
CHAPTER V
POTENTIAL BIODEGRADABLE MULCH FILM FROM POLY(LACTIC 

ACID)/SILANE-MODIFIED THERMOPLASTIC STARCH BLEND

5.1 Abstract

P o l y ( l a c t i c  a c i d )  ( P L A )  b l e n d e d  w i t h  s i l a n e - m o d i f i e d  t h e r m o p l a s t i c  s t a r c h  

( m T P S )  f i l m  is  p r o p o s e d  f o r  t h e  f i r s t  t i m e  t o  u s e  a s  f u l l y  b i o d e g r a d a b l e  m u l c h  f i l m .  

R e p l a c i n g  T P S  b y  m T P S ,  t h e  r e m a r k a b le  m i s c i b i l i t y  e n h a n c e m e n t  w i t h  w e l l  m T P S  

d i s p e r s i o n  in  P L A  m a t r ix  a n d  t h e  r e d u c t i o n  o f  s u r f a c e  r o u g h n e s s  a r e  a c h i e v e d  

a l t h o u g h  t h e  m T P S  c o n t e n t  in  t h e  b l e n d  i s  a s  h i g h  a s  5 0  % w t ,  a s  e v i d e n c e d  b y  S E M  

a n d  A F M  i m a g e s .  T h e  m i s c i b l e  P L A / m T P S  f i l m  a l l o w s  n o t  o n l y  t h e  p r o m o t e d  P L A  

c h a i n s  m o b i l i t y  ( d e c r e a s e d  Tg t o  4 6  ° C )  a n d  P L A  c h a i n  r e g u l a r i z a t i o n  ( i n c r e a s e d  A c  

t o  - 5 0 % )  b u t  a l s o  t h e  s i g n i f i c a n t l y  i m p r o v e d  f l e x i b i l i t y  ( f  5 2 % )  a s  c o m p a r e d  to  

P L A / T P S  f i l m  (Tg 5 0  ° c ,  Ac - 4 0 % ,  a n d  £ 2 5 % ) .  A d d i t i o n a l l y ,  t h e  r e s t r a i n e d  o x y g e n  

p e r m e a b i l i t y  ( f r o m  5 0  t o  2 0  c m 3 m m / m 2 d a y  a t m )  h a s  b e e n  s u c c e s s f u l l y  o b t a i n e d  b y  

t h e  h i g h l y  d e v e l o p e d  Ac c o m b i n e d  w i t h  P L A / m T P S  h o m o g e n e i t y .  In  c o n t r a s t ,  a n  

in c r e a s e  o f  o x y g e n  p e r m e a b i l i t y  ( 9 0  c m 3 m m / m 2 d a y  a t m )  w a s  f o u n d  d u e  t o  t h e  

P L A / T P S  i m m i s c i b i l i t y .  M o r e o v e r ,  t h e  P L A / m T P S  f i l m  p e r f o r m s  h i g h e r  t o l e r a n c e  to  

s i m u l a t e d  w e a t h e r  w i t h  p r e s e r v i n g  f i l m - f o r m  t h a n  th a t  o f  P L A / T P S  f i l m ,  a s  

i n v e s t i g a t e d  b y  Q U V  a c c e l e r a t e d  w e a t h e r i n g .

Keywords: p o l y ( l a c t i c  a c i d ) ,  t h e r m o p l a s t i c  s t a r c h ,  m i s c i b i l i t y ,  s i l a n e  m o d i f i c a t i o n ,  

m u l c h  f i l m

5.2 Introduction

R e c e n t l y ,  t h e  in t e r e s t  o f  p o l y m e r  f i l m s  in  a g r i c u l t u r e  i s  s i g n i f i c a n t l y  

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

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

n u t r i e n t s  in  s o i l . 1'2 N o n e t h e l e s s ,  it  g e n e r a t e s  t h e  e n v i r o n m e n t a l  i s s u e  o f  p l a s t i c  w a s t e  

b e c a u s e  t h e  g e n e r a l  m u l c h  f i l m s  u s e d  a r e  b a s e d  o n  c o n v e n t i o n a l  p l a s t i c s  (/.<?. l o w
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d e n s i t y  p o l y e t h y l e n e  ( L D P E ) 3'5 a n d  e t h y l e n e  b u t y l  a c r y l a t e  ( E B A ) / e t h y l  v i n y l  

a c e t a t e  ( E V A ) 6) .  T h e y  a r e  a l w a y s  l e f t  o n  t h e  f i e l d  a f t e r  h a r v e s t i n g  o r  s o m e t i m e s  

b u r n t  u n c o n t r o l l a b l y ,  r e s u l t i n g  in  r e l e a s e  o f  h a r m f u l  s u b s t a n c e s ,  c o n t a m i n a t i n g  in  

s o i l .  M o r e o v e r ,  t h e  r e c y c l i n g  o f  t h e s e  m u l c h  f i l m s  i s  u n a t t r a c t i v e  d u e  t o  la b o r -  

i n t e n s i v e  c o s t  f o r  r e m o v a l ,  i n c l u d i n g  t i m e - c o n s u m i n g  f o r  c o l l e c t i o n . 7 T h e r e f o r e ,  t h e  

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

d i r e c t l y  in t o  t h e  s o i l .  U p  t o  t h e  p r e s e n t ,  t h e r e  a r e  a  f e w  o f  c o m m e r c i a l  b i o d e g r a d a b l e  

m u l c h  f i l m s  s u c h  a s  p o l y ( b u t y l e n e  a d i p a t e - c o - t e r e p h t h a l a t e  ( ( P B A T )  o r  E c o f l e x ® ) 8' 10 

a n d  M a t e r - B i®  ( a  s t a r c h - b a s e d  b i o d e g r a d a b l e  p o l y m e r ) 11, b u t  t h e y  a r e  n o t  c o s t  

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

O n e  o f  t h e  m o s t  p o t e n t i a l  b i o d e g r a d a b l e  p l a s t i c s  w i t h  r e l i a b l e  in d u s t r i a l -  

s c a l e  p r o d u c t i o n  i s  p o l y ( l a c t i c  a c i d )  ( P L A ) .  P E A  h a s  r e m a r k a b l e  p e r f o r m a n c e s  w h i c h  

a r e  u t i l i z e d  in  v a r i o u s  a p p l i c a t i o n s  ( 1e.g. t r a n s p a r e n c y ,  h i g h  t e n s i l e  s t r e n g t h ,  a n d  

b i o c o m p a t i b i l i t y ) .  H o w e v e r ,  P L A  h a s  r e l a t i v e l y  s h o r t  s h e l f  l i f e , 1213 a t  t h e  s a m e  t i m e ,  

t h e  d i s p o s a l  i t e m s  f o r  g e n e r a l  p u r p o s e s ,  p r o d u c e d  f r o m  P L A ,  h a v e  n o t  b e e n  s a t i s f i e d  

s i n c e  t h e  s a l e s  r e v e n u e  l e v e l  i s  b e l o w  t h e  b r e a k - e v e n  p o i n t .  C o n s i d e r i n g  t h e  m u l c h  

f i l m ,  it  i s  a  c h a l l e n g e d  a n d  p r o m i s i n g  f i e l d  f o r  P L A  f i l m ;  h o w e v e r ,  t h e r e  w e r e  f e w  

r e p o r t s .  F o r  i n s t a n c e ,  F i n k e n s t a d t  a n d  T i s s e r a t  ( 2 0 1 0 )  p r o p o s e d  P L A / O s a g e  o r a n g e  

w o o d  f ib e r  c o m p o s i t e  w h i c h  e x h i b i t e d  t h e  f u l l y  b i o d e g r a d a b i l i t y ,  g r o w t h  p r o m o t i o n  

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

e f f e c t i v e n e s s . 14

T h e  f a c t  t h a t  t h e  b r i t t l e n e s s  o f  P L A  f i l m  i s  a n o t h e r  c o n s i d e r e d  p o i n t  f o r  

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

t e m p e r a t u r e  o f  P L A  (Tg ~ 6 0 ° C )  a n d  s l o w  c r y s t a l l i z a t i o n  r a t e  w i t h  l o w  d e g r e e  o f  

c r y s t a l l i n i t y  (Ac ~ 3 % ) .  M a n y  n u c l e a t i n g  a g e n t s  (e.g. t a l c ,  m o n t m o r i l l o n i t e ,  a n d  

s t a r c h )  a n d  p l a s t i c i z e r s  (e.g. p o l y e t h y l e n e  g l y c o l  a n d  g l y c e r o l )  h a v e  b e e n  r e v e a l e d  in  

o r d e r  t o  i m p r o v e  t o u g h n e s s  f o r  P L A  f i l m . 15' 19 T h e r m o p l a s t i c  s t a r c h  ( T P S )  i s  a n  

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

d u e  t o  n a t u r a l  a b u n d a n c e ,  f u l l y  b i o d e g r a d a b i l i t y  a n d  h i g h  v i s c o e l a s t i c i t y . 20'26 

B a s i c a l l y ,  t h e  m e l t i n g  t e m p e r a t u r e  o f  s t a r c h  i s  n e a r b y  i t s  d e g r a d a t i o n  t e m p e r a t u r e  s o  

it  i s  d i f f i c u l t  t o  b e  p r o c e s s e d  b y  s i m p l y  m e l t  b l e n d i n g .  W h e n  t h e  s t a r c h  w a s
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g e l a t i n i z e d  w i t h  w a t e r  o r  g l y c e r o l  t o  f o r m  T P S ,  it  i s  a  b r e a k t h r o u g h  t o  e x t e n d  

p r o c e s s a b i l i t y  b y  d e c r e a s i n g  o f  m e l t i n g  t e m p e r a t u r e  o f  s t a r c h . 27'28

In  t h e  c a s e  o f  P L A / T P S  b l e n d ,  it  w a s  a l s o  w i d e l y  i n v e s t i g a t e d  in  o r d e r  t o  

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

b i o d e g r a d a t i o n  a n d  r e l a t i v e l y  s h o r t  s h e l f  l i f e ) . 25'29'30 In  a d d i t i o n ,  m o s t  s t u d i e s  u s e d  a  

r e a c t i v e  c o m p a t i b i l i z e r  (i.e. m a l e i c  a n h y d r i d e )  t o  e n h a n c e  m i s c i b i l i t y  b e t w e e n  P L  A  

a n d  T P S  f o r  i m p r o v e d  m e c h a n i c a l  p r o p e r t i e s .29'32 L a t e l y ,  o u r  g r o u p  s u c c e e d e d  in  t h e  

r e a c t i v e  P L A / s t a r c h  b l e n d  v i a  t h e  s i m p l e  c o u p l i n g  r e a c t i o n  b y  u s i n g  c h l o r o p r o p y l  

t r i m e t h o x y s i l a n e  ( C P M S ) .  T h e  P L A  b l e n d e d  w i t h  C P M S  m o d i f i e d - s t a r c h  ( P L A / C P -  

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

P L A  c r y s t a l l i n i t y . 33

It c o m e s  t o  o u r  v i e w p o i n t  th a t  t h e  P L A / C P M S - m o d i f i e d - T P S  ( P L A / m T P S )  

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

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

P L A / m T P S  f i l m  i s  e f f e c t i v e l y  u t i l i z e d  a s  b i o d e g r a d a b l e  m u l c h  f i l m ,  a r e  s t i l l  

q u e s t i o n e d .

I n  t h i s  w o r k ,  t h e  P L A / m T P S  f i l m s  w e r e  s y s t e m a t i c a l l y  p r o d u c e d  a n d  

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

m i s c i b i l i t y  i m p r o v e m e n t ,  a n d  c r y s t a l l i z a t i o n  b e h a v i o r  o f  P L A / m T P S  f i l m  w i t h  t h e  

c o n s e q u e n c e s  o f  o x y g e n  p e r m e a b i l i t y ,  t e n s i l e  p r o p e r t i e s  a s  w e l l  a s  d e g r a d a t i o n  

a b i l i t y  w e r e  a l s o  i l lu s t r a t e d .

5.3 Materials and Experimental

5 .3 .1  M a t e r i a l s

P L A  2 0 0 3 D  w i t h  a  d e n s i t y  o f  1 .2 4  g / c n r 3 a n d  a  m e l t  f l o w  r a te  o f  6  

g / 1 0  m i n  a t  2 1 0  ° c  a n d  2 . 1 6  k g  lo a d  w a s  f r o m  N a t u r e W o r k s  L L C ,  U S A .  C a s s a v a  

s t a r c h  a n d  g l y c e r o l  w e r e  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 t d . ,  a n d  

S i a m  A b s o l u t e  C h e m i c a l s  C o . ,  L t d . ,  T h a i l a n d ,  r e s p e c t i v e l y .  3 - C h l o r o p r o p y l  

t r i m e t h o x y s i l a n e  ( C P M S )  w i t h  9 7 %  p u r i t y  w a s  b o u g h t  f r o m  S i g m a - A l d r i c h ,  

G e r m a n y .
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5 . 3 . 2  S a m p l e  P r e p a r a t io n s

5.3.2.1 TPS and mTPS Preparation
C P M S  ( 0 . 0 5  m o l ,  9 . 9  m L )  w a s  h y d r o l y z e d  w i t h  d e i o n i z e d  

w a t e r  u n t i l  i t s  t u r b id i t y  w a s  v a n i s h e d  a t  5 0  °c b e f o r e  p r e m i x i n g  w i t h  d r ie d  c a s s a v a  

s t a r c h  (1  m o l ,  1 6 2 .0  g )  a n d  d r y i n g  a t  7 0  °c in  a  h o t  a ir  o v e n  f o r  6  h  a s  r e p o r t e d  in  o u r  

p r e v i o u s  s t u d y . 33 A f t e r  t h a t ,  t h e  C P - s t a r c h  w a s  m i x e d  w i t h  g l y c e r o l  a t  a  7 0 / 3 0  w e i g h t  

r a t io  b e f o r e  g e l a t i n i z i n g  b y  a  L a b t e c h  E n g i n e e r i n g  L T E  2 0 - 4 0  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 h 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  w e r e  in  t h e  r a n g e  o f  1 0 0 - 1 5 0  ° c  

a n d  4 0 - 5 0  r p m , r e s p e c t i v e l y .  S i m i l a r l y ,  p u r e  c a s s a v a  s t a r c h  w a s  m i x e d  w i t h  g l y c e r o l  

t o  p r e p a r e  T P S .

5.3.2.2 PLA/TPS and PLA/m TPS Films
T h e  m T P S  o b t a i n e d  w a s  b l e n d e d  w i t h  t h e  P L A  r e s i n  w i t h  t h e  

w e i g h t  r a t io s  ( P L A / m T P S )  o f  9 0 / 1 0 ,  80/20, 70/30, 60/40, a n d  50/50 พ/พ b y  t h e  

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 h 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  w e r e  in  t h e  

r a n g e  o f  150-165°c a n d  25-40 r p m , r e s p e c t i v e l y .  T h e  b l e n d  w a s  b l o w n  t o  p r o d u c e  

t h e  P L A / m T P S  f i l m  w i t h  -0.20 m m  t h i c k n e s s  b y  u s i n g  a  L a b t e c h  E n g i n e e r i n g  L E  

20-30 s i n g l e - s c r e w  e x t r u d e r  e q u i p p e d  w i t h  a  L a b t e c h  E n g i n e e r i n g  น ' - 400 b l o w n  

f i l m  u n i t .  T h e  o t h e r  f i l m ,  i.e., P L A / T P S ,  w a s  p r e p a r e d  in  t h e  s i m i l a r  p r o c e d u r e .

5 . 3 . 3  C h a r a c t e r i z a t i o n

5 .3.3.1 Contact Angle Measurement
T h e  c o n t a c t  a n g l e  o f  w a t e r  o n  T P S  a n d  m T P S  w a s  m e a s u r e d  

b y  a  K R Ü S S  D S A  1 0  d r o p  s h a p e  a n a l y s i s  s y s t e m .

5.3.3.2 Morphological and Topological Observations
T h e  c r o s s - s e c t i o n  s u r f a c e s  o f  P L A / T P S  a n d  P L A / m T P S  f i l m s  

c o a t e d  w i t h  a  t h in  l a y e r  o f  p l a t i n u m  w e r e  i n v e s t i g a t e d  b y  a  H i t a c h i  T M 3 0 0 0  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 )  a t  a c c e l e r a t i n g  v o l t a g e s  o f  5  k v  in  S E  m o d e .  T h e  

t o p o l o g y  o f  e a c h  f i l m  s u r f a c e  w a s  a l s o  o b s e r v e d  b y  a  P a r k  S y s t e m s  X E - 1 0 0  a t o m i c  

f o r c e  m i c r o s c o p e  ( A F M )  u n d e r  a  n o n - c o n t a c t  m o d e  w i t h  a  9 1 0 M - A C T A  c a n t i l e v e r .  

T h e  A F M  m e a s u r e m e n t  w a s  o p e r a t e d  a t  a  s c a n  s p e e d  o f  0 . 4  H z  w i t h  a  s c a n  a r e a  o f  5 

X 5 p m 2 .
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5.3.3.3 Thermal Analysis
T h e r m a l  a n a l y s i s  w a s  e v a l u a t e d  b y  a  N e t z s c h  2 0 0  F 3  M a ia  

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  ( D S C ) ,  t h e  s a m p l e  ( 1 0  m g )  w a s  p a c k e d  in  a n  

a l u m i n i u m  p a n  a n d  h e a t e d  f r o m  - 2 0  ๐c  t o  2 0 0  ° c  w i t h  a  h e a t i n g  r a te  o f  5 ° c / m i n  

u n d e r  n i t r o g e n  H o w  ( 5 0  m L / m i n ) .  T h e  d e g r e e  o f  c r y s t a l l i n i t y  (X c )  o f  P L A  w a s  

c a l c u l a t e d  b y  u s i n g  E q . ( 1 ) :

X c (% ) =  ^ n; xp̂ Hไ 100 ( E q .  1 )

w h e r e  AHm .PLA i s  t h e  o b s e r v e d  e n t h a l p y  c h a n g e  o f  P E A  f u s i o n , / i s  t h e  P E A  w e i g h t  

f r a c t io n  in  b l e n d ,  a n d  A H °m , i s  9 3 . 0  J /g  r e g a r d i n g  t o  t h e  m e l t i n g  e n t h a l p y  o f  1 0 0 %  

c r y s t a l l i n e  P L A . 34

5 .3.3.4 Oxygen Permeability Measurement
O x y g e n  p e r m e a b i l i t y  w a s  e v a l u a t e d  b y  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  o x y g e n  f l o w  r a te  o f  20 c m 3/ m i n  a t  2 3  °c a t 0% R H  

( r e l a t i v e  h u m i d i t y ) ,  a c c o r d i n g  t o  A S T M  D 3 9 8 5 - 8 1 .

5.3.3.5 Testing of Mechanical Properties
T h e  f i l m  s a m p l e s  w e r e  c u t  i n t o  2 . 5 x 1 5 . 0  c m 2 . T h e  t e n s i l e  

p r o p e r t i e s  o f  t h e  f i l m s  w e r e  m e a s u r e d  a t  2 5 ° c  w i t h  a  t e n s i l e  l o a d  o f  5  k N  a n d  a  c r o s s ­

h e a d  s p e e d  o f  5 0 0  m m / m i n  a c c o r d i n g  t o  A S T M  D 8 8 2  b y  u s i n g  a n  I n s t r o n  4 2 0 6  

u n iv e r s a l  t e s t i n g  m a c h i n e .  T h e  d e f o r m a t i o n  o c c u r r e d  a l o n g  m a c h i n e  d i r e c t i o n  a n d  t h e  

a v e r a g e  r e p o r t e d  v a l u e s  f o r  m e c h a n i c a l  t e s t  w e r e  b a s e d  o n  1 0  s p e c i m e n s .

5.3.3.6 QUV Accelerated Weathering Simulation and Determination
of a Remained Molecular Weight

T h e  s e l e c t e d  s a m p l e s  w e r e  c u t  i n t o  2 . 5  X 1 5 . 0  c m 2 a n d  a i r - d r i e d  

a t 8 0  ± 3  ° c  f o r  2 0  h  b e f o r e  t e s t i n g .  T h e  s i m u l a t e d  w e a t h e r i n g  w a s  c a r r i e d  o u t  

a c c o r d i n g  t o  A S T M  G 1 5 4  c y c l e  5 b y  a n  A c c e l e r a t e d  W e a t h e r i n g  Q U V / S p r a y  t e s t e r  

u n d e r  f l u o r e s c e n t  l a m p s  U V B - 3 1 3 .  T h e  i r r a d i a n c e  o f  t h e  p e a k  e m i s s i o n  w a s  

0 . 6 2  w / m 2 a t  w a v e l e n g t h  o f  3 1 0  n m .

F u r t h e r m o r e ,  t h e  n u m b e r  a v e r a g e  m o l e c u l a r  w e i g h t  ( M „ ) ,  t h e  

w e i g h t  a v e r a g e  m o l e c u l a r  w e i g h t  ( A / , . ) ,  a n d  p o l y d i s p e r s i t y  i n d e x  ( P D I )  o f  t h e  

s a m p l e s  a f t e r  s i m u l a t e d  w e a t h e r i n g  t e s t  w e r e  d e t e r m i n e d  b y  a  S h i m a d z u  C l a s s - V P  

g e l  p e r m e a t i o n  c h r o m a t o g r a p h y  ( G P C ) .  T h o s e  s a m p l e s  w e r e  e l u t e d  in  H P L C - g r a d e



7 9

c h l o r o f o r m  t h r o u g h  a  P o l y m e r  L a b  P L  g e l  5  ( im  M I X E D - D  c o l u m n  w i t h  a n  i s o c r a t i c  

m o b i l e  p h a s e  a t  a  f l o w  r a te  o f  1 m L / m i n  a n d  a t  4 0  °c. T h e  s a m p l e s  w e r e  f i l t e r e d  w i t h  

a s  0 . 4 5  p m  b e f o r e  i n j e c t e d  i n t o  a  2 0  p L  i n j e c t i o n  l o o p .

5.4 Results and Discussion

5 .4 .1  H y d r o p h o b i c i t v  I m p r o v e m e n t  o f  m T P S

B a s i c a l l y ,  t h e  d i f f e r e n c e  b e t w e e n  t h e  h y d r o p h o b i c  P L A  a n d  t h e  

h y d r o p h i l i c  s t a r c h  c a u s e s  t h e  p h a s e  s e p a r a t i o n  in  P L A / s t a r c h  b l e n d s ;  t h e r e f o r e ,  t h e  

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

e n h a n c e  m i s c i b i l i t y .  A  w a t e r  c o n t a c t  a n g l e  m e a s u r e m e n t  ( F i g u r e  5 . 1 )  w a s  u s e d  t o  

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

C P M S .  F i g u r e  5 . 1 a  s h o w s  t h e  w a t e r  c o n t a c t  a n g l e  o f  P L A  a s  h i g h  a s  7 0 ° ,  i n d i c a t i n g  

t h e  r e l a t i v e l y  h i g h  h y d r o p h o b i c i t y  w h e r e a s  0 °  w a t e r  c o n t a c t  a n g l e  e x h i b i t s  f o r  s t a r c h  

( F i g u r e  5 . 1 b ) .  A f t e r  s t a r c h  w a s  g e l a t i n i z e d  t o  f o r m  T P S  f o r  p r o c e s s a b i l i t y ,  it s h o w s  

t h e  w a t e r  c o n t a c t  a n g l e  o f  9 °  ( F i g u r e  5 . I d ) ,  s u g g e s t i n g  t h e  s l i g h t l y  h y d r o p h o b i c  

s u r f a c e  i m p r o v e m e n t .  It i m p l i e s  t h a t  t h e  g l y c e r o l  a d d i t i o n  m i g h t  in t e r r u p t  t h e  in t e r -  

a n d  i n t r a m o l e c u l a r  h y d r o g e n  b o n d s  in  s t a r c h  m o l e c u l e s  a s  a l s o  i n v e s t i g a t e d  b y  

J i u g a o  et al ( 2  0  0 5 ) . 35 T h i s  s h o u l d  b e  n o t e d  t h a t  T P S  f o r m a t i o n  c a n  p r o v i d e  n o t  o n l y  

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

In  c a s e  o f  m T P S ,  F i g u r e  5 . l e  p r e s e n t s  t h e  w a t e r  c o n t a c t  a n g l e  o f  4 5 ° ,  

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

a l i p h a t i c  c h a i n s  o f  C P M S  o n  p y r a n o s e  r i n g s ,  a s  r e p o r t e d  in  o u r  p r e v i o u s  w o r k . 33 T h i s  

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

P L A .  H o w e v e r ,  m T P S  s h o w s  t h e  l o w e r  w a t e r  c o n t a c t  a n g l e  t h a n  t h a t  o f  C P - s t a r c h  

( 6 0 °  w a t e r  c o n t a c t  a n g l e ) .  T h i s  c o u l d  b e  c a u s e d  b y  t h e  h y d r o x y l  g r o u p s  o f  g l y c e r o l  

in t e r a c t i o n  w i t h  w a t e r .
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Figure 5.1 W a t e r  c o n t a c t  a n g l e s  o f  ( a )  P L A  f i l m ,  ( b )  s t a r c h ,  ( c )  C P - s t a r c h ,  ( d )  T P S .  

a n d  ( e )  m T P S .

It c o m e s  t o  t h e  q u e s t i o n  t h a t  h o w  t h e  d i f f e r e n t  h y d r o p h o b i c i t y  i m p r o v e m e n t  

o f  T P S  a n d  m T P S  e f f e c t s  o n  t h e  m o r p h o l o g y  o f  P L A / T P S  a n d  P L A / m T P S  b l e n d s  a s  

w e l l  a s  t h e  o t h e r  p e r f o r m a n c e s  o f  t h o s e  b l o w n  f i l m s  s u c h  a s  s u r f a c e  t o p o l o g y .  P L A  

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

5 . 4 . 2  M o r p h o l o g i c a l  a n d  T o p o l o g i c a l  O b s e r v a t i o n s

ว ิ. 4.2.1 Morphology of PLA/TPS and PLA/mTPS Blends
T h e  T P S  a n d  m T P S  o b t a i n e d  w e r e  b l e n d e d  w i t h  c o m m e r c i a l  

P L A  r e s i n  a t  v a r i o u s  w e i g h t  r a t io s  (i.e. P L A / T P S  o r  m T P S :  9 0 / 1 0 ,  8 0 / 2 0 ,  7 0 / 3 0 ,  

6 0 / 4 0 ,  a n d  5 0 / 5 0  พ / พ )  b e f o r e  t h e y  w e r e  b l o w n  t o  b e  P L A / T P S  a n d  P L A / m T P S  

f i l m s .  I n  o r d e r  t o  c l a r i f y  t h e  m i s c i b i l i t y  i m p r o v e m e n t ,  t h e  S E M  t e c h n i q u e  w a s  u s e d  

f o r  s t u d y i n g  t h e  c r o s s - s e c t i o n  m o r p h o l o g y  o f  P L A / T P S  o r  m T P S  b l e n d s .
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Figure 5.2 S E M  m i c r o g r a p h s  o f  c r o s s - s e c t i o n  s u r f a c e s  o f  ( A )  P L A / T P S  a n d  ( B )  

P L A / m T P S  b l e n d s  a t  w e i g h t  r a t io s  o f  ( a )  9 0 / 1 0  a n d  ( b )  5 0 / 5 0  ( พ / พ ) .

T h e  p a r t ia l  p h a s e  s e p a r a t i o n  i s  o b s e r v e d  in  P L A / T P S  9 0 / 1 0  

( F i g u r e  5 . 2 A ,  a )  w h e r e a s  t h e  r e l a t i v e l y  h o m o g e n e o u s  b l e n d  i s  f o u n d  in  P L A / m T P S  

9 0 / 1 0  ( F i g u r e  5 . 2 B ,  a ) .  W h e n  t h e  T P S  c o n t e n t  w a s  i n c r e a s e d  t o  5 0  % w t ,  t h e  

a g g l o m e r a t i o n  o f  T P S  p h a s e  in  P L A  m a t r ix  o c c u r r e d  o b v i o u s l y  ( F i g u r e  5 . 2 A ,  b ) .  

C o n t r a r y  t o  P L A / m T P S  5 0 / 5 0 ,  t h e  f i n e r  d i s p e r s i o n  o f  m T P S  p h a s e  in  P L A  m a t r ix  

t h a n  t h a t  o f  P L A / T P S ,  w a s  o b t a i n e d  a s  s e e n  in  F i g u r e  5 . 2 B .  b . T h i s  r e f l e c t s  t h e  

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

c o u p l i n g  a g e n t .  A d d i t i o n a l l y ,  t h e  e n h a n c e d  h y d r o p h o b i c i t y  o f  m T P S  a l s o  a s s i s t s  to  

p r o m o t e  t h e  g o o d  d i s p e r s i o n  in  t h e  P L A / m T P S  b l e n d .

5.4.2.2 Topology of PLA/TPS and PLA/mTPS Films
F u r t h e r m o r e ,  a f t e r  t h e  P L A / T P S  a n d  P L A / m T P S  b l e n d s  w e r e  

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

u s i n g  A F M  m i c r o s c o p e .  T h e  s u r f a c e  t o p o l o g y  i m a g e s  w i t h  r o u g h n e s s  a v e r a g e  (Ra),
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a n d  m a x i m u m  h e i g h t  o f  t h e  p r o f i l e  ( R t ) a r e  s h o w n  in  F i g u r e  5.3. T h e Ra i s  t h e  

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

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

p e a k ,  in  o t h e r  w o r d s ,  t h e  l o w  Ra a n d  Rt v a l u e s  i m p l y  t h e  h i g h l y  h o m o g e n e o u s  a n d  

s m o o t h  s u r f a c e ,  r e f l e c t i n g  t h e  g o o d  m i s c i b i l i t y  in  t h e  b l e n d .

Figure 5 . 3  S u r f a c e  t o p o l o g y  i m a g e s  o f  ( A )  P L A .  ( B )  P L A / T P S  50/50, a n d  ( C )  

P L A / m T P S  50/50 f i l m s  a s  o b s e r v e d  b y  A F M  a n d  ( D )  d e t e r m i n e d  Ra ( s t r i p e )  a n d  Rt 
( b l a n k )  o f  e a c h  f i l m .

F i g u r e  5 . 3 A  s h o w s  t h e  s u r f a c e  t o p o l o g y  o f  t h e  P L A  b l o w n  

f i l m  w h i c h  i s  h i g h l y  s m o o t h  w i t h  Ra 3  n m  a n d  Rt 1 5  m i l .  I n  t h e  c a s e  o f  P L A / T P S  

5 0 / 5 0  ( F i g u r e  5 . 3 B ) ,  a  l o t  o f  v o i d s  a r e  f o u n d  o n  t h e  s u r f a c e  w i t h  s i g n i f i c a n t l y  

in c r e a s e d  Ra a n d  Rt a s  h i g h  a s  1 6  n m  a n d  9 5  n m ,  r e s p e c t i v e l y .  T h e s e  i n d i c a t e  t h e  

e x t r e m e l y  d i f f e r e n t  h e i g h t  f r o m  p e a k  t o  b a s e l i n e ,  r e f l e c t i n g  a  r o u g h  s u r f a c e  w h i c h  is  

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

s m o o t h n e s s  o f  t h e  P L A / m T P S  5 0 / 5 0  f i l m  s u r f a c e  w a s  o b s e r v e d  c l e a r l y  f r o m  it s
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s u r f a c e  t o p o l o g y  w i t h  d e c r e a s e d  Ra (6 n m )  a n d  Rt (28 n m ) .  T h i s  r e s u l t  f i r m l y  i n s i s t s  

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

5 . 4 . 3  P h y s i c a l  P r o p e r t i e s  o f  P L A / T P S  a n d  P L A / m T P S  F i l m s

5.4.3.1 Crystallization Behavior
I n  o r d e r  t o  i l l u s t r a t e  t h e  i n f l u e n c e s  o f  T P S  a n d / o r  m T P S  

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

b a r r ie r  p r o p e r t i e s ,  t h e  t h e r m a l  a n a l y s i s  w a s  c a r r i e d  o u t  b y  u s i n g  D S C  t e c h n i q u e  w i t h  

t h e  f i r s t  h e a t i n g  s c a n .  F i g u r e  5 . 4  s h o w s  t h e  g l a s s  t r a n s i t i o n  t e m p e r a t u r e  {Tg) a n d  

d e g r e e  o f  c r y s t a l l i n i t y  (fife) o f  P L A  a s  a  f u n c t i o n  o f  T P S  a n d / o r  m T P S  c o n t e n t  in  t h e  

b l e n d e d  f i l m s .

It i s  w e l l  k n o w n  t h a t  t h e  Tg o f  P L A  e x h i b i t s ,  h i g h e r  t h a n  t h e  

r o o m  t e m p e r a t u r e ,  a t  ~ 6 0  °c a n d  t h e  P L A  c r y s t a l l i z a t i o n  r a te  i s  v e r y  s l o w  w i t h  fife 3 -  

5 % , r e s u l t i n g  in  b r i t t l e n e s s .  In  t h e  c a s e  o f  t h e  P L A / T P S  f i l m s ,  t h e  Tg i s  g r a d u a l l y  

d e c r e a s e d  t o  4 9  ๐c  w h e n  T P S  c o n t e n t  i s  i n c r e a s e d  f r o m  1 0  % w t  t o  3 0  % w t .  T h e  7 g  i s  

r e m a i n e d  a t  ~ 5 0  ๐c  a l t h o u g h  t h e  T P S  c o n t e n t  i s  h i g h e r  t h a n  4 0  % w t  ( F i g u r e  5 . 4 A ) .  

M e a n w h i l e ,  t h e  fife o f  P L A  i s  d r a s t i c a l l y  i n c r e a s e d  f r o m  5 %  t o  3 0 %  b y  a d d i t i o n  o f  

T P S  1 0  % w t  ( F i g u r e  5 . 4 B ) .  W i t h  i n c r e a s i n g  a m o u n t  o f  T P S  t o  5 0  % w t ,  t h e  fife o f  

P L A  g r a d u a l l y  i n c r e a s e d  t o  4 2 % .  T h i s  p o i n t s  o u t  t h a t  d u a l  f u n c t i o n s  o f  T P S  (/.<?. 

s t a r c h  a s  n u c l e a t i n g  a g e n t  a n d  g l y c e r o l  a s  p l a s t i c i z e r )  p r o m o t e  t h e  P L A  c h a i n s  

m o v e m e n t  in  a m o r p h o u s  r e g i o n ,  a n d  c o n s e q u e n t l y ,  t h e  o r d e r e d  c h a i n  p a c k i n g  f o r  

c r y s t a l l i z a t i o n ,  a s  e v i d e n c e d  f r o m  d e c r e a s e d  Tg a n d  e n l a r g e d  We.
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Figure 5.4 To a n d  Xc v a l u e s  o f  P L A / T P S  ( o p e n )  a n d  P L A / m T P S  ( c l o s e d )  f i l m s .

I n  t h e  s i m i l a r  w a y ,  f o r  P L A / m T P S  f i l m s ,  t h e  Tg o f  P L A  is  

a l s o  d e c r e a s e d  t o  5 2  ๐c b y  a d d i n g  1 0  % w t  m T P S ,  a n d  c o n t i n u o u s l y  t o  4 7  °c b y  

i n c r e a s i n g  o f  m T P S  c o n t e n t .  R e m a r k a b l y ,  t h e s e  r e d u c e d  TgS in  t h e  P L A / m T P S  f i l m s  

a r e  m o r e  s i g n i f i c a n t  t h a n  t h o s e  o f  t h e  P L A / T P S  f i l m s .

T h i s  m i g h t  r e f l e c t  t o  t h e  i m p r o v e d  m i s c i b i l i t y  b e t w e e n  P L A  

a n d  m T P S  w h i c h  a s s i s t s  t h e  P L ,A  c h a i n  m o v e m e n t  m u c h  e a s i e r  t h a n  t h a t  o f  t h e  

P L A / T P S  c a s e .  A d d i t i o n a l l y ,  t h e  Xc o f  P L A  is  e n h a n c e d  f o r  a l m o s t  1 0  t i m e s  b y  

a d d i n g  1 0  % w t  m T P S .  T h e  Xc o b t a i n e d  f r o m  t h e  P L A / m T P S  f i l m  w a s  s a t u r a t e d  a t  

t h e  l e v e l  a s  h i g h  a s  4 5 - 5 0 %  a l t h o u g h  t h e  m T P S  c o n t e n t  w a s  i n c r e a s e d .
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5.4.3.2 Oxygen Permeability

Figure 5.5 O x y g e n  p e r m e a b i l i t y  o f  P L A / T P S  ( o p e n )  a n d  P L A / m T P S  ( c l o s e d )  f i l m s .

O x y g e n  p e r m e a b i l i t y  i s  a n  i m p o r t a n t  p a r a m e t e r  f o r  m u l c h  

f i l m  w h i c h  p l a y s  a n  im p o r t a n t  r o l e  o n  m i c r o b i a l  a c t i v i t y  in  s o i l . 36 T h e  a p p r o p r ia t e  

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

t h i s  p a r a m e t e r  c a n  b e  c o n t r o l l e d  d i r e c t l y  b y  c r y s t a l l i n e  r e g i o n  o f  p o l y m e r  m a t r ix  

w h i c h  f u n c t i o n s  a s  b a r r ie r  f o r  g a s  p e r m i s s i o n .  T h e  h i g h e r  Xc in  t h e  f i l m  i s  c r e a t e d ,  

t h e  l o w e r  o x y g e n  p e r m e a b i l i t y  i s  o b t a i n e d ,  a s  a l s o  r e v e a l e d  b y  G u i n a u l t  et al
( 2 0 1 2 ) . 37 P u r e  P L A  f i l m  s h o w s  t h e  o x y g e n  p e r m e a b i l i t y  o f  ~ 5 0  c m 3 m m / m 2 d a y  a t m  

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

p o l y e t h y l e n e  f i l m  ( > 1 0 0  c m 3 m m / m 2 d a y  a t m ) ,  r e p o r t e d  b y  M a s s e y  ( 2 0 0 3 ) . 38

A f t e r  P L A  b l e n d i n g  w i t h  T P S ,  t h e  o x y g e n  p e r m e a b i l i t i e s  o f  

t h e  P L A / T P S  9 0 / 1 0  a n d  8 0 / 2 0  f i l m s  a r e  v a g u e l y  r e d u c e d  t o  4 0  c m 3 m m / m 2 d a y  a t m  

b e f o r e  t h e  v a l u e  i s  g r a d u a l l y  e l e v a t e d  t o  5 0 ,  8 0 ,  a n d  9 5  c m 3 m m / m 2 d a y  a t m  f o r  3 0 ,  

4 0 ,  a n d  5 0  % w t  T P S  c o n t e n t s  ( F i g u r e  5 . 5 ) .  T h i s  i n c r e m e n t  o f  o x y g e n  p e r m e a b i l i t y  

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

A c o f  t h e  f i l m  i s  a s  h i g h  a s  ~ 4 5 % ,  t h e r e  w e r e  s o m e  v o i d s  a r o u n d  T P S  p h a s e  in  P L A  

m a t r ix ,  a s  p r e s e n t e d  in  S E M  i m a g e s  ( F i g u r e  5 . 2 A ) ,  w h i c h  a l l o w s  t h e  o x y g e n  g a s  to  

p e r m e a t e  e a s i l y .
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In contrast, the oxygen permeability of the PLA/mTPS film is 
diminished continuously from 40 to 20 cm3 mm/m2 day atm, correlating to the Xc 
increment by adding mTPS. This result might be from a combination of (i) high Xc of 
PLA induced by dually functional mTPS and (ii) the continuous phase of PLA/mTPS 
blend. It should be noted that not only the Xc but also the miscibility between 
PLA/mTPS phases strongly influence on the oxygen barrier property.

5.4.3.3 Mechanical Properties
In general, PLA is classified as a rigid and brittle polymer 

with relatively high Young’s modulus (E 2.3 GPa), high tensile strength (a 45 MPa), 
and very low elongation at break (e 3%). These mechanical properties limit usability 
of PLA in various applications. Blending PLA with any compounds is needed to 
extend its utilization.

After blending with 10 %wt TPS, the E is significantly 
dropped to 1 GPa. However, it is increased to 2.5 GPa by increasing TPS content 
(Figure 5.6A). Whereas the E of PLA/mTPS film gradually decreased from 1.8 GPa 
to 1 GPa when mTPS content was increased from 10 %wt to 50 %wt, respectively. It 
implies that some voids in the PLA/TPS film obstruct the stress distribution when the 
deformation during tensile test was occurred. Thus, high force was required to stretch 
the PLA/TPS film. But, in the case of PLA/mTPS, the miscibility improvement 
between mTPS and PLA matrix assists to distribute the tensile stress occurred. The 
deformation was easily performed.
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TPS or ทาTPS content/ %wt
F igu re 5.6 (A) Young’s modulus, (B) tensile strength, and (C) elongation at break 
of PLA/TPS (open) and PLA/mTPS (closed) films.

At the same time, the trends of a for both PLA/TPS and 
PLA/mTPS films are quite similar (Figure 5.6B). The slightly reduced (7 values by 
addition of TPS and/or mTPS are in the range of 30-35 MPa, independent on the 
content. This decreased a might be from the addition of flexible polymer (i.e. TPS
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and/or mTPS) which reduced the rigidity of the PLA films. As anticipated, the £ of 
the PLA/TPS and PLA/mTPS films are remarkably enhanced as shown in Figure 
5.6C. The highest £ value is presented by PLA/mTPS 60/40 (f 52%) while PLA/TPS 
60/40 shows the £ of 25%. The successfully improved flexibility to PLA is related to 
not only the decreased Tg by consisting of glycerol as plasticizer in the film but also 
the homogenous blending of PLA/mTPS. It can be concluded that the brittle PLA 
film becomes flexible with low oxygen permeability when PLA was blended with 
mTPS.

5.4.4 Degradation Investigation through Weathering Simulation
Considering the overall investigated properties, based on increased 

crystallinity, flexibility improvement, and high content of TPS or mTPS in the blend, 
the films with 60/40 blending weight ratio were selected to further preliminary trace 
on degradation by weathering simulation at varied periods of study time.

After passing simulated weather which was equivalent to 1 month of 
real-time radiation exposure, the PLA film shows a little shrinkage with remained 
high transparency as seen in Figure 5.7A. When the real-time radiation exposure was 
increased to be for 2 months, more shrinkage without cracking on PLA film was 
observed before it became opaque and the cracking was initiated at the end of the 4lh 
month of real-time radiation exposure. This indicates the relatively high tolerance of 
PLA film to be degraded under u v  irradiation.

In the case of the PLA/TPS 60/40 film (Figure 5.7B), the shrinkage 
occurred obviously since the real-time radiation exposure was 1 month. This film 
was more opaque and brownish than an original one (0 month, before QUV 
accelerated weathering testing). It completely degraded after it was exposed for 2 
months real-time radiation. Different from the PLA/TPS film, some parts of 
PLA/mTPS 60/40 film (Figure 5.7C) had partially preserved itself in the film-form 
although the simulated weather for either 2- or 4-month real-time radiation was 
applied. This implies that the miscibility improvement by mTPS may assist the 
dimensional stability somehow. Additionally, the degradation of PLA could be 
accelerated by TPS or mTPS blending because TPS and mTPS are derived from



89

biopolymer which is sensitive to u v  radiation, as reported by Dintcheva and Mantia
(2007).39

(A)

f
- ■ • ' 1 fT~ * ^ 'r

1 A jî'jf6 :

(C)
II \
f

0  month 1 month' . ' f., ...̂** „ 1.,1 .-z m a n th s 4 monthsโ’.!..,..,..,

F igu re  5.7 Appearance of (A) PLA, (B) PLA/TPS 60/40, and (C) PLA/mTPS 60/40 
films after QUV accelerated weathering test at various time periods.

In order to make a concrete discussion, the quantitative analysis of 
PLA molecular weight by GPC technique was carried out for PLA, PLA/TPS, and 
PLA/mTPS films after simulated weather testing at varied periods of real-time 
radiation exposure (Table 5.1).
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The A/lv and Mn of PLA film gradually decrease (from 21 X1 o4 and 
20x1 o4 g/mol to 12x 1 o4 and 6xl04 g/mol. respectively) with slightly increased PDI 
(from 1.1 to 2.2) when the real-time radiation exposure was increased.

Table 5.1 Mu„ and M,, with PDI of PLA, PLA/TPS 60/40, and PLA/mTPS 60/40 
films after QUV accelerated weathering test at various periods of time.

Time periods t̂oX JTn X  104
Film type (months) (g/mol) (g/mol) PDI

0 21.1 ± 1.1 20.0 ± 1.0 1.1 ±0.1
1 19.9 ± 0.9 14.5 ± 1.2 1.4 ± 0.2
2 17.6 ± 1.1 12.2 ± 1.5 1.5 ±0.3
•ๆJ 15.8 ± 1.0 8.4 ± 1.1 1.9 ± 0.1

PLA 4 12.2 ± 1.5 5.7 ±0.4 2.2 ± 0.3
0 18.7 ±  1.8 11.7 ± 1.5 1.6 ±  0.2
1 4.9 ±0.7 1.6 ±0.3 3.2 ±0.2
2 2.5 ± 0.3 1.0 ±  0.1 2.7 ±  0.1
3 2.0 ±0.1 0.7 ±  0.1 2.6 ±0.4

PLA/TPS 60/40 4 1.2 ±0.2 0.4 ±0.1 2.9 ±0.2
0 16.7 ± 1.3 12.4 ± 0.6 1.3 ± 0.1
1 5.2 ±0.7 1.6 ±0.3 3.4 ±0.3
2 3.6 ±0.4 1.6 ±  0.2 2.4 ± 0.2
J 2.6 ±0.5 1.0 ±  0.1 2.7 ±0.2

PLA/mTPS 60/40 4 1.7 ±0.2 0.7 ±0.2 2.4 ±0.4

Similarly, the drastic declined A/v1. and M„ of PLA/TPS film are 
obtained with considerably broad PDI when the real-time radiation exposure was for 
4 months (from ÂÇ 18.7X1 o4 g/mol to 1.2X1 o4 g/mol, Mn 11.7X 1 o4 g/mol to 
0.4xl04 g/mol, and PDI 1.6 to 2.9, for 0 and 4 months, respectively). Meanwhile, the 
AÇ and TdL of PLA/mTPS film exposed for 4 months real-time are decreased to be 
1.7 xio4 g/mol and 0.7 xio4 g/mol. respectively, with relatively broad PDI (2.4).
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This result suggests the relatively slow degradation rate of PLA film as indicated by 
the higher remained M 11. and Mn of PLA with lower PDI than those of PLA/TPS and 
PLA/mTPS films. It should be noted that the degradation rate of PLA was 
accelerated by blending with TPS and/or mTPS due to highly-moisture, temperature, 
and u v  sensitive compound, i.e., starch and glycerol consisting in either TPS or 
mTPS.

Comparing the cases of PLA/TPS and PLA/mTPS films, the remained 
Mw and M„ after simulated degradation of PLA/mTPS films are clearly higher than 
those of PLA/TPS films. This confirms the prolonged stability of PLA/mTPS film 
which plays a key role on the further trial of appropriate life cycle of mulch film for 
plant growth.

5.5 Conclusions

The present work proposed the PLA/mTPS film as a potential biodegradable 
mulch film. The chemically modified mTPS can successfully enhance miscibility 
W’ith well dispersion in PLA matrix, and consequently, promote the PLA chain 
mobility as observed from decreased Tg with high A'c-50%. The enhanced PLA 
crystallinity with homogeneous blend acts as effective barrier for oxygen with 50% 
reduction as compared to the pure PLA film. The film flexibility was also improved 
significantly with 10-fold increased e (52%) by mTPS 40 %wt and maintained 
relatively high a (30 MPa) as compared to the PLA film. The PLA/mTPS 60/40 film 
also performed the acceleration of slow PLA degradation and prolonged the 
durability after simulated weathering exposure for 4 months of real-time as 
evidenced from both qualitative and quantitative analyses.
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