
CHAPTER II 
LITERATURE SURVEY

2.1 Electrospinning

2 .1 .1  E x p e r im e n ta l  S e t -u p
T h e r e  a re  b a s ic a l ly  th r e e  c o m p o n e n t s  to  f u l f i l l  th e  p r o c e s s :  a 

h ig h  v o l t a g e  s u p p l ie r ,  a  c a p i l la r y  tu b e  w ith  a p ip e t t e  o r  n e e d le  o f  s m a ll  
d ia m e te r ,  a n d  a m e ta l  c o l l e c t i n g  s c r e e n .  In th e  e le c t r o s p in n in g  p r o c e s s  a  h ig h  
v o l t a g e  is  u s e d  to  c r e a te  a n  e l e c t r i c a l ly  c h a r g e d  j e t  o f  p o ly m e r  s o lu t io n  o r  m e lt  
o u t  o f  th e  p ip e t t e .  B e f o r e  r e a c h in g  th e  c o l l e c t in g  s c r e e n ,  th e  s o lu t io n  j e t  
e v a p o r a t e s  or  s o l i d i f i e s ,  a n d  is  c o l l e c t e d  a s  an  in t e r c o n n e c t e d  w e b  o f  s m a ll  
f ib e r s  ( D e i t z e l ,  2 0 0 1 ,  F o n g  H , 2 0 0 1 ) .  O n e  e l e c t r o d e  is  p la c e d  in to  th e  s p in n in g  
s o lu t io n  m e lt  a n d  th e  o th e r  a t ta c h e d  to  th e  c o l le c t o r .  A s  s h o w n  in  f ig .  2 .1

M etal ca ltK t o r

F ig u r e  2 .1  S c h e m a t ic  d ia g r a m  to  s h o w  p o ly m e r  n a n o f ib e r s  b y  e le c t r o s p in n in g .

T h e  e l e c t r o s t a t i c  f i e ld  is  s u b je c te d  to  th e  e n d  o f  th e  c a p i l la r y  
tu b e  th a t  c o n t a in s  th e  s o lu t io n  f lu id  h e ld  b y  its  s u r f a c e  t e n s io n .  T h is  in d u c e s  a  
c h a r g e  o n  th e  s u r f a c e  o f  th e  l iq u id .  M u tu a l c h a r g e  r e p u ls io n  a n d  th e  
c o n t r a c t io n  o f  th e  s u r f a c e  c h a r g e s  to  th e  c o u n te r  e l e c t r o d e  c a u s e  a  f o r c e  
d ir e c t ly  o p p o s i t e  to  th e  s u r f a c e  t e n s io n  (F a n g  X , 1 9 9 7 ) .
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In g e n e r a l ,  th e  e x p e r im e n t a l  s e tu p  c a n  b e  d iv id e d  in to  t w o  t y p e s  
b a s e d  o n  d ir e c t io n  o f  p o ly m e r  s u p p ly in g  n o z z le  in c lu d in g  h o r iz o n t a l ly  a n d  
v e r t i c a l ly .  T h e  t w o  k in d s  o f  p o ly m e r  s u p p ly in g  n o z z le  a re  g la s s  p ip e t t e  a n d  
m e ta l  n e e d le .  F o r  th e  e x p e r im e n t a l  s e tu p  w h e r e  g la s s  p ip e t t e  is  u s e d ,  th e  
e x t e r n a l  p o t e n t ia l  w a s  s u p p l ie d  b y  d ir e c t ly  in s e r t in g  a  m e ta l  e l e c t r o d e  to  th e  
c a p i l la r y  tu b e  f i l l e d  w ith  a  p o ly m e r  s o lu t io n  ( R e n e k e r ,  1 9 9 5 ) .  S c h e m a t ic  
d r a w in g  o f  th is  is  s h o w n  in  F ig u r e  2 .1 .  In c a s e  o f  th e  m e ta l  n e e d le  s e tu p , th e  
e x t e r n a l  p o t e n t ia l  w a s  a t ta c h e d  o u t s id e  o f  th e  m e ta l  n e e d le  ( B a u m g a t e n ,  1 9 7 1 ,  
N o r r is ,  2 0 0 0 ) .

S c r e e n s  o f  d i f f e r e n t  g e o m e t r y  w e r e  u s e d  a s  c o l l e c t i n g  d e v i c e s  
fo r  th e  c h a r g e  f ib e r s  s u c h  a s  m e ta l  s i e v e ,  e v e n  m e ta l  s c r e e n .  R e c e n t ly ,  W a r n er  
et al. ( 2 0 0 0 )  d e v e lo p e d  a  n o v e l  r o to r  e l e c t r o s p in n in g  u n it  t o  p r o d u c e  th e  f ir s t  
y a r n s  ( s e e  F ig u r e  2 .2 ) .  T h is  u n it  is  c a p a b le  o f  s p in n in g  fr o m  m u lt ip le  s p in n e r s  
s im u l t a n e o u s ly .  A  r o ta t in g  c o l le c t o r  p r o v id e s  a  m e c h a n is m  fo r  c o n t in u o u s  
r e m o v a l  o f  th e  n o n - w o v e n  fa b r ic  a s  a y a rn .

2 .1 .2  P o ly m e r  T y p e s
M a n y  k in d s  o f  p o ly m e r  h a v e  b e e n  s u c c e s s f u l l y  p r o d u c e d  b y  

e l e c t r o s p in n in g  p r o c e s s  fr o m  p o ly m e r  s o lu t io n  a n d  m e l t s  (L o r r a n d o , 1 9 8 1 ) .  A t  
le a s t  2 0  p o ly m e r s  h a v e  b e e n  e le c t r o s p u n  in  la b o r a to r y  o f  R e n e k e r  et al. 
( 1 9 9 6 ) .  T h e s e  a re  p o ly e t h y le n e  o x id e  (P E O ) , w h ic h  is  th e  m o s t  o f t e n  u s e d  to  
s tu d y  p a r a m e te r s  in f lu e n c in g  th e  p r o c e s s ,  t e x t i l e  f ib e r  p o ly m e r s  s u c h  a s  n y lo n ,  
h ig h  p e r fo r m a n c e  p o ly m e r s  s u c h  a s  p o ly im id e ,  a n d  b i o p o ly m e r s  in c lu d in g  
D N A  (F a n g , 1 9 9 7 ) .  In  a d d it io n , l iq u id  c r y s ta l  p o ly m e r s  s u c h  a s  p o ly a r a m id  
a n d  p o ly a n i l in e  w h ic h  is  an  e l e c t r i c a l ly  c o n d u c t in g  p o ly m e r  h a v e  a ls o  b e e n  
s u c c e s s f u l l y  e l e c t r o s p u n  b y  th is  g r o u p . M o r e o v e r ,  p o ly m e r  b le n d s ,  fo r  
e x a m p le ,  p o l y a n i l i n e /p o ly e t h y le n e  o x id e  ( N o r r is ,  2 0 0 0 ) ,  c a n  b e  p r o d u c e d  b y  
th is  p r o c e s s  a s  w e l l .

T h e  l i s t  o f  o th e r  p o ly m e r s  th a t  h a v e  a lr e a d y  b e e n  e le c t r o s p u n  a re  
a s  f o l lo w i n g s :  p o l y e t h y l e n e ,  p o ly p r o p y le n e  (L o r r a n d o , 1 9 8 1 ) ,  p o ly a m id  a c id ,  
p o ly - g a m m a - b e n y z y l - g lu m a t e ,  p o l y ( e t h y l e n e  t e r e p h t h a la t e ) ,  N y lo n  6 -  
p o l y im i d e ,  p o ly h y d r o x y b u t y r a t e v a le r a t e ,  p o ly e t h e r im id e ,
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p o l y f e r r o c e n y l d i m e t h y l s i l a n e ,  p o l y a c r y lo n i t r i l e ,  p o ly  (p -  p h e n y le n e  
t e r e p h t h a la m id e )  (R e n e k e r ,  2 0 0 0 ) ,  N y lo n ô - m o n t m o r i l l o n i t e  n a n o c o m p o s i t e  
( F o n g ,  2 0 0 2 ) ,  a n d  p o ly  (D , L - la c t i c  a c id ) ( Z o n g ,  2 0 0 2 ) .

B a u m g a r te n  ( 1 9 7 1 )  s p u n  f ib e r s  m e a s u r in g  l e s s  th a n  1 p m  in  
d ia m e t e r  b y  e l e c t r o s t a t i c  m e a n s  fr o m  d im e t h y l  f o r m a m id e  ( D M F )  s o lu t io n  o f  
a c r y l ic  r e s in .  H ig h - s p e e d  p h o to g r a p h s  s h o w e d  th a t  a  s i n g l e  f ib e r  w a s  d r a w n  
o u t  fr o m  th e  e l e c t r i c a l ly  c h a r g e d  d r o p , w h ic h  w a s  s u s p e n d e d  fr o m  a m e ta l  
c a p i l la r y .  T h e  e f f e c t s  o n  d ia m e te r  a n d  j e t  le n g th  o f  s o lu t io n  v i s c o s i t y ,  
s u r r o u n d in g  g a s ,  f l o w  ra te , v o l t a g e ,  a n d  g e o m e t r y  w e r e  d e t e r m in e d .  W ith  p u re  
D M F , f in e  d r o p le t s  w e r e  fo r m e d . F ib e r  f o r m a t io n  s ta r te d  w it h  a 7 .5  w t%  
s o lu t io n  ( 1 .7  p o i s e )  a n d  c o n t in u e d  t o  2 0  w t%  ( 2 1 5  p o i s e ) .  W ith  1 7 .5  a n d  2 0  
w t% , h o w e v e r ,  d r y in g  o f  th e  f ib e r  w a s  in c o m p le t e ,  a n d  th e  f ib e r  b e g a n  to  s t ic k  
to  i t s e l f  in  m id  a ir . F ib e r  d ia m e te r  in c r e a s e d  w ith  s o lu t io n  v i s c o s i t y .

2 .1 .3  M ic r o s tr u c tu r e  a n d  M o r p h o lo g y
T h e  m ic r o s tr u c tu r e  a n d  m o r p h o lo g y  o f  e le c t r o s p u n  f ib e r  w e r e  

in v e s t ig a t e d  b y  s c a n n in g  e le c t r o n  m ic r o s c o p e  ( S E M ) ,  d i f f e r e n t ia l  s c a n n in g  
c a lo r im e t r y  ( D S C ) ,  s y n c h r o tr o n  w i d e - a n g l e  X -r a y  d i f f r a c t io n /s m a l l  a n g le  X -  
ra y  s c a t t e r in g  ( Z o n g ,  2 0 0 2 ) ,  a to m ic  f o r c e  m ic r o s c o p y  ( A F M )  ( J e a g e r ,  1 9 9 6 ) ,  
T E M  ( B u c h k o ,  1 9 9 9 ) .  a n d  w i d e - a n g l e  X -r a y  s c a t t e r in g  ( W A X S )  ( B u c h k o ,  
1 9 9 9 ) .  B a u m g a r te n  ( 1 9 7 1 )  e le c t r o s p u n  p o l y a c r y lo n it r i l e  fr o m  s o lu t io n  b u t d id  
n o t  c h a r a c t e r iz e  th e  m o le c u la r  o r ie n t a t io n  o f  f ib e r .

In 1 9 9 6 ,  J e a g e r  e t  a l .  o b s e r v e d  th e  s u r f a c e  m o r p h o lo g y  o f  
e le c t r o s p u n  P E O  b y  u s in g  A F M  a n d  a l s o  o p t ic a l  m ic r o s c o p e  to  i n v e s t ig a t e  th e  
b ir e f in g e n c e .  T h e y  r e p o r te d  th a t , a t th e  m o le c u la r  l e v e l ,  th e  e le c t r o s p u n  P E O  
f ib e r s  p o s s e s s  a  h ig h ly  o r d e r e d  s u r f a c e  la y e r  a n d  th e  c h a in  d ir e c t io n  o f  th e  
m o le c u l e s  w a s  p a r a l le l  to  th e  f ib e r  d ir e c t io n .

T h is  p r o p e r ty  w a s  a l s o  fo u n d  in  o th e r  e le c t r o s p u n  f ib e r s ,  fo r  
in s t a n c e ,  s e m i - c r y s t a l l i n e  p o ly  ( D ,  L - la c t i c  a c id )  e x h ib i t e d  n o n - c r y s t a l l in e  b u t  
h ig h ly  o r ie n te d  c h a in  w h e n  c h a r a c t e r iz e d  b y  D S C  a n d  X R S  ( Z o n g ,  2 0 0 2 ) ,  
n y lo n  d i s p la y e d  m o le c u la r  o r ie n ta t io n  a lo n g  th e  f ib e r  a x is  b u t it w a s  n o t  
u n ifo r m  ( B u c h k o ,  1 9 9 9 ) ,  w h i le  e le c t r o s p u n  S L P F  th in  f i lm s  w e r e  n o t  w e l l
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o r ie n t a t e d .  In a d d it io n ,  B u c h k o  e t  a l .  ( 1 9 9 9 )  s u g g e s t e d  th a t  th e r m a l  a n d  
s o lv e n t  a n n e a l in g  c o u ld  b e  a  m e th o d  fo r  in c r e a s in g  th e  c r y s t a l l i n i t y  o f  
e l e c t r o s p u n  f ib e r s .

2 .1 .4  A p p l ic a t io n s
T h e  p r o c e s s  th a t  g e n e r a t e s  u l t r a f in e  f ib e r s  b y  u s in g  

e le c t r o s t a t i c a l  f i e ld  ( " e le c t r o s p in n in g " )  w a s  d i s c o v e r e d  b y  Z e le n y  ( 1 9 1 4 ) .  
H o w e v e r ,  th is  p r o c e s s  h a s  j u s t  r e c e iv e d  a g r e a t  d e a l  o f  a t t e n t io n  in  th e  la s t  
d e c a d e .  B e c a u s e  o f  th e  s m a ll  f ib e r  d ia m e t e r s ,  e l e c t r o s p u n  t e x t i l e s  in h e r e n t ly  
p o s s e s s  a v e r y  h ig h  s p e c i f i c  s u r f a c e  a r e a  a n d  s m a ll  p o r e  s i z e .  T h e s e  p r o p e r t ie s  
m a k e  e le c t r o s p u n  fa b r ic s  in te r e s t in g  c a n d id a t e s  fo r  a  n u m b e r  o f  a p p l i c a t io n s .

O n e  o f  th e  m o s t  im p o r ta n t  a p p l ic a t io n s  o f  t r a d it io n a l  ( m i c r o ­
s i z e )  f ib e r s ,  e s p e c i a l l y  e n g in e e r in g  f ib e r s  s u c h  a s  c a r b o n , g la s s ,  a n d  K e v la r  
f ib e r s ,  is  to  b e  u s e d  a s  r e in f o r c e m e n t s  in  c o m p o s i t e  d e v e lo p m e n t s  (C h a n d  ร ,
2 0 0 0 ) .  W ith  t h e s e  r e in f o r c e m e n t s ,  th e  c o m p o s i t e  m a t e r ia ls  c a n  p r o v id e  
s u p e r io r  s tr u c tu r a l p r o p e r t ie s  s u c h  a s  h ig h  m o d u lu s  a n d  s tr e n g th  to  w e ig h t  
r a t io n , w h ic h  g e n e r a l ly  c a n n o t  b e  a c h ie v e d  b y  o th e r  e n g in e e r e d  m o n o l i t h ic  
m a t e r ia ls  a lo n e .

O th e r  a p p lic a t io n  f i e l d s  b a s e d  o n  e le c t r o n s p u n  p o ly m e r  
n a n o f ib e r s  h a v e  b e e n  s t e a d i ly  e x t e n d e d  e s p e c ia l l y  in  r e c e n t  y e a r s .  O n e  o f  th e  
b e s t  r e p r e s e n t a t iv e s  in  th is  r e g a r d  is  s h o w n  b y  r e le v a n t  U S  p a te n t s ,  in  w h ic h  
m o s t  a p p l ic a t io n s  a re  in  th e  f i e ld  o f  f i l t r a t io n  s y s t e m s  a n d  m e d ic a l  p r o s t h e s is  
m a in ly  g r a f t s  a n d  v e s s e l s .  O th e r  a p p l i c a t io n s  w h ic h  h a v e  b e e n  t a r g e te d  in c lu d e  
t i s s u e  t e m p la t e ,  e le c t r o m a g n e t ic  s h ie ld in g ,  c o m p o s i t e  d e la m in a t io n  r e s i s t a n c e ,  
a n d  l iq u id  c r y s ta l  d e v i c e .  A  s c h e m a t ic  d ia g r a m  i l lu s t r a t in g  t h e s e  p a te n t  
a p p l i c a t io n s  is  s h o w n  in  F ig u r e  2 .2  M o r e  e x t e n d e d  o r  p e r s p e c t iv e  a p p l ic a t io n  
a r e a s  a re  s u m m a r iz e d  in  F ig u r e  2 .3 .

T h e y  a re  h ig h  p e r f o r m a n c e  f i l t e r s  i . e . ,  d u s t  c o l l e c t i n g  s y s t e m  a n d  
a ir  f i l t e r  ( E m ig ,  2 0 0 2 ) ,  s o ld ie r  p r o t e c t iv e  c lo t h in g  ( G ib s o n ,  1 9 9 9 ) ,  b io m e d ic a l  
a p p l ic a t io n  in c lu d in g  s c a f f o l d i n g  fo r  t i s s u e  g r o w th  ( V y a k a r n a m , 2 0 0 1 ) ,  d r u g  
d e l i v e r y  s y s t e m  a n d  w o u n d  d r e s s in g  m a te r ia ls  ( D o s h i ,  1 9 9 5 ;  H u a n g , 2 0 0 1 ) ,  
e l e c t r o n ic  a p p l ic a t io n s  (N o r r is ,  I .D . ,  2 0 0 0 ) ,  c o m p o s i t e  r e in f o r c e m e n t  ( D z e n i s ,
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2001; Doshi, 1995), the design of solar sails, light sails, and mirrors for use in 
space, the application of pesticides to plants and as structural elements in 
artificial organs (Reneker, 2000).

Figure 2.2 Application fields targeted by US patents on electrospun nanofiber.

Figure 2.3 Potential applications of electrospun polymer nanofibers.

It should be realized that most of these applications have not reached 
their industry level, but just at a laboratory research and development stage. 
However, their promising potential is believed to be attracting attentions and 
investments from academia, governments, and industry all over the world.
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