
CHAPTER II
LITERATURE REVIEWS

T h e  rem o v a l o f  n itr ic  o x id e  (N O ) fro m  flue  gas h as  v ie w e d  c o n s id e ra b le  a tten tio n  
and  has b een  stu d ied . S evera l re ac tio n  m ech an ism s h av e  b e e n  p ro p o sed . T h e  b est 
re ac tio n  to  re d u c e  N O  is d e c o m p o s itio n  o f  N O  w ith o u t an y  reac tan ts . H o w ev e r, th is  
re ac tio n  d o es  n o t p ro c e e d  to  any  g rea t ex ten t. T h ere  are  m a n y  o ffe r  re a c tio n  p a th s  to  
red u ce  N O . T h is  s tu d y  in v es tig a te s  N O  rem o v a l in  th e  p re sen ce  o f  h y d ro ca rb o n s . T h e  
o x id a tio n  o f  N O  to  reac tiv e  N O 2 th a t th e n  reac ts  w ith  h y d ro c a rb o n s  w as p ro p o se d  to  be 
th e  m e c h a n ism  o f  S e lec tiv e  C a ta ly tic  R e d u c tio n  (S C R ) w ith  CH4 [15, 51 -53 ], L i et al. 
[54] an d  S ach tle r  e t al. [55] a lso  in d ica ted  th a t N O x sp ec ies  c o u ld  be  b o n d e d  o n  zeo lite  
C o 2+ sp ec ies  an d  th e  fo rm a tio n  o f  a d so rb ed  N O 2 on  C u 2+ sites is a  ra te  d e te rm in in g  step. 
Iw am o to  e t al. [56] re p o rte d  th e  p a rtia l o x id a tio n  o f  h y d ro c a rb o n  w ith  O 2 to  fo rm  an 
o x y g en a ted  h y d ro c a rb o n  as in te rm ed ia te , K h aras  e t al. [13] su p p o rte d  th is  m e c h a n ism  as 
w ell. H o w ev e r, A n se ll e t al. [57] s tip u la ted  th a t th e  k ey  in te rm e d ia te s  are  co k e  (fo rm ed  
on  th e  zeo lite )  an d  N O 2 ty p e  sp ec ies  ( fo rm ed  on  th e  e x c h an g ed  co p p e r sites). O n  th e  
o th e r h an d , Inu i e t al. [58] p re sen ted  a  m ic ro sco p ic  seq u en tia l re a c tio n  m e c h a n ism  in 
w h ich  h y d ro c a rb o n  re d u c e  th e  su rface  o f  th e  ca ta ly s ts  an d  N O  d ec o m p o se d  a t th e  sam e 
tim e. T h e re fo re , th e  m e c h a n ism s seem  to  d ep en d  on  th e  ty p e  o f  c a ta ly s ts  and  
h y d ro ca rb o n s  u sed .

Iw am o to  et al. [9, 10, 59-61] an d  H eld  e t al. [62] fo u n d  th a t a  c o p p e r ion- 
ex c h a n g e d  M F I c a ta ly s t w as  ac tiv e  fo r N O  rem o v al by  b o th  d ire c t N O  d e c o m p o s itio n  
and  N O  re d u c tio n . T h ey  sh o w ed  th a t a  sm all am o u n t o f  h y d ro c a rb o n s  a d d ed  in  th is  
p ro cess  e n h a n c e d  th e  ca ta ly tic  ac tiv ity  o f  C u /M F I in  th e  p re se n c e  o f  e x cess  oxygen . 
S o o n  a fte rw ard s , H a m a d a  e t al. [25, 29 , an d  30] rep o rted  th a t  p ro to n a te d  ze o lite  w as 
ac tiv e  in  th e  se lec tiv e  re d u c tio n  o f  N O , b u t th e  req u ired  te m p e ra tu re s  w e re  m u c h  h igher. 
M o reo v er, o th e r m e ta l io n -ex ch an g ed  zeo lite s  and  re la tiv e  m a te ria ls  h av e  b een  
in v es tig a ted  fo r n itric  o x id e  rem o v al. C o n cern in g  th e  in flu en ce  o f  z eo lite  s tru c tu re , 
Iw am o to  e t al. [11 , 18, 6 3 -65 ] sh o w ed  th a t  b o th  M F I and  m o rd e n ite  s tru c tu re  w e re  active . 
M ore  recen tly , H a ll e t al. [6 6 ] fo u n d  re su lts  s im ila r to  Iw am o to  e t al. an d  fo u n d  th a t 
fe rrie rite  s tru c tu re  (F E R ) co u ld  a lso  b e  co n sid ered . T h e  s tru c tu re  o f  a  zeo lite  c a ta ly s t
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ap p ro p ria te  fo r  n itric  o x id e  reac tio n  seem s to  d ep en d  on  th e  n a tu re  o f  h y d ro c a rb o n  used .
L i e t al. [54] sh o w ed  th a t th e  M F I s tru c tu re  w as m o re  fav o rab le  to  th e  re d u c tio n  o f  N O  in 
th e  p re se n c e  o f  c2+ h y d ro ca rb o n s, w h ile  th e  F E R  stru c tu re  w a s  m o re  fav o rab le  to  the  
S C R  w ith  C H 4 . H am a d a  e t al. [67] co m p ared  th e  ca ta ly tic  a c tiv itie s  o f  c a ta ly s ts  fo r N O  
d eco m p o sitio n . T h e  o rd e r  o f  ac tiv ity  w as as fo llo w s; C u /M F I >  A g -C o 3 0 4  >  L a-S r-C o  
(C u )-O  >  P t/A I2 O 3 >  Y -B a-C u -O /M g O . In  ad d itio n , am o n g  m e ta l e x ch an g ed  M F I 
z eo lite s  s tu d ied , c o p p e r e x ch an g ed  M F I zeo lite  w as ac tiv e  fo r N O  red u c tio n  a t th e  low  
lig h t-o f f  te m p e ra tu re  [63]. T h e  o rd e r o f  ac tiv e  tem p e ra tu re  re g io n s  o f  c a tio n -ex ch an g ed  
M F I z e o lite s  w as  C u (2 5 0 °C ) <  C o(350°C ) <  H (400°C ) <  A g (4 5 0 -6 0 0 °C ) <  Z n(600°C ). 
T h e  in flu e n c e  o f  th e  p re p a ra tio n  p ro ced u re s  on  co p p er im p lan ted  in  th e  zeo lite  is a lso  o f  
in te res t. C h a rja r  e t al. [6 8 ] s tu d ied  th e  ac tiv ity  o f  C u /M F I zeo lite s  p re p a re d  acco rd in g  to  
th ree  d iffe re n t p ro ced u re s : ex ch an g e , im p reg n a tio n  and  p rec ip ita tio n . T h e  am o u n t o f  
C 3H 8 w as  u se d  as  a  re d u c ta n t an d  th e  o x y g en  co n ten t w as  h ig h e r  th an  0.5 v o l% . T he 
ac tiv itie s , m e a su re d  as  tu rn o v e r  freq u en c ies , in d ica ted  th e  fo llo w in g  o rd e r; C u /M F I 
(e x ch an g ed ) >  C u /M F I(im p re g n a te d ) >  C u /M F I(p rec ip ita ted ) >  CUAI2O 3 . C am p a  e t al. 
[69] c o m p a re d  th e  ac tiv itie s  fo r N O  d eco m p o sitio n  b e tw een  co p p e r io n -ex ch an g ed  
zeo lite  an d  c o p p e r im p reg n a ted  M F I th a t w as  p ro p o sed  by  d ’ltr i an d  S ach tle r [12]. T h ey  
fo u n d  th a t c o p p e r  io n -e x c h a n g e d  zeo lite  p ro m o ted  ac tiv ity  1 0  t im e s  h ig h e r  th a n  co p p er 
im p re g n a te d  one. T h is  su p p o rted  th e  id ea  th a t ion  ex ch an g e  is th e  b e s t te c h n iq u e  to  
p rep a re  th e  ca ta ly s t. F o r io n -ex ch an g e  m eth o d , th e  a m o u n t o f  m e ta l u sed  c a n  be  
ca lcu la ted  fro m  th e  e q u a tio n  [70] as d esc rib ed  below ;

% io n  e x ch an g e  =  (o x id a tio n  n u m b er o f  ca tio n )* (n u m b er o f  c a tio n s) (2 . 1 )
(n u m b er o f  A1 io n  in  zeo lite )

T h e  lev e l o f  m e ta l io n  ex ch an g ed  d ep en d s on  th e  a m o u n t o f  a lu m in iu m  ions in  
zeo lite  m a trix . It w as  sh o w n  th a t th e  d eg ree  o f  ex ch an g e  fo r th e  c o p p e r io n  a ffec ts  th e  
ac tiv ity  fo r N O  rem o v a l [11 , 56 , 70], Iw am o to  et al. [9, 71 , 72] c o n c lu d e d  th a t  th e  rep ea ted  
io n -ex ch an g e  o f  M F I zeo lite  w ith  C u2+ so lu tio n  re su lted  in  e x cess  lo ad in g  o f  c o p p e r ions 
ab o v e  100%  e x ch an g e  lev e l and  th e  re su ltin g  ca ta ly s ts  w e re  m o re  ac tiv e  fo r N O  
d eco m p o sitio n . C h eu n g  e t al. [73] and  C am p a  et al. [70] a lso  ag re e d  w ith  th is  su g g estio n .
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N e v e rth e le ss , a  v e ry  im p o rtan t q u estio n  is w h a t is th e  e ffec t o f  H 2 O  u p o n  th e  re a c tio n  [21]. 

M o st f lu e  gas s tream s w h ic h  co n ta in  N O x a lso  co n ta in  o f  a  la rg e  a m o u n t o f  H 2 O  (2-18 

m o l% ), h en ce  H 2 O to le ran ce  is a  c ru c ia l issu e  reg a rd in g  a  u se fu l ca ta ly st. T h e  e ffec t o f  
s team  o n  th e  ac tiv ity  o f  C u /M F I fo r N O  rem o v a l w as re p o rte d  e sp ec ia lly  u n d e r th e  h ig h  
te m p e ra tu re  co n d itio n . M a rtin e z  e t al. [45] su g g ested  th a t k in e tic  in h ib itio n  in  e ith e r 
rev e rs ib le  o r  irrev e rs ib le  d e a c tiv a tio n  o f  C u /M F I by  th e  p re sen ce  o f  H 2 O  in  th e  feed  d u rin g  
N O  red u c tio n . A d d itio n  o f  2  m o l%  o f  H 2 O  in  th e  feed  re ta rd e d  N O  co n v e rs io n  rev ersib ly . 
U n fo rtu n a te ly , C u /M F I ex p e rie n c ed  a  s ig n ific an t loss in  its  a c tiv ity  (60%) w h e n  it w as 
o p e ra ted  a t h ig h  te m p e ra tu re  an d  in  th e  p re sen ce  o f  s team  (650°c, 1 0 % H 2 O ). F ro m  T P R  
c h a ra c te r isa tio n  n o t o n ly  th e  re d u c tio n  b an d  at 240°c (a ss ig n ed  to  C u 2+ ~ ^  C u+) an d  at 
350°c (a ss ig n ed  to  C u + —> C u°) w ere  fo u n d , b u t also  th e  n ew  b an d s  at ap p ro x im a te ly  280 

an d  320°c w ere  fo u n d  fo r d eac tiv a ted  C u /M F I. T he b an d  at 320°c w as su g g e s te d  as C u  
sp ec ies  in te ra c tin g  w ith  ex tra fram e w o rk  A1 p ro d u ced  d u rin g  d e a lu m in a tio n  o f  zeo lite  [46], 

A d d itio n a lly , th e  m a x im u m  tem p era tu re  o f  th e  b an d  ass ig n ed  to  C u + re d u c tio n  sh if ted  to  
h ig h e r  te m p e ra tu re s  a fte r  re a c tio n  w ith  w a te r vapour. T h e  c ry s ta llin ity  o f  z eo lite  in d ica ted  
by  IR  sp e c tra  b e tw e e n  400-1250 cm ' 1 w as  n o t changed . T h e re fo re , th e  m a in  re a so n  fo r th e  
d e a c tiv a tio n  o f  C u /M F I is th e  m o b ility  o f  C u 2+ in th e  p re se n c e  o f  H 2 O ra th e r  th a n  M F I 
d ea lu m in a tio n . A b re u  e t al. [74] also  su p p o rted  th e  f in d in g  th a t n o  d e a lu m in a tio n  o ccu rred  
b u t a  ch an g e  in  c o p p e r sp ec ie s  on  C u /M F I p re trea ted  w as fo u n d  b y  ad d in g  2 m o l%  H 2 O. 
B y  u s in g  X R D , IR  an d  27A l N M R  spectra , h ig h  c ry s ta llin ity  o f  fre sh  an d  u se d  ca ta ly s ts  
w e re  d e taec ted . A c c o rd in g  to  th e  resu lts  o f  tem p era tu re  p ro g ra m m e  d e so rp tio n  o f  N O , th e  
u sed  C u /M F I c a ta ly s ts  p re se n te d  a  m u ch  sm alle r p eak  a t lo w  te m p e ra tu re s , re p re se n ta tiv e  
o f  a d so rb e d  N O , th a n  th e  fre sh  one. F u rth e rm o re , บ 2 T P R  d a ta  in d ica ted  th a t  th e  fre sh  and  
u se d  C u /M F I c a ta ly s t sh o u ld  h av e  a  d iffe ren t co p p er d is tr ib u tio n . K u c h e ro v  e t al. [75] 
co n c lu d ed  th a t  th e  ch an g e  in  th e  loca l to p o lo g y  o f  th e  iso la ted  C u 2+ sites  is th e  p re d o m in a n t 
cau se  o f  th e  lo ss  o f  ca ta ly tic  a c tiv ity  o f  C u /M F I a fte r a  h ig h  te m p e ra tu re  tre a tm e n t in  th e  
p re sen ce  o f  s team . S team in g  a t 620°c or sh o rt c a lc in a tio n  a t 900°c d id  in h ib it th e  
c h e m iso rp tio n  o n  th e  ac tiv e  sites and  th e  red u c ib ility  o f  th e se  s ites  [76], T h ese  s tru c tu ra l 
re a rran g e m e n t h a p p e n e d  b e fo re  d ea lu m in a tio n  and  a g g lo m e ra tio n  o f  th e  ac tiv e  m eta l. 
H o w ev er, T an ab e  e t al. [47] rep o rted  d ea lu m in a tio n  cau sed  th e  d e a c tiv a tio n  o f  C u /M F I. 
E lec tro n  sp in  re so n a n c e  (E S R ) re su lts  in d ica ted  th a t a g g re g a tio n  o f  th e  c o p p e r  ion  d id  n o t
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o ccu r an d  co p p e r re m a in e d  as iso la ted  co p p e r ions in  C u /Z S M -5 . T h e  E S R  sp ec tra  o f  
d eh y d ra ted  C u /M F I su g g es ted  th e  m ig ra tio n  o f  co p p er io n s  in  th e  d eac tiv a ted  zeo lite  to  
o th e r sites w h e re  gas m o lecu le s  like  n itric  o x id e  and  p ro p en e  c a n n o t re a c h  th em .
T h is  m ig ra tio n  is tr ig g e re d  b y  th e  d ea lu m in a tio n  o f  z eo lite , an d  is sh o w n  in  F ig u re  2.1 
be low .

in a c c e s s ib le  s ite

Figure 2.1 S ch em atic  re p re se n ta tio n  o f  th e  (100 ) face  o f  M F I sh o w in g  th e  1 0 -m em b ered  
r in g  a cce ss ib le  to  ad so rb a te s  an d  sm a lle r 5 -m em b ered  r in g s  in a c c e ss ib le  to  ad so rb a tes . 
(T an ab e  1995 [47])

M a tsu m o to  et al. [77] an d  Iw am o to  et al. [78] a lso  p o s tu la te d  th a t th e  h y d ro th e rm a l 
tre a tm e n t c a u se d  th e  C u 2+ sp ec ies  m ig ra tio n  to  an o th e r lo c a tio n  in  th e  M F I s tru c tu re . 
K h a ra s  e t al. [44] rep o rted  th a t h ig h  te m p e ra tu re  p re tre a tm en t a t 6 0 0 -8 0 0 °C  re su lte d  in  
su b s tan tia l d e a c tiv a tio n  o n  C u /M F I. T h e  h ig h e r th e  te m p e ra tu re , th e  m o re  sev ere  th e  
d eac tiv a tio n . C u /M F I lo ss  m ic ro p o re  v o lu m e  w h ich  w as n o t c a u se d  b y  e ith e r coke  
d e p o s itio n  o r d e a lu m in a tio n  b u t s in te rin g  o f  co p p er sp ec ie s  to  C u O  an d  p e rh a p s  a lso  to  
CU2 O. O n  th e  o th e r h an d , B ud i e t al. [79] and  P e tu n ch i e t al. [80] su g g es ted  th a t th e  
ag g re g a tio n  o f  th e  tra n s itio n  m e ta l co m p o n e n t on  th e  ex te rn a l su rface  o f  th e  zeo lite  w as 
d u e  to  th e  d e a lu m in a tio n  o f  th e  zeo lite  fram ew o rk . A cc o rd in g ly , th e  u n s ta b ility  o f  C u /M F I 
in  s team  a t h ig h e r  te m p e ra tu re s  sev e re ly  lim its  its ap p lic a tio n  in  p rac tic a l use .
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M o reo v er, o th e r m e ta l spec ies  like  C o, M n  o r N i [1 8 -2 1 , 30-34] ex h ib ited  h igh  
se lec tiv ity  in  th e  re d u c tio n  o f  N O  w ith  m ethane . U n d e r o x id iz in g  co n d itio n s , C o /M F I 
zeo lite  is an  ac tiv e  c a ta ly s t fo r red u c tio n  w ith  m eth an e , an d  th e  p re se n c e  o f  n itro u s  ox id e  
w h ic h  is a n o th e r so u rce  o f  a ir  po llu tio n . It w as fo u n d  to  en h an ce  th e  re d u c tio n  o f  n itric  
o x id e  ev en  in  th e  ab sen ce  o f  oxygen . C o rrea  et al. [81] in v es tig a ted  d e c o m p o s itio n  o f  
n itro u s  o x id e  in  ex cess  o x y g en  o v e r C o- and  C u- ex ch an g ed  M F I zeo lite s . T h ey  rep o rted  
th a t C o /M F I w as m u c h  m o re  re s is tan t th a n  C u /M F I in  ex cess  oxy g en . T h e  to le ran ce  o f  
C o /M F I c a ta ly s ts  to  th e  ex cess  o x y g en  is s ig n ifican t w h e n  C o 2+ is s tab iliz ed  in  th e  zeo lite  
fram ew o rk .

F u rth e rm o re , C o /M F I is m u ch  m o re  to le ran t th an  C u /M F I to  w e t e x h a u s t stream s 
co n ta in in g  N 2 O and  o x y g en . A rm o r e t al. [82] d esc rib ed  th e  h y d ro th e rm a l s tab ility  o f  
C o /M F I co m p a rin g  w ith  C u /M F I, M F I as p ro to n a ted  fo rm  an d  M F I as  N a  fo rm  at th e  
co n d itio n  o f  2 %  H 2 O  a t 750°c. B y u sin g  X R D  c h a rac te riz a tio n , M F I as N a  fo rm  
tra n s fo rm e d  to  c ris to b a lite  fo rm  in d ica tin g  d estru c tio n  o f  M F I s tru c tu re  w h ile  M F I as H  
fo rm  d id  n o t sh o w  an y  su b stan tia l loss in  su rface  area, p o re  v o lu m e  o r Z -O 2 (Z =  Si) u n d e r 
s im ila r  co n d itio n s . A lth o u g h  co p p er in tro d u ced  in to  th e  zeo lite  fra m e w o rk  im p ed ed  
d e a lu m in a tio n  [83], C u /M F I loss in  su rface  a rea  and  m ic ro p o re  v o lu m e  m o re  se v e re ly  th an  
C o /M F I. B y  o b se rv in g  29Si an d  27A1 N M R  analysis , M F I as p ro to n a te d  fo rm  loss 
a lu m in iu m  fram ew o rk  ev id en tly  w ith  s team in g  su p p o rted  b y  ref. 84. T h e  d ram atic  
in c rem en t o f  th e  o c tah ed ra l n o n -fram ew o rk  a lu m in iu m  o n  C u /M F I w a s  sh o w n  in  s team  
co n d itio n . A s fo r C o /M F I, w h ile  it w as  less ac tive  th an  C u /M F I in  th e  p re se n c e  o f  s team  at 
500°c, it d e m o n stra ted  a  m o re  s tab le  p e rfo rm an ce  fo r 18 h  w ith o u t fu r th e r  lo ss  o f  ac tiv ity  
u p o n  re tu rn  to  th e  d ry  s tream . B ud i e t al. [79] in v estig a ted  h y d ro th e rm a l- tre a tm e n t on  
zeo lite . T h e  d ea lu m in a tio n  o f  zeo lite  la ttice  o ccu rred  to  a  le sse r  ex te n t in  th e  fo llo w in g ; 
H /M F I>  C u /M F I>  C o /M F I>  M n/M F I. L i et al. [85] rep o rted  th e  e ffe c t o f  s te am  on  n itric  
o x id e  re d u c tio n  by  C H 4 in  ex cess  O 2 o v e r C o /M F I. N o t o n ly  n itr ic  o x id e  re d u c tio n  w as 
in h ib ited  by  s team , b u t a lso  C H 4 co m b u stio n . B u rch  an d  S c ire  [14] a lso  ex am in ed  the  
s tab ility  o f  C o /M F I u n d e r h y d ro th e rm a l trea tm en t and  o b se rv ed  th e  d e a lu m in a tio n  o f  
C o /M F I a fte r  p re tre a tm en t at 800°c an d  114 to rr  o f  w a te r  fo r  24  h. O n  th e  o th e r han d , 
p la tin u m  g ro u p  m e ta l c a ta ly s ts  hav e  b e e n  s tu d ied  fo r N O  co n v ers io n . Iw am o to  e t al. [26] 
rep o rted  th a t p la tin u m  g ro u p  m eta l has h ig h  re s is tan ce  fo r th e  p re se n c e  o f  s team  ev en  th e  a
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la rge  a m o u n t o f  H 2 O in  th e  feed  gas. M o reo v er, m o d if ic a tio n  b y  in tro d u c tio n  o f  seco n d  
ca tio n  o n  c a ta ly s t has a lso  b een  s tud ied . K u ch ero v  et al. [8 6 ] an d  R o k o sz  e t al. [87] s tu d ied  
th e  ac tiv ity  an d  s tab ility  o f  m an y  k in d s  o f  m e ta l (B a, G a, L a, C e , C o, N b , P d ) im p lan ted  
C u /M F I. T h e  a d d itio n  o f  L a  p ro v ed  to  re ta rd  th e  h ig h  te m p e ra tu re  re a rran g e m e n t o f  C u2+ 
sites  e sp e c ia lly  th e  ac tiv e  sq u a re -p lan a r C u 2+ co n fig u ra tio n  an d  d e a lu m in a tio n  [8 8 ], 
A d d itio n a lly , th e  tw o  in g red ien t c a ta ly s ts  (M e/C u /M F I) sh o w ed  h ig h e r  a c tiv ity  th an  
C u /M F I th ro u g h  co n v e rs io n  o f  N O  to N 2 [89, 90], T h e  e n h a n c e m e n t o f  c a ta ly tic  a c tiv ity  o f  
c o p p e r io n -e x c h a n g e d  Y  ty p e  zeo lite  u s in g  th e  co ex is ten ce  o f  C o 3+ an d  N i2+ w as also  
o b se rv ed  [91]. G u cc i e t al. [92] e s tab lish ed  th a t th e  C o /N aY  sam p le  m o d if ie d  by  p la tin u m  
an d  ru th e n iu m  ex h ib ited  a  su p e rio r b e h a v io r  in  m e th an e  ac tiv a tio n . H o w ev e r, it is 
g en e ra lly  re c o g n iz e d  th a t th e  io n -ex ch an g ed  A l-s ilica te  c a ta ly s ts  h av e  a  d isad v an tag e  in  
th e rm a l an d  h y d ro th e rm a l s tab ility , o w in g  to  b o th  th e  s in te rin g  o f  e x c h a n g e d  m eta l 
c o m p o n en ts  an d  th e  d is lo ca tio n  o f  th e  a lu m in iu m  fro m  th e  zeo lite  f ra m e w o rk  an d  th e re  are 
still th e  se rio u s  p ro b lem s fo r th e  p rac tica l ap p lica tio n s  [93 ,94],

In  o rd e r to  o v e rco m e  th e se  d ifficu ltie s , Inu i e t al. sy n th e s ise d  silica te  c ry sta ls  
(m e ta llo s ilic a te s )  by  iso m o rp h o u s  su b s titu tio n  o f  a lu m in iu m  in  M F I fo r o th e r tra n s itio n  
m e ta l e lem en ts  a t th e  stag e  o f  gel fo rm a tio n  b efo re  c ry s ta lliz a tio n  [95 -97 ], F o r ex am p le , 
H -F e -s ilic a te  co n ta in in g  a  h ig h e r  a m o u n t o f  iro n  sh o w ed  a  h ig h e r  a c tiv ity  in  lig h t o le fin  
co n v e rs io n  to  g a so lin e  ra n g e  h y d ro ca rb o n s  [98, 99]. Inu i et al. [1 0 0 -1 0 2 ] a p p lie d  H -C u - 
s ilica te  fo r d e c o m p o s itio n  o f  N O  re la tiv e  to  C u /M F I. T h e  c a ta ly tic  p e rfo rm a n c e  o f  b o th  
ca ta ly s ts  w as  ev a lu a te d  by  d e c o m p o s itio n  o f  N O  in  th e  a b sen ce  o f  o x y g en . T h e  N O  
co n v e rs io n  a t s tead y  sta te  fo r C u /M F I and  H -C u -s ilic a te  w ere  4 2 %  an d  12% , re sp ec tiv e ly . 
It seem s to  b e  an  a d v an tag e  o f  C u /M F I, h o w ev er, th e  p o s itio n  o f  C u  is n o t in  th e  
fra m e w o rk  b u t in  th e  p o re  ch an n e ls . T h ere fo re , th is  k in d  o f  C u  is  n o t s tab le  an d  th e  co p p er 
is e as ily  s in te red  o r ev ap o ra te d  w h en  it is p laced  u n d e r  h ig h  te m p e ra tu re  co n d itio n s  or 
u n d e r re p e a te d  re d o x  cycles. It can  be  su g g es ted  th a t m é ta llo  s ilic a te  ca ta ly s ts  h a v in g  an  
M F I s tru c tu re  sh o w  h ig h e r  th e rm a l s tab ility  th an  io n -ex ch an g ed  M F I [49]. B y  s tu d y in g  C o 
in co rp o ra ted  M F I c a ta ly s t (H -C o -s ilic a te )  co m p arin g  w ith  C o ex c h a n g e d  M F I (C o /M F I) 
an d  Fe in c o rp o ra te d  M F I ca ta ly s t (H -F e-s ilica te ) c o m p arin g  w ith  Fe e x c h an g ed  M F I 
(F e /M F I), th e  p e rfo rm a n c e  fo r N O  rem o v a l o f  m e ta l in c o rp o ra te d  M F I re m a in e d  h ig h e r N O  
co n v e rs io n  e v e n  a fte r  th e rm a l tre a tm e n t th an  m eta l e x ch an g ed  M F I ca ta ly st. A lth o u g h  a
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p a rt o f  m e ta l c o m p o n e n t m ig h t be  s in te red  and  m ig ra ted  in  H -M e-s ilic a te , m o s t o f  th em  
w ere  still h ig h ly  d isp e rsed  to  g ive  h ig h  N O  co n v e rs io n  in  c o n tra s t w ith  M e/M F I. 
M o reo v e r, m a n y  ty p es  o f  m e ta llo s ilic a te s  (N i, M n, C o, G a) w ere  in v es tig a ted  as w e ll [103], 
H -C o -s ilic a te  w as ac tiv e  to  co m b u st h y d ro ca rb o n s  m o d e ra te ly  e n h a n c in g  m o re  ch an ce  fo r 
h y d ro ca rb o n s  to  be  u sed  fo r N O  rem o v a l su itab ly  as sh o w n  in  T ab le .2 .1 . T o  s tu d y  th e  
s tab ility  o f  H -C o -s ilic a te , th e  e ffec t o f  co ex is ten ce  o f  s team , C O 2 an d  S O 2 o n  th e  ca ta ly s t 
p e rfo rm an ce  w as ex am in ed  in  ref. 48. It w as fo u n d  th a t w a te r  v a p o u r  re ta rd e d  th e  
h y d ro ca rb o n  co n v e rs io n  to  C O 2 b u t no  e ffec t w as o b se rv ed  o n  N O  co n v ers io n . T h e re fo re , 
th e  ad d itio n  o f  C O 2 an d  S O 2 d id  n o t a ffec t th e  re a c tio n  fo r  N O  rem o v a l d irec tly . 
F u rth e rm o re , ca ta ly tic  p ro p e rtie s  o f  H -C o -s ilic a te  fo r b o th  h y d ro c a rb o n  an d  n itr ic  o x ide  
co n v e rs io n s  w ere  s ig n ific an tly  in c reased  by  a  h ig h  te m p e ra tu re  c a lc in a tio n  in  a ir s tream  
in c lu d in g  s team  [104], T h is  is o f  in te re s t fo r th e  in c rem en t o f  th e  ac tiv ity  fo r N O  rem o v a l 
o f  H -C o -s ilic a te  ca ta ly st. H o w ev er, no  s tu d y  m en tio n s  th e  o p tim u m  co n d itio n  to  p ro m o te  
h ig h  ac tiv ity  fo r N O  co n v e rs io n  w ith o u t any  d eac tiv a tio n . A cc o rd in g ly , th e  o b jec tiv e s  o f  
th is  รณdy co n ce rn  th e  ac tiv ity  o f  c a ta ly s ts  ap p lied  fo r N O  re m o v a l u n d e r sev e re  co n d itio n . 
T h e  m a in  c a ta ly s ts  in v e s tig a te d  w ere  c o p p e r ex ch an g ed  M F I (C u /M F I), C o  in co rp o ra ted  
M F I (H -C o -s ilic a te ), C u  e x c h an g ed  C o in co rp o ra ted  s ilic a te  (C u /C o -s ilic a te ) . P a llad iu m  
e x c h an g ed  c o p p e r ex c h a n g e d  M F I (P d /C u /M F I) w as  a lso  s tud ied .



M e ta llo s ilic a te  c a ta ly s ts  M a x im u m  d a ta  o f  N O  co n v . (% )
C a t.N o . K in d  A c id ity 0 R e d o x d A c tiv ity  fo r  T em p . N O  co n v . C o n v e rs io n  o f  c e ta n e  (% )

Table 2.1 M aximun N O  conversion on various m etallosilicates (Inui 1994 [103])

o f metal property hydrocarbon (๐C) (%) to CO2 to CO to (C 0 2+CO)

Cat. 1 None3 + - + 450 14.9 17 39 56

Cat.2 A1 + + + + + - + 600 27.1 53 47 100

Cat. 3 Ga + + + + + + 600 55.5 41 40 81

Cat.4 Fe + + + + + + + + + + 250 22.3 32 10 42

Cat.5 Co + + + + + + + 400 61.6 53 14 67

Cat.6 N i + + + + + + + + 380 48.9 74 10 84

Cat.7 Mn + + + + + + + 350 23.0 56 13 69

Cat. 8 Cub + + + + + + + + + + 300 22.3 57 10 67

C o n te n t o f  m e ta l S i/M e  =  2 0 , NO 1000 p p m , c e ta n e  5 6 0  p p m , O2 10 .0 % , N2 d ilu te d , sv =  3 0 0 0 0  h'1, 
a S i/M e =  ca .5 0 0 0 . 
b S i /C u =  185.
c E s tim a te d  by  N H 3 T P D  m e a su re m e n ts , th e  u n it is a m o u n t o f  N H 3 a d so rb e d  p e r  u n it c a ta ly s t w e ig h t.
d E s tim a te d  by  w e ig h t d e c re a se  b y  h y d ro g e n  re d u c tio n  a n d  o x y g e n  u p ta k e  u s in g  th e rm o g ra v im e tr ic  a n a ly z e r , th e  u n it is w e ig h t d e c re a se  o r  g a in  
p e r  u n it c a ta ly s t w e ig h t.
e C o m p ared  b y  o x y g e n  e x c e ss  c o n d itio n  u s in g  c e ta n e  a s  th e  h y d ro c a rb o n , th e  u n it is a m o u n t o f  h y d ro c a rb o n  c o n v e rte d  p e r  u n it c a ta ly s t v o lu m e
an d  u n it tim e .



1 2

The objectives of this study
1. T o  s tu d y  th e  e ffe c t o f  sev ere  co n d itio n s  on  th e  ac tiv ity  o f  N O  co n v e rs io n  o f  C u /M F I, 

H -C o -s ilica te .
2. D e te rm in e  th e  o p tim u m  co n d itio n s  o f  H -C o -s ilica te  to  p ro m o te  h ig h  N O  co n v ersio n .
3. T o  p rep a re  C u /C o -s ilic a te  and  co m p are  its  ac tiv ity  w ith  th a t o f  C u /M F I an d  H -C o- 

s ilica te  in  sev ere  co n d itio n .
4. T o  ch a ra c te riz e  th e  c a ta ly s t by  u sin g  m an y  tech n iq u es  in  b o th  p h y s ica l an d  ch em ica l 

m eth o d .
5. T o  im p ro v e  th e  ac tiv ity  o f  C u /M F I in  sev e re  co n d itio n  by  a d d itio n  o f  P d  m e ta l th a t is 

re s is ta n t to  h y d ro th e rm a l con d itio n .

Scope of work
1. P rep a ra tio n  o f  C u /M F I, H -C o -s ilic a te , C u /C o -s ilic a te , P d /C u /M F I an d  P d /M F I.
2. P re tre a tm e n t o f  c a ta ly s ts  u sing

2.1 H y d ro -tre a tm e n t co n d itio n  in  th e  ran g e  o f  0 -1 0 %  H 2 O
2.2  T h e rm a l- trea tm e n t co n d itio n  b e tw e e n  6 0 0 -1 1 0 0 ° c
2.3 H y d ro th e rm a l- trea tm e n t co n d itio n  up  to  1 0 0 0 ° c  w ith  10%  H 2 O

3. C h a ra c te riz a tio n s  o f  c a ta ly s t by
3.1 su rface  a rea  b y  B E T  m e th o d
3 .2  b u lk  c o m p o s itio n  by  In d u c tiv e ly  co u p led  p la sm a  (IC P ) m e th o d
3.3 c ry s ta llin ity  o f  sam p le  by  X -ray  d iffrac tio n  (X R D ) o r In fra red  

(IR ) c h a ra c te riz a tio n
3 .4  m o rp h o lo g y  o n  th e  su rface  o f  sam p le  by  S can n in g  E le c tro n  M ic ro sc o p y  

(S E M ) m e th o d
3.5 th e  c o o rd in a tio n  o f  Si in  th e  fram ew o rk  o f  zeo lite  b y  29Si M ag n e tic  

A n g le  S p in n in g  N u c le a r  M ag n e tic  R eso n an ce  (29Si M A S  N M R ) 
an a ly sis

3 .6  h ig h  sp in  C o 2+ an d  C u 2+ o f  c a ta ly s t by  E lec tro n  S p in n in g  R eso n an ce  
(E S R ) an a ly s is

3 .7  co b a lt sp ec ies  o f  c a ta ly s t by  U V -V is  m eth o d
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3.8 ac id ity  by  In  situ  F o u rie r T ra n sfo rm  In fra red  (In  s itu  F T IR ) an a ly s is  u s in g  
p y rid in e  as a  p ro b e  m o lecu le

3 .9  th e  red u c ib ility  o f  ca ta ly s t by  T em p era tu re  P ro g ra m m e d  R ed u c tio n  
o f  H 2 (H 2 T P R ) m e th o d

3 .10  th e  d e c o m p o s itio n  o f  N O  u s in g  N O  1,000 p p m , H e b a la n c e  w ith  
a  G H S V  o f  3 0 ,0 0 0 h " '. T h e  re a c tio n  w as ca rried  o u t b e tw e e n  
200 an d  6 0 0 ° c .

4. R e a c tio n  te s t u s in g  feed  gas co m p o sitio n s  o f  N O  1,000 p p m , n-C sH ig
1.000 p p m , 0 2 2 m o l% , H e b a lan ce  w ith  a  G H S V  o f  3 0 ,0 0 0  h '1. T h e  
re a c tio n  w as ca rried  o u t b e tw e e n  200  an d  6 0 0 ° c .

5. S tab ility  te s t u s in g  feed  gas c o m p o sitio n s  o f  N O  1,000 p p m , n-C gH is
1.000 p p m , 0 2 2 m o l% , H 20  (0  an d  10m ol% ), H e b a lan ce  w ith  3 0 0 0 0  h '1.
T h is  re a c tio n  w as in v e s tig a te d  at 4 0 0 ° c  fo r 9 h.
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