
CHAPTER II 
LITERATURE REVIEW

2.1 General Information of Poly(lactic acid) (PLA)

P o ly ( la c t ic  a c id )  (P L A )  is  in  th e  fa m ily  o f  a l ip h a t ic  p o ly e s te r s  c o m m o n ly  
m a d e  f ro m  L a c tic  a c id  o r  2 - h y d ro x y p ro p in o ic  a c id  w h ic h  is  o b ta in e d  f ro m  th e  
fe rm e n ta t io n  o f  e n g in e e re d  m ic ro b e s  o f  th e  g e n u s  L a c to b a c illu s .  T h e s e  
m ic ro o rg a n is m s  a re  h ig h ly  e f f ic ie n t  s o u rc e s  o f  la c t ic  a c id . L a c tic  a c id  is  th e  s im p le s t  
h y d ro x y  a c id  w ith  a n  a s y m m e tr ic  c a r b o n  a to m  a n d  e x is ts  in  tw o  o p tic a l ly  a c t iv e  
c o n f ig u ra tio n . T h e  o p t ic a l ly  a c tiv e  la c t ic  a c id  a re  “ £ )”  a n d  “ Z,”  s te r e o is o m e rs  
( f ig u re  2 .1 ) . S y n th e s iz e d  P L A  fro m  c h e m ic a l  s y n th e s is  o f  la c t ic  a c id  re s u lts  in  th e  
racem ic-  m ix tu r e  (5 0 %  D  a n d  5 0 %  L). N a t iv e  P L A  ty p ic a l ly  c o n s is ts  o f  9 9 .5 %  o f  th e  
L -iso m e r  a n d  0 .5 %  o f  th e  D - is o m e r  (V e r t  e t a l ,  1 9 9 5 ; V in k  et a l ,  2 0 0 3 ) .

L -L a c t ic  a c id  D - L a c t ic  a c id

Figure 2.1 S te r e o is o m e rs  o f  la c t ic  a c id s .

P L A  is  a  th e rm o p la s t ic  w ith  h ig h  s tre n g th  a n d  h ig h  m o d u lu s  th a t  c a n  b e  
m a d e  f ro m  re n e w a b le  r e s o u rc e s  fo r  u s e  in  m a n y  a p p l ic a t io n s  s u c h  a s  in d u s tr ia l  
p a c k a g in g , b io m e d ic a l  i te m s , a g r ic u ltu ra l  f ie ld  , a n d  te x t i le s .  It is  e a s i ly  p ro c e s s e d  o n  
s ta n d a rd  p la s t ic  e q u ip m e n t  to  y ie ld  m o ld e d  p a r ts , f i lm s , o r  f ib e r s  ( H a r tm a n n , 1 9 9 8 ).

P o ly ( la c t ic  a c id )  h a s  g la s s - tr a n s i t io n  a n d  m e l t  te m p e ra tu re  o f  a b o u t  5 5 ° c  
a n d  1 7 5 ° c ,  r e s p e c tiv e ly . T h e y  re q u ire  p ro c e s s in g  te m p e ra tu re s  in  e x c e s s  o f  1 8 5 - 
1 9 0 ° c  (S p in u  e t a l ,  1 9 9 6 ). A t th e s e  te m p e ra tu re s ,  u n z ip p in g  a n d  c h a in  s c is s io n  
re a c tio n s  le a d in g  to  lo s s  o f  m o le c u la r  w e ig h t ,  a s  w e ll a s  th e rm a l d e g ra d a t io n s , a re  
k n o w n  to  o c c u r . T h e  m o s t  w id e ly  u se d  m e th o d  fo r  im p ro v in g  P L A  p ro c e s s a b i l i ty  is
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b a s e d  o n  m e l t in g  p o in t  d e p re s s io n  b y  th e  r a n d o m  in c o r p o ra t io n  o f  s m a ll  a m o u n ts  o f  
la c t id e  e n a n t io m e r  w ith  o p p o s i te  c o n f ig u ra t io n  in to  th e  p o ly m e r  ( i .e .,  a d d in g  a  s m a ll  
a m o u n t  o f  D - la c t id e  to  th e  L - la c t id e  to  o b ta in  P D L L A ). U n fo r tu n a te ly ,  th e  m e l t in g  
p o in t  d e p re s s io n  is  a c c o m p a n ie d  b y  a  s ig n if ic a n t  d e c r e a s e  in  c ry s ta l l in i ty  a n d  
c ry s ta l l iz a t io n  r a te s  ( G a r lo t ta ,  2 0 0 1 ) .

2.2 Synthesis of PLA

T h e  s y n th e s is  o f  la c t ic  a c id  in to  h ig h -m o le c u la r  w e ig h t  P L A  c a n  f o l lo w  tw o  
d if f e re n t  r o u te s  o f  p o ly m e r iz a t io n  (F ig u re  2 .2 ) .

Figure 2 .2  S y n th e s is  m e th o d s  fo r  h ig h -m o le c u la r  w e ig h t  P L A .
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2 .2 .1  D ire c t  M e l t  P o ly c o n d e n s a t io n  o f  L a c tic  A c id
D ire c t  m e lt  p o ly c o n d e n s a t io n  is  c o n v e n t io n a l ly  to  p r o d u c e  a lip h a tic  

p o ly e s te r s  s u c h  a s  P E T . T h e  m e th o d  is  c u r r e n t ly  a lso  u t i l i z e d  in  th e  p r o d u c t io n  o f  
b io d e g ra d a b le  p o ly m e rs .

L a c tic  a c id  is  c o n d e n s a t io n  p o ly m e r iz e d  to  y ie ld  a  lo w  m o le c u la r  
w e ig h t  w i th  lo w  m e c h a n ic a l  p ro p e r t ie s  w h ic h , fo r  th e  m o s t  p a r t ,  is  u n u s a b le  fo r  a n y  
a p p lic a t io n s  u n le s s  e x te rn a l  c o u p l in g  a g e n ts  a r e  u se d  to  in c re a s e  th e  m o le c u la r  
w e ig h t  o f  th e  p o ly m e r . T h e  m o le c u la r  w e ig h t  o f  th is  c o n d e n s a t io n  p o ly m e r  is lo w  
d u e  to  v is c o u s  p o ly m e r  m e lt ,  p r e s e n c e  o f  w a te r  im p u r i t ie s ,  s ta t is t ic a l  a b s e n c e  ( lo w  
c o n c e n t ra t io n )  o f  r e a c t iv e  e n d -g ro u p s , an d  “ b a c k - b i t in g ” e q u i l ib r iu m  th a t  fo rm s  th e  
s ix -m e m b e r  la c t id e  r in g .

T h e  m a in  b e n e f i t  o f  d i re c t  m e l t  p o ly c o n d e n s a t io n  o f  la c t ic  a c id  is  th e  
s im p l ic i ty  o f  th e  p r o c e s s  d u e  to  th e  d e c re a s e d  s te p s  o f  r e a c t io n , a s  c o m p a re d  to  th e  
R in g -o p e n in g  p o ly m e r iz a t io n  (R O P )  ro u te  ( M o o n  et a l . , 2 0 0 0 ; G a o  et a l . , 2 0 0 2 ) .

T h e  d is a d v a n ta g e s  o f  b u lk  p o ly m e r iz a t io n  o f  la c t ic  a c id  in  th e  m e lt  
p h a s e  in c lu d e  lo n g  r e a c t io n  t im e s , lo w  r e a c t io n  y ie ld s  ( ty p ic a l ly  <  8 0 % ), s id e  
r e a c t io n s  r e s u l t in g  in  c o lo u re d  b o d ie s , a n d  th e  lo w  m o la r  m a s s e s  ty p ic a l ly  o b ta in e d  
(H u m m e l, 1 9 8 2 ). T h e  m a in  r e a s o n s  fo r  th e  lo w  m o la r  m a s s e s  a re  th e  h ig h  v is c o s i ty  
o f  th e  p o ly m e r  m e l t  a n d  th e  p re s e n c e  o f  w a te r  a n d  im p u r i t ie s  in  th e  r e a c t io n  m ix tu re  
( K r ic h e ld o r f  et a l ,  1 9 9 6 ). T h e  s ta t is t ic a l ly  d e c r e a s in g  p r o b a b i l i ty  o f  th e  c h a in  e n d s  to  
re a c t a s  th e  p o ly m e r iz a t io n  p ro c e e d s  a n d  th e  r in g -c h a in  e q u i l ib r iu m  le a d in g  to  th e  
fo rm a t io n  o f  la c t id e  a n d  o th e r  o l ig o m e rs  h a v e  a ls o  n e g a tiv e ly  a f fe c ts  to  a c h ie v e  h ig h  
m o la r  m a ss . In  d i re c t  p o ly m e r iz a t io n  re a c t io n s  M w/M n ty p ic a l ly  a p p ro a c h e s  2  a t  h ig h  
c o n v e r s io n  ( K r ic h e ld o r f  et a l ,  2 0 0 5 ) .

2 .2 .2  R in g - o p e n in g  P o ly m e r iz a t io n  ( R O P )  o f  L a c tid e
T h e  s e c o n d  ro u te  o f  p ro d u c in g  P L A  is  to  r in g -o p e n  p o ly m e r iz e  (R O P )  

la c t id e  to  y ie ld  h ig h -w e ig h t  (M w >  1 0 0 ,0 0 0 ) P L A  c o l le c t  a n d  p u r i fy . T h e  la c tid e  
m e th o d  w a s  th e  o n ly  m e th o d  o f  p ro d u c in g  p u r e  a n d  h ig h - m o le c u la r - w e ig h t  P L A  
u n ti l  M its u i  T o a ts u  C h e m ic a ls  r e c e n t ly  c o m m e r c ia l iz e d  a  p r o c e s s  w h e re in  la c t ic  a c id  
a n d  c a ta ly s t  a re  a z e o tro p ic a l ly  d e h y d ra te d  in  a  r e f lu x in g  (h ig h - b o i l in g  a n d  a p ro tic
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s o lv e n t)  u n d e r  r e d u c e d  p r e s s u r e s  to  o b ta in  P L A  w ith  w e ig h t - a v e r a g e  m o le c u la r  
w e ig h ts  g re a te r  th a n  3 0 0 ,0 0 0  ( G a r lo t ta ,  2 0 0 1 ).

T h e  R O P  p ro c e s s  in v o lv e s  fo u r  m a in  s te p s : (1 )  p r o d u c t io n  o f  a  lo w  
m o la r  m a s s  o l ig o m e r  b y  d ire c t  m e l t  p o ly m e r iz a t io n  (2 )  d e p o ly m e r iz a t io n  o f  la c t ic  
a c id  o l ig o m e r  in to  la c t id e  b y  th e  b a c k -b it in g  m e c h a n is m , (3 )  p u r i f i c a t io n  o f  la c t id e , 
a n d  (4 )  p o ly m e r iz a t io n  o f  la c t id e  in to  h ig h  m o la r  m a s s  P L A  (M vv>  1 0 0 ,0 0 0  g  m o l '1) 
by  th e  R O P  m e c h a n is m  (B ro d e r ic k  e t a l ,  2 0 1 1 ) .  B u lk  a n d  m e l t  R O P  r e a c t io n s  a re  
c o n d u c te d  b e lo w  a n d  a b o v e  th e  m e l t in g  p o in t  o f  P L A  ( ty p ic a l ly  16 °C ) , r e s p e c tiv e ly . 
( K r i c h e ld o r f  a n d  S e rra , 1 9 8 5 ) s c re e n e d  2 4  d i f f e r e n t  o x id e s ,  c a r b o n a te s ,  a n d  
c a r b o x y la te s  in  th e  b u lk  p o ly m e r iz a t io n  o f  la c t id e  a t  12 0 , 1 5 0 , a n d  180  ° c .  It w a s  
fo u n d  th a t  th e  m o s t  e f fe c t iv e  c a ta ly s t  w i th  r e s p e c t  to  y ie ld , m o le c u la r  w e ig h t ,  a n d  
r a c e m iz a t io n  w e re  t in ( I I )  o x id e  o r  o c to a te ,  le a d ( I I )  o x id e , a n t im o n y  o c to a te ,  a n d  
b is m u th  o c to a te . T h e  b e s t  r e su lts  w e re  o b ta in e d  f ro m  t in  o x id e  a n d  o c to a te  a t  12 0 - 
! 50  ° c  w ith  c o n v e r s io n s  u p  to  9 0 % .

In  s o lu t io n  p o ly m e r iz a t io n , th e  r e a c t io n  is  c o n d u c te d  in  a n  o rg a n ic  
s o lv e n t. T h e  la rg e  n u m b e r  o f  p r o d u c t io n  s te p s  o f  th e  R O P  r o u te  is g e n e ra l ly  
c o n s id e re d  a s  d r a w b a c k  in  c o m p a r is o n  to  th e  d i r e c t  m e lt  p o ly m e r iz a t io n  o f  la c tic  
a c id . T h e  p ro p e r t ie s  o f  th e  fo rm e d  p o ly m e r  a r e  s t r o n g ly  d e p e n d e n t  o n  th e  o p tic a l  
p u rity  o f  th e  la c t id e  u s e d . L a c tid e  is a  r in g - f o r m e d  d im e r  th a t  c a n  e x is t  in  th re e  
d i f f e re n t  fo rm s , L,L-, D ,D-, a n d  D ,L -lac tid e . A  5 0 :5 0  m ix tu r e  o f  D,D a n d  L ,L -la c tid e  is 
c a l le d  ra cem ic  (rac) - l a c t id e  ( G re g s o n  et a l . , 2 0 0 6 )  a s  d e p ic te d  in  F ig u r e  2 .1 . L a c tid e  
is m a n u fa c tu r e d  b y  d e p o ly m e r is a t io n  o f  p o ly ( la c t ic  a c id ) ,  w h ic h  is p ro d u c e d  by  
d ire c t m e l t  p o ly m e r iz a t io n  a n d  h a s  a  m o le c u la r  w e ig h t  in  th e  r a n g e  o f  4 0 0 - 2 5 0 0  g 
m o l '1. T h e  d e p o ly m e r iz a t io n  re a c t io n  is ty p ic a l ly  c o n d u c te d  a t  1 3 0 - 2 3 0  ° c  at 
r e d u c e d  p re s s u re  in  th e  p re s e n c e  o f  0 .0 5 - 1 .0  w t%  t in  d u s t  in  a  c o n t in u o u s  p ro c e s s .

2.3 Advantages and Limitations of PLA

2 .3 .1  P L A  A d v a n ta g e s
2 .3 .1 .1  E c o - f r ie n d ly  P o ly m e r

P L A  is b io d e g ra d a b le ,  r e c y c la b le ,  a n d  c o m p o s ta b le  
(D ru m r ig h t  et a l . , 2 0 0 0 ) .  I ts  p r o d u c t io n  a lso  c o n s u m e s  c a r b o n  d io x id e  ( D o rg a n  et a l . ,
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2 .3 .1 .2  B io c o m p a tib i l i ty
T h e  m o s t  a tt ra c t iv e  a s p e c t  o f  P L A , e s p e c ia l ly  w i th  r e s p e c t  to  

b io m e d ic a l  a p p lic a t io n s ,  is  its  b io c o m p a tib i l i ty .  A  b io c o m p a t ib le  m a te r ia l  s h o u ld  n o t 
p ro d u c e  to x ic  o r  c a rc in o g e n ic  e f fe c ts  in  lo c a l t i s s u e s . A ls o ,  th e  d e g ra d a t io n  p ro d u c ts  
sh o u ld  n o t  in te r fe re  w ith  t is s u e  h e a l in g . M o re o v e r ,  P L A  d e g r a d a t io n  p r o d u c ts  a re  
n o n - to x ic  (a t  a  lo w e r  c o m p o s it io n )  th a t  is  w h y  it a  n a tu ra l  c h o ic e  fo r  b io m e d ic a l  
a p p lic a t io n s  ( A th a n a s io u  et a l . , 19 96 ).

2 .3 .1 .3  P ro c e s s ib i l i ty
P L A  h a s  b e t te r  th e rm a l p r o c e s s ib i l i ty  c o m p a re d  to  o th e r  

b io p o ly m e rs  s u c h  a s  p o ly (h y d ro x y l a lk a n o a te s )  ( P H A s ) , p o ly (e th y e le  g ly c o l)  (P E G ) , 
p o ly (e -c a p ro la c to n e )  (P C L ) , e tc . P L A  c a n  b e  p r o c e s s e d  b y  in je c t io n  m o ld in g , f ilm  
e x tru s io n , b lo w  m o ld in g , th e rm o fo rm in g , f ib e r  s p in n in g , a n d  f i lm  f o rm in g  ( A u r a s  et 
a l ,  2 0 0 4 ) .

2 .3 .1 .4  E n e rg y  S a v in g s
P L A  re q u ire s  2 5 - 5 5 %  le s s  e n e r g y  to  p r o d u c e  th a n  p e t ro le u m  

b a se d  p o ly m e r s  a n d  s o m e  e s t im a t io n s  s h o w  th a t th is  c a n  b e  f u r th e r  r e d u c e d  to  le s s  
th a n  1 0 %  in  th e  fu tu re  (V in k  et a l ,  2 0 0 3 ) . L o w e r  e n e r g y  u se  m a k e s  P L A  p r o d u c t io n  
p o te n tia l ly  a d v a n ta g e o u s  w ith  re sp e c t to  c o s t  a s  w e ll.

A l th o u g h  P L A  is a n  e c o - f r ie n d ly  b io p la s t ic  w i th  e x c e l le n t  
b io c o m p a tib i l i ty ,  p ro c e s s ib i l i ty , a n d  le s s  e n e rg y  d e p e n d e n c e ,  it  h a s  d r a w b a c k s  a s  
w e ll, w h ic h  l im it  its  u se  in  c e r ta in  a p p lic a tio n s .

2 .3 .2  P L A  L im ita t io n s
2 .3 .2 .1  P o o r  T o u g h n e s s

P L A  is  a  v e ry  b r i t t le  m a te r ia l  w i th  le s s  th a n  1 0 %  e lo n g a t io n  a t  
b re a k  (R a s a i  a n d  H ir t , 2 0 0 8 ) . A lth o u g h  its  te n s ile  s t r e n g th  a n d  e la s t ic  m o d u lu s  a re  
c o m p a ra b le  to  p o ly e th y le n e  te re p h th a la te )  (P E T ) , th e  p o o r  to u g h n e s s  l im its  its  u se  
in  th e  a p p l ic a t io n s  w h ic h  n e e d  p la s tic  d e fo rm a tio n  a t  h ig h e r  s tr e s s  le v e ls .

2 .3 .2 .2  S lo w  D e g ra d a tio n  R a te

2001). These sustainability and eco-friendly characteristics make PLA an attractive
biopolymer.
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P L A  d e g ra d e s  th ro u g h  th e  h y d ro ly s is  o f  b a c k b o n e  e s te r  g ro u p s  
a n d  th e  d e g ra d a t io n  r a te  d e p e n d s  o n  th e  P L A  c r y s ta l l in i ty ,  m o le c u la r  w e ig h t ,  
m o le c u la r  w e ig h t  d is t r ib u t io n , m o rp h o lo g y , w a te r  d i f f u s io n  r a te  in to  th e  p o ly m e r , 
a n d  th e  s te r e o is o m e r ic  c o n te n t  ( J a n o rk a r  et a l ,  2 0 0 4 ) .  T h e  d e g ra d a t io n  ra te  is  o f te n  
c o n s id e re d  to  b e  a n  im p o r ta n t  s e le c t io n  c r ite r io n  fo r  b io m e d ic a l  a p p l ic a t io n s ( T o k iw a  
a n d  C a la b ia ,  2 0 0 6 ) . T h e  s lo w  d e g ra d a tio n  ra te  le a d s  to  a  lo n g  in  v iv o  li fe  t im e , w h ic h  
c o u ld  b e  u p  to  y e a rs  in  s o m e  c a se s  (B e rg s m a  et a l . , 1 9 9 5 ). T h e re  h a v e  b e e n  r e p o r ts  o f  
a  s e c o n d  s u rg e ry  a lm o s t  3 y e a rs  a f te r  im p la n ta t io n  to  r e m o v e  a  P L A - b a s e d  im p la n t  
( In c a rd o n a  e t a l ,  1 9 9 6 ). T h e  s lo w  d e g ra d a tio n  ra te  is a  s e r io u s  p r o b le m  w i th  r e s p e c t  
to  d is p o s a l  o f  c o n s u m e r  c o m m o d it ie s  a s  w e ll.

2 .3 .2 .3  H y d ro p h o b ic i ty
P L A  is  r e la tiv e ly  h y d ro p h o b ic ,  w i th  a  s ta t ic  w a te r  c o n ta c t  

a n g le  o f  a p p ro x im a te ly  8 0  d e g re e . T h is  re s u lts  in  lo w  c e ll  a f f in ity , a n d  c a n  e l ic i t  an  
in f la m m a to ry  re sp o n s e  f ro m  th e  liv in g  h o s t  u p o n  d i re c t  c o n ta c t  w i th  b io lo g ic a l  f lu id s  
(B u rg  et a l . , 1 9 9 9 ).

2 .3 .2 .4  L a c k  o f  R e a c tiv e  S id e -c h a in  G ro u p s -P L A
P L A  is c h e m ic a lly  in e r t w i th  n o  r e a c t iv e  s id e -c h a in  g ro u p s  

m a k in g  its  s u r fa c e  a n d  b u lk  m o d if ic a t io n s  a  c h a l le n g in g  ta s k .

2.4 Nucleating Agents for PLA

T h e  g o o d  m e th o d  fo r  in c re a s in g  th e  P L A  c r y s ta l l iz a t io n  r a te  is  b le n d in g  
P L L A  w i th  n u c le a t in g  a g e n t. T h e re  w e re  m a n y  r e p o r ts  s h o w in g  p o te n t ia l  n u c le a t in g  
a g e n ts . T h e  n u c le a t in g  a g e n t  c a n  b e  c la s s i f ie d  in to  f iv e  ty p e s , i .e ., in o rg a n ic ,  o rg a n ic ,  
s te r e o c o m p le x  o f  P L L A  a n d  P D L A , p o ly m e rs , a n d  s u p ra m o le c u la r  p o ly m e rs .

2 .4 .1  In o rg a n ic  C o m p o u n d s
In o rg a n ic  c o m p o u n d s , s u c h  a s  ta lc , c a lc iu m  c a r b o n a te  (C a C C b )  a n d  

c la y , h a v e  b e e n  u s e d  a s  n u c le a t in g  a g e n ts . L i e t al. (2 0 0 7 )  s tu d ie d  e f fe c t  o f  
n u c le a t in g  a g e n t  b y  a d d in g  ta lc , so d iu m  s te a ra te  a n d  c a lc iu m  la c ta te  in  P L L A . T h e  
is o th e rm a l d a ta  s h o w e d  th a t  ta lc  w a s  h ig h ly  e f fe c t iv e  to  n u c le a te  P L L A  a t r a n g e  8 0 - 
120 °c. S u k s u t  et al. (2 0 1 1 )  s tu d ie d  th e  e f fe c t  o f  C a C 0 3 a n d  ta lc  a s  n u c le a t in g  a g e n ts
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in  P L L A  to  im p ro v e  m e c h a n ic a l  p ro p e r t ie s  o f  P L L A . B o th  n u c le a t in g  a g e n ts  
in c re a s e d  th e  d e g re e  o f  c ry s ta l l in i ty  o f  P L L A  b u t d e c r e a s e d  s p h e ru l i t e  s iz e . T h e  
o p tic a l  m ic r o g r a p h s  a re  s h o w n  in  F ig u re  2 .3 .

Figure 2 .3  O p tic a l  m ic ro g ra p h s  o f  (a )  n e a t  P L L A , a n d  P L L A  w ith  n u c le a t in g  a g e n ts  
o f  (b ) C a C 0 3 , (c )  ta lc , a n d  (d )  a - C D  a t th e  is o th e rm a l c r y s ta l l iz a t io n  te m p e ra tu re  o f
127 ° c .

2 .4 .2  O rg a n ic  C o m p o u n d s
O rg a n ic  c o m p o u n d s  s u c h  a s  s ta r c h , c e l lu lo s e ,  a n d  N -  

a m in o p h th a l im id e  w e re  r e p o r te d  a s  n u c le a t in g  a g e n ts . C a i e t  u / . (2 0 1 1 )  s tu d ie d  th e  
e f fe c t o f  th e rm o p la s t ic  s ta r c h  (T P S )  a s  n u c le a t in g  a g e n t  fo r  T P S /P L L A  c o m p o s i te s  
b y  is o th e rm a l c ry s ta l l iz a t io n  k in e t ic s . T h e  T P S  w a s  fo u n d  to  im p ro v e  th e  
c ry s ta l l in i ty  o f  P L L A  in  c o m p o s ite s . K a n g  et al. ( 2 0 0 8 )  s tu d ie d  th e  e f fe c t  o f  
c h e m ic a lly  m o d if ie d  th e rm o p la s t ic  s ta rc h  (C M P S )  b a s e d  o n  th e  th e rm a l  p r o p e r t ie s  o f  
P L L A . T h e  c ry s ta l l in i ty  a n d  c ry s ta l l iz a t io n  ra te  o f  P L L A  w e re  f o u n d  to  in c re a s e  
a lth o u g h  th e  e f fe c t  o f  C M P S  as a  n u c le a t in g  a g e n t  w a s  le s s  th a n  th a t  o f  ta lc . 
S o b k o w ic z  e t al. (2 0 0 8 )  s tu d ie d  th e  c e l lu lo s e  d e r iv e d  c a r b o n  n a n o s p h e r e s  ( C N S )  a s  
n u c le a t in g  a g e n ts .  T h e  C N S  in c re a s e d  n u c lé a t io n  a n d  c r y s ta l l iz a t io n  r a te  o f  P L L A . 
T h e  c ry s ta l l iz a t io n  o f  P L L A  w a s  in c re a s e d  u p  to  4 0 %  le a d in g  a n  in c re a s e  o f  im p a c t
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re s is ta n c e . P e i et al. (2 0 1 0 )  s tu d ie d  h o w  c e llu lo s e  n a n o c r y s ta ls  ( C N C )  a n d  s i ly la te d  
c e l lu lo s e  n a n o c r y s ta ls  ( S C N C )  c o u ld  b e  n u c le a t in g  a g e n ts  f o r  P L L A . It w a s  fo u n d  
th a t  m o d u lu s  a n d  te n s i le  s tre n g th  o f  th e  P L L A /S C N C  n a n o c o m p o s i te  f i lm s  w e r e  
h ig h e r  th a n  th o s e  o f  P L L A  fo r  2 0 %  w ith  o n ly  1 w t .%  w e l l - d is p e r s e d  S C N C . K im  et 
al. (2 0 1 0 )  s tu d ie d  th e  e f fe c t  o f  m u l t i-w a l le d  c a rb o n  n a n o tu b e  ( M W C N T )  b y  m e l t  
b le n d in g  w i th  M W C N T  to  f in d  th a t th e  c r y s ta l l iz a t io n  w a s  o c c u r r e d  r a p id ly .

I t s h o u ld  b e  n o te d  th a t  th e  in o rg a n ic  a n d  o rg a n ic  n u c le a t in g  a g e n ts  
m a y  in d u c e  p h a s e  s e p a ra t io n  in  P L L A  m a tr ix .

2 .4 .3  S te re o c o m p le x a tio n  o f  P L L A  a n d  P D L A
A s  p o ly ( la c t ic  a c id )  h a s  a  c h ira l c e n te r ,  th e  m o le c u le  c a n  b e  L  a n d  D  

fo rm s  (F ig u re  2 .4 ) .

P L L A  P D L A

Figure 2.4 S tru c tu re s  o f  p o ly (L - la c tic  a c id )  (P L L A )  a n d  p o ly (D - la c t ic  a c id )  
(P D L A ).

In  g e n e ra l , th e  fe rm e n ta t io n  o f  s ta r c h  b r in g s  L - la c t ic  a c id . In  s o m e  
s p e c if ic  c o n d i t io n  D - la c t ic  c a n  p ro d u c e d  su c h  a s  th e  u s e  o f L .  d e lb r u e c k i i ,  L . 
je n s e n i i ,  a n d  L . s a l iv a r iu s  (G a r lo t ta , 2 0 0 1 ). S te r e o c o m p le x  P L L A -P D L A  c a n  b e  
p re p a re d  b y  s im p ly  m ix in g  P L L A  w ith  P D L A . P o ly m e r  c o m p le x  b e tw e e n  tw o  
is o m e rs  is a  g o o d  a l te rn a t iv e  to  in c re a s e  c ry s ta l l iz a t io n  ra te . A  n u m b e r  o f  s tu d ie s  
s h o w e d  im p ro v e m e n ts  o f  c ry s ta l l iz a t io n  ra te  o f  P L L A  u n d e r  s te r e o c o m p le x  s tru c tu re .  
T s u ji  e t al. (2 0 0 6 )  fo u n d  th a t  an  o v e ra l l c ry s ta l l iz a t io n  ra te  o f  P L L A  s te r e o c o m p le x  
is  m u c h  h ig h e r  th a n  th a t  o f  p u re  P L L A  o r  P D L A . B r o c h u  et al. ( 1 9 9 5 )  fo u n d  th a t  
P L L A  s h o w e d  th e  m e l t in g  te m p e ra tu re  (7 '111) a t 1 7 0 -1 8 0  ° c  b u t  th e  s te r e o c o m p le x  
P L L A -P D L A  s h o w e d  Tm a t  2 2 0 -2 3 0  ° c  w h e n  th e  c o n te n t  o f  P D L A  w a s  o n ly  10 
w t% . S c h m id t  et al. (2 0 0 1 )  a n d  Y a m a n e  et al. (2 0 0 3 )  c o n f i rm e d  th a t  th e  
s te r e o c o m p le x  P L L A -P D L A  in c re a se d  th e  n u m b e r  o f  P L L A  s p h e ru l i t e s  a n d  th e
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c r y s ta l l iz a t io n  ra te .

Figure 2 .5  O p tic a l m ic r o g r a p h s  o f  P L L A -P D L A  b le n d s  g ro w n  is o th e r m a l ly  a t  120  
°c a f te r  c o o l in g  f ro m  2 0 0  °c.

A n d e r s o n  e t al. (2 0 0 6 )  s tu d ie d  m e lt  p re p a r a t io n  a n d  n u c lé a t io n  e f f ic ie n c y  o f  
s te r e o c o m p le x  P L L A -P D L A . In a d d it io n , C h e n , et al. ( 2 0 1 1 )  r e p o r te d  th a t  th e  
s te r e o c o m p le x  P L L A -P D L A  p re p a re d  b y  m e lt  m ix in g  o f  P L L A  a n d  P D L A  e n h a n c e d  
th e  m e l t in g  p o in t  a n d  s p h e ru lite  g ro w th  ra te  a s  c o m p a re d  to  P L L A  a n d  P D L A . T h e  
o n ly  p r o b le m  is th e  h ig h  c o s t  o f  P D L A .

2 .4 .4  P o ly m e rs
S a ra z in  et al. (2 0 0 8 )  s tu d ie d  th e  b le n d s  o f  P L L A , 

p o ly c a p r o la c to n e (P C L )  a n d  th e rm o p la s t ic  s ta r c h  to  im p ro v e  th e ir  m e c h a n ic a l  
p ro p e r t ie s .  It w a s  fo u n d  th a t  te rn a ry  b le n d  in c re a s e d  im p a c t  a n d  e lo n g a t io n  a t  b re a k  
as c o m p a re d  to  th e  p u re  P L L A . A t th e  s a m e  t im e ,  Y o k o h a ra  e t al. ( 2 0 0 8 )  s tu d ie d  
b in a ry  b le n d s  o f  P L L A  a n d  p o ly (b u ty le n e s  s u c c in a te )  (P B S )  to  f in d  th a t  a l th o u g h  
P L L A  a n d  P B S  w e re  im m is c ib le ,  P B S  a c c e le ra te d  th e  c r y s ta l l iz a t io n  o f  P L L A  a n d  a t 
th a t t im e  th e  m o l te n  P B S  d ro p le ts  a c te d  as c ry s ta l l iz a t io n  n u c le i  fo r  P L L A .
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2 .4 .5  S u p ra m o le c u la r  P L L A
S u p ra m o le c u la r  p o ly m e rs  in c lu d in g  d e n d r i t ic  p o ly m e r , h y p e r b r a n c h e d  

p o ly m e r  a n d  m u l t i - a rm  s ta r  p o ly m e rs  a re  e x p e c te d  a s  a n  e f f e c t iv e  n u c le a t in g  a g e n t  
b e c a u se  o f  th e i r  m u l t i - fu n c t io n a l  g ro u p s .

W e n  e t al. (2 0 1 0 )  s tu d ie d  th e  e f f e c t  o f  p - te r t - b u ty lc a l ix [8 ]a r e n e  
(T B C 8 -e b )  a s  a  n o v e l  a c t iv e  n u c le a t in g  a g e n t o n  th e  is o th e rm a l c r y s ta l l iz a t io n  o f  
p o ly ( la c t ic  a c id )  (P L L A ) . T h e  c h e m ic a l  s tru c tu re  is  p r e s e n te d  in  F ig u re  2 .6 .

F ig u r e  2 .6  S tru c tu re  o f  p - te r t - b u ty lc a l ix [8 ]a r e n e  ( T B C 8 -e b ) .

I t w a s  e x p la in e d  th a t  T B C 8 -e b  in i t ia te d  th e  c o n fo rm a t io n a l  o r d e r  o f  
P L L A  in  th e  is o th e r m a l  c r y s ta l l iz a t io n  b a s e d  o n  th e  in te r a c t io n  b e tw e e n  m e th y l 
g ro u p  a n d  P L L A  c h a in s .  A  c o u p le  o f  m e th y l g r o u p s  w h ic h  fo rm e d  a  s h o r t  h e l ic a l  
s tru c tu re  im p ro v e d  P L L A  c r y s ta l l iz a t io n  ra te . Z h a n g , et al. (2 0 0 4 )  s tu d ie d  th e  e f fe c t  
o f  d e n d r i t ic  h y p e r b r a n c h e d  p o ly m e r  (D H P )  fo r  u s in g  a s  a  n u c le a t in g  a g e n ts .  T h e  
c h e m ic a l s tr u c tu r e  is  p r e s e n te d  in  F ig u re  2 .7 .

D H P  c a n  im p ro v e  te n s i le  s tr e n g th  a n d  e lo n g a t io n  a t b r e a k  o f  P L L A . In 
a d d it io n , D H P  a c te d  a s  n u c lé a t io n  a g e n ts  a n d  s ig n if ic a n t ly  in c re a s e d  c r y s ta l l iz a t io n  
ra te  a n d  c r y s ta l l in i ty  o f  P L L A .
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F ig u r e  2 .7  S tru c tu re  o f  d e n d r i t ic  h y p e rb ra n c h e d  p o ly m e r  (D H P ) .

T h e  p re p a r a t io n  o f  h y p e r -b ra n c h e d  p o ly m e r s  c o u ld  b e  a c c o m p lis h e d  
g e n e ra l ly  in  tw o  im p o r ta n t  s y n th e tic  m e th o d s ;  th e re  a re  th e  “ a r m - f i r s t”  a n d  “ c o re -  
f irs t” a p p ro a c h . H a o  e t al. (2 0 0 5 )  s tu d ie d  s y n th e s is  o f  s ta r - s h a p e d  P L L A  b y  “ c o re -  
f i r s t” a p p ro a c h . T h e  3 - to  6 -a rm e d  s ta r -s h a p e d  P L L A s  w e re  s y n th e s iz e d  th ro u g h  
r in g -o p e n in g  p o ly m e r iz a t io n  o f  L - la c tid e  w ith  n a tu ra l  s u g a r  a lc o h o ls  o f  g ly c e ro l ,  
e ry th r i to l ,  x y l i to l ,  a n d  s o rb i to l  a s  in i t ia to r s  (F ig u re  2 .8 ) . In  a d d i t io n ,  th e y  s tu d ie d  
c r y s ta l l iz a t io n  k in e t ic  o f  s ta r - s h a p e d  P L L A s , th e  r e s u l t s  s h o w e d  th a t  th e  m o re  a r m s  
o f  a  s ta r - s h a p e d  p o ly m e r  h a d  lo w e r  s p h e ru li te  g ro w th  ra te .
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F ig u r e  2 .8  C h e m ic a l  p re p a r a t io n  o f  s ta r - s h a p e d  P L L A s  in i t ia te d  w i th  d iv e r s e  
re d u c e d  s u g a r  a lc o h o ls .

2.5 Plasticization of PLA

A m o rp h o u s  P L A  e x h ib i ts  th e  g la s s  t r a n s i t io n  t e m p e ra tu re  (7 g ) in  th e  ra n g e  
o f  5 0 - 6 0  °c. B e lo w  th a t  te m p e ra tu re  P L A  is r ig id  a n d  b r i t t le  h a v in g  th e  e la s t ic  
m o d u lu s  a b o u t  3 G P a  a n d  lo w  a b i li ty  to  p la s tic  d e f o r m a t io n .T h e  b r i t t le n e s s  a n d  
s ti f fn e s s  o f  P L A  a re  m a jo r  d ra w b a c k s  fo r  s o m e  a p p lic a t io n . A n y  f a c to r  in f lu e n c in g  
P L A  c r y s ta l l in i ty ,  s u c h  a s  is o m e r  r a t io ,  c o u ld  d i s tu r b  th e  d i s t r ib u t io n  a n d  
c o m p a tib i l i ty  o f  p la s t ic iz e r s  w i th  P L A  w h ic h  le a d s  to  lo w  e f f ic ie n c y  a n d  p h a s e  
s e p a ra t io n  (L a b re c q u e  et a l . , 1 9 9 7 ; L ju n g b e rg  a n d  W e s s lé n , 2 0 0 3 ) . C r y s ta l l in i ty ,  i f  
d e v e lo p e d , in c re a s e s  s l ig h t ly  th e  m o d u lu s  o f  e la s t ic i ty  a n d  fu r th e r  d e c r e a s e s  th e  
d ra w a b il i ty  ( P e r e g o  et a l . 5 1 9 9 6 ). T o  m o d ify  th e  p r o p e r t ie s ,  P L A  h a s  b e e n  b le n d e d  
w ith  o th e r  p o ly m e r s  in c lu d in g  p o ly ( 3 - m e th y l - l ,4 - d io x a n - 2 - o n e ) ( B e c h to ld  e t a l ,
2 0 0 1 ) , s ta rc h  ( M a r t in  a n d  A v é ro u s , 2 0 0 1 ) , p o ly - 3 -c a p ro la c to n e  (T s u ji  e t a l ,  2 0 0 9 ) , 
p o ly (v in y l a c e ta te )  ( G a jr ia  e t a l ,  1 9 9 6 ), p o ly (m e th y l  m e th a c ry la te )  ( E g u ib u r u  et a l ,
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1 9 9 8 ), p o ly (h y d r o x y  b u ty ra te )  (F o c a re te  e t a l ,  1 9 9 8 ) a n d  p o l y e t h y l e n e  o x id e )  
(N ije n h u is  e t a i ,  19 96 ). C i tra te  e s te rs  ( L a b re c q u e  e t a l ,  1 9 9 7 ; L ju n g b e rg  a n d  
W e s s lé n , 2 0 0 3 ) ,  a n d  p o ly e th y l e n e  g ly c o l)  (P E G )  ( J a c o b s e n  a n d  F r i tz ,  1999 ; 
H a s s o u n a  et a l ,  2 0 1 1 )  w e re  fo u n d  to  b e  e f f ic ie n t  p la s t ic iz e r s  fo r  P L A . R e c e n t  s tu d ie s  
o f  P L A  p la s t ic iz e d  w ith  P E G  h a v e  d e m o n s tr a te d  th e  in c re a s e  in  e f f ic ie n c y  o f  
p la s t ic iz a t io n  w i th  a  d e c re a s e  o f  P E G  m o le c u la r  w e ig h t ;  lo w  m o le c u la r  w e ig h t  
p la s t ic iz e r  e n a b le s  in c re a s e d  m is c ib i l i ty  w ith  P L A  a n d  m o re  e f f ic ie n t  r e d u c t io n  o f  Eg. 
T h e  tr a n s i t io n  f ro m  b r it t le  to  d u c ti le  b e h a v io r  o f  p la s t ic iz e d  P L A  o c c u r r e d  w h e n  Eg 
w a s  sh if te d  to  35  ° c .  T h e  c o ld - c ry s ta l l iz a t io n  te m p e ra tu re  o f  P L A  d e c r e a s e d  in  
p a ra lle l  w i th  th e  s h if t  in  Tg ( B a ia rd o  et a l ,  2 0 0 3 ) . T h e s e  e f fe c ts  a re  e n h a n c e d  n o t 
o n ly  b y  th e  lo w e r  m o le c u la r  w e ig h t  o f  P E G  b u t  a lso  b y  i ts  h ig h e r  c o n te n t ,  f lo w e v e r ,  
a t  c e r ta in  P E G  c o n te n t ,  d e p e n d e n t  o n  its  m o le c u la r  w e ig h t ,  b le n d s  o f  P L A  w i th  P E G  
u n d e rg o  p h a s e  s e g re g a t io n . A s  it  h a s  b e e n  r e p o r te d  r e c e n t ly  (F lu  et a i ,  2 0 0 3 ) ,  b le n d s  
o f  P L A  w ith  lo w  s te r e o - re g u la r i ty  a t 3 0  w t%  o f  P E G  h a v in g  m o le c u la r  w e ig h t  o f  
8 0 0 0  g  m o l’1 w e re  u n s ta b le . T h is  r e la te s  to  th e  s lo w  c r y s ta l l iz a t io n  o f  P E G  th a t 
d e p le te s  th e  a m o r p h o u s  p h a s e  o f  th e  p la s t ic iz e r .  B le n d s  o f  P L A  w ith  a  h ig h  s te r e o 
re g u la r i ty  o f  3 0  w t%  o f  th e  s a m e  p la s t ic iz e r  u n d e rg o  th e  p h a s e  s e p a r a t io n  w i th  li ttle  
o r  n o  c r y s ta l l iz a t io n  (H u  et a l ,  2 0 0 3 ) .

L a c tid e  m o n o m e r  a n  e f fe c tiv e  p la s t ic iz e r  f o r  P L A , b u t le a d  to  h ig h  
m ig ra t io n  d u e  to  th e ir  sm a ll m o le c u la r s iz e .  O l ig o m e r ic  la c t ic  a c id  ( O L A )  s e e m s  to  b e  
a  b e t te r  a n s w e r ,  s in c e  it s h o w s  lo w  m ig ra t io n  a n d  h ig h  e f f ic ie n c y (M a r t in  a n d  
A v é ro u s , 2 0 0 1 ) . F o r  in s ta n c e , a d d in g  2 0  w t%  o f  O L A  to  p o ly (9 2 % L - la c t id e ,  8 %  
m e s o - la c tid e )  in d u c e d  lo w  Tg a n d  m o d u lu s  d e c r e a s e s  o f  2 0 ° c  a n d  6 3 % , r e s p e c tiv e ly . 
A  s ig n if ic a n t  im p ro v e m e n t  o f  P L A  f le x ib i l i ty  w a s  a c c o m p lis h e d  b y  th e  in c o r p o ra t io n  
o f  d i f fe re n t  ty p e s  o f  c it ra te s  (L a b re c q u e  e t a l ,  1 9 9 7 ; L ju n g b e rg  a n d  W e s s lé n , 2 0 0 3 ; 
L ju n g b e rg  a n d  W e s s lé n , 2 0 0 5 )  o r  m a le a te s  ( Z h a n g  a n d  รนท, 2 0 0 4 )  w h o s e  e f f ic ie n c y  
w a s  e v a lu a te d  in  te rm s  o f  Tg s h if t  a n d  m e c h a n ic a l  p r o p e r t ie s  im p ro v e m e n t .  T h e s e  
p la s t ic iz e rs  w e re  m is c ib le  w i th  P L A  u p  to  2 5  w t% , b u t  in c re a s in g  th e  p la s t ic iz e r  
c o n te n t c a n  r is e  th e  P L A  c r y s ta l l in i ty  b y  e n h a n c in g  c h a in  m o b il i ty  (M a r t in  a n d  
A v é ro u s , 2 0 0 1 ) . P o ly p ro p y le n e  g ly c o l (P P G )  (P io r k o w s k a  e t a l ,  2 0 0 6 )  a n d  fa t ty  a c id  
a re  a lso  c o m p a tib le  w ith  P L A  a n d  c a n  a c t a s  p la s t ic iz e r s .  In  th e  c a s e  o f  p la s t ic iz e d  
P L A  w ith  P P G , it w a s  fo u n d  th a t  th e  P P G  e n h a n c e d  th e  s p h e ru li te  g ro w th  ra te
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(K u lin s k i a n d  P io rk o w s k a , 2 0 0 5 ) . In  c o n tr a s t ,  th e  lo w e r  Mw p la s t ic iz e r  e n a b le s  
in c re a s e d  m is c ib i l i ty  w ith  m o re  e f fe c t iv e  r e d u c t io n  o f  Tg  o f  P L A . T h e  Tg  v a lu e  w a s  
d e c re a s e d  w i th  in c re a s in g  o f  P E G  c o n te n t. T h e  c o ld  c r y s ta l l iz a t io n  p e a k  (Tc) w e re  
n a r ro w e d  a n d  s h if te d  to  lo w e r  te m p e ra tu re .  Tc v a lu e s  d e p e n d e d  o n  th e  p la s t ic iz e r  
c o n te n t b u t w e r e  in d e p e n d e n t  to  th e  m o le c u la r  w e ig h t .  Tc v a lu e s  o f  P L A  w e re  
d e c re a s e d  w h e n  th e  P E G  c o n te n t  in c re a s e d  (K u l in s k i  a n d  P io rk o w s k a ,  2 0 0 5 ;  
P io rk o w s k a  e t a l., 2 0 0 6 ) .( S o b k o w ic z  e t a l., 2 0 0 8 )
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