
CHAPTER IV
PREPARATION AND CHARACTERIZATION OF CELLULOSE WHISKER- 
REINFORCED SILK FIBROIN SPONGE FOR YEAST IMMOBILIZATION

FOR ETHANOL PRODUCTION

4.1 Abstract

A  b io n a n o co m p o site  sp o n g e  co n s ist in g  o f  silk  fib ro in  (S F ) and c e llu lo se  
w h isk ers  (C L W s) w a s  d ev e lo p ed  for yeast ce ll im m o b iliza tio n  for ethan ol production . 
S ilk  Fibroin, a protein  in silk  fibers produced  b y the m ulberry s ilk w o rm  (Bombyx mori), 
w a s u sed  as a m atrix in the b io n a n o co m p o site  sp o n g es . C e llu lo s e  w h isk ers h av in g  an 
asp ect ratio o f  8 0  w ere  used as re in forcem en t. T h e b io n a n o c o m p o site  sp o n g e s  h av in g  
S F /C L W s w e ig h t ratios o f  100/0 , 9 0 /1 0 , 8 0 /2 0 , 7 0 /3 0 , 6 0 /4 0  and 5 0 /5 0  w ere fabricated  
b y u s in g  a freeze-d ry in g  tech n iq u e, fo llo w e d  b y im m ersion  in an aq u eo u s m ethanol 
so lu tio n  in order to induce con form ation  transition  o f  s ilk  fib ro in  to be the b eta -sh eet  
structure, an w a ter-in so lu b le  form . Fourier transform  infrared sp ectro p h o to m etry  (FT IR ) 
sp ectra  sh o w ed  b eta -sh eet con form ation  o f  SF after the m eth a n o l treatm ent for the  
stu d ied  S F /C L W s w e ig h t ratios. T h e p resen ce  o f  C L W s in th e  b io n a n o co m p o site  
sp o n g e s  n ot o n ly  en h an ced  the con form ation  transition  o f  S F  but a lso  in creased  the 
c o m p ress io n  m o d u lu s  as w e ll as reduced the shrinkage o f  the b io n a n o co m p o site  
sp o n g es . T h e form ation  o f  b eta -sh eet structure o f  SF s ig n if ic a n tly  in creased  w ater  
sta b ility  o f  the b io n a n o co m p o site  sp o n g es . T h e fie ld  e m is s io n  sca n n in g  electron  
m icrograp h s sh o w e d  that the b io n a n o co m p o site  sp o n g es e x h ib ite d  an in tercon n ected  
p orou s structure, p rov id in g  h igh  surface area for im m o b iliz in g  Saccharomyces 
cerevisiae burgundy  K Y I 1 yeast c e lls . T h e sp o n g e  w ith  the S F /C L W s w e ig h t  ratio o f  
5 0 /5 0  sh o w ed  the h ig h est average num ber o f  y ea st ce ll a ttach m en t at 3.1 X 1 0 10 c e lls /g  
sp o n g e .
Keyword: S ilk  f ib ro in /C e llu lo se  w h isk ers /Y ea st im m o b iliz a tio n /e th a n o l
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4.2 Introduction

N o w a d a y s , p etro leu m  o il is d ep leted  faster b eca u se  o f  the con tin u ou s  
o v erco n su m p tio n  o f  the reserved  o il. T h erefore, there are severa l a ttem pts to search  for 
altern ative  en ergy  sou rces. A m o n g  a variety  o f  p oten tia l can d id a tes , b ioeth an o l is in 
great in terest. C ell im m o b iliza tio n  is a tech n iq u e in v o lv in g  the attachm ent o f  y ea st c e lls  
to the p o ly m er ic  m atrices v ia  p h ysica l attachm ent, co v a le n t b on d in g , or ce ll entrapm ent. 
C ell im m o b iliz a tio n  is ab le to e lim in a te  the in h ib ition  cau sed  by a h igh  con cen tration  o f  
substrate or product w h ich  norm ally  found during the ferm entation  p rocess and, as a 
c o n se q u e n c e , the en h an ced  ethanol y ie ld  can  be ob ta in ed .

S F  is a p rotein  in s ilk  fib ers obtained  from  the c o c o o n s  o f  the m ulberry  
silk w o rm  Bombyx mori. SF  has b een  reported to be u se fu l in b io m ed ica l ap p lica tion s  
d u e to  its g o o d  b io co m p a tib ility  as w e ll as b iod egrad ab ility  and h igh  cy to co m p a tib ility . 
N e v e r th e le s s , the p ost treatm ent, su ch  as m ethanol treatm ent, is u su a lly  required to 
con v ert the random  c o il con form ation  to the b eta -sh eet structure w h ic h  is a w a ter-stab le  
con form a tio n . H o w ev er , m ethan ol treatm ent ca u ses th e  sh rin k age and the red u ction  o f  
their d im en sio n a l stab ility .

C L W s extracted  from  banana rachis w ere  used  as re in forcem en t in the 
b io n a n o c o m p o site  sp o n g e s  to a c h ie v e  structural in tegrity  o f  SF  b ased  sp o n g es  during  
ferm entation  p rocess . T h e b io n a n o co m p o site  sp o n g es  c o n s is t in g  o f  SF  and C L W s w ere  
prepared b y  freeze  d rying  tech n iq u e. T h e e ffec t o f  th e  b len d ed  ratios on the ch em ica l 
structure and m o rp h o lo g y  o f  the b io n a n o co m p o site  sp o n g e s  w a s  in v estig ated . T he  
p oten tia l u se  o f  the b io n a n o co m p o site  sp o n g es  as a su p p ortin g  m aterial used  in ce ll  
im m o b iliz a tio n  for ethan ol prod u ction  w a s  eva lu ated .

ๆ ^ c
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4.3 Experimental

4 .3 .1  M aterials
4.3.1.1 Silk Cocoons and Banana Rachises

T he Bombyx mori s ilk w orm  c o c o o n s  w ere ob ta in ed  from the 
Q u een  S irik it D epartm ent o f  S ericu lture (T h a ilan d ).T h e M usa sapientum  Linn banana  
rach ises w ere  p urchased  from  lo ca l banana farm  in R atchaburi p rov in ce , T hailand .

4.3.1.2 Yeast Cells
Saccharomyces cerevisiae burgundy  K Y 11 w a s  p urchased  from  

Institu te o f  F oo d  R esearch  and Product D ev e lo p m en t, K asetsart U n iv ers ity  in the form  
o f  fresh ce ll cu lture.

4.3.1.3 Other Chemicals
M eth an ol (C H 3 O H ) and ethan ol (C 2 H 5 O H ) (9 9 .5  % purity), 

an a ly tica l grade, w ere p urchased  from  RCI L abscan ., Ltd. A n a ly tica l grade ca lc iu m  
ch lo r id e  d ih yd rate (C aC l 2 2 H 2 0 ) w a s p urchased  from  Analar®. S o d iu m  h yd roxid e  
(N a O H ) and so d iu m  carbonate (N a 2 CC>3 ) p e lle ts , an a ly tica l grade, w ere  p urchased  from  
R A N K E M . H yd rogen  p ero x id e  (H 2 O 2 ) w a s  purchased  from  F isher S c ie n t if ic  C o., Ltd 
D -g lu c o se  an h yd rou s, b a cter io g ica l p ep to n e , and y ea st extract p ow d er  w e r e  purchased  
from  U N IV A R , C O N D A , and H im ed iA , re sp ec tiv e ly . S od iu m  p otassia m  tartrate 
(K N a C 4 H 4 0 6 -4 H 2 0 ) and 3 ,5 -  d in itro sa licy lic  acid  (D N S )  w er e  p u rch ased  from  S igm a  
A ld rich .

4 .3 .2  E q u ip m en ts
Fourier transform ed infrared (FT IR ) sp ec tro sco p y , A  T h erm o N ic o le t  

N e x u s  671 F T IR ) sp ectrop h otom eter  w a s used  to ch aracterize  the c h e m ic a l structure and  
con form a tio n  o f  S F , C L W s, and b io n a n o co m p o site  sp o n g e s . T h e sp ectra  w ere  co llec ted  
at a reso lu tion  o f  4  c m ' 1 and 6 4  scan s in the w a ven u m b er range o f  4 0 0 0  c m " 1 to 4 0 0  cm ' 
*. A  H IT A C H I S 4 8 0 0  F E -S E M  m icro sco p e  w a s  used  to  ob serv ed  b oth  surface and  
c r o ss -se c tio n  m orp h o lo g y  o f  the sp o n g es  at an op erating  v o lta g e  o f  2  k v .  T h e sp ec im en s
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w ere coa ted  w ith  p latinum  by u s in g  a sp u tterin g  eq u ip m en t operated  for 2 0 0  secon d s  
b efore the S E M  ob serv a tion . T ra n sm ission  e lec tro n  m ic r o sc o p y  (T E M ) im age o f  
c e llu lo se  w h isk ers w ere  taken b y  a JEO L JE M  2 1 0 0  T E M  m icro sco p e  at an operating  
v o lta g e  o f  2 0 0  k v .  S a m p les  for T E M  ob servation  w ere  prepared b y sta in n in g  the diluted  
c e llu lo s e  w h isk ers su sp en sio n  w ith  1 % uranyl aceta te  a q u eo u s so lu tio n . T h e sam p le  w as  
dropped on  a carb on -coated  cop p er  grid and air-dried . T o  ev a lu a te  the com p ressio n  
m od u lu s, the co m p ressio n  test w a s  perform ed b y u sin g  L lo y d  instrum ent at crosshead  
sp eed  1 m m /m in u te  at room  tem perature. T h e c o m p r e ss iv e  m o d u lu s  w a s ca lcu la ted  from  
the in itia l s lo p e  o f  the linear p ortion  o f  the s tre ss-stra in  cu rve . T h e sa m p le  num ber w as  
f iv e  for each  exp erim en ta l group. S am p lin g  the su sp en s io n  o f  ferm en t at 0, 8, 16, 2 4 , 36  
and 4 8  hours then cen tr ifu ged  at 10 00 0  rpm 4°c for 10 m in u tes  in order to separate the 
ce ll p e lle ts  out o f  the supernatant. A n  T ecan t In fin ite®  2 0 0  PR O  U V -v is  
sp ectro p h o to m eter  w a s  used to e x a m in e  the u tiliza tion  o f  red u c in g  sugar b y yea st c e lls  
during ferm entation  p rocess. T o  d eterm in e the im m o b iliz a tio n  e f f ic ie n c y , the u tilization  
o f  red u cin g  sugar during ferm entation  p rocess w a s  eva lu ated  b y u sin g  the D N S  m ethod  
(M iller , 1959 ) b ased  on the p recip ita tion  o f  resid u al sugar. T h e  c o lo r  in ten sities  in term s 
o f  ab so rb a n ce  w ere  m easured  at a w a v e len g th  o f  5 4 6  nm . T h e  sugar con cen tration  w as 
then d eterm in ed  from  the g lu c o se  standard cu rve  prepared in th e  con cen tration  range o f  
1% to 100%  (w /v ) . T h e b ioeth an o l con cen tration  w a s  d eterm in ed  b y u s in g  a Sh im azu  
G C -7 A G  instrum ent eq u ip p ed  w ith  a flam e io n iza tio n  (F ID ) d etector . A  stee l gas 
ch rom atograp h  co lu m n  packed  w ith  Porapak Q  w a s u sed . T h e  ce ll p e lle ts  w ere  
resu sp en d ed  in a 0 .8 5  % N a C l so lu tio n  b efore d ropped  to a N eu b a eu r  P rec ico lo r  H B G  
h ea m a cy to m eter  cou n tin g  ch am b er. T h e n um ber o f  y ea st c e l l s  w a s  cou n ted  d irectly  
under an O ly m p u s C X 31  O M  m icro sco p e  in order to ev a lu a te  the c e ll grow th  during  
ferm en tation  p rocess .
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4 .3 .3  M eth o d o lo g y
4.3.3.1 Preparation o f  S ilk  Fibroin Solution (SF)

B. mori s ilk  c o c o o n s  w ere cu t into sm all p ie c e s , w ash ed  w ith  
w ater, and dried at 4 0  ๐c  overn igh t. T h e s ilk  d eg u m m in g  p ro cess  w a s  carried out by 
b o ilin g  the s ilk  c o c o o n s  in a 0 .0 5  % (w /v )  N a 2C 0 3 so lu tio n  for 15 m in u tes (repeated  for 
2 tim es). T h e d egu m m ed  s ilk  w a s dried in an o v en  at 4 0  °c o v ern ig h t b efore b ein g  
d isso lv e d  in a polar so lv en t sy stem  con ta in in g  C a C l2:eth an ol:w ater m olar ratio o f  1:2:8. 
T h e resu ltin g  fibroin  so lu tio n  w a s d ia ly zed  aga in st d is t ille d  w ater until n ega tive  test o f  
A g N 0 3 w a s  ob ta ined , fo llo w e d  b y cen trifu gation  at 1 0 ,0 0 0  rpm for 10 m in u tes. T h e as- 
prepared S F  so lu tio n  w a s kept at 4 ๐c  until use.

4.3.3.2 Preparation o f  Cellulose W hiskers (CLWs)
M. sapientum Linn  banana rach is w a s  cut in to  the length o f  100 

m m  to  300 m m  and dried overn igh t in an ov en  at 40 °c. D ried  banana rach ises w ere  
then soak ed  in a 2 % (w /v ) N aO Fl so lu tio n  at 80 °c for 2  hours. A fter  th orou gh ly  rinsed  
w ith  d is t ille d  w ater, the rach ises w ere  treated w ith  a 3 %  (w /v )  H 20 2 so lu tio n  at 70 ๐c  
for 2 hours. T h e purified  c e llu lo se  w a s h yd ro lyzed  at 60 ๐c  for 4 hours in a 65% (w /v )  
su lfuric  acid  so lu tion . T h e resu ltin g  C L W s w ere  d ilu ted  w ith  d istilled  w ater and 
cen tr ifu g ed  at 10,000 rpm for 10 m in. A fter the cen tr ifu g a tion , the C L W s su sp en sion  
w a s n eu tra liza tion  by d ia ly z e d  against d istilled  w ater un til neutral pH .

4.3.3.3 Preparation o f  Bionanocom posite Sponges
T h e as-prepared SF  so lu tio n  w a s  d ilu ted  w ith  d istilled  w ater to 

a c h ie v e  a d esired  con cen tration  at 3%  (w /v ). T h e C L W s su sp en s io n  w a s  u ltrason icated  
for 15 m in u tes prior to ad d in g  into the SF so lu tio n  at f iv e  d ifferen t C L W s con ten t —  10 
%, 2 0  %, 30% , 40% and 50%  based  on  w e ig h t o f  final so lu tio n  —  w ith  s lo w  m ech an ica l 
stirring. T h e m ixture w a s  stirred for 10 m in u tes and 1 m l o f  the w e ll-m ix e d  so lu tio n  w as  
p ipetted  to each  w e ll o f  C O S T A R ®  2 4 -m u lt i-w e lls  cu ltu re  p late and freeze  dried at 
-40°c overn igh t.
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4.3.3.4 M ethanol Treatment o f  Bionanocom posite Sponges
T he SF  sp o n g es  both w ith  and w ith o u t C L W s w er e  im m ersed  in 

a 90%  (v /v )  m ethan ol so lu tio n  for 10 m in u tes. A fter  that the m eth an ol-trea ted  sp on ges  
w ere w ash ed  w ith  an e x c e s s iv e  am ount o f  d is t illed  w ater and dried by u sin g  a freeze  
dryer at -4 0  ° c  for 2 4  hours.

4.3.3.5 Inoculum s Preparation
T o prepare an in o cu lu m , 2 m l o f  the d ilu ted  y ea st su sp en sion  

w a s added in a co tto n -p lu g g ed  100 ml E rlen m ey er  flask  con ta in in g  18 m l o f  Y east  
p ep ton e d ex trose  (Y P D ) broth grow th  m ed iu m  c o n s is t in g  o f  g lu c o se , p ep to n e , and yeast 
extract at a con cen tration  o f  2 0  g -F 1, 20  g T 1, and 10 gd"1, r e sp ec tiv e ly . T h e yeast culture 
w a s incubated  in a sh ak in g  at 150 rpm and 3 0  ๐c  for 2 4  hours in order to  get mature 
y ea st ce ll w ith  a ce ll con cen tration  m ore than 108 c e lls  m l'1 for b e in g  u sed  in the ce ll 
im m o b iliza tio n  step .

4.3.3.6 Cell Immobilization
T he m ethan ol-treated  b io n a n o c o m p o site  sp o n g e s  and 2 5 0  m L o f  

Y P D  broth w ere  au toclaved  sep arately  at 1 2 1 ๐c  for 15 m in u tes. T h e in ocu lu m  ce ll 
su sp en sio n  togeth er  w ith  the m ethan ol-treated  b io n a n o co m p o site  sp o n g e s  w ere then  
added  to the s ter ilized  m ed iu m . T o in d u ce natural ce ll a d h esio n , th e  sp o n g es  w ere  
im m ersed  in the cu lture m ed iu m  and then in cu b ated  in a sh a k in g  in cu b ator at 150 rpm 
and 30°c for 4 8  hours fo llo w in g  b y freeze  d ryin g .

4.3.3.7 Vitalization o f  Yeast Cell Im m obilized in Bionanocomposite
Sponges
Im m o b ilized  c e lls  o f  Saccharom yces cerevisiae  b u rgundy K Y I 1 

in b io n a n o co m p o site  sp o n g es  w a s  rev ita lized  in a 2 5 0  m l E r len m ey er  fla sk  con ta in in g  
100 m l o f  Y P D  nutrient m ed iu m  in a sh ak in g  incubator at 150 rpm and 30 °  c  for 24  
hour.

4.3.3.8 Batch Fermentation
B atch  ferm entation  w ith  varied  g lu c o se  so lu tio n  con cen tration , 

10% , 20% , 30%  and 40%  (พ /พ ), o f  both su sp en d ed  c e lls  (u sed  as con tro l) and
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im m o b iliz ed  c e lls  o f  Saccharomyces cerevisiae  burgundy K Y 11 in b io n a n ocom p o site  
sp o n g es  w ere  used  in an eq u iva len t num ber o f  y ea st c e lls . S u sp en d ed  ce ll and 
im m o b iliz ed  ce ll w er e  transferred to a co tton  p lu g g ed  2 5 0  m l E rlenm eyer flask  
co n ta in in g  100 m l o f  g lu c o se  so lu tio n . T he cu lture m ed iu m  w a s sa m p led  at a sp ec ific  
tim e interval for 4 8  h ou rs and w a s then cen trifu ged  at 1 0 ,0 0 0  rpm for 10 m in u tes to 
rem ov e  c e ll p e lle ts . T h e c lear  supernatant w a s further su b jected  the red u cin g  sugar 
con cen tra tion , ethan ol con ten t, and ce ll v ia b ility  an a ly ses  b y D N S  m ethod , G as 
ch rom atograp h y (G C ) and d irect cou n tin g  u s in g  N eu b a eu r  P recico lor  H B G  
h eam a cytom eter  cou n tin g  ch am b er, resp ective ly .

4.3.3.9 Repeat Batch Fermentation
T h e 5 0 /5 0  w e ig h t ratio o f  S F /C L W s b io n a n o co m p o site  sp o n g es  

w ere ap p lied  into a 100 m l o f  grow th  m ed iu m  c o n s is t in g  o f  g lu c o se , p ep ton e, and yeast 
extract at a con cen tration  o f  4 0 0  g-1"1, 2 0  g-1"1, and 10 g-1"1, re sp e c tiv e ly , w h ich  used  as a 
substrate. T h e flasks w er e  shaken  in the incubator at 150 rpm at 30°c. T h e duration o f  
each  batch  w a s set at 4 8  hours. A fter  that, the b io n a n o co m p o site  sp o n g es  w ere  
transferred into the n e w  fresh ly  cu lture m ed iu m . T h e  cu lture w a s  sa m p lin g  at a sp ec ific  
tim e in terval and w a s further in v estig a ted  the red u cin g  sugar resid u e, ethan ol content 
and am o u n t o f  yea st c e ll.

4 .3 .4  A n a ly tica l M eth od s and M easu rem en ts
4.3.4.1 Fourier Transformed In frared (FTIR) Spectroscopy

A  T h erm o N ic o le t  N e x u s  671  FT IR  sp ectro p h o to m eter  w a s used  
to ch aracterize  the ch e m ic a l structure and co n form a tio n  o f  S F , C L W s, and C L W s- 
rein forced  SF  sp o n g es . T h e spectra w ere  co llec ted  at a reso lu tio n  o f  4  cm"1 and 6 4  scans  
in th e  w a ven u m b er  range o f  4 0 0 0  cm"1 to 4 0 0  cm"1.

4.3.4.2 F ield  Emission Scanning Electron M icroscopy (FE-SEM)
A  H IT A C H I S4800 FE-SEM m ic r o sc o p e  w a s  used  to ob serve  

both su rface  and cro ss -se c tio n  m orp h o lo g y  o f  th e  C L W s-re in fo rced  SF sp o n g es  at an 
op eratin g  v o lta g e  o f  2 kv. T h e sp ec im en s w ere  co a ted  w ith  p la tin u m  by u sin g  a 
sp u tterin g  eq u ip m en t op erated  for 200 seco n d s  b e fo re  the SEM o b serv a tion .
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4.3.4.3 Transmission Electron M icroscopy (TEM)
T h e T E M  im age o f  c e llu lo s e  w h isk ers w ere taken b y a JEOL JEM  

2 1 0 0  T E M  m icro sco p e  at an op erating  v o lta g e  o f  2 0 0  k v .  S am p les for T E M  ob servation  
w ere prepared b y sta in in g  the d iluted  c e llu lo se  w h isk ers su sp en sion  w ith  1 % uranyl 
acetate  aq u eo u s so lu tio n . T h e  sam p le  w a s  dropped on  a carb on -coated  cop p er  grid and 
air-dried.

4.3.4.4 Shrinkage o f  Bionanocomposite Sponges
T h e v o lu m e  o f  the b io n a n o co m p o site  sp o n g es  b efore  and after  

m ethan ol treatm ent w a s in v estig a ted  to ca lcu la te  the shrinkage (% ) after treated w ith  
m eth an ol.

Shrinkage (% ) =  ( V 1- V f) X 100  
V,

Vj : the v o lu m e  o f  the sp o n g es  b efore  m eth an ol treatm ent
V f : the v o lu m e  o f  the sp o n g e s  after m eth an ol treatm ent

4.3.4.5 L loyd Instrumental
T o ev a lu a te  the c o m p ress io n  m od u lu s, the co m p ress io n  test w a s  

p erform ed  at crossh ea d  sp eed  1 m m /m in u te  at room  tem perature. T h e  co m p ress iv e  
m od u lu s w a s  ca lcu la ted  from  the initial s lo p e  o f  the linear portion  o f  the stress-stra in  
cu rve. T h e sa m p le  num ber w a s  f iv e  for each  exp erim en ta l group.

4.3.4.6 Weight Loss o f  Bionancomposite Sponges
T o id en tify  the sta b ility  o f  b io n a n o co m p o site  sp o n g e  in w ater, 

both  n on -m eth an o l treated and m ethanol treated b io n a n o co m p o site  sp o n g es  w ere  
im m ersed  in d istilled  w ater and incubated  at 30°c 150 rpm for 72 h ou rs. W eight lo ss  
w a s ca lcu la ted  from  this eq u ation ;

% w e ig h t lo ss  =  ( พ ,  -  W f) X 100
พ ,
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พ , : in itia l dry w e ig h t  o f  b io n a n o co m p o site  sp o n g e
W f : final dry w e ig h t  o f  b io n a n o co m p o site  sp o n g e

4.3.4 .7  Ultraviolet- Visible (UV-vis) Spectroscopy
A n  T ecan t In fin ite®  2 0 0  PR O  U V -V is  sp ectrop h otom eter  w as  

used  to e x a m in e  the u tiliza tion  o f  red u cin g su gar by yea st c e lls  during ferm entation  
p rocess . T o  d eterm in e  the im m o b iliz a tio n  e f f ic ie n c y , the u tiliza tion  o f  red u cin g sugar  
during ferm entation  p ro cess  w a s eva lu ated  by u s in g  the D N S  m eth od  (M iller , 1959) 
based  on  the p recip itation  o f  resid u al sugar. T h e tests w ere m ad e w ith  3 m l o f  D N S  
reagent added to 3 nil o f  sa m p le  so lu tio n . T h e co lo r  in ten sitie s  in term s o f  absorbance  
w ere m easu red  at a w a v e len g th  o f  5 7 5  nm . T h e su gar con cen tration  w a s then  determ ined  
from  the g lu c o se  standard cu rve prepared in the con cen tration  range o f  0.1 m g/m l to 1 
m g /m l. T h e sugar co n su m p tio n  w a s  ca lcu la ted  b y th is equation:

Sugar con su m p tion  =  So - ร

ร =  g lu c o se  con cen tra tion  (g/1) at 4 8  hour ferm en tation  tim e
So =  g lu c o se  con cen tra tion  (g /l)  at 0  hour ferm entation  tim e

4.3.4.8 Gas Chrom atography (GC)
T h e b io eth an o l con cen tration  w a s d eterm in ed  by u sin g  a Sh im azu  

G C -7 A G  instrum ent eq u ip p ed  w ith  a flam e io n iza tio n  (F ID ) d etector . A  stee l gas 
ch rom atograp h  c o lu m n  p acked  w ith  Porapak Q w a s  used. T em p eratu re o f  the colum n  
and in jector w ere fix e d  con stan t at 170 ° c  and 2 2 0  ° c ,  re sp e c tiv e ly . N itro g en  (N 2 ) gas 
w ith  the f lo w  rate o f  4 5  m l m in '1 w a s used  as a carrier gas. P eak  areas in the G C  
ch rom atogram s w ere  com p ared  w ith  ethan ol w ith  k n ow n  con cen tra tion  o f  0 .01%  to 20%  
(v /v )  in order to ca lcu la te  b io eth an o l con cen tration  in th e  test sam p le . Ethanol 
p rod u ction  w a s ca lcu la ted  by th is equation:
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Ethanol prod u ction  =  P- Po

p =  eth an o l con cen tration  (g/1) at 48  hour ferm entation  tim e
Po =  eth an o l con cen tration  (g/1) at 0  hour ferm entation  tim e =  0

4.3.4.9 O ptical M icroscopy (OM)
S am p lin g  the su sp en sio n  o f  ferm ent then cen tr ifu ged  at 10000  

rpm 4°c for 10 m in u tes in order to separate the ce ll p e lle ts  out o f  th e  supernatant. T he  
ce ll p e lle ts  w ere  resu sp en d ed  in a 0 .8 5  % N a C l so lu tio n  b efore d rop p ed  to a N eu b aeur  
P rec ico lo r  H B G  h eam a cytom eter  cou n tin g  cham ber. T h e num ber o f  yeast c e lls  w a s  
cou n ted  d irectly  under an O ly m p u s C X 31 O M  m icro sco p e  in order to eva lu ate the ce ll 
grow th  du rin g ferm en tation  p rocess, im m o b iliza tion  e ff ic ie n c y  accord in g  to this 
equation:

Im m ob iliza tio n  e f f ic ie n c y  (% ) =  (Xj)
(X i +  X f)

Xj =  im m o b iliz e d  ce ll con cen tration  in sp o n g es  (c e ll/m l)
X f =  free c e ll  con cen tration  in m edium
X , =  Xj +  X f

4.4 Results and Discussion

4 .4 .1  P roduction  Y ie ld  o f  SF S o lu tio n
T h e p rod u ction  y ie ld  o f  SF  so lu tio n  ob ta ined  from  10 g  o f  d egu m m ed  

silk . T h e 120 m l o f  as-prepared  silk  fibroin  so lu tio n  had w e ig h t con ten t about 5.8%  
(w /v )  as sh o w n  in T a b le  4.1
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Table 4.1 P rod u ction  y ie ld  o f  s ilk  fibroin  so lu tio n .

Material Dry weight (g)
D eg u m m ed  silk 100

S ilk  fibroin 87

4 .4 .2  C h aracteriza tion  o f  SF S o lu tio n
The structure of SF was examined by FT-IR as shown in Figure 4 .1 . The 

FTIR characteristic peaks of SF film located at 1654 cm'1 (amide I) and 1542 cm'1 (amide II) 

which are attributed to a random coil structure (Yang e t a l ,  2 0 0 0 ; Noshiki et al., 2 0 0 2 ;  
Freddi et a l., 2 0 0 3 ; Park e t a l., 2 0 0 4 ). SF is natural biopolymer which exists in several 

conformations such as random coil and beta-sheet structure. To prepare SF-based material, SF 

must be dissolve in the proper solvent in order to disrupt the intermolecular hydrogen bond of 

beta -sheet structure. The SF solution is called “regenerated SF” which posses random coil 

structure. However, before being used, the regenerated SF was induced its beta-sheet structure. 

In this experiment, methanol treatment was used to change the SF conformation.

Figure 4.1 F T IR  sp ectra  o f  SF  so lu tio n .
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F ig u r e  4 .2  C h aracteristic  p eak s o f  s ilk  fibroin .

4 .4 .3  P rod u ction  Y ie ld  o f  C L W s S u sp en sio n
T h e  prod u ction  y ie ld  o f  C L W s su sp en sion  after acid  h y d ro ly s is  o f  100 g 

banana rachis w a s  1.3%  (w /v )  o f  C L W s su sp en sio n  122 m l as sh o w n  in T ab le  4 .2

T a b le  4 .2  P rod u ction  y ie ld  o f  C L W s su sp en sion .

P r o c e s s D r y  w e ig h t  (g )
B anana rach is 100

A fter  Im m ersed  in N a O H 4 3 .1 9
After bleaching step 35.12
After acid hydrolysis 22.65

4 .4 .4  C h aracteriza tion  o f  C L W s D er ived  from  B anan a R a ch is

4.4.4.1 Morphology A nalysis o f CL พร
T E M  w a s u sed  to o b serv e  the m o rp h o lo g y  o f  C L W s. T h e  C L W s  

extracted  from  b an an a rach is e x h ib ited  lo n g  and slen d er n an ofib r il structure w ith  the 
len gth  (L ) and d ia m eter  (D ) in the range o f  0 .9 2  pm  to 4 .2 0  p m  and 10 nm  to 69  nm , 
resp e c tiv e ly . T h e av erag e  length  and d iam eter o f  the C L W s w er e  found  to  be 2 .1 8  pm  
and 2 7  nm , r e sp e c tiv e ly , corresp o n d in g  to the a sp ect ratio (L /D ) o f  about 8 0  as sh ow n  in 
figu re 4 .3 .
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F ig u r e  4 .3  T E M  im a g e  o f  C L W s ob ta in ed  from  acid  h y d ro ly s is  o f  banana rachis.

4.4.4.2 Chemical A nalysis o f  CL พร
T h e ch em ica l structure o f  c e llu lo s e  w h isk ers  (C L W s) from  

banana rach is w a s  in v estig a ted  w ith  the u se o f  the FT IR  sp e c tr o sc o p y  w a s sh o w n  in 
F igure 4 .4 . T h e ch aracteristic  p eak s w a s  sh ow n  in tab le  4 .3 . C om p ared  w ith  B acterial 
c e llu lo se  (B C ), the b io sy n th e s is  c e llu lo se  from  Acetobacter xylinum  w h ich  h av e  no  
h e m ic e llu lo se s  and lign in , C L W s and B C  sh o w ed  a lm o st th e  sam e d om inated  
ch aracteristic  p eak s. T h e  peak at 10 60  cm"1 is a ss ig n ed  to C - 0  stre tch in g  v ib ration  o f  
c e llu lo se . T h e a sy m m etr ic  C -O -C  o f  g ly c o s id ic  ring w a s  appeared  at 11 60  c m '1.The  
peaks at 13 20  c m '1 and 1426  cm"1 w ere  corresp on d in g  to stre tch in g  o f  C H 2  in c e llu lo se .  
H o w ev er , the C L W s still con ta in ed  so m e  sm all am ou n t lign in  d u e to the peak  at 1632  
w h ich  corresp o n d in g  to c= c in b en zen e  ring w a s  appeared . H o w e v e r , รนท et al. (2 0 0 4 )  
c la im ed  that b lea ch in g  b y  sod iu m  ch lo r ite  w a s m ore e f fe c t iv e ly  rem ov ed  lign in  than  
u sin g  h yd ro gen  p ero x id e .
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Table 4.3 T h e m ain  fu n ction a l group o f  C L W s and B C .

Wavenumber (cm1) Assignment Origin
1632 c=c lign in

1426 , 1320 streching
c - h 2 c e llu lo s e

1160 asym m etric  C -O -C g ly c o s id ic  ring

1060 streching
C-0 c e llu lo s e

Figure 4.4 F T IR  spectra o f  n ative  c e llu lo s e  (banana rach is) and C L W s.
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4 .4 .5  C haracterization  o f  B io n a n o c o m p o site  S p o n g es
4.4.5.1 M orphological Analysis o f  Bionanocomposite Sponges

T he m orp h o log ica l o f  b io n a n o c o m p o site  sp o n g e s  w ere  sh ow n  in 
F igu re  4 .5  and 4 .6 . T he su rface  o f  SF, C L W s, and S F /C L W s c o m p o s ite s  sp on ges  
ex h ib ited  p orou s structure. T h ese  in tercon n ected  pores a llo w e d  the substrate to pass 
through  the m ateria ls to the y ea st ce lls  attached in sid e  th e  p orou s sp o n g e s  during a 
ferm en tation  p ro cess  as w e ll as for nutrient and w aste  transport. T h e structure o f  the 
b io n a n o c o m p o site  sp o n g es  is con tro lled  by the freez in g  tem perature and so lid  
co n cen tra tion  o f  p o lym er so lu tio n . T he initial ice  crysta ls  are n u cleated  at the bottom  o f  
S F /C L W s m ixtu re and e lo n gated  to the top su rface. T h e p ore structure o f  the sp o n g es  
m irrors th e  ice -crysta l m o rp h o lo g y  after freez in g . T h e s lo w e r  freez in g  rate generates  
larger ice  crysta l, thus the larger pores rem ained  after su b lim a tio n  step . T h e p resen ce  o f  
C L W s in the S F  sp o n g e s  resu lted  in the larger m ean  pore w id th . T h is m ig h t b e  exp la in ed  
that th e  rod -lik e  crysta llin e  structure o f  C L W s m ay ob stru ct the d irectio n  and sp eed  o f  
h eat transfer o f  w ater m o le c u le , cau sin g  s lo w  in situ  freez in g  rate, en la rg in g  the ice  
p a rtic le s, and fin a lly  resu ltin g in the larger p ore w id th  (S h ap iro  and C o h en , 1996).

T a b le  4 .4  A v e r a g e  pore s iz e  o f  b io n a n o co m p o site  sp o n g es

W e ig h t  r a tio  o f  S F /C L W s  
b io n a n o c o m p o s ite  sp o n g e s

A v e r a g e  p o r e  w id th  (p.m )

100:0 2 1 .7  ±  9 .6
9 0 :1 0 4 5 .4  ±  15.5
8 0 :2 0 47 .1  ± 2 0 .9
7 0 :3 0 4 8 .6  +  28.1
6 0 :4 0 5 3 .8  ± 2 5 .0
5 0 :5 0 5 9 .3  ±  18.7
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Figure 4.5 S E M  im a g es  o f  top  su rface  o f  (a) S F  sp o n g e , (c ) and (e )  b io n a n o co m p o site  
sp o n g e s  at S F /C L W s ratio o f  9 0 /1 0  and 8 0 /2 0  resp ec tiv e ly , (b ), (c ) and (f) represented  
cross  sec tio n a l part o f  SF sp o n g e , b io n a n o co m p o site  sp o n g es  at S F /C L W s ratio o f  9 0 /1 0  
and 8 0 /2 0  resp ec tiv e ly .
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Figure 4.6 SEM images of top surface of (a), (c) and (e) bionanocomposite sponges at 
SF/CLWs ratio of 70/30, 60/40 and 50/50 respectively, (b), (c) and (f) represented cross 
sectional part of bionanocomposite sponges at SF/CLWs ratio of 70/30, 60/40 and 50/50 
respectively.
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4.4.5.2 Chemical Analysis o f Bionanocomposite Sponges
From figure 4.7 (a) the FTIR spectra, the characteristic peaks of 

the neat SF locating at 1654 cm"1 (amide I) and 1542 cm' 1 (amide II) which are 
attributed to a random coil structure or silk I (Yang et al, 2000; Noshiki et al, 2002; 
Freddi et al., 2003; Park et al., 2004). On the contrary, the FTIR spectra of the 
biocomposite sponges with the increasing of CLWs content show a gradual shift of those 
characteristics peaks of silk I to 1630 cm” 1 (amide I) and 1523cm”1 (amide II), implying 
the conformation transition from random coil conformation to p-sheet structure of the 
SF matrix. The highest intensities of the characteristic peaks of beta-sheet structure in 
the FTIR spectra is observed at the SF/CLWs ratio of 50/50. Nevertheless, the FTIR 
spectra of all biocomposite shows the characteristic peaks of CLWs at 1167 cm"1 and 
1060 cm"1, corresponding to the C-O-C asymmetric stretching and the C-0 symmetric 
stretching in the CL structure (Barud et al, 2008). The conversion of SF structure from 
random coil into p-sheet should be enhanced by blending the SF with the CLWs because 
the surface of crystalline CLWs and the interactions, like hydrogen bonding, between -  
OH of CLWs and -NH2 and/or -OFI group in SF induces the transition of SF 
conformation during the fabrication of composite sponges. A similar conformational 
transition was also found in the blended membrane of CL and SF (Noshiki et al, 2002) 
the SF/microcrystalline CL film (Park et al, 2004) and the electrospun nanofibers of 
chitosan containing SF (Barud et al, 2008).

There are many methods to induce conformation transition such 
as thermal, mechanical or chemical treatments but the most common and widely used 
method is methanol treatment. The immersion in polar solvent, particularly aqueous 
methanol, are highly effective in cystallization of SF (Park et al, 2004). Thus, after 
treated with methanol, all bionanocomposite sponges exhibited P-sheet conformation at 
to 1630 cm” 1 (amide I) and 1523cm”1 (amide II) as shown in Figure 4.7 (b). The peaks 
were shifted after methanol treatment due to the methanol molecule able to interferes the 
hydrogen bond of random coil SF and induce the beta-sheet conformation.
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Figure 4.7 FTIR spectra of SF, CLWs, and SF/CLWs bionanocomposite sponges (a) 
before and (b) after methanol treatment.
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4.4.5.3 Weight Loss o f Non-methanol Treated and Methanol Treated 
Bionanocomposite Sponges

From figure 4.8, the weight loss (%) of the non-methanol treated 
bionanocomposite sponges increased with increasing immersion time. However, it is 
obviously seen that the incorperation of CLWs could reduce the weight loss of the 
bionanocomposite sponges. Moreover, the weight loss of methanol-treated 
bionanocomposite sponges were significantly decreased which more stable in water than 
the non-treated ones. The better dimension stability in water of the bionanocomposite 
sponges resulted from the conformation transition from random coil to beta-sheet 
structure, the water stable conformation, which in the same way of FTIR results that 
showed the characteristic peaks of beta-sheet conformation. However, the methonol 
treatment gave a larger effect on conformation transition than the incorporation CLWs in 
SF matrix. The methanol treated bionanocomposite sponge at SF/CLWs ratio of 50/50 
possed more excellent water stabilitity in this study.
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Figure 4.8 Weight loss of (a) non-methanol treated and (b) methanol treated 
bionanocomposite sponges.
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4.4.5.3 Dimensional Stability’ and Compression Modulus o f Methanol
Treated Bionanocomposite Sponges
The change of volume of the bionanocomposite sponges before 

and after methanol treatment was measured in order to determine dimensional stability 
of the bionanocomposite sponges. In general, the transition induction effects to the 
shrinkage of material, especially the porous material, resulted to poor dimensional 
stability. As shown in Figure 4.9, the shrinkage (%) of the neat silk fibroin sponges 
owned the highest shrinkage. The incoperation of CLWs in any weight ratios could 
reduced the shirkage (%) of bionanocomposite sponges after treated with methanol. The 
compression modulus of the CLWs-reinforced SF sponges were remakable higher than 
the neat SF sponges and began to level off at approximately 235 to 249 kPa at 40 and 
50% of CLWs as shown in Figure 4.10. These results may assign to the P-sheet 
conformation of SF when incorperated with 50% CLWs which caused by the inter- 
molecular hydrogen bond between amide group of SF and hydroxyl group of CLWs, as 
shown in figure 4.11, that drived the formation of p-sheet conformation and promoted 
the crystallinity resulting to possed higher modulus. This phenomenon also correspond 
to the result reported by Noshiki et al. (2001) which prepared silk fibroin- 
microcrystalline cellulose (cellulose whiskers) by casting mixed aqueous solution. The 
Young's modulus of the composite films was dependence on mixing ratio which reached 
its maximum at 70-80% cellulose content, five times of pure fibroin or pure cellulose 
film. Marsano et al. (2008) evaluated the regenerated cellulose -  fibroin blends fiber. 
They found the fiber that contained 75% cellulose showed better mechanical properties 
than pure cellulose which indicated the good interation and a good compatibiliy.
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Bionanocomposite sponge

Figure 4.9 Shrinkage (%) of bionanocomposite sponges after methanol treatment.
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Figure 4.10 Compression modulus of methanol- treated bionanocompostie sponges
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Figure 4.11 Schematic model proposed for hydrogen bonding in SF/CLWs 
bionanocomposite sponge (a), (b), (c), (d), (e), and (f) represented bionanocomposite 
sponge at weight ratio of SF/CLWs 100/0, 90/10, 80/20, 70/30, 60/40 and 50/50 
respectively (mmmmm SF, BgwBBBBi CLWs, o hydrogen bond).

4.4.6 Yeast Cell Immobilization and Cell Leakage
Figure 4.12 represented FE-SEM images of a large number of yeast cell 

attached inside bionanocomposite sponges at 50/50 of SF/CLWs weight ratios. Direct 
count of yeast cell by using Neubaeur Precicolor HBG heamacytometer counting 
chamber was used to reveal the number of yeast cell. The bionanocomposite sponges at 
SF/CLWs ratio of 50/50 had the highest number of cell attached inside which may 
resulted from the largest pore sizes that allowed better yeast cell penetration and nutrient 
transfer during immobilization step compared to the smaller. Moreover, the CLWs 
exhibited long and slender fiber which provided high surface area for yeast attachment. 
Thus, the high surface area for yeast to attach was provided at 50/50 weight ratio of 
SF/CLWs bionanocomposite sponge.
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Another factor is the adhesion properties of yeast cell that able to adapt to 
new environments by specialized protein on cell surface called “adhesin” (Verstrepen 
and Klis., 2006; Rapoport et al, 2011). It was reported that in unfavorable conditions, 
cell will reduce its size, lowered metabolism and increased adhesiveness in order to 
survive (Characklis et al, 1990) which enhanced the immobilization. The cell preferred 
to attach on solid surface which provided the protection and available nutrient (Schott et 
al, 1995). In this experiment, after immobilization, the yeast cell in bionanocomposite 
sponges was freeze-dried together which reduced the moisture content in cell biomass 
which stressed yeast cells. Bekers et al., 1999 reported that dehydration of yeast cell 
destroyed some cell wall structure and the extracellular polymer substance leaked out 
from cell wall and form biofilm which further the immobilization (Bekers et al, 1981; 
Flemming et al, 1998). Unfortunately, the adhesion of yeast cells did not lead to stable 
immobilization, so some amount of yeast cell leaked after rehydrated the 
bionanocomposite in fermentation step. The bionanocomposite sponges at SF/CLWs 
ratio of 50/50 showed the highest yeast cell immobilization (%) after revitalization.
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Figure 4.12 Field Emission Scanning Electron micrographs of bionanocomposite 
sponge having SF/CLWs weight ratio of 50/50 after immobilization of yeast cells.

ฟเ
»
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Bionanocomposite sponges

Figure 4.13 Yeast cell leakage in distilled water after immersed in distilled water for 48 
hour under fermentation condition.

4.4.7 Properties of Immobilized Yeast Cells With and Without Glyoxal 
Crosslinked for Ethanol Production
4.4.7.1 Comparison o f Immobilization Efficiency between Immobilized 

Yeast Cell With and Without Glyoxal Crosslinked in 
Bionanocomposite sponges
Ethanol production by using yeast cell immobilization in 

bionanocomposite sponges at SF/CLWs ratio of 50/50 was further examined by batch 
fermentation. Glucose solution with varied concentration, 10%, 20%, 30% and 40% 
(w/v), was used as a substrate. To enhance the immobilization efficiency, the 
immobilized cells were crosslinked by immersed the bionanocomposite sponge 
containing yeast cell in 0.01 mM glyoxal solution for 24 hours then immersed in 0.1 M 
glycine solution to get rid of the excess glyoxal.
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The immobilization efficiency was calculated by counting 
yeast cell concentration both inside the bionanocomposite sponge and suspended yeast 
cells in glucose solution after batch fermentation. It was found that at any concentration 
of glucose, the immobilization efficiency was enhanced with glyoxal crosslinked which 
higher than the immobilized cell without crosslinked at between 1 0 -2 0 % as shown in 
Figure 4.14. The glyoxal crosslinked was expected to crosslink glycoprotein, the 
combination of mannose sugar and protein which exists about 40% of outer part of 
yeast’s cell wall (Klis et al, 2006) with hydroxyl (-OH) group of CLWs or serine 
protein in SF.

1 00

10% 20% 30% 40%

Glucose concentration (% พ/v)

Figure 4.14 Immobilization efficiency (%) of immobilized cell ( HB)and immobilized 
cell with glyoxal crosslinked (I......I) at various glucose concentration.
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Table 4.5 Macromolecules of cell wall of ร. cerevisiae (TCI is et al, 2006)

Macromolecule % of wall mass
M a n n o p ro te in s 30-50
1,6-P-Glucan 5-10
1,3-P-Glucan 30-45

C h it in 1.5-6

4.4.7.2 Investigation of the Effect of Sugar Concentration on Ethanol 
Production from Batch Fermentation System o f Free Yeast Cell, 
Immobilized Yeast Cell With and Without Glyoxal Crosslinked 
The immobilized yeast cell with and without crosslinked and free 

cell were inoculated into three 250 ml flasks with 100 ml of fermentation medium and 
sampling from each fermentation system at specific time intervals. The ethanol 
production and glucose consumption were compared between three systems. Table 4.6 -
4.9 summarized glucose consumption (Ys), ethanol production (Yp), and ethanol yield 
over substrate (Yp/s) at each glucose concentration. Maximum ethanol production was 
30.25 g/1 at 20% glucose, 45.32 g/1 at 30% glucose and 37.12 g/1 at 30% glucose for free 
cell, immobilized cell and glyoxal crosslinked immobilized cell fermentation system, 
respectively.
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Table 4.6 The immobilized efficiency, glucose consumption (Ys), ethanol production
(Yp), ethanol yield (Yp/s) in ethanol production used 10% (w/v) glucose as substrate.

S y s te m
C e ll  c o n c e n tra t io n  

(x  1 0 9 ce ll)
Im m o b il i­

z a tio n
e f f ic ie n c y

(% )

S u g a r
c o n s u m p tio n  
(Y s =  So-S) 

(g/1)

E th a n o l
(P -P o )

( g / 1)
Yp/s

X f X, X,

F re e  ce ll 4.1 - 4 .1 0 - 8 3 .8 4 2 0 .4 2 0 .2 4

Im m o b il iz e d
ce ll 1 .92 4 .6 2 6 .5 4 7 0 .5 5 9 0 .8 4 2 1 .7 8 0 .2 4

c ro s s lin k e d
ce ll 0 .8 8 3 6 .03 6 .9 2 8 7 .1 4 7 8 .3 0 2 0 . 6 8 0 .2 6

T ab le  4 .7  T h e  im m o b i l i z e d  e f f i c i e n c y ,  g lu c o s e  c o n s u m p t i o n  ( Y s) ,  e th a n o l  p r o d u c t io n  
(Y p ), e t h a n o l  y ie ld  (Yp/s) in  e th a n o l  p r o d u c t io n  u s e d  2 0 %  ( w /v )  g lu c o s e  a s  s u b s t r a t e .

S y s te m

C e ll  c o n c e n tra t io n  
(x  1 0 9 ce ll)

Im m o b il i­
z a t io n

e ff ic ie n c y
(% )

S u g a r
c o n su m p ti

(Y s°= So-

ร

E th a n o l
(P -P o )

( g / 1)
Y p/s

X f X i X ,

F re e  ce ll 4 .5 5 - 4 .5 5 - 142.71 3 0 .2 5 0 . 2 1

Im m o b il iz e d
ce ll 2 .3 7 5 .28 7 .6 5 6 8 .93 166 .15 3 9 .1 7 0 .2 4

c ro s s lin k e d
ce ll 1 . 0 1 9 .0 7 1 0 . 1 0 8 9 .8 7 154.43 33 .71 0 . 2 2
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T ab le 4.8 T h e  i m m o b i l i z e d  e f f i c i e n c y ,  g lu c o s e  c o n s u m p t i o n  ( Y s) , e t h a n o l  p r o d u c t io n  

(Y p ) , e th a n o l  y i e ld  (Y p /s)in  e th a n o l  p r o d u c t i o n  u s e d  3 0 %  ( w /v )  g lu c o s e  a s  s u b s t r a te .

S y s tem
C ell c o n c e n tra t io n  

(x  1 0 9 c e ll)
Im m o b il i­

z a tio n
e ff ic ie n c y

(% )

S u g a r
c o n s u m p tio n  
(Y  ร =  ร 0 ร ) 

( g / 1)

E th a n o l
(P -P o )

( g / 1)
Yp/s

X f X , X,

F re e  ce ll 3 .75 - 3 .75 - 1 7 1 .7 6 2 2 .8 3 0.13

Im m o b il iz e d
ce ll 2 .03 4 .3 4 6 .3 7 6 7 .9 7 2 3 3 .0 5 4 5 .3 2 0 .1 9

c ro s s lin k e d
cell 1.33 7 .3 7 8 .6 9 8 4 .65 2 1 1 .5 7 3 7 .1 2 0 .1 8

T ab le  4 .9  T h e  i m m o b i l i z e d  e f f i c i e n c y ,  g lu c o s e  c o n s u m p t i o n  ( Y s) ,  e t h a n o l  p r o d u c t io n  

(Y p ), e th a n o l  y ie ld  (Yp/s) in  e th a n o l  p r o d u c t io n  u s e d  3 0 %  ( w /v )  g lu c o s e  a s  s u b s t r a te .

S y s te m
C e ll c o n c e n tra t io n  

(x  1 0 9 ce ll)
Im m o b il i­

z a tio n
e ff ic ie n c y

(% )

S u g a r
c o n s u m p tio n  
(Y s =  So-S) 

( g / 1)

E th a n o l
(P -P o )

( g / 1)
Yp/s

X f X; X ,

F re e  ce ll 3 .58 - 3 .58 - 1 8 5 .7 7 2 4 .2 6 0 .13

Im m o b il iz e d
ce ll 1.92 4 .0 8 6 . 0 0 6 7 .7 7 2 1 6 .4 6 4 2 .4 9 0 . 2 0

c ro s s lin k e d
ce ll 2 . 0 1 6 .4 3 8 .44 7 6 .1 9 1 9 9 .4 9 3 5 .9 4 0 .18

A c c o r d i n g  to  f ig u r e  4 .1 5 ,  t h e  e t h a n o l  p r o d u c t i o n  b y  f r e e  y e a s t  
c e l l  f e r m e n t a t i o n  s y s t e m  w a s  s ig n i f i c a n t l y  d r o p p e d  w h e n  u s in g  g l u c o s e  c o n c e n t r a t io n  

h i g h e r  t h a n  2 0 %  ( w /v )  a s  a  s u b s t r a t e  w h ic h  d u e  to  s u b s t r a t e  in h i b i t i o n .  In  i n d u s t r ia l ,  t h e  
y e a s t  a c t i v i t i e s  n o r m a l l y  h a v e  l im i te d  o s m o t o l e r a n c e  w h ic h  o f t e n  c a u s e d  b y  th e  s u b s t r a t e  

a n d  p r o d u c t  i n h i b i t i o n  ( P h i s a l a p h o n g  e t a l ,  2 0 0 5 ) .  T h e  f r e e  y e a s t  c e l l  d i r e c t ly  e x p o s e d
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t o  h ig h  c o n c e n t r a t i o n  o f  s u b s t r a t e  w h ic h  c a u s e d  th e  c o n c e n t r a t i o n  g r a d i e n t  b e tw e e n  
w a t e r  in  y e a s t  c e l l  a n d  o u te r  e n v i r o n m e n t .  T h e  w a t e r  in  y e a s t  c e l l  d i f f u s e d  o u t  t h r o u g h  

i ts  c e l l  m e m b r a n e  le a d in g  to  c e l l  p l a s m o ly s i s  a n d  c e l l  d e a t h .  T h is  p h e n o m e m o n  c a l le d  
“ s u b s t r a t e  i n h i b i t i o n ”  t h a t  c a u s e d  lo w  e th a n o l  p r o d u c t io n  w h e n  h ig h  c o n c e n t r a t io n  o f  

s u b s t r a t e  w a s  a p p l i e d .  A s  s h o w n  in  f ig u r e  4 .1 6 ,  t h e  v i a b l e  y e a s t  c e l l  a t  t h e  e n d  o f  
f e r m e n t a t i o n  b y  u s in g  f r e e  y e a s t  c e l l  s y s t e m  w a s  t h e  lo w e s t  a m o n g  t h r e e  s y s t e m s  d u e  to  

s o m e  y e a s t  c e l l s  w e r e  p la s m o ly s e d .  F o r  im m o b i l i z e d  y e a s t  c e l l  in  b io n a n o c o m p o s i te  

s p o n g e ,  w h ic h  a c t i n g  a s  p r o t e c to r  a n d  h o l d i n g  h ig h  c e l l  c o n c e n t r a t i o n  c o m p a r e d  to  th e  

f r e e  o n e  w h ic h  e x p o s e d  to  th e  h ig h ly  s u b s t r a t e  in h i b i t i o n .  M o r e o v e r ,  i m m o b i l iz a t io n  

p r o v id e s  f a v o r a b l e  m i c r o e n v i r o n m e n t  c o n d i t i o n s ,  c e l l - c e l l  c o n t a c t  a n d  n u t r i e n t - p r o d u c t  

g r a d i e n t s ,  r e s u l t i n g  to  b e t t e r  p e r f o r m a n c e  in  e t h a n o l  f e r m e n t a t i o n .  I t w a s  f o u n d  th a t ,  a t  
h ig h  s u g a r  c o n c e n t r a t i o n s ,  t h e  f e r m e n t a t i o n  s y s t e m  u s in g  b io n a n o c o m p o s i t e  

im m o b i l i z e d  y e a s t  c e l l  w a s  m o r e  e f f i c i e n t  t h a n  w h e n  u s in g  f r e e  c e l l s .  A l th o u g h  g ly o x a l  
c r o s s l i n k i n g  a b l e  to  e n h a n c e  i m m o b i l i z a t i o n  e f f i c i e n c y  b u t  t h e  e x i s t e n c e  o f  c h e m ic a l  

b o n d  o f  g ly o x a l  c r o s s l i n k in g  e f f e c te d  to  t h e  y e a s t  c e l l  a c t i v i t y  r e s u l t i n g  to  lo w e r  

b io e t h a n o l  p r o d u c t i o n .
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Figure 4.15 E th a n o l  p r o d u c t i o n  a t  v a r i e d  g lu c o s e  c o n c e n t r a t io n  - • -  f r e e  y e a s t  c e l l ,  

i m m o b i l i z e d  y e a s t  c e l l  a n d  g ly o x a l  c r o s s l i n k e d  y e a s t  c e l l  s y s te m .

10

le
Ç)๐to
"5 4>, 4TO ๐ H

2

0

Figure 4.16 V ia b le  y e a s t  c e l l s  a t  t h e  e n d  o f  f e r m e n t a t i o n  in  v a r i e d  g lu c o s e  c o n c e n t r a t io n  

■  f r e e  y e a s t  c e l l ,  ะ—! i m m o b i l i z e d  y e a s t  c e l l  a n d  i m m o b i l i z e d  y e a s t  c e l l  w i th  

c r o s s l i n k in g .

10% glucose 20% glucose 30% glucose 40% glucose 

alucose concentration (g/l)
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Another factor that used to evaluate the potential of ethanol fermentation 
is the conversion of glucose into ethanol. The conversion (%) of each fermentation 
system was shown in table 4.9. In theoretically, 1 g of glucose will be converted by 
enzyme from yeast cell during fermentation into a product, ethanol, 0.51 g and 0.49 g of 
carbon dioxide (CO2) as by-product (Shuler and Kargi, 2002) as shown in equation 4.9. 
However, in this study, the maximum conversion of glucose into ethanol was about 
26.41% which lower than the theoretical yield 24.59%. This might resulted from the 
ineffective control during fermentation that allowed oxygen pass through the system 
which should be anaerobe. According to equation 4.10, in aerobic condition, the 
fermentation is not completely take place due to yeast cells prefer to use glucose, a 
carbon source, in their respiration pathway to obtain ATP energy that use in cell activity 
and increase amount of cell instead of use in fermentation (Shuler and Kargi, 2002). In 
addition, the culture medium also affect to cell activities. In this experiment, only 
glucose which is a carbon source was applied in the fermentation. The medium should 
consist of carbon source, nitrogen source, trace elements and vitamins required to 
enhance cell metabolisms resulting to better yield in ethanol fermentation.

Table 4.10 The conversion of glucose into ethanol (%)
F erm en tation

system
Free cell Im m ob ilized  cell

Im m ob ilized  cell 
w ith  glyoxal 
crosslinked

10% glucose 24.36 23 .98 26.41
20% glucose 21.20 23 .58 21.83
30% glucose 13.29 19.45 17.55
40% glucose 13.06 19.63 18.02

Equation 4.9 Alcoholic fermentation by yeast under anaerobic condition
CôH^Oô

100%
► C 2 H 5 O H  + 2C02 + Energy 

51% 49%
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Equation 4.10 Fermentation under aerobic condition
CéH^Oô + 6 (ว2 ------ ►  6C02 + 6H20  + Energy

4.4.7 Repeat Batch Fermentation by Using Yeast Cell Immobilized in
Bionanocomposite Sponge
Ethanol production using yeast cell immobilized in 50/50 ratio of 

SF/CLWs bionanocomposite sponge was further evaluated by five-cycle repeated batch 
fermentation. The solution composed of glucose 400 gl'1, peptone 20 gl' 1 and yeast 
extract 10 gl' 1 was used as a substrate. The ethanol production (Yp/s) and glucose 
consumption (Ys) was compared with free cell system. The duration of each batch was 
set at 48 hours. After reached the end of fermentation time, the bionanocomposite 
sponges were transferred into a newly prepared substrate and started the next batch. 
Table 4.10 summarizes sugar consumption, ethanol production, ethanol yield (Yp/s) and 
conversion of glucose into ethanol (%) of five repeated batch. The free cell fermentation 
was done in order to compare the efficiency of cell immobilization. In the first to third 
batches, the immobilized yeast cell system provided higher ethanol production (g/1) than 
free cell fermentation about 28%, 65% and 54%, respectively. The ethanol production 
was significantly increased after the first batch which resulted from the larger amount of 
yeast cell that has been grown during 48 hours of the first batch. As mentioned earlier, 
the substrate and product inhibition are normally observed. The bionanocomposite 
sponge provided a protection to the yeast cell against high concentration of glucose, 
which caused the plasmolysis of cell, and the toxicity of ethanol. Thus, the 
immobilization lessen the affect of inhibition which leading to cell death and also 
maintained the production capacity in repeat batch system as shown in figure 4.17. The 
ethanol production was increased after the first batch and tended to decrease after the 
fifth batch. However, the conversion of glucose into ethanol (%) was still maintained 
which suggested that the activity of yeast cell was not change during the repeated batch 
but it may need longer fermentation time to obtain high ethanol production.
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Table 4.11 The sugar consumption 
conversion of glucose into ethanol 
cell and immobilized cell.

(Ys), ethanol production (P), ethanol yield (Yp/s) and 
of five repeated batches fermentation by using free

Batch
num ber System

S u gar
consu m ption

(Y . =  So-S)
(g/1)

E th a n o l
(P -P o)

(g/1)
Yp/s

C o n v e r s io n  
o f  g lu c o se  

in to  e th a n o l  
(% )

1
Free cell 313.09 63 .40 0 .20 20.24

Im m obilized
cell 303.28 81.39 0.29 26.84

2
Free cell 263.66 63 .74 0.24 24.17

Im m obilized
cell 315.79 105.21 0.33 33.32

3
Free cell 259 .42 66 .96 0 .26 25.81

Im m obilized
cell 309.05 103.19 0.33 33.39

4 Im m obilized
cell 288.24 100.54 0.35 34.83

5 Im m obilized
cell 286 .40 91.83 0 .32 31.82
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Figure 4.17 Ethanol production (g/1) and conversion of glucose into ethanol (%) during 
five- cycle repeated batches.

4.5 Conclusions

In this work, a bionanocomposite sponges of SF and CLWs were fabricated by 
freeze drying technique by varying the blend ratios of SF and CLWs. The obtained 
bionanocomposite sponges had interconnected porous structure. The conversion of SF 
conformation from random coil into p-sheet should be enhanced by blending the SF with 
the CLWs because the interactions, like hydrogen bonding, between SF and CLWs 
induce the transition of SF conformation. The methanol treatment also able to enhance 
the conformation transition which significantly increase the water stability of the 
sponges. The SF/CLWs bionanocomposite sponges could be used as a supporting matrix 
for immobilization of yeast cell for using in ethanol production. The immobilization of 
ร. cerevisiae burgundy KY11 was performed by adsorption of the yeast cells on 
SF/CLWs sponges. The 50/50 ratio of SF/CLWs bionanocomposite was chosen as a
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matrix due to its large pore width that allowed the largest amount of yeast cell pass 
through and the CLWs exhibited long and slender fibril that provided high surface area 
for yeast attachment. The fermentation was performed by using glucose with varied 
concentration as a substrate. The system using immobilized yeast cells were more 
efficient than when using free cells based on glucose conversion into ethanol (%). 
Immobilization can lessen the effect of substrate inhibition. The glyoxal crosslinked 
improved cell immobilization efficiency but its toxicity affected to cell’s activities. The 
yeast immobilized bionanocomposite sponges able to be reuse with stability yield. In 
addition, after the end of fermentation, the bionanocomposite sponge containing yeast 
cell can be used as animal feed due to SF and yeast cell are excellent sources of protein 
and also biodegradable.
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