
CHAPTER II 
LITERATURE REVIEW

2.1 Organic-Inorganic Hybrid Materials

In  g e n e ra l , th e  c o m p o s i te  m a te r ia ls  m a d e  f ro m  th e  n a tu r a l  s u b s ta n c e s  fo r  
lo n g  t im e  a g o , w h ic h  th e  c o m b in a t io n  o f  tw o  m a te r ia ls  to g e th e r  in  o r d e r  to  g e t  b e t te r  
p r o p e r t ie s  th a n  th e  c o n v e n t io n a l  m a te r ia ls  b e c a u s e  o f  t h e i r  l im i ta t io n s .  T h e  
c o m p o s i te s  c o u ld  s h o w  im p ro v e d  f o r  th e  a v a i la b i l i ty  o f  m a n y  a p p l ic a t io n s .

C o m p o s i te s  a r e  c o m p o s e d  o f  a t le a s t  tw o  c o m p o n e n ts  in  n a n o -  o r  m a c ro -  
m o le c u la r  sc a le . M o s t  o f  th e  m ix tu r e  is  th e  o r g a n ic  c o m b in e d  w i th  a n  in o r g a n ic  in  
th e  n a tu r e  c a lle d  p o ly m e r / in o r g a n ic  o r  o r g a n ic / in o rg a n ic  c o m p o s i te s  ( K ic k e lb ic k ,  et 
al., 2 0 0 7 ) .  G e n e ra l ly , th e  s im p le s t  in c o r p o ra t io n  o f  o rg a n ic  p o ly m e r  a n d  in o r g a n ic  
f d le r s  a r e  b le n d in g  o r  m ix in g  p r o c e s s  w ith  c o m b in in g  a d v a n ta g e s  o f  th e  c o m p o s i te s  
as s h o w n  th e  p r o p e r t ie s  o f  b o th  o rg a n ic  a n d  in o r g a n ic  m a te r ia ls .  M o re o v e r ,  in  th e  
w o rd  h y b r id  c o m p o s i te  a r e  b e c o m in g  c o m m e r c ia l ly  s ig n i f ic a n t  b y  th e  f o l lo w in g  
r e a s o n s ;  d e s ig n e d  m a te r ia l  w i th  s p e c i f ic  c h a r a c te r is t ic s ,  e c o n o m ic  b e n e f i ts  b y  u s in g  
f i l l e r  a s  d i lu t in g  in  th e  e x p e n s iv e  m a te r ia ls  a n d  e n h a n c e  m e c h a n ic a l  o r  fu n c t io n a l  
p r o p e r t ie s .

T h e  o r g a n ic / in o rg a n ic  c o m p o s i te s  a r e  m o re  in te r e s t in g  in  a  lo w e r  
e n v ir o n m e n ta l  im p a c t  r e p la c e d  o f  t r a d i t io n a l  m a te r ia ls  b y  n o n - to x ic  a n d  b io - s o u r c e s  
m a te r ia ls .  M o re o v e r ,  th e r e  a re  w id e ly  u s e d  f o r  th e  r e a s o n  th a t  th e  p o ly m e r  b a s e d  
c o m p o s i te s  h a v e  th e  n u m e ro u s  m a te r ia l  v a r ia b le s  c o m b in a t io n  c o n tr ib u te d  to  
s t i f fn e s s ,  d im e n s io n a l  s ta b i l i ty , ,  lo w  c o s t  o f  r a w  m a te r ia ls ,  h ig h  s tr e n g th , h ig h  
m e c h a n ic a l  s tr e n g th  a n d  l ig h t  w e ig h t  (W a n g , et ah, 2 0 1 3 ).

2.2 Polyvinyl alcohol (PVA)

2 .2 .1  I n tr o d u c t io n  o f  P o ly v in y l  A lc o h o l
P o ly v in y l  a lc o h o l (P V A )  is  a h y d r o p h i l ic  s y n th e t ic  p o ly m e r  w h ic h  

c a n  b e  p re p a re d  b y  p o ly m e r iz a t io n  o f  v in y l a c e ta te  m o n o m e r  s u c h  as 
t r a n s e s te r i f ic a t io n ,  h y d r o ly s is  a n d  a m in o ly s is  (F in c h , 1 9 9 2 ). H o w e v e r ,  th e
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p o ly m e r iz a t io n  p r o c e s s  d o e s  n o t  f a b r ic a te  d i r e c t ly  f ro m  v in y l a lc o h o l m o n o m e r  
b e c a u s e  o f  th e  in s ta b i l i ty .  T h e  p r o p e r t ie s  o f  v in y l a lc o h o l d e p e n d  o n  th e  d e g re e  o f  
p o ly m e r iz a t io n  a n d  h y d ro ly s is  (R e is ,  el al, 2 0 0 6 ) . F ig u re  2.1  s h o w s  th e  d i f f e re n t  
w a y s  o f  p o ly m e r iz a t io n  o f  p o ly v in y l  a lc o h o l f ro m  v in y l a c e ta te  b y  h y d ro ly s is .

Transestérification :

Hydrolysis :

Aminolysis :

Figure 2.1 T h e  p o ly m e r iz a t io n  o f  p o ly v in y l a lc o h o l  f ro m  p o ly v in y l  a c e ta te  (F in c h , 
1 9 9 2 ).

2 .2 .2  P r o p e r t ie s  o f  P o ly v in y l  A lc o h o l
P o ly v in y l  a lc o h o l is  an  e n v ir o n m e n ta l  p o ly m e r , th e  c h e m ic a l  

s t r u c tu r e  c o n ta in in g  th e  h y d ro x y l g r o u p s ’ in f lu e n c e  o n  p h y s ic a l  p r o p e r t ie s  s u c h  as 
w a te r  s o lu b le ,  b io c o m p a t ib le ,  n o n - to x ic i ty .  T h e  p h y s ic a l p ro p e r t ie s ,  h o w e v e r ,  
d e p e n d  o n  th e  d e g re e  o f  p o ly m e r iz a t io n ,  as m e n t io n e d  a b o v e ;  c a n  b e  c o n t r o l le d  b y  
t im e , te m p e ra tu re ,  a d d i t iv e s  a n d  c a ta ly s ts .  F ig u r e  2 .2  sh o w s  th e  p r o p e r t ie s  d e p e n d in g  
o n  i ts  m o le c u la r  w e ig h t  a n d  p e r c e n ta g e  o f  h y d ro ly s is . In  a d d i t io n , th e  s o lu b i l i ty  in
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w a te r  o f  P V A  d e p e n d s  o n  th e  te m p e ra tu re .  H e a t in g  to  80°c is  r e q u i r e d  to  d is s o lv e  
c o m p le te ly  o f  P V A  a s  s h o w n  in  F ig u r e  2 .3  (F in c h , 1 9 92 ).

In c re a s e d  so lu b ility  

In c re a s e d  fle x ib ility  
In c re a s e d  w a te r s e n s it iv ity  

In c re a s e d  e a s e  of s o lv a tio n

M D L E C

W E I
^  de créa  a  ng

In c re a s e d  v is c o s ity  

In c re a s e d  te n s ile  streng th  

In c re a s e d  w a te r re s is ta n ce  

In c re a s e d  s o lv e n t  re s is ta n ce  

In c re a s e d  a d h e s iv e  s treng th

■U l.AR

3 H T
in c re a s in g  ^

H Y D R O

In c re a s e d  so lu b ility  

In c re a s e d  fle x ib ility  
In c re a s e d  w a te r s e n s it iv ity  

In c re a s e d  a d h e s io n  to  

h y d ro p h o b ic  s u r fa c e s

L Y S IS  %

In c re a se d  w a te r re s is ta n ce  
In c re a s e d  te n s ile  streng th  

In c re a s e d  s o lv e n t  r e s id a n c e  

In c re a s e d  a d h e s io n to  
h y d ro p h ilic  a ir f a r e s

Figure 2.2 T h e  p r o p e r t ie s  o f  p o ly v in y l a lc o h o l d e p e n d  o n  th e  m o le c u la r  w e ig h t  a n d  
h y d r o ly s is  le v e l, (h t tp : / /w w w .a z o m .c o m /a r t i c le .a s p x ? A r t ic le lD = 2 6 6 ).

80 »5 98 9S 100
Degree ฝ Hydrolysis

Figure 2 .3  T h e  te m p e r a tu r e  in f lu e n c e  o n  th e  s o lu b i l i ty  o f  P V A  in  w a te r  (F in c h , 
1 9 9 2 ).

2 .2 .3  A p p l ic a t io n  o f  P o ly v in y l  A lc o h o l
P o ly v in y l  a lc o h o l is  v e r s a t i le  p o ly m e rs  w h ic h  c a n  b e  a p p l ie d  to  

m a n y  a p p l ic a t io n s ,  f o r  e x a m p le , te x t i le ,  p a p e r , c o a t in g , g lu e . N o w a d a y s ,  th e  p o p u la r  
a p p l ic a t io n  o f  p o ly v in y l  a lc o h o l f o c u s e d  o n  b io m e d ic a l  a p p l ic a t io n  d u e  to  its

http://www.azom.com/article.aspx?ArticlelD=266
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b io c o m p a t ib i l i ty ,  n o n - to x ic i ty ,  b io d e g r a d a b le  a n d  in e x p e n s iv e . T h e  a p p l ic a t io n s  
in c lu d e  c o n t r o l le d  d ru g  r e le a s e ,  c o n ta c t  le n s , t i s s u e  e n g in e e r in g , e tc . (B a jo a i t ,  et al., 
2 0 0 6 )  M o r e o v e r ,  f o r  im p r o v in g  m e c h a n ic a l  a n d  th e rm a l  c h a r a c te r is t ic s ,  p o ly v in y l  
a lc o h o l- c la y  c o m p o s i te  w a s  s tu d ie d  to  c o m p a re  p u re  P V A  (A li, et al. , 2 0 1 2 )

2.3 Calcium Carbonate (CaC03)

C a lc iu m  c a r b o n a te  is  th e  th i r d  m o s t  a b u n d a n t  m a te r ia l  o n  e a r th  w h ic h  is  th e  
c o m p o s i te  o f  l im e s to n e  w h ic h  c a n  b e  u s e d  as m in e ra l  f i l le r  o r  p ig m e n t  in  la r g e  
q u a n t i t ie s  f o r  th e  m a n u f a c tu r in g  o f  p la s t ic s ,  r u b b e rs ,  c o a t in g , t e x t i l e s  a n d  p a p e r  
in d u s tr ie s .  B e s id e ,  c a lc iu m  c a rb o n a te  is  a lso  k n o w n  to  h a v e  b io a c t iv i t ie s  su c h  a s  ce ll 
c o m p a t ib i l i ty  t i s s u e  c o m p a t ib i l i ty  a n d  b io d e g r a d a b le  p ro p e r t ie s  b e c a u s e  c a lc iu m  
c a r b o n a te  p la y s  im p o r ta n t  r o le  in  v a r io u s  n a tu ra l o r g a n ic  c e lls  s u c h  a s  s h e l ls , e g g  
s h e l ls , n a c r e s  (Z h e n g , et al., 2 0 0 8  a n d  H o u m a rd , et al., 2 0 0 9 ) . C a lc iu m  c a r b o n a te  
c a n  b e  d iv id e d  in to  tw o  ty p e s ;  n a tu ra l  c a lc iu m  c a r b o n a te  f ro m  c h a lk  o r  l im e s to n e  a n d  
th e  p r e c ip i ta t io n  o f  c a lc iu m  c a r b o n a te  (S a ra v a r i ,  2 0 0 3 ) . h i c o m p a r i s o n  th e  n a tu ra l  
c a lc iu m  c a r b o n a te  p ro v id e s  h ig h e r  p u r i ty  a n d  a p p e a rs  to  b e  w h i te r  th a n  th e  o n e  f ro m  
th e  p r e c ip i ta t io n  o f  c a lc iu m  c a rb o n a te  (L u tz , et a/., 2 0 0 1 ) .

G e n e ra l ly ,  in o r g a n ic  m in e ra l in c lu d in g  ta lc , m ic a , w o l la s to n i te  a n d  c a lc iu m  
c a rb o n a te . C a lc iu m  c a r b o n a te  is  w id e ly  u s e d  in  th e  o r g a n ic / in o r g a n ic  c o m p o s i te  
(O la d , 2 0 0 8  a n d  C h o i, 2 0 1 3 )  b e c a u s e  it  h a s  lo w  c o s t , h ig h  im p a c t  p r o p e r t ie s  a n d  
d e fo rm a b il i ty .  L e o n g , et al., (2 0 0 4 )  s tu d ie d  th 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  o f  
th e  in c o r p o r a t io n  b e tw e e n  c a lc iu m  c a r b o n a te  ( C a C 0 3), ta lc  a n d  p o ly p r o p y le n e  
h y b r id  c o m p o s i te .  T h e  r e s u l t s  e x p la in e d  th a t  th e  v i s c o s i ty  o f  p o ly m e r  m e l ts  in c re a s e s  
w ith  th e  a d d i t io n  o f  f i l le r s .  A lso , b y  in c re a s in g  o f  c r y s ta l l in i ty  o f  th e  p p  m a tr ix  
b r in g s  a b o u t  a n  in c re a s e  in  th e  m o d u lu s .  M o re o v e r ,  C a C 0 3 f i l l e r  p la y e d  an  im p o r ta n t  
r o le  in  in c r e a s in g  th e  im p a c t  s tr e n g th  o f  h y b r id  c o m p o s ite s .  C a C 0 3 h a s  b e e n  k n o w n  
to  im p a r t  to u g h n e s s  to  th e  p p  m a tr ix .

Z h e n g , el al ( 2 0 0 8 )  s tu d ie d  th e  p re p a r a t io n  o f  p o ly v in y l a lc o h o l  a n d  c a lc iu m  
c a rb o n a te  w a s  p re p a re d  b y  a  s u b s e q u e n tia l  m e th o d  in v o lv in g  in  s i tu  o f  C a C 0 3 in  
P V A  s o lu t io n . T h e  m e c h a n ic a l  te s t in g  b y  c o m p re s s io n  p re s s  s h o w e d  c o m p re s s io n  
s tre n g th  in c re a s e d  w ith  in c r e a s in g  c o n c e n t ra t io n  o f  c a lc iu m  c a rb o n a te .
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W a n g , et al ( 2 0 1 3 )  p r e p a r e d  h ig h ly  f i l le d  o f  ta lc  an d  C a C C >3 in  P V A  
c o m p o s i te s  b y  m e l t in g  p ro c e s s .  T h e  r e s u l t s  s h o w e d  th a t  n o t  o n ly  b o th  o f  tw o  f i l le r s  
w e r e  w e ll d i s p e r s e d  in  th e  P V A  m a tr ix  b u t  a ls o  th e  m e c h a n ic a l  p r o p e r t ie s  w e r e  
im p ro v e d .

2.4 Drying Methods for Porous Materials

P o r o u s  m a te r ia ls  a r e  th e  p r e s e n c e  o f  p o re s  ( h o le s )  in  a s o l id  m a te r ia l  w h ic h  
c a n  b e  c la s s i f ie d  in to  f o u r  d i f f e r e n t  b a s ic s :  F ir s t ,  in te r p a r t ic le  an d  in t r a p a r t ic le  o n  th e  
b a s i s  o f  th e i r  o r ig in . S e c o n d , m ic r o - ( <  2  n m ) , m e s o - (2 -5 0  n m ) , m a c ro -p o r e s (> 5 0  n m )  
o n  th e  b a s is  o f  t h e i r  s ize . T h i rd , o p e n  a n d  c lo s e d  p o re s  o n  th e  b a s is  o f  th e i r  s ta te . T h e  
la s t  is  r ig id  a n d  f le x ib le  p o re s  b a s e d  o n  th e i r  s tr e n g th  ( In a g a k i , 2 จ 0 9 ) .  P o ro u s  
m a te r ia ls  a r e  m o r e  in te r e s t in g  in  v a r io u s  f ie ld s  s u c h  a s  s e p a ra t io n , c a ta ly s is ,  s e n s o r , 
b io lo g ic a l  a p p l ic a t io n ,  t i s s u e  e n g in e e r in g  a n d  p u r i f ic a t io n .

T h e  v a r io u s  m e th o d s  h a v e  b e e n  u s e d  to  p re p a re  p o ro u s  m a te r ia ls  in c lu d in g  
g a s - fo rm in g  f o a m , th re e - d im e n s io n a l  p r in t in g , th e rm a l- in d u c e d  p h a s e  s e p a ra t io n , 
e le t ro c h e m is t ry ,  a n d  d ry in g . T h e  d ry in g  m e th o d  is  p r o p e r  d u e  e s s e n tia l  to  th e  u s e  o f  
c h e a p  a n d  n o n - to x ic  s o lv e n t  m e d ia  ( พ น , et al., 2 0 1 0 ). F o r  r e m o v in g  th e  s o lv e n t, 
th e re  a re  th r e e  d i f f e r e n t  d r y in g  m e th o d s :  s u p e rc r i t ic a l  d ry in g , s u b c r i t ic a l  d ry in g  o r  
a m b ie n t  d ry in g , a n d  f re e z e  d r y in g  (C a lv o , et al, 2 0 1 1 ) . F ir s tly , s u p e rc r i t ic a l  d ry in g  
is  th e  e l im in a t io n  o f  th e  s o lv e n t  th a t  r e p la c e d  b y  C 0 2 u n d e r  th e  h ig h  te m p e r a tu r e  a n d  
p re s s u re .  T h is  p r o c e s s  is  e x p e n s iv e  b u t  p r e s e rv e s  th e  p o re  s ta ic tu r e  a n d  n o  s h r in k a g e  
o c c u rs .  S e c o n d ly , th e  e v a p o r a t io n  o f  th e  s o lv e n t  u n d e r  a m b ie n t  c o n d i t io n , th e  s o lv e n t  
in s id e  th e  p o re  e v a p o r a te s  a n d  th e n  th e  p a r tia l  p o re  s t r u c tu r e  w ill b e  c o l la p s e d  d u e  to  
th e  c a p i l la ry  fo rc e . S u b c r i t ic a l  d r y in g  is  c h e a p e r ;  h o w e v e r ,  th is  m e th o d  in v o lv e s  th e  
s o lv e n t  e x c h a n g e  in  o rd e r  to  a  lo w e r  s u r fa c e  te n s io n  to  r e d u c e  s o lv e n t  th e  p o re  
d e s t ru c t io n .  T h i rd ly , f r e e z e  d r y in g  o r  ly o p h i l iz a t io n , it g e ts  r id  o f  th e  s o lv e n t  b y  
s u b lim a t io n . S u b l im a t io n  ta k e s  p la c e  a f te r  a  f ro z e n  l iq u id  d ire c t ly  m o v e  o u t  in  th e  
g a s e o u s  s ta te . P o r o u s  s t r u c tu r e  c a n  b e  f o rm e d  b y  th e  r e m o v a l  o f  f r o z e n  s o lv e n t. 
T y p ic a l ly , w a t e r  is  e n v ir o n m e n t- f r ie n d ly  s o lv e n t  an d  e a s y  to  r e m o v e  th e  ic e  c ry s ta l 
a s  p o ro g e 'n  ( Q ia n ,  et a l, 2 0 1 1 ). F ig u r e  2 .4  d e m o n s tr a te s  th e  d if f e re n t  w a y s  to  r e m o v e  
th e  s o lv e n t  ( C a lv o ,  et al, 2 0 0 1 ).
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F re e z e  d r y in g  h a s  b e e n  u s e d  f o r  o r g a n ic  p o ro u s  m a te r ia ls  w h ic h  re m a in  
p o ro u s  in  m a n y  a p p l ic a t io n s  in c lu d in g  th e  fo o d , p h a rm a c e u t ic a l ,  s ta b i l i z a t io n  o f  
l iv in g  m a te r ia ls ,  p r e s e rv a t io n ,  a n d  o th e r  i te m s  d a m a g e d  b y  w a te r .

supercritical fluid

critiçal point

LIQUID

SOLID

:»«ร* xerogels
xxtem aerogels
—=»* criôgeiâ

temperature

Figure 2.4 S c h e m e  o f  d i f f e re n t  m e th o d s  r e m o v a l  o f  so lv e n t.

B a n d i a n d  S c h i ra ld  ( 2 0 0 6 )  in v e s t ig a te d  c la y  a e r o g e l /P V A  n a n o c o m p o s i te s  
th ro u g h  th e  f r e e z e  d r y in g  p r o c e s s  o f  c la y  g e n e ra te d  a e ro g e l .  A e ro g e l c la y  (0 .5 -4  
w t% )  w e r e  d i s p e r s e d  in  w a te r  f o r  1 h a n d  th e n  1 0 w % t P V A  w e r e  d i s s o lv e d  in  w a te r  
a t 90°c u n d e r  v ig o r o u s  s ti r r in g . S E M  im a g e s  o f  th e  c h a n g e  in  m o r p h o lo g y  in to  th e  
lo w e r  d e n s i ty  a n d  h ig h  a s p e c t  r a t io  o n  m o n o l i th s  c la y  a e ro g e l  a f te r  f r e e z e  d r y in g  as 
s h o w n  in  F ig u r e  2 .5 . B e s id e s ,  g la s s  t r a n s i t io n  t e m p e ra tu re  (T g )  v a lu e s  in  c o m p o s i te s  
s h o w e d  th e  b e h a v io r  o f  c la y /p o ly v in y l  a lc o h o l c o m p o s i te s  w e r e  h ig h e r  th a n  th e  
m a tr ix .  H o w e v e r ,  th e  g la s s  t r a n s i t io n  b e h a v io r s  a re  a 'f u n c t io n  o f  s iz e , lo a d in g , 
d is p e r s io n  o f  c la y  in  p o ly m e r  m a tr ix .

๒  2 0 1 2 , N ie  a n d  c o w o r k e r  รณ d ie d  p o ro u s  c o m p o s i te  o f  p o ly v in y l  
a lc o h o l /b ip h a s ic  c a lc iu m  p h o s p h a te  (B C P )  a s  s c a f fo ld  f o r  b o n e  t i s s u e  e n g in e e r in g  b y  
u s in g  a f r e e z e  d r y in g  m e th o d . T h e  F E -S E M  p ic tu re s  o f  c r o s s - s e c t io n a l  p o ro u s  
s c a f fo ld s  s h o w e d  in  F ig u r e  2 .6 . In  a d d it io n , an  in c re a s e  in  P V A  c o n te n t  c a u s e d  th e  
p o re  s iz e  to  d e c re a s e . T h e  p o re  s iz e  h a s  in  b e tw e e n  5 0 -7 0 0  p m  a n d  th e  p o r o s i ty  is 
7 3 -8 7 % .
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a) Mommoril Ionite cliiy ๖) Clay Aerogel

Figure 2 .5  S E M  im a g e s  o f  (a )  c la y  a n d  (b )  c la y  a e ro g e l

Figure 2.6 F E -S E M  im a g e  o f  p o ro u s  P V A /B C P  s c a f fo ld  , P V A 3 0 %  ( le f t )  a n d  P V A  
4 0 %  ( r ig h t) .

K u m a r  et a1 (2 0 1 2 )  s y n th e s iz e d  p o ro u s  c o m p o s i te  f ro m
m e th y lc e l lu lo s e /p o ly v in y l  a lc o h o l b y  u s in g  f r e e z e - d r y in g  p ro c e s s . T h e  r e s u l t  
e x p la in e d  th a t  th e  p o ro s i ty  o f  p o ro u s  c o m p o s i te  w a s  a b o u t  8 6 %  a n d  th e s e  
c o m p o s i te s  c o u ld  b e  u s e d  in  b io m e d ic a l  f ie ld s .

2.5 Boric Acid as a Crosslink Agent

C r o s s - l in k in g  is  a  c o m m o n  w a y  to  d e v e lo p  th e  p e r f o r m a n c e  f o r  v a r io u s  
a p p l ic a t io n s  w h ic h  p r o c e s s  o f  j o in in g  tw o  o r  m o r s  m o le c u le s  to g e th e r .  C r o s s l in k in g  
a g e n t, f i r s t ly ,  w a s  d i s c o v e re d  b y  C h a r le s  G o o d y e a r  w h ic h  m a d e  th e  s tr o n g e r  r u b b e r  
b y  h e a t in g  in  th e  s u l f u r  (C o ra n - , 2 0 1 3 ) .  C r o s s l in k in g  a g e n ts  a r e  c o m p o s e d  o f  a t  le a s t  
tw o  r e a c t iv e  f u n c t io n a l  e n d  g ro u p s  th a t  c a n  b e  h y d ro x y l ,  p r im a r y  a m in e , c a rb o n y l
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a n d  c a r b o x y l ic  g ro u p s . C r o s s l in k e r s  a r e  c o m m o n ly  u s e d  to  m o d ify  o r  to  a s s is t  o f  th e  
n e ig h b o r in g  c h a in s  o f  p o ly m e r  to  fo rm  th re e - d im e n s io n a l  s tru c tu re .

In  2 0 0 6 , P l ie v a  a n d  c o w o rk e r  s tu d ie d  m a c ro p o ro u s  P V A  c r o s s l in k e d  w i th  
g lu ta ra ld e h y d e . T h e y  u s e d  th e  c r o s s l in k in g  re a c t io n  u n d e r  a c id ic  c o n d i t io n s  a t a  s u b ­
z e r o  t e m p e r a tu r e  o f - 1 8 ° C  o v e rn ig h t. F o r  a g o o d  c r o s s in k in g  a g e n t  is  g lu ta ra ld e h y d e  
o r  f o rm a ld e h y d e  u s e d  u n d e r  s u l fu r ic  a c id  o r  h y d r o c h lo r ic  a c id . H o w e v e r ,  th e  
a m o u n ts  o f  to x ic  r e s id u e  b e c o m e  u n d e s i r a b le  d u e  to  th e  t im e - c o n s u m in g  e x t r a c t io n  
a n d  e n v ir o n m e n ta l  p o l lu t io n s  (H a s s a n , et a l, 2 0 0 0 ).

B o r ic  acLd c a n  b e  d is s o lv e d  in  w a te r  w h ic h  r e a c ts  w i th  th e  h y d ro x y l g r o u p s  
o f  p o ly v in y l a lc o h o l v i a  a  c o n d e n s a t io n  re a c tio n  to  fo rm  a  g e l a s  s h o w n  in  F ig u r e  
2 .7 . T h e  s c h e m a t ic  r e p r e s e n te d  fo r  P V A  a n d  b o r ic  a c id  th ro u g h  th e  d id io l c o m p le x  
a n d  it  c a n  b e  c h a n g e d  in to  b o ra te  u n d e r  p H  a b o u t  9. T h e  s o lu b i l i ty  o f  b o r ic  a c id  in  
w a te r  in c re a s e s  w ith  th e  te m p e ra tu re  ( S m ith ,๙  ai, 1 9 9 2 ). A n  a m o u n t  o f  b o r ic  a c id  is  
a d d e d  f o r  d e v e lo p in g  th e  p h y s ic a l p r o p e r t ie s  s u c h  a s  m e c h a n ic a l  s tr e n g th  a n d  w a te r  
re s is ta n c e .

F i g u r e  2 .7  B o r ic  a c id  in  w a te r  an d  th e  c r o s s l in k e d  p o ly v in y l  a lc o h o l .

M a e r k e r  et al ( 1 9 8 6 )  r e p o r te d  th e  e f fe c t  o f  c o m p le x  f o rm a t io n  o f  p o ly v in y l  
a lc o h o l a n d  s o d iu m  b o r a te  in f lu e n c e  o n  th e  v is c o s i ty  o f  its  s o lu t io n . F u r th e rm o r e ,  
W a n g  et al ( 1 9 9 9 )  s y n th e s iz e d  p o ly v in y l a lc o h o l g e l w i th  b o r ic  a c id . T h e y  p r e p a r e d  
f ro m  p o ly v in y l a lc o h o l a n d  th e  m ix e d  s o lv e n t  (d im e th y l  s u l fo x id e  a n d  w a te r ) . T h e  
r e s u lt  s h o w e d  th e  v i s c o s i ty  o f  P V A  in c re a s e s  n o t  o n ly  w ith  in c r e a s in g  b o r ic  a c id  
c o n te n t, b u t  a ls o  in c r e a s e d  w ith  t e m p e ra tu re  b e tw e e n  7 0 -1 0 0 ° C . T h e  d e g re e  o f

H 3B O 3 +  2 H 20  « -  B ( O H ) 4-+ H 30 +

+■ B<OH)*
Obt  ̂ cmsS'ti/jkjrn?cmîxTîokjns of 

polyvinyl alcohol



11

p o ly m e r iz a t io n  P V A  in c re a s e s  w ith  in c re a s in g  b o r ic  c o n te n t  r e s u l t  in  h ig h e r  
v is c o s i ty  a n d  h ig h  Y o u n g e r  m o d u lu s .  H o w e v e r ,  u s in g  D M S O  a s  a  s o lv e n t  o f  P V A  it  
c a n n o t  u s e  in  th e  m e d ic a l  f ie ld s  d u e  to  its  to x ic ity .

F u r th e r ,  B a r ro s  et al (2 0 0 6 )  p r e p a r e d  p o ly v in y l a lc o h o l a n d  b o r ic  a c id  in  th e  
1:1 r a t io  b y  c o n d e n s a t io n  re a c t io n  a s  a  p re c e ra m ic  p re c u r s o r .  T h e y  fo u n d  th a t  th e  
f o rm a t io n  o f  P V A - b o r ic  w a s  e a s ily  in  th is  r e a c t io n  u s e d  lo w  te m p e r a tu r e  ro u te  fo r  
c e ra m ic  m a te r ia l .  T h e  th e rm a l s ta b i l i ty  o f  P V A B  p r e c u r s o r  p r e s e n te d  b e t te r  th a n  
P V A  d u e  to  i ts  c r o s s - l in k in g  c h a r a c te r is t ic  a s s o c ia te d  w ith  th e  b e s t  th e rm a l 
r e s is ta n c e  o f  B - 0  c o m p a re d  to  C - 0  b o n d s .

2.6 Gas Separation

2 .6 .1  G a s  E m is s io n  a n d  M e m b ra n e  S e p a ra t io n  T e c h n o lo g y
T h e  s e p a r a t io n  o f  c a rb o n  d io x id e  ( C 0 2) f ro m  m e th a n e  ( C H 4) p la y s  

ro le  im p o r t a n t  fo r  in d u s tr i a l  p ro c e s s  o f  n a tu ra l g a s  a n d  la n d f i l l  g a s  t r e a tm e n t .  
T y p ic a lly , n a tu ra l  g a s  is  c o m p o s e d  o f  7 0 -9 0 %  CH4 a n d  1 -8 %  C 0 2 ( B ru n e t t i ,  et al., 
2 0 1 4 ) . T h e s e  g a s e s  h a v e  a n  in f lu e n c e  o n  th e  c l im a te  c h a n g e  w h ic h  r is in g  th e  e a r t h ’s 
a v e ra g e  te m p e r a tu r e  b y  e m is s io n  in to  th e  a tm o s p h e re . C 0 2 is  a n  a c id ic  g a s , w h ic h  
f re q u e n t ly  f o u n d  in  th e  n a tu ra l  s u c h  a s  g a s  s tre a m s , c o m b u s t io n  o f  fo s s i l  fu e l le a d in g  
to  c o r r o d e  in  th e  p ip e l in e  a t p re s e n c e  o f  w a te r  a n d  s to ra g e  s y s te m  in  t r a n s p o r ta t io n  
a n d  tu rn  d o w n  th e  a m o u n t  o f  e n e rg y  c o n te n t  o f  n a tu ra l  g a s  (Z h a n g , et al., 2 0 1 3 ) .  
M o re o v e r ,  th e  s p e c i f ic  C 0 2 c o n c e n t r a t io n  f o r  p ip e l in e  n o rm a l ly  r e q u i r e d  lo w e r  th a n  
2 %  ( O th m a n , et al., 2 0 0 9 ) .

F o r  r e m o v a l  o f  h ig h  C O 2 c o n c e n t ra t io n , i t  is  an  e s s e n t ia l  to  r e d u c e  th e  
p ip e l in e  c o r r o s io n , in c r e a s e  h ig h -p u r i ty  e n e rg y  p r o d u c ts  ( A d e w o le ,  et ai, 2 0 1 3 ) .  
T h e re  a re  v a r io u s  te c h n iq u e s  fo r  g a s  s e p a ra t io n , in c lu d in g  t r a d i t io n a l  a b s o rp t io n ,  
c ry o g e n ic  d i s t i l la t io n ,  a d s o rp t io n , a n d  m e m b ra n e  s e p a ra t io n . S e p a ra t io n  o f  g a s  
th ro u g h  m e m b ra n e  te c h n o lo g y  h a s  a d v a n ta g e s  o v e r  th e  tr a d i t io n a l  te c h n iq u e s  d u e  to  
lo w  e n e rg y  c o n s u m p t io n ,  e c o n o m ic , e a s e  o f  p ro c e s s , s a fe ty  e n v i r o n m e n t  a n d  lo w  
m a in te n a n c e  r e q u i r e m e n t  ( S r id h a r ,๙  al., 2 0 0 7 ) . C o m p a re d  to  o th e r  p r o c e s s e s  th e y  
h a v e  l im i ta t io n s ,  f o r  e x a m p le ,  a b s o rp tio n  p ro c e s s  is  u s u a l ly  f o r  g a s  t r a n s f e r  th ro u g h  
b a s ic  s o lv e n t  w h ic h  th is  s o lv e n t  c a n  b e  c a u s e d  c o r ro s io n  in  th e  p ro c e s s . A n
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a d s o rp t io n  p r o c e s s  s h o u ld  b e  u s e d  h ig h  s u r fa c e  a r e a  s o l id  m a te r ia ls  a n d  h a v e  h ig h  
r e g e n e r a b i l i ty .  C r y o g e n ic  p ro c e s s  f o r  s e p a ra t in g  g a s  u s e s  lo w  te m p e ra tu re  w ith  
s u p p o r te d  b y  la rg e  r e f r ig e r a t io n  c o n d i t io n , b u t  a  h ig h  e n e rg y  r e q u i r e m e n t .  M o re o v e r ,  
it  c a n n o t  b e  u s e d  f o r  lo w  c o n c e n t r a t io n  o f  C O 2 ( S h im e k i t ,  et al., 2 0 1 2 ).

2 .6 .2  M e m b r a n e  S e p a ra t io n  M a te r ia ls
T h e  c o n c e p t  o f  m e m b ra n e  c a n  b e  d e s c r ib e d  a s  a  s e le c t iv e  b a r r ie r  

b e tw e e n  tw o  p h a s e s  w h e r e  th e  d r iv in g  fo rc e  b y  d i f f e r e n t  p r e s s u r e  f a c i l i ta te d  
t r a n s p o r t  c a n  o c c u r  (Z h a n g , et al., 2 0 1 3 ) .  F o r  g a s  s e p a ra t io n  th ro u g h  m e m b ra n e  
m a te r ia ls ,  th i s  te c h n iq u e  b e c o m e s  an  im p o r ta n t  fo r  CO2/CH4 s e p a r a t io n  p ro c e s s .  In  
g e n e ra l ,  b a s e d  o n  th e  m o rp h o lo g y  m a te r ia ls ,  th r e e  ty p e s  o f  m e m b ra n e  c a n  b e  
c la s s i f ie d :  d e n s e , a s y m m e tr ic  a n d  c o m p o s ite .  D e n s e  m e m b ra n e  is  ty p ic a l ly  a  th in  
f i lm  o f  p o ly m e r  (o rg a n ic )  la y e r  w h e re a s  a s y m m e tr ic  c o m b in e s  w i th  d e n s e  la y e r  o n  
to p  s u p p o r te d  b y  p o ro u s  la y e r . C o m p o s i te  m e m b ra n e s  c o n ta in  d i f f e r e n t  m a te r ia l  to  
m a k e  la y e rs  (§ e n , et al. , 2 0 0 7 ) . F u r th e r ,  b a s e d  o n  th e  m a te r ia ls ,  m e m b ra n e  c a n  b e  
d iv id e d  in to  th r e e  c a te g o r ie s :  p o ly m e r ic , in o rg a n ic  a n d  o r g a n ic - in o rg a n ic  m e m b ra n e  
( Ia r ik o v , et al., 2 0 1 1 ) . T h e  p ro c e s s  o f  s e p a ra t io n  b y  u s in g  o r g a n ic  m e m b r a n e  c a n  b e  
f u r th e r  c la s s i f ie d  in to  p o ro u s  a n d  n o n p o r o u s . A  p o ro u s  m e m b ra n e  is  a s  a  k in d  o f  
c o n v e n t io n a l  f i l te r  w h ic h  h a v e  a  h ig h ly  v o id e d  s tru c tu re ,  r ig id , a n d  in te r c o n n e c te d -  
p o re s . N o n p o r o u s  o r  d e n s e  m e m b ra n e  s e p a r a te  g a s e s  b y  th e  p e r m e a n c e  d is s o lv e  a n d  
d i f fu s e  th ro u g h  in  m e m b ra n e .

P o ly m e r ic  m e m b ra n e s  a r e  u s u a lly  d e n s e  m e m b ra n e s  w h ic h  a re  lo w  
c o s t a n d  e a s y  to  p ro c e s s .  G a s  p e r m e a t io n  is  b a s e d  o n  th e  s o lu t io n -d if f u s io n  
m e c h a n is m . T h is  is  e x p la in e d  b y  s o lu b i l i ty  in  th e  m e m b ra n e  a n d  d i f fu s io n  th r o u g h  
th e  m e m b r a n e  m a tr ix . F u r th e rm o re , th e y  a lso  d e s c r ib e d  b y  g la s s y  o r  ru b b e ry  
m e m b ra n e s  th a t  o p e ra t io n  is  u p o n  th e  g la s s  t r a n s i t io n  t e m p e ra tu re  (S c h o le s ,  et al., 
(2 0 1 2 ) . a n d  H o u d e , et al ( 1 9 9 6 ) )  s tu d ie d  d e n s e  h o m o g e n e o u s  c e l lu lo s e  a c e ta te  ( C A )  
m e m b ra n e  a t  35°c w ith  d i f f e re n t  p re s s u re .  T h e  r e s u l t s  s h o w e d  CO2 is  m u c h  m o re  
p e r m e a b le  th a n  CH4 d u e  to  th e  s m a l le r  k in e t ic  d ia m e te r  o f  CO2 m o le c u le s  h a d  an  
e f fe c t  o n  a  h ig h e r  s o lu b i l i ty  a n d  d if fu s iv i ty .  T h e  p r e s s u r e  w a s  r a is e d  w i th  d e c r e a s in g  
o f  CH4 p e r m e a b i l i ty  b u t  in c re a s in g  p e r m e a b i l i ty  o f  C 0 2. P la s t i c iz a t io n  e f fe c t  c a u s e d  
b y  an  in c r e a s in g  o f  p r e s s u r e  le d  to  in c re a s in g  o f  f r e e  v o lu m e  a n d  c h a in  m o b i l i ty  o f
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p o ly m e r . T h e  CO2/CH4 s e le c t iv i ty  d e c r e a s e s  w ith  in c r e a s in g  th e  to ta l  p re s s u re  a n d  
C 02 c o n c e n t r a t io n  o f  f e e d  m ix tu re .

L i et al. ( 1 9 9 8 )  s tu d ie d  b le n d in g  o f  p o ly e th y l e n e  g ly c o l)  
( P E G ) /c e l lu lo s e  a c e ta te  ( C A )  m e m b ra n e s  fo r  g a s  s e p a ra t io n . T h e  s o lu b il i ty  
c o e f f ic ie n ts  o f  C 0 2 w e r e  re d u c e d  b y  b le n d in g  P E G 2 0 0 0 . T h e  c o n ta in in g  o f  
P E G 2 0 0 0  s h o w e d  h ig h  d i f fu s iv i ty  c o e f f ic ie n ts ,  r e s u l t in g  in  h ig h  p e r m e a b i l i ty  

* c o e f f ic ie n t  o f  C O 2 c o m p a re d  to  p r is t in e  C A . D u e  to  th e  f le x ib le  m a in  c h a in  o f  P E G  
in  a m o r p h o u s  d o m a in s  p e r m i t te d  th e  la r g e  p e n e tr a n ts  a n d  e a s ily  d i f f u s e  th ro u g h  
m e m b ra n e .

K im  el « / . , ( 2 0 0 1 )  p r e p a r e d  p o re - f i l le d  m e m b ra n e s  b y  u s in g  
p o ly a c r y lo n i t r i l e  m e m b r a n e  a s  a  s u p p o r t  a n d  m e th o x y  p o ly e th y l e n e  g ly c o l)  a c ry la te  
a s  a  f i l le r . T h e  g a s  s e p a r a t io n  a c h ie v e d  h ig h  C O ;/N 2 p e r m s e le c t iv i ty  ( 3 2 .5 )  b u t lo w  
C 0 2  p e r m s e le c t iv i ty  (5 .6 5 X  1 0 '4B a r re r )  a t  t e m p e ra tu re  3 0  ๐c

S a d e g h i , et a/:, (2 0 0 9 )  s tu d ie d  th e  e f fe c t  o f  n a n o - p a r t ic le  in c o rp o ra te d  
in  p o ly b e n z im id a z o le  (P B I )  b y  s o l-g e l m e th c d  in  o rd e r  to  e n h a n c e  th e  g a s  
p e r m e a b i l i ty  w i th  th e  c o n d i t io n  o f  20 b a r  a n d  25  °c. T h e  re s u lts  s h o w e d  th a t  th e  
in c o r p o r a t io n  o f  s i l ic a  p a r t i c le s  in  p o ly m e r  m a tr ix  in c re a s e  in  th e  p o la r  O H  g ro u p s  a s  
in d u c e d  th e  p e r m e a b i l i ty  o f  C O 2 v ia  s o lu t io n -d if f u s io n  m e c h a n is m  fro m  0 .0 2 5  
B a r r e r  in  p u re  p o ly m e r  to  0 .1 1  B a r re r  in  2 0 w t%  s i l ic a  in  p o ly m e r  m a tr ix .

S e m s a rz a d e ,  et al (2 0 1 3 )  s tu d ie d  p o ly m e r - in o rg a n ic  m e m b ra n e  to  
im p r o v e  p e r f o r m a n c e  in  te r m s  o f  m e c h a n ic a l ,  th e rm a l s ta b i l i ty  a n d  g a s  s e p a ra t io n . 
T h e y  p r e p a r e d  m e m b ra n e  b y  u s in g  s il ic a  p a r t i c le s  in c o r p o ra te d  w ith  P V A  in  o rd e r  to  
in c r e a s e  th e  p o la r  g r o u p s  ©ท th e  s u r fa c e  in to  p o ly u re th a n e . T h e  r e s u l t s  sh o w e d  th e  
p e r m e a b i l i ty  o f  C O 2 a t  te m p e r a tu r e  a b o u t  2 5  ° c  is  s ig n if ic a n tly  h ig h e r  th a n  o th e r  
g a s e s  (CEL), O 2, N 2) d u e  to  r e la te d  o n  s m a ll  k in e t ic  d ia m e te r  a n d  m o r e  in te r a c t io n  o f  
p o la r  g a s  w i th  p o la r  h y d ro x y l  g ro u p  in  p o ly m e r . M o re o v e r ,  in c r e a s in g  in  s i l ic a  
c o n te n t  le d  to  in c re a s in g  o f  g a s  p e r m e a b i l i ty  o f  C 0 2  b u t  lo w  p e r m e a b l i l i ty  o f  CEL), 
0 2 a n d  N 2.
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