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E L E C T R IC A L  C O N D U C T IV IT Y  R E SP O N SE  OF  

P O L Y P Y R R O L E /M O L E C U L A R  SIEV E 13X C O M P O SIT E S TO  C H 4, C O 2, 
CO , A N D  SO 2: E F F E C T S O F C A T IO N  T Y PE  A N D  C A T IO N  

C O N C E N T R A T IO N

A bstract

E lectrical conductiv ity  sensitivity o f  polypyrrole(Ppy)/m olecular sieve 13X 
com posites exposed to  CH4, C O 2 , C O , and SO 2 w as investigated. C om posites were 
prepared by a dry m ixing and dispersion. Effects o f  zeolite concentration 5 cation 
type, concentration o f  cation w ere investigated. T he electrical conductivity  o f  Ppy 
doped  w ith naphthalene-2-sulfonic acid(P) sodium  salt varies m onotonically  w ith 
the  doping level. There is no electrical conductivity response w hen Ppy and its 
com posites are exposed to CH4, C O 2 , and CO  in contrast to  the Ppy exposed to S 0 2. 
U ndoped Ppy and doped Ppy com posites at 10% v/v o f  13X content possess the 
h ighest sensitivity  to S 0 2; the sensitiv ity  is reduced as m olecu lar sieve 13X content 
increases. C ation-exchanged processes on the m olecular sieve 13X w ere carried out 
by changing from  N a+ to Li+, K+, and C s+ at various am ounts The com posites o f  
unm odified  13X in w hich N a+ is fully  present give the greatest sensitivity to S 0 2. 
T he  sensitivity  o f  Ppy/13X  com posite to S 0 2  is reduced by exchanging cation in 
m olecu lar sieve 13X from  N a+ to o ther alkali cations in th is decreasing order: C s+, K+, 
and  L i+.
K eyw ords: C onducting polym er, polypyrole, gas sensor, m olecular sieve 13X
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1. In tr o d u c tio n

C o n d u c tiv e  p o ly m ers , g en e ra lly  co m p o sed  o f  co n ju g a ted  m o n o m e r u n its  w ith  
7 i-e lectrons d e lo ca liz ed  a lo n g  th e  b a c k  bo n e , hav e  b een  u tiliz e d  in  various 
ap p lica tio n s . C o n d u c tiv e  p o ly m ers  h av e  m an y  ad v an tag es  o v e r m e ta llic  coun te rparts : 
lo w  c o s t m a te ria ls , s im p le  fab rica tio n  tech n iq u es , easy  d ep o s itio n  o n  vario u s 
su b s tra te s , an d  flex ib le  m o lecu la r  a rc h ite c tu re s1. T h e  e lec trica l co n d u c tio n  
p ro p e rtie s  o f  co n d u c tiv e  p o ly m ers  a re  co n tro lled  by  th e  ad d itio n  o f  a  sm all q u an tity  
o f  fo re ig n  m o lecu le s  in to  th e  h o s t p o ly m e r m atrix . B o th  ท- ty p e  an d  p -ty p e  do p an ts  
have  b e e n  u tiliz e d  to  in d u ce  an  in su la to r-m e ta l tran s itio n  in  co n d u c tiv e  p o ly m ers2. 
D ue to  th e  th e rm o d y n a m ic  stab ility  o f  in te rm ed ia te s , o n e  o f  c a rb o ca tio n  is g rea ter 
th an  o n e  o f  c a rb an io n , co n d u c tiv e  p o ly m ers  a re  u su a lly  d o p ed  b y  a  p -ty p e  d o p a n t3. 
P o ly p y ro le  (P p y ), one  o f  co n d u c tiv e  p o ly m ers , has b e e n  in v es tig a ted  an d  d ev e lo p ed  
to w ard s  g as  sen sin g  ap p lica tio n s  b e c a u se  it can  be  ea s ily  sy n th e s iz e d 1 and  it 
p o sse sse s  e x ce llen t th e rm a l an d  e lec trica l p ro p erties . P p y  is  n o rm a lly  p o ly m erized  by  
e ith e r a n  e lec tro ch em ica l m e th o d 4 -6  o r a  ch em ica l m e th o d 7"10. H o w ev er, P p y  has low  
se lec tiv ity  fo r  a  p a rticu la r  gas, p o o r m ech an ica l p ro p erty , an d  in e ffic ien t so lu b ility 1. 
T o  im p ro v e  th e se  d isad v an tag es , m an y  fu n d am en ta l s tu d ies h av e  b e e n  c o n d u c te d 11"13. 
T o x ic  a n d  f lam m ab le  gases such  as C O , S O 2 , N H 3 , e th an o l, an d  ace to n e , have  been  
c h o sen  an d  in v es tig a ted  as ta rg e t g ases to  b e  d e tec ted  by  co n d u c tiv e  p o ly m e rs1’3,14. 
T h e  e ffe c ts  o f  d o p an t, tem p era tu re , an d  co n cen tra tio n  o f  d o p an t o n  P p y  hav e  been  
รณd ied  in  o rd e r to  ach iev e  th e  h ig h e s t co n d u c tiv ity  re sp o n se  an d  th e  lo w est gas 
d e tec tio n  l im it11’15"19. C O , N O 2 , and  S O 2  a re  ty p ica lly  em itted  b y  th e  co m b u stio n  o f  
fossil fu e ls  in  fac to ries  an d  from  au to m o b ile  en g in es, c au s in g  en v iro n m en ta l 
p ro b lem s a n d  v ita lly  a ffec tin g  h u m a n  h ea th s20"22. In  p rin c ip le , th ese  gases are 
ex p ec ted  to  b e  d e tec tab le  by  P p y  b ecau se  th ey  ac t as e lec tro p h ilic  g ases, w ith d raw in g  
e lec tro n s  fro m  th e  p o ly m e r1,23.

In  th e  gas sep a ra tio n  and  gas p u rif ic a tio n  fie ld s, zeo lite  m o lecu la r  sieves are 
w ell k n o w n  fo r a  w id e  v a rie ty  o f  ap p lica tio n s , in  p a rticu la r th e ir  su p e rio r se lective  
a d so rp tio n  p ro p e rtie s23. T he ab so rp tio n  p ro p e rtie s  o f  zeo lite  a re  g o v ern ed  by  th e  po re  
size, th e  zeo lite  type , the  tem p era tu re , an d  th e  ca tio n  re s id in g  in  th e  fram ew ork . T he 
a lka li an d  a lk a lin e  ea rth  ca tio n s, one o f  th e  g o vern ing  ab so rp tio n  fac to rs, is kno w n  to
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hav e  an  e lec tro s ta tic  in te rac tio n  w ith  C O . F o r th e  a lka li c a tio n s , th e  a ffin ity  to  C O  is 
in  th is  o rd e r, L i+, N a +, K +, R b +, and  C s+ 24, 25. T he c o m p o site s  o f  p o ly a n ilin e  and 
zeo lite  h av e  b een  in v es tig a ted  as a  C O  sen so r, in  p a rticu la r th e  e ffec ts  o f  zeo lite  type 
and  th e  e ffe c t o f  p o re  s izes23, 26. T h e re fo re , it is co n ce iv ab le  th a t  a  P p y /zeo lite  
co m p o site , w ith  a  su itab le  ty p e  o f  z eo lite , a  su itab le  p o re  size , a  su itab le  ca tio n  type 
and  an  ap p ro p ria te  a m o u n t can  be u sed  to  se lec tiv e ly  d e te c t a  p a r tic u la r  gas.

In  th is  w ork , th e  e ffec ts  o f  th e  m o lecu la r sieve  13X  co n ten t, th e  ca tio n  type, 
and  th e  ca tio n  co n cen tra tio n  on  the  e lec tr ica l co n d u c tiv ity  re sp o n se  o f  P p y  w hen  
ex p o sed  to  C H 4 , C O 2 , C O , an d  SO 2  o n  th e  co n d u c tiv ity  re sp o n se  w ill b e  investiga ted .

2. E x p er im en t

2 .1  M a t e r i a l s

In  th e  p o ly m eriza tio n  Ppy, th e se  ch em ica ls  w ere  u sed : d is tille d  p y rro le  
(A C R O S ) as th e  m o n o m er, am m o n iu m p ersu lfa te  (M E R C K ) as th e  o x idan t, 
n ap h th a len e -2 -su lfo n ic  ac id (P ) so d iu m  sa lt (90%  g rad e , F lu k a ) as th e  dopan t, 
m eth y l a lco h o l (A R  g rade , C A R L O  E R B A ) as th e  w a sh in g  so lu tio n , 1-m eth y l-2  - 
p y rro lid o n e  (9 8 %  grade , F luka) w as u se d  as th e  so lv e n t fo r  p re p a rin g  so lu tion  
sam p les fo r  th e  U V -V is sp ec tro p h o to m etry . M o lecu la r s iev e  13X  w a s  se le c te d  as the 
zeo lite  to  be  u sed  as th e  m in o r p hase  fo r th e  co m p o site s  fab rica ted . T h is  ch o ice  is 
b ased  on  th e  re su lts  o f  o u r p rev ious s tudy26. L ith iu m  ch lo rid e  (9 9 %  grade , U N IL A B ), 
p o ta ss iu m  ch lo rid e  (99%  grade, F lu k a), an d  cesiu m  ch lo rid e  (9 9 %  g rad e , F luka) 
w ere  u sed  in  th e  ca tio n  ex ch an g e  p ro cesses . N itro g en  gas (9 9 %  g rade , T IG ), m ethane  
(99%  g rad e , T IG ), ca rb o n d io x id e  (9 9 %  g rade , T IG ), c a rb o n  m o n o x id e  (1 0 0 0  ppm , 
T IG ), an d  su lfu r  d io x id e  (1000  ppm , T IG ) w ere  u sed  as  th e  ta rg e t gases.

2 . 2  P o l y m e r i z a t i o n  o f  P o l y p y r r o l e

P y rro le  m o n o m er w as first p u rif ied  by  d is tilla tin g  p y rro le  u n d e r a  reduced  
p ressu re . D o p ed  P p y  a t va rio u s am o u n ts  o f  the  d o p an t an io n  w as ch em ica lly  
sy n th es ized  b y  the  i n  S7Ïw_doped o x id a tiv e  co u p lin g  p o ly m eriza tio n  p rocess
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acco rd in g  to  the  m e th o d  o f  R u an g ch u ay 3. T h e  so lu tio n  o f  0 .6 8 4 6  g (3 .0  m illim o le ) o f  
A P S  in  10.0 m l d e io n ized  w a te r  w as s lo w ly  added  to  th e  m ix tu re  o f  1.2 m illim o le  o f  
th e  d o p an t an io n  and  1.0 m l (14 .5  m illim o le ) o f  p y rro le  m o n o m ers  in  20 .0  m l 
d e io n ized  w ater. T h e  re a c tio n  w as a llo w ed  to  p ro ceed  a t 0°c fo r  2 h ou rs. T he 
o b ta in ed  P py  w as p re c ip ita te d  by  p o u rin g  th e  reac tio n  m ix tu re  in to  a la rge  excess 
am o u n t o f  d e io n ized  w ate r. T h e  P p y  p o w d er w as w a sh e d  sev era l tim es w ith  
d e io n ized  w a te r an d  m e th an o l befo re  d ry in g  in  a  v acu u m  a t ro o m  tem p e ra tu re  fo r 2  

days. T h e  sy n th esized  p ro d u c t w as g ro u n d  and  sieved  w ith  a  m e sh  (5 3 p m ). In  o rd er 
to  รณdy  th e  e ffec t o f  m o la r  ra tio  b e tw een  th e  d o p an t an io n  an d  th e  p y rro le  m o n o m ers 
(N<j/Nm), P p y  w as sy n th es ized  a t v a rio u s  am oun ts  o f  P -n ap h th a len e  su lfo n ic  acid. 
T h e  N d/N m ra tio s w ere  c h o sen  to  be 1:96, 1:48, 1:24, 1 :12, 1:6, an d  0 :6  o r undo p ed .

2 . 3  P r e p a r a t i o n  o f  M o l e c u l a r  S i e v e  1 3 X

T h e  ca tio n -ex ch an g ed  p ro cess  w as ca rried  ou t by  im m e rs in g  th e  m o lecu la r  sieve 
13X  in  0.5 M  L iC l, KC1, an d  C sC l so lu tio n s  (1 g o f  13X  p e r  25 m l so lu tio n ) at 80 
°c fo r 1 hou r, and  th en  cen trifu g in g  th e  em u ls io n s  to  sep a ra te  th e  liq u id  p h ase  from  
th e  so lid  phase . T h e  m o lecu la r  sieve 13X  w as d ried  in  a  v a c u u m  at 80 ๐c  fo r a 
d u ra tio n  o f  6  hours. T h e  co n cen tra tio n  o f  each  ca tio n  in  13X  w as v a rie d  by 
rep ea ted ly  su ccess iv e  im m ersio n s . T h e  ca lc in ed  sam p le  w a s  fu rth e r g ro u n d  and 
siev ed  w ith  a  m esh  (53 p m ) b e fo re  fu rth e r use.

2 . 4  C o m p o s i t e  P r e p a r a t i o n

T h e  m o lecu la r s iev e  13X  w as g ro u n d  and  d ried  in  a  v a c u u m  o v en  a t 80°c fo r 
a  d u ra tio n  o f  6  hours. E ach  sam ple  w as p ressed  in to  a  d isc  by  a  h y d rau lic  p ress 
m ach in e  at the  p ressu re  o f  58.8 kN . In  o rd e r to  รณdy  th e  e ffe c t o f  zeo lite  con ten t, 
v a rio u s  zeo lite  am o u n ts  ch o sen  w ere  5, 10, 20 , and  40  %  by  v o lu m e .
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2 . 5  C h a r a c t e r i z a t i o n

F T IR  (B ruker, F R A  106 /S ) w as  u se d  to  id en tify  th e  fu n c tio n a l g ro u p s o f  
sy n th es ized  th e  u n d o p ed  P p y  an d  th e  d o p e d  Ppy. In  ad d itio n , th e  in te rac tio n  b e tw een  
C H 4 , C O 2 , C O , an d  SO 2 , an d  P p y  sam p les  w ere  in v estig a ted  b y  th e  F T IR  techn ique . 
S am p les w ere  g round  w ith  K B r. T h en  sam ples w ere  e x p o se d  to  th ese  gases fo r a 
p e r io d  o f  3 h o u rs  b efo re  sp ec tra  w ere  tak en . บ V -V IS  sp e c tro p h o to m e te r (P E R K IN  
E L M E R , L am b d a  10) w as  u sed  to  in v estig a te  th e  e lec tro n ic  s tru c tu re  o f  P py . T he 
ch em ica l co m p o sitio n  o f  P p y  w as d e te rm in ed  by  an  e le m e n ta l a n a ly z e r (P E  2400  
S eries II C H N S /O  ana ly zer). T h e  d e g rad a tio n  tem p era tu re  o f  P p y  w as  m easu red  by  a  
th e rm o g ram e tric  an a ly ze r (D u p o n t, T G A  2950). A n  X R D  (P h illip s  P W  1830/00  N o. 
D Y 1241  D iffrac to m ete r, R ig ak u ) w as u sed  to  in v es tig a te  a to m ic  an d  m o lecu la r 
a rran g em en ts  and  to  d e te rm in e  th e  c ry sta llin ity  o f  o u r P p y  sam p les . T h e  p artic le  
s izes o f  m o lecu la r sieve  13X  sam p les w ere  d e te rm in ed  b y  a  p a r tic le  s ize  analyzer, 
(M a lv e rn  In stru m en ts  L td . M aste riz e r  X  V ers io n  2 .1 5 ). B E T  (T h erm o  F inn igan , 
S O R P T O M A T IC 1 9 9 0  S IR E S ) w as u sed  to  m easu re  th e  p o re  s ize  and  th e  su rface  
a rea  o f  th e  m o lecu la r siev e  13X . T he d en sitie s  o f  m o lecu la r  s iev e  13X  an d  P p y  w ere  
d e te rm in ed  by  a  p y cn o m eter. T h e  am o u n t o f  ca tio n  in  m o le c u la r  s iev e  13X  w as 
d e te rm in ed  by  an  a to m ic  ab so rp tio n  sp ec tro p h o to m ete r (V a rian , S p ec trA A -3 0 0 ).

2 .6  E l e c t r i c a l  C o n d u c t i v i t y  M e a s u r e m e n t  a n d  G a s  D e t e c t i o n

T h e  e lec trica l co n d u c tiv ity  o f  P p y  sam ples, ex p o sed  to  10 %  C H 4 , 1 0 %  C O 2 , 
1000 p p m  o f  C O , and  S O 2 , w as m easu red  by  ou r c u s to m iz e d  fo u r p o in t p ro b e  m eter 
co n n ec ted  to  cu sto m ized  gas cham bers. T he cu rren t th ro u g h  th e  fo u r p o in t w as 
su p p lied  by  a  sou rce  m e te r  (T ek tro n ix , P S 280), an d  th e  re su lta n t v o ltag e  w as 
m easu red  b y  an  A /D  co n v e rte r  co n n ec ted  w ith  a  PC . T h e  re la tio n  u sed  to  ca lcu la te  
th e  e lec trica l co n d u c tiv ity  is CT =  (1 /R t) ( l/K ) , w here  R  is re s is tiv ity  (Q ), t  is th e  pelle t 
th ick n ess(cm ), and  K  is th e  g eo m etric  co rrec tio n  factor.
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3. R e su lt  an d  D iscu ssio n

3 .1  C h a r a c t e r i z a t i o n  o f  P o l y p y r o l e

F o r  th e  h ig h ly  d o p e d  p o ly p y rro le , P p y _ l : 6 , th e  U V -V is  ab so rp tio n  p eak s 
ap p ea rin g  a t 4 1 1 .5 9  n m  c a n  b e  a ss ig n ed  to  th e  7Ï-» ท * ,  an d  a t 706 .05  n m  can  be  
a ss ig n ed  to  th e  b ip o la ro n  sp e c ie s3.

F o r th e  u n d o p ed  p o ly p y rro le , P p y _ u d , th e re  is n o  U V -V is  ab so rb tio n  p eak  
due  to  th e  in so lu b ility  o f  th e  p o ly m er. F T IR  sp ec tru m  o f  P p y _ u d  show s ab so rp tio n  
p eak s a t 2 924 , 1548, 1465 , 1189, 965, and  795 c m '1; th e y  c a n  b e  a ss ig n ed  to  th e  C-H 
s tre tch in g , th e  c= c in  p y rro le  ring  stre tch in g , th e  N-H b e n d in g , th e  C-H in  p lan e  
b en d in g , th e  C-H o u t o f  p lan e  b en d in g , re sp e c tiv e ly 1’ 3’ 9’ 27'29. F o r P p y _ l : 6 , th e  
ab so rp tio n  p eak s  a t 1537 , 1450, 1166, 961 , and  778 c m ' 1 c an  be a ss ig n ed  to  th e  
c= c in  p y rro le  rin g  s tre tch in g , th e  N-H b en d in g , th e  C-H in  p lan e  b en d in g , th e  C-H 
o u t o f  p lan e  b en d in g , re sp e c tiv e ly 1,3’ 27'30. T h is C-H s tre tc h in g  ab so rp tio n  p eak  a t 
2 924  cm ' 1 d isap p ears  f ro m  th e  sp ec tru m  o f  th e  d o p ed  P p y _ l  : 6  due  to  th e  m ask in g  o f  
th e  p o la ro n  and  b ip o la ro n  ab so rp tio n  at 8066  cm ’^ l e V ) 1,31. T h e  su ccess  o f  d o p in g  
can  id en tif ied  from  th e  ab so rp tio n  p eak  a ro u n d  7 7 8 c m '1, w h ic h  is th e  C-H o u t o f  
p lan e  v ib ra tio n s  in  th e  b e n z e n e  ring  o f  th e  P -n ap h th a len esu lfo n a te  an io n 27.

E lem en ta l an a ly s is  d a ta  o f  d o p ed  P p y  p ro v id e  U S w ith  th e  d o p in g  level o f  th e  
p o ly m e r as c an  be  ca lcu la ted  by  th e  S/N ra tio . T h e  d o p in g  levels  o f  P p y_ud , 
P p y _ l/9 6 , P p y _ l/4 8 , P p y _ l/1 2  and  P p y _ l : 6  a re  0 .2 6 , 0 .33 , 0 .35 , 0 .5 1 , 0 .52 , 
resp ec tiv e ly . T h e  TGA th e rm o g ram s o f  d o p ed  P p y  a t v a r io u s  Nd/Nm ra tio s  sh o w  th a t 
th e  o n -se t d eg rad a tio n  tem p era tu re  (Td) in c reases w h e n  in c rea s in g  Nd/Nm ra tio . Td 
in c reases  fro m  2 31 .2  to  2 88 .8  °c as Nd/Nm is v a ried  fro m  0 :6  to  1:6. O u r re su lt is 
co n sis ten t w ith  th e  re su lt o f  p rev io u sly  p u b lish ed  w o rk 3 0  w h ich  sh o w ed  th a t P py  
d o p ed  w ith  n ap h th a len e  su lfo n ic  ac id  p o ssesses a  g o o d  th e rm o stab ility . F ro m  X R D  
d iffrac tio n  p a tte rn s, th e  in te rp lan ar sp ac in g  b e tw een  a ro m a tic  g ro u p  can  b e  id en tified  
w ith  th e  p eak s a t 3 .4  and  3.6 Â  fo r the  d o p ed  P p y  an d  th e  u n d o p ed  Ppy , 
resp ec tiv e ly . F o r th e  u n d o p ed  Ppy , the  d -sp ac in g  at 4 .5  Â  re fe rs  to  th e  d istance  
b e tw een  n e ig h b o rin g  p y rro le  rings w h ere  th e  a - a ’ lin k a g e s  a re  sing le  b o n d 3". F o r the
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d o p ed  P p y , th e  d -sp ac in g  a t 4 .1 - 4 .2  Â  re fe rs  to  th e  d is tan ce  b e tw een  n e ig h b o rin g  
p y rro le  rin g s  w h ere  th e  cc -a ’ lin k ag es  are  d o u b le  b o n d 3. T h e  d is tan ce  b e tw een  tw o  
h ard  seg m en ts  o f  th e  u n d o p ed  P p y  an d  d o p ed  P py  can  b e  id e n tif ie d  w ith  th e  p eak s  at 
5 .9  an d  6 .9 -7 .2  Â , re sp ec tiv e ly ; th e  d is tin c t p eaks are d u e  to  d iffe ren t co u n te rio n s. 
T h e  c o u n te rio n  o f  th e  u n d o p ed  P py  is  SO4 2' 3. T he co u n te r io n  o f  th e  d o p ed  P p y  is 
N S A 32. T h e  d eg ree  o f  c ry s ta llin ity  can  be  d e fin ed  as th e  p e a k  a rea  a t 21 .3°(4 .1  À  d- 
sp ac in g ) d iv id ed  by  th e  to ta l a rea  a t 9 .2°, 14 .1°,19 .4° an d  2 4 .9 0 . 3 T he  d eg ree s  o f  
c ry s ta llin ity  o f  P py  u d  and  P p y _ l:6  are  50.3 and  80 .4 , re sp ec tiv e ly , as sh o w n  in 
T ab le  1.

T h e  m ean  p a rtic le  d iam ete rs  o f  P p y _ u d  and  P p y _ l :6  w ere  m easu red  and  
fo u n d  to  be  34 .68  ±  5 .57  and  38 .96  ±  1.39 p m , resp ec tiv e ly . T h e  d en sitie s  o f  P p y _ u d  
and  P p y _ l  :6 are  0 .798  ± 0 .0 6 7  an d  0 .7 6 9 ± 0 .0 4 0  g /cm 3, re sp ec tiv e ly .

3 . 2  C h a r a c t e r i z a t i o n  o f  M o l e c u l a r  s i e v e  1 3 X

T h e  p a rtic le  size  o f  m o lecu la r siev e  13x o b ta in e d  fo rm  the  p a rtic le  size 
a n a ly ze r is 8 .54  ± 0 .48  pm . T h e  d en sity  o f  m o lecu la r s iev e  13x, as d e te rm in ed  b y  the

p y cn o m e try , is 1.573 g /cm 3. T h e  S i/A l ra tio  o f  m o lecu la r  s ie v e  13x, as p ro v id e d  by  
the  m a n u fac tu re r  (S ig m a-A ld rich ), is 1.4. T h e  ra tio  can  b e  u sed  to  ca lcu la te  the  
n u m b er o f  u n it ce lls  p e r p a rtic le  o f  13X , w h ich  tu rn s  o u t to  b e  ap p ro x im a te ly  2 .33 X 

1010 u n it ce lls /p artic le . S u rface  a rea  an d  sp ec ific  po re  v o lu m e  o f  m o le c u la r  s iev e  13x 
are  643 ±  47  m 2/g  an d  0 .343  ±  0.023 cm 3/g , resp ec tiv e ly . S E M  m o n o g rap h s  sh o w  
th a t m o le c u la r  sieve  13x p a rtic le s  a re  w ell d isp e rsed  in  th e  p o ly m e r m atrix .

T h e  am o u n ts  o f  L i+, N a+, K +, and  C s+ in  io n -ex ch an g ed  m o le c u la r  s iev e  13x 
are  o b ta in ed  b y  th e  a to m ic  ab so rp tio n  sp ec tro p h o to m e te r In  te rm s o f  %  m o le , it is 
d e fin ed  as  the  m o le  ra tio  o f  L i+, K +, o r C s+ to  the  to ta l m o le  o f  th o se  ca tio n s an d  N a +, 
m u ltip lie d  by 100. F o r m o lecu la r siev e  13x io n -ex ch an g ed  w ith  L i+, th e  m ole  
p e rcen tag es  o b ta in ed  are 32 .20 , 56 .81 , 73 .92  and  81.24. F o r m o le c u la r  siev e  13x ion- 
e x ch an g ed  w ith  K +, th e  m o le  p ercen tag es  o b ta in ed  are 4 6 .5 9 , 78 .4 8 , 88 .97  an d  93.50. 
F o r 13X  io n -ex ch an g ed  w ith  C s+ , th e  m o le  p e rcen tag es  o b ta in e d  are  35 .3 4 , 52 .84 , 
56 .42  an d  59.74.
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3 . 3  E l e c t r i c a l  C o n d u c t i v i t y  M e a s u r e m e n t

3.3.1 E lec tr ic a l C o n d u c tiv ity  o f  P o ly p y rro le  in  A ir and  N 2

F ig u re  1 show s th a t e lec trica l co n d u c tiv ity  in c reases  fro m  9 .36  X  10 ' 2  to  6 .44  
s /c m  as th e  d o p in g  lev e l in c reases  fro m  0 :6  t o l : 6 .T he  in c rea se  in  e lec trica l 
co n d u c tiv ity  can  be  ex p la in ed  in  te rm s o f  th e  in c reases  in  th e  n u m b er o f  ch a rg e  
ca rrie rs  an d  th e  deg ree  o f  c ry s ta llin ity  w h ich  in flu en ces th e  ch a rg e  m o b ility 1,3. It c an  
be  n o ted  th a t the  e lec trica l co n d u c tiv ity  o f  th e  u n d o p ed  P p y  is  9 .3 6  X  10 ' 2  s /c m , a  
v a lu e  w h ic h  is ra th er h igh . T h is  is  b ecau se  A P S , th e  o x id a n t u se d  in  the  
p o ly m eriza tio n  p ro cess , p ro d u ces  HSO4' an io n s w h ich  c a n  a c t a lso  as a  d o p an t28. 
T ab les  1 an d  2 su m m arize  th e  e lec trica l co n d u c tiv ity  v a lu e s  o f  all o u r co m p o site s  
u n d er th e  ex p o su res  to  a ir, N2, CH4, CO2, CO, and  SO2 a t a m b ie n t p re ssu re  an d  ro o m  
tem p era tu re . T he e lec trica l co n d u c tiv ity  o f  th e  P p y _ u d  in  a ir  is  (4 .68  ±  2 .4 8 ) X 10 ' 1 

S /cm  an d  it d ecreases to  (3 .96  ±  2 .4 8 ) X  10 ' 1 s /c m  w h en  it  is  ex p o sed  to  N2. T he 
s im ila r red u c tio n s  in  e lec trica l co n d u c tiv ity  c a n  be  fo u n d  in  P p y _ l : 6  an d  o th e r 
P p y _ u d /1 3 X  o r P p y _ l:6 /1 3 X  co m p o site s . T h e  g rea te r e lec tr ica l co n d u c tiv ity  v a lu es  
in  a ir o f  a ll o u r co m p o site s  can  be  a ttrib u ted  to  th e  in te rac tio n  o f  O2 at th e  ac tiv e  sites, 
p o la ro n  o r b ip o la ro n , an d  th e  p re sen ce  o f  m o is tu re  in  a ir23.

3 .3 .2  E lec tr ic a l C o n d u c tiv ity  R esp o n se  to  C H 4 , C O 2 , C O , an d  S O 2

T h e  e lec trica l co n d u c tiv ity  re sp o n se  is d e fin ed  as th e  d iffe re n ce  in  th e  stead y  
sta te  e lec trica l co n d u c tiv ity  w h en  ex p o sed  to  a  ta rg e t gas an d  th a t  o f  N 2  a t  1 a tm  and  
29  ±  1 °c (Aa  = a gas-a  N2)- T he e lec trica l co n d u c tiv ity  se n s itiv ity  is d e fin ed  as th e  
ra tio  b e tw e e n  the  e lec trica l re sp o n se  an d  th e  e lec trica l co n d u c tiv ity  o f  th e  sam p les 
w h en  ex p o sed  to  pu re  N 2  ( A ct/(Tn 2)- O u r ta rg e t gases s tu d ie d  a re  1 0 % C H 4 /N 2 , 10%  
C O 2 /N 2 , 1000 p p m  C O /N 2 , and  1000 p p m  S O 2 /N 2 .

T h e  sen sitiv ity  o f  P p y _ u d  an d  P p y _ l : 6  w h en  e x p o se d  to  CH4 an d  CO2 is 
b e tw e e n  -0 .0 5  to  0 .05 , as sh o w n  in  T ab le  1. F o r ex am p le , th e  sen s itiv ity  o f  P p y _ u d  
to  CH4 is 1.57 X 1 O'2, and  sen sitiv ity  o f  P p y _ l : 6  to  CH4 is 1.06 X  10 '3. T he
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sen sitiv ity  v a lu e s  o f  P p y _ u d  and  P p y _ l : 6  to  C O 2  a re  -1 .93  X 10 ' 2  an d  6.23 xlO"3, 
resp ec tiv e ly . ท !US P py  u d  and  P P y _ l : 6  do  n o t resp o n d  to  C H 4  an d  C O 2 . T h is  is 
because  C H 4  and  C O 2  a re  sy m m etrica l m o lecu le s  w h o se  p e rm a n e n t d ip o le  m o m en ts  
are ze ro  C m 33. M oreover, th ese  tw o  m o le c u le s  hav e  no  v acan t o rb ita l o r a  lone  p a ir 
e lec tro n  in  w h ich  the  e lec tro n  tran sfe r  b e tw e e n  th e  gases an d  th e  p o ly m e r m ay  occur. 
T hus, w e can  su m m arize  th a t there  is  no  in te rac tio n  b e tw een  P p y  an d  m e th an e  and  
C 0 2.

T h e  sen sitiv ity  v a lu es  o f  P py  u d  an d  P p y _ l : 6  to  C O  are  - 2 .3 0  X 10 ' 2  and  -  
5.48 x lO '2, re sp ec tiv e ly  as tab u la ted  in  T ab le  1. B o th  P p y -u d  an d  P p y _ l : 6  sh o w  
n eg a tiv e  re sp o n se s  to  C O . I t is an tic ip a ted  th a t C O , w h ich  ac ts  as  an  e lec tro p h ilic  gas, 
shou ld  d ra w  e lec tro n s fro m  th e  p o ly m er re su ltin g  in  a  p o s itiv e  e lec trica l re sp o n se  23’ 
26. T h e re fo re , w e  con c lu d e  th a t P py  d o es  n o t in te rac t w ith  o r  re sp o n d  to  C O ; i f  there  
w as an y  in te rac tio n  it sh o u ld  be  v ery  w e a k  an d  n eg lig ib le .

W h en  P p y _ u d  and  P p y _ l : 6  a re  ex p o sed  to  S O 2 , th ey  sh o w  a  p o sitiv e  
e lec trica l re sp o n se  to  S O 2 . T he e lec trica l re sp o n se  o f  P p y _ u d  an d  P p y _ l : 6  a re  6.71 
x lO ' 2  s/cm and  3 .17 X 1 0 '1, resp ec tiv e ly , as sh o w n  in T ab le  2. T h e  co rresp o n d in g  
sen sitiv ity  v a lu es  are 0 .246  and  0 .115 , resp ec tiv e ly . T h u s, th e  e lec tr ica l re sp o n se  o f  
P p y _ l : 6  is g rea te r th an  th a t o f  P p y _ u d  b u t th e  sen sitiv ity  o f  P p y _ l : 6  is le ss  th an  that 
o f  P p y_ud . S O 2  is an  e lec tro p h ilic  gas w h ic h  can  w ith d raw  e lec tro n s  fro m  th e  p y rro le  
rings o f  P p y , re su ltin g  in  the  in c rease  in  th e  n u m b er o f  ch a rg e  c a rr ie r  an d  the 
in c rease  o f  e lec trica l co n d u c tiv ity . M o reo v er, the  c o n d u c tiv ity  re sp o n se  is no t 
co m p le te ly  rev e rs ib le  w h en  S O 2  is rep laced  by  N 2 . T he e lec tr ica l c o n d u c tiv ity  va lues 
o f  P p y  u d  an d  P p y _ l : 6  d iffe r from  th e ir  in itia l N 2 -ex p o su re  v a lu es  b y  14.0 to  20.1 % . 
F ig u re  2 a  sh o w s F T IR  sp ec tra  o f  P p y _ u d  b e fo re  th e  S O 2  ex p o su re  an d  a fte r  3 hou rs 
o f  th e  S O 2  exposure . T h ere  is a sm all ab so rp tio n  p eak  a t 1395 c m ' 1 in  th e  la tte r 
sp ec tru m  w h ic h  can  be id en tified  as th e  ร = 0  asy m m etric  s tre tch in g  o f  S O 3 ' o r  SO 2 1’
34



28

3.3 .3  P p y  C o m p o site s  an d  E lec trica l R esp o n se  to  C H 4  an d  S O 2 : E ffe c t o f  13X 
C o n ten t

F ig u re  3 sh o w s th e  e lec tr ica l co n d u c tiv ity  v a lu es  o f  P p y _ u d /1 3 X  and  
P p y _ l:6 /1 3 X  in  a ir vs. m o lecu la r s ie v e  13x conten t. T h e  e lec tr ica l co n d u c tiv ity  
d ec reases  w ith  in c reasin g  13X  co n ten t as  m o re  o f  the  in su la tin g  m a te ria l is ad d ed  to  
th e  co m p o site . T he e lec trica l co n d u c tiv ity  v a lu es  o f  P p y _ u d /1 3 X  an d  P p y _ l:6 /1 3 X  
in  N 2  a lso  d ecrease  w ith  in c reas in g  13X  co n ten t, as  can  b e  seen  in  T ab le  1.

F ig u re  4 show s th e  e lec tr ica l sen sitiv ity  v a lu e s  o f  P p y _ u d /1 3 X  and 
P p y _ l:6 /1 3 X  in  C H 4  vs. m o lecu la r s ie v e  13X  con ten t. T h e  sen s itiv ity  v a lu es  o f  
th ese  co m p o site s  to  C H 4  o n ly  v ary  b e tw e e n  -0 .0 5  to  0 .05. T h e re fo re , w e con c lu d e  
th a t m o le c u la r  sieve  13X  does n o t in te ra c t w ith  C H 4  n o r  im p ro v e  th e  sen sitiv ity  o f  
P p y  to  C H 4 .

F ig u re  5 show s th e  e lec trica l co n d u c tiv ity  sen sitiv ity  v a lu e s  o f  P p y _ u d /1 3 X  
and  P p y _ u d /1 3 X  in  S O 2  v s. m o le c u la r  s iev e  13X  con ten t. T h e  sen s itiv ity  v a lu es  o f  
th ese  c o m p o site s  in c rease  w ith  m o le c u la r  s iev e  13X  co n ten t an d  reach es  a  m ax im u m  
and  a ro u n d  10 %  v/v . B ey o n d  th is  v o lu m e  frac tion , th e  se n s itiv ity  v a lu e s  d ecrease  
m o n o to n ic a lly  w ith  m o lecu la r siev e  13x con ten t. S en sitiv ity  d a ta  a re  tab u la ted  in 
T ab le  2.

T h e  p o ss ib le  in te rac tio n  b e tw e e n  SO 2  and  13X  m ay  b e  id e n tif ie d  as the 
e lec tro s ta tic  fo rce  b e tw een  S O 2  and  th e  m o lecu la r s iev e  13X  f la m e w o rk  an d  the 
e lec tro s ta tic  fo rce  b e tw een  SO 2  and  N a +, s im ila r to  th e  w e ll e s ta b lish e d  in te rac tio n  
b e tw een  C O  and  zeo lite24. T h is  in te ra c tio n  induces a  la rg e r  q u a n tity  o f  S O 2  to 
co n ta c t th e  su rface  o f  P p y , resu ltin g  in  a  la rg e r n u m b er o f  c h a rg e  ca rrie rs  p ro d u ced  
and  h en ce  a h ig h e r sen sitiv ity . H o w ev e r, m o re  13X co n ten t is  ad d ed , its  p resen ce  
m ay  red u c e  th e  av a ilab le  co n tac t a re a  b e tw een  SO 2  an d  P p y , an d  h e n c e  a  low er 
sen s itiv ity . F T IR  sp ec tra  o f  m o lecu la r s iev e  13X  w ere  tak en , as  sh o w n  in  F ig u re  2(b), 
b e fo re  m o le c u la r  sieve  13X  w as ex p o sed  to  SO 2 , and  a fte r  m o le c u la r  s iev e  13x w as 
ex p o sed  to  S O 2  fo r a  d u ra tio n  o f  3 h ou rs. T h e  c h a ra c te ris tic  p e a k  o f  th e  s=0 
asy m m e tric  stre tch in g  at 1395 c n f 'd o e s  n o t ap p ea r in  b o th  sp ec tra . T h is  su g g ests  that 
th e  in te rac tio n  b e tw een  S O 2  and  13X  is no t p e rm an en t. H o w e v e r a fte r  S O 2 is 
rem o v ed  and  rep laced  by  N 2 , A ct’ s o f  a ll co m p o site s  s tu d ied  do  n o t re tu rn  com p le te ly
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to  zero . F o r  exam ple , th e  p e rcen tag es  o f  p e rm an en t e lec trica l co n d u c tiv ity  change  o f  
P p y _ u d  in  N 2  a fte r ร O 2  rem o v al re la tiv e  to  th e  in itia l e lec tr ica l co n d u c tiv ity  va lues in 
N 2  a re  18 .2 , 25 .9  and  7 .6 %  fo r P p y _ u d /1 3 X -N a[1 0 0 ]_ 1 0 , P p y _ u d /1 3 X -N a[1 0 0 ]_ 2 0 , 
and  P p y _ u d /1 3 X -N a[1 0 0 ]_ 4 0 , re sp ec tiv e ly . T h ere fo re , th e  e le c tr ic a l co n d u c tiv ity  
re sp o n se  o f  o u r  co m p o site s  to  S O 2  is n o t com p le te ly  rev e rs ib le .

3 .3 .4  P p y  C o m p o sites  E lec trica l R esp o n se  to  SO 2 : E ffec t o f  C a tio n  T y p e

T h e  e ffec t o f  c a tio n  ty p e  in  13X  o n  e lec trica l s e n s itiv ity  o f  P p y _ u d /1 3 X  and  
P p y _ l:6 /1 3 X  co m p o site s  is in v es tig a ted  nex t. M o le c u la r  s iev e  13X  in itia lly  
co n ta in ed  100 %  m o le  N a +. A fte r  su ccess iv e  io n -e x c h a n g e d  p ro c e sse s , N a + is 
rep laced  w ith  e ith e r L i+, K +, an d  C s+. H ere , w e sh a ll re p o rt th e  re su lts  o f  the  
u n d o p ed  P P y  co m p o sites  w ith  100 m o le  %  N a +, 50 m o le  %  L i, 50  m o le  %  K +, and 
50 m o le  %  C s+, all h av in g  th e  m o le c u la r  sieve  13x co n ten t o f  10 %  v /v . F ig u re  6  

sh o w s th e  e lec trica l sen sitiv ity  v a lu es  o f  th e  co m p o site s  P p y _ u d /1 3 X -N a[1 0 0 ]_ 1 0 , 
P p y _ u d /1 3 X -L i[5 0 ]_ l 0 , P p y _ u d /1 3 X -K [5 0 ]_ 1 0 , and  P p y _ u d /1 3 X -C s[5 0 ]_ 1 0 . T he 
e lec tr ica l sen sitiv ity  v a lu es  a re  0 .40  ±  0 .1 2 , 0 .17  ±  0 .08, 0.21 ±  0 .0 3 , and  0 .2 2  ±  0 .08, 
re sp ec tiv e ly . S im ilar re su lts  are o b ta in ed  fo r th e  d o p ed  P p y _ l : 6  co m p o s ite s  w hose 
sen s itiv ity  v a lu es  are tab u la ted  in  T ab le  2. T herefo re , it a p p e a rs  th a t  th e  co m p o sites  
o f  th e  P p y _ u d  and  P p y _ l : 6  w ith  u n m o d ifie d  13X, h av in g  o n ly  N a +, g iv e  th e  h ighest 
e lec tr ica l co n d u c tiv ity  sen sitiv ity  to  S O 2 . A s th e  c a tio n -e x c h an g ed  m o le c u la r  sieve 
13x’s a re  u sed  to  rep lace  th e  u n m o d ified  13X , the  se n s itiv ity  to  S O 2  is red u ced  in 
th is  d ec rea s in g  order: P p y _ u d / 13X -C s[50 ]_10 , P p y _ u d /1 3 X -K [5 0 ]_ 1 0 , and
P p y _ u d /1 3 X -[5 0 ]_ 1 0 . W e m ay  n o te  th a t fro m  th e  e x p e c te d  b in d in g  energ ies  
b e tw e e n  th e  ca tions an d  th e  C O  m o lecu le , ca lcu la ted  b y  th e  s ta n d a rd  c lu s te r  m odel 
in  w h ic h  A lH (O H 3 ) ', C O  and  a lka li ca tio n s  are p resen t, th e  d e c re a s in g  o rd e r o f  the  
b in d in g  en e rg y  is L i+, N a +, K +, an d  C s+24.

3 .3 .5  P p y  C o m p o sites  E lec trical R esp o n se  to  SO 2 : E ffec t o f  C a tio n  C o n cen tra tio n

N ex t, w e study  th e  e ffec t o f  c a tio n  co n cen tra tio n  in  m o le c u la r  siev e  13X on 
th e  e lec tr ica l sen sitiv ity  o f  u n d o p ed  P P y  co m p o site s  to  S O 2 . P p y  u d  p o w d er w as
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m ix ed  w ith  m o lecu la r s ie v e l3 X  h av in g  L i+ con ten ts o f  30 , 50 , 70  an d  80 m o le  %  to 
fo rm  P p y _ u d /13 X -L i [0 ]_  10, P p y _ u d /1 3 X -L i[3 0 ]_ 1 0 . P p y _ u d /1 3 X -L i[5 0 ]_ 1 0 ,
P p y _ u d /1 3 X -L i[7 0 ]_ 1 0 , an d  P p y _ u d /1 3 X -L i[8 0 ]_ 1 0 . F ig u re  7 sh o w s th e  sensitiv ity  
v a lu e  o f  th e  co m p o site s  as  a  fu n c tio n  o f  L i+ con ten t. T h e  e lec tr ica l co n d u c tiv ity  
sen s itiv ity  is  red u ced  as  L i+ co n cen tra tio n  in  m o lecu la r s iev e  13X  in creases. T he 
u n m o d ified  13X co m p o site , co n ta in in g  o n ly  N a+, has th e  h ig h e s t sen sitiv ity . W hen 
N a + is rep laced  b y  th e  o th e r a lka li ca tio n s , th e  sen sitiv ity  o f  th e  co m p o s ite s  decreases, 
reg a rd le ss  o f  th e  a lka li c a tio n  type.

3 .3 .6  T h e  T em p o ra l R esp o n se  T im es

T h e  in d u c tio n  tim e  is d e fin ed  as th e  tim e  re q u ire d  fo r  th e  e lec trica l 
co n d u c tiv ity  to  reach  its  eq u ilib riu m  v a lu e  w h en  exp o sed  to  S O 2 . T h e  in d u c tio n  tim e 
o f  m o s t P p y -u d  co m p o site s  are lo n g er th an  th o se  o f  p p y _ l  :6 sam p les . F o r exam ple  
th e  in d u c tio n  tim es o f  P p y_ud , P p y _ u d /1 3 X -N a[1 0 0 ]_ 1 0 , P p y _ l:6 ,  and 
P p y _ l:6 /1 3 X -N a [1 0 0 ]_ 1 0  a re  44 , 95, 24  and  68 m in u tes, re sp ec tiv e ly . T h e  induction  
tim e  is d irec tly  re la ted  to  th e  access ib ility  and  th e  n u m b er o f  av a ilab le  a tta c k  sites for 
S O 2 . F o r  P p y _ l :6  co m p o site s , the  in d u c tio n  tim e  d ec rea ses  w ith  in c rea s in g  13X 
co n ten t; it d ec reases  68 , 60  to  34 m in u te s  as m o lecu la r s ie v e l3 X  in c rea se s  from  
10,20, to  40  % v/v , resp ec tiv e ly . T ab le  2 lis ts  o th er S O 2  in d u c tio n  tim e s  found . W e 
find  th a t  th e re  is no  co rre la tio n  b e tw een  th e  ind u c tio n  tim e  an d  th e  c a tio n  ty p e  o r the 
ca tio n  co n cen tra tio n .

T h e  reco v ery  tim e  is d e fin ed  as  th e  tim e re q u ire d  fo r th e  e lec trica l 
co n d u c tiv ity  to  reach  its  eq u ilib riu m  v a lu e  w hen  S O 2  is  re m o v e d  d u rin g  the 
ev acu a tio n . I t  va ries  b e tw een  5 to  12 m in u te s  am o n g st P p y  co m p o s ite s  รณdied.

4. C o n c lu sio n

U n d o p ed  p o ly p y rro le  and  p o ly p y ro le  d o p ed  w ith  p n a p h th a le n e  su lfo n ic  acid 
sh o w  no  re sp o n se  to  10 %  CH4 , 10 %  CO2 and  1000 p p m  CO. H o w ev er, they 
re sp o n d  p o s itiv e ly  to  1000 p p m  SO2 d u e  to  the  e lec tro p h ilic  gas in te rac tio n . A s the 
p o ly m ers  are  m ix ed  w ith  th e  m o lecu la r sieve  13X  an d  ex p o sed  to  10%  CH4,
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P p y _ u d /1 3 X  an d  P p y _ l:6 /1 3 X  co m p o site s  do  n o t re sp o n d  a t all to  CH4. A s 13X 
co n ten t in c reases, th e  e lec trica l co n d u c tiv ity  va lues in  a ir a n d  N 2  o f  th e  co m p o sites  
d ecrease . P p y _ u d /1 3 X  an d  P p y _ l:6 /1 3 X  co m p o site s  a t 10%  v /v  o f  13X  co n ten t have 
the  h ig h e s t sen sitiv ity  to  S O 2 ; the  sen s itiv ity  is red u ced  as 13X  co n ten t increases. 
T he e ffec t o f  c a tio n  type , by  ch an g in g  fro m  N a +to L i+, K +, an d  C s+, and  th e  e ffec t o f  
c a tio n  co n cen tra tio n  in  zeo lite  13X  are  a lso  รณdied. T h e  c o m p o site s  o f  u n m o d ified  
13X  in  w h ich  N a + is  fo lly  p re se n t g iv e  th e  g rea te s t sen s itiv ity  to  S O 2 . T h e  sen sitiv ity  
o f  P p y /1 3 X  co m p o site  to  S O 2  is red u ced  b y  ex ch an g in g  c a tio n  in  13X  fro m  N a + to 
o th e r a lk a li c a tio n s  in  th is  d ecreasin g  o rd er: C s+, K +, and  L i+.

5. A ck n o w led g em en ts

B.s. an d  A .s .  a re  g ra te fu l to  th e  fo llo w in g  fin an c ia l su p p o rts : th e  A D B  
C o n so rtiu m  G ran t to  P P C ; th e  C o n d u c tiv e  an d  E lec tro ac tiv e  P o ly m e rs  R esea rch  U nit; 
and  D ev e lo p m en t an d  P ro m o tio n  o f  S c ien ce  an d  T ech n o lo g y  T a len t P ro je c t (D P S T .). 
T h e  s ta f f  o f  th e  P e tro leu m  an d  P e tro ch em ica l C o llege , C h u la lo n g k o m  U n iv e rs ity , 
p ro v id ed  US m a n y  tech n ica l assistances.
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e lec trica l co n d u c tiv ity  v a lu e s  in  a ir, N2, 10 % m eth an e , 10%CO2, a n d io o o  
p p m  CO and  th e  e lec trica l resp o n se  (A ct/ o n 2) u p o n  ex p o sed  to  10 
% m eth an e , 10%  CO2 and  1000  p p m  CO at 28 °c , a t a tm o sp h e ric  p ressu re  

Table 2 T h e  P p y /z e o li te l3 X  sam p les  an d  th e ir  %  a p p a ren t d o p in g  lev e ls  (DL), % 
d eg rees  o f  c ry s ta llin ity  (DC), th e  in d u c tio n  tim es  (tj), th e  rec o v e ry  tim e  (tre), 
e lec trica l co n d u c tiv ity  v a lu e s  in  air, e lec trica l co n d u c tiv ity  v a lu es  in  N 2, 
e lec trica l co n d u c tiv ity  v a lu e s  in  SO2 and  th e  e lec tr ica l re sp o n se  (A ct/ ctn2) 
u p o n  exp o sed  to  1000 p p m  SO2 /NO2 m ix tu re  a t 28 °c , a t a tm o sp h eric
p re ssu re
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Figure 1 T h e  e lec trica l co n d u c tiv ity  o f  p o ly p y rro le  a t v a rio u s  N(j/Nm.
Figure 2 T h e  F T IR  sp ec tra  o f  ;a) P p y  ud , b )  m o lecu la r  s iev e  13X : b e fo re  th e  S O 2  

ex p o su re  (so lid  lin e ) an d  afte r th e  SO 2  ex p o su re  (b ro k en  line).
Figure 3 T h e  e lec trica l co n d u c tiv ity  o f  P p y  ud  an d  P p y _ l/6  a t v a rio u s  13X  con ten t.
Figure 4 T h e  e lec trica l re sp o n se  o f  P p y  u d  an d  P p y _ l /6  to  m e th an e  a t v a r io u s  13X  

con ten t.
Figure 5 T h e  e lec trica l sen s itiv ity  o f  P p y /1 3 X  co m p o site  a t v a rio u s  13X  co n ten t.
Figure 6 T h e  e lec trica l sen s itiv ity  o f  P p y /1 3 X  o f  v a rio u s  ca tio n  type: N a [1 0 0 ],

L i[50], K [5 0 ], an d  C s[50 ] to  1000 p p m  S 0 2.
Figure 7 T h e  e lec trica l sen s itiv ity  o f  P p y l3 X  co m p o site s  o f  v a rio u s  L i+ 

co n cen tra tio n s  to  1000 ppm  S O 2 .

1: ‘m u n *



T a b le  1 T h e  P p y /z e o li te l3 X  sam p les  an d  th e ir  %  a p p a ren t d o p in g  lev e ls  (D L ), %  d eg ree s  o f  c ry s ta llin ity  (D C ), th e  in d u c tio n  tim e s  (tj), 
th e  reco v ery  tim e  (tre), e lec trica l c o n d u c tiv ity  v a lu es  in  a ir, N 2 , 1 0 % m eth an e , 10% CO 2, an d  1000 p p m  C O  an d  th e  e le c tr ic a l re sp o n se  
(Aa/(JN 2 ) uP on  ex p o sed  to  10 % m eth an e , 10%  C O 2  and  1000 p p m  C O  a t 28 °c, at a tm o sp h e ric  p re ssu re

sample DL DC t, trc CT (S/cm) Act Aq/AO’isI2
(min) (min) air n 2 Methane (S/cm)

Ppyud 0.26 54.3 80 5 (4.68±2.48) X 10'1 (3.96 ±3.36) X  10’1 (3.97±3.44) X  10'1 (6.00±4.78) xlO'3 (1.57±0.11) X  10'2

Ppy_ud/13X_5 0.26 54.3 26 17 (1.12 ±0.49) X 10'1 (1.07± 0.52) X  10'1 (1.09 ±0.47) X 10' 1 (2.06±4.49) X  10'3 (3.32±5.80) X  10'2

Ppy_ud/13X_20 0.26 54.3 46±26 10 (8.62±.01) X 10'2 ( 6 . 19 ±3.02) X  10’2 (6.17 ±3.00) X  10‘2 (-2.05±2.70) X  10-4 (-2.56±3.11) X  10'3

Ppy ud/13X 40 0.26 54.3 42 13 (1.09 ±0.34) X  10'2 (2.82±1.37) X  10’3 (2.78±1.35) X  10‘3 (-4.62±1.56) X  10'5 (-1.71±0.29) X  10'2

Ppy_l:6 0.51 80.4 23±3 5 3.01±2.08 3.17±2.31 3.17±2.30 (3.31±2.22) X  10‘3 (1.06±0.01) X  10'3

Ppy_l:6/13X_10 0.51 80.4 15 - 1.40±0.23 1.41±0.24 1.40±0.22 (-1.58±1.44) X  10'2 (-1.05±0.84) xlO'2

Ppy_l:6/13X_20 0.51 80.4 28 12 1.00 ±0.13 (9.72±1.59) X  10'1 (9.80 ±1.50) X  10'1 (-2.05±2.70) X  10-4 (1.26±1.20) X  10‘2

Ppy 1:6/13X 40 0.51 80.4 29±1 17±3 (4.79 ±0.20) X พ -1 (2.58±0.20) X  10'1 (2.54±0.20) X  10'1 (-3.60±0.06) X  10’3 (-2.56±3.11) X  10'3

air n 2 co2

Ppy ud 0.26 54.3 25 10 (4.01±1.87) X  10'2 (1.98±0.68) X  10‘2 (1.95±0.69) X  10'2 (-3.44±0.84) X  10-4 (-1.93±1.08) X  10‘2

Ppy 1:6 0.51 80.4 14 6 (8.27±1.17) X 10'1 (5.88±3.49) X  10*' (5.86±3.51) X  10'1 (-2.36±2.20) X  10‘3 (-6.23±7.45) X  10'3

air n 2 CO
Ppy ud 0.26 54.3 30 7 (2.31±0.50) X  10'1 (1.75±0.11) X  10' 1 (1.71±0.15) X  10'1 (-3.89±4.33) X  10'3 (-2.30±2.61) X  10'2

Ppy 1:6 0.51 80.4 22 5 1.62±0.77 1.27±0.50 1.20±0.49 (-6.64±1.21) X  10'2
(-5.48±1.22) X  10'2

CTs



T a b le  2 T h e  P p y /z e o li te l3 X  sam p le s  an d  th e ir  %  a p p a re n t d o p in g  lev e ls  (D L ), %  d eg ree s  o f  c ry s ta llin ity  (D C ), th e  in d u c tio n  tim es  (tj), 
the  reco v ery  tim e (tre), e lec trica l co n d u c tiv ity  v a lu e s  in  a ir, e lec tr ica l c o n d u c tiv ity  v a lu e s  in  N 2 , e lec trica l co n d u c tiv ity  v a lu es  in  S O 2  an d  
th e  e lec trica l resp o n se  (Aa/<TN2 ) u p o n  ex p o sed  to  1000 p p m  S O 2  /N O 2  m ix tu re  a t 28  °c, a t a tm o sp h e ric  p re ssu re

Sample DL DC ti

(min)
tre

(min)
CT (S/cm) A a Ao"/o"n2

air n 2 so2 (S/cm)
Ppy_ud 0.26 54.3 44±6 812 (4.7413.00) X 10'1 (2.7110.13) X  10’1 (3.3810.44) X  10'1 (6.7113.10) X  10'2 (2.4611.02) X  10’1
P pyud/13 X-Na[ 100]_ 10 0.26 54.3 95+7 1111 (5.2110.09) X 1 O’2 (2.7810.80) X  1 O'2 (3.8610.80) X  10'2 (1.0910.01) X  10’2 (4.0011.16) X  1 O'1
Ppy_ud/13X-Na[ 100]_20 0.26 54.3 52±1 5 (3.11+0.52) X 10'2 (2.9711.53) X 10‘2 (3.5511.67) X 10’2 (5.8811.33) X  10'3 (2.1510.66) X 10'1
Ppy_ud/13 X-Na[ 100]_40 0.26 54.3 64±8 611 (1.3710.03) X 10'2 (1.1810.23) X  10’2 (1.3110.21) X 10'2 (1.2310.18) X 10’3 (1.0710.35) X  10'1
Ppy_ud/13X-Li[30]_10 0.26 54.3 44±7 - (1.0010.002) X  10'1 (8.3712.69) X  10'2 (1.0310.25) X  1 O'2 (1.9210.16) X  10'2 (2.4410.98) X  1 O'1
Ppy_ud/13X-Li[50]_ 10 0.26 54.3 67±13 10 (7.33+0.74) X 1 O'2 (4.8012.51) X 10"2 (5.5413.50) X  1 O'2 (8.9017.79) X 10'3 (1.7210.67) X  10’1
Ppy_ud/13X-Li[70]_ 10 0.26 54.3 60±2 612 (5.6511.85) X 10’2 (4.21+3.54) X  10‘2 (5.2814.86) X 10'2 (1.0711.32) X  10’2 (1.9111.52) X  10‘‘
Ppy_ud/13X-Li[80]_10 0.26 54.3 50±14 6 (5.0612.45) X  10'2 (2.0011.37) X  10'2 (2.1611.53) X  1 O'2 (1.6011.55) xlO'3 (6.9612.95) XlO'2
Ppy_ud/13X-K[50]_10 0.26 54.3 102117 1214 (5.0612.56) X  10’2 (4.0313.88) X  10'2 (4.9314.82) X 1 O’2 (8.9919.35) X  10'3 (2.0710.32) X  10'1
Ppy_ud/13X-Cs[50]_10 0.26 54.3 94+48 1211 (5.78+0.25) X  10’2 (1.1911.03) X  10'2 (1.5011.36) X 10'2 (3.0513.21) X  1 O'3 (2.2210.77) X  10'1
Ppy_l:6 0.51 80.4 2412 10 4.5612.97 2.80+0.53 3.1210.52 (3.1710.09) X  10'1 (1.1510.25) X  10'1
Ppy_ 1:6/13X-Na[ 100]_10 0.51 80.4 68132 10 1.0310.46 1.0811.08 1.4111.38 (3.2712.91) X  10’1 (3.3810.70) X  10'1
Ppy_l:6/13X-Na[100]_20 0.51 80.4 6011 1011 1.2310.15 1.0610.09 1.2510.07 (1.8910.18) X  10'1 (1.7910.33) X  10_1
Ppy_ 1:6/13 X-Na[ 100]_40 0.51 80.4 34112 1012 (3.6312.17) X  10’1 (1.3310.88) X  10'1 (1.4410.98) X  1 O'1 (1.1010.94) X  10'2 (7.6112.1) X  10'2
Ppy_l:6/13X-Li[50]_10 0.51 80.4 3314 - 1.4911.26 1.5111.30 1.6711.45 (1.6411.52) X  10'1 (1.0410.1 l ) x  10'1
Ppy_l:6/13X-K[50]_10 0.51 80.4 4017 6 (5.1015.18) X  10'1 (3.8313.34) X  10'1 (4.3414.71) X  10'1 (5.1113.70) X  10’2 (1.4710.32) X  1 0 1
Ppy 1:6/13X-Csl501 10 0.51 80.4 50 611 2.1911.08 1.2410.05 1.4910.005 (2.4810.41) X  10'1 (2.0010.40) X  10'1 LO^ 4
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Figure 3
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Figure 5
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Figure 6

P u r e P p y  N a[100] L i[50] K [50] C s[50]
Ppy mixed with Zeolite 13X
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Figure 7
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