
C H A P T E R  I I I  
E X P E R I M E N T A L

3.1  M a t e r i a l s

S ilk  c o c o o n  (Bombyx mori) f ro m  fo u r  s p e c ie s ;  N a n g  N o i ,  N a n g  L a i, D o k  
B u a , a n d  L u a n g  P a iro te  w e r e  p u rc h a s e d  f ro m  lo c a l s e r ic u l tu r e  in  T h a i la n d . S o d iu m -  
b e n to n i te  w a s  s u p p o r te d  f ro m  T h a i  N ip p o n  C o .,L td , T h a i la n d .  T h e  b e n to n i te  is  a  
c o m m e r c ia l  s o d iu m  a c t iv a te d  b e n to n i te  ( M a c -G e l©  (G R A D E  S A C ))  w ith  c a t io n ic  
e x c h a n g e  c a p a c i ty  ( C E C )  o f  4 9 .7 4  m e q /1 0 0  g  c la y  a n d  u s e d  w i th o u t  e x t ra  
m o d if ic a t io n .  L - la c t id e  m o n o m e r  (C A S  N o . 4 5 1 1 -4 2 - 6 )  ( 9 9 .5 %  p u r i ty )  w a s  
p u rc h a s e d  f ro m  S h e n z h e n  B r ig h tc h in a  I n d u a tr ia l  C o ., L td . S ta n n o u s  (II )  o c to a te  
(C A S  N o . 3 0 1 - 1 0 -0 )  u s e d  a s  c a ta ly s t  w a s  p u rc h a s e d  f ro m  S ig m a  A ld r ic h  C o rp .,  
J a p a n . A c ry l ic  a c id  (C A S  N o . 7 9 -1 0 - 7 )  u s e d  a s  c r o s s - l in k e d  a g e n t  w a s  p u rc h a s e d  
f ro m  S ig m a  A ld r ic h  C o rp .,  U S A  w ith  m o le c u la r  w e ig h t  7 2 .0 6  g /m o l.

3 .2  E x p e r i m e n t a l  P r o c e d u r e s

3 .2 .1  E x t r a c t io n  o f  S i lk  S e r ic in
T h e  m e th o d  w a s  p r e p a r e d  a c c o rd in g  to  th e  m e th o d  o f  A r a m w i t  et al. 

(2 0 1 0 ) .  S i lk  c o c o o n s  w e re  r in s e  w ith  w a te r  to  e l im in a te  c o n ta m in a te d  m a tte r .  2 0  g  o f  
s i lk  c o c o o n s  w e re  c u t  in to  s m a ll  p ie c e s a b o u t  5 x 5  m m 2 a n d  m ix e d  w ith  3 0 0  m l o f  
p u r i f i e d  w a te r . S ilk  c o c o o n s  w e re  a u to c la v e d  u n d e r  p r e s s u r e  o f  0 .8 - 0 .9  a tm  a t 120  ° c  
fo r  6 0  m in . T h e  s ilk  f ib e r  ( f ib ro in )  w a s  f i l te re d  o u t to  o b ta in  th e  s e r ic in  s o lu t io n . S ilk  
s e r ic in  s o lu t io n  w a s  f ro z e n  in  th e  g la s s  s h e l ls  a t  -4 0  ° c  fo r  12 h r. A f te r  f re e z in g , th e  
g la s s  s h e l ls  w e r e  p u t  in to  a  f re e z e - d r y e r  m a in ta in e d  a t -1 1 0  ° c  h o r  4 8  h r  u n d e r  
v a c u u m . T h e n ,  f re e z e - d r ie d  s ilk  s e r ic in  w a s  g r in d e d  in to  p o w d e r .

3 .2 .2  P re p a ra t io n  o f  S e ric in -U -P L A
S ta n n o u s  (II )  o c to a te  (ร ท ( O c t) 2) (0 .2  w t% )  w a s  a d d e d  in to  s e r ic in  p o w d e r .  

T h e n ,  th e y  w e re  m ix e d  w ith  la c t id e  m o n o m e rs  in  g la s s  r e a c to r  a n d  s t i r r e d  a t  4 0 0  
rp m , 140  ๐c  fo r  10 h r  a s  s h o w n  in  F ig u re  3 .1 . A f te r  10 h r  o f  m ix in g , th e  m ix tu r e  w a s
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c o o le d  d o w n  to  th e  ro o m  te m p e ra tu re  to  g e t th e  s e r ic in -g -P L A . T h e n , s e r ic in -g -P L A  
w a s  g r in d e d  in to  p o w d e r .

F i g u r e  3 .1  P r e p a ra t io n  o f  s e r ic in -g -P L A .

3 .2 .3  P r e p a ra t io n  o f  C r o s s - l in k e d  S e r ic in - i i -P L A  w i th  A c ry l ic  A c id  
S e r ic in - g - P L A  p o w d e r  (5  w t% )  w e r e  d is p e r s e d  in  p u r i f i e d  w a te r  o f  5 0  m L

a n d  m ix e d  w i th  4  m L  a c ry lic  a c id  fo r  1 h r. A f te r  th a t  th e  m ix tu r e s  w e re  t r e a te d  b y  
p la s m a  in  a i r  fo r  15 , 3 0 , 6 0 , a n d  120  ร a n d  s t i r r e d  fo r  15 m in . T h e n , th e  m ix tu e  w a s  
im m e d ia te ly  f ro z e n  in  p e tr i  d is h s  a t  -4 0  ° c  fo r  12 h r  a n d  a t t a c h e d  to  a  f re e z e - d r y e r  
m a in ta in e d  a t  -1 1 0  ° c  fo r  4 8  h r  to  s u b lim e  th e  ice  o u t.

3 .2 .4  P r e p a r a t io n  o f  P L A
S ta n n o u s  (II )  o c to a te  (ร ท ( O c t) 2) (0 .2  w t% )  w a s  a d d e d  in to  la c t id e  

m o n o m e r s  a n d  s t i r r e d  a t  4 0 0  rp m , 14 0  ° c  fo r  10 h r. A f te r  10 h r  o f  s y n th e t ic ,  th e  
s y n th e s iz e d  P L A  w a s  c o o le d  d o w n  to  th e  ro o m  te m p e ra tu re .  T h e n ,  P L A  w a s  g r in d e d  
in to  p o w d e r .

3 .2 .5  P re p a ra t io n  o f  S e r ic in - tz -P L A  C la y  A e ro g e l  w i th  A c ry l ic  A c id  
S e r ic in - g - P L A  p o w d e r  (5  w t% )  w a s  d is p e r s e d  in  p u r i f ie d  w a te r  o f  5 0  m L

a n d  m ix e d  w ith  a c ry l ic  a c id  fo r  1 h r. T h e  m ix tu r e  w a s  a d d e d  in to  th e  d i s p e r s e d  N a -  
b e n to n i te  u n d e r  c o n s ta n t  s t i r r in g  f o l lo w e d  b y  c o n t in u o u s  s t i r r in g  fo r  2 h r. A f te r  th a t 
th e  g e l w a s  t r e a te d  b y  p la s m a  in  a i r  a n d  s t i r r e d  fo r  15 m in . T h e n ,  th e  g e l w a s  
im m e d ia te ly  f ro z e n  in  c y l in d r ic a l  g la s s  s h e l ls  a t  -4 0  ° c  fo r  12 h r  a n d  a t t a c h e d  to  a 
f r e e z e - d r y e r  m a in ta in e d  a t  -1 1 0  ° c  fo r  4 8  h r  to  s u b l im e  th e  ic e  o u t.
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3 .3  C h a r a c t e r i z a t i o n s

3 .3 .1  F o u r ie r  T ra n s fo rm  In f r a re d  S p e c t ro s c o p e  (F T IR )
T h e  fu n c t io n a l  g ro u p s  o f  f r e e z e - d r ie d  s ilk  s e r ic in  a n d  s e r ic in -g -P L A  w e re  

a n a ly z e d  b y  T h e r m o  N ic o le t  N e x u s  6 7 0  F T IR  s p e c t ro m e te r .  A b o u t 1 -2  m g  o f  s a m p le  
p o w d e r  w a s  g r o u n d  w i th  K B r  a n d  w a s  p e l le t i z e d  in to  th e  p e l le t  w i th  th e  th ic k n e s s  
le s s  th a n  0 .5  m m . T h e  s p e c t ra  w e re  r e c o rd e d  o v e r  th e  w a v e n u m b e r  r a n g e  f ro m  4 0 0 -
4 ,0 0 0  c m '1 w i th  th e  r e s o lu t io n  o f  4  c m '1 a n d  th e  n u m b e r  o f  s c a n  a t  64 .

3 .3 .2  S o x h le t  E x t r a c to r
T h e  g r a f t in g  p e r c e n ta g e  w a s  d e te rm in e d  b y  s o x h le t  e x t r a c to r  (V E L P  

S C I E N T IF I C  A , S E R  1 4 8 ) w i th  p a p e r  th im b le . C h lo r o f o r m  a n d  w a te r  w e r e  u s e d  to  
e x t r a c t  th e  c ru d e  c o p o ly m e r  a t  18 0  ° c  fo r  3 h r. A f te r  th a t  th e  r e m a in in g  y ie ld  w a s  
d r ie d  in  v a c u u m  o v e n  a t 6 0 ° c  a n d  w e ig h e d . T h is  m e th o d  w a s  r e p e a te d  a t  le s s  3 
t im e s  fo r  e a c h  s a m p le . T h e  g r a f t in g  p e r c e n ta g e ,  h o m o  P L A  a n d  f re e  s e r ic in  w e re  
c a lc u la te d  a s  s h o w n  in  E q s . 3 .1 -3 .3 ,  r e s p e c tiv e ly .

M 3g ra ftin g  percentage = -^- X  1 0 0  ( Eq. 3 .1 )

homo PLA =  — 1̂ M z X  1 0 0  (Eq. 3 .2 )

fre e  sericin -  - J - — -  X  1 0 0  (Eq. 3 .3 )

w h e re  Ml w a s  th e  s a m p le  w e ig h t  b e fo re  S o x h le t  e x t r a c t io n ,  M2 w a s  th e  s a m p le  
w e ig h t  a f te r  S o x h le t  e x t r a c t io n  w i th  c h lo r o f o r m  a n d  M j  w a s  th e  s a m p le  w e ig h t  a f te r  
S o x h le t  e x t r a c t io n  w i th  c h lo r o f o r m  a n d  w a te r .

3 .3 .3  G e l P e rm e a t io n  C h ro m a to g ra p h y  (G P C )
T h e  m o le c u la r  w e ig h t  (M W ) a n d  m o le c u la r  w e ig h t  d i s t r ib u t io n  in d e x  

(M W D )  w e re  d e te r m in e d  b y  g e l p e r m e a t io n  c h r o m a to g r a p h y  (G P C ) . G P C  w a s
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c a r r ie d  o u t in  S H IM A D Z U  G P C  in s t r u m e n t  u s in g  T e tr a h y d r o f u r a n  (T H F )  s o lv e n t  a s  
th e  m o b i le  p h a s e  u s in g  a  W a te r  S ty ra g e l  H R  6 E  OF 7 .8 m m ID  X  3 0 0  M M  c o lu m n  
p a c k e d .  T h e  c o n d i t io n s  o f  th is  m a c h in e  w e r e  t e m p e ra tu re  o f  4 0  ° c ,  f lo w  ra te  o f  1 
m l/m in ,  a n d  r u n t im e  o f  15 m in . T h e  s a m p le s  w e re  d is s o lv e d  in  T H F  s o lv e n t  a n d  
f i l te r e d  b y  s y r in g e  f i l te r . T h e n  th e  s a m p le  s o lu t io n s  w e r e  in je c te d  in to  th e  in s t r u m e n t  
w ith  in je c t io n  v o lu m e  o f  6 0  p L . T h e  m o le c u la r  w e ig h t  w a s  c a l ib r a te d  a c c o r d in g  to  
p o ly s ty r e n e  s ta n d a rd s .

3 .3 .4  S o lu b i l i ty
T h e  s o lu b i l i ty  in  w a te r  a n d  c h lo r o f o r m  s o lv e n t  w e re  o b ta in e d . A  d r ie d  

s a m p le  p o w d e r  (~ 0 .1  g ) w a s  im m e rs e d  in  4 0  m L  o f  s o lv e n t .  A f te r  2 4  h r  o f  
im m e r s io n  a t  2 5  ° c ,  th e  r e m n a n t  w a s  d r ie d  a t  6 0  ° c  fo r  a n o th e r  2 4  h r  to  d e te rm in e  
th e  w e ig h t  o f  d ry  m a t te r  n o t  d i s s o lv e d  in  s o lv e n t  (พ2). T h e  w e ig h t  o f  th e  d ry  m a t te r  
d is s o lv e d  in  s o lv e n t  w a s  c a lc u la te d  b y  s u b s t r a c t in g  th e  r e m a in in g  d ry  m a t te r  f ro m  
th e  in itia l d ry  m a t te r  ( พ1). T h e  a m o u n t  o f  th e  s o lu b i l i ty  p e r c e n ta g e  w a s  c a lc u la te d  as 
s h o w n  in  E q . 3 .4 .

พ1 -  I f 2solubility percentage =  — —----- X  1 0 0  (Eq. 3 .4 )

3 .3 .5  S w e l l in g  B e h a v io r
T h e  s w e l l in g  b e h a v io r  o f  c r o s s - l in k e d  s e r ic in -g -P L A  w i th  a c r y l ic  a c id  w a s  

s tu d ie d  b y  u s in g  c o n v e n t io n a l  g r a v im e tr ic  p ro c e d u r e .  T h e  s a m p le  w a s  d r ie d  in  a n  
o v e n  a t  6 0  ° c  o v e r  n ig h t  a n d  w e ig h e d  to  o b ta in  w e ig h t  o f  d ry  s a m p le  (พ l). T h e  d ry  
s a m p le  w a s  im m e rs e d  in  w a te r  a t 2 5  ° c  fo r  2 4  h r. T h e  s w o l le n  s a m p le  w a s  
w i th d r a w n , w ip e d  to  re m o v e  th e  e x c e s s  w a te r  o u t, a n d  r e w e ig h e d  (fVy)- T h e  s w e l l in g  
p e r c e n ta g e  w a s  c a lc u la te d  a s  s h o w n  in  E q . 3 .5 .

พ2 -  พ1swelling percentage =  — —------X  1 0 0  (Eq. 3 .5 )
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3 .3 .6  D e n s i ty  M e a s u re m e n t
T h e  d e n s i ty  o f  th e  a e r o g e ls  w a s  d e te r m in e d  b y  m a s s  a n d  d im e n s io n  

m e a s u r e m e n t  a c c o rd in g  to  a n  e q u a tio n :

P  = J  {Eq. 3 .6 )

w h e re  p is  m a s s  d e n s i ty  ( g /c m 3), M  is  m a s s  o f  s a m p le  (g )  a n d  V is  v o lu m e  o f  s a m p le  
( c m 3). M a s s  a n d  v o lu m e  w a s  m e a s u r e d  u s in g  S a r to r iu s  B S  2 2 4  ร  a n a ly t ic a l  b a la n c e  
a n d  d ig i ta l  v e r n ie r  c a l ip e r .

3 .3 .7  T h e r m o g r a v im e tr ic - D if f e r e n t ia l  T h e r m a l  A n a ly n e r  ( T G -D T A )
T h e r m a l  s ta b i l i ty  o f  s e r ic in -g -P L A  c la y  a e ro g e l  w i th  a c ry l ic  a c id  w a s

e x a m in e d  b y  P E R K I N - E L M E R  P y r is  D a im o n d  th e rm o g ra v im e tr ic  a n a ly s is .  T h e  
w e ig h t  o f  s a m p le  w a s  in  th e  ra n g e  o f  5 -7  m g  a n d  h e a te d  a t  th e  h e a t in g  r a te  o f  10 
° c / m i n  f ro m  5 0 -8 0 0  ° c  in  n i t r o g e n  a tm o s p h e r e  w ith  2 0  m l/m in  o f  n i t r o g e n  f lo w  ra te .

3 .3 .8  U n iv e r s a l  T e s t in g  M a c h in e
T h e  Y o u n g ’s m o d u lu s  o f  s e r ic in -g -P L A  c la y  a e r o g e l  w i th  a c r y l ic  a c id  w a s  

in v e s t ig a te d  b y  L L O Y D  L rx  U n iv e rs a l  T e s t in g  M a c h in e  in  c o m p r e s s io n  m o d e  w ith  
5 0 0  N  lo a d  c e l l  a t  c o n s ta n t  c r o s s h e a d  s p e e d  o f  1 m m /m in . T h e  a e r o g e l s  w e re  
p r e p a r e d  in  th e  c y l in d r ic a l  s h a p e  w i th  ~ 2 0  m m  in  d ia m e te r  a n d  h e ig h t . F iv e  s a m p le s  
o f  e a c h  c o m p o s i t io n  w e re  te s te d  fo r  r e p r o d u c ib i l i ty .  T h e  c o m p re s s iv e  m o d u lu s  w a s  
c a lc u la te d  f ro m  th e  s lo p e  o f  th e  l in e a r  p o r t io n  o f  th e  s t r e s s - s t r a in  c u rv e .

3 .3 .9  D y n a m ic  M e c h a n ic a l  A n a ly s is  (D M A )
D M A  a n a ly z e  w a s  c a r r ie d  o u t b y  u s in g  a  d y n a m ic - m e c h a n ic a l  a n a ly z e r  

G A B O  E P L E X O R  Q C  2 5  in s t r u m e n t .  T h e  te s t in g  te m p e ra tu re  w a s  s e t  f ro m  -5 0  to  
15 0  ° c , h e a t in g  ra te  2 ° c /m in ,  1 H z  fo r  f re q u e n c y . T h e  a e r o g e ls  w e re  p r e p a r e d  in  th e  
c y l in d r ic a l  s h a p e  w i th  ~ 2 0  m m  in  d ia m e te r  a n d  h e ig h t . T h e  c o m p r e s s io n  m o d e  w a s  
u se d .

3 .3 .1 0  S c a n n in g  E le c t ro n  M ic ro s c ro s c o p y  (S E M )
T h e  m o r p h o lo g y  o f  s e r ic in -g -P L A  c la y  a e r o g e l  w i th  a c ry l ic  a c id  w a s  

o b s e rv e d  b y  u s in g  T M  3 0 0 0  S c a n n in g  E le c t ro n  M ic ro s c o p e . T h e  s a m p le s  w e r e  f ix e d



32

o n  s tu b s  w i th  c a r b o n  ta p e  a n d  c o a te d  w ith  p la t in u m  u n d e r  v a c u u m . S E M  
m ic r o g r a p h s  w e r e  ta k e n  w i th  lo w  m a g n if ic a t io n  a t  4 0  a n d  h ig h  m a g n if i c a t io n  a t 4 0 .0  
k  u s in g  a n  a c c e le r a to r  v o lta g e  o f  15 k v .

3 .3 .1 1  G a s  C h r o m a to g ra p h y  (G C )
T h e  e th y le n e  a d s o r p t io n  a b i l i ty  o f  th e  a e r o g e ls  w a s  in v e s t ig a te d  b y  u s in g  

B U C K  S c ie n t i f ic  M O D E L  9 1 0  G A S  C H R O M A T O G R A P H  ( G C )  w ith  F ID  d e te c to r  
a n d  P o r a p a k  N  c o lu m n . T h e  a e r o g e ls  w e re  p r e p a r e d  in  th e  c y l in d r ic a l  s h a p e  w i th  ~ 2 0  
m m  in  d ia m e te r  a n d  ~ 3 0  m m  h e ig h t . A  1 m L  c a l ib r a t io n  e th y le n e  g a s  s p a n n in g  th e  
c o n c e n t r a t io n  r a n g e  f ro m  1 0 0 0  to  6 0 0 0  g  m L - 1  w a s  in je c te d  in to  th e  G C . A  s ta n d a r d  
c u rv e  w a s  th e n  m a d e  b y  p lo t t in g  th e  p e a k  a r e a  v e r s u s  th e  c o n c e n t r a t io n  in je c te d . T h e  
s a m p le s  w e re  w e ig h e d  a n d  c o l le c te d  in  th e  g a s  c o l le c t in g  b o t t le  w i th  c lo s e d  b y  
r u b b e r  s to p p e r .  T h e n  th e  e th y le n e  g a s  w a s  in je c te d  in to  th e  b o tt le  w i th  th e  
c o n c e n t r a t io n  o f  5 0 0 0  g  m L '1. T h e  e th y le n e  c o n c e n t r a t io n  o f  th e  a n a ly te  w a s  
c a lc u la te d  a c c o rd in g  to  th e  s ta n d a rd  c u rv e .

3 .3 .1 2  S u r fa c e  A r e a  A n a ly z e r
T h e  s u r fa c e  a r e a  o f  th e  a e r o g e ls  w a s  a n a ly z e d  b y  Q u a n ta c h r o m e  

( A u to s o o rb -1 )  in s t r u m e n t .  T h e  s a m p le s  w e re  w e ig h e d  a b o u t  0 .0 7 - 0 .0 8  g  in to  th e  
s a m p le  tu b e  a n d  d e g a s s e d  a t  15 0  ๐c  o v e rn ig h t  u n d e r  v a c u u m  a n d  n i t r o g e n  tr a p . T h e  
s a m p le  w a s  a n a ly z e d  a t  150  ° c  a n d  n i t r o g e n  w a s  u s e d  a s  a n  a d s o r b e n t  g as .
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