
CHAPTER III 
EXPERIMENTAL

3.1 Materials

3 .1 .1  P o l y m e r s

C o m m e r c i a l  P L A  ( t r a d e  n a m e  2 0 0 3  D )  w a s  p u r c h a s e d  f r o m  

N a t u r e W o r k s  L L C ,  t h e  U n i t e d  S t a t e  (M w =  2 8 7 ,9 0 0 ,  M n = 1 6 3 ,5 0 0 ) .  C o m m e r c i a l  

P B S  w a s  p u r c h a s e d  f r o m  t h e  M i t s u b i s h i  C h e m i c a l s  C o . ,  L td ,  J a p a n  (M w =  4 7 ,0 0 0 ,  

Mn = 3 7 ,0 0 0 ) .  T a p i o c a  s t a r c h  w a s  p u r c h a s e d  f r o m  E T C  I n t e r n a t i o n a l  T r a d i n g  C o . ,  

L td . ,  T h a i l a n d .

3 .1 .2  C h e m i c a l  R e a g e n t s

L - l a c t i c  a c i d  ( L - L A )  w a s  a  g i f t  f r o m  P U R A C ,  T h a i l a n d ,  w i t h  8 8  w t %  

a q u e o u s  s o l u t i o n .  A n a l y t i c a l - g r a d e  1 , 4 - b u t a n e d i o l  ( w i t h  9 9 %  p u r i t y )  a n d  t i n ( I I ) - 2 -  

e t h y l h e x a n o a t e  ( S n O C t 2)  ( w i t h  9 5 %  p u r i t y )  w a s  p u r c h a s e d  f r o m  S i g m a - A l d r i c h ,  t h e  

U n i t e d  s t a t e .  A n a l y t i c a l - g r a d e  s u c c i n i c  a c i d  ( w i t h  9 9 %  p u r i t y )  w a s  b o u g h t  f r o m  A j a x ,  

A u s t r a l i a .  À A V ’- d i c y c l o h e x y l c a r b o d i i m i d e  ( D C C )  w a s  p u r c h a s e d  f r o m  F l u k a ,  

G e r m a n y .  4 - D i m e t h y l a m i n o p y r i d i n e  ( D M A P )  w a s  b o u g h t  f r o m  M E R C K ,  G e r m a n y .

3 .1 .3  S o l v e n t s

A n a l y t i c a l - g r a d e  m e t h a n o l  ( C H 3O H ) ,  c h l o r o f o r m  ( C H C I 3) ,  d i c h l o r o -  

m e t h a n e  ( C H 2C I 2) ,  a n d  H P L C - g r a d e  c h l o r o f o r m  w a s  p u r c h a s e d  f r o m  R C I  L a b s c a n .  

D e u t e r a t e d  c h l o r o f o r m  ( C D C I 3)  w a s  p u r c h a s e d  f r o m  S i g m a - A l d r i c h ,  t h e  U n i t e d  S ta t e .

3.2 Instruments and Equipment

3 .2 .1  S t r u c t u r a l  C h a r a c t e r i z a t i o n

3.2.1.1 F ourier-transform  In frared  Spectroscopy (FTIR)
A r c h i t e c t u r e  p o l y m e r  w a s  c h a r a c t e r i z e d  b y  u s i n g  a n  A L P E 1 A  

T e n s o r  s e r i e s  B r u k e r  F o u r i e r - t r a n s f o r m  i n f r a r e d  s p e c t r o m e t e r .  A l l  F T I R  s p e c t r a  w e r e  

m e a s u r e d  u n d e r  t h e  r o o m  t e m p e r a t u r e  o v e r  a  s c a n n i n g  r a n g e  o f  4 0 0 0 - 5 5 0  c m ' 1 w i th  

3 2  s c a n s  a n d  a  r e s o l u t i o n  4  c m '1.
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3.2.1 .2  N uclear M agnetic Resonance Spectroscopy (NM R)
' h , i 3C ,  a n d  H M B C  2 D  N M R  a n a l y s i s  w e r e  o b t a i n e d  f r o m  

a n  U l t r a s h i e l d  5 0 0  P l u s  B r u k e r  ( 5 0 0  M H z )  a t  r o o m  t e m p e r a t u r e .  C D C I 3 w e r e  u s e d  to  

d i s s o l v e  t h e  s a m p l e s .  T h e  c h e m i c a l  s h i f t s  w e r e  c a l i b r a t e d  b y  u s i n g  t h e  r e s i d u a l  

r e s o n a n c e  o f  t h e  s o l v e n t  p e a k  ( 7 .2 6  p p m ) .

3 .2 .2  T h e r m a l  A n a l y s i s

T h e r m a l  p r o p e r t i e s  w e r e  d e t e r m i n e d  b y  u s i n g  a  D S C  2 0 0  F 3  M a i a  

N E T Z C H  d i f f e r e n t i a l  s c a n n i n g  c a l o r i m e t r y  u n d e r  a  n i t r o g e n  a t m o s p h e r e .  T h e  s a m p l e  

w a s  w e i g h e d  a p p r o x i m a t e l y  5  m g  a n d  s e a l e d  i n  a n  a l u m i n u m  p a n .  T h e  t e m p e r a t u r e  

r a n g e d  b e t w e e n  - 5 0  a n d  + 2 0 0  ° c  ( P L A - b a s e d  m u l t i - l a y e r e d  f i l m s  w i t h  P B S )  a n d  0  

a n d  + 2 0 0  ° c  ( P L A - b a s e d  m u l t i - l a y e r e d  f i l m s  w i t h  T P S ) .

T h e  p e r c e n t  o f  c r y s t a l l i n i t y  ( X c) i s  t h e n  c a l c u l a t e d  u s i n g  t h e  f o l l o w i n g  

e q u a t i o n  1 ( M a t h e w  et a l ,  2 0 0 6 ) :

X c =  X 1 0 0 %  e q .  ( 1 )
A H  : , x f

w h e r e  A H m a n d  A H C a r e  t h e  e n t h a l p y  o f  m e l t i n g  a n d  c r y s t a l l i z a t i o n  d e t e r m i n e d  b y  

i n t e g r a t i n g  t h e  a r e a s  ( J / g )  u n d e r  t h e  p e a k s .  A H m° i s  t h e  r e f e r e n c e  v a l u e  o f  m e l t i n g  

e n t h a l p y  w h i c h  r e p r e s e n t s  t h e  p e r f e c t  c r y s t a l l i n e  P L A  h o m o p o l y m e r  ( 9 3 .0 1  J /g )  

( F i s c h e r  et a l ,  1 9 7 3 ) .

3 .2 .3  M e c h a n i c a l  T e s t i n g

T e n s i l e  s t r e n g t h ,  Y o u n g ’ s  m o d u l u s ,  a n d  e l o n g a t i o n  a t  b r e a k  o f  m u l t i ­

l a y e r e d  f i l m s  w e r e  c a r r i e d  o u t  a c c o r d i n g  to  A S T M  D  6 3 8 M - 9 1 a  o n  a  L R X  L L O Y D  

u n i v e r s a l  t e s t i n g  m a c h i n e  w i t h  a  5 0 0  N  l o a d  c e l l .

3 .2 .4  C o m p a t i b i l i t y  S t u d y

C o m p a t i b i l i t y  o f  m u l t i - l a y e r e d  f i l m s  w a s  i n v e s t i g a t e d  b y  a  T M 3 0 0 0  

H i t a c h i  s c a n n i n g  e l e c t r o n  m i c r o s c o p e  ( S E M ) .  T h e  s a m p l e s  w e r e  c o a t e d  w i t h  a  t h i n  

l a y e r  o f  p l a t i n u m .  T h e  a c c e l e r a t i n g  v o l t a g e  o f  m a c h i n e  w a s  15  k v .

3 .2 .5  W a t e r  A b s o r p t i o n

M u l t i - l a y e r e d  f i l m s  w e r e  i m m e r s e d  i n  a  w a t e r  c h a m b e r  a t  r o o m  

t e m p e r a t u r e .  A f t e r  c a r e f u l  b l o t t i n g  o f  t h e  s u r f a c e  l i q u i d  w i t h  p a p e r ,  t h e  s a m p l e s  w e r e
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w e i g h e d  a s  q u i c k l y  a s  p o s s i b l e ,  a l m o s t  e v e r y  d a y  u n t i l  t h e  w e i g h t  i s  c o n s t a n t .  W a t e r  

a b s o r p t i o n  v a l u e s  w e r e  c a l c u l a t e d  a s  a  p e r c e n t a g e  o f  i n i t i a l  w e i g h t  b y  t h e  f o l l o w i n g  

e q u a t i o n  2  ( A m a l v y  et a l ,  2 0 0 2 ) :

% W a t e r  a b s o r p t i o n  =  X 1 0 0 %  e q .  ( 2 )

w h e r e  w a a n d  W j a r e  t h e  a f t e r  w e i g h t  a n d  i n i t i a l  w e i g h t  o f  s a m p l e s ,  r e s p e c t i v e l y .

3 .2 .6  B a r r i e r  P r o p e r t i e s

O x y g e n  b a r r i e r  t e s t i n g  w a s  c a r r i e d  o u t  in  a c c o r d a n c e  w i t h  A S T M  

D 3 9 8 5 - 8 1 .  O x y g e n  p e r m e a t i o n  w a s  m e a s u r e d  b y  u s i n g  a n  O x - T r a n  2 /2 1  M O C O N  

o x y g e n  a n a l y z e r  w i t h  a n  o x y g e n  f l o w  r a t e  2 0  c n r V m in  a t  2 3  ° c  a t  0 %  R H .

3 .2 .7  X - r a y  D i f f r a c t i o n

A  R i g a k u  X - r a y  d i f f r a c t o m e t e r  w a s  a p p l i e d  t o  d e t e r m i n e  c r y s t a l l i n e  

p a t t e r n  o f  t h e  s a m p l e s .  X - r a y  d i f f r a c t i o n  ( X R D )  e x p e r i m e n t s  w e r e  r u n  u s i n g  C u  K a  

r a d i a t i o n  a n d  o p e r a t e d  a t  4 0  k V / 3 0  r a A .

3.3 Methodology

3 .3 .1  P L A - b a s e d  M u l t i - l a y e r e d  F i l m s  w i t h  P B S

3.3.1.1 P oly (Lactic Acid) P repolym er
L - l a c t i c  a c i d  ( L - L A )  ( 2 5 .5 9  m L ,  1 m o l )  i n  a  t h r e e - n e c k e d  

r o u n d - b o t t o m  f l a s k  w a s  h e a t e d  a t  1 0 0  ° c  f o r  2  h  u n d e r  h i g h  v a c u u m  t o  e l i m i n a t e  

i n i t i a l  w a t e r .  A f t e r  t h a t  t h e  p o l y m e r i z a t i o n  w a s  o c c u r r e d  b y  a d d i n g  S n O C t 2 (0 .1  

m o l %  o f  L - L A )  a t  1 5 0  ° c  f o r  6  h  t o  o b t a i n  a  v i s c o u s  p r o d u c t .  T h e  v i s c o u s  p r o d u c t  

w a s  d i s s o l v e d  i n  c h l o r o f o r m ,  p r e c i p i t a t e d  in  c o l d  m e t h a n o l  a n d  w a s h e d  w i t h  

m e t h a n o l  s e v e r a l  t i m e s .  T h e  p r e c i p i t a t e  w a s  d r i e d  u n d e r  v a c u u m  a t  5 0  ° c  f o r  2 4  h .
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Scheme 3.1

ÇH3 1) 100 °c, 2 h CHt 0 c h 3

’V H 2) 150 °c 6 h 
vacuum - ho^ t (0 ^ } o’V H

0 0 CH3 1" 0
n HO

Lactic acid Poly(lactic acid), PLA prepolymer

3.3.1 .2  P oly (Butylene Succinate) (PBS) P repolym er
1 ,4 - b u t a n e  d io l  ( 9 .7 5  m L ,  0 .1 1  m o l )  a n d  s u c c i n i c  a c i d  ( 1 1 .8 1  

g , 0 . 1  m o l )  w e r e  m i x e d  i n t o  a  t h r e e - n e c k e d  r o u n d - b o t t o m  f l a s k  w i t h  a  m a g n e t i c  

s t i r r e r .  T h e  r e a c t i o n  w a s  a t  1 9 0  ° c  f o r  6  h  u n d e r  v a c u u m  t o  o b t a i n  a  v i s c o u s  p r o d u c t .  

T h e  p r o d u c t  w a s  c o l l e c t e d  i n  t h e  s a m e  w a y  a s  P L A  p r e p o l y m e r  t o  o b t a i n  P B S  

p r e p o l y m e r .

Scheme 3.2

HO ^  ^

1,4-butanediol

+

o
Succinic acid

Poly(butylene succinate), 
PBS prepolymer

3.3.1.3 po ly(L actic  Acid-b-B utylene Succinate) (PLA-b-PBS)
P L A  p r e p o l y m e r  ( M W  =  1 2 0 0 - 2 2 0 0 )  ( 1 2  g ,  6  m m o l )  a n d  10  

m o l %  D M A P  ( 7 3 .3  m g )  w a s  d i s s o l v e d  i n  1 2 0  m L  o f  C H 2C I 2 b y  s t i r r i n g  f o r  1 0  m i n  a t  

r o o m  t e m p e r a t u r e .  T h e  s o l u t i o n  o f  D C C  ( 1 .2 4  g , 6  m m o l )  w h i c h  d i s s o l v e d  i n  13 m L  

o f  C H 2C I 2 w a s  m i x e d  i n t o  t h e  r e a c t i o n  f o r  1 0  m i n .  P B S  p r e p o l y m e r  ( M W  =  2 0 0 0 -  

3 0 0 0 )  ( 2 1 .5  g ,  1 0  m m o l )  w a s  d i s s o l v e d  i n  2 1 5  m L  o f  C H 2C I 2 a n d  a d d e d  i n t o  t h e  

r e a c t i o n .  T h e  m i x t u r e  s o l u t i o n  w a s  c o n t i n u e d  f o r  3 6  h  a t  r o o m  t e m p e r a t u r e .  T h e
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p r e c i p i t a t e s  w e r e  t h e n  f i l t e r e d .  T h e  r e s i d u a l  s o l u t i o n  w a s  h e a t e d  t o  o b t a i n  v i s c o u s  

p r o d u c t .  T h e  v i s c o u s  p r o d u c t  w a s  p r e c i p i t a t e d  a n d  w a s h e d  i n  c o l d  m e t h a n o l  s e v e r a l  

t i m e .  T h e  p r o d u c t  o b t a i n e d  w a s  d r i e d  u n d e r  v a c u u m  a t  5 0  °c f o r  2 4  h .

Scheme 3.3

Poly(butylene succinate), Poly(lactic acid),
PBS prepolymer PLA prepolymer

1) D M AP CH 2CI2l
2) DOO room tsmp.

Poly(lactic acid-b-butylene succinate), PLA-b-PBS

3.3.1 .4  PLA/PBS/PLA M ulti-layered  Film
T h r e e - l a y e r e d  f i l m s  w e r e  f o r m e d  a s  f i l m s  w i t h  - 0 . 0 5  m m  

t h i c k n e s s  b y  u s i n g  a  L B E 1 2 .5 - 3 0  L a b t e c h  E n g i n e e r i n g  m u l t i - l a y e r e d  f i l m  b l o w i n g  

l in e .  T e m p e r a t u r e  a n d  s c r e w  s p e e d  s e t t i n g s  w e r e  i n  r a n g e  o f  1 4 0 - 1 8 0  a n d  4 0 - 5 0  r p m ,  

r e s p e c t i v e l y .  T h e  s t r u c t u r e  o f  m u l t i - l a y e r e d  f i l m s  a n d  c o m p o s i t i o n  o f  c o m p a t i b i l i z e r  

w h i c h  w a s  a d d e d  i n t o  c o r e  ( P B S )  l a y e r  w e r e  s h o w n  i n  T a b l e  3 .1 ,  i n c l u d i n g  t h e  

s a m p l e  n a m e  t h a t  w i l l  b e  u s e d  t h r o u g h o u t  t h i s  w o r k .
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T a b le  3 .1 S t r u c t u r e  o f  m u l t i - l a y e r e d  f i l m s  w i t h  v a r i o u s  P L A - 6 - P B S  i n  P B S  p h a s e

M u l t i - l a y e r e d  f i l m s C o n t e n t  o f  P L A - 6 - P B S ,  p h r

P L A / P L A / P L A 0

P L A / P B S / P L A 0

P L A / P B S + P L A - 6 - P B S 0 . 5 / P L A 0 .5

P L A / P B S + P L A - 6 - P B S 1 / P L A 1 . 0

P L A / P B S + P L A - 6 - P B S 3 / P L A 3 .0

P L A /P B S + P L A - Z > - P B S 5 /P L A 5 .0

S ch em e 3 .4

PLA resin 

+

PBS resin

PLA resin

Blown-film 
Co-extruder 
-------------------- ►

ท

3 layers of multilayer films

PBS resin with 
PLA-6-PBS copolymer

3 .3 .2  P L A - b a s e d  M u l t i - l a y e r e d  F i l m s  w i t h  T P S

3.3.2.1 TPS Preparation
T a p i o c a  s t a r c h  ( 7 0  % )  a n d  g l y c e r o l  ( 3 0  % )  w a s  m i x e d  a n d  

t h e n  e x t r u d e d  b y  u s i n g  a  L T E - 2 0 - 4 0  L a b t e c h  E n g i n e e r i n g  c o u n t e r - r o t a t i n g  t w i n  

s c r e w  e x t r u d e r .  T e m p e r a t u r e  a n d  s c r e w  s p e e d  s e t t i n g  w e r e  i n  r a n g e  o f  1 3 0 - 1 7 0  °c 
a n d  4 0 - 5 0  r p m ,  r e s p e c t i v e l y .

3.3.2.2 TPS B lend  Preparation
T P S  a n d  P L A  r e s i n  ( 2 0 0 3 D )  w e r e  b l e n d e d  to  o b t a i n  T P S  

b l e n d  r e s i n  in  v a r i o u s  w e i g h t  r a t i o s  ( T P S / P L A  9 0 / 1 0 ,  8 0 /2 0 ,  7 0 / 3 0 ,  6 0 / 4 0 ,  a n d  5 0 /5 0
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พ / พ )  b y  a  L T E - 2 0 - 4 0  L a b t e c h  E n g i n e e r i n g  c o u n t e r - r o t a t i n g  t w i n  s c r e w  e x t r u d e r .  

T e m p e r a t u r e  a n d  s c r e w  s p e e d  w e r e  s e t  a t  1 4 0 - 1 7 0  ° c  a n d  2 0 - 3 0  r p m ,  r e s p e c t i v e l y .

3.3.2.3 PLA/TPS/PLA M ulti-layered Film s
I n  t h e  s a m e  w a y ,  P L A / T P S / P L A  m u l t i - l a y e r e d  f i l m s  w e r e  

b l o w n  b y  c h a n g i n g  t h e  l a y e r  o f  P B S  t o  T P S  b l e n d .  T h e  p r o c e d u r e  t e m p e r a t u r e  a n d  

s c r e w  s p e e d  s e t t i n g s  w e r e  1 7 0 - 1 8 0  ° c  a n d  5 0 - 6 0  r p m ,  r e s p e c t i v e l y .  T a b l e  3 .2  s h o w s  

t h e  s a m p l e  n a m e ,  c o m p o s i t i o n ,  a n d  s t r u c t u r e  o f  m u l t i - l a y e r e d  f i lm s .

T a b le  3 .2  S t r u c t u r e  o f  P L A - b a s e d  m u l t i - l a y e r e d  f i l m s  w i t h  T P S

M u l t i - l a y e r e d  f i lm T P S / P L A  b l e n d  r a t i o  i n  c o r e  l a y e r

P L A / P L A / P L A -

P L A / T P S 5 0 / P L A 5 0 /5 0

P L A / T P S 6 0 / P L A 6 0 /4 0

P L A / T P S 7 0 / P L A 7 0 / 3 0

P L A / T P S 8 0 / P L A 8 0 /2 0

P L A / T P S 9 0 / P L A 9 0 / 1 0

P L A / T P S 1 0 0 / P L A 1 0 0 / 0
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