
CHAPTER VI
B L O W N  F I L M S  O F  P O L Y P R O P Y L E N E  N A N O C O M P O S I T E S :  E M P H A S I S  
O N  M O R P H O L O G I C A L  S T U D Y , C R Y S T A L  S T R U C T U R E ,  M E C H A N I C A L

A N D  T H E R M A L  P R O P E R T I E S

6 .1  A b s t r a c t

T h e  m a s te r b a tc h  o f  P P -c la y  n a n o c o m p o s i te s  c o n s is t in g  o f  M S B E N  w a s  
p r e p a r e d  v ia  th e  r e a c t iv e  e x t ru s io n  p ro c e s s  b y  u s in g  a  p l a s m a  g e n e ra to r .  A f te rw a rd , 
th e  m a s te r b a tc h  w a s  fu r th e r  m ix e d  w ith  p p  to  o b ta in  p p  n a n o c o m p o s i te s  w i th  1 w t%  
o f  M S B E N . F in a l ly ,  th e  n a n o c o m p o s i te s  w e r e  b lo w n  to  a  c le a r  f i lm  f o r  p a c k a g in g  
a p p l ic a t io n .  T h e  e f fe c ts  o f  c o n te n ts  o f  s i lv e r  n a n o p a r t ic le s  (5 , 10, 15, 2 0  w t%  in  c la y )  
o n  m o r p h o lo g y ,  c ry s ta l  s t r u c tu r e ,  m e c h a n ic a l ,  a n d  th e rm a l p r o p e r t ie s  w e r e  a s se s s e d . 
F ro m  th e  r e s u l t s ,  p p  n a n o c o m p o s i te s  w i th  1 w t%  o f  n a n o c la y  w e re  in te r c a la te d  a n d  
p a r t ly  e x f o l ia te d  s t r u c tu r e s  th ro u g h  th e  e x p a n s io n  o f  c la y  in te r la y e r s ,  o b s e rv e d  b y  
X R D . F E -S E M  s h o w e d  a  g o o d  d is t r ib u t io n  a n d  d is p e r s io n  o f  m o d if ie d  c la y  in  th e  p p  
m a tr ix  s te m m in g  f ro m  th e  d o u b le  m e l t - m ix in g  p ro c e s s .  W i th  r e s p e c t  to  m e c h a n ic a l  
p r o p e r t ie s  a c c o rd a n c e  to  A S T M  D 8 8 2 , th e  n a n o c o m p o s i te  f i lm s  d e m o n s tr a te d  a n  
in c re a s e  in  th e  Y o u n g ’ร m o d u lu s  im p ly in g  th e  h ig h e r  s t i f f n e s s  o f  m a te r ia ls  a r is e d  
f ro m  th e  a d v a n ta g e s  o f  a  n a n o s c o p ic ,  h ig h - s u r f a c e -a r e a  f ille r . C o n v e r s e ly ,  th e  p p  
n a n o c o m p o s i te  f i lm s  s h o w e d  th e  d e c re a s e  in  th e  te n s i le  s t r e n g th  a n d  %  e lo n g a t io n  a t 
b re a k  c o m p a ra b le  to  n e a t p p  f i lm , r e s u lt in g  f ro m  c e r ta in  in h o m o g e n e o u s  a g g re g a te s  
a n d  s o m e  v o id s  a ro u n d  d i s p e r s e d  p h a se . F o r  D S C  a n a ly s is ,  it w a s  fo u n d  th a t  
c r y s ta l l iz a t io n  te m p e ra tu re ,  m e l t in g  te m p e ra tu re ,  a n d  %  c r y s ta l l in i ty  h a d  a  te n d e n c y  
to  in c re a s e  a s  a  re s u lt  o f  n u c le a t in g  e f fe c t  f ro m  m o d if ie d  c la y  a n d  s ilv e r  
n a n o p a r t ic le s .  S u r p r is in g ly , a t  2  w t%  lo ss  f ro m  T G A  a n a ly s is ,  i t  w a s  c le a r ly  s h o w n  
th a t  th e  P P S 2 0 B E N  f i lm  e x h ib i te d  h ig h e r  th e rm a l  s ta b i l i ty  th a n  th a t  o f  n e a t  p p  f i lm  
a p p r o x im a te ly  2 0  ° c .

K e y w o r d s :  C la y , N a n o c o m p o s i te s ,  P a c k a g in g , P o ly p r o p y le n e ,  S i lv e r  n a n o p a r t ic le s
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6 .2  I n t r o d u c t i o n

P o ly m e r - c la y  n a n o c o m p o s i te s  h a v e  c a p tu r e d  th e  a t t e n t io n  o f  r e s e a rc h e r s  w i th  
th a n k s  to  th e ir  r e m a r k a b le  p r o p e r t ie s  (M a r ia  e t  a l ,  2 0 0 6 ) .  T y p ic a l ly ,  a d d i t io n  o f  a  
fe w  a m o u n t  o f  c la y  (u s u a l ly  n o t e x c e e d in g  5 w t .% )  ( A z iz i  e t  a l ,  2 0 1 0 )  to  p o ly m e r  
m a y  e n h a n c e  m e c h a n ic a l  a n d  th e rm a l  p ro p e r t ie s  o f  n a n o c o m p o s i te s  o r ig in a t in g  f ro m  
th e  p l a te le t  s tru c tu re  w ith  h ig h  a s p e c t  r a tio  o f  c la y  in  n a n o - s c a le  d is p e r s io n  (S h a rm a  
e t  a l ,  2 0 0 9 ) .  P o ly p ro p y le n e  (P P ) ,  o n e  o f  th e  m a jo r  c o m m o d i ty  p la s t ic s ,  is  w id e ly  
u s e d  in  s e v e ra l  e n g in e e r in g  a n d  b io m e d ic a l  a p p l ic a t io n s .  A m o n g  a ll th e rm o p la s t ic s ,  
it o f fe r s  b e s t  p e r f o rm a n c e  a n d  lo w  c o s t  (T a n g  e t  a l ,  2 0 0 3 ) .  B e n to n i te  is  a  m e m b e r  o f  
s m e c t i te  c la y , w h ic h  is  a  la y e re d  a lu m in iu m  s i l ic a te  w i th  e x c h a n g e a b le  c a t io n s  a n d  
r e a c t iv e  O H  g ro u p s  o n  th e  s u r fa c e . S in c e  b e n to n i te  is  h y d r o p h i l ic ,  it  is  n o t 
c o m p a t ib le  w ith  m o s t  p o ly m e rs  a n d  m u s t  b e  c h e m ic a l ly  m o d if ie d  to  r e n d e r  its  
s u r fa c e  m o r e  h y d r o p h o b ic  (R a y  a n d  O k a m o to , 2 0 0 3 ) .

W ith  th e  a d v e n t  o f  a n t im ic r o b ia l  p a c k a g in g ,  th e  in c o r p o r a t io n  o f  
a n t im ic r o b ia l  a g e n ts  s h o w  p r o m is e  a s  a n  e f f e c t iv e  w a y  f o r  th e  r e s i s ta n c e  o f  c e r ta in  
m ic r o o r g a n is m s  in  fo o d s  ( C o o k s e y , 2 0 0 5 ) . A m o n g  m e ta l l ic  n a n o p a r t ic le s ,  s i lv e r  
n a n o p a r t ic le s  m a n if e s t  its  w id e  r a n g e s  o f  a p p l ic a t io n  in  v a r io u s  s e c t io n s  o f  li fe  a n d  
in d u s try . T h e  s i lv e r  is  an  e f f e c t iv e  a n t ib a c te r ia l  m e ta l  a n d  n o n - to x ic  to  a n im a l  c e lls  
b u t  s t r o n g ly  to x ic  to  b a c te r ia , s u c h  a s  E s c h e r c h i a  c o l i  (E . c o l l )  ( G h o s h  a n d  
R a m a m o o r th y ,  2 0 1 0 )  a n d  S t a p h y l o c o c c u s  a u r e a s  ( E l - K h e s h e n  a n d  G a d  E l-R a b , 
2 0 1 2 ) ,  a s  w e ll  a s  h ig h ly  to x ic  a g a in s t  fu n g i, s u c h  a s  C a n d i d a  a l b i c a n s  (C . a lb i c a n s ) ,  
S a c c h a r o m y c e s  c e r e v i s i a e  (ร . c e r e v i s i a e )  ( N a s ro l la h i  e t  a l ,  2 0 1 1 ) ,  a n d  
C o l l e to t r i c h i im  s p e c ie s  (L a m s a l e t  a l . , 2 0 1 1 ) . S i lv e r  n a n o p a r t ic le s ,  p a r t ic u la r ly ,  h a v e  
e x h ib i te d  p o te m tia l  p ro p e r t ie s  f o r  a n t im ic r o b ia l  a g e n ts  in  f o o d  p a c k a g in g .  S in c e  
s i lv e r  n a n o p a r t ic le s  c a n  in te r ru p t  e n z y m a tic  a c t iv i ty  o f  m ic r o b ia l  c e l l s ,  o n e  o f  th e  
c ru c ia l  a im s  o f  a d d i t io n  o f  th e s e  s i lv e r  n a n o p a r t ic le s  is  to  p r o m o te  th e  s a fe ty  a n d  
p r o lo n g  th e  s h e l f - l i f e  o f  m e a t p ro d u c ts  b y  le s s e n in g  th e  r a te  o f  s u r fa c e  g r o w th  o f  
s p e c i f ic  m ic r o o r g a n is m s  b y  d i r e c t  c o n ta c t  o f  th e  p a c k a g in g  w ith  th e  p ro d u c ts  
( A p p e n d in i  a n d  H o tc h k is s ,  2 0 0 2 ) .

T h e  o b je c t iv e  o f  th is  c h a p te r  is to  d e v e lo p  a n  a n t im ic r o b ia l  a g e n t-  
im m o b i l i z e d  s m a r t  p a c k a g in g  f i lm  m a d e  o f  p o ly p r o p y le n e  b a s e d  o n  n a n o te c h n o lo g y .
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S ilv e r  n a n o p a r t ic le s  w e r e  s y n th e s iz e d  in to  th e  in te r la y e r  o f  b e n to n i te .  A f te r  th a t ,  th e  
s i lv e r  n a n o p a r t ic le - lo a d e d  b e n to n ite  w a s  m o d if ie d  b y  o r g a n o s i la n e  p r io r  to  m ix in g . 
T h e  m a s te r b a tc h  o f  P P -c la y  n a n o c o m p o s i te s  w a s  p r e p a r e d  b y  p l a s m a - b a s e d  p ro c e s s . 
T h e  m a s te r b a tc h  w a s  m ix e d  w ith  p p  to  o b ta in  1 w t%  o f  m o d if ie d  c la y  a n d  th e n  
b lo w n  to  p r o d u c e  a  c le a r  f ilm . T h is  c h a p te r  s tu d ie d  th e  e f f e c ts  o f  c o n te n ts  o f  s i lv e r  
n a n o p a r t ic le s  (5 , 10 , 15, a n d  2 0  w t% )  o n  m o rp h o lo g y , m e c h a n ic a l  a n d  th e rm a l 
p r o p e r t ie s  o f  n a n o c o m p o s i te  f ilm s .

6 .3  E x p e r i m e n t a l  P a r t s

6 .3 .1  M a te r ia ls
C o m m e r c ia l  p o ly p ro p y le n e  (P P )  u n d e r  t r a d e  n a m e  2 3 0 0 K  (M F I  4  

g /1 0  m in )  s u p p o r te d  f ro m  T .H .L . In d u s try  C o .,  L td . w a s  u s e d  a s  re c e iv e d . 
C o m m e r c ia l  p o ly p ro p y le n e  (P P )  u n d e r  tr a d e  n a m e  N K  11 2 6  (M F I  11 g /1 0  m in )  
s u p p o r te d  f ro m  T .H .L . In d u s try  C o ., L td . w a s  u s e d  a s  r e c e iv e d .  D ic u m y l p e r o x id e  
(D C P ) , C A S  N O . 8 0 -4 3 -3  w a s  p u rc h a s e d  f ro m  A ld r ic h  a n d  u s e d  a s  r e c e iv e d . T h e  
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 ac-G el®  ( G R A D E  S A C ) ,  N a - B T N , 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  s u r fa c e  a r e a  o f  3 1 .0  
m 2/g , s u p p l ie d  b y  T h a i  N ip p o n  C o ., L td . T h a i la n d , w a s  p u r i f ie d  b e f o r e  u se . S i lv e r  (I) 
n i tr a te  ( A g N Û 3), C A S  N O . 7 7 6 1 -8 8 -8 , w a s  p u rc h a s e d  f ro m  C a r lo  E rb a  a n d  u s e d  as 
r e c e iv e d . T r i s o d iu m  c i t ra te  d ih y d ra te  ( T ^ C ô H s O y ) ,  C A S  N O . 6 1 3 2 -0 4 - 3 , w a s  
p u rc h a s e d  f ro m  C a r lo  E rb a  a n d  u s e d  a s  r e c e iv e d . A b s o lu te  e th a n o l  (C 2 FI5 OH), A R  
g ra d e , C A S  N O . 6 4 -1 7 - 5 , a n d  g la c ia l  a c e tic  a c id  (CH 3 COOH), C A S  N O . 6 4 -1 9 - 7 , 
w e re  p u r c h a s e d  f ro m  R C I L a b s c a n  a n d  u s e d  as r e c e iv e d ,  r e s p e c t iv e ly

6 .3 .2  P re p a ra t io n  o f  P u r if ie d  C la y
T h e  s o d iu m  b e n to n ite  c la y  w a s  f ir s t  v ig o r o u s ly  s t i r r e d  in to  a  d e io n iz e d  

w a te r  a t  7 0 0  rp m  o v e rn ig h t  b y  a  m e c h a n ic a l  s t i r r e r .  A f te r  th a t ,  th e  s u p e rn a ta n t  
( s w o l le n  c la y )  w a s  s e p a r a te d  b y  c e n t r i fu g a t io n  a t 1 0 ,0 0 0  rp m  f o r  15 m in u te s  a n d  
la s t ly  d r ie d ,  s ie v e d  b y  m e s h # 4 0 0  a n d  k e p t in  a d e s s ic c a to r  b e fo re  u se .

6 .3 .3  M o d if ic a t io n  o f  B e n to n i te  (B E N )
1.5 w t .%  o f  M P S  s o lu t io n  w a s  p r e p a r e d  in  7 0  v o l .%  o f  e th a n o l  

a q u e o u s  s o lu t io n  p H  4  a d ju s te d  b y  g la c ia l  a c e tic  a c id  a n d  th e n  s t i r r e d  fo r  4 5  m in  o f
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h y d ro ly s is  to  s i la n o l .  50 g  o f  b e n to n ite  w e r e  a d d e d  r e s p e c t iv e ly  in to  M P S  s o lu t io n . 
T h e  m ix tu re  w a s  s t i r r e d  a t  110 °c fo r  2 4  h r. T h e  p le n ty  o f  a b s o lu te  e th a n o l  w a s  u s e d  
fo r  th e  r e m o v a l  o f  e x c e s s iv e  M P S  d u r in g  s u c t io n  f i l t r a t in g  a n d  th e  m o d if ie d  c la y  w a s  
f in a l ly  d r ie d  a t  8 0  ๐c  in  v a c u u m  o v e n  fo r  2 4  h r. T h e  c la y  w a s  p u lv e r iz e d  b y  b a ll m il l  
a n d  th e n  s ie v e d  b y  m e s h # 4 0 0  a n d  k e p t in  a  d e s ic c a to r  p r io r  to  u se .

6 .3 .4  P r e p a ra t io n  o f  S i lv e r  N a n o p a r t ic le - L o a d e d  C la y  ( S B E N )
5 0  g  o f  p u r i f ie d  b e n to n i te  w e re  f ir s t ly  s t i r r e d  in  A g N C fi s o lu t io n  a t  

ro o m  te m p e r a tu r e  o v e rn ig h t .  T h e  s i lv e r - io n  c la y  w a s  th e n  r e a c te d  w i th  
C 6 H 5N a 30 7 2 H 20  a t  1 : 3 m o la r  r a tio  o f  A g N C fi to  C e H s ^ O y  2 H 20  a t 9 0  ° c  fo r  2 0  
m in  to  o b ta in  a  s i lv e r  n a n o p a r t ic le s  c la y  (S B E N ). T h e  a s - s y n th e s iz e d  s i lv e r  
n a n o p a r t ic le - lo a d e d  c la y  w a s  m e a s u re d  th e ir  s h a p e  a n d  s iz e  b y  a  t r a n s m is s io n  
e le c t ro n  m ic r o s c o p e  ( T E M )  a s  w e ll a s  th e ir  c ry s ta l  s t r u c tu r e  b y  a n  X - ra y  
d i f f r a c to m e te r  (X R D ).

6 .3 .5  M o d i f ic a t io n  o f  S ilv e r  N a n o p a r t ie le s - L o a d e d  C la y  ( M S B E N )
T h e  a s -p re p a re d  s i lv e r  n a n o p a r t ic le s - lo a d e d  b e n to n i te  (S B E N )  w a s  

m o d if ie d  v ia  s i l a n a t io n  p ro c e s s . 1.5 w t .%  o f  M P S  s o lu t io n  w a s  p r e p a r e d  in  7 0  v o l .%  
o f  e th a n o l a q u e o u s  s o lu t io n  p H  4  a d ju s te d  b y  g la c ia l a c e t ic  a c id  a n d  th e n  s t i r r e d  fo r  
4 5  m in  o f  h y d r o ly s is  to  s i la n o l .  50  g  o f  th e  c la y  w e re  a d d e d  r e s p e c t iv e ly  in to  th e  
M P S  s o lu t io n . T h e  m ix tu r e  w a s  s ti r re d  a t  11 0  ° c  fo r  2 4  h r . T h e  p le n ty  o f  a b s o lu te  
e th a n o l  w a s  u s e d  fo r  th e  r e m o v a l  o f  e x c e s s iv e  M P S  d u r in g  s u c t io n  f i l t r a t in g  a n d  th e  
m o d if ie d  c la y  w a s  f in a l ly  d r ie d  a t  8 0  ° c  in  v a c u u m  o v e n  fo r  2 4  h r . T h e  c la y  w a s  
p u lv e r iz e d  b y  b a l l  m ill  a n d  th e n  s ie v e d  b y  m e s h # 4 0 0  a n d  k e p t  in  a  d e s ic c a to r  p r io r  to  
u se .

6 .3 .6  P re p a ra t io n  o f  P o ly p r o p y le n e - M o d if ie d  B e n to n i te  M a s te rb a tc h  a n d  
P o ly p r o p y le n e - M o d if ie d  S i lv e r  N a n o p a r t ie le s - L o a d e d  B e n to n i te  M a s te r b a tc h  v ia  a  
P la s m a -b a s e d  P ro c e s s in g

B o th  th e  p p  a n d  m o d if ie d  c la y  (6 .3 .3 )  a n d  p p  a n d  m o d if ie d  s i lv e r  
n a n o p a r t ic le s - lo a d e d  b e n to n i te  (6 .3 .5 )  w e r e  m ix e d  in  th e  c o - r o ta t in g  tw in - s c r e w  
e x t ru d e r  ( L a b te c h  ty p e s  L T E -2 0 -3 2  &  L T E -2 0 -4 0  s c re w  d ia m e te r  2 0  m m )  w ith  L /D  
r a t io  4 0 :1 . T h e  o p e ra t io n  te m p e ra tu re  w a s  c a r r ie d  o u t  a t  1 0 0 , 1 8 0 , 1 8 5 .1 9 0 , 19 0 , 190 , 
19 0 , 19 5 , 2 0 0 . a n d  2 0 0  ๐c  f ro m  h o p p e r  to  d ie . r e s p e c t iv e ly  a n d  th e  s c re w  s p e e d  a t  10 
rp m . D u r in g  e x i t in g  d ie . th e  m e lt  e x t ru d a te  o f  e a c h  o f  th e  c o m p o u n d s  w a s  "
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im m e d ia te ly  tr e a te d  b y  th e  p la s m a  g e n e ra to r  (’F T - 1 P L A S M A  T R E A T E R )  o p e ra te d  
a t 6  k v .  10 k H z  fo r  5 se c  a t  th e  d is ta n c e  o f  4  c m  from  its  n o z z le  to  th e  e x t ru d a te .

6 .3 .8  P re p a ra t io n  o f  A c t iv e  F ilm s
T h e  m a s te r b a tc h  o f  P P -M B E N  ( P P C - P L A S M A )  o r  P P -M S B E N  

( 6 .3 .5 )  w a s  f u r th e r  m ix e d  w i th  p p  p e l le t  in  th e  ra tio  o f  p p  : m o d if ie d  c la y  =  9 9  : 1 
w t%  ( e a c h  c o m p o u n d s  c o n ta in in g  1 w t .%  o f  m o d if ie d  c la y )  in  th e  c o - r o ta t in g  tw in -  
s c r e w  e x t ru d e r  (L a b te c h  ty p e s  L T E -2 0 -3 2  &  L T E -2 0 -4 0  s c r e w  d ia m e te r  2 0  m m )  
w i th  L /D  ra tio  4 0 :1 . T h e  o p e ra t io n  te m p e ra tu re  w a s  p e r f o rm e d  a t  1 0 0 , 1 8 0 , 1 8 5 ,1 9 0 , 
1 9 5 , 1 9 5 , 1 9 5 , 1 9 5 , 2 0 0 . a n d  2 0 0  °c f ro m  h o p p e r  to  d ie . r e s p e c t iv e ly  a n d  th e  s c re w  
s p e e d  a t  3 0  rp m . E a c h  o f  th e  n a n o c o m p o s i te s  w a s  t r a n s f o r m e d  in to  a c t iv e  f i lm s  b y  
u s in g  a  L a b te c h  (m o d e l  L T E 2 0 - 3 0 )  s in g le - s c re w  e x t ru d e r  w i th  L /D  =  4 0  (D  =  2 0  m m  
a n d  L  =  8 0 0 )  a n d  a n n u a l d ie  w i th  o u te r  d ia m e te r  o f  7 0  m m  a n d  in n e r  d ia m e te r  o f
6 8 .5  m m . T h e  o p e ra t in g  te m p e ra tu re  o f  b lo w n  f ilm  e x t r u s io n  m a c h in e  w a s  o p e ra te d  
in  th e  r a n g e  o f  18 0  -  2 0 0  ๐c  a n d  th e  ro ta t io n a l  s c re w  s p e e d  w a s  f ix e d  a t 6 0  rp m  w ith  
th e  b lo w  u p  ra t io  o f  2  : 1.

6 .3 .9  C h a ra c te r iz a t io n
6 .3 .9 .1  F i e l d  E m i s s io n - S c a n n in g  E le c t r o n  M i c r o s c o p e  (F E -S E M )

F o r  th e  n a n o c o m p o s i te  e x t ru d a te s ,  th e  d i s p e r s io n  o f  b e n to n i te  
in  p o ly m e r  m a tr ix  w a s  d e te rm in e d  b y  u s in g  a n  F E -S E M  (H IT A C H I , ร - 4 8 0 0 )  
c o u p le d  w ith  e n e r g y  d is p e r s iv e  X -ra y  s p e c t ro m e te r  (E D S ) . T h e  s e le c te d  s a m p le s  
w e r e  d ip p e d  a n d  f ra c tu re d  in  l iq u id  n i tro g e n . T h e n  th e  s a m p le s  w e r e  s p u t te r e d  w ith  
p l a t in u m  b e fo re  v ie w in g  u n d e r  th e  F E -S E M /E D S  o p e ra te d  a t  2 0  k V  w i th  th e  
m a g n if ic a t io n s  o f  I K  a n d  4 .5 K .

In p a r t  o f  n a n o c o m p o s i te  f i lm s , th e  c r y o g e n ic - f r a c tu r e d  
s u r f a c e  o f  c r o s s - s e c t io n a l  a r e a  o f  th e  f i lm s  w a s  in v e s t ig a te d  b y  u s in g  a n  S E M  
(H IT A C H I , ร - 2 5 0 0 ) .  T h e  s e le c te d  f ilm s  w e re  d ip p e d  a n d  f r a c tu r e d  in  l iq u id  n i tro g e n . 
T h e  s a m p le s  w e r e  th e n  s p u t te r e d  w ith  p la t in u m  b e fo re  v ie w in g  u n d e r  a n  S E M  
o p e r a t e d  a t  15 k v  w i th  th e  m a g n if ic a t io n  o f  10 K .

6 .3 .9 .2  U n i v e r s a l  T e s t in g  M a c h in e  -  L l o y d  

T e n s i le  te s t  o f  th e  a c t iv e  f i lm  (~  3 0  p m  in  th ic k n e s s )  b y  b lo w n  
f i lm  e x t ru s io n  m a c h in e  o p e ra te d  a c c o rd in g  to  A S T M  D 8 8 2  w a s  c a r r ie d  o u t  b y  L lo y d
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U n iv e r s a l  T e s t in g  M a c h in e . T h e  s p e c im e n  w a s  c u t in  m a c h in e  d i r e c t io n  in to  
r e c ta n g u la r  s h a p e  w i th  100  X 100 m m . C ro s s h e a d  s p e e d  is  5 0  m m /m in .

6 .3 .9 .3  D i f f e r e n t i a l  s c a n n in g  c a l o r i m e t e r  ( D S C )
D if fe re n tia l  s c a n n in g  c a lo r im e te r  w a s  p e r f o rm e d  u s in g  a  

P e r k in - E lm e r  D S C  8 2 2 e  u n d e r  N 2 a tm o s p h e re . T h e  s a m p le  w a s  h e a te d  f ro m  3 0  ° c  to  
2 0 0  ° c  a t  h e a t in g  r a te  o f  1 0  ° c / m i n  a n d  h e ld  a t  2 0 0  ° c  fo r  2  m in  a n d  th e n  c o o le d  
d o w n  to  3 0  ° c  a t  h e a t in g  ra te  o f  10 ๐c / m i n  ( 1 st ru n ) . A f te r  th a t ,  th e y  w e re  r e h e a te d  
u p  to  2 0 0  ๐c  u n d e r  th e  s a m e  c o n d i t io n s  ( 2 nd ru n ) . T h e  c r y s ta l l iz a t io n  te m p e ra tu re  
( T c) o f  e a c h  s p e c im e n  w a s  r e c o r d e d  fro m  th e  f i r s t  ru n  w h ile  its  m e l t in g  te m p e ra tu re  
( T m) w a s  c o l le c te d  f ro m  th e  s e c o n d  ru n .

6 .3 .9 .4  T h e r m o g r a v i m e t r i c  A n a ly s i s  f l 'G A )
T h e  s a m p le s  w e re  a n a ly z e d  b y  T G A  u s in g  a  P e rk in -E lm e r  

P y r is  D ia m o n d  T G /D T A  in s tr u m e n t  u n d e r  N 2 f lo w  o f  2 0 0  m l/m in . T h e  h e a t in g  
p r o c e s s  w a s  c o n d u c te d  f ro m  3 0  to  9 0 0 ° c  a t a  r a te  o f  1 0 ° c /m in .

6 .4  R e s u l t s  a n d  d i s c u s s io n

6 .4 .1  M o rp h o lo g ic a l  s tu d y  h v  F E -S E M
T h e  c la y  d is p e r s io n  in to  p p  m a tr ix  w a s  in v e s t ig a te d  b y  a n  F E -S E M  in  

th e  F ig u r e  6.1 a n d  6 .2 . 7 'h e se  f ig u re s  s h o w  th e  S E M  m ic ro g ra p h s  o f  th e  c ry o g e n ic -  
f r a c tu r e d  s u r fa c e  o f  a ll th e  n a n o c o m p o s i te  f i lm s  w ith  c o n c e n t r a t io n  o f  1 w t%  o f  
n a n o c la y  a t  d i f f e r e n t  m a g n if ic a t io n s  (1 0 0 0 X  a n d  4 5 0 0 X ) . T h e  w h i te  s p o ts  in  th e  S i- 
m a p p in g s  r e f e r r e d  to  th e  s i l ic a te  d is p e r s io n  in  th e  n a n o c o m p o s i te s .  T h e  F ig u re  6.1 
a n d  6 .2  i l lu s t r a te d  a  u n if o r m  d i s p e r s io n  o f  c la y  p la te le ts  in  p p  m a tr ix  c o u ld  b e  c le a r ly  
o b s e rv e d .  A d d i t io n a l ly ,  w i th  tw o  s te p s  o f  th e  m e l t  m ix in g  o f  p p  m a tr ix  a n d  m o d if ie d  
n a n o c la y ,  th e  h ig h  r o ta t io n a l  s p e e d  d u r in g  m e l t  b le n d in g  in d u c e d  d o u b le  p ro c e s s e s  
a n d  s h e a r  s tr e s s  b r in g in g  a b o u t  th e  g o o d  d i s p e r s io n  o f  th e  c la y  in  th e  p p  m a tr ix , 
s u g g e s te d  b y  C h a f id z  e t  a l. (2 0 1 2 ) .

T h e  m o r p h o lo g ic a l  s tu d y  o f  p p  n a n o c o m p o s i te  f i lm s  w a s  d e te rm in e d  
b y  a n  S E M  in  th e  F ig u re  6 .3 . T h e s e  f ig u re s  s h o w e d  th e  S E M  m ic r o g r a p h s  o f  th e  
c r y o g e n ic - f r a c tu r e d  s u r fa c e  a t 1 0 k o f  m a g n if ic a t io n  o f  n e a t p p  f i lm  c o m p a re d  to  
th o s e  o f  a ll th e  n a n o c o m p o s i te  f ilm s  w ith  c o n c e n t r a t io n  o f  1 w t%  o f  n a n o c la y  a n d
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w ith  d i f f e r e n t  c o n te n ts  o f  s i lv e r  n a n o p a r t ic le s .  In  c a s e  o f  th e  n a n o c o m p o s i te  f i lm s , 
th e  in o r g a n ic  p a r t ic le s  w e r e  q u ite  h o m o g e n e o u s ly  d i s p e r s e d  in  th e  p p  m a tr ix  b e c a u s e  
th e  f r a c tu r e d  s u r fa c e  r e v e a le d  th e  a b s e n c e  o f  c la y  a g g re g a te s .  T h e  c la y  w a s  d i s p e r s e d  
in  s u c h  a  w a y  th a t  th e  la y e re d  s i l ic a te s  w e re  c o m p le te ly  s u r ro u n d e d  b y  th e  p p  m a tr ix ,  
w h ic h  im p l ie d  th e  g o o d  a d h e s io n  b e tw e e n  th e  p p  c h a in s  a n d  la y e re d  s i l ic a te s ,  
o b s e rv e d  b y  th e  h a r m o n ic a l ly  b le n d e d  in te r fa c e  o f  b o th  th e  p p  m a tr ix  a n d  c la y  
p a r t ic le s .  Y u a n  a n d  T ia n  s u g g e s te d  th a t  th e  g o o d  in te r fa c ia l  in te r a c t io n s  im p l ie d  th e  
m in e ra l  d o m a in s  w e re  s u b m ic ro n  in  s iz e  a n d  e a c h  la m e lla  o f  M M T  h a d  b e e n  
d i s p e r s e d  w e l l  in  p o ly m e r  m a tr ix .  In  th is  r e s e a rc h , th e  g o o d  in te r fa c ia l  a d h e s io n  
r e s u l te d  f ro m  th e  p l a s m a - b a s e d  p ro c e s s  a f te r  th e  s te p  o f  m a s te r b a tc h  p r e p a r a t io n  h a d  
b e e n  c a r r ie d  o u t. H o w e v e r ,  th e re  a re  c e r ta in  s m a ll  v o id s  u n if o r m ly  p r e s e n te d  in  th e  
c ry o g e n ic - f r a c tu r e d  im a g e  o f  c r o s s - s e c t io n a l  s u r fa c e  o f  p p  n a n o c o m p o s i te  f i lm  
(P P B E N )  c o m p a re d  to  th e  n e a t  P P ; w h e re a s ,  P P S 5 B E N , P P S 1 0 B E N , P P S 1 5 B E N , 
P P S 2 0 B E N  s h o w e d  th e  b ig g e r  v o id s .  In c a s e  o f  Y u a n  a n d  T ia n , th e y  fo u n d  th e  p o re  
a ro u n d  10  m ic r o n s  in  a  p o ly m e r -c la y  n a n o c o m p o s i te  f i lm  b e c a u s e  o f  th e  s o lv e n t  
e v a p o r a t io n ,  p re p a re d  b y  in -s itu  p o ly m e r iz a t io n  a n d  s u c h  p o re s  a f fe c te d  th e  
p e r f o r m a n c e  o f  m e c h a n ic a l  p r o p e r t ie s .  In  o u r  r e s e a rc h , th e  p o s s ib le  r e a s o n  m ig h t  
o r ig in a te  f ro m  th e  b lo w n  f i lm  p ro c e s s .  In  te rm s  o f  l im i te d  m e c h a n ic a l  p r o p e r t ie s ,  th e  
p r e s e n c e  o f  th e  y - M e th a c r y lo x y p r o p y l t r im e th o x y s i la n e - m o d i f ie d  s i lv e r  
n a n o p a r t ic le s - lo a d e d  b e n to n i te  ( M S B E N )  h a d  a  d e t r im e n ta l  e f f e c t  o n  th e  e lo n g a t io n  
a t  b r e a k  (F ig u re  6 .5 ) . D u r in g  th e  b lo w n  f ilm  p ro c e s s ,  i f  th e  n a n o c o m p o s i te  f i lm  w a s  
o v e r  d r a w n  o u t, th e  p o ly m e r  m a tr ix  a r e a  n e a r  c la y  p a r t ic le s ,  w h ic h  w a s  th e  r ig id  
lo c a t io n , w o u ld  b e  m o re  e x p a n d e d  th a n  o th e r  p o in ts .  T h e  o v e r e x p a n d e d  a r e a  le f t  
c e r ta in  a s k e w  a n d  d i s to r te d  v o id s  a t  th e i r  in te r fa c e . A n o th e r  p o s s ib le  r e a s o n  w a s  th a t  
th e re  w e r e  a  f e w  in o r g a n ic  ta c to id s  r e m a in in g  in  th e  p p  m a tr ix ,  c a u s in g  th e  v o id  
f o rm a t io n . D u m o n t  e t al. a rg u e d  th a t  th e  f o rm a t io n  o f  v o id s  w a s  c a u s e d  b y  th e  
in s u f f ic ie n c y  o f  in te r a c t io n s  b e tw e e n  th e  p p  c h a in s  a n d  e x c e s s  in o rg a n ic  ta c to id s ,  
w h ic h  m ig h t  s t i r  u p  th e  v o id s  in  th e  s t r u c tu r e  o f  n a n o c o m p o s i te s  w h ic h  b o o s te d  th e  
g a s  d i f f u s iv i ty  th a t  w o u ld  b e  d i s c u s s e d  in  th e  n e x t  c h a p te r  ( C h a p te r  V II) .
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F ig u r e  6 .1  C ry o g e n ic - f ra c tu re d  S E M  m ic r o g r a p h s  a n d  S i-m a p p in g  o f  P P -c la y  
n a n o c o m p o s i te  b lo w n  e x t ru d a te s  (m a g n if ic a t io n  o f  lOOOx).
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F ig u r e  6.3 Cryogenic-fractured SEM micrographs o f  PP-clay nanocomposite 
blown films (magnification o f  1 0 ,0 0 0 x).
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6.4.2 Mechanical properties o f PP-clav nanocompsite films

Table 6.1 and Table 6.2 show all mechanical properties o f 
nanocompsite blown films in both machine (MD) and transverse directions (TD). 
The mechanical properties o f pp nanocomposite films compared to the neat pp were 
shown in Figure 6.5, 6 . 6  and 6.7. Generally, the addition o f rigid particles into 
polymers brings about the increasing o f tensile strength, tensile modulus, and causes 
a decrease in elongation at break (Ansari and Ismail, 2008).

In this study, for the MD test, the PPBEN showed no significant 
increase in tensile strength, but a considerable increase in the percentage of 
elongation at break by 145 %, compared to neat pp film. Nevertheless, the tensile 
strength o f PPBEN was much higher than that o f PPBEN in the TD direction, 
approximately 18 %, suggesting that the main arrangement o f MBEN was in the MD 
alignment. In the presence o f silver nanoparticles, the results showed that their 
tensile strength and % elongation at break dramatically decreased in the case o f pp 
nanocomposite films compared to neat pp. Tensile strength reduced because the 
nanocomposites lost their ability to transfer stress during the extension o f blown 
films. The occurrence could be due to some degrees o f inhomogeneous fillers acting 
as stress concentrators to initiate the crack and propagation. Meanwhile, the modified 
clay and these nanoparticles possibly obstructed the movement o f pp  chains along 
applied force with regard to decreased % elongation at break. Although the good 
distribution and dispersion o f layered silicates were achieved as observed by FE- 
SEM and degree o f exfoliation was reached as shown by XRD patterns, certain voids 
around some dispersed phases were obvious implying the poor adhesion between pp 
and silicate (Naneraksa, 2012 and Seephueng, 2008).

For the TD test, in the case o f PPBEN and the presence o f silver 
nanoparticles in the films, their %elongation at break had no significant change 
compared to neat pp. In the case o f the films with added silver nanoparticles, they 
exhibited a slight increase in tensile strength than those o f neat pp and the 
nanocomposite films in the MD test. This possibly due to the the nanoparticles 
mainly align in TD direction. Nonetheless, the Young's modulus o f nanocomposite 
films (Table 6.1 and 6.2) increased compared to pp films for both o f the MD and TD
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directions, affected by the presence of silver nanoparticles. The phenomena indicated 
the higher stiffness o f silicate layers originating from the advantageous nano­
dispersion o f high-aspect-ratio inorganic filler in the nanocompsite films compared 
to neat pp  films.

Table 6.1 Mechanical properties (Machine Direction)

Sample Young’s modulus Tensile strength %Elongation at
(GPa) at yield break

(MPa) (% )
Neat PP 1.15 (0.30) 38.60 (2.46) 303.48 (17.58)3
PPBEN 0.89 (0.04) 30.30 (1.42) 743.94 (27.51)
PPS5BEN 1.68 (0.97) 29.92 (2.35) 75.25 (9.89)
PPS10BEN 1.33 (0.16) 33.88 (4.77) 82.10(2.82)
PPS15BEN 1.85 (0.33) 39.04 (8 .6 8 ) 75.40 (2.74)
PPS20BEN 1.36 (0.12) 37.69 (5.46) 33.41 (4.60)
a the number in parentheses refered to standard deviation

Table 6.2 Mechanical properties (Transverse Direction)

Sample Young’s modulus Tensile strength %Elongation at 
break(GPa) at yield

(MPa) (% )
Neat PP 1.23 (0.09) 23.34 (3.69) 4.79 (0.3 l )a
PPBEN 1.35 (0.24) 29.76 (2.41) 10.60 (0 .2 2 )
PPS5BEN 1.51 (0.37) 30.85 (0.39) 9.90 (2.65)
PPS10BEN 1.28(0.17) 30.35 (1.43) 13.29 (0.63)
PPS15BEN 1.60 (0 .2 2 ) 25.47 (2.65) 3.75 (0.69)
PPS20BEN 1.29 (0.45) 23.97 (0.47) 5.98 (0.73)
a the number in parentheses refered to standard deviation
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Figure 6.4 Tensile strength at yield o f neat pp and pp nanocomposite films.
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films.
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Figure 6 . 6  Young’s modulus o f neat pp and pp nanocomposite films.

6.4.3 Crystallization and melting behaviors o f PP-clay nanocomposite films

Crystallization and melting behaviors o f PP-clay nanocomposite films 
was measured by a DSC. The DSC thermograms are shown in the Figure 6 . 6  and 
Figure 6.7. The Table 6.3 revealed that after the addition o f modified clay and silver 
nanoparticles in the pp nanocomposite films, the crystallization temperature (Tc) and 
melting temperature (Tm) and percentage o f crystallinity (Xc) were likely to increase 
as a result o f the bentonite and nanoparticles acting as the nucleating agent for the 
crystallization o f pp (Nancraksa, 2012 and Seephueng, 2008). Moreover, it was 
noticeable that the percentage o f crystallinity (Xc) o f the pp  nanocomposite films 
increased with increasing contents o f silver nanoparticles. In other word, the silver 
nanoparticles also performed as a nucleating agent.
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Table 6.3 Melting and crystallization behavior o f neat pp  and PP-clay 
nanocomposite films

Sample Tc
(°C)

T,n
(°C)

AHm
(J/g)

Xca
(% )

Neat PP 114.8 161.2 89.3 43.14
PPBEN 115.7 164.0 97.9 47.31

PPS5BEN 116.9 164.6 101.4 48.99
PPS10BEN 118.2 162.8 102.4 49.49
PPS15BEN 116.5 164.2 102.5 49.54
PPS20BEN 117.2 163.4 103.1 49.83

100% crystallinity o f pp, AH° = 209 J/g (Bahrami and Mirzaie, 2011) 
aFor the crystallinity o f the nanocomposite films, Xc = x 100AHm
where AHm is the melting enthalpy o f the pp and its nanocomposite films, 

AH^ is the melting enthalpy o f 1 0 0 % crystalline pp, 
and 0  is the mass ratio o f pp in the pp nanocomposite films.
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Figure 6.7 Crystallization temperature o f neat pp and pp nanocomposite films.
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Figure 6 . 8  Melting temperature of neat pp and pp nanocomposite films.
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6.4.4 Crystal structure o f PP-clay nanocomposite films

Figure 6.9 SAXD patterns o f virgin pp and its nanocomposite blown films 
pointing out certain levels o f intercalated and exfoliated structures o f nanoclay in the 
material.

In order to confirm the formation of intercalated and/or exfoliated 
nanocomposites, the SAXD analysis was performed as stated ealier. The Figure 6.2 
depicts the XRD diffragtograms for the nanocomposite films. In the case o f PPBEN, 
a shift o f 2 -theta angle to lower degree was congruent with an increase in d-spacing 
o f layered silicates through the expansion o f clay layers in PP-modified clay 
nanocomposite films. With the addition of silver nanoparticles in the interlayer o f the 
silicates, it promoted the diffusion of the polymer into the interlayers o f bentonite 
because at 1 wt% addition o f clay, it was obviously speculated that the low angle 
peak was dissapear resulting from the good delamination and better dispersion o f 
layered silicates in the pp matrix consistent with the Si-mapping from the FE- 
SEM/EDS analysis. The result corresponds with the explanation as described by 
Villaluenga e t  a l. (2007). The researcher explained that when dom  in the PP-clay 
nanocomposites was higher than in the pure clay alone, it suggested that the
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polypropylene molecules were positioned between the interlayers o f clay and an 
intercalated nanocomposite is hcncc produced. Furthermore, if  the peak o f dooi is not 
observed in the diffractograms of the nanocomposites, it was concluded that there 
were enough polypropylene chains, which were inserted into the intergalleries of 
layered silicates giving rise to the formation o f a nanocomposite with an exfoliated 
structure where the polymer chains were nanoscopically confined.

6.4.5 Thermal stability
Thermal stability o f all nanocomposite films was measured by TGA. 

TGA curves are shown in the Figure 6.9. This Figure and Table 6.4 obviously 
revealed that the onset decomposition temperatures o f the nanocomposite films were 
higher than that o f neat pp film because o f the presence of metal oxides including the 
silver nanoparticles in the modified bentonite such as silica, aluminium, and 
magnesium, as mentioned in Chapter IV (Xie e t  a l ., 2010; Varothai e t  a l ., 2007). 
Evidently, at 2 %wt. loss, the all the PPSBEN films showed a noticeable increase in 
Td than those o f the PPBEN and neat films due to silver nanoparticles could retard 
the degradation o f the nanocomposite films at elevated temperature. For example, in 
the case o f PPS20BEN, it showed an increase by approximately 20 °c and 14 °c 
compared to neat pp and PPBEN film, respectively. This result agrees with a 
research on PP-organoclay nanocomposite films containing copper nanoparticles 
from Naneruksa (2012). The researcher remarked that high heat capacity of 
nanoparticles could absorb much heat in the vicinity. Therefore, the pp molecules in 
those films degraded at higher temperature.
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Figure 6.10 Thermogravimetric analysis thermograms o f pp and its
nanocomposites.

Table 6.4 Thermal behavior o f neat pp and PP-clay nanocomposite films

Materials T(1 onset
(๐๑

Td at 2%wt loss 
(๐C)

Char Residue
(%)

PP 437.2 395.7 _

PPBEN 442.1 401.6 0.9

PPS5BEN 439.9 408.8 0.5
PPS10BEN 439.3 406.6 0.9

PPS15BEN 441.1 408.3 น
PPS20BEN 441.7 415.0 1.7
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6.5 Conclusions

Blown pp nanocomposites with 1 wt% of clay films consisting different 
contents o f silver nanoparticles (5, 10, 15, and 20 wt% in the clay) were prepared. 
Finally, the nanocomposites were blown to a clear film for packaging application. 
PP-clay nanocomposites with 1 wt% nanoclay showed intercalated and exfoliated 
structures observed by XRD. FE-SEM showed a good distribution and dispersion o f 
modified clay in the pp matrix originating from the double melt-mixing process. For 
mechanical properties, an increase in the Young’s modulus indicating the higher 
stiffness o f the nanocomposite films was reported, although the intercalated and 
partly exfoliated nanocomposite films had a detrimental effect on the tensile strength 
and the percentage o f elongation at break resulting from the inhomogeneous 
aggregates and some voids around dispersed phase. As for the DSC analysis, it was 
found that crystallization temperature, melting temperature, and %  crystallinity 
increase due to nucleating effect o f modified clay. Evidently, from TGA analysis at 2 
wt% loss, it was clearly shown that 2 0  wt% of silver nanoparticle film exhibited 
higher decomposition temperature than neat pp film approximately 2 0  ๐c .
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