
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Polyaniline

4 .1 .1  S y n th es ized  P o lv a n ilin e  C h a ra c te riz a tio n
E le m e n ta l an a ly s is  o f  th e  sy n th e s iz e d  e m e ra ld in e  b a se  (E B ) fo rm  o f  

p o ly a n ilin e  p o w d e r  (P A N I) g av e  c =  73.790%, H  =  5.305%, N  =  14.177% and  
re s id u a l =  6.729%. T h e  ch em ica l fo rm u la  o f  E B  p ro v id e d  th e  th eo re tic a l v a lu e s  o f  c 
= 79.56%, H  =  4.97%, N  =  15.47%. T h erm al an a ly sis  d a ta  o f  E B  in F ig u re  4.1 show s 
tw o  s tep  w e ig h t lo sses. T h e  m in im u m  w e ig h t lo ss  ~ 4  w t%  o f  th e  firs t step  w e ig h t 
lo ss  o c c u rs  a ro u n d  60-100°C; it can  be  a ttr ib u ted  to  th e  re le a se  o f  free  an d  b o u n d  
w a te r  m o le c u le s  (L i an d  W an , 1999). T h e  seco n d  step  w e ig h t loss can  b e  id en tified  
as th e  d e c o m p o s itio n  o f  P A N I ch a in  b a c k b o n e  w h ic h  o c c u re d  a ro u n d  510°c. T hen  
re s id u a l %  w e ig h t loss is a ss ig n ed  to  % 0  fro m  w a te r  m o lecu le s  am o u n ted  to  0 .22  
m o le  p e r  re p e a t un it.
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Figure 4.1 T G A  th e rm o g ra m  o f  p o ly a n ilin e  e m e ra ld in e  b a se  u n d e r n itro g en  
a tm o sp h ere .
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F ig u re  4 .2  sh o w s th a t  th e  F T -IR  sp ec tru m  o f  sy n th e s iz e d  p o ly an ilin e  
h a v in g  id en tic a l a b so rp tio n  p e a k s  as fo u n d  in  th e  e a r lie r  s tu d ies  (S a lan eck , 1993, 
Z eng , 1998). T h e  p e a k  a ss ig n m en ts  o f E B  a re  su m m arized  in  T a b le  4 .1 .

Figure 4 .2  F T -IR  sp ec tru m  o f  sy n th e s iz e d  p o ly a n ilin e  e m e ra ld in e  base.

Table 4.1 F u n c tio n  g ro u p  o f  sy n th es ized  p o ly a n ilin e  e m e ra ld in e  b a se  (S a lan eck ,
1993 (1), Z e n g  e ta l.,  1998, (2 ))

W a v e le n g th
( c m '1) F u n c tio n a l G ro u p R e fe re n ce
3 3 0 0 N i l  S tre tch in g 1
1586 S tre tch in g  v ib ra tio n  o f  N -q u in o id  rin g 1 ,2
1493 S tre tch in g  v ib ra tio n  o f  N -b e n z e n o id  rin g 1 ,2
1297 S tre tch in g  v ib ra tio n  o f  C -N 1 ,2
1161 v ib ra tio n  m o d e  o f  q u in o id  rin g 1 ,2
825 C -H  b e n d in g  v ib ra tio n  o f  p a ra -c o u p le  b e n z e n e  rin g 1 ,2

F ig u re  4 .3  sh o w s th a t  an  U V -v is  a b so rp tio n  sp e c tru m  o f  E B  co n s is tin g  
o f  2  a b so rp tio n  b an d s  at 325 nm  an d  6 2 7  nm . T h e y  c o n firm  th e  p o ly a n ilin e  s tru c tu re . 
T h e  p e a k  a t 325  nm  can  b e  a ss ig n ed  to  th e  7Î-71* tra n s itio n  in  th e  p o ly m e r co n ju g a ted  
b a c k b o n e  o r  th e  tra n s itio n  ac ro ss  th e  b an d  gap . T h e  p e a k  at 633 n m  h a s  b een



22

a ss ig n ed  to  th e  c re a tio n  o f  a  lo c a liz e d  m o le c u la r  e x c ita tio n  w ith  an  e le c tro n  o n  a 
q u in o id  p a r t  an d  a  h o le  o n  th e  n e ig h b o rin g  tw o -b e n z e n o id  p a r t  (D u k e , 1986 , H u an g , 
1986  an d  M c C a ll, 1989).

Wavelength (nm)

Figure 4 .3  U V -v is  sp e c tru m  o f  sy n th e s iz e d  p o ly a n ilin e  e m e ra ld in e  b a se  in  N M P  
so lven t.

4 .1 .2  A c id -D o p e d  P o ly a n ilin e  C h a ra c te riz a tio n
T h e  e le c tr ic a l c o n d u c tiv ity  o f  p o ly a n ilin e  d e p e n d s  o n  tw o  fac to rs: 

n a m e ly  th e  d e g re e  o f  o x id a tio n  o f  th e  p o ly a n ilin e  a n d  th e  d e g re e  o f  p ro to n a tio n  o f  
th e  m a te r ia l. บทp ro to n a te d  p o ly a n ilin e  b a se  is an  in su la tin g  m a te r ia l. T h e  e lec tr ica l 
c o n d u c tiv ity  is a sso c ia te d  w ith  th e  p ro to n a te d  fo rm  o b se rv e d  in  p o ly a n ilin e  sa lt o r 
a c id -d o p e d  p o ly a n ilin e .

4.1.2.1 Therm ogravim etric analysis
F ig u re  4 .4  sh o w s th e  T G A  th e m o g ra m s  o f  an  e m e ra ld in e  b a se  

an d  a c id -d o p e d  p o ly a n ilin e s  u s in g  h y d ro c h lo r ic  a c id  (P A N I-H C 1) an d  m a le ic  ac id  
(P A N I-M A ). T h e  th e rm o g ra m s  o f  a c id -d o p e d  p o ly a n ilin e s  sh o w  a  th re e -s te p  w e ig h t 
lo ss  b e h a v io r. T h e  f irs t s tep  c a n  b e  a ttr ib u te d  to  th e  lo ss  o f  w a te r  b e tw e e n  50-90°C. 
T h e  se co n d  s tep  w e ig h t lo ss  is co n tin u o u s  fro m  190-250°c d u e  to  th e  lo ss  o f  the  
d o p an ts . T h e  a n a ly tic a l re su lts  are lis ted  in  T a b le  4 .2 .
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Figure 4.4 T G A  th e rm o g ra m s  o f  (a) an  e m e ra ld in e  b a se , (b ) P A N I-H C 1 a t d o p in g  
ra tio s  =  1.0 (c ) P A N I-M A  at d o p in g  ra tio s  =  1.0.

Table 4.2 T h e  T G A  re su lts  o f  a n  e m e ra ld in e  b a se  an d  a c id -d o p e d  p o ly a n ilin e

S tep  lo ss
P A N I-E B P A N I-H C 1 P A N I-M A

% lo ss O n se t (°C ) % lo ss O n se t (°C ) % lo ss O n se t (°C )
F irs t-s te p 4 ±  0 .2 100 1 2 ±  2 82 ±  5 4 ±  1 55 ± 5

S e c o n d -s te p 17 552 11 ±  1 2 2 0  ± 5 3 0 ±  2 192 +  5
T h ird -s te p 15 537 17 538

T h e  a m o u n t o f  w e ig h t lo ss  d u e  to  e v a p o ra tio n  o f  m o is tu re  fo r  P A N I-H C 1 ( -1 2 % )  
w as  g re a te r  th a n  th o se  o f  P A N I-M A  ( - 4 % )  an d  e m e ra ld in e  b a se  fo rm  ( -4 % ) .  It 
s lig h tly  in c re a se d  w ith  d o p in g  lev e l in d ic a tin g  th a t th e  H C l-d o p e d  p o ly a n ilin e  
a d so rb e d  w a te r  re a d ily  as sh o w n  in  F ig u re  4 .5 .
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Figure 4.5 M o is tu re  co n te n ts  o f  P A N I-H C 1 an d  P A N I-M A  p o w d e r  at v a rio u s  
d o p in g  ra tio s .

M a tv e e v a  et al. (Z en g  et al., 1998) re p o rte d  th a t it is v e ry  d iff ic u lt to  re m o v e  th e  
b o u n d  w a te r  c o m p le te ly  b y  d ry in g . K ah o l et al. (1 9 9 7 ) re p o r te d  th a t a  c o m p le te  
rem o v a l o f  w a te r  v ia  p u m p in g  u n d e r  a  v a c u u m  (a b o u t 1 0 '4 to rr)  c o u ld  n o t be  
acco m p lish ed . T h e y  a lso  re p o rte d  th a t w a te r  m o le c u le s  w e re  ad so rb e d  a t tw o  sites  o f  
p o ly a n ilin e  ch a in : (i) o n  th e  p o s itiv e  c h a rg e d  p a r t (= N H +-) o f  th e  p o ly m e r  b a c k b o n e  
(N -site ) an d  (ii) o n  d o p a n t an io n s  (X -s ite )  a t w h ic h  w a te r  m o le c u le s  w e re  m o re  
s tro n g ly  a b so rb e d  th a n  th o se  at N -s ite . B o th  e x p e rim e n ta l a n d  th e o re tic a l s tu d ies  
re v e a le d  th a t  th e  e le c tr ic a l b e h a v io r  o f  p o ly m e r  w a s  se n s it iv e ly  d e p e n d e n t on  
m o is tu re  (C o w ie , 1991). S o  all d o p ed  p o ly a n ilin e  p o w d e rs  u se d  in  e x p e rim e n t w ere  
v a c u u m  d rie d  48  h o u rs  to  re m o v e  as m u c h  as p o ss ib le  th e  m o is tu re  c o n te n t an d  to  
m in im iz e  th e  e ffe c t o f  m o is tu re  on  e lec tr ica l co n d u c tiv ity . A f te r  fab rica tin g  
p o ly a n ilin e s  in to  p e lle ts , th e y  w e re  k e p t in  a  d e s s ic a to r  to  p re v e n t a d d itio n a l m o is tu re  
p ic k  up  fo r fu r th e r  use . T h e  d a ta  o n  m o is tu re  c o n te n t w e re  u se d  to  c a lc u la te  % o x y g e n  
fro m  th e  e le m e n ta l a n a ly s is  data.

•  PANI-HCI 
A PANI-MA
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4.1 .2 .2  E lem enta l analysis
T h e  e ffe c t o f  d o p a n t o n  th e  d o p in g  le v e l o f  th e  co n d u c tiv e  

p o ly m e r  w a s  s tu d ie d  b y  u s in g  an  e le m e n ta l an a ly s is . In  th e  p ro to n a tio n  d o p in g  
p ro c e ss  o f  an  e m e ra ld in e  b a se  (E B ), th e  a m o u n t o f  p ro to n s  fro m  an  ac id  d o p an t 
w h ic h  p ro to n a te s  th e  n itro g e n  a to m s in  th e  p o ly a n ilin e  c h a in  c a n  b e  u se d  to  ca lcu la te  
th e  p e rc e n ta g e  o f  a p p a re n t d o p in g  lev e l % [H ]acid / [N ], as  in  E q u a tio n  A1 an d  as 
e x p la in e d  in  d e ta ils  in  A p p e n d ix  A

% A p p a re n t d o p in g  lev e l =  [H]acid / [N ] X 100 ( A .l )

T h e  p e rc e n ta g e  o f  a p p a re n t d o p in g  lev e l co u ld  b e  c o n v e r te d  to  th e  p e rc e n ta g e  o f  
d o p in g  lev e l b y  m u ltip ly in g  b y  a  fa c to r o f  2. T h e  p e rc e n ta g e  o f  d o p in g  lev e ls  o f  
P A N I-H C 1 a n d  P A N I-M A  p o w d e r  at v a r io u s  a c id -e m e ra ld in e  b a se  ra tio s , ( N a /N e b ) 

is sh o w n  in  T a b le  4 .3 .

Table 4.3 P e rc e n ta g e  o f  d o p in g  lev e l o f  P A N -H C 1 an d  P A N I-M A

N a /N e b
%  D o p in g  lev e l 

o f  P A N I-H C 1
%  D o p in g  lev e l 

o f  P A N I-M A
E B 0 0

0.2 11.06 10 .76
0.51 3 7 .48 28.1
1.0 6 4 .4 2 5 7 .4 8
2 .0 9 4 .0 2 9 4 .1 6
4 .0 9 6 .3 4 9 6 .7 4
5 .0 9 8 .6 6 9 8 .5 8

10.0 97 .9 9 6 .0 8
2 0 .0 9 9 .5 6 100 .46

F ig u re  4 .6  sh o w s th a t th e  p e rc e n ta g e  d o p in g  lev e l o f  P A N I- 
HC1 and  P A N I-M A  p o w d e r  v s a c id -e m e ra ld in e  b a se  m o le  ra tio . T h e  p e rc e n ta g e  o f  
d o p in g  lev e l o f  P A N I-H C 1 fo r N a /N e b  le ss  th a n  2  is h ig h e r  th a n  th a t o f  P A N I-M A  
b e c a u se  HC1, s tro n g  ac id , h a s  a  h ig h e r  d is so c ia tio n  c o n s ta n t th a n  th a t  o f  M A  an d  it 
c a n  p ro d u c e  m a n y  p ro to n s  to  re a c t w ith  n itro g e n  a to m s at th e  q u in o id  ring . A t th e  
m o le  ra tio  g re a te r  th a n  2 , th e  e ffec t o f  ac id  s tre n g th  is n o  lo n g e r  sev ere . It can  b e
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seen  fro m  T a b le  4 .3  th a t th e  p e rc e n ta g e  d o p in g  lev e l n e a r ly  re a c h e s  th e  eq u ilib riu m  
o f  100% . T h is  su g g e s ts  th a t 2:1 m o le  ra tio  o f  ac id  a n d  e m e ra ld in e  b a se  (E B ) is the  
ra tio  re q u ire d  to  g iv e  a  c o m p le te ly  p ro to n a te d  p o ly m e r
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Figure 4 .6  R e la tio n  b e tw e e n  d o p in g  lev e l o f  P A N I-H C 1 a n d  P A N I-M A  p o w d e r  and  
a c id -e m e ra ld in e  b a se  m o le  ra tio .

4.1.2.3 FT-IR  m easurem ent
F ig u re  4 .7  sh o w s F T -IR  sp e c tra  o f  P A N I-H C 1  at v a rio u s  

d o p in g  ra tio s . A f te r  d o p in g  P A N I w ith  HC1, th e  in te n s ity  v a lu e s  o f  1498 c m '1 and  
1590 c m '1 p e a k s  in c re a se d  w ith  in c re a s in g  d o p a n t c o n c e n tra tio n . M o re o v e r , th e  
in te n s ity  o f  th e  m a in  a b so rp tio n  p e a k  a t 1160  c m '1 in c re a se d  re la tiv e  to  th a t o f  th e  
p e a k  at 1498  cm "1. In  e a r lie r  s tu d y , th e  p e a k  at 1 5 9 0 c m '1 w a s  id e n tif ie d  w ith  th e  
q u in o id  r in g  s tre tc h in g  an d  th e  o n e  at 1498 cm "1 w a s  a s so c ia te d  m a in ly  w ith  th e  
b e n z e n o id  r in g  s tre tc h in g  o f  p o ly a n ilin e  (S a lan eck , 1993). P A N I-H C 1 sp ec tra  
in d ic a te  th a t  a  la rg e  p o rtio n  o f  th e  q u in o id  s tru c tu re  u n it in  P A N I m o le c u la r  ch a in s  
w as c o n v e rte d  to  b e n z e n io d  s tru c tu re  u n its , h en ce , th e  P A N I-H C 1  sp e c tra  su p p o rt a 
s tru c tu re  r ic h  in  b e n z e n io d  u n its  w h ic h  in c re a se d  in  th e ir  a m o u n t as d o p in g  level 
in c reased . In  a d d itio n , th e  1160  c m '1 p e a k  is  c o n s id e re d  as a  c h a ra c te r is tic  p e a k  for

๐  PANI-HC1 
A PANI-MA
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th e  e le c tro n  d e lo c a liz a tio n  in  p o ly a n ilin e , w h ic h  in c re a se d  w ith  in c re a s in g  d o p in g  
level.
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Figure 4.7 F T -IR  sp e c tra  o f  P A N I-H C 1 a t v a rio u s  d o p in g  ra tio s : (a ) E B , (b ) N a/N eb 
=  0 .5 , (c ) N a/N eb =  1.0, (d ) N A/N EB =  2 .0 , (e ) N A/N EB =  10.0  a n d  (f) N A/N EB =  20 .0 .
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Figure 4.8 FT-IR spectra of PANI-MA at various doping ratios: (a) EB, (b) NA/NEB
= 1.0, (c) Na/Neb = 2.0, (d) NA/NEB = 10.0, (e) maleic acid.
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T h e  P A N 1 -M A  sp e c tra  in  F ig u re  4.8 c o u ld  n o t b e  o b se rv e d  c le a r ly  b e c a u se  the  
a b so rp tio n  b a n d s  d u e  to  th e  s tre tc h in g  o f  c = c  g ro u p  o f  m a le ic  a c id  at 1480-1600 cm ' 
1 a ffec ted  th e  s tre tc h in g  v ib ra tio n  b a n d s  o f  N -q u in o id  r in g  (1590 c m '1) an d  N - 
b e n z e n o id  r in g  (1498 c m -1) o f  P A N I-M A . T h e  F T -IR  p e a k s  o f  e m e ra ld in e  b a se  and  
ac id -d o p e d  p o ly a n ilin e  a re  su m m a riz e d  in  T a b le  4.4.

Table 4.4 S u m m a riz e d  F T -IR  p e a k s  o f  e m e ra ld in e  b a se  an d  a c id -d o p e d  p o ly a n ilin e

F u n c tio n a l g roup W a v e n u m b e r (cm -1 ) R e fe ren ces
U n d o p e d PA N I-H C 1 P A N I-M A M A

C -H  s tre tc h in g  o f  ac id - - - 3 0 0 0
[2 9 5 9 ]

T h e  A ld ric h  
lib ra ry  o f  F T -IR  

S p e c tra

S tre tc h in g  o f  c=0 
g ro u p  o f  ac id - - 1705 1705

[1707]

S tre tc h in g  o f  c=c 
g ro u p  o f  ac id - - -

1480 ,
1680

[1 4 6 1 ,
1591]

S tre tc h in g  v ib ra tio n  o f  
N -q u in o id  r in g

1590
[1586]

1593
[1564] 1556 - Z e n g  an d  K o , 

(1 9 9 8 )
S tre tc h in g  v ib ra tio n  o f  
N -b e n z e n o id  r in g

1483
[1493]

1493
[1484] 1496 -

Z e n g  an d  K o , 
(1 9 9 8 )

S tre tc h in g  o f  C - 0
g roup
o f  ac id

- - -

1308
[1267]

T h e  A ld rich  
lib ra ry  o f  F T -IR  

S p ec tra
S tre tc h in g  v ib ra tio n  o f  
C -N

1302
[1297]

1302
[1298] 1303 - Z e n g  an d  K o , 

(1 9 9 8 )

V ib ra tio n  m o d e  o f  
q u in o id  rin g

1155
[1161]

1155
[1150] 1223 - Z e n g  an d  K o , 

(1 9 9 8 )

= C -H  o u t o f  p la n e  
b e n d in g - - - 6 7 5 -1 0 0 0

[874]
T h e  A ld ric h  

lib ra ry  o f  F T -IR  
S p ec tra

C -H  b e n d in g  v ib ra tio n  
o f  p a ra -c o u p le  
b e n z e n e  r in g

824
[825]

824
[804] 866 - Z e n g  an d  K o, 

(1 9 9 8 )



2 9

A c c o rd in g  to  th e  B e e r ’s law  (C h a m b e ll a n d  W h ite , 1989)

A , =  ajbjCj ( B .l )

w h e re  A i =  a re a  o f  e a c h  p e a k
aj =  a b so rp tiv ity  (c m 2/g ) 
bj =  p a th  le n g th  (cm )
Ci =  c o n c e n tra tio n  o f  e m e ra ld in e  b a se  in  so lu tio n  (g /c m 3)

T h e  in c re a se  in  th e  d o p in g  lev e l o f  P A N I-H C 1 w ith  th e  d o p a n t c o n c e n tra tio n  w as 
c o n firm e d  b y  th e  F T -IR  re su lts . T o  o b ta in  th e  d o p in g  lev e l o f  P A N I-H C 1 , th e  
a m o u n ts  o f  th e  b e n z e n o id  (C = C ) to  q u in o id  p a r t (-N = ) in  a  s a m p le  w e re  d e te rm in e d  
b y  c o n v e r tin g  th e  a b so rb e n c y  o f  each  p e a k  to  c o n c e n tra tio n  as sh o w n  in  A p p e n d ix  B. 
T h e  p e rc e n ta g e  o f  d o p in g  lev e l o f  P A N I-H C 1 is  sh o w n  in  T a b le  4 .5 . F ig u re  4 .9  
sh o w s  th e  re la tio n  b e tw e e n  th e  p e rc e n ta g e  o f  d o p in g  lev e l o f  P A N I-H C 1  p o w d e r  and  
a c id -e m e ra ld in e  b a se  m o le  ra tio  b y  F T -IR  m e asu rem en t.

Table 4.5 P e rc e n ta g e  o f  d o p in g  lev e l o f  P A N I-H C 1 b y  F T -IR  te c h n iq u e

Na/Neb % D o p in g  level
0.0 21.77
0.2 23.03
0.5 43.75, 37.26
1.0 61.30, 43.20
2.0 82.27, 79.27
4.0 87.66
5.0 107.61, 89.80
10.0 93.01, 95.70
20.0 113.88
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Acid-Emeraldine base ratio, N ^ /N g s

Figure 4.9 R e la tio n  b e tw e e n  d o p in g  lev e l o f  P A N I-H C 1 p o w d e r  an d  acid - 
e m e ra ld in e  b a se  m o le  ra tio  b y  F T -IR  m e a su re m e n t.

4.1 .2 .4  U V-vis m easurm ent
F ig u re  4 .1 0  sh o w s  th e  a d so rp tio n  sp e c tra  o f  P A N I-H C 1 in  

N M P  so lu tio n  at d iffe re n t d o p a n t co n c e n tra tio n s  b e tw e e n  th e  w a v e le n g th s  o f  300- 
9 0 0  nm . It c o u ld  b e  se e n  th a t th e  tw o  a b so rp tio n  p e a k s  re p re se n tin g  E B  c o u ld  still be  
o b se rv e d  a t a c id -e m e ra ld in e  b a se  ra tio  N a/N eb <  2. T h is  in d ic a te s  th a t th e re  w a s  no  
ch an g e  in  th e  m o le c u la r  s tru c tu re  at lo w e r ac id  c o n c e n tra tio n s . A s N a/N eb in c rea se s  
ab o v e  2, n e w  a b so rp tio n  p e a k s  at 4 5 0  n m  an d  9 0 0  n m  w e re  o b se rv e d  w h e re a s  th e  
a b so rp tio n  a t 633  n m  re p re se n tin g  th e  q u in io d  seg m en ts  d isa p p e a re d  co m p le te ly . T h e  
n e w  a b so rp tio n  p e a k s  at 4 5 0  n m  an d  9 1 0  n m  c a n  b e  id e n tif ie d  as th e  b ip o la ro n  and  
p o la ro n  s ta te s , re sp e c tiv e ly . T h is  re su lt c le a r ly  c o n firm s  th a t p ro to n s  o f  HC1 in d u ced  
th e  p ro to n a tio n  o f  th e  im in e  n itro g e n  (= N -) o n  th e  se g m e n t to  c re a te  th e  n ew  
ch e m ic a l s tru c tu re .
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Figure 4.10 U V -v is ib le  sp e c tra  o f  P A N I-H C 1  so lu tio n  in  N M P  at v a r io u s  d o p in g  
ra tio s : (a ) E B , (b) N A/N EB =  1.0, (c ) N A/N EB =  2 .0 , (d ) N A/N EB =  10.0 , (e ) N A/N EB = 
20.0 .

F ig u re  4.11 sh o w s th e  บ V -v is  sp e c tra  o f  P A N I-M A  so lu tio n s  a t v a r io u s  d o p an t 
co n cen tra tio n s . It co u ld  b e  o b se rv e d  th a t th e  P A M I-M A  sp e c tra  at N A/N EB b e tw e e n  
0 -2 0  sh o w  th e  sam e  a b so rp tio n  p e a k s  as th o se  o f  E B . T h is  re su lt su g g e s ts  th a t the  
c o n c e n tra tio n  o f  M A  w as  n o t su ff ic ie n t to  c o n v e r t an  E B  to  E S . T h e  E A  re su lt show s 
th a t th e  d o p in g  lev e l o f  P A N I-M A  is  c lo se  to  P A N I-H C 1; th is  su g g e s ts  th a t N M P , a 
b a s ic  so lv en t, in  th e  sam p le  p re p a ra tio n  n e u tra liz e d  M A  is  a  w e a k  acid . So the  
s tru c tu re  o f  P A N I-M A  co u ld  n o t b e  o b se rv ed . T h e  N M P  so lv e n t c a n  a ffec t th e  
a b so rp tio n  o f  P A N I-H C 1 as M a c D ia rm id  et al. (1 9 8 5 ) re p o r te d  th a t th e  a b so rp tio n  o f  
p o la ro n  at 9 0 0  n m  w as  o n ly  o b se rv e d  fo r fu lly  p ro to n a te d  P A N I w h e re a s  the  
a b so rp tio n  a t 6 3 0  n m  c o m p le te ly  d isa p p e a re d , e x c e p t fo r a b so rp tio n  b a n d  at 325 nm .
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Wavelength (nm)

Figure 4.11 U V -v is ib le  sp e c tra  o f  P A N I-M A  so lu tio n  in  N M P  a t v a r io u s  d o p in g  
ra tio s: (a) E B , (b) N a/N eb =  1.0, (c) N A/N EB =  2 .0 , (d ) N A/N EB =  10.0, (e ) N A/N EB =  
20 . 0 .

4.1.2.5 X R D  m easurem ent
F ig u re s  4 .1 2 -4 .1 3  sh o w  th e  d if f ra c tio n  p a tte rn s  o f  em e ra ld in e  

b a se  an d  a ll a c id -d o p e d  p o ly a n ilin e s . E m e ra ld in e  b a se  w a s  ty p ic a lly  o f  an  a m o rp h o u s  
p o ly m er. It p ro b a b ly  h a d  a  c o m p a c t co il s tru c tu re  re su lt in g  fro m  th e  H -b o n d in g  
b e tw e e n  a m in e  an d  im in e  p o s itio n s . W h en  p o ly a n ilin e  w a s  p ro to n a te d  b y  HC1 and  
M A  d o p a n ts , th e  p ro to n a tio n  at im in e  n itro g e n  o c c u rre d  p ro d u c in g  p o s itiv e  ch a rg es  
a lo n g  th e  ch a in . D u e  to  th e  re p u ls iv e  fo rces  b e tw e e n  th e  p o s it iv e  c h a rg e s  a lo n g  the  
ch a in , an  e x p a n s io n  o f  th e  p o ly a n ilin e  co ils  s tru c tu re  o c c u rre d  an d  c o u ld  b e  
o b se rv ed . A s  a  re su lt, P A N I-H C 1 an d  P A N I-M A  w e re  s e m ic ry s ta llin e  p o ly m ers .
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Figure 4.12 X R D  p a tte rn s  o f  p o ly a n ilin e  e m e ra ld in e  b a se  an d  P A N I-H C 1  in  p e lle t 
fo rm  at v a rio u s  d o p in g  ra tio s .
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Figure 4.13 X R D  p a tte rn s  o f  p o ly a n ilin e  e m e ra ld in e  b a se  an d  P A N I-M A  in  p e lle t 
fo rm  a t v a r io u s  d o p in g  ra tio s .

P o u g e t et al. (1 9 9 1 ) p ro p o se d  th a t p o ly a n ilin e  is a  p se u d o -o r th o ro m b ic  u n it ce ll. T he 
e ffec t o f  c ry s ta llin ity  s tru c tu re  can  b e  a  c o n se q u e n c e  o f  th e  in se r tio n  o f  an io n s  
b e tw e e n  p o ly m e r  ch a in s . T h is  ad d s  th e  C o u lo m b  fo rce  b e tw e e n  p o ly m e r  cha ins

20.0

PANI-20.0MA
PANI-10.ÛMA
PANI-5.0MA
PANI-4.0MA
PANI-2.0MA
PANI-1.0MA
-PAM-0.2MA
JPANI-EB

2Theta (deg.) 40.0
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m ak in g  th e  s tru c tu re  m o re  rig id  and  fav o rin g  th e  c ry s ta llin e  sta te . A n io n  is 
p o s itio n ed  in  th e  p lan e  o f  th e  n itro g e n  a to m  as sh o w n  in S ch em e  4.1.

0.59
0.96

Scheme 4.1 P se u d o -o rth o ro m b ic  u n it cell o f  ac id  d o p e d  p o ly an ilin e

T w o  c o m p o n e n ts  o f  th e  d iffrac tio n  in ten s ity  can  be  id en tified : th e  c ry s ta llin e  one  
co rre sp o n d s  to  a  re la tiv e  sharp  peak , and  th e  a m o rp h o u s  o n e  is v is ib le  a s  a  b ro ad  
b an d  (L u n z y  and  B an k a , 2000). T h e  a m o rp h o u s  c o m p o n e n t, in c lu d in g  th e  
b a c k g ro u n d  an d  th e  c ry s ta llin e  c o m p o n e n ts  w e re  fitted  by  th e  sum  o f  an  ap p ro p ria te  
n u m b e r o f  G au ssian s . Q u an tita tiv e ly , th e  p e rc e n ta g e  o f  c ry s ta llin ity  w as  ca lcu la ted  
fro m  th e  ra tio  o f  th e  in te g ra te d  c ry s ta llin e  c o m p o n e n t in ten s ity  to  th e  in te g ra te d  to ta l 
in ten s ity  as  sh o w n  in A p p en d ix  c. T h e  d eg ree s  o f  c ry s ta llin ity  o f  PA N I-H C 1 and  
P A N I-M A  are  re p o rte d  in T ab le  4 .6 . F ig u re  4 .1 4  in d ica te s  th a t th e  d e g re e  o f  
c ry s ta llin ity  o f  p o ly a n ilin e  in itia lly  in c rea se s  w ith  th e  d o p in g  level an d  th en  rem ain s  
co n s ta n t fo r  h ig h e r d o p in g  levels.

Table 4.6 C ry s ta llin ity  an d  d o p in g  le v e lo f  P A N I-H C 1 and  P A N I-M A

N a/N eb
P A N I-H C 1 P A N I-M A

% D o p in g  level % C ry s ta llin ity % D o p in g  level % C ry s ta llin ity
0 .2 11.06 30 .9 10.76 30 .9
0.5 3 7 .48 34 .4 28.1 35
1.0 6 4 .4 2 4 4 .9 , 4 7 .2 57 .48 4 5 .8 ,4 1 .2
2 .0 9 4 .0 2 54 .8 , 57 .2 9 4 .1 6 4 5 .2 , 4 3 .2
4 .0 9 6 .3 4 57, 53.3 9 6 .7 4 4 6 .2 , 4 7 .8
5.0 9 8 .6 6 5 6 .0 98 .58 51 .7
10.0 97 .9 53 .1 , 55.1 96 .08 54 .5 , 57 .7
20 9 9 .5 6 57 .5 , 51 .8 100 .46 51 .0 , 6 1 .4
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Figure 4.14 R e la tio n  b e tw e e n  c ry s ta llin ity  an d  d o p in g  lev e l.

4.1 .2 .6  Scanning  electron m icroscope (SEM )
T h e  u n d o p e d  an d  a c id -d o p e d  p o ly a n il in e  p o w d e rs  w ere  

e x a m in e d  b y  S E M  in  o rd e r to  id e n tify  an d  to  u n d e rs ta n d  th e  re la tio n s  b e tw e e n  
m ic ro s tru c tu re s  an d  e lec tr ica l p ro p e rtie s . F ro m  F ig u re s  4 .1 5  to  4 .1 6 , th e  m o rp h o lo g y  
o f  u n d o p e d  p o ly a n ilin e  is  s im ila r  to  th o se  o f  PA N I-H C 1 a n d  P A N I-M A , w h ic h  
g e n e ra lly  h a s  a  g lo b u la r  s tru c tu re .

•  PANI-HC1 
A PANI-MA

t

*

2  o  b  C '\  2  2 ^  ร ''
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Figure 4.15 M o rp h o lo g ic a l s tru c tu re  o f  P A N I-H C 1 a t v a r io u s  d o p in g  ra tio s : (a) 
P A N I-E B , (b ) N a/N eb =  1.0, (c ) N A/N EB =  10.0, an d  (d ) N a/N eb =  20 .0 .

Figure 4.16 M o rp h o lo g ic a l s tru c tu re  o f  P A N I-M A  at v a r io u s  d o p in g  ra tio s : (a) 
P A N I-E B , (b ) N a / N e b  =  1.0, (c ) N A/N EB =  10.0, an d  (d ) N A/N EB =  20 .0 .
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For PANI-HC1 and PANI-MA at a doping ratio < 20.0, a globular structure can be 
observed because the repulsive forces between positive charges along the chain were 
smaller than that of the forming of intramolecular hydrogen bonding between amine 
and imine positions. However, the structures PANI-MA observed at the doping ratio 
of 20.0 seem to be fibrillar. Sangswamg (2001) reported that a fibrillar structure of 
PANI-MA could be seen at doping ratios of more than 40 due to the repulsive forces 
between positive charges along the chain and the intermolecular hydrogen bonding. 
It was interesting to observe that upon increasing the doping ratio, the morphology of 
the conductive polymer changed from having typical three-dimensional random coil, 
granular structure to rigid rod-like, fibrillar structures (Sangswamg, 2001).

4.1.3 Conductivity of Acid-Doped Polyaniline
Figure 4.17 shows the relation between the specific conductivity and 

the %doping level of PANI-HC1 and PANI-MA at 26-28°C, relative humidity 60±5° 
c  at the atmospheric pressure. The electrical conductivity of PANI-HC1 and PANI- 
MA slightly increased with the increase of the doping level. The electrical 
conductivity of PANI-HC1 reached equilibrium value of about 4 s/cm at saturated 
doping level. In comparison with PANI-MA, the electrical conductivity reached its 
equilibrium value of about 5 s/cm. This indicates that the electrical conductivity 
increase is directly due to the increase of the doping level but it was independent of 
the effect of dopant type.
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Figure 4.17 Effect of the doping level on the specific conductivity as determined by 
EA technique.

This can be explained by a conductivity theory (Cowie, 1991). The conductivity (a) 
is a function of the charge carrier (e), number of charge carrier per unit volume (ท) 
and charge mobility (p) according to Equation 1.1.

a  = nep (1.1)

The increase of doping level is proportional to the increase in the number of charge 
carrier. However, the relation between electrical conductivity and doping level is 
nonlinear as shown in Figure 4.17 because the electrical conductivity of conductive 
polymer could be also affected by the molecular structure. Next, the effect of 
crystalline structure on specific conductivity was รณdied. From the conductivity 
theory, Figure 4.18 shows the correlation between a/n and %crystallinity. The 
electrical conductivity divided by %doping level, (a/n), should be proportional to the 
charge mobility (p). We can see that a/n follows a power law function of 
%crystallinity for both PANI-HC1 and PANI-MA as:
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a/%Doping level = a [%Crystallinity]b (4.1)

The electrical conductivity can be largely affected by the crystallinity of polymer. 
For PANI-MA, b = 22 is larger than b of PANI-HC1 which was found to be 17. We 
can conclude that charge mobility is a power law function of %crystallinity. The 
metallic island model can be used to explain this result.

Crystallinity (%)

Figure 4.18 Specific conductivity/%doping level as a function of %crystallinity.

In previous studies (Pouget, 1991), They explained that polyaniline can be 
characterized as an inhomogeneous disorder metal state comprised of metallic 
islands (ordered) surrounded by insulating barriers (disordered). It is also called the 
metallic island model as shown in Scheme 4.2 (a). A number of experiments (Kahol 
et al., 1997) has been performed which led them to propose a ‘variable-size metallic 
island’ model as shown in Scheme 4.2 (b). That is, protonated and highly ordered 
regions (metallic islands) are separated from unprotonated and amorphous regions by 
a less ordered region, whose width depends on the amount of moisture present in the 
sample. The water reduces the width of the boundary region by introducing order and 
thereby transforming partly localized polarons into either delocalized polaron or



40

was proposed that the conductivity enhancement is due to increased size of the 
metallic islands in the presence of moisture.

ORDERED

(b) High charge transport

Scheme 4.2 Schematic representation of the inhomogeneous metallic island’ model 
(a) the variable-size metallic island modal (b). In the two latter models, ordered 
regions are separated from disordered region by a region comprised of partly ordered 
chains

For the effect of doping level, the increase of doping level can induce significant 
differences in crystallinity structure, which means that metallic islands of different 
sizes exist in the disordered regions. A metallic island of a smaller size the lower 
electrical conductivity and only a quasi-one dimensional charge transport behavior, 
whereas a more highly ordered island exhibits an enhanced conductivity and an 
increase in charge transport along the chain and interchain coupling as shown in 
Scheme 4.2 (b).
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4.1.4 Sensitivity and Interaction of Acid-Doped Polyaniline to CO
HCl-doped polyaniline (PANI-HC1) and MA-doped polyaniline 

(PANI-MA) pellets of different dopant types, doping levels and crystallinity were 
exposed to CO at various concentrations in order to investigate the sensitivity and 
scaling exponent.

4.1.4.1 Carbonmonoxide interaction

Figure 4.19 Effects of vacuum, and CO on the specific conductivity of PAM-HC1 
pellet, N a/N eb = 1.0 at 1 atm, 27-28°C, and 65-69% relative humidity.

Figure 4.19 shows that the effects of vacuum, and carbon 
monoxide (CO) on the specific conductivity of PANI-HC1 pellet, NA/NEB = 1.0 at 27- 
28°c and 65-69% relative humidity. Using a vacuum pump led to a decrease in 
conductivity by an order of magnitude and it became constant after approximately 10 
min due to the water desorption (Kohol, 1997 and Kang, 1999). The effect of water 
on the specific conductivity of polyaniline has been well documented (Kahol, 1997). 
The effect of CO on the acid doped polyaniline shows that an exposure to CO gas
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produced an increase in conductivity, its value continued to rise and became 
constant. After the gas was removed and the pellet was under vacuum, the specific 
conductivity decreased and returned to the original value. The sensitivity (Act) can be 
defined in term of the change of the specific conductivity in nitrogen state to the 
value in the CO state, CTco-tfN2- The period between the injection of CO gas and the 
time when the conductivity became constant is called the response time, At.

The interaction between CO and the conductive polyaniline 
can be explained by the mechanism proposed in Scheme 4.3. CO is an electrophillic 
gas that withdrew an electron lone pair at amine nitrogen on the backbone of 
polyaniline. When this occurred, the polyaniline became more positively charged. 
The more positively charges created gave rise to the increase in conductivity of the 
polyaniline. This is analogous to the well-known increase in conductivity upon 
protonation for an emeraldine base. This result suggests that acid-doped polyaniline 
with a higher amine nitrogen should have a higher sensitivity (Act).

Polaron State

Scheme 4.3 Interaction between CO and the conductive polyaniline



43

CO
4.1.4.2 Characterization o f acid-doped polyaniline upon exposure to 

4.1.4.2.1 In-situ FT-IR measurement

Wavenumber, cm

Figure 4.20 FT-IR spectra of PANI-HC1 before and in-situ exposure to 1000 ppm 
CO/N2 mixture: (a) PANI-1HC1 and (b) PANI-10HC1.

Figure 4.20 shows FT-IR spectra of PANI-1HC1 and 
PANI-10HC1 before and in-situ exposure to 1000 ppm CO/N2. There is no difference
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in the FT-IR spectra before and in-situ exposure to CO. This indicates that CO did 
not chemically interact with the polyaniline. CO molecules only physically adsorbed 
onto the polyaniline chain and desorption of CO molecules occurred after a vacuum 
process.

4.1.4.2.2 XRD measurement
XRD technique was used to investigate the difference 

in crystalline structure of acid doped polyaniline after exposed to 1000 CO more than 
3 days. Figure 4.21-4.22 shows the XRD pattern of PANI-HC1 and PANI-MA before 
and after exposed to CO, respectively. From Figure 4.21 to 4.22, there is no 
difference in the XRD pattern before and after exposed to CO. This indicates that the 
crystallinity of acid doped polyaniline did not change after exposed to CO but this 
result could not be conclued clearly. Because the crystallinity of polyaniline may be 
changed during the CO exposure but it was reversible after the gas was removed by 
vacuum. By the limitation of instrument, further work is required to confirm the 
effect of cyrstallinity on the CO exposure by taking in-situ XRD measurement. This 
was because of the crystalline structure is largely affected to the electrical 
conductivity and sensitivity of acid doped polyaniline.

0 10 20 30 40 50
2Theta

Figure 4.21 XRD pattern of PANI-HC1 before and after exposed to CO.
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Figure 4.22 XRD pattern of PANI-MA before and after exposed to CO.

4.1.4.3 CO sensitivity o f acid doped poly aniline
Figures 4.23 shows the relation between the change in the 

electrical conductivity or sensitivity (Act) and CO concentration of HCl-doped 
polyaniline at N a /N e b  = 1.0, (PANI-1HC1) and N A/N EB = 10.0, (PANI-10HC1) in 
which each CO concentration was allowed a fixed exposure time of approximately 
60-min. This graph shows that Act of PANI-1HC1 is higher than PANI-10HC1 when 
exposed to CO at various concentrations. This was because the %doping level of 
PANI-1HC1 was lower than PANI-10HC1 as shown in Table 4.8. The %doping level 
indicates the number of active site on polymer chain that interacted with CO 
molecule. When the interaction occurred, the polyaniline became more positively 
charged. The increase of positively charges (An) created gave rise to the increase in 
conductivity (Act). This means that the lower doping level gave the higher increment 
of charge carrier (An). This result suggests that PANI-HC1, which has a low doping 
level, should be have a high sensitivity. So, we can conclude that CO sensitivity of 
HCl-doped polyaniline could be affected by the %doping level.
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10 100 1000 

[CO] (ppm)

Figure 4.23 Relation between Aa and [CO] of PANI-HC1 at 1 atm, 27-28°C and 65- 
69% relative humidity; (a) N a/N eb = 1.0 and (b) N a/N eb = 10.0.

Table 4.7 Characteristic of acid doped polyaniline pellet
Dopant Na/Neb %Doping level %Crystallinity b

HC1 1 32 46 1710 49 54
MA 1 29 43 2210 48 56

* Aa = a[CO]b, b = Slope of curve

Figures 4.24 shows relation between Aa and CO concentration 
of maleic acid-doped polyaniline at N a/N eb = 1.0, (PANI-1MA) and N a/N eb = 10.0, 
(PANI-10MA). This graph shows that the sensitivity of PANI-1MA is much lower 
than PANI-10MA that while the number of active site of PANI-1MA had higher than 
PANI-10MA. This result contrasted with the result of PANI-HC1 as shown in Figure 
4.23.
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10 100 1000 

[CO] (ppm)

Figure 4.24 Relation between ÀG and [CO] of PANI-MA at 1 atm, 27-28°C and 65- 
69%  relative humidity; (a) N a/N eb = 10 and (b) N a/N eb -  10.0.

This was because the effect of different dopant types between MA and HC1. This 
effect can be supported by the largely different sensitivity of PANI-1HC1 and PANI- 
1MA at the same percentage of doping level. The data indicates that the interaction 
between CO and active site of PANI-MA was more difficult than of PANI-HC1. It 
should be the obstruction of MA anion that has a larger size than Cl anion. From the 
effect of dopant, the sensitivity of PANI-MA was less affected by the doping level 
than PANI-HC1.

In comparison between PANI-10MA (Figure 4.24) and PANI- 
10HC1 (Figure 4.23), which have the same %doping level and crystalliniliy structure 
as listed in Table 4.7, the data show that the sensitivity of PANI-10MA became close 
the sensitivity of PANI-10HC1. This result suggests that some of sensitivity 
enhancement may be associated with the charge mobility (p.) in term of the change of 
the morphology from having granular structure to rigid rod like to a fibrillar structure 
when exposed to CO. The other factor should be the increase of crystallinity 
structure upon exposure to CO. In previous studies (Pouget, 1991), the change of
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and crystallinity of acid-doped polyaniline is largely affected the charge mobility of 
conductive polyaniline. So the conductivity increment of PANI-10MA could be 
function to the increase of charge mobility on the polymer chain. For the increase in 
the number of charge mobility (Ap) we had no evidence because of the limitation of 
instrument. So, the sensitivity or conductivity increment of acid-doped polyaniline 
upon exposure to CO depended on two types of effects. They are (i) the increase in 
the number of charge carrier (An) and (ii) the increase of charge mobility (Ap) on the 
polymer chain according to Equation 4.2 that is derived from Equation 1.1: a  = enp.

Aa = e(pAn+nAp) (4.2)

The increase in the number of charge carrier (An) can be explained by the effect of 
doping level whereas the increase in the number of charge mobility (Ap) can be 
explained by the effect of morphology and crystallinity structure. Both Figures 4.23 
and 4.24 show the conductivity increment of all samples increased with CO 
concentration according to a power law equation:

Aa = a[CO]b (4.3)

where b is a scaling exponent characterizing concentration dependence and a is the 
scaling prefactor. The minimum threshold concentration level was at least 8 ppm for 
all samples. The maximum threshold concentration level was at least 1000 ppm for 
PANI-1FIC1, PANI-1MA and PANI-10MA but that was about 250 ppm for PANI- 
10HC1. The scaling exponent, scaling prefactor and conductivity of each sample are 
listed in Table 4.8
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Table 4.8 Scaling exponent, scaling prefactor, and conductivity of all acid doped
polyanilines

Dopant N a/N eb <T (S/cm) a (S/cm) b

HC1 1 0.04 ± 0.005 2.47x10'2 0.43
10 4 ±0.3 5.86x10'3 0.74

MA 1 0.04 ± 0.005 1.50xl0"2 0.51
10 4 ±0.3 4.52x1 O’2 0.34

The result of b and sensitivity of all samples shows that, PANI-10MA is the most 
suitable to be used as a CO sensor because it had higher conductivity and sensitivity. 
Moreover, it can be used in a wider range of gas concentration relative to PANI- 
10HC1, which had the comparable conductivity and sensitivity.

4.2 Polyaniline/Zeolite Composite

4.2.1 Zeolite Characterization
All types of zeolite A used to form the composite pellet were obtained 

from Aldrich Chemical CO. They were characterized by using EDS, TGA and 
particle analyzer measurement

4.2.1.1 Pore size diameter
The zeolite A is normally synthesized in the Na+ form. Typical 

unit cell content of zeolite A = Nai2Ali2Sii204827H20 with a pore diameter -4Â 
referred to zeolite 4A. The different window size of the zeolite type A is due to the 
cation present. The EDS results show that zeolite 3A had K+ and Na+ ions present in 
the pore structure, whereas zeolite 5A had Ca2+ and Na+ as listed in Table 4.9. For 
zeolite 3 A, Na+ is replaced with a larger K+ ion in a similar position, the window size 
is reduced to 3Â. For zeolite 5A, Ca2+ ions are exchanged for 2Na+ ions, this process 
produces the window size as large as 5Â.

Table 4.9 Window size diameter of zeolite A powder at different cation
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Zeolite Name Typical unit cell content Pore size diameter(Â)
3A Kfi Na6Ali2Sii204s27H20 3
4A Nai3Ali3Si]304827H20 4
5A Ca2Na5 All 1 Si 11O4 8 2 7 H2O 5

4.2.1.2 TGA measurement
Table 4.10 shows TGA results of all zeolite A samples 

typically containing the various amounts of adsorbed water -15-19% at the weight 
loss between 120-200°c as shown in Figure 4.25. The percentage of water loss gives 
an indication of the free volume within the zeolite framework. Because of the zeolite 
framework, channels and voids normally contain cations and water molecules. When 
the water is removed, a void is created within the framework, which can take in other 
molecules. For adsorption/diffusion studies, the adsorbed water molecules within the 
zeolite structure were removed prior to use.

Table 4.10 Weight loss of zeolite A powder at different window sizes

Step loss
Zeoli te 3A Zeoli te 4A Zeoli te 5A

%loss
Onset
(°C) %loss

Onset
(°C) %loss Onset

(°C)
First-step 2.5 ± 1 61 ± 1 1.7 ±0.2 57+ 1 3 + 0.5 44 ± 2

Second-step 15± 1 142 ± 1 15+1 137+ 1 8+1 120± 2
Third-step - - 2+ 1 345+1 8+1 183+1
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Figure 4.25 Thermogram of zeolite A powder.
4.2.1.3 Particle size analysis

Zeolite 3A had a particle size ~15 (am which is bigger than 
zeolite 4A and 5A which have diameter sizes between ~4-7 pm, as listed in Table 
4.11. The particle size distribution of zeolite 4A is shown in Figure 4.26

Table 4.11 Average particle size of zeolite A powder at different window size 
diameter

Zeolite Name Mean Diameters (pm) Average particle size 
diameter (pm)Samplel Sample2 Sample3

3A 15.11 15.35 15.02 15.16
4A 3.64 3.65 3.67 3.59
5A 7.37 7.44 7.27 7.36
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Figure 4.26 Particle size distribution of zeolite A powder.

4.2.2 Polyaniline/Zeolite Composite Characterization
4.2.2.1 Surface distribution o f composite sample

Figure 4.27 shows the morphology of zeolite A powders at 
different window diameters and different particle sizes.

(a) (b) (c)

Figure 4.27 Morphology of zeolite A powders at different molecular structure 
(x2000): (a) Zeolite NaKA, (3A), (b) Zeolite NaA, (4A), and (c) Zeolite NaCaA, 
(5A).
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An extremely important result of the present study is that upon mixing a zeolite 
distribution with a polyaniline powder as shown in Figure 4.28, the zeolite powders 
(white powder) were evenly distributed on the surface of PANI pellets and a 
homogeneous mixture was obtained.

( c )  ( d )

Figure 4.28 Morphology of Polyaniline/Zeolite NaA composite at different zeolite 
contents (xlOOO): (a) 5%Zeolite 4A, (b) 10%Zeolite 4A, (c) 30%Zeolite 4A, (d) 
50%Zeolite 4A.

4.2.3 Conductivity of PANI/Zeolite 4A Composite
Figure 4.29 shows the electrical conductivity of PANI-IOMA/Zeolite 

4A composite at various zeolite 4A contents. The electrical conductivity slightly 
decreased with increasing zeolite content without exhibiting a percolation threshold. 
The PANI-10MA/50Zeolite 4A had the electrical conductivity of about 0.4 s/cm. 
The decrease of electrical conductivity of PANI-IOMA/Zeolite 4A composite can be 
thought in terms of the increase of zeolite 4A in free volume within polyaniline 
matrix.
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Zeolite in Pellet (%พ/พ)

Figure 4.29 Effect of zeolite 4A on specific conductivity of polyaniline pellet.

4.2.4 Sensitivity of PANI-IOMA/Zeolite A Composite on CO Exposure
4.2.4.1 Effect o f zeolite content on sensitivity

In this work, MA-doped polyanline powder at N a/N eb = 10, 
(PANI-10MA), was mixed together with zeolite 4A at various zeolite 4A contents 
and the resulting pellets were exposed to CO gas in order to investigate the change in 
the electrical conductivity or sensitivity at various CO concentrations. Figure 4.30 
shows the relation between the sensitivity (Aa) and CO concentration of PANI- 
10MA/Zeolite 4A composite at different 4A contents. For PANI-10MA/10Zeolite 
4A Aa was comparable with PANI-10MA sample. For a higher zeolite 4A content (> 
20%), Aa of PANI-IOMA/Zeolite 4A composite decreased with increasing 
percentage of zeolite 4A content at a particular CO concentration. It was because of 
the decrease in free volume of PANI-10MA in the composite sample, which 
decreased the active sites, or amine nitrogens, which can interact with CO molecules.
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Figure 4.30 Relation between A ct and CO concentration of PANI-IOMA/Zeolite 4A 
composite in 1 atm, 27-28°C and 65-69% relative humidity; (a) PANI-10MA, (b) 
PANI-10MA/l OZeolite, (c) PANI-10MA/20Zeolite, and (d) PANI-10MA/40Zeolite 
in pellet.

In all PANI-IOMA/Zeolite 4A composites studied, A ct increased with increasing CO 
concentration according to a power law function:

Aa = a[CO]b (4.3)
where b is a scaling exponent characterizing concentration dependence. The scaling 
exponent and scaling prefactor, a, are shown in Table 4.12.

Table 4.12 Scaling exponent and scaling prefactor of PANI-IOMA/Zeolite 4A 
composite

%wt zeolite 4A in PANI 
pellet a (S/cm) b

0 4.52xl0’2 0.34
10 9.50x1 O'2 0.22
20 1.08xl0'2 0.52
40 1.03x10‘2 0.34
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T h e  s c a l in g  e x p o n e n ts  o f  a l l  P A N I - I O M A /Z e o l i te  4 A  c o m p o s i te  w e r e  c o m p a ra b le  
th a t  o f  P A N I - 1 0 M A  b e c a u s e  i t  w a s  th e  c o m m o n  p r o p e r ty  o f  P A N I - 1 0 M A . T h is  
confirms t h a t  th e  s e n s i t iv i ty  o f  P A N I - I O M A /Z e o l i t  4 A  c o m p o s i te  d e c r e a s e d  b e c a u s e  
o f  th e  d e c r e a s e  in  th e  f r e e  v o lu m e  w i th in  th e  P A N I - 1 0 M A  m a tr ix .

4 .2 .4 .2  E ffe c t o f  z e o lite  ty p e  w ith  d iffe re n t w in d o w  s iz e  d ia m e te r  on
s e n s itiv ity

F ig u r e  4 .3 1  s h o w s  th e  r e la t io n  b e tw e e n  s e n s i t iv i ty  a n d  C O  
c o n c e n t r a t io n  o f  P A N I - 1 0 M A , a n d  P A N I - I O M A /Z e o l i te  A  w i th  d i f f e r e n t  w in d o w  
s iz e s  a t  a  f ix e d  z e o l i te  c o n te n t .  A ct o f  a l l  P A N I - 1 0 M A /2 0 Z e o l i te  A  c o m p o l i te s  
s l ig h t ly  d e c r e a s e d  a t  a  p a r t i c u la r  C O  c o n c e n t r a t io n  c o m p a r e d  w i th  P A N I- 1 0 M A  
s a m p le  e x c e p t  f o r  P A N I - I O M A /Z e o l i te  4 A  c o m p o s i te  a t  [ C 0 ] < 1 0 0  p p m . H o w e v e r ,  
a l l  c o m p o s i t e  s a m p le s  s h o w e d  c o m p a ra b le  s e n s i t iv i ty  v a lu e s ,  ( A c )  b e c a u s e  th e y  
c o n s is te d  o f  n e a r ly  th e  s a m e  v o lu m e s  o f  P A N I- 1 0 M A .

[CO], (ppm)

Figure 4 .3 1  R e la t io n  b e tw e e n  A c  a n d  C O  c o n c e n t r a t io n  o f  P A N I - I O M A /Z e o l i te  A  

c o m p o s i te  a t  2 0 %  z e o l i te  c o n te n t  in  1 a tm , 2 7 -2 8 ° C  a n d  6 5 - 6 9 %  r e la t iv e  h u m id i ty ;  
(a )  P A N I - 1 0 M A , (b )  P A N I - I O M A /Z e o l i te  3 A , ( c )  P A N I - I O M A /Z e o l i te  4 A , a n d  (d )  
P A N I- IO M A /Z e o l i te  5A  c o m p o s i te .
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In  a ll  P A N I - I O M A /Z e o l i te  A  c o m p o s i te s  รณ d ie d , A ct in c r e a s e d  w i th  in c r e a s in g  C O  
c o n c e n t r a t io n  a c c o r d in g  to  a  p o w e r  la w  e q u a t io n  fo r  P A N I - 1 0 M A  s a m p le :

A ct =  a [ C O ] b (4 .3 )
w h e re  b  is  a  s c a l in g  e x p o n e n t  c h a r a c te r iz in g  c o n c e n t r a t io n  d e p e n d e n c e .  T h e  s c a l in g  
e x p o n e n t  a n d  s c a l in g  p r e f a c to r ,  a , a r e  l i s te d  in  T a b le  4 .1 3 .

Table 4.13 S c a l in g  e x p o n e n t  a n d  s c a l in g  p r e f a c to r  o f  PA N I - 10 M A /2 0 Z e o l i t e  A  
c o m p o s i t e  w i th  d i f f e r e n t  z e o l i te  w in d o w  s iz e

Z e o l i t e  ty p e  in  
P A N I  p e l le t

W in d o w  s iz e  
d ia m e te r  (A ° ) a b

0 - 4 .5 2 x 1  O'2 0 .3 4
3 A 3 5 .8 2 x 1  O'2 0 .1 9
4 A 4 1 .0 8 x 1  O'2 0 .5 2
5 A 5 4 . 2 1 x l 0 ‘2 0 .3 4

T h is  r e s u l t  in d ic a te s  th a t  th e  z e o l i te  A , w h ic h  h a s  a  w in d o w  s iz e  a b o u t  3 -5  Â  d id  n o t  
a f f e c t  th e  s e n s i t iv i ty  o f  P A N I - 1 0 M A  u p o n  e x p o s u r e  to  C O . T h is  w a s  b e c a u s e  th e  
w in d o w  s iz e  o f  z e o l i te  A  w a s  c lo s e  to  th e  k in e t ic  d i a m e te r  o f  C O  a b o u t  3 .8  Â , i t  w a s  
d i f f ic u l ty  f o r  C O  m o le c u le s  to  a d s o rb  o n to  th e  z e o l i t e  s t r u c tu r e .  M o r e o v e r ,  th e  
o p e r a t io n  te m p e r a tu r e  a n d  p r e s s u r e  o n  C O  e x p o s u r e  m a y  b e  u n s u i ta b le  to  f a v o r  th e  
C O  a d s o rp t io n .

T h e  r e s u l t s  s u g g e s t  th a t  th e  g a s  a d s o r p t io n  o n to  z e o l i te  A  
s t r u c tu r e  w a s  a  c o m p l ic a t e d  p r o c e s s .  F u r th e r  w o r k  is  r e q u i r e d  to  s tu d y  th e  e f f e c t  o f  
z e o l i te  o n  th e  C O - s e n s in g  a n d  th e  o th e r  g a s  s e n s in g .
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