
CHAPTER VII

EFFICIENT PROCESS FOR ETHANOL PRODUCTION FROM THAI 
MISSION GRASS ( P E N N I S E T U M P O L Y S T A C H I O N )

7.1 Abstract

M iss io n  g rass  (P em ise tu m  p o lystach ion ) o b ta in ed  fro m  T ak  P ro v in ce , 
T h a ilan d , p o sse sse s  th e  p o ten tia l to  b eco m e  a  lig n o ce llu lo s ic  b io m ass  fo r  b io e th an o l 
p ro d u c tio n . A fte r  th e  g rass  u n d e rw en t m illin g  and  a lk a lin e  p re trea tm en ts , it w as 
su b jec te d  to  ac id  and  en zy m atic  hy d ro lysis . T he  g lu co se  h y d ro ly za te  from  th e  g rass 
w as d e to x ifie d  to  rem o v e  in h ib ito ry  co m p o u n d s  and  d eg rad a tio n  p ro d u c ts  such  as 
fu rfu ra l an d  5- h y d ro x y m eth y lfu rfu ra l. O v erlim in g  at pH  10 p ro d u c e d  th e  h ig h est 
e th an o l y ie ld . A m o n g  v a rio u s  s tra in s o f  b a k e r ’s yeasts . Saccharom yces cerevisiae  
T IS T R  5 5 9 6  w ith  a  yeast co n cen tra tio n  o f  10 %  v /v  p ro d u ced  th e  m a x im u m  e th ano l 
y ie ld  at 16 g /L  w ith in  24  h. w h ich  is am o n g  o n e  o f  the  fa ste s t e th an o l p ro d u c in g  
m ic ro o rg a n ism s  co m p ared  to  o th e r s tra in s  o f  ร. cerevisiae  as  w e ll as o th e r  e th an o l-  
p ro d u c in g  m ic ro o rg an ism s.

(Keywords: B io e th an o l p ro d u c tio n ; D e to x ific a tio n ; O v e rlim in g ; Pennisetum
polystach ion  ; Saccharom yces cerevisiae )
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7.2 Introduction

E th an o l has b eco m e  th e  su b jec t o f  in te res t du e  to  its p o ten tia l to  su b s titu te  
en e rg y  fro m  fossil fue ls . P resen tly , food  c ro p s  such  as co rn , su g a rcan e , r ice , w h ea t, 
and  su g a r b ee t are  th e  m a jo r so u rces o f  e th an o l p ro d u c tio n  (B a la t, 20 1 1 ). H o w ev er, 
co n tin u o u s  u tiliz a tio n  o f  food  c ro p s  cou ld  je o p a rd iz e  the  food  d em an d  fo r th e  w o rld  
p o p u la tio n ; m o reo v er, freq u en t co n secu tiv e  cu ltiv a tio n  o f  co rn  an d  su g arcan e  cou ld  
re su lt in  n u tr ie n t d ep le tio n  and  soil e ro s io n  (X u  et a l,  20 1 1 ). A p o ten tia l so lu tio n  to  
an sw er th e  issu e  is to  u tilize  lig n o ce llu lo s ic  m a te ria ls  to  p ro d u ce  e th ano l. 
L ig n o ce llu lo s ic  m a te ria ls  o rig in a ted  fro m  b io m ass  are  c o m p rise d  m a in ly  o f  c e llu lo se , 
h em ic e llu lo se , and  lign in . S om e lig n o ce llu lo s ic  m a te r ia ls  in c lu d e  w o o d , ag ricu ltu ra l 
re sid u es , g rasses , and  n ew sp ap er (รนท and  C h en g , 2002).

W ith  a h ig h  ce llu lo se  an d  h em ice llu lo se  co n ten t. M iss io n  g rass  (P ennisetum  
po lystach io n , d en o ted  as M G ) is one  su itab le  lig n o ce llu lo s ic  b io m ass  to  p ro d u ce  
b io e th an o l (T a tija re rn  el a l. , 2 0 13 ). In ad d itio n  to  it b e in g  u b iq u ito u s  in A frica , A sia , 
an d  A u s tra lia , its ab ility  to  seed  d u rin g  dry  seaso n , and  its lo w  req u ire m e n t o f  
en ergy , fe rtiliz e rs , an d  soil m o is tu re  a llo w  M G  to be a  go od  c a n d id a te  fo r  b io e th an o l 
p ro d u c tio n . M iss io n  g rass can  g ro w  to  be 3 m in  he igh t, and  th u s  a  h ig h  q u an tity  o f  
c e llu lo se  and  h em ice llu lo se s  cou ld  be o b ta in ed  w ith in  a sm all p lo t. C u rren tly , no 
p ap e r  has rep o rted  on  the  co n v e rs io n  o f  M G  to p ro d u ce  e th an o l. T h is  p ap e r  p resen ts  
a  no ve l s tu dy  o f  u s in g  M G  lig n o ce llu lo s ic  b io m ass  to  p ro d u ce  b io e th an o l. T he 
p ro d u c tio n  o f  e th an o l from  M iss io n  g rass  co u ld  be  b en efic ia l to  b o th  w eed  
m a n a g e m e n t and  b io e th an o l p ro d u c tio n  (T a tija re rn  et a i,  2013 ).

A  v a rie ty  o f  m ic ro o rg an ism s ran g in g  fro m  fung i, b ac te ria , and  yeasts  co u ld  
be u tiliz e d  fo r p ro d u c in g  e th ano l fro m  grass h y d ro ly za te . B a k e r 's  yeast, 
Saccharom yces cerevisiae , is one  o f  th e  m o st p o p u la r  c a n d id a te s  fo r e th an o l 
fe rm en ta tio n . T h e  y east ร. cerevisiae  has p ro d u ced  e th an o l as its  m a in  fe rm en ta tio n  
p ro d u c t and  a lso  h ig h  to le ran ce  to  in h ib itin g  c o m p o u n d s  c o m p ared  to  o th e r 
m ic ro o rg an ism s  (A lm e id a  et a l ,  20 07 ). O n e d isad v an tag e  o f  em p lo y in g  ร. cerevisiae  
as an  e th an o l fe rm en te r  is its in ab ility  to  p ro d u ce  e th an o l fro m  o th e r  su g a rs  b es id e  
g luco se .
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G en era lly , to  o b ta in  b io e th an o l fro m  lig n o ce llu lo s ic  b io m ass , the  
lig n o ce llu lo s ic  b io m ass  in itia lly  u n d erg o es  a p re trea tm en t to  rem o v e  lig n in  and  
d ec rease  ce llu lo se  c ry sta llin ity  to  m ak e  ce llu lo se  b eco m e  m o re  su scep tib le  to 
h y d ro ly sis  (M cM illan , 1994). T he  p re trea ted  b io m ass  is th en  h y d ro ly zed  to  b reak  
d o w n  p o ly sacch a rid e s  in to  sugars, m a in ly  g luco se . H o w ev er, v a rio u s  co m p o u n d s  
o th e r  th an  su g ars  a re  s im u ltan eo u s ly  re leased  d u rin g  the  h y d ro ly s is  p ro cess , w h ich  
cou ld  hav e  d e trim en ta l e ffec ts  to  the  m ic ro o rg an ism s and  th u s  th e  ov era ll e th ano l 
y ie ld  (P a lm q v is t and  H ah n -H ag erd a l, 20 00 ). C o n seq u en tly , th e  h y d ro ly za te  is go ne  
th ro u g h  a p ro cess  ca lled  o v e rlim in g  to  d e to x ify  the  to x ic  co m p o u n d s  (L eo n ard  and  
H ajny , 1945; P a lm q v is t and  H ah n -H ag erd a l, 2 0 00 ). F ina lly , th e  su g a r is u tilized  by 
m ic ro o rg a n ism s  to  p ro d u ce  e th ano l.

S in ce  M G  is w ide ly  d is tr ib u ted  th ro u g h o u t T h a ilan d , th is  stu dy  fo cu sed  on 
th e  p ro d u c tio n  o f  b io e th an o l from  T hai M G  v ia  a  tw o  stag e  m ic ro w av e /ch em ica l 
p re trea tm en t, as  d e sc rib ed  by o u r g ro u p  (T a tija re rn  et a i ,  20 1 3 ). V ario u s  s tra in s  o f  
B ak e r’s y east (.ร'. cerevisiae) at d iffe ren t pH s w ere  s tu d ied  due  to  th e ir  ro b u s tn e ss  and  
cap a b ility  to  w ith s tan d  in h ib ito ry  co m p o u n d s  from  grass h y d ro ly sis  and  p ro d u ce  a 
h igh  y ie ld  o f  e th an o l (P a lm q v is t and  H ah n -H ag erd a l, 2000).

7.3 Experimental

7.3.1 M ate ria ls  and  C h em ica ls
M G  w as co llec ted  from  T ak  P ro v in ce , T h a ilan d . T he  g rass  w as  air- 

and  รนท d ried  b e fo re  be ing  cu t in to  sm all p ieces. T he  d ried  g rass  w as m illed  w ith  a 
60 m esh -s iz e d  siev e , and  then  the  p o w d ered  g rass  w as s to red  in a  sea led  p la s tic  bag  
a t room  tem p e ra tu re . S od ium  hy d ro x id e  (N aO H , L ab scan  A s ia  C o ., T h a ilan d ) w as 
u tilized  in  the  p re trea tm en t p ro cess o f  M G . S u lfu ric  ac id  (H 2S O 4, M erck  C o ., 
G erm an y ) and  ce llu la se  fro m  Trichoderm a reesei A T C C  26921 (S ig m a  A ld rich  
C h em ica l C o ., U S A ) w ere  used to h y d ro ly ze  ce llu lo se  and  h e m ic e llu lo se  o f  M iss io n  
g rass. C a lc iu m  h y d ro x id e  (C a (O H )2, S ig m a  A ld rich  C h em ica l C o ., U S A ) an d  so d iu m  
su lfite  (พน2ร 0 3 , L abscan  A sia  C o , T h a ilan d ) w ere  em p lo y ed  d u rin g  the  
d e to x ific a tio n  p ro cess  o f  M G  hydro lyzate . D -(+ )-G lu co se  (G 5 4 0 0 ) s tan d ard  (S ig m a  
A ld rich  C h em ica ls  C o . Inc., U S A ) w as used  fo r su g a r q u a n tita tiv e  an a ly sis . Y east
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7 .3 .2  P re tre a tm e n t o f  M G
M G  w as  p re trea ted  u s in g  th e  g rass  o p tim iz a tio n  m e th o d  acco rd in g  to 

B o o n m a n u m sin  et al. (2 0 1 2 ) and  T a tija re rn  et al. (2 0 1 3 ). T h e  m illed  g rass  w as 
m ix ed  w ith  3 %  w /v  N aO H  u s in g  a  liq u id -to -so lid  ra tio  (L S R ) o f  15 m L  o f  N aO H : 1 
g o f  g rass  (B o o n m a n u m sin  et a l,  20 12 ; T a tija re rn  et a i ,  2 0 1 3 ). T he  m ix tu re  w as 
s tirred  th o ro u g h ly  un til it w as  h o m o g en o u s. T h en , it w as  su b jec te d  to  m ic ro w av e  
tre a tm e n t (300  พ ,  E th o s  S eries , M ile s to n e  Inc .) a t 120 ๐c  fo r 10 m in . A fte r  the  
a lk a lin e  p re tre a tm e n t, the  m ix tu re  w as w ash ed  un til th e  p H  w as  n eu tra l. T he so lid  
re sid u e  w as  o v e n -d rie d  fo r 24  h. T he  dry  so lid  w as s to red  in  a  d ry  co n ta in e r  at room  
tem p era tu re .

7 .3 .3  H y d ro ly s is  o f  M G
T h e  d ry  so lid  fro m  the  a lk a lin e  p re tre a tm e n t w as  m ix e d  w ith  1 %  v /v  

H 2S O 4 u s in g  a L S R  o f  15 m L  o f  H 2S O 4: 1 g o f  p re tre a te d  g rass . T he  m ix tu re  w as 
s tirred  th o ro u g h ly , an d  th en  su b jec te d  to  m ic ro w av e  tre a tm e n t (3 0 0  พ )  a t 20 0  ° c  for 
5 m in  (T a tija re rn  et a l , 20 1 3 ). T he  m ix tu re  w as le ft to  coo l a t ro o m  tem p e ra tu re . T he 
pH  o f  th e  h y d ro ly za te  w as ad ju s ted  to  4.8  u s in g  40  %  w /v  N aO H . C e llu la se  from  T. 
reesei A T C C  26921 (160  pL/1 g o f  g rass) w as a d d ed  in to  th e  liq u id  h y d ro ly za te . T he 
h y d ro ly za te  w as  in c u b a ted  fo r 60  h  a t 50 ° c  (Q u resh i et a l ,  20 0 8 ).

7 .3 .4  D e to x if ic a tio n  o f  M G  H y d ro ly za te
A  c o m b in ed  d e to x ific a tio n  m e th o d  o f  e v a p o ra tio n , ov e rlim in g , 

ad d itio n  o f  so d iu m  su lfite , an d  h ea tin g  w as ca rried  o u t to  re m o v e  in h ib ito ry  p ro d u c ts  
fro m  th e  M G  h y d ro ly za te . A p p ro x im a te ly  60 %  o f  th e  h y d ro ly za te  w as  ev ap o ra ted  
u s in g  a  ro ta ry  ev ap o ra to r. T h e  ev ap o ra ted  h y d ro ly za te  w a s  tre a te d  w ith  C a (O H )2 to  
in c rease  th e  p H  to  8 -1 2 . S o d iu m  su lfite  (1 g /L ) w as th en  a d d ed  to  th e  so lu tio n . T he 
o v e rlim ed  so lu tio n  w as h ea ted  at 90 ° c  fo r  30 m in . T he  co n d e n sa te  in  th e  m ix tu re  
w as filte red , an d  th e  pH  w as ad ju s ted  to  6  u s in g  95 %  v /v  H 2S O 4 a t ro o m

e x t r a c t  (3  g /L ) , m a l t  e x t r a c t  (5  g /L ) , p e p to n e  (5  g /L )  w e r e  o b ta in e d  f ro m  H im e d ia
L a b o ra to r ie s  a n d  u t i l i z e d  fo r  th e  in o c u la t in g  y e a s t  m e d iu m .
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tem p e ra tu re . T he  liq u id  w as  s to red  in  a  c lo sed  b o ttle  a t am b ie n t tem p e ra tu re  for 
fe rm en ta tio n .

7 .3 .5  In o cu la tio n  o f  B a k e r 's  Y east (Sacchciromyces cerevisiae)
Y east ex trac t, m alt ex trac t, p ep to n e , and  g lu co se  w ere  m ix ed  to g e th e r 

to  m ak e  a yeast m ed iu m . T he  m ed iu m  w as au to c lav ed  at 121 ๐c  fo r 15 m in  an d  w as 
left to  coo l at ro o m  tem p era tu re . O ne in o cu la tio n  loop  o f  ร. cerevisiae  w as 
tran sfe rred  to th e  s te rile  m ed iu m  and  in cu b a ted  fo r 24  h at 30  °c. T he  s tan d ard  
d ev ia tio n  o b ta in ed  is in tr ip lica tes .

7 .3 .6  F e rm en ta tio n  o f  M G  H y dro lyza te
Y east ex trac t, m alt ex trac t, and  p ep to n e  w ere  ad d ed  to  th e  o v e rlim ed  

g rass  h y d ro ly za te . N o  ad d itio n a l g lu co se  w as added . T he  m ix tu re  w as s te riliz ed  at 
121 °c  fo r  15 m in  an d  a llo w ed  to  coo l at room  tem p era tu re . ร. cerevisiae  ( 2 -1 0  %  
v /v ) fro m  the  p rev io u s  s tep  w as add ed  to  the  h y d ro ly za te , an d  the  so lu tio n  w as 
in cu b a ted  in a sh ak e r a t 30  ๐c  fo r 96 h. S am p les  from  the  so lu tio n  w ere  tak en  ou t 
every  24  h fo r  g lu co se  and  e th an o l d e tec tio n .

7 .3 .7  C h a rac te riz a tio n
P hysica l p re trea tm en t is a  n ecessa ry  m e th o d  fo r red u c in g  ce llu lo se  

c ry s ta llin ity  (G h o sh  and  G h ose . 2003). T h e  p artic le  s ize  o f  the  M G  a fte r  physica l 
p re trea tm en t w as de tec ted  by a p artic le  s ize  an a ly ze r (M a lv e rn /M a s te rs iz e r  X ) w ith  a 
300  m m  lens s ize  in a  sam p le  d e tec tio n  unit. T he  physica l s tru c tu re  o f  u n trea ted  and  
p re trea ted  M G  w ere  o b ta in ed  us in g  a scan n in g  e lec tro n  m ic ro sco p e  (S E M . 
H itach i/S -4 8 0 0 )  at an  acce le ra tin g  v o ltag e  o f  2 k v .  T he  m o n o m e ric  su g a rs  and  
o th e rs  c h e m ic a ls  w ere  de tec ted  by H ig h -P erfo rm an ce  L iq u id  C h ro m a to g rap h y  
(H P L C , R ID -1 0 A , S h im ad zu  C o rp ., K yoto . Jap an ) e q u ip p ed  w ith  a  re frac tiv e  in dex  
d e tec to r, and  A m in ex -H P X  87H  co lu m n  (3 0 0  X  78 m m , B io -R ad  L ab, U S A ) u n d e r 
the  c o n d itio n s  o f  a  0 .005  M II2S O 4 m o b ile  ph ase  and  0 .6 0  m l/m in  flow  ra te . E th ano l 
p ro d u c tio n  w as d e tec ted  by gas c h ro m a to g rap h y  (G C , A g ilen t T ech n o lo g ie s , U S A ) 
eq u ip p ed  w ith  T C D  D etec to r, u sing  0.5 p L  in jec tio n  v o lu m e , 55 k P a  o f  h e liu m  as a
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ca rrie r  gas, 20 0  ° c  ov en  and  in jec to r tem p era tu res . B o th  g lu co se  and  e th ano l 
c o n cen tra tio n s  w ere  de tec ted  every  24 h o f  in cub atio n .

7.4 Results and Discussion

D ry M G  u n d e rw en t a physica l p re trea tm en t th ro u g h  m illin g . M illin g  
d ec reases  the  p artic le  s ize  and  the  c ry sta llin e  s tru c tu re  o f  M G , w h ich  re su lts  in an 
e n h an cem en t o f  su rface  area. T he  in crease  o f  su rface  a rea  a llo w s  M G  to be fu rth er 
p re trea ted  and  d ig ested  m ore  easily  (Q u in te ro  et a i,  2 0 11 ). A fte r  m illin g  w ith  a 60 
m esh  siev in g  size, the  size  o f  the  p o w d ered  M G  w as d e te rm in ed  usin g  a p artic le  size 
analyzer. A cc o rd in g  to  S lu ite r, the op tim al s ize  for lig n o ce llu lo s ic  b io m ass  
h y d ro ly sis  fo r e th ano l p ro d u c tio n  sho u ld  stay  in b e tw een  -20  and  + 8 0  m esh  partic le  
size. A la rg er m esh  size  w o u ld  cause  in e ffic ien t hy d ro ly sis  o f  c a rb o h y d ra tes , and  
lead to  lo w er am o u n t o f  su g ar re leased . A lte rn a tiv e ly , o v e r-h y d ro ly s is  o f  
c a rb o h y d ra te s  w o u ld  o ccu r i f  a sm a lle r  m esh  size  is used , re su ltin g  in an  in crease  o f  
su g ar d eg rad a tio n  p ro d u c ts  (S lu ite r  and  S lu ite r, 2010). T h ese  d eg rad a tio n  p ro d u c ts  
m ay p o ten tia lly  cause  d e trim en ta l e ffec ts  on fe rm en tin g  yeasts  as w ell as e th ano l 
yield .

T he  av e rag e  size  o f  th e  m illed  M G  o b ta in ed  from  T ak  P ro v in ce  is 
a p p ro x im a te ly  300 p m . T he  m illed  s ize  o f  T ak M G  is c o m p arab le  to  s ize  o f  the 
m illed  g rass  in a stu dy  by T a tija re rn , w h ere  h is M G  from  N ak h o n  R a tch as im a  
P ro v in ce  had  a p artic le  s ize  o f  330 pm  a fte r  u s in g  a 60  m esh  s iev in g  size  (T a tija re rn  
et a i ,  2013 ).

7.4.1 C h em ica l C o m p o sitio n  o f  M G
T he chem ica l c o m p o sitio n  o f  m illed  M G  w as fo u n d  usin g  the  m eth o d  

from  the  N atio n a l R en ew ab le  E nergy  L abo ra to ry  (N R E L ) (S lu ite r  and  S lu ite r, 2010). 
T he  ch em ica l c o m p o sitio n  o f  M G  in th is  study  (o b ta in ed  from  T ak  P ro v ince , 
T h a ilan d ) is co m p ared  to  th a t in a  p rev io u s  study  (o b ta in ed  from  N ak h o n  R a tch asim a  
P ro v in ce , T h a ilan d ) in T ab le  7.1 (T a tija re rn  et a i 1 2013). T he M G  fro m  T ak  
P ro v in ce  p resen ts  a b e tte r can d id a te  for e th an o l p ro d u c tio n  due to  its h ig h er 
p e rcen tag e  o f  c e llu lo se , w h ich  is m ore  p re fe rab le  as ce llu lo se  is th e  m a in  so u rce  o f
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su g ar fo r fe rm en ta tio n . H o w ev er, T ak  M G  is co m p rised  o f  a h ig h e r p e rcen tag e  o f  
lign in , w h ich  cou ld  b eco m e d eg rad ed  d u rin g  the p re trea tm en t p ro cess to  p ro d u ce  
in h ib ito ry  co m p o u n d s  and  h in d er e th ano l fe rm en ta tio n  (P a lm q v is t and  H ahn- 
H ag erd a l, 2000). T he  ch em ica l co m p o sitio n  o f  M G  from  T ak  and  N ak h o n  
R a tch as im a  p ro v in ce  d iffe r  co n s id e rab ly  due  to a few  fac to rs , such  as lo ca tio n , 
c lim a te , and  ag ricu ltu ra l p rac tices , for the M G  to g ro w  (M alh e rb e  and  C lo e te , 2002). 
T ak  p ro v in ce  is lo ca ted  in  the  n o rth e rn  part o f  T h a ila n d ’s m o u n ta in o u s  lan d scap e  
w h e rea s  N a k h o n  R a tch as im a  p ro v in ce  is lo ca ted  in n o rth ea s te rn  p la teau  w h ere  
d ro u g h t o ften  occu rs . M G  from  T ak  p ro v in ce  th u s  co n ta in s  m ore  p re fe rab le  ce llu lo se  
w h ich  is th e  m a in  sou rce  o f  g luco se . H o w ev er, T ak  M G  is a lso  co m p rised  o f  a  h ig h er 
p e rcen tag e  o f  lign in , w h ich  cou ld  deg rad e  d u rin g  the p re trea tm en t p ro cess to  p rod uce  
in h ib ito ry  co m p o u n d s  and  h in d e r the  e th ano l fe rm en ta tio n . T h u s, fu rth e r research  
co u ld  be do n e  on  o p tim iz in g  the  lo ca tio n  o f  M G  and p re trea tm en t m e th o d  o f  T ak  
M G .

7 .4 .2  C h em ica l P re trea tm en t
M illed  M G  w as ch em ica lly  p re trea ted  w ith  3 %  w /v  N aO H . and  

h y d ro ly zed  usin g  1 %  v /v  H 2SO 4 w ith  a 15:1 L S R  acco rd in g  to  th e  o p tim ized  g rass  
p re trea tm en t m e th o d  (B o o n m an u m sin  et al.1 20 12 ; T a tija re rn  et a l. , 20 1 3 ). T hen , it 
w as fu rth e r hy d ro lyzed  by ce llu la se  from  โ. reesei to  en su re  co m p le te  
sacch arif ica tio n .

T he S E M  im age o f  m illed  raw  M G  sh o w s a h igh ly  f ib r illa r  s tru c tu re  
co v ered  by th in  w ax y  layer on its su rface , w h ich  is freq u en tly  foun d  in h e rb aceo u s 
b io m ass  (H u  and  W en , 20 08 ). In co m p ariso n  to  the SE M  im age o f  u n trea ted  raw  
sw itch g rass , m illed  M G  p o ssesses  a m ore  o rd ered  stru c tu re  w ith  less w ax y  film . 
A fte r  tre a tin g  th e  g rass in d ilu te  a lk a lin e , the c ry sta llin e  s tru c tu re  o f  M G  fib rils  is 
n o ticeab ly  d isru p ted . T he w ax y  layer on the su rface  is pa rtia lly  rem o v ed , w h ich  
in d ica tes  th e  b reak in g  do w n  o f  th e  lign in  (H u  and  W en , 2008).

T he  b reak d o w n  o f  fib rils  in M G  a fte r d ilu te  acid  hy d ro ly sis  a ss is ted  
by m ic ro w av e  can  eas ily  be ob serv ed . T he d ilu te  acid  p rim arily  so lu b iliz e s  and 
ru p tu res  h em ice llu lo se . A lth o u g h  acid  h y d ro lysis  cau ses  ch em ica l ch an g es  in 
h em ice llu lo se  w h ich  d is ru p ts  co v a len t b o n d s, hy d ro g en  bo nd s, and  van  d er W aals
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fo rces  (L i et a i ,  2 0 1 0 ), th e  tre a tm en t a llo w s ce llu lo se  and  h em ic e llu lo se s  to  b eco m e  
m o re  su scep tib le  to  enzy m atic  hy dro lysis. In ad d itio n  to  h av in g  a h ig h e r ce llu lo se  
co n ten t th an  sw itch g ra ss  (47  %  o f  ce llu lo se  in M G , and  34 %  in sw itch g ra ss  (H u  and  
W en , 2 0 0 8 )) , the  lo w er lign in  co n ten t fu rth e r en su res  th a t M G  w o u ld  be a  b e tte r  
c an d id a te  fo r  e th an o l p ro d u c tio n . T he  p resen ce  o f  lign in  lo ca liz ed  on th e  g ra s s ’ 
su rface  is less in  M G  th an  th a t in sw itch g rass . T he  im ag e  o f  re sid u a l lign in  
co n d e n s in g  on the  su rface  o f  the  ce llu lo se  co n firm s  th a t ac id  tre a tm e n t p o ssesses  
on ly  m in im al e ffec t on  lign in  rem oval (Y u  et a i ,  2011).

7 .4 .3  E n zy m a tic  H y d ro ly sis
T he  S E M  im ag e o f  M G  a fte r b e in g  trea ted  w ith  ce llu la se  sh o w s a 

th o ro u g h  d es tru c tio n  o f  c e llu lo se  fib rils ; the  ce llu lo se  c ry s ta llin e  s tru c tu re  can  no 
lo ng er be o b se rv ed  a fte r  en zy m atic  hy d ro lysis . C o m p ared  to  en zy m atic  h y d ro ly sis  o f  
p re trea ted  eu ca ly p tu s , so rg h u m  bag asse , and  su g arcan e  b ag asse , M G  w as  b e tte r  
h y d ro ly zed  w h en  trea tin g  w ith  enzy m e (W an g  et a l ,  20 1 2 ), as a lso  in d ica ted  by the  
S E M  im ag e  sh o w in g  ce llu lo se  f ib rils  d es tru c tio n . C e llu la se  lib e ra te s  tw ice  the  
a m o u n t o f  g lu co se  in  co m p ariso n  to  the  g lu co se  re leased  by ac id  h y d ro ly sis  a lo ne , 
in d ica tin g  th a t the  g lu co se  co n cen tra tio n  in creases by tw o fo ld  a fte r  en zy m atic  
h y d ro ly sis  u s in g  ce llu la se .

7.4 .3 .1 O ptim ization o f  D etoxification Process on M G  H ydrolyzate
C o m m o n  physical d e to x ific a tio n  m e th o d s , such  as  e v ap o ra tio n  

and  m em b ra n e  sep a ra tio n  (C han del et a i ,  20 1 1 ), in v o lv es  no  a d d itio n  o f  o th e r 
ch e m ic a ls  in to  the  lig n o ce llu lo s ic  h y d ro lyzate . E v ap o ra tio n  w as ch o sen  as the  
m eth o d  o f  ph ysica l d e to x ific a tio n  in  th is  stu dy  due  to  its lo w  co s t and  ease  o f  
o p era tio n .

A d v an tag es  o f  u s in g  the  ev ap o ra tio n  are  n o t o n ly  to  rem o v e  
in h ib itin g  v o la tile  co m p o u n d s , such  as fu rfu ra l, and  ace tic  ac id , b u t a lso  th a t g lu co se  
co n c e n tra tio n  in the  h y d ro ly za te  can be reg u la ted  (T ah e rzad eh  and  K arim i. 20 11 ). 
(D aw so n  and  B o op athy , 2 0 0 7 ) sho w ed  th a t the  p ro d u c tio n  o f  e th an o l from  p o s t­
h a rv est su g a rcan e  re sid u e  co u ld  take up to  12 day s fo r  th e  fe rm en tin g  y eas t to  
p ro d u ce  th e  m a x im u m  eth ano l i f  th e  e v ap o ra tio n  w as no t used . M o reo v er, the
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m a x im u m  c o n cen tra tio n  o f  e th ano l p ro d u ced  from  th is  s tu d y  is o n ly  33 6  m g/L  
p ro b ab ly  d u e  to  ex trem e  d ilu tio n  o f  th e  o b ta in ed  h y d ro ly za te .

In th is  study , to  in c rease  th e  co n c e n tra tio n  o f  g lu co se  
ap p ro x im a te ly  60  %  o f  w a te r  w as ev ap o ra ted . A cc o rd in g  to  L arsso n  et a l  (1 9 9 9 ) 10 
%  o f  h y d ro ly za te  ev ap o ra tio n  co u ld  rem o v e  m ore  th an  40  %  o f  fu rfu ra l, o n e  o f  the  
m a jo r g lu co se  d eg rad a tio n  p ro d u c ts  and  in h ib itin g  c o m p o u n d s  in  th e  fe rm en ta tio n  
p ro cess  (L arsso n  et a l,  1999). F u rth e r ev ap o ra tio n  co u ld  rem o v e  m o re  to x ic  
co m p o u n d s , in c lu d in g  ace tic  ac id , fo rm ic  ac id , an d  o th e r lig n in  d eg rad a tio n  p ro d u c ts. 
H o w ev er, i f  w a te r  is scarce , they  w o u ld  p ro d u ce  g lycero l to  reg u la te  th e ir  ce lls , and  
th e  p ro d u c tio n  o f  g lycero l cou ld  h in d e r th e  e th an o l p ro d u c tio n  b eca u se  th e  ca rb o n  
so u rce  u tiliz e d  to  p ro d u ce  e th ano l is red irec ted  in to  th e  g ly ce ro l p ro d u c tio n  
(P ag lia rd in i et a i ,  20 1 3 ). O n th e  o th e r han d , as d e sc rib ed  p rev io u sly , to o  m u ch  w a te r  
d ilu te s  g lu co se  co n cen tra tio n , re su ltin g  in  lo w er e th an o l p ro d u c tio n .

L arsso n  et al. ( 1999) co m p ared  v a rio u s  e ffec tiv e  d e to x ific a tio n  
te ch n iq u es , n am ely , co n d itio n in g  w ith  ca lc iu m  h y d ro x id e  ca lled  o v e rlim in g , 
tre a tm en t w ith  laccase , ad d itio n  o f  su lfite  a t pH  10, and  a n io n  e x ch an g e  a t pH  10. 
E ach  m e th o d  p o sse sse s  v a rio u s  ad v an tag es  and  d isad v an tag es  in  reg ard s  to  am o u n t 
o f  su g a r lo ss, tim e , and  cost. M o reo v er, a  stu dy  by  T e lli-O k u r an d  E k e n -S a raço g lu
(2 0 0 8 ) a lso  sh o w s an  in crease  in e th ano l y ie ld  w h en  th e  lig n o c e llu lo s ic  h y d ro ly za te  
is d e to x ifie d  by co m b in in g  o v e rlim in g  and  so d iu m  su lfite  m e th o d s  c o m p ared  to  
o v e rlim in g  a lo n e  (T e lli-O k u r and  E k en -S araco g lu , 2 0 08 ). T h e re fo re , co m b in ed  
d e to x ific a tio n  w as p e rfo rm ed  in  th is  study . O v e rtim in g  w as  c h o sen  as  o n e  o f  the  
d e to x ific a tio n  te c h n iq u e s  fo r M G  h y d ro ly za te  sin ce  m o re  d e g ra d a tio n  p ro d u c ts  can  
be rem o v ed  as th e  o v e rtim in g  pH  in creases  a lth o u g h  m o n o m e ric  su g a r lo ss  a lso  
o ccu rs  (M illa ti et a l ,  20 02 ; M o hag heg h i et a l ,  20 0 6 ). A fte r  o v e rtim in g , so d iu m  
su lfite  w as su b seq u en tly  ad d ed  in to  the  h y d ro ly za te , and  th e  so lu tio n  w as  f ilte red  and  
p H -a d ju s te d  fo r fe rm en ta tio n  (L eo nard  and  H ajny , 1945; M illa ti et a l ,  20 0 2 ). F ig u re
7.1 sh o w s th e  am o u n t o f  su g a r lo ss at v a rio u s  o v e rlim in g  pH .

M o h ag h eg h i et al. (2 0 0 6 ) c la im e d  th a t ab o u t 7 % , 12 %  and  14 
%  o f  m o n o m e ric  su g a r w as  lo s t d u rin g  c o n d itio n in g  at pH  9, 10, an d  11, re sp ec tiv e ly  
(M o h ag h eg h i et a l ,  20 06 ). T he  resu lts  o f  th is  stu dy  sh are  th e  sam e  tren d  as  th a t o f  
M o h ag h eg h i et al. (20 0 6 ) w h ere  g lu co se  lo ss  is p ro p o rtio n a l to  o v e rtim in g  pH .
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H o w ev er, as little  as 2 %  and  7 %  o f  the  g lu co se  co n c e n tra tio n  is lost a t o v e rlim in g  
pH  9 and  10, re sp ec tiv e ly , w h ile  up  to  53 %  is lo s t a t pH  11. T h e  re su lts  a re  s im ila r  
to  th a t o f  M illa ti e t  a l .  (20 0 2 ) w h ere  the  g lu co se  co n c e n tra tio n  w as  n o t red u ced  
s ig n if ic an tly  w h en  o v e rlim in g  w as p erfo rm ed  at pH  10, b u t w as  h a lv e d  at pH  12. T he 
su g ars  th a t a re  lost d u rin g  o v e rlim in g  co u ld  be  co n v e rted  in to  lac tic  ac id  (M illa ti e t  

a l . , 20 02 ).
In th is  study , h o w ev er, th e  c o n c e n tra tio n  o f  ace tic  ac id  

in c reased  a fte r  o v e rlim in g . O ne p o ss ib le  e x p lan a tio n  fo r th is  in c rease  is th a t d u rin g  
o v e rlim in g  w ith  ca lc iu m  h y d ro x id e , ace tic  ac id  reac ts  w ith  ca lc iu m  to  fo rm  so lu b le  
ca lc iu m  ace ta te  in th e  so lu tio n . F urfu ra l c o n cen tra tio n  d ec rea sed  (0 .1 9  % ) and  
u n traceab le  q u an titie s  o f  5 (h y d ro x y m eth y l)fu rfu ra l w ere  d e tec ted  a fte r  o v e r 
o v e rlim in g  (T ab le  7 .2), co n s is ten t to  M artin ez  e t  a l .  (2 0 0 0 ) co n c e n tra tio n  o f  ace tic  
ac id  d o es  no t d ec rea se  w ith  o v e rlim in g  tre a tm e n t w h ile  th e  co n c e n tra tio n s  o f  fu rfu ra l 
and  5 -(h y d ro x y m e th y l)fu rfu ra l w ere  d ram a tica lly  red u ced  by  o v e rlim in g  tre a tm e n t 
(M artin ez  e t  a i ,  20 00 ).

7 . 4 . 3 . 2  F e r m e n t a t i v e  M i c r o o r g a n i s m s

A  v arie ty  o f  m ic ro o rg an ism s ra n g in g  fro m  fung i an d  b ac te ria  
to  y east co u ld  be  u tilized  to  p ro d u ce  e th ano l from  grass h y d ro ly za te . B a k e r’s yeast, 
ร .  c e r e v i s i a e .  is one  o f  the  m o st p o p u la r  c an d id a tes  fo r e th an o l fe rm en ta tio n . In  
a d d itio n  to  p ro d u c in g  e th ano l as its m a in  fe rm en ta tio n  p ro d u c ts , ร .  c e r e v i s i a e  

p o sse sse s  a  h ig h  to le ran ce  fo r in h ib itin g  c o m p o u n d s  c o m p ared  to  o th e r 
m ic ro o rg a n ism s  (A lm e id a  e t  a l ,  2007). O n e d isad v an tag e  o f  em p lo y in g  ร .  c e r e v i s i a e  

as an  e th an o l fe rm en te r  is its in ab ility  to  p ro d u ce  e th an o l fro m  su g ars  b e s id e  g lu co se . 
F ig u re  7 .2 a  sh o w s th e  g ro w th  o f  B a k e r’s yeast ( ร .  c e r e v i s i a e  T IS T R  50 4 9 ) in  M G  
h y d ro ly za te  at v a r io u s  o v e rlim in g  pH s.

T he  n u m b er o f  ร .  c e r e v i s i a e  in  F ig u re  7 .2 a  b eg in s  to  rise  
rap id ly  w ith in  24  h. A fte r  48 h, the  g ro w th  o f  ร .  c e r e v i s i a e  rem a in s  re la tiv e ly  stab le . 
T h is  m ay  be due  to  ex h au s tio n  o f  su g a r as th e  p o p u la tio n  o f  y east in c reases . 
O v e rlim in g  at pH  10 p ro d u ces  the  h ig h es t co lo n y  fo rm in g  u n its  o f  yeast, w h ich  
im p lie s  th a t pFI 10 can ad eq u a te ly  e lim in a te  d eg rad a tio n  p ro d u c ts  w h ile  still 
m a in ta in in g  a  su ffic ien t am o u n t o f  g lu co se  fo r th e  y e a s t’s g ro w th , as a lso  c o n firm ed  
by th e  S E M  im ag e  o f  th e  M G  h y d ro ly za te  a fte r  o v e rlim in g  at pH  10, sh o w in g  no
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presence o f lignin residues. Overliming at pH 11 produces the second highest colony 
forming units o f yeast. This could be due to the elimination o f many toxic 
compounds along with the loss o f usable glucose. A similar explanation also applies 
when overliming is performed at pH 12. Even though overliming at pH 8 and 9 does 
not decrease the glucose concentration as severely, compared to that at higher pHs, 
the process does not eliminate amounts o f degradation and inhibitory compounds. 
The remaining compounds become toxic to the fermenting yeasts, which results in a 
less yeast growth and potentially lower ethanol yields (Eliana e t  a i ,  2014).

The consumption o f glucose by baker’ร yeast ร .  c e r e v i s i a e  at 
various overliming pHs is shown in Figure 7.2b. After 24 h, glucose was almost 
depleted when overliming was carried out at pHs 10. 11. and 12. The trend indicates 
that overliming at pH 10 or higher can effectively remove inhibitory products from 
the hydrolyzate. enabling the yeast to immediately utilize the glucose, consistent 
with the result in Figure 7.2a showing the highest colony forming units o f yeast. In 
contrast, some glucose still remained within 24 h when conditioning at pH 8-9, 
which signifies that some glucose was not able to be utilized immediately by the 
yeast. This could possibly be due to residual inhibitory compounds, such as furfural 
and hydroxymethylfurfural in the hydrolyzate (Mohagheghi e t  a i ,  2006). Furfural 
and hydroxymethylfurfural inhibit enzymes, such as alcohol dehydrogenase, 
pyruvate dehydrogenase, aldehyde dehydrogenase, and hexokinase, which are vital 
to glycolysis and metabolism in yeast (Taherzadeh and Karimi, 2011). Moreover, 
furfural causes damage in yeasts’ vacuoles, mitochondria, and cell membranes 
(Almeida e t  a i ,  2007; Taherzadeh and Karimi, 2011).

Another probable explanation of slower glucose utilization is 
osmotic stress caused by a large concentration of glucose and other toxic compounds 
that are still present when overliming at pHs 8 and 9 (Saint-Prix e t  a i ,  2004). From 
the beginning, the steady drop of glucose concentration in pH 8 and 9 overliming 
hydrolyzates could be detected. The drop in glucose concentration could be due to 
consumption by the remaining yeast capable o f naturally adapting themselves to 
higher concentration o f toxic products (Taherzadeh and Karimi. 2011). The yeasts 
then consumed the glucose until the concentration reached almost 0 g/L after 48 h.
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The result from Figure 7.2b gives evidence that pfls 8-12 could be a suitable 
overliming pH range for ร .  c e r e v i s i a e .

The production of ethanol was recorded every 24 h for 96 h. 
Figure 7.2c is the result o f ethanol production at a various range o f overliming pH. 
The highest amount o f ethanol was produced within 48 h o f incubation time. The 
sharp drop o f ethanol concentration after 48 h o f incubation suggests that ethanol 
may be oxidized into acetaldehyde or acetate (Zakhari. 2006). Moreover, ethanol, the 
product from fermentation, is also the inhibitor for ethanol production (Taherzadeh 
and Karimi, 2011). The rapid decrease o f ethanol production after the maximum 
yield o f ethanol was obtained could also be justified by high osmotic stress caused by 
the remaining glucose, ethanol, and other inhibiting compounds in the hydrolyzate 
(Saint-Prix e t  a l . ,  2004; Taherzadeh and Karimi, 2011).

At a starting glucose concentration o f 53 g/L, overliming at 
pH 10 gave the highest concentration of ethanol followed by pH 9. 8, 11, and 12, 
respectively. The lowest yields o f ethanol occurred at pHs 11 and 12, which 
suggested that much glucose was lost during the overliming process. When 
overliming was done at pH 8 and 9, the inhibitory compounds were not completely 
removed, but a higher concentration o f glucose was still present in the hydrolyzate 
where naturally adapted yeasts could utilize the glucose to ferment ethanol. The 
overliming process is an effective method in removing toxic compounds from 
lignocellulosic hydrolyzate, but using too much lime also causes sugar loss and 
affects ethanol yield. Consequently, a compromise has to be made between the 
amount o f inhibitory compounds being removed and sugar loss from the overliming 
process in order to obtained the highest yield o f ethanol (Mohagheghi e t  a l ,  2006).

7.4.4 Optimization of S a c c h a r o m y c e s  C e r e v i s i a e  Strains for Ethanol 
Production
Baker’s yeast ( ร .  c e r e v i s i a e )  o f different strains can produce varying 

amount o f ethanol. Despite being the same species o f yeast, each strain o f ร .  

c e r e v i s i a e  has diverse characteristics, such as glycolysis production speed, resistance 
against inhibitory compounds, and tolerance to osmotic stress. Four strains o f ร .  

c e r e v i s i a e  were studied in this project: TISTR 5049, TISTR 5339. TISTR 5596, and
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T1STR 5606. see Figure 7.3a showing various strains o f yeast in MG hydrolyzate at 
pH 10 overliming. ร .  c e r e v i s i a e  TISTR 5339, 5596, and 5606 have been used in 
ethanol production studies previously (Srinorakutara e t  a l . 1 2008; Jutakanoke e t  a l ,  

2012; Vaithanomsat e t  a l . ,  2013) whereas no journal has reported on the ethanol 
performance o f 1ร'. c e r e v i s i a e  TISTR 5049.

ร .  c e r e v i s i a e  TISTR 5049 reproduced very quickly compared to other 
strains o f ร .  c e r e v i s i a e .  Similar to Figure 7.2a, the fastest population growth o f ร .  

c e r e v i s i a e  TISTR 5049 occurred within 24 h. After 24 h, the cell began to stabilize 
which may be due to lower levels o f glucose. According to Figure 7.3a, ร .  c e r e v i s i a e  

TISTR 5606 had the smallest yeast population due to the difficulty in counting the 
yeast cells under a microscope; this strain’s colonies aggregated into a large group 
with multiple layers o f cells. The yeasts ร .  c e r e v i s i a e  TISTR 5339 and 5596 showed 
similar growth patterns, where their numbers rose rapidly within 24 h and began to 
stabilize.

For incubation o f the MG hydrolyzate using the strains o f ร .  

c e r e v i s i a e , the detection o f glucose concentration per incubation time is illustrated in 
Figure 7.3b. Glucose concentration declined very quickly within 24 h, which 
correlated to the rapid increase o f yeast population in Figure 7.3a. ร .  c e r e v i s i a e  

TISTR 5049 and 5596 consumed almost all the available glucose within 24 h. while 
larger concentrations o f glucose. 10 and 13 g/L, could still be detected in the flasks 
of ร .  c e r e v i s i a e  TISTR 5339 and 5606. respectively, possibly due to their lower 
tolerance to osmotic stress compared to strains TISTR 5049 and 5596 (Navarro- 
Avino e t  a l . ,  1999). which caused some yeast cells to burst. This hypothesis explains 
the lower number o f yeast cells for ร .  c e r e v i s i a e  TISTR 5539 and 5606 after 24 h in 
Figure 7.3a. The remaining yeast cells that were capable o f enduring the osmotic 
stress underwent natural adaptation and consumed the leftover glucose (Taherzadeh 
and Karimi, 2011). Glucose concentration dropped to almost 0 g/L after 72 h o f  
incubation in all samples, which confirms that pH 10 is the most suitable overliming 
pH because all strains o f ร .  c e r e v i s i a e  could utilize the glucose in the hydrolyzate.

In comparison, another type o f yeast, P i c h i a  s t i p i t i s . takes up to 200 h 
to consume all sugar in the hydrolyzate when the concentration of starting sugar is 
approximately 45 g/L (Telli-Okur and Eken-Saracoglu. 2008). p .  s t i p i t i s  is among
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one o f the most common types o f yeasts used to produce ethanol due to its ability to 
utilize variety o f sugars (Lee e t  a i ,  2000). However, its low tolerance to inhibitory 
products and slow ethanol production cause the yeast to be less preferable as an 
ethanol fermenter.

Ethanol production from each strain o f ร .  c e r e v i s i a e  at overliming pH 
10 is shown in Figure 7.3c. The starting glucose concentration for the fermentation 
process was 45 g/L. ร .  c e r e v i s i a e  TISTR 5596 produced the most ethanol at 16 g/L 
in 24 h. The same yeast strain also produced the maximum ethanol production within 
24 h in hydrolyzate from sugarcane leaves (Jutakanoke e t  a i ,  2012). The amount o f  
ethanol produced correlates with the results from Srinorakutara e t  a i ,  where ร .  

c e r e v i s i a e  TISTR 5596's ethanol production is superior to that o f ร .  c e r e v i s i a e  

TISTR 5606 (Srinorakutara e t  a i ,  2008). The lower ethanol production of ร .  

c e r e v i s i a e  TISTR 5339 and 5606 could be due to their lower tolerance to osmotic 
stress, which is supported by the yeast population and sugar consumption results in 
Fig. 7.3a and b, respectively.

According to Figure 7.3c, ร .  c e r e v i s i a e  TISTR 5049 produced the least 
ethanol out o f all four strains. This could be due to its low tolerance to acetate since 
some o f the ethanol produced gets oxidized to acetate (Verduyn e t  a i ,  1990). 
Another explanation that could justify the difference o f ethanol production 
performance o f ร .  c e r e v i s i a e  TISTR 5049 in Figures 7.2c and 7.3c is the yeast's low 
resistance to osmotic stress. When the yeast is under stress due to toxic compounds 
in the hydrolyzate, the yeast would utilize the glucose present in the hydrolyzate to 
produce glycerol (Pagliardini e t  a i ,  2013). As a result, less glucose could be utilized 
for ethanol production.

7.5 Conclusions

Mission grass ( P .  p o l y s t a c h i o n ) from Tak Province, Thailand, is a potential 
lignocellulosic biomass candidate for the production o f bioethanol. After chemical 
pretreatment, enzymatic hydrolysis, and fermentation, the highest ethanol yield o f 16 
g/L was achieved within 24 h, using ร .  c e r e v i s i a e  TISTR 5596 with overliming at pH 
10. These obtained results are indicative o f how we can make use o f Mission grass.
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Table 7.1 T h e  c h e m ic a l  c o m p o s i t io n s  o f  M G  o b ta in e d  f ro m  T a k  a n d  N a k h o n
R a tc h a s im a  P ro v in c e s ,  T h a i la n d

C o m p o sitio n
(% )a

M iss io n  G rass (Pennisetum  P olyslachion )
T ak  P ro v in ce N ak h o n  R a tch as im a  P ro v in ce  

(T a tiia re rn  et al. .2 0 1 3 )
C ellu lo se 47 .2± 3 .1 3 9 .8 Ü .5
H em ice llu lo se 27 .3 ± 3 .4 2 9 .2 ± 1 .0
L ig n in 18 .2± 2 .6 14.6±0.5
A sh 2 .6 ± 0 .7 3 .3± 0 .5

a D ry w e ig h t p e rcen tag es

T a b le  7.2 In h ib ito r  co n cen tra tio n  o f  M iss io n  g rass (P. polyslachion, T ak  P ro v in ce) 
fro m  b e fo re  and  a fte r o v e rlim in g  trea tm en t at pH 10

C o n cen tra tio n  (% )
M issio n  G rass (Petnnisetum Polyslachion)

B efore  O v erlim in g A fte r  O v e rlim in g
A cetic  acid 9 .58± 0 .25 17 .97± 0 .38
5 -(H y d ro x y m e th y lfu rfu ra l) 0 .6 7 ± 0 .0 9 0 .0 0 ± 0 .0 2
F urfu ra l 0 .5 0 ± 0 .0 4 0 .19±0.01
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□  Initial glucose
□  Oveilime at pH 8
□  Ovei lime at pH 9 
ta Overlime at pH 10
■  Ovei lime at pH 11
■  Ovei lime at pH 12

F ig u r e  7.1 T h e  e ffec t o f  o v e rlim in g  in  c o m p ariso n  to  th e  h y d ro ly za te  befo re  
o v e rlim in g .

Incubation tiine(h)

a)
F ig u r e  7.2 a) Y e a s t (ร. cerevisiae  T IS T R  50 49 ) p o p u la tio n  a t v a r io u s  o v e rlim in g  
p H s p e r  in c u b a tio n  tim e , b) g lu co se  co n su m p tio n  o f  ร. cerevisiae  T IS T R  50 49  p e r 
in cu b a tio n  tim e , an d  c) e th an o l p ro d u c tio n  o f  M G  h y d ro ly z a te  b y  ร. cerevisiae  
T IS T R  50 49  a t o v e rlim in g  pH  8-12.
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b)

Incubation time (h)

c)

F ig u r e  7.2 a) Y east (ร. cerevisiae  T IS T R  50 49 ) p o p u la tio n  at v a rio u s  o v e rlim in g  
pH s p e r in cu b a tio n  tim e , b) g lu co se  c o n su m p tio n  o f  ร. cerevisiae  T IS T R  50 49  per 
in cu b a tio n  tim e , an d  c) e th an o l p ro d u c tio n  o f  M G  h y d ro ly za te  by  ร. cerevisiae  
T IS T R  5 0 4 9  at o v e rtim in g  pH  8-12. (C o n 't .)



1 4 1

20 1

♦  T I  S  T R  5 0 4 9  
— T I S T R  5  3  3  9  

A  T I  S  T R  5  5 9 6  
■  T I S T R  5 6 0 6

a )
50

—•— TISTR 5 04 9 
♦  TISTR 5 3 39 

—A— TISTR 5 5 96 
■  TISTR 5606

b)
ร

♦  T I S T R  5 0 4 9  
— • —  T I S T R  5  3  3 9  
— A —  T I S T R  5  5 9 6  

■  T I S T R  5 6 0 6

c)

F ig u re  7 .3  a) V ario u s  s tra in s  o f  b a k e r’s yeast (ร. cerevisiae) c o u n t p er in cu b a tio n  
tim e  at pH  10 o v e rlim in g , b) g lu co se  c o n cen tra tio n  p e r  in cu b a tio n  tim e  fo r v ario u s  
s tra in s  o f  b a k e r 's  yeast ร. cerevisiae  at pH  10 o v e rlim in g , and  c) the  p ro d u c tio n  o f  
e th an o l fro m  v a rio u s  s tra in s  o f  ร. cerevisiae  in  96  h.
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