  C - 0  s tre tc h in g  ou t o f  lig n in  
(X u  el a i ,  2 0 0 6 ) .  T h is  band is  a lso  m is s in g  from  the sp ec tra  o f  the a lk a lin e  and th e tw o -  
s ta g e  p retrea ted  sa m p le s  (F ig u re  4 .1 2 ) , in d ica tin g  r e m o v a l o f  the lig n in . T h e  im p a ct o f  
th e  d ilu te  a c id  p retreatm en t o n  lig n in  co n ta in e d  in N apier grass  is  e x p lo r e d  in F igu re  
4 .1 2 B . F rom  th e  sp ectru m , th e  1 ,253  c m ' 1 p eak  w a s  a ls o  o b se r v e d . T h is  resu lt r e f lec ts  
that the stru ctu re o f  lig n in  is  h ard ly  a ffe c te d  b y  the d ilu te  a c id  p retrea tm en t.

A s  m e n tio n e d  in  C h ap ter  I, c e l lu lo s e  is  a h o m o p o ly sa c c h a r id e  c o m p o s in g  o f  P- 
D -g lu c o p y r a n o s e  u n its  lin k ed  to g eth er  b y  ( l - 4 ) - g ly c o s id ic  b o n d s (B a la t  et al., 2 0 0 8 ) .  
F ig u re  4 .1 2  d e p ic ts  that a  sharp band  at 8 9 5  c m ' 1 in  th e  sp ectru m  o f  c e l lu lo s e  is  
attr ibuted  to P -g ly c o s id ic  lin k a g e s  b e tw e e n  th e su gar u n its . W h en  th e  ra w  N apier grass 
w a s  e x a m in e d , th e  b an d  o f  8 9 5  c m ' 1 w a s  n o t n o ta b le , p ro b a b ly  d u e  to  th e  c o v e r a g e  o f  
c e l lu lo s e  b y  h e m ic e l lu lo s e  an d  lig n in . F lo w ev er , w h e n  th e  b io m a ss  w a s  p retreated  w ith  
s in g le -s ta g e  an d  tw o -s ta g e  p retrea tm en ts, the band o f  8 9 5  c m ' 1 w a s  c le a r ly  ex h ib ite d . 
M o reo v er , th e  o th er  p o ly sa c c h a r id e s  p ea k s  (1 1 0 8 , 1 1 6 4 , 1 2 6 0 , 1 3 2 5 , an d  13 78  c m '1) 
b e c a m e  sh arp er, a s  co m p a red  w ith  th e u n treated  N apier grass, c o r r e sp o n d in g  w e l l  to  the  
in crea se  in p o ly sa c c h a r id e s  c o n ten t after the p retrea tm en t (W a n g  et al., 2 0 1 0 ) .
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Figure 4.12 F T IR  sp ectra  o f  (A )  raw  N apier grass, (B )  m ic r o w a v e -a s s is te d  a lk a li, (C) 
m ic r o w a v e -a s s is te d  a c id , and (D ) T w o -S ta g e  p retreated  N apier grass.

4.7 Solid Loss (%) and pH

It w a s  in it ia lly  o b se r v e d  that the p retrea tm en t o f  N apier grass  w ith  a lk a lin e  
resu lted  in  dark c o lo r e d  h y d ro ly sa te , w h ile  the a c id  rea g en t g a v e  a y e l lo w  h y d ro ly sa te , 
and that th e  c o lo r  in te n sity  g e n e r a lly  in crea sed  w ith  p retrea tm en t se v e r ity . A n  in crea se  
in  the se v e r ity  o f  the p retrea tm en t b y  in c r e a s in g  th e  p retrea tm en t tem p era tu re  or tim e  
resu lted  in  s ig n if ic a n tly  h ig h er  s o l id  lo s s e s . E ach  p retrea tm en t v a r ia b le  in  th is  stu d y  
con tr ib u ted  to  th e  lo s s  o f  so lid s . It w a s  fou n d  that th e  p retrea tm en t tem p era tu re  a ffe c ted  
a  greater lo s s  o f  so lid  th an  th e p retreatm en t tim e . O th ers  h av e  rep o rted  s im ila r  red u ction  
in  so lid s  d u r in g  th e p retrea tm en t (C h en  et al., 2 0 0 4 ) .  T h e  so l id  lo s s e s  w e r e  ran ged  from  
1 4 -1 6 %  u n d er  m ild  c o n d it io n s  (5 m in; 6 0  °C ) o f  e a c h  reag en t p retrea tm en t to the
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h ig h e s t  lo s s e s  o f  7 3 , 55, 6 2 , and 47%  for th e  p retrea tm en ts at 1 6 0  °c for  6 0  m in  o f  
H 2 S O 4 , H 3 P O 4 , N a O H , an d  N H 4 O H , r e sp e c tiv e ly  (F ig u re  4 .1 3 ) .

Figure 4.13 % S o lid  lo s s  o f  N apier grass  a fter  th e  p retrea tm en t u s in g  0.5 % (w /v )  o f  (a)  
H2SO4 (b ) H3PO4, (c )  NaOH, and  (d ) NH4OH for v a r io u s  h e a tin g  t im e s  and  
tem p era tu res : 40°c (□  ), 60°c (H  ), 80°c (■  ), 100°c ([รัฐ ), 120°c (Ü ) , 140°c (121) 
and 1 6 0 ° C ( H ) .
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Pretreatment time (min) Preteatment time (min)

Figure 4.14 T h e  pH  o f  N apier grass  h y d ro ly sa te  u s in g 0 .5  % (w /v )  o f  (a ) H 2 S 0 4! (b )  
H 3P O 4 , (c )  N a O H , and  (d ) N H 4 O H  for 5 , 10 , 15, 3 0 , and  60 m in  at d ifferen t  
tem p era tu res : 40°c (□ ), 60°c ( ร ) ,  80°c ( ร ) ,  100°c ( ^ ) ,  120°c ( Ü ) ,  140°c (g j)  
an d  40°C(H ).

T h e p H s o f  th e  ac id  and  th e  a lk a lin e  h y d ro ly sa te s  w e r e  p er fo rm ed  in  th is  w ork . 
C h a n g in g  in p H  o f  a h y d ro ly sa te  w a s  a ffe c te d  b y  the p retrea tm en t tem p era tu re  or t im e. It 
w a s  fou n d  that th e  pH  o f  th e  a c id  h y d ro ly sa te  w a s  in crea sed  a fter  in c r e a s in g  th e se v e r ity  
o f  th e  p retreatm en t. T h e  p H  o f  th e  F F S C ^ h yd ro lysate  w a s  in cr e a se d  fro m  1.01 to 1 .48  
(F ig u r e  4 .1 4 a )  an d  from  1 .9 7  to 2 .4 3  for th e  H 3 P 0 4  h y d r o ly sa te  (F ig u r e  4 .1 4 b ) . W h en
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a c id ic  m e d ia  w e r e  u sed , th e  p roton  a cts  as a ca ta ly st to  p ro to n a te  th e  o x y g e n  atom  
lin k in g  b e tw e e n  th e  c e l lu lo s e  and the h e m ic e l lo lu s e  c h a in s  o f  b io m a s s , as sh o w n  in  
F ig u re  4 .1 5 . T h u s, the h y d r o ly s is  o f  th e  c e l lu lo s e  and  th e h e m ic e l lu lo s e  ch a in s  w a s  
e a s i ly  tak en  p la c e  (K r a ss ig  et al., 2 0 0 2 , H arm sen  et al., 2 0 1 0 ) .  O n  th e o th er  hand, th e  pH  
o f  an a lk a lin e  h y d ro ly sa te  w a s  d ecrea sed  a fter  in crea sin g  th e  s e v e r ity  o f  th e  pretreatm enl 
d u e  to the h y d r o x y  io n  u se d  to c le a v a g e  th ee  ther b on d  o f  lig n in  in  th e  a lk a lin e  so lu tio n  
for  d e lig n if ic a t io n , as sh o w n  in F ig u res 4 .1 6  and 4 .1 7  (G ierer  et al., 1 9 8 5 , L in  et al., 
2 0 0 2 , H arm sen  et al., 2 0 1 0 ) . T h e p H  o f  th e  N aO FI h y d r o ly sa te  w a s  d ecrea sed  from  
1 1 .9 5  to 8 .11  (F ig u re  4 .1 4 c )  and from  9 .9 9  to 8 .0 3  for th e  NH4OH h y d ro ly sa te  (F igu re  
4 .1 4 d ) .

Figure 4.15 H y d r o ly s is  o f  c e l lu lo s e  in  a c id ic  m e d ia  (K r a ss ig  et a l ,  2 0 0 2 ) .
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Figure 4.16 A lk a lin e  c le a v a g e  o f  a -a r y l e th er  b o n d s  (G iereret a i ,  19 8 5 ) .

Figure 4.17 A lk a lin e  c le a v a g e  o f  P -aryl e th er  b o n d s  (G ierere t al., 19 8 5 ) .
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