
RESULTS AND DISCUSSION
C H A P T E R  I V

4.1 Materials Characterization

4.1.1 Materials Composition
4.1.1.1 Brick (XRF)

For chemically clay brick consist mainly of silicon and 
aluminium or since these elements usually occur as oxides, as silica and alumina 
with smaller amounts of iron, calcium, sodium and other elements. Table 4.1 shows 
the composition of element in raw material for brick. It shows that the main 
composition of brick compose of silicon dioxide, aluminium oxide and iron oxide 
subsequently in percentage of 63.87, 19.99, and 9.1, respectively. Traces elements of 
brick are potassium, magnesium, titanium calcium sodium, and manganese oxide. 
The silicon dioxide make brick more strength. For aluminium oxide and iron, they 
change the brick pigment to red after sintering (Sutas et al., 2012).

Table 4.1 XRF analysis for composition of brick

Substance Proportion (%)
Si02 63.87
AI2O3 19.99
Fe20 3 9.10
k 20 2.19
MgO 1.29
Ti02 1.01
CaO 0.85
Na20 0.79
P2O5 0 . 2 0
MnO 0.16
Others 0.55
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4.1.1.2 Activated Carbon (SEM/EDS)
For activated carbon Darco grade with granular size derived 

from Sigma Aldrich. Table 4.2 shows the composition of activated carbon 
characterized by SEM and EDS elemental analysis. The results of EDS analysis 
shown the major elemental composition of activated carbon are carbon and oxygen 
in percentage of 75.25 and 15.95, respectively. Some Si was found might be from the 
lignite compound of activated carbon because Darco activated carbon was modified 
from lignite carbon (Sigma-Aldrich, 2012).The EDS result the small amount of ร 
was observed might be the effect of acidic treatment (H2SO4) in the chemical 
modification process of activated carbon (Yin et al., 2007; Inagaki, 2013).

Table 4.2 EDS analysis for composition of activated carbon

Element Proportion (%)
c 75.25
0 15.95
Si 6.45
ร 1.43
Others 0.92
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4.1.1.3 Zeolite 13X(XRF)
Z e o l i te  m o le c u la r  s ie v e  ty p e  13 X  w e re  p u rc h a s e d  f ro m  S ig m a  

A ld r ic h . Z e o l i te  1 3 X ’s c o m p o s i t io n  is 1 N a jO :  1 A I2O 3 : 2 .8  ±  0 .2  S iÛ 2 : X H 2 O . T h e  
s o d iu m  fo rm  re p r e s e n ts  th e  b a s ic  s tru c tu re  o f  th e  ty p e  X  f a m ily , w i th  a n  e f fe c t iv e  
p o re  o p e n in g  in  th e  9 1 0 1 /4  ra n g e . T a b le  4 .3  s h o w s  th e  r e s u lt s  o f  z e o l i te  1 3 X  a n a ly z e d  
b y  X R F . T h e  m a jo r  c o m p o s i t io n s  o f  t r e a te d  a n d  u n tr e a te d  z e o l i te  1 3 X  a re  s i l ic o n  
d io x id e ,  a lu m in iu m  o x id e , a n d  s o d iu m  o x id e , r e s p e c tiv e ly . O th e r s  t r a c e  e le m e n ts  a re  
m a g n e s iu m , c a lc iu m , a n d  iro n  o x id e  r e s p e c tiv e ly . T h e  r e s u l t s  s h o w s  th e  d e c r e a s e d  o f  
s o d iu m  o x id e  p r o p o r t io n .  T h is  m ig h t  b e  e x p la in e d  b y  th e  p r o to n  f ro m  a c id  a n d  
d is s o c ia te  o f  w a te r  m o le c u le  a t ta c k  th e  f ra m e  w o rk  S i-O -A l b o n d s  a n d  th e  N a + c a t io n  
c a n  d is s o c ia t io n  o f  w a te r  m o le c u le  b y  f o rm a t io n  o f  s o lu a b le  h y d r o x id e . T h u s  th e  
c a t io n  d e c o m p o s i t io n  c o u ld  b e  d e m o n s tr a te d  c a t io n  e x c h a n g e d  a lu m in o s i l i c a te  
z e o l i te s  a c c o rd in g  to  th e  c h e m ic a l  r e a c t io n s  in  e q u a t io n  4 .1 . (B u h l et a l,  2 0 0 4 : 
S to rc h  et al., 2 0 0 8 ) .

H + 4- O H -  + Na+ = A l ~  - 0  - S i  =  «-» O H ~  + Na+ + = Al + H O - S i  = (4 .1 )

T a b l e  4 .3  X R F  a n a ly s is  fo r  c o m p o s i t io n  o f  t r e a te d  a n d  u n tr e a te d  z e o l i te  13 X

S u b s ta n c e  T re a te d  z e o l i te  (% )  U n tr e a te d  z e o l i te  (% )

S i 0 2 5 0 .7 2 4 8 .6 9

A I2O 3 2 8 .8 8 2 9 .7 6

N a 20 1 3 .5 8 1 6 .7 7

M g O 2 .4 9 2 .1 5
C a O 1.76 1.23

F e 2 0 3 0 .8 5 0 .7 3
O th e r s 1.71 0 .6 7
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4 .1 .2  X - ra y  D i f f r a c t io n
4.1.2.1 Brick

F ig u re  4.1 s h o w s  th e  X R D  p a t te r n  o f  b r ic k , w h e n  2 th e ta  
ra n g e , 5 -8 0  d e g re e , a n d  s p e e d  d is t r ib u t io n  e q u a l  to  2 d e g re e /m in . T h e  r e s u l t  s h o w  th e  
m o s t  c r y s ta l l in e  m in e ra ls  c o n te n t  is q u a r tz  (S iC L ), a lu m in iu m  o x id e , i ro n  o x id e  a n d  
th e  o th e r  is  t i ta n iu m  o x id e , a s  s h o w n  in  F ig u re  4.1 w h ic h  th e  m a in  c o m p o n e n ts  a g re e  
w i th  th e  X R F  re su lts . N o rm a l ly ,  th e  p h a s e  c o m p o s i t io n  o f  r a w  b r ic k  c la y s  a re  
c o m p le x  d u e  to  u s e  o f  h ig h ly  im p u re  so i l;  h o w e v e r ,  th e  m a jo r  p h a s e s  fo u n d  in  th e  
r a w  s o il m a te r ia ls  w a s  q u a r tz  (A h m e d  et al. , 2 0 0 8 ) . T h e  h ig h e s t  p e a k  in te n s i ty  a t 
2 6 .6 °  (2  th e ta  d e g re e )  w a s  in d ic a te d  to  q u a r tz  (SiC>2 ), w h ic h  s h o w e d  th e  s a m e  X R D  
p a t te r n  a s  th e  p r e v io u s  s tu d y  (A h m e d  et a l, 2 0 0 8 ; G r e d m a ie r  et al. , 2 0 1 1 ) .  T h e  
c ry s ta l  s iz e  (D )  fo r  q u a r tz  w a s  c a lc u la te d  b y  D e b y e - S c h e r re r  e q u a tio n .

D  =  - ^ -  (4 .2 )(3COS0 v ’

W h e re  D  is  th e  c r y s ta l l i te  s iz e , k  is  s h a p e  f a c to r  ( e q u a l  to  0 .8 9  a s  a  c o n s ta n t  a s s u m in g  
th a t  th e  p a r t ic le s  a re  s p h e r ic a l) ,  X is  th e  X - ra y  w a v e le n g th  ( 0 .1 5 4 1 8  n m ) , (3 is  th e  fu ll 
w id th  a t h a l f - m a x im u m  ( F W H M ) o f  d i f f r a c t io n  p e a k  ( L ia n g  a n d  L e e , 2 0 1 2 ) .  T h u s  b y  
c a lc u la t in g  th e  D  v a lu e  o f  q u a r tz  a t  2 0  =  2 6 .2 °  ( th e  s t r o n g e s t  p e a k )  is  7 6 .2  n m .

Figure 4.1 X - R a y  d i f f r a c t io n  p a t te r n  o f  b r ic k .
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4.1.2.2 Activated Carbon
T h e  X R D  p a t te r n  o f  a c t iv a te d  c a r b o n  is  s h o w n  in  F ig u re  4 .2 . 

T h e  X R D  a n a ly s is  s h o w s  th e  r e f le c t io n  a t 2 2 .6 , 4 2 .3 , 5 4 .8 , a n d  5 9 .9 °  ( d if f r a c t io n  
a n g le  c o r r e s p o n d in g  to  2 th e ta  d e g re e )  fo r  g ra p h it ic  (0  0  2 ) , (1 0 0 ) , (0  0 4 ) , a n d  (1 0 
3 ) p la n e s ,  r e s p e c t iv e ly , c o r r e s p o n d in g  to  g ra p h ite  p a t te rn  ( In a g a k i ,  2 0 1 3 ) .  T h e  X -ra y  
d i f f r a c t io n  p a t te r n  o f  g r a n u la r  a c t iv a te d  c a r b o n  h a d  d e m o n s tr a te d  a  h ig h  c ry s ta l l in i ty  
o f  a c t iv a te d  c a r b o n  fo r  g r a p h ite  (0  0  2 )  p la n e  w i th  h ig h  X R D  p e a k  in te n s i ty .  T h e  
X R D  p a t te rn  w a s  a ls o  s im ila r  to  th e  g r a n u la r  a c t iv a te d  c a r b o n  f ro m  p r e v io u s  s tu d y  
( T s e n g  et al, 2 0 1 1 ;  L ia n g  a n d  L e e , 2 0 1 2 ) . T h e  l ig n ite  c r y s ta l l i te s  fo rm s  w e re  
o b s e rv e d  a t  2 0 .9 , 3 6 .5 , 4 5 .8 , 5 0 .1 , a n d  6 8 .8 ° (2  th e ta  d e g re e ) .  T h e  l ig n ite  w a s  
o b s e rv e d  m ig h t  b e  b e c a u s e  D a rc o  a c t iv a te d  c a rb o n  w a s  m o d if ie d  f ro m  l ig n ite  c a rb o n  
( S ig m a -A ld r ic h ,  2 0 1 2 ) . T h e  c ry s ta l  s iz e  (D )  w a s  c a lc u la te d  f ro m  fu ll w id th  a t  h a l f  
m a x im u m  (F W H M )  d a ta  b y  D e b y e  - S c h e r r e r  e q u a t io n  ( E q u a t io n  4 .2 ) . T h e  c ry s ta l  
s iz e  o f  c  (0  0  2 )  ( th e  s tr o n g e s t  p e a k )  is  4 6 .6  n m .

Figure 4.2 X - R a y  d i f f r a c t io n  p a t te rn  o f  a c t iv a te d  c a rb o n .
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4.1.2. ร Zeolite
F ig u re  4 .3  s h o w s  th e  X R D  p a t te rn s  o f  z e o l i te  1 3 X  c o m p a re d  

b e tw e e n  z e o l i te  b e fo re  t r e a te d  a n d  t r e a te d  z e o l i te  w i th  0 .5 % w t o f  H 2 S O 4 f o r  2 th e ta  
ra n g e  (5 -8 0  d e g re e )  a n d  s p e e d  d i s t r ib u t io n  e q u a l  to  2 d e g re e /m in . T h e  re s u lt  
in d ic a te d  s o d iu m  a lu m in u m  s i l ic o n  o x id e  h y d ra te  in  d i f f e r e n t  p la n e  fo r  b o th  z e o l i te s  
w h ic h  a g re e s  to  th e  X R F  re s u l t  a n d  S ig m a  A ld r ic h  in fo rm a t io n  ( z e o l i te  1 3 X ’s 
c o m p o s i t io n  is  1 N a iO :  1 A I2 O 3 : 2 .8  ะ!ะ 0 .2  S i 0 2 : x F F O ) . T h e  X R D  p a t te r n  a n d  p la n e  
o b s e rv e d  c o r r e s p o n d e d  to  th e  X R D  p a t te r n  f ro m  Z h e n g  et al. ( 2 0 0 8 )  s tu d y . T o  
c o m p a re  th e  X R D  p a t te rn  b e tw e e n  t r e a te d  z e o l i te  a n d  u n tr e a te d  z e o l i te ,  th e  s a m e  
X R D  p a t te r n  w e re  o b s e rv e d ;  h o w e v e r ,  th e  r e d u c t io n  o f  X R D  p e a k  in te n s i ty  w a s  
o b s e rv e d  in  t r e a te d  z e o l i te .  T h e  r e d u c t io n  p e a k  in te n s i ty  m ig h t  b e  r e la te d  w i th  th e  
a c id i ty  f ro m  s u lfu r ic  w h ic h  le d  to  a  c o l la p s e  a n d  d e s t ru c t iv e  e f fe c t  to  th e  z e o l i te  
c ry s ta l  la t t ic e  (P if f e r i  et a l, 1 9 8 2 ). T h e  c ry s ta l l i te  s iz e s  f o r  b o th  tr e a te d  a n d  u n tr e a te d  
z e o l i te  w e re  c a lc u la te d  f ro m  th e  F W H M  d a ta  a t tw o  th e ta  e q u a l  to  6.1 d e g re e  
c o r r e s p o n d in g  to  th e  ( 1  1 1 ) d i f f r a c t io n  p la n e  o f  s o d iu m  a lu m in u m  s i l ic o n  o x id e  
h y d ra te . T h e  c ry s ta l  s iz e s  w ith  u s in g  D e b y e  - S c h e r r e r  e q u a t io n  (E q u a t io n  4 .2 )  a re  
6 7 .0 °  a n d  6 8 .5 °  fo r  t r e a te d  a n d  u n tr e a te d  z e o l i te ,  r e s p e c t iv e ly , im p ly in g  th a t  th e  
d e s t ru c t iv e  e f fe c t  f ro m  a c id  to  c ry s ta l  la t t ic e  o c c u r re d  (P if f e r i  et al. , 1 9 8 2 ).

20 40 60 80

2 Theta (degree)

Figure 4.3 X - R a y  d i f f r a c t io n  p a t te rn s  o f  t r e a te d  a n d  u n t r e a te d  z e o l i te  13X .
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4 .1 .3  S u r fa c e  A r e a  M e a s u re m e n t  (S A A )
S u r fa c e  a re a , p o re  v o lu m e , a n d  p o re  d ia m e te r s  o f  c a r r ie r  m a te r ia ls  

(b r ic k , a c t iv a te d  c a r b o n  a n d  z e o l i te )  w e re  m e a s u r e d  b y  N 2 a d s o rp t io n  a t 7 7  K  
( B ru n a u e r - E m m e tt -T e l le r )  m e th o d .a n d  th e  r e s u lt s  a re  s h o w n  in  T a b le  4 .4 .

Table 4.4 B E T
m a te r ia ls

s u r fa c e  a re a , to ta l  p o re v o lu m e , a n d  a v e ra g e p o re  d ia m e te r  o f

Materials BET surface area Total pore volume Average pore
(m2/g) (cm3/g) diameter (Â)

B ric k 7 .0 8 0 . 0 2 1 1 3 .1 0
A c t iv a te d  C a rb o n 59 5 0 .6 5 4 3 .3 6
Z e o l i te  ( T re a te d ) 531 0 .4 3 3 2 .1 1

F ro m  T a b le  4 .4 , a c t iv a te d  c a r b o n  h a s  h ig h  s u r fa c e  a r e a  o f  5 9 5  m 2/g  
w i th  to ta l  p o re  v o lu m e  a n d  a v e ra g e  p o re  d ia m e te r  o f  0 .6 5  c m 3/g  a n d  4 3 .4 6  Â , 
r e s p e c t iv e ly . T h is  a g re e s  w ith  S ig m a  A ld r ic h  p r o d u c t  in fo rm a t io n  f o r  D a rc o  g ra d e  
( S ig m a -A ld r ic h ,  2 0 1 2 )  a n d  p r o p e r t ie s  d e f in i t io n  o f  a c t iv a te d  c a r b o n  w h ic h  is 
in d ic a te d  to  a  h ig h ly  p o ro u s  s tru c tu re ,  h ig h  s o r p t io n  c a p a c ity ,  a n d  h ig h  s u r fa c e  a re a  
m a te r ia l  p ro d u c e d  f ro m  c a r b o n - r ic h  p r e c u r s o r  (S in g , 2 0 1 4 ) . T h e  z e o l i te  h a d  a lso  
h ig h  s u r fa c e  a re a  o f  531 m 2/g  a n d  0 .4 3  c m 3/g  a n d  3 2 .1 1  Â  fo r  to ta l  p o re  v o lu m e  a n d  
a v e ra g e  p o re  d ia m e te r .  N o rm a l ly ,  z e o l i te s  a re  a lu m in o s i l i c a te s  w i th  w e l l - d e f in e  
c r y s ta l l in e  w i th  h ig h  p o ro u s  a n d  la rg e  s u r fa c e  a r e a  s t r u c tu r e  (P a y n e  a n d  A b d e l -  
F a t ta h . 2 0 0 5 ) . F o r  b r ic k , it h a s  th e  lo w e s t  s u r fa c e  a re a  o f  7 .0 8  m 2/g  c o m p a re d  w i th  
o th e r  m a te r ia ls  a n d  lo w  to ta l  p o re  v o lu m e  o f  0 . 0 2  c m 3/g  w h ic h  a g re e s  w i th  h ig h  
a v e r a g e  p o re  d ia m e te r  o f  1 1 3 .1 0  Â .
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4 .1 .4  In it ia l  p H  o f  M a te r ia ls  M e a s u re m e n t
T a b le  4 .5  s h o w s  th e  in i t ia l  p H  o f  m a te r ia l  w h ic h  w a s  m e a s u r e d  b y  

g r in d in g  th e  s o l id  w i th  a d d in g  d r o p  o f  w a te r  to  th e  s u r fa c e  o f  m a te r ia l  to  e n a b le  p H  
m e a s u r e m e n t  w i th  p H  e le c tro d e . T h e  m a te r ia ls  in it ia l  p H  a re  5 .9 1 , 2 .5 6 , 1 0 .3 8 , a n d
7 .0 6  fo r  b r ic k , a c t iv a te d  c a rb o n , u n tr e a te d  z e o l i te ,  a n d  t r e a te d  z e o l i te ,  r e s p e c tiv e ly . 
T h e  h ig h  a c id i ty  w a s  o b s e rv e d  in  a c t iv a te d  c a rb o n . N o rm a l ly ,  a c t iv a te d  c a r b o n  h a s  
b i fu n c t io n a l  a c id ic  a n d  b a s ic  p ro p e r t ie s .  T h e  a c id ic  c h a r a c te r  o f  a c t iv a te d  c a r b o n s  is 
p r im a r i ly  a t t r ib u te d  to  s u r fa c e  o x y g e n  g ro u p s  fo r  e x a m p le  p h e n o l ic  a n d  c a rb o x y l ic .  
T h e  a c id ic  o f  a c t iv a te d  c a rb o n  e x p re s s  a t  r e la t iv e  lo w  te m p e ra tu re  o r  h ig h  
te m p e ra tu re  w i th  o x y g e n  c o n te n t  (K n a p p e , 2 0 0 6 ) . M o re o v e r ,  b y  a  p r o c e s s  to  m o d ify  
th e  a c t iv a te d  c a rb o n  m ig h t  u s e  a c id  a c t iv a t io n  o r  a c id  w a s h in g  th a t  le d  to  a c id i ty  
e x h ib i t  o f  a c t iv a te d  c a r b o n  ( In a g a k i , 2 0 1 3 ) . A c c o rd in g  to  p r o d u c t io n  in f o r m a t io n  o f  
S ig m a  A ld r ic h , a c id  w a s h e d  g r a n u la r  a c t iv a te d  c a rb o n  w a s  p ro d u c e d  b y  s te a m  
a c t iv a t io n  o f  l ig n ite  c o a l ( S ig m a -A ld r ic h ,  2 0 1 2 ). F o r  z e o l i te  1 3 X  w h ic h  a re  h y d ra te d  
a lu m in o s i l i c a te s  m in e ra ls  c o n ta in in g  w i th  e x c h a n g e a b le  a lk a l in e  c a t io n s  (N a )  as 
w e l l  a s  w a te r  in  th e ir  s tru c tu ra l  f ra m e  w o rk  th a t  a lk a l in e  c a t io n s  c a n  e a s i ly  b e  
e x c h a n g e d  b y  s u r ro u n d in g  p o s i t iv e  io n s  (P a y n e  a n d  A b d e l -F a t ta h ,  2 0 0 5 ) . T h u s  th e  
h ig h  b a s ic i ty  th a t  o b s e rv e d  fo r  z e o l i te  m ig h t  b e  e x p la in e d  b y  N a + c a t io n  d is s o c ia t io n  
o f  w a te r  m o le c u le  b y  f o rm a t io n  o f  s o lu a b le  h y d r o x id e  ( L u tz  et al. , 2 0 0 5 ) ,  a s  s h o w n  
in  e q u a t io n  (4 .1 )  a n d  fo rm  to  s o d iu m  h y d r o x id e  w h ic h  is a s t r o n g  b a s ic . F o r  t r e a te d  
z e o l i te ,  it w a s  fo u n d  th e  lo w e r  b a s ic i ty  th a t  m ig h t  b e  th e  e f fe c t  o f  H + f ro m  s u l fu r ic  
a c id  th a t  c o u ld  r e d u c e  th e  b a s ic i ty  o f  z e o l i te .  T h is  r e s u lt  a g re e s  w ith  th e  d e c r e a s e  o f  
s o d iu m  o x id e  p r o p o r t io n  in  t r e a te d  z e o l i te  o b s e rv e d  f ro m  X R F  re su lt .

Table 4.5 In i t ia l  p H  o f  m a te r ia ls

Materials Initial pH
B ric k 5.91
A c t iv a te d  C a rb o n 2 .5 6
U n tr e a te d  Z e o l i te  13X 1 0 .3 8
T re a te d  Z e o l i te  13X 7 .0 6
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4 .1 .5  S c a n n in g  E le c t r o n  M ic ro s c o p e  (S E M I
4.1.5.1 Materials without cell immobilization

F ig u re  4 .4  d e m o n s tr a te s  th e  s u r fa c e s  o f  m a te r ia l  b y  s c a n n in g  
e le c t ro n  m ic r o s c o p e  a t  m a g n if ic a t io n  x 3 0 0 0 . T h e  ro u g h  s u r fa c e  a n d  p o ro u s  w a s  
o b s e rv e d  in  b r ic k  s u r fa c e . F o r  a c t iv a te d  c a r b o n , s m a ll  c a v i t ie s ,  c r a c k s  p a r t ic le s ,  a n d  
c o m p lic a te d  p o re  n e tw o rk  o n  th e  s u r fa c e  w e re  fo u n d . T h e  u n tr e a te d  z e o l i te  in d ic a te d  
th e  w e ll  u n if o r m  s p h e r ic a l  c ry ta l l in e  s tru c tu re  w ith  p o ro u s  s tru c tu re .  H o w e v e r ,  
t r e a te d  z e o l i te  s h o w e d  le s s  c ry s ta l l i te  u n if o r m  a n d  d e m o n s tr a te d  c o l la p s e  a n d  
d e s t ru c t iv e  s t r u c tu r e  th a t  m ig h t  b e  f ro m  th e  a c id  t r e a tm e n t .

(c ) (d )

Figure 4.4 S c a n n in g  e le c t ro n  m ic r o s c o p e  im a g e s  o f  m a te r ia ls  b e f o r e  th e  
im m o b i l i z a t io n ;  (a )  b r ic k , (b )  a c t iv a te d  c a r b o n , (c )  u n tr e a te d  z e o l i te ,  (d )  t r e a te d  
z e o l i te .



4.1.5.1 Materials with cell immobilization
T h e  m a te r ia ls  s u r fa c e s  w i th  c e ll  im m o b i l i z a t io n  b y  S E M  at 

r e s o lu t io n  o f  x 3 5 0 0  a re  s h o w n  in  F ig u re  4 .5 . It is  c le a r ly  s e e n  th a t  th e  c e l l s  w e re  
a d s o rb e d  n o t  o n ly  th e  m a te r ia ls  s u r fa c e s  b u t a ls o  in  th e  p o ro u s  o f  a ll m a te r ia ls .

Figure 4.5 S c a n n in g  e le c t ro n  m ic r o s c o p e  im a g e s  o f  m a te r ia ls  a f te r  th e  
im m o b il iz a t io n ;  (a )  b r ic k , (b )  a c t iv a te d  c a r b o n , a n d  (c )  z e o l i te .
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4.2 Fermentation

4 .2 .1  F re e  M o b i l iz e d  C e l ls  F e rm e n ta t io n
A f te r  in o c u la te  m ic r o o r g a n is m  to  p r o d u c t io n  m e d iu m , th e  A B E  

f e rm e n ta t io n  w a s  s ta r te d  a n d  p ro d u c ts  w e re  c o l le c te d  a t 0 , 12 , 2 4 , 4 8 , 7 2 , 9 6 , a n d  120 
h o u r s  o f  f e rm e n ta t io n  to  m e a s u r e  p H  a n d  a n a ly z e  p ro d u c t  c o n c e n t r a t io n  c o m p a re d  
b e tw e e n  f re e  c e l l s  m o b i l i z e d  b a tc h  a n d  im m o b il i z e d  c e lls  f e rm e n ta t io n .  F ig u re  4 .6  
s h o w s  p H  p r o f i le s  o f  f re e  m o b i l i z e d  c e lls  f e rm e n ta t io n . A t 0 th h o u r ,  p H  o f  s o lu t io n  
w a s  a b o u t  6 .5  th a t  is  in  th e  r a n g e  o f  p r o p e r  in i t ia l  p H  f o r  o p t im a l  o r g a n is m  g ro w th  
ra te  (K h a m a is e h  et al. , 2 0 1 3 ;  K u m a r  et al. 2 0 1 3 ) . T h e  p H  w a s  s ig n if ic a n t ly  
d e c r e a s e d  a f te r  12 h o u r s  o f  f e rm e n ta t io n . T h is  is  in d ic a t in g  a c id o g e n ic  s ta g e  w h ic h  is 
th e  c e l l  g r o w th  p h a s e . A c e tic  a c id  a n d  b u ty r ic  a c id  w e re  p r o d u c e d  in  th is  s ta g e  a s  a  
r e s u l t  th e  p H  w a s  o b v io u s ly  d r o p p e d  f ro m  6 .5  to  a b o u t  4 .8  in  th is  p h a s e  (R a o  a n d  
M u th a ra s a n ,  1 9 8 7 ). A f te r  2 4  h o u r s  o f  f e rm e n ta t io n  th e  p H  v a lu e  w a s  s l ig h t ly  
in c re a s e d  b e c a u s e  o f  th e  r e u t i l iz e d  o f  a c id  a n d  s te a d ily  c o n s ta n t  a t  a b o u t  5 .0 , 
in d ic a t in g  th e  o r g a n is m  s h if t  m e ta b o l ic  to  p ro d u c e  s o lv e n ts  (T a s h iro  et a l, 2 0 0 4 ) . 
S o lv e n to g e n ic  s ta g e  is  s lo w e r  g ro w th  p h a s e  a n d  s o lv e n ts  (A B E )  w e r e  f o rm e d  w i th  a 
c o n s u m p t io n  o f  th e  a c id s  th a t  fo rm e d  d u r in g  th e  f ir s t  s ta g e .

Figure 4.6 p H  p ro f i le  o f  f re e  m o b i l iz e d  c e l l s  f e rm e n ta t io n .
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S a m p le s  o f  f e rm e n ta t io n  w e re  c o l le c te d  a f te r  c e n t r i fu g e  a n d  f i l t r a te d  
a t  d i f f e r e n t  t im e s  to  a n a ly z e  th e  p r o d u c t  c o n c e n t ra t io n . A t th e  b e g in n in g  o f  th e  
f e rm e n ta t io n ,  6 0  g/1 o f  g lu c o s e  w a s  p r e s e n t  in  th e  m e d iu m , a s  s h o w n  in  F ig u re  4 .7 . 
T h e  g lu c o s e  in  p r o d u c t io n  m e d iu m  is  th e  r a w  m a te r ia l  th a t  m ic r o o r g a n is m s  u p ta k e  as 
e n e rg y  s o u rc e  fo r  c o n v e r t  to  th e  f e rm e n ta t io n  p r o d u c t  ( B e n s o n , 2 0 0 1 ) . T h e  g lu c o s e  
c o n s u m p t io n  h a s  s ig n if ic a n t ly  d e c r e a s e d  a f te r  1 2 th h o u r s  a n d  s l ig h t ly  c o n s ta n t  a f te r  
4 8 th h o u r s  fo r  f re e  c e ll  b a tc h , in d ic a t in g  th e  g lu c o s e  p r e s e n t  in  th e  m e d ia  w a s  u s e d  u p  
a n d  le a d in g  to  e x h a u s t io n  o f  th e  c a r b o n  s o u rc e  in  th e  m e d ia  ( K u m a r  et al, 2 0 1 3 ) . 
T h e  g lu c o s e  w a s  r a p id  c o n s u m e d  a n d  c o n v e r te d  to  a c id s  in  th e  a c id o g e n e s is  p h a s e  
a f te r  12 th w h ic h  c o r r e s p o n d  to  th e  p H  p ro f i le  r e su lt .  A f te r  4 8 th h o u r s ,  th e re  w a s  
h a rd ly  g lu c o s e  c o n s u m p t io n  in  th e  s o lv e n to g e n e s is  p h a s e . W h e n  th e  f e rm e n ta t io n  
w a s  ru n  f o r  1 2 0  h o u r s  th e  g lu c o s e  c o n c e n t r a t io n  w a s  m a in ta in e d  a b o u t  2 2  g / 1, 
r e s u l t in g  in  3 8  g/1 o f  g lu c o s e  w a s  u t i l iz e d .

Figure 4.7 G lu c o s e  p ro f i le  o f  f re e  m o b i l i z e d  c e l ls  f e rm e n ta t io n .

F ig u re  4 .8  a n d  4 .9  s h o w  a c id  a n d  s o lv e n t  p r o d u c t io n  fo r  f re e  c e lls  
f e rm e n ta t io n . F o r  a c id  p r o d u c t io n ,  th e  c o n c e n t r a t io n  o f  a c e t ic  a c id  a n d  b u ty r ic  a c id  
a re  s h o w n  in  F ig u re  4 .8 . A t f i r s t  1 2 th h o u r s ,  th e  re s u l t  in d ic a te s  th e  h ig h  a c id  
p r o d u c t io n  f o r  b o th  b a tc h e s  w h ic h  a g re e  w ith  p H  p ro f ile . T h is  c a n  b e  d e m o n s tr a te d  
th e  a c id o g e n ic  s ta g e  fo r  m e ta b o l ic  p a th  w a y  (R a o  a n d  M u th a ra s a n ,  1 9 8 7 ). B e fo re  
12 th h o u r s  th e  m a x im u m  a c id  p r o d u c t io n  w a s  a b o u t  1 .7  g/1 a n d  0 .4 2  g/1 fo r  a c e t ic
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a c id  a n d  b u ty r ic  a c id . A f te r  12lh h o u r s  a c id  c o n c e n t r a t io n  d r a m a t ic a l ly  d e c re a s e d  
d u r in g  o p e ra t io n ,  s u g g e s t in g  th a t  th e  c e l ls  s u c c e s s f u l ly  s h i f te d  to  th e  s o lv e n to g e n ic  
s ta g e  f ro m  th e  a c id o g e n ic  s ta g e . T h is  r e s u lt  is c o r r e s p o n d in g  to  th e  s o lv e n t  
p r o d u c t io n  a f te r  12 th h o u r s  a c id s  w e re  u p ta k e  b y  o rg a n is m  a n d  s o lv e n t  A B E  w e re  
p r o d u c e d , a s  s h o w n  in  F ig u re  4 .9 . T h e  m a x im u m  to ta l  s o lv e n ts  f ro m  f re e  m o b i l iz e d  
c e l ls  f e rm e n ta t io n  w a s  9 .8 5  g/1 fo r  to ta l  A B E  w h ic h  c o n s is t  o f  4 .0 8  g/1, 5 .2 9  g/1, 0 .4 7  
g /1 o f  a c e to n e , b u ta n o l ,  a n d  e th a n o l ,  r e s p e c tiv e ly .

Figure 4.8 A c id s  p r o d u c t io n  o f  f re e  m o b i l iz e d  c e l l s  f e rm e n ta t io n .

Figure 4.9 S o lv e n ts  p r o d u c t io n  o f  f re e  m o b i l iz e d  c e lls  f e rm e n ta t io n .
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F ig u re  4 .1 0  s h o w s  th e  g ro w th  c u rv e  o f  Clostridium beijerinckii T IS T R  
1461 b y  o p tic a l  d e n s i ty  a t 6 0 0  ททใ (O D 6 0 0 ) . T h e  c e ll g ro w th  s h o w e d  a lm o s t  n o  la g  
p h a s e  a n d  f o l lo w e d  b y  lo g  p h a s e  w ith  c e l ls  e x p o n e n t ia l  g ro w th  c u rv e  fo r  a c id o g e n ic  
s ta g e  a f te r  f i r s t  12 th h o u r s  w ith  a c id  p ro d u c t io n  (p H  d e c re a s e ) .  T h e n  th e  s lo w e r  
g r o w th  p h a s e  th a t  c e lls  e n te r in g  to  s ta t io n a ry  p h a s e  a f te r  4 8  h o u r s  w h ic h  in d ic a te d  
th e  s o lv e n to g e n ic  s ta g e  o f  c e l ls  w i th  s o lv e n t  p r o d u c t io n  ( M a th e w s  a n d  W a n g . 2 0 0 9 ) . 
T h e s e  r e s u lt s  a re  r e a s o n a b le  to  th e  p H  p ro f i le ,  a c id , a n d  s o lv e n t  p r o d u c t io n  r e s u lts  
th a t  w a s  d e s c r ip te d  f ro m  p re v io u s  re su lts .

Figure 4.10 G ro w th  c u rv e  o f  Clostridium beijerinckii T IS T R  1461 .

4 .2 .2  Im m o b il iz e d  C e l ls  F e r m e n ta t io n o n  B r ick
F o r  p H  p ro f i le ,  a s  s h o w n  in  F ig u re  4 .1 1 , th e  p H  p ro f i le  o f  

im m o b il i z e d  c e lls  f e rm e n ta t io n  o n  b r ic k  b a tc h  e x p re s s  th e  s im ila r  p H  p ro f i le  r e s u l t  a s  
f re e  c e l ls  f e rm e n ta t io n  b a tc h , 'f i le  in itia l p H  o f  m e d iu m  o f  6 .5  w a s  s ig n if ic a n t ly  
d e c r e a s e d  a f te r  12 h o u r s  o f  f e rm e n ta t io n . A f te r  th a t, th e  p H  o f  s o lu t io n  r a th e r  
c o n s ta n t  a t  4 .8  a f te r  2 4  h o u r s  o f  f e rm e n ta t io n  w h ic h  is s im ila r  to  f re e  c e l l s  b a tc h . 
T h is  p H  p ro f i le  s u g g e s te d  th a t  th e  s w i tc h  f ro m  a c id o g e n e s is  to  s o lv e n to g e n e s is  
o c c u r r e d  (T a s h iro  et a!., 2 0 0 4 ) . T h e  c e ll  g ro w th  e n te r s  th e  s ta t io n a ry  p h a s e  d u r in g  
s o lv e n to g e n e s is ,  a n d  th e  o rg a n ic  a c id s  a re  u p ta k e d  a n d  a c e to n e , b u ta n o l ,  a n d  e th a n o l  
a re  p ro d u c e d .
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Figure 4.11 p H  p ro f i le  o f  im m o b il iz e d  c e l ls  f e rm e n ta t io n  o n  b r ic k .

F o r  g lu c o s e  c o n s u m p t io n  o f  im m o b il iz e d  c e l l s  o n  b r ic k  b a tc h  
c o m p a re d  w i th  f re e  c e lls  f e rm e n ta t io n  a re  p re s e n te d  in  F ig u re  4 .1 2 . D u r in g  
im m o b i l i z e d  c e l ls  f e rm e n ta t io n ,  u t i l i z a t io n  o f  g lu c o s e  w a s  a b o u t  3 7  g/1 c o m p a re d  
w ith  u t i l iz e d  g lu c o s e  o f  f re e  c e l ls  o f  3 4  g/1. T h e  f in a l g lu c o s e  c o n c e n t r a t io n  o f  
im m o b i l i z e d  a n d  f re e  c e lls  b a tc h e s  w e re  23  g/1 a n d  2 6  g/1 r e s p e c t iv e ly . T h e  g lu c o s e  
u t i l i z a t io n  f o r  c e ll  im m o b i l i z a t io n  s h o w s  s l ig h t ly  fa s te r  a n d  h ig h e r  th a n  f re e  c e l ls  d id .

Figure 4.12 G lu c o s e  p ro f i le s  o f  im m o b il iz e d  c e lls  f e rm e n ta t io n  o n  b r ic k  c o m p a re d  
w ith  f re e  c e ll s y s te m .
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A c id s  a n d  s o lv e n ts  p r o d u c t io n  fo r  c e ll  im m o b i l i z a t io n  o n  b r ic k  w e re  
s h o w n  in  F ig u re s  4 .1 3  a n d  4 .1 4 . T h e  a c id s  p ro d u c t io n  fo r  im m o b i l i z e d  c e l ls  
f e rm e n ta t io n  o n  b r ic k  s h o w s  s im ila r  p ro f i le  r e s u lt  a s  f re e  m o b i l i z e d  c e l l s  b a tc h . It 
s h o w s  c e ll  s h i f t in g  s ta g e  f ro m  a c id o g e n e s is  to  s o lv e n to g e n e s is  s im i la r  to  f re e  c e l ls  
b a tc h . F o r  s o lv e n ts  p r o d u c t io n , th e  m a x im u m  c o n c e n t r a t io n  o f  b u ta n o l  fo r  c e l ls  
im m o b i l i z e d  o n  b r ic k s  w a s  5 .8 0  g/1 a n d  c o m p a re d  to  f re e  c e l l s  th e  m a x im u m  
c o n c e n t r a t io n  o f  b u ta n o l  w a s  5 .2 9  g/1. T h e r e fo re ,  th e  b u ta n o l  p r o d u c t io n  w ith  
im m o b i l i z e d  c e l ls  w a s  a b o u t  9 .5  p e r c e n ta g e s  h ig h e r  th a n  th o s e  w ith  f re e  c e lls . F ro m  
th is  r e s u lt  in d ic a te d  th a t  th e  im m o b il iz e d  c e lls  o n  b r ic k s  c o u ld  im p ro v e  th e  b u ta n o l  
p r o d u c t io n . T h is  r e s u lt  a g re e s  w e ll  w i th  th e  r e s u lt s  f ro m  p r e v io u s  s tu d y  (Q u r e s h i  et 
al. , 2 0 0 0 ;  Y e n  a n d  L i, 2 0 1 1 )  th a t  c e l ls  im m o b il i z a t io n  o n  b r ic k  c o u ld  e n h a n c e  
b u ta n o l  p r o d u c t io n . F o r  a c e to n e  a n d  e th a n o l  p r o d u c t io n  o f  im m o b il i z e d  c e ll b a tc h  
w e re  4 .4 2  g/1 a n d  0 .4 9  c o m p a re d  w i th  4 .0 8  g/1 a n d  0 .4 7 g /l  f ro m  f re e  c e l ls  b a tc h . T h e  
c e ll im m o b il i z a t io n  o n  b r ic k  is  a ls o  h ig h e r  a c e to n e  a n d  e th a n o l  p r o d u c t io n .  T h e  
h ig h e r  s o lv e n ts  p r o d u c t io n  r e s u lt  f ro m  c e ll im m o b il i z a t io n  b a tc h  m ig h t  b e  e x p la in e d  
b y  th e  in c re a s in g  o f  c e ll  d e n s i ty  in  im m o b il iz e d  b a tc h  c o m p a re d  w i th  f re e  c e l ls  (Y e n  
a n d  L i, 2 0 1 1 ) . M o re o v e r ,  f ro m  p r e v io u s  l i te r a tu r e  (L iu  et a l, 2 0 1 3 )  in d ic a te d  th a t  
th e  im m o b i l i z e d  c e l ls  s h o w e d  h ig h e r  b u ta n o l  to re la n c e  to x ic i ty  th a n  f re e  c e l l s  th u s  
th e  h ig h e r  A B E  p r o d u c t io n  w a s  o b s e rv e d  in  im m o b il i z e d  c e l ls  b a tc h .

Figure 4.13 A c id s  p r o d u c t io n  o f  im m o b il iz e d  c e l l s  f e rm e n ta t io n  o n  b r ic k .
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Figure 4.14 S o lv e n ts  p r o d u c t io n  o f  im m o b il iz e d  c e lls  f e rm e n ta t io n  o n  b r ic k .

4 .2 .3  I m m o b il iz e d  C e l ls  F e rm e n ta t io n  o n  A c t iv a te d  C a r b o n
F ig u re  4 .1 5  s h o w s  th e  p H  p ro f i le  o f  f e rm e n ta t io n  b y  im m o b i l i z e d  c. 

beijerinckii o n to  a n  a c t iv a te d  c a rb o n .

Figure 4.15 p H  p r o f i le  o f  im m o b il i z e d  c e l ls  f e rm e n ta t io n  o n  a c t iv a te d  c a rb o n .

F o r  th is  b a tc h , th e  in i t ia l  p H  v a lu e  o f  m e d iu m  w a s  5 .6  a n d  
s ig n if ic a n t ly  d e c r e a s e d  a f te r  12 h o u r s  o f  f e rm e n ta t io n . T h e  p H  v a lu e  p ro f i le  w a s  
r a th e r  c o n s ta n t  a t 4 .5  a f te r  2 4 th h o u r s  o f  f e rm e n ta t io n . F o r  th e s e  p H  p r o f i le  c o u ld
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in d ic a te  th e  a c id o g e n ic  a n d  s o lv e n to g e n ic  s ta g e  o f  o r g a n is m  ( T a s h ir o  et al. , 2 0 0 4 ) . 
N o rm a l ly ,  th e  in i t ia l  p H  o f  m e d iu m  w i th o u t  m a te r ia l  a d d in g  w a s  6 .5  a n d  c o n s ta n t  a t
5 .0  fo r  s ta t io n a ry  p h a s e . H o w e v e r ,  c o m p a r in g  to  f re e  m o b i l iz e d  c e ll  f e rm e n ta t io n ,  th e  
p H  p ro f i le  fo r  th is  b a tc h  s h o w s  lo w e r  p H  p ro f i le  a ll  o f  f e rm e n ta t io n  t im e  o f  s tre a m . 
T h is  lo w  p H  re s u l t  m ig h t  b e  a f fe c te d  b y  th e  a c id i ty  o f  a c t iv a te d  c a r b o n  th a t  w a s  
a d d e d  in  to  m e d iu m  a s  a  c a r r ie r . T h e  in i t ia l  p H  v a lu e  o f  a c t iv a te d  c a r b o n  m a te r ia l  
w a s  2 .5 6  (T a b le  4 .5 )  th u s  a d d in g  a c t iv a te d  c a r b o n  c o u ld  a f fe c t  to  th e  d e c r e a s in g  o f  
m e d iu m  p H .

G lu c o s e  u t i l i z a t io n  o f  th is  b a tc h  c o m p a re d  w i th  f re e  c e lls  b a tc h  is 
s h o w n  in  F ig u re  4 .1 6 . T h e  g lu c o s e  c o n c e n t r a t io n  w a s  s ig n if ic a n t ly  d r o p p e d  a f te r  1 2 th 
h o u r s  a n d  r a th e r  c o n s ta n t  a f te r  4 8  h o u rs . T h is  re s u l t  is  r e a s o n a b le  w i th  th e  p H  p ro f i le  
r e s u lt  th a t  in d ic a te d  th e  m e ta b o l ic  p a th w a y  o f  o rg a n is m . H o w e v e r ,  c o m p a r in g  w ith  
f re e  c e l l s  b a tc h , th e  g lu c o s e  u t i l iz e d  w e re  2 6  g/1 a n d  35  g/1 fo r  im m o b i l i z e d  a n d  f re e  
m o b i l i z e d  c e ll b a tc h , r e s p e c t iv e ly  w ith  a n  in i t ia l  g lu c o s e  c o n c e n t r a t io n  o f  6 0  g /1 . 
T h u s  g lu c o s e  r e m a in in g  fo r  b o th  b a tc h e s  w e re  3 4  g/1 a n d  25  g/1 fo r  im m o b i l i z e d  a n d  
f re e  m o b i l i z e d  c e ll  b a tc h , r e s p e c tiv e ly . G lu c o s e  p r o f i le  o f  im m o b i l i z e d  c e l ls  
f e rm e n ta t io n  o n  a c t iv a te d  c a r b o n  s h o w s  th e  lo w e r  c o n s u m p t io n  th a n  f re e  c e l ls  d id . 
T h is  r e s u l t  e f fe c ts  to  th e  a c id s  a n d  s o lv e n ts  p r o d u c t io n  th a t  w ill b e  e x p la in e d  in  n e x t  
p a r t.

Figure 4.16 G lu c o s e  p ro f i le  o f  im m o b il i z e d  c e l ls  f e rm e n ta t io n  o n  a c t iv a te d  c a r b o n  
c o m p a re d  w ith  f re e  ce ll s y s te m .
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F ig u re  4 .1 7  a n d  4 .1 8  s h o w  a c id s  a n d  s o lv e n ts  p r o d u c t io n  p r o f i le  fo r  
im m o b i l i z e d  c e l ls  f e rm e n ta t io n  o n  a c t iv a te d  c a rb o n . T h e  a c id s  a n d  s o lv e n ts  
p r o d u c t io n  p ro f i le  c o u ld  b e  d e m o n s tr a te d  th e  o r g a n is m  m e ta b o l ic  p h a s e  w h ic h  h a d  
b e e n  e x p la in e d  fo r  p r e v io u s  re s u lts .  B e fo re  1 2 th h o u r s  th e  m a x im u m  a c id s  p r o d u c t io n  
w e re  1.4  g/1 a n d  0 .4 5  g/1 fo r  a c e ta te  a n d  b u ty ra te ,  r e s p e c tiv e ly . T h is  a c id  p r o d u c t io n  
r e s u l t s  s h o w s  th e  lo w e r  a c id  p ro d u c t io n  c o m p a re d  w i th  f re e  c e l ls  b a tc h . T h e  
m a x im u m  b u ta n o l  p ro d u c t io n  w a s  2 .9 3  g/1, w h ic h  is 4 5  p e r c e n ta g e s  lo w e r  th a n  f re e  
m o b i l iz e d  c e ll  f e rm e n ta t io n . F o r  m a x im u m  a c e to n e  a n d  e th a n o l  p r o d u c t io n  w e re  3 .2 2  
g/1 a n d  0 .4 6  g/1, r e s p e c t iv e ly  w h ic h  a re  a ls o  lo w e r  th a n  f re e  c e l ls  f e rm e n ta t io n  b a tc h . 
B y  c o m p a r in g  w ith  f re e  c e l ls  f e rm e n ta t io n , th e  im m o b il iz e d  c e ll  f e rm e n ta t io n  o n  
a c t iv a te d  c a r b o n  s h o w  th e  lo w e r  c o n c e n t r a t io n  fo r  b o th  a c id s  a n d  s o lv e n ts  
c o n c e n t r a t io n .  T h e s e  r e s u l t s  m ig h t  b e  e x p la in e d  b y  th e  e f fe c t  o f  m e d iu m  p H . T h e  
p r o p e r  p H  c o n tr o l  is  im p o r ta n t  fo r  th e  f e rm e n ta t io n  to  s h if t  to  s o lv e n to g e n ic  s ta g e  
a n d  in c re a s e  y ie ld  o f  b u ta n o l  ( J o n e s  a n d  W o o d s . 1 9 8 6 ). N o rm a l ly ,  th e  o p t im u m  
in i t ia l  p H  o f  m e d iu m  s h o u ld  b e  a d ju s te d  in  th e  ra n g e  o f  6 .5 - 6 . 8  w h ic h  b e  o p t im iz e d  
th e  g r o w th  r a te s  o f  Clostridium g e n u s  (T a s h iro  et al. , 2 0 0 4 ;  S c h m id t  a n d  W e u s te r -  
B o tz , 2 0 1 2 ; K u m a r  et al. , 2 0 1 3 ) . H o w e v e r ,  in  th is  f e rm e n ta t io n  th e  in i t ia l  p H  o f  
m e d iu m  w a s  a f fe c te d  b y  a c id i ty  o f  a c t iv a te d  c a r b o n  to  a b o u t  5 .6  th a t  is  n o t  th e  
o p t im a l  c o n d i t io n  fo r  c e ll  g ro w th . T h u s , th is  in a p p ro p r ia te  in i t ia l  p H  m ig h t  b e  
a f fe c te d  to  p o o r  o f  c e ll  g ro w th  in  th is  b a tc h . T h is  is  r e a s o n a b le  to  lo w  g lu c o s e  
c o n s u m p t io n  a n d  a c id s  p r o d u c t io n  r e s u lt s  b e c a u s e  o f  p o o r  c e ll  g r o w th  f ro m  
in a p p ro p r ia te  in i t ia l  p H . M o re o v e r ,  a f te r  2 4 th h o u rs  in  th e  s ta t io n a ry  p h a s e  th e  p H  o f  
m e d iu m  w a s  d e c r e a s e d  to  a b o u t  4 .5  a n d  k e e p  c o n t in u in g  in  th is  p H  v a lu e . It 
in d ic a te d  th a t  th e  p H  le s s  th a n  4 .5 , le a d in g  to  th e  c e ll  d e a th  b e c a u s e  o f  th e  d i f f u s io n  
a n d  d i s s o c ia t io n  o f  u n d is s o c ia te  a c id  in to  th e  c y to p la s m  o f  c e ll (D iir re , 2 0 0 8 ) .  T h is  
m ig h t  b e  th e  r e a s o n  fo r  lo w  s o lv e n ts  p r o d u c t io n  in  th is  b a tc h  b e c a u s e  o f  c e l ls  d e a th  
d u r in g  th e  s ta t io n a ry  p h a s e  f ro m  th e  e f fe c t  o f  lo w  p H  m e d iu m . T h is  lo w  s o lv e n ts  
p ro d u c t io n  r e s u lt s  a g re e  w i th  th e  p re v io u s  s tu d ie s  ( T a s h ir o  et al. , 2 0 0 4 ;  W a n g  a n d  
B la s c h e k , 2 0 1 1 )  w h ic h  in d ic a te d  th e  lo w  A B E  p r o d u c t io n  w ith  p H  o f  4 .5  c o n d i t io n  
b e c a u s e  o f  s o lv e n to g e n e s is  te r m in a ta t io n  f ro m  in s u f f ic ie n t  a c id s  p r o d u c t io n  b y  p o o r  
c u l tu re  g ro w th .
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Figure 4.17 A c id s  p r o d u c t io n  o f  im m o b il iz e d  c e l l s  f e rm e n ta t io n  o n  a c t iv a te d  
c a rb o n .

Figure 4.18 S o lv e n ts  p r o d u c t io n  o f  im m o b il i z e d  c e l ls  f e rm e n ta t io n  o n  a c t iv a te d  
c a rb o n .

4 .2 .4  I m m o b il iz e d  C e l ls  F e rm e n ta t io n  o n  Z e o l i te
T h e  p H  p ro f i le  d u r in g  im m o b il i z e d  c e l ls  f e rm e n ta t io n  o n  z e o l i te  is 

s h o w n  in  F ig u re  4 .1 9 . T h e  in it ia l  p H  v a lu e  o f  m e d iu m  w a s  6 .5 . T h e  p H  w a s  
s ig n if ic a n t ly  d ro p p e d  a t  12 th h o u rs  a n d  k e p t  c o n s ta n t  a f te r  2 4 th h o u rs . T h a t  w o u ld  be  
in d ic a te d  th e  a c id o g e n e s is  a n d  s o lv e n to g e n e s is  o f  m ic r o o r g a n is m  p h a s e  b e f o r e  a n d
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a f te r  2 4 th h o u r s  (R a o  a n d  M u th a ra s a n . 1 9 8 7 ). T h e  p H  a t s ta t io n a ry  p h a s e  w a s  
d r o p p e d  to  a b o u t  5 .5 , w h ic h  w a s  h ig h e r  th a n  f re e  c e l l s  b a tc h  f e rm e n ta t io n . T h e  
r e a s o n  fo r  lo w  p H  d ro p  m ig h t  b e  th e  b u f f e r in g  c a p a c i ty  o f  z e o l i te  13 X  th a t  c o u ld  
c o n tro l  p H  d r o p p e d  d u r in g  f e rm e n ta t io n  (D ju k ic -V u k o v ic  et al. , 2 0 1 3 ) . T h is  r e s u lt  is 
c o r r e s p o n d in g  to  th e  in it ia l  p H  o f  t r e a te d  z e o l i te  in T a b le  4 .5  w h ic h  w a s  a b o u t  7 .0 6 . 
T h e  in c re a s e  in  th e  in i t ia l  p H  o f  t r e a te d  z e o l i te  m a y  b e  d u e  to  th e  b a s ic i ty  o f  z e o l i te ,  
w h ic h  h a s  h ig h e r  b a s ic i ty  th a n  b r ic k  a n d  a c t iv a te d  c a rb o n .

Figure 4.19 p H  p ro f i le  o f  im m o b il iz e d  c e lls  f e rm e n ta t io n  o n  z e o l i te .

F ig u re  4 .2 0  s h o w s  th e  g lu c o s e  p ro f i le  d u r in g  f e rm e n ta t io n  w i th  ce ll 
im m o b i l i z a t io n  b y  z e o l i te  c o m p a re d  w ith  f re e  m o b i l iz e d  c e ll  f e rm e n ta t io n .  A t th e  
b e g in n in g  o f  th e  f e rm e n ta t io n . 6 0  g /1 to ta l  g lu c o s e  w a s  p re s e n te d  in  th e  m e d iu m  fo r  
b o th  b a tc h e s . T h e  g lu c o s e  c o n c e n t r a t io n  w a s  d r a m a t ic a l ly  d e c r e a s e d  a f te r  2 4  h o u r s  o f  
f e rm e n ta t io n . T h is  r e s u lt  a g re e s  w ith  a c id o g e n e s is  w h ic h  th e  m ic r o o r g a n is m  
c o n s u m e  g lu c o s e  a s  a  c a r b o n  s o u rc e  fo r  c o n v e r t  to  a c id s ;  th e re f o r e ,  th e  g lu c o s e  
c o n s u m p t io n  w a s  d e c r e a s e d  in  th e  s ta t io n a ry  p h a s e  ( K u m a r  et al.. 2 0 1 3 ) .  T h e  
im m o b il i z e d  c e l ls  f e rm e n ta t io n  s h o w e d  a lm o s t  c o m p le te  g lu c o s e  u t i l iz e d  w i th  5 4  g/1 
c o m p a re d  w ith  3 7  g/1 o f  f re e  c e ll b a tc h . T h e  f in a l g lu c o s e  c o n c e n t r a t io n s  w e re  a b o u t  
6  g/1 a n d  23  g/1 fo r  im m o b il i z e d  c e ll a n d  fre e  m o b i l i z e d  c e ll ,  r e s p e c tiv e ly . T h e re  
c o u ld  b e  d e m o n s tr a te d  th a t  im m o b il iz e d  ce ll e n h a n c e d  th e  a c t iv i t ie s  o f  c e lls  a n d
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in c re a s e d  th e  b u ta n o l  to le r a n c e  ( C h e n  et al., 2 0 1 3 )  h e n c e  c o n t r ib u t in g  to  h ig h e r  
g lu c o s e  c o n s u m p t io n  a n d  u t i l i z a t io n  e f f ic ie n c y .

Figure 4.20 G lu c o s e  p r o f i le  o f  im m o b il iz e d  c e lls  f e rm e n ta t io n  o n  z e o l i te  c o m p a re d  
w ith  f re e  c e ll  s y s te m  .

F ig u re  4 .2 1  a n d  4 .2 2  s h o w  th e  a c id s  a n d  s o lv e n ts  p r o d u c t io n  p ro f i le s  
o f  im m o b i l i z e d  c e l ls  f e rm e n ta t io n  o n  z e o l i te .  T h e  m a x im u m  a c id s  p r o d u c t io n  w e re
2 .0 3  g/1 a n d  1 .0 6  g/1 fo r  b u ty ra te  a n d  a c e ta te ,  w h ic h  W'ere h ig h e r  th a n  f re e  c e l ls  b a tc h . 
F o r  a c id s  p r o d u c t io n  p ro f i le ,  b e fo re  1 2 th h o u r s ,  th e  h ig h  c o n c e n t r a t io n  o f  a c e ta te  a n d  
b u ty ra te  w a s  o b ta in e d  th is  c o u ld  b e  in d ic a te d  th e  a c id o g e n e s is .  T h e  d e c r e a s in g  o f  
a c id s  w e re  fo u n d  b e tw e e n  1 2 th a n d  2 4 th h o u rs , th is  r e s u lt  c o u ld  b e  d e m o n s t r a te d  th a t  
th e  c e l ls  s h i f te d  to  s o lv e n to g e n e s is  f ro m  th e  a c id o g e n e s is  (Y e n  a n d  L i, 2 0 1 1 ) . 
H o w e v e r ,  a f te r  2 4 th h o u rs , th e  in c re a s in g  o f  a c id s  p r o d u c t io n  w e re  o b s e rv e d  a n d  th e  
c o n c e n t r a t io n s  o f  a c id s  w e re  c o n s ta n t  a f te r  9 6 th h o u r s .  T h is  m ig h t  b e  d e m o n s tr a te d  
th e  c e l ls  w e re  in  b o th  s o lv e n to g e n e s is  ( s ta t io n a r y )  p h a s e  a n d  a c id o g e n e s is  
( e x p o n e n t ia l  p h a s e )  o f  c e ll  g ro w th . T h e s e  r e s u lt s  w e re  r e a s o n a b le  to  th e  p r e v io u s  
s tu d y  ( K u m a r  et ai, 2 0 1 3 )  th a t  it is p o s s ib le  th a t  in  th e  s ta t io n a ry  p h a s e  o f  c e lls  
g ro w th  s o m e  c e l ls  m ig h t  b e  in  th e  e x p o n e n t ia l  p h a s e . T h e  r e a s o n  f o r  c e ll e x p re s s  tw o  
p h a s e s  is th e  s o lv e n t  p ro d u c t io n  d o  n o t  r e s t r ic te d  to  a  s p e c if ic  g ro w th  p h a s e .

F o r  th e  s o lv e n ts  (A B E )  p r o d u c t io n ,  th e  s o lv e n ts  c o n c e n t r a t io n s  w e re  
s ig n if ic a n t ly  in c re a s e d  a f te r  1 2 lh h o u r s  a n d  c o n t in u e d  in c re a s in g  u n ti l  7 2 lh h o u rs . T h e
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s o lv e n ts  p r o d u c t io n  w a s  s l ig h t ly  c o n s ta n t  a f te r  7 2 th h o u r s .  In  th is  b a tc h , 8 .5 8  g/1 
b u ta n o l  w i th  im m o b il i z e d  c e l ls  w a s  6 2  p e r c e n ta g e s  h ig h e r  th a n  5 .2 9  g/1 b u ta n o l  f ro m  
f re e  c e l ls  m o b i l iz e d .  T h e  a c e to n e  a n d  e th a n o l  c o n c e n t r a t io n s  f ro m  im m o b i l i z e d  c e l ls  
o n  z e o l i te  w e re  h ig h e r  th a n  f re e  c e l ls  w h ic h  w e re  5 .4 8  g/1 a n d  0 .5 7  g/1 f ro m  
im m o b il iz e d  c e l ls  a n d  4 .0 8  g/1 a n d  0 .4 7  g/1 f ro m  fre e  c e lls . T h e  in c re a s in g  o f  s o lv e n ts  
p r o d u c t io n  c o u ld  b e  e x p la in e d  b y  th e  in c re a s in g  o f  c e ll  d e n s i ty  in  th e  r e a c to r  f ro m  
im m o b il i z a t io n  te c h n iq u e  (Y e n  a n d  L i, 2 0 1 1 ) ,  th e  im m o b il i z e d  c e l l s  c o u ld  e n h a n c e  
c e l lu la r  a c t iv i t ie s  a n d  im p ro v e  b u ta n o l  r e s is ta n c e  o f  g r o w in g  c e l ls  (L iu  et a l, 2 0 1 3 ) .

Figure 4.21 A c id s  p r o d u c t io n  o f  im m o b il iz e d  c e l ls  f e rm e n ta t io n  o n  z e o l i te .

M o re o v e r ,  th e  b u ta n o l  p r o d u c t io n  f ro m  im m o b il i z e d  c e l l s  o n  z e o l i te  
s h o w e d  a  s ig n if ic a n t  n u m b e r  h ig h e r  th a n  b r ic k  d id . T h is  m ig h t  b e  e x p la in e d  b y  th e  
g o o d  p r o p e r t ie s  o f  z e o l i te  w h ic h  d id  n o t e x p re s s  in  b r ic k . Z e o l i te  1 3 X  c o u ld  in c re a s e  
th e  a d s o rp t iv e  b in d in g  fo rc e s  b e tw e e n  b a c te r ia l  c e l ls  a n d  z e o l i te  s u r fa c e  f ro m  
e le c t ro s ta t ic  in te r a c t io n  w i th  a  s tro n g  b o n d in g . T h e  X  ty p e  z e o l i te  h a s  b a s ic  s tru c tu re  
w ith  s o d iu m  io n  e x c h a n g e  th a t  b e e n  b u f f e r in g  c a p a c ity  w h ic h  c o u ld  c o n tro l  th e  p H  
d u r in g  f e rm e n ta t io n  (D ju k ic -V u k o v ic  et al. , 2 0 1 3 )  to  e n h a n c e  th e  A B E  p r o d u c t io n . 
T h is  is r e a s o n a b le  to  p H  p ro f i le  a n d  in it ia l  p H  a s  s h o w n  in  F ig u re  4 .1 9  a n d  T a b le  4 .5 . 
N e v e r th e le s s ,  th e  s u r fa c e  a r e a  a n a ly s is  (T a b le  4 .4 )  s h o w e d  th e  h ig h e r  s u r fa c e  a re a  
a n d  p o re  v o lu m e  o f  z e o l i te  th a n  b r ic k . T h e re  c o u ld  b e  in d ic a te d  th a t  z e o l i te  h a d  
h ig h e r  s u r fa c e  a r e a  fo r  c e ll  a d s o rp t io n  w h ic h  is o n e  o f  p r o p e r t ie s  n e e d  fo r  c e ll  c a r r ie r
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(H re n o v ic  et al. , 2 0 1 1 ) .  T h u s  f ro m  a ll o f  th e s e  r e a s o n s , 
f e rm e n ta t io n  o n  z e o l i te  c o u ld  s ig n if ic a n t ly  im p ro v e  fo r  A B E  
in  th e s e  r e su lts .

th e  im m o b i l i z e d  c e lls  
f e rm e n ta t io n ,  a s  s h o w n

Figure 4.22 S o lv e n ts  p r o d u c t io n  o f  im m o b il iz e d  c e l ls  f e rm e n ta t io n  o n  z e o l i te .

4 .2 .5  C o m p a r i s o n  o f  A B E  P ro d u c t io n  w ith  D if f e re n t  F e rm e n t  O p e ra t io n
T a b le  4 .6  s h o w s  th e  c o m p a r is o n  o f  s o lv e n ts  p r o d u c t io n  b e tw e e n  f re e  

m o b i l i z e d  c e l ls  f e rm e n ta t io n  a n d  im m o b il i z e d  c e l ls  f e rm e n ta t io n  o n  d i f f e r e n t  
m a te r ia ls .

Table 4.6 A B E  p r o d u c t io n  f ro m  d i f f e r e n t  f e rm e n ta t io n  o p e ra t io n s

O p ra t io n A c e to n e
( g /1)

B u ta n o l
( g / 1)

E th a n o l
( g / 1)

T o ta l
A B E
( g /1)

B u ta n o l
y ie ld *
(g /g )

S o lv e n ts
yield**

(g /g )
F re e  c e ll 4 .0 8 5 .2 9 0 .4 7 9 .8 5 0 .1 4 0 .2 6
B r ic k
A c t iv a te d

4 .4 2 5 .8 0 0 .4 9 10.71 0 .1 6 0 .2 9

c a rb o n 3 .2 2 2 .9 3 0 .4 6 6 .61 0 . 1 1 0 .2 5
Z e o l i te 5 .4 8 8 .5 8 0 .5 7 14 .63 0 .1 6 0 .2 7

* B u ta n o l  y ie ld  w a s  b a s e d  o n  b u ta n o l  c o n c e n t r a t io n  p e r  u t i l iz e d  g lu c o s e .
** S o lv e n ts  y ie ld  w a s  b a s e d  o n  to ta l  s o lv e n ts  (A B E )  p r o d u c e d  p e r  u t i l i z e d  g lu c o s e .
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F o r  c e ll  im m o b i l i z a t io n  o n  b r ic k  a n d  z e o l i te  s h o w e d  th e  e n h a n c e m e n t  
o f  a ll s o lv e n ts  p r o d u c t io n  (a c e to n e , b u ta n o l ,  a n d  e th a n o l)  e s p e c ia l ly  b u ta n o l .  F o r  f re e  
m o b i l i z e d  c e lls  f e rm e n ta t io n ,  th e  h ig h e s t  b u ta n o l  p r o d u c t io n  w a s  5 .2 9  g/1 (y ie ld  0 .1 4 )  
a n d  fo r  im m o b il i z e d  c e ll  f e rm e n ta t io n  o n  b r ic k  a n d  z e o l i te  w e re  5 .8 0  g/1 (y ie ld  0 .1 6 )  
a n d  8 .5 8  g/1 (y ie ld  0 .1 6 ) , r e s p e c tiv e ly . T h e r e fo re ,  th e  b u ta n o l  p r o d u c t io n  w ith  
im m o b il i z e d  c e l ls  o n  b r ic k  a n d  z e o l i te  w e re  a b o u t  9 .5  p e r c e n ta g e s  a n d  6 2  
p e r c e n ta g e s  h ig h e r  th a n  f re e  c e l ls  b a tc h , r e s p e c tiv e ly . T o ta l  s o lv e n ts  p r o d u c t io n  w a s  
10 .71  g/1 (y ie ld  0 .2 9 )  a n d  1 4 .6 3  g/1 (y ie ld  0 .2 7 )  fo r  b r ic k  a n d  z e o l i te  b a tc h  w h ic h  
w e re  a ls o  h ig h e r  th a n  9 .8 5  g/1 (y ie ld  0 .2 6 )  f ro m  f re e  c e l ls  b a tc h . H o w e v e r ,  b u ta n o l  
p r o d u c t io n  f ro m  im m o b il i z e d  c e l l  f e rm e n ta t io n  o n  th e  a c t iv a te d  c a r b o n  s h o w e d  4 5  
p e r c e n ta g e s  lo w e r  th a n  f re e  m o b i l iz e d  c e l ls  f e rm e n ta t io n  w ith  2 .9 3  g/1 (y ie ld  0 .1 1 ) . 
T h e  to ta l  s o lv e n ts  p r o d u c t io n  w a s  6 .6 1  g/1 (y ie ld  0 .2 5 )  w h ic h  w a s  a ls o  lo w e r  th a n  
th a t  o f  f re e  c e l ls  b a tc h . T h e  r e a s o n s  fo r  s o lv e n ts  im p ro v e m e n t  a n d  d im in is h m e n t  o f  
e a c h  b a tc h  h a d  a lr e a d y  d e s c r ib e d  in  th e  p r e v io u s  r e su lts .

4 .2 .6  R e p e a te d  B a tc h  F e rm e n ta t io n  w ith  I m m o b il iz e d  Clostridium
beijerinckii o n  Z e o l i te
T h e  c e l ls  im m o b i l i z a t io n  o n  z e o l i te  f e rm e n ta t io n  w a s  c h o s e n  fo r  

fu r th e r  s tu d y  in  th e  r e p e a te d  b a tc h  f e rm e n ta t io n  b e c a u s e  o f  th e  h ig h  s o lv e n t  
p ro d u c t io n  c o m p a re d  w i th  o th e r  m a te r ia ls .  T h e  r e p e a te d  b a tc h  f e r m e n ta t io n s  w e re  
p e r f o rm  to  e v a lu a te  th e  s ta b i l i ty  a n d  lo n g  te rm  p e r f o rm a n c e  o f  im m o b il i z e d  
Clostridium beijerinckii o n  z e o l i te .  T h is  s tu d y  in v e s t ig a te d  th e  s e v e n  r e u s e  c y c le s  o f  
c e ll  im m o b il i z a t io n  e f fe c t  o n  A B E  p r o d u c t io n  w ith  th e  in it ia l  g lu c o s e  c o n c e n t r a t io n  
o f  6 0  g/1 fo r  e a c h  c y c le . B u ta n o l  c o n c e n t r a t io n  f ro m  a ll 8  b a tc h e s  v a r ie d  f ro m  7 .81  
g/1 to  5 .5 5  g/1 w ith  a n  a v e ra g e  c o n c e n t r a t io n  o f  6 .4 7  g/1. F o r  a c e to n e  a n d  e th a n o l  
p r o d u c t io n  w e re  v a r ie d  f ro m  3 .9 0  g/1 to  3 .0 7  g/1 a n d  0 .5 5  g/1 to  0 .4 8  g/1 w ith  a n  
a v e r a g e  c o n c e n t r a t io n  o f  3 .3 4  g/1 a n d  0.51 g/1, r e s p e c tiv e ly . T h e  r e s u l t s  in d ic a te d  th a t  
th e  im m o b il i z e d  c e l ls  o n  z e o l i te  f e rm e n ta t io n  h a d  h ig h  c e ll  e f f ic ie n c y  a n d  m a in ta in e d  
a f te r  s e v e n  s e q u e n t ia l  r e u s e  c y c le s . T h e re  is  a lm o s t  n o  d r a m a t ic a l ly  d ro p  in  a c e to n e , 
b u ta n o l ,  a n d  e th a n o l  w a s  o b s e rv e d  d u r in g  3 8 4  h o u rs  o f  f e rm e n ta t io n  (4 8  h o u r s  fo r  
e a c h  c y c le ) . T h e  r e s u l t s  fo r  lo n g  te rm  f e rm e n ta t io n  c a p a b i l i ty  c o u ld  b e  d e m o n s tr a te d  
b y  th e  e n h a n c e m e n t  o f  c e l ls  to le r a n c e  fo r  b u ta n o l  to x ic i ty  b y  th e  c e ll im m o b i l i z a t io n
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te c h n iq u e  (Y e n  a n d  L i, 2 0 1 1 ;  C h e n  et al. , 2 0 1 3 )  th a t  th e  s ta b le  s o lv e n ts  p r o d u c t io n  
w a s  o b s e rv e d  w ith  7 r e p e a t  f e rm e n ta t io n  c y c le s .

Figure 4.23 T h e  r e p e a te d  b a tc h  f e rm e n ta t io n  w i th  im m o b il i z e d  c e l l s  o n  z e o l i te .

4.3 Economic discussion

F ro m  th e  r e p e a t  b a tc h  f e rm e n ta t io n  r e s u lt  s h o w s  th a t  n o t o n ly  th e  
im m o b il i z e  c e ll  f e rm e n ta t io n  o n  z e o l i te  h a s  h ig h  b u ta n o l  p r o d u c t io n  c o m p a re  w ith  
b r ic k  a n d  a c t iv a te d  c a rb o n  b u t it a ls o  h a s  th e  c a p a c ity  to  lo n g  te rm  f e r m e n ta t io n  w i th  
s ta b le  c e ll  e f f ic ie n c y  p ro d u c t io n  w i th  s e v e n  re c y c le s  p ro c e s s .

In  th is  r e s e a rc h  th e  c e ll  im m o b il i z a t io n  o n  b r ic k  a n d  z e o l i te  c o u ld  e n h a n c e  
b u ta n o l  p r o d u c t io n . B r ic k  fo r  th is  r e s e a rc h  d e r iv e d  f ro m  c o n s t r u c t io n  s ite  w h ic h  h a s  
m a n y  a d v a n ta g e s  fo r  e x a m p le  e a s i ly  to  a p p l ie d  fo r  c e l l  im m o b i l i z a t io n ,  r e a d ily  
a v a i la b le ,  a n d  in e x p e n s iv e  m a te r ia l  (Y e n  a n d  L i, 2 0 1 1 ) . T o  c o m p a re  p r ic e  o f  
m a te r ia l ,  b r ic k  c o n s tr u c t io n  g ra d e  h a s  th e  lo w e s t  c o s t  c o m p a re  w i th  c o m m e r c ia l  
a c t iv a te d  c a r b o n  a n d  z e o l i te  f ro m  S ig m a  A ld r ic h  w h ic h  a re  U S $ 9 2 .2 0 /k g  a n d  
U S $ 1 1 3 .5 0  /k g  fo r  a c t iv a te d  c a rb o n  a n d  z e o l i te ,  r e s p e c t iv e ly  ( S ig m a -A ld r ic h ,  2 0 1 2 ) . 
A l th o u g h  z e o l i te  h a s  th e  h ig h e r  c o s t  th a n  b r ic k  b u t th e  p e r c e n ta g e  o f  b u ta n o l
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p r o d u c t io n  im p ro v e m e n t  f ro m  th e  im m o b i l i z e d  c e l ls  f e r m e n ta t io n  o n  z e o l i te  w a s  
a b o u t  6  t im e s  h ig h e r  th a n  im m o b il i z e d  c e l ls  f e rm e n ta t io n  o n  b r ic k  (9 .5  fo r  b r ic k  a n d  
6 2  fo r  z e o l i te )  th a t  is  s ig n if ic a n t ly  e n h a n c e d .

B u ta n o l  c o u ld  b e  u s e d  fo r  b io f u e le s  w ith  h ig h  e n e rg y  c o n te n t  p e r  v o lu m e  
c o m p a re  w i th  e th a n o l  (P f ro m m  et al, 2 0 1 0 ) . N o t o n ly  b u ta n o l  c o u ld  b e  u s e d  fo r  
b io fu e ls  b u t  b u ta n o l  is  a ls o  a n  e s s e n t ia l  f e e d s to c k  fo r  th e  p r o d u c t io n  o f  p a in t , 
s o lv e n ts  a n d  p la s t ic iz e r s  in  th e  c h e m ic a l  in d u s try  ( C a rv a lh o  et al, 2 0 1 2 ) .  T h e  b u ta n o l  
p r ic e  is  u s $ 1 .0 3 / k g  fo r  fu e l n -b u ta n o l  a n d  U S S 1 .6 5 /k g  fo r  c h e m ic a l  n -b u ta n o l  
( P e r e ir a  et al). B y p ro d u c ts  a c e to n e  a n d  e th a n o l  f ro m  A B E  f e rm e n ta t io n  a re  a ls o  th e  
v a lu a b le  p r o d u c ts  ( U S $ 0 .66/1 fo r  a n h y d ro u s  e th a n o l  a n d  0 .91  u s $ / l )  a n d  c o u ld  b e  
u s e d  a s  c h e m ic a l  in  in d u s try  ( P e r e ir a  et al). N o w a d a y s , m o s t  o f  n -b u ta n o l  is 
p r o d u c e d  f ro m  o i l - b a s e d  s o u rc e s  w i th  p e t ro c h e m ic a l  ro u te  d u e  to  b u ta n o l  f ro m  A B E  
f e rm e n ta t io n  s ti l l  n o t  e c o n o m ic a l ly  c o m p e t i t iv e  b e c a u s e  o f  lo w  b u ta n o l  y ie ld  
p r o d u c t iv i ty  (X u e  et al, 2 0 1 3 ) . T h e  c e ll im m o b il i z a t io n  is  th e  te c h n iq u e  th a t  c o u ld  
e n h a n c e  A B E  f e rm e n ta t io n  ( Q u re s h i  et a l, 2 0 0 0 ) . F ro m  p r e v io u s  s tu d y  (Q u r e s h i  a n d  
B la s c h e k , 2 0 0 1 ) ,  to  c o m p a re  f o u r  d i f f e re n t  p r o c e s s e s  fo r  b u ta n o l  p r o d u c t io n ;  b a tc h  
f e rm e n ta t io n  a n d  d i s t i l la t iv e  r e c o v e ry , b a tc h  f e rm e n ta t io n  a n d  p e r v a p o r a t iv e  
re c o v e ry , f e d - b a tc h  f e rm e n ta t io n  a n d  p e r v a p o r a t iv e  re c o v e ry , a n d  im m o b i l i z e d  c e ll 
c o n t in u o u s  f e rm e n ta t io n  a n d  p e r v a p o r a t iv e  r e c o v e ry  w e re  e v a lu a te d  fo r  e c o n o m ic . 
T h e  im m o b i l i z e d  c e ll  f e rm e n ta t io n  p ro c e s s  s h o w e d  th e  lo w e s t  b u ta n o l  p ro d u c t io n  
c o s t  a n d  m o s t  c o s t  e f f e c t iv e  te c h n o lo g y  fo r  p r o d u c in g  b u ta n o l .  F o r  th is  te c h n iq u e ,  
b u ta n o l  c a n  b e  p ro d u c e  a t  u s $  0 . 1 1 -0 .3 6 /k g , d e p e n d in g  o n  b y p r o d u c t  c r e d i t  w h ic h  is 
th e  lo w e s t  c o s t  r a n g e  in  c o m p a re  w ith  o th e r  p ro c e s s e s .  T h e r e fo re ,  th e  im m o b il i z e d  
c e l l s  f e rm e n ta t io n  o n  z e o l i te  1 3 X  m ig h t  b e  o n e  o f  th e  a t t r a c t iv e  a l t e rn a t iv e  c h o ic e s  
th a t  c o u ld  b e  w o r th  fo r  b u ta n o l  p ro d u c t io n  in v e s tm e n t.  A n d  it  s h o u ld  b e  c o n s id e r  fo r  
in v e s t ig a te  o p t im a l  c o n d i t io n  to  e n h a n c e d  a n d  d e v e lo p e d  b u ta n o l  p r o d u c t io n  w ith  
s u s ta in a b le  p r o c e s s  in  th e  fu tu re .
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