
CHAPTER IX
THE PERFORMANCE AND STABILITY OF 

Cu ION-EXCHANGED Co-SILICATE FOR NITRIC OXIDE REMOVAL UNDER
HIGH THERMAL-TREATMENT

9.1 Introduction
A s a  re su lt o f  th e  p ro m o tio n  o f  ac id  ra in  and  u rb an  sm o g  fo rm a tio n  w h ic h  is a 

se rio u s en v iro n m e n ta l p ro b lem , n itric  o x id e  e lim in a tio n  has b een  s tu d ied  so far. It is w e ll 
k n o w n  th a t n itr ic  o x id e  c a n  b e  red u ced  to  n itro g en  by  the  ad d itio n  o f  a  lo w  co n cen tra tio n  
o f  h y d ro c a rb o n  in  th e  p re sen ce  o f  o x y g e n .[ l ,  30 , 132], R eg a rd in g  c a ta ly s ts  ap p ro p ria te  
fo r n itric  o x id e  rem o v a l, m ic ro p o ro u s  c ry s ta llin e  ca ta ly s ts  su ch  as z e o lite  h av e  b een  
ex ten s iv e ly  u sed . M eta l io n  ex ch an g ed  zeo lite  w as one o f  c a ta ly s ts  ap p lied  fo r n itric  
o x id e  e lim in a tio n . A m o n g  o f  io n  ex ch an g ed  zeo lites , co p p er io n  ex c h a n g e d  M F I zeo lite  
(C u /M F I) is an  su itab le  o n e  fo r rem o v al o f  n itric  o x ide  in  th e  p re sen ce  o f  o x y g e n  [9, 10]. 
M an y  re se a rch e rs  su g g es ted  th a t iso la ted  co p p er species in  th e  c a ta ly s t a re  a c tiv e  fo r 
n itric  o x id e  rem o v a l [44, 57], O n  th e  o th e r hand , C o ex ch an g ed  z eo lite s  a re  re p o rte d  as 
ca ta ly s ts  h a v in g  h y d ro th e rm a l stab ility  [21 , 82, 135], H o w ev er, a cco rd in g  to  its  p a ren t 
zeo lite , su ch  as th e rm a l stab ility , th e  fram ew o rk  o f  M F I ty p e  zeo lite  c an  be  eas ily  s in te red  
by  h ig h  th e rm a l co n d itio n  an d  th e  co ex is ten ce  o f  w a te r v a p o r  [4 4 ,-4 7 ]. A cco rd in g ly , 
m eta l io n  ex c h a n g e d  M F I zeo lite s  are lim ited  fo r n itric  o x id e  rem o v a l in  p rac tic a l u se  
o c cu p ied  by  a  w id e  ran g e  o f  tem p era tu re  e sp ec ia lly  in  h ig h  sev e re  th e rm a l co n d itio n . O n  
the  o th e r h an d , su b s titu tio n  o f  m e ta ls  fo r A1 in  M F I s tru c tu re  zeo lite  is o f  g rea t 
im p o rtan ce  to  e x h ib it h ig h e r th e rm al resis tan ce . It can  av o id  th e  d is lo c a tio n  o f  a lu m in a  
in  th e  fra m e w o rk  w h ich  w a s  a  cau se  o f  d ea c tiv a tio n  o f  M F I ty p e  z eo lite s  u n d e r  h ig h  
severe  co n d itio n  [46, 136], Inui et al. [48, 49 , 137] p ro p o se d  p ro to n a te d  co b a lt 
in co rp o ra ted  s ilic a te  h av in g  M F I s tru c tu re  (H -C o -s ilica te ) to  be  a  p o w e rfu l c a ta ly s t w h ich  
can  a g a in s t th e  d e te rio ra tio n  u n d e r severe  co n d itio n  a t h ig h  te m p e ra tu re  w ith  w a te r  vapor. 
H o w ev er, due  to  th e  d ifficu lty  o f  in co rp o ra tin g  o f  c o b a lt in to  th e  fram ew o rk , th e  ac tiv ity  
on  N O  rem o v a l o f  H -C o -s ilic a te  is n o t to o  co n sid e rab le . A s a  re a so n  ab o v e , th is  ch ap te r 
co n ce rn s  ab o u t th e  ac tiv ity  on  n itric  o x id e  rem o v a l o f  c o p p e r io n  e x ch an g ed  co b a lt 
in co rp o ra ted  s ilic a te  h av in g  M F I ty p e  s tru c tu re  (C u /C o -s ilic a te ) . F u rth e rm o re , th e
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ac tiv ity  on  n itr ic  o x id e  rem o v a l o f  H -C o -s ilic a te  and  C u /M F I w e re  a lso  co m p ared . T h is 
study  a lso  co n c e rn s  th e  s tab ility  o f  ca ta ly s ts  u n d e r h ig h  sev e re  co n d itio n . S in ce  it w as 
found  th a t  th e  p re tre a tm en t is e ffec tiv e  fo r n itric  o x id e  rem o v a l o f  H -C o -s ilic a te  
e sp ec ia lly  a t th e  p re tre a tm e n t tem p e ra tu re  a t 1,000°C  [117, 138]. T h e re fo re , th e  ac tiv ity  
o f  c a ta ly s ts  p re tre a ted  a t th e rm a l- trea tm e n t co n d itio n  o f  1 ,000°C  w ere  in v e s tig a te d  as 
w ell.
9 .2  E x p e r im e n ta l

9.2.1 C a ta ly s t p re p a ra tio n

A s-sy n th e s iz e d  c ry s ta ls  w ere  p rep a red  by  th e  rap id  c ry s ta lliz a tio n  m e th o d  [97], 
F o r c o p p e r io n -e x c h a n g e d  M F I (C u /M F I), th e  charge  S i/A l a to m ic  ra tio  w as  se t a t 50. 
T hen , th e y  w e re  w ash ed , d rie d  o v e r n ig h t, and  h ea ted  a t 5 4 0 ° c  fo r  3.5 h  in  a n  a ir  stream . 
T h ey  w e re  su b seq u en tly  io n -ex ch an g ed  w ith  an  NH4NO3 aq u eo u s  so lu tio n  an d  ca lc in e d  
at 5 4 0 ° c  fo r 3.5 h  in  air. T h e  o b ta in ed  c ry sta llite s  w ere  d e s ig n a te d  as M F I m a te ria ls . 
L o ad in g  o f  C u  on  M F I zeo lite  w as ca rried  o u t tw ice  by  io n -e x c h a n g e  m e th o d  a t 80°c  
o v e rn ig h t u s in g  c o p p e r a ce ta te  as source . O n  th e  o th e r h an d , M F I ze o lite  w h o se  A1 
co n ten t w as  su b s titu te d  by  C o, C o  in co rp o ra ted  M F I zeo lite , sy n th e s iz e d  b y  th e  rap id  
c ry s ta lliz a tio n  m e th o d  as sam e as C u /M F I w as su p p o rted  b y  P ro f .In u i’s lab o ra to ry . T he 
charge  a to m ic  ra tio  o f  S i/C o  w as se t at 20. It w as fo llo w ed  b y  th e  sam e  p ro c e d u re  as 
m en tio n ed  ab o v e  an d  d e s ig n a ted  as H -C o -s ilica te . A d d itio n a lly , to  a c c o m p lish  co p p e r 
io n -ex ch an g ed  co b a lt in co rp o ra ted  M F I zeo lite  (C u /C o -s ilic a te ) , C o  in c o rp o ra te d  M F I 
zeo lite  w as  io n -ex ch an g ed  tw ice  b y  co p p e r ace ta te  so lu tio n  a t 8 0 ° c  o v e rn ig h t. It w as 
w ash ed , d ried , an d  h ea ted  as m en tio n ed  ab o v e  a fte rw ard s . O n  th e  o th e r h an d , som e 
am o u n t o f  M F I an d  C o in co rp o ra ted  M F I zeo lite  c a ta ly s t w ere  p re tre a te d  a t 1 ,000°C . 
T hen , io n -ex ch an g e  m e th o d  u s in g  co p p e r ace ta te  w as c a rr ie d  o u t 2  tim es  in  th e  sam e 
m ethod . T h is  step  is to  p ro te c t the  tra n s fo rm a tio n  o f  c o p p e r sp ec ie s  b y  th e rm a l-  
trea tm en t.

9 .2 .2  T h e rm a l- trea tm e n t co n d itio n

To in v estig a te  th e  s tab ility  and  ac tiv ity  o f  ca ta ly s ts , c a ta ly s ts  w ere  p re tre a ted  at 
h ig h  tem p e ra tu re . F ro m  ref. 138, it w as su m m arized  th a t H /C o -s ilic a te  h as  h ig h  o p tim u m  
ac tiv ity  a fte r  th e rm a l- trea tm e n t a t 1,000°C . T h e re fo re , ca ta ly s ts  w e re  a lso  p re tre a ted  at
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1,000°C  in  th e  a tm o sp h e re  o f  H e in  th is  study. F irst, ca ta ly s ts  w ere  h ea ted  u sin g  a 
h ea tin g  ra te  o f  1 0 °c /m in  fro m  ro o m  tem p e ra tu re  to  6 0 0 °c  and  1 .6 7 °c /m in  fro m  6 0 0 ° c  to 
1,000°C . W h en  th e  tem p e ra tu re  reach ed  a t 1 ,000°C , th e  ca ta ly s ts  w ere  k ep t co n s tan t at 
th a t te m p e ra tu re  fo r 30  m in  an d  co o led  d o w n  to ro o m  tem p era tu re .

9 .2 .3  R e a c tio n  test

T h e  ca ta ly tic  ac tiv ity  w as ca rried  o u t u sing  an  o rd in a ry  f lo w  m ic ro re a c to r  u n d e r 
the  a tm o sp h e ric  p re ssu re . T h e  ca ta ly s t p o w d e r w as tab le tted , c ru sh ed , an d  th en  s iev ed  
in to  12-22 m e sh  to  av o id  th e  p ressu re  drop . T h e  ca ta ly s t w as h e a te d  up  in  a  H e s tream  to 
6 0 0 ° c  w ith  th e  h e a tin g  ra te  o f  1 0 °c /m in  an d  m a in ta in ed  a t th a t te m p e ra tu re  fo r 30  m in . 
T hen , a  feed  gas c o m p o sed  o f  1,000 p p m  N O , 1,000 p p m  n-C sH jg , 2 m o l%  O2, 10m ol%  
H 2O b a lan ced  w ith  H e  w as in tro d u ced  w ith  a  G H S V  o f  3 0 ,0 0 0  h '1. T h e  re a c tan ts  and  
p ro d u c ts  w ere  an a ly zed  by  gas ch ro m a tro g rap h s  (C h ro m p ack , M ic ro  G C  C P  2 0 0 0  w ith  
M S-5  A  an d  p o ra p a k  Q  co lu m n ) 10 m in  a fte r  in tro d u c in g  feed  gas. T h e  re a c tio n  te s t w as 
u n d e rtak en  ev e ry  5 0 ° c  w ith  d im in ish in g  fro m  6 0 0 °c  to  2 0 0 ° c  an d  fo llo w e d  by  th e  sam e 
p ro ced u re  m en tio n ed  above . T h e  ca ta ly tic  ac tiv ity  fo r n itr ic  o x id e  re d u c tio n  an d  n -o c tan e  
c o m b u stio n  w ere  in v estig a ted  as th e  am o u n t o f  N 2 and  ca rb o n  o x id e s  (C O x; C O 2+ C O ) 
p ro d u ced , resp ec tiv e ly .

9 .2 .4  C h a rac te riz a tio n

X -ray  d iffrac tio n  p a tte rn s  rec o rd e d  by  an  X -ray  re frac to m e te r, S h im a d z u  X D - 
D l ,  w ith  N i-filte re d  C u K a  ra d ia tio n  w e re  an a lyzed . In d u c tiv e ly  C o u p led  P la sm a  
an a ly sis  (IC P  S H IM A D Z U  IC P S -1 0 0 0  II) and  S h im ad zu  F lo w  S o rb  II 2 3 0 0  u s in g  liq u id  
n itro g en  as a  p ro b e  m o lecu le , re sp ec tiv e ly  m easu red  th e  b u lk  c o m p o s itio n  an d  B E T  
su rface  a rea  o f  sam p le . IR  sp ec tra  o f  s e lf  - su p p o rtin g  w a fe r m ad e  o f  m ix tu re  o f  K B r and  
sam p le  w ere  a lso  reco rd ed  by  N ic o le t m o d e l Im p ac t 4 0 0  to  s tu d y  M F I c ry s ta llin ity  o f  the  
ca ta ly st. To in v es tig a te  th e  su rface  m o rp h o lo g y  o f  ca ta ly s ts , S can n in g  E lec tro n  
M ic ro sco p e  M o d el JS M -6 4 0 0  w as o p era ted . 29Si M A S  N M R  an a ly sis  w as  a d o p ted  u sin g  
JE O L  270  S G X . U V -v is ib le  sp ec tra  w e re  a lso  an a ly zed  b y  S h im a d z u  M P S -2 0 0 0  
sp ec tro m ete r in s ta lled  w ith  a  m u lti-p u rp o se  re flec to m etry  a tta ch m en t, R T A -2000  u sin g  
B aS Û 4 as a  re fle c tan c e  s tan d ard . M oreover, th e  X  - b an d  sp e c tra  ch a ra c te ris tic  o f  C u 2+ 
w ere  re c o rd e d  a t liq u id  n itro g e n  tem p e ra tu re  w ith  a  JE O L  m o d e l JE S -R E  2X
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sp ec tro m ete r e q u ip p e d  w ith  a JE O L  m ic ro w av e  p o w er 0.1 m W . F o r E S R  m easu rem en t, 
an  ex ac t w e ig h t o f  c a ta ly s t w as ca lc in ed  a t 5 0 0 °c  fo r 2 h to  rem o v e  ad so rb  species.

9.3 Results and discussion
9.3.1 In flu e n c e  o f  h ig h  th e rm a l-trea tm en t on  N O  and  n -o c tan e  co n v ers io n s

T o  c o m p are  th e  activ ity  o f  ca ta ly sts  easily , N O  and  n -o c tan e  co n v ers io n s  o f  
2 0 0 % C u /M F I, C u /C o -s ilic a te  and  H -C o -s ilica te  are illu s tra ted  in  F ig u res  9 .1a , 9 .1b , and 
9 .1c , re sp ec tiv e ly . It can  be  sh o w n  th a t w ith o u t p re trea tm en t, 2 0 0 % C u /M F I ex h ib its  
h ig h e s t ac tiv ity  fo r co n v ers io n  o f  N O  to  N 2 . N ev erth e less , 2 0 0 % C u /M F I p re trea ted  at 
1 ,000°C  s ig n ific an tly  lo ses the  ac tiv ity  fo r bo th  N O  and  n -o c tan e  co n v ers io n s . T he e ffec t 
o f  h ig h  th e rm a l- trea tm e n t d eac tiv a tin g  the  ca ta ly tic  p e rfo rm an ce  o f  2 0 0 % C u /M F I w as 
a lread y  d isc u sse d  befo re . In  con trast, the  ac tiv ities fo r N O  co n v e rs io n  o f  C u /C o -s ilic a te  
an d  H /C o -s ilic a te  are h ig h e r th an  th o se  w ith o u t p re trea tm en t. K a g aw a  et al. and  
D an g saw ai e t al. [117, 138] fo u n d  th e  s im ila r tren d  o f  th e  ca ta ly tic  ac tiv ity  o f  H /C o - 
s ilica te  e n h an ced  by  h ig h  tem p era tu re  p re trea tm en t. C u /C o -s ilic a te  p ro m o tes  h ig h e r  
co n v ers io n  o f  N O  to  N 2 th an  H -C o -s ilica te  en o rm o u sly  in  th e  co n d itio n  o f  w ith o u t 
p re trea tm en t. H o w ev er, the  ac tiv ity  fo r N O  co n v e rs io n  o f  C u /C o -s ilic a te  p re tre a ted  at 
1,0 0 0 ° c  o v e r th e  w h o le  range  o f  re ac tio n  tem p era tu re  is n o t d iffe ren t s ig n ific an tly  fro m  
th a t o f  H -C o -s ilic a te  p re trea ted  at 1 ,000°C . T h e  ad v an tag e  is th a t C u /C o -s ilica te  
p re trea ted  a t 1 ,000°C  ex h ib its  N O  co n v ers io n  at lo w er tem p e ra tu re  th an  H -C o -s ilica te  
p re trea ted  a t 1 ,000°C . T h e  o p tim u m  reac tio n  tem p era tu re  o f  C u /C o -s ilic a te  p re trea ted  at 
1 ,000°C  lo w er by  5 0 ° c  re la tiv e  to  th a t o f  H -C o -s ilica te  p re trea ted  a t 1 ,000°C . In o rd e r to  
c la rify  th e  e ffec t o f  h ig h  th e rm a l-trea tm en t co n d itio n  on  the  ca ta ly s t, th e  ch a rac te riz a tio n s  
in  b o th  p h y sica l and  ch em ica l w ere  ca rried  out.

9 .3 .2  C h a rac te riz a tio n  o f  C u /C o -s ilica te  and  co m p ared  ca ta ly s ts  w ith  and  w ith o u t 
th e rm a l-trea tm en t

9.3.2.1 P h y sica l ch a rac te riza tio n s  o f  ca ta ly sts
T ab le  9.1 sh o w s the  p h y sica l d a ta  o f  c a ta ly s ts  in c lu d in g  th e  cry sta llin ity , b u lk  

c o m p o sitio n  an d  su rface  a rea  o f  ca ta ly sts . N o w  w e also  s tu d y  th e  c ry sta llin ity  o f  
ca ta ly s ts  by  IR  m eth o d . T he c ry sta llin ity  o f  zeo lite  can  be  co n s id e red  as th e  re la tive  ra tio  
o f  IR  b an d  at 550 to  4 5 0  c m '1 (I550/I450)- IR  band  at 550 c m '1 is ty p ica l o f  th e  v ib ra tio n  o f
5 -m em b ered  o x y g en  rin g s  and  th a t a t 4 50  c m '1 is ty p ica l o f  th e  in te rn a l v ib ra tio n  o f  TO4
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Fig.5.19a 200%Cu/MFI Fig.5.19b Cu/Co-silicate Fig.5.19c H-Co-silicate

Temperature (°C'j Temperature(°C) Temperature(°C)

F ig u r e  9.1 N O  and  n -o c ta n e  co n v e rs io n s  o f  2 0 0 % C u /M F I, C u /C o -s ilic a te  and  H -C o -s ilic a te  
w ith  an d  w ith o u t p re tre a tm e n t at 1 ,000°C . S y m b o ls: d a rk en  line: N O  co n v e rs io n  to N 2 (% ), 

d o tted  line: n -o c tan e  co n v e rs io n  to C 0 x ( C 0 2+ C 0 )(% );  c irc le  sy m b o l: w ith o u t p re trea tm en t; 
tr ian g le  sy m b o l: w ith  p re tre a tm en t at 1,000°C . Feed gas: N O  1,000 p p m , n -C 8H ,8 1,000 ppm , 
0 2 2% , H 20  10% , Me b a lan ce , G I1SV  3 0 ,0 0 0  It 1 oc ร๐
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u n its  [49, 117]. X R D  and  I550/I450 va lues o f  all ca ta ly s ts  w ith o u t p re trea tm en t show ed  
h ig h  c ry s ta llin ity . A fte r  th e rm a l-trea tm en t a t 1 ,000°C , th e  fram ew o rk s  o f  C u /C o -silica te  
and  H -C o -s ilic a te  are g radually  ch an g ed  w h ile  th a t o f  fram ew o rk  o f  2 0 0 % C u /M F I is 
d am ag ed  rem ark ab ly . T h e  d a ta  fro m  B E T  m eth o d  a lso  co n firm  h ig h  stab ility  o f  su rface  
a rea  o f  C u /C o -s ilic a te  and  H -C o -s ilica te  in  co n trast w ith  2 0 0 % C u /M F I. T h ere fo re , it can  
be  su m m arized  th a t m e ta llo s ilica te  ca ta ly s t can  re s is t the  d eac tiv a tio n  b e tte r  th an  m eta l 
io n -ex ch an g ed  ca ta ly s t a lso  su p p o rted  by  Inui [110]. F o r bu lk  co m p o sitio n  d a ta  by  IC P 
m eth o d , it w as  sh o w n  th a t the  am o u n t co p p er and  co b a lt in  th e  ca ta ly s ts  w ith o u t 
p re trea tm en t are  no t d iffe ren t en o rm o u sly  from  th o se  in  th e  ca ta ly s ts  w ith  therm al- 
trea tm en t. It can  be  co n c lu d ed  th a t th e re  is no loss o f  m e ta l sp ec ies  su ch  as ev ap o ra tio n  
o f  m eta l due  to  h ig h  th e rm al-trea tm en t.

9 .3 .2 .2  T ech n iq u es  fo r ch a rac te riza tio n  o f  C u /C o -s ilica te s
S can n in g  e lec tro n  m icro g rap h s  o f  ca ta ly sts  are  sh o w n  in  F ig u res  9 .2 , 9 .3 , and

9.4 fo r 2 0 0 % C u /M F Is , C u /C o -s ilica te s , and  H -C o -s ilica te s , re sp ec tiv e ly . C ry sta llite  
d is tr ib u tio n s  o f  C u /C o -s ilica te  w ith  and  w ith o u t th e rm a l-trea tm en t a t 1,0 0 0 ° c  are sim ilar. 
A s fo r 2 0 0 % C u /M F I, the  p re trea ted  one show ed  less w e ll-d isp e rse d  c ry sta llite  
m o rp h o lo g y  th an  the  o th e r w ith o u t p re trea tm en t did. A n d  the  c ry s ta llite  m o rp h o lo g y  in 
b o th  sh ap e  an d  size  o f  som e parts  o f  2 0 0 % C u /M F I p re trea ted  at 1,0 0 0 ° c  are  destroyed . 
F o r the  ch a ra c te riz a tio n s  o f  b o th  2 0 0 % C u /M F I and  H -C o -s ilica te  w ith  and  w ith o u t 
th e rm a l-trea tm e n t at 1 ,000°C , w e a lread y  d iscu ssed  as m en tio n ed  above . M o reo v er, fo r 
C u /C o -s ilic a te s  th e  s ta te  o f  C u  and  C o species w as s tu d ied  by  E S R  m eth o d . A s sh o w n  in 
F ig u res 9.5 an d  9.6 d em o n stra te  E S R  sp ec tra  o f  th e  ca ta ly sts  w ith  and  w ith o u t th e rm al- 
tre a tm en t at 1 ,000°C . H ig h  sp in  C o 2+ species can  be  d e tec ted  at g fac to r a ro u n d  5.8 [88, 
120, 121] an d  C u 2+ sp ec ies  are a lso  o b se rv ed  at ab o u t the  ran g e  o f  2 ,0 0 0 -3 ,0 0 0  G  [126, 
127]. E S R  fea tu res  ch arac te ris tic  o f  h ig h  sp in  C o2+ o f  H -C o -s ilica te  re sem b le s  to  th a t o f  
C u /C o -s ilica te . A s com p ared  w ith  bo th  C u /C o -s ilica te  an d  H -C o -s ilic a te  w ith o u t 
p re trea tm en t, th e  in ten sitie s  o f  h ig h  sp in  C o 2+ sp ec tra  o f  b o th  ca ta ly s ts  w ith  th e rm al- 
trea tm en t a t 1 ,000°C  d ecrease  a lth o u g h  th e re  are th e  rem n an ts . F u rth e rm o re , the  signal 
o f  h ig h  sp in  C o 2+ sp ec tra  o f  bo th  p re trea ted  ca ta ly sts  b ecam e b ro ad en ed  re la tiv e  to  bo th  
sam e ca ta ly s t w ith o u t p re trea tm en t. T h ese  E S R  sp ec tra  o f  H -C o -s ilic a te s  w ere  a lread y  
d iscu ssed  above . B y  u sin g  the  re su lts  as illu stra ted  above , it can  be  su g g ested  that



■ Table 9.1 D a ta  fo r bu lk  co m p o s itio n s , B E T  su rface  a rea  and c ry s ta llin ity  o f  2 0 0 % C u /M F I, H -C o -s ilic a te  and C u /C o -s ilic a te  w ith  
and w ith o u t th e rm a l- trea tm e n t at 1 ,0 0 0 °C

C a ta ly s t P re tre a tm e n t co n d itio n  
(°C )

C o n ten t o f  m etal 
S i/C o  Si/C u

B E T  su rface  a rea  
(m 2/g )

C ry s ta llin ity 3
(% )

I 550/I450

ratio
2 0 0 % C u /M F I w ith o u t p re tre a tm en t - 51 360 100 0 .80

1 ,000 - 56 120 32 0.61
H -C o -s ilic a te w ith o u t p re tre a tm e n t 257 - 350 98 0 .77

1,000 258 - 4 0 0 92 0.76
C u /C o -s ilic a te w ith o u t p re tre a tm en t 258 236 390 100 0 .80

1,000 258 291 4 1 0 90 0.78
3 In ten s itie s  are  re fe ren ced  to  d iffra c tio n  line  at 23 .5° 29



F ig u r e  9.2 S can n in g  e lec tro n  m ic ro g ra p h s  o f  2 0 0 % C u /M F I 
a) w ith o u t p re tre a tm en t, w ith  p re tre a tm e n t a t 1,000°C

VQ
to



F ig u r e  9.3 S c a n n in g  e le c tro n  m ic ro g ra p h s  o f  C u /C o -s ilic a te  
c) w ith o u t p re tre a tm en t, d) w ith  p re tre a tm e n t at 1 ,000  c

ร๐ LO



F ig u r e  9 .4 S can n in g  e lec tro n  m ic ro g ra p h s  o f  H -C o -s ilic a te  
e) w ith o u t p re tre a tm en t, 0  w ith  p re tre a tm e n t at 1,0 0 0 °c

SP
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th e rm a l-trea tm e n t a t 1,0 0 0 ° c  causes m ig ra tio n  o f  so m e p arts  o f  co b a lt in  th e  fram ew ork  
to  th e  ex te rn a l sites. A s for ch arac teriza tio n  o f  C u2+ spec ies , E S R  sp ec tra  o f  
2 0 0 % C u /M F I a n d  C u /C o -s ilica te  w ith  and  w ith o u t th e rm a l-trea tm en t w ere  in v estig a ted  
and  d ep ic ted  in  F ig u re  9 .6 . R ela tive  to  C u2+ spectra  o f  b o th  2 0 0 % C u /M F I and  C u /C o ­
silica te  w ith o u t p re trea tm en t, E S R  sp ec tra  rep resen ta tiv e  o f  C u 2+ spec ies  o f  b o th  
p re trea ted  ca ta ly s ts  d im in ish  and  beco m e broaden . F o r 2 0 0 % C u /M F I, th e rm a l-trea tm e n t 
at 1 0 0 0 ° c  w as ca rried  o u t a fter ion  exch an g e  by  co p p er source . It can  b e  su g g ested  th a t 
n o t on ly  th e  lo ss  o f  f ram ew o rk  c ry sta llin ity  o ccu rred  as m en tio n ed  b e fo re , b u t the  lo ss  o f  
ac tiv e  C u 2+ sp ec ies  a lso  h appened  fo r 2 0 0 % C u /M F I p re trea ted  a t 1 ,000°C . O n th e  o th e r 
han d , fo r C u /C o -s ilic a te , ion  exchange  by  cop p er so u rce  w as p e rfo rm e d  a fte r th e rm a l- 
tre a tm e n t at 1 ,000°C  o f  H -C o -silica te  in  o rder to  av o id  th e  lo ss  o f  C u 2+ s ite s  by 
p re trea tm en t. N ev erth e less , the  in ten sity  o f  E S R  sp ec tra  in d ica tiv e  o f  C u 2+ o f  C u /C o - 
s ilica te  p re trea ted  a t 1 ,000°C  is lo w er th an  th a t o f  C u /C o -s ilica te . T h is  c a n  be  su g g ested  
th a t th e  p re trea tm en t at 1,0 0 0 ° c  has so m e effec ts on  th e  sta te  o f  c o p p e r lo ad ed . It c a n  be 
im p lied  th a t the  am o u n t o f  C u2+ ex is ted  on  C u /C o -s ilica te  p re tre a ted  at 1 ,000°C  w as less 
th an  th a t lo ca ted  on  C u /C o -silica te  w ith o u t p re trea tm en t. T h e  re su lts  in d ica te  th a t the  
ac tiv ity  o f  C u /C o -s ilica te  p re trea ted  a t 1 ,000°C  is m a in ly  cau sed  b y  co b a lt sp ec ies  
in c lu d in g  p arts  o f  co b a lt exc luded  fro m  the  fram ew o rk . It m ay  be p o ss ib le  th a t th e  large 
am o u n t o f  C u  in tro d u ced  on  p re trea ted  H -C o -s ilic a te  is th e  C u 1+ sp ec ies  w h ich  no t 
p ro m o tin g  e ffec tiv e  n itric  ox ide  co n v e rs io n  in  S C R  reac tion .

T o  c la rify  th e  suggestion , N O  d eco m p o sitio n  w as a lso  s tu d ied  o n  the  ca ta ly st. 
F ig u re  9.7 sh o w s N O  co n v ersio n  to  N 2 fo r N O  d eco m p o sitio n  o f  C u /C o -s ilica te s . I t w as 
sh o w n  th a t C u /C o -s ilic a te  p re trea ted  a t 1 ,000°C  p ro v id es  h ig h  d e c o m p o s itio n  o f  N O  th an  
C u /C o -s ilica te  w ith o u t p re trea tm en t. F ro m  the  s tudy  o f  Iw am o to  et al. [9, 10], th ey  found  
tha t the  C u +1 sp ec ies  are  ac tive  fo r N O  d eco m p o sitio n . F ro m  th ese  resu lts , it can  be 
im p lied  th a t th e  la rge  am o u n t o f  C u  on  p re trea ted  H -C o -s ilic a te  is C u +I.
9.3 .3  T he stab ility  o f  c a ta ly s ts  fo r N O  co n v ers io n  ag a in st 10m ol%  H 2 O at the reac tio n  
tem p e ra tu re  o f  400° c

F ig u re  9.8 sh o w s the stab ility  o f  2 0 0 % C u /M F I, C u /C o -s ilica te  an d  H -C o -silica te  
a t th e  reac tio n  tem p era tu re  o f  4 0 0 ° c ,  th e  o p tim u m  tem p era tu re  fo r co n v e rs io n  o f  N O  to
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F ig u r e  9 .5 E S R  sp ec tra  o f  h ig h  sp in  C o 2+ o f  H -C o -s ilic a te  and  C u /C o -s ilic a te  
w ith  and  w ith o u t p re tre a tm e n t at 1 ,000°C . a) H -C o -s ilic a te  w ith o u t p re tre a tm en t; 
b) H -C o -s iiic a te  p re tre a te d  at 1 ,000°C , c) C u /C o -s ilic a te  w ith o u t p re tre a tm en t, 

d) C u /C o -s ilic a te  p re tre a te d  at 1 ,000°C

CT\
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F ig u r e  9 .6  E S R  sp ec tra  o f  h ig h  sp in  C u 2+ o f  C u /C o -s ilic a te  and  2 0 0 % C u /M F I w ith  an d  w ith o u t 
p re tre a tm en t at 1 ,000°C . c) C u /C o -s ilic a te  w ith o u t p re tre a tm en t, d) C u /C o -s ilic a te  p re tre a te d  a t 1 ,000°C  
e) 2 0 0 % C u /M F I w ith o u t p re tre a tm e n t, f) 2 0 0 % C u /M F I p re tre a ted  at 1 ,000°C

VO
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F ig u r e  9 .7  N O  d e c o m p o s it io n  o f  C u /C o -s ilic a te  w ith  and  w ith o u t p re tre a tm e n t at 1,000°C  
S y m b o l: ♦  C u /C o -s ilic a te  w ith o u t p re tre a tm en t, I  C u /C o -s ilic a te  p re tre a ted  at 1,000°C  
F eed  gas: N O  1,000 p p m , H e b a lan ce , G H S V  3 0 ,0 0 0  h '1

VO00



F ig u r e  9.8 T h e  s tab ility  o f  c a ta ly s ts  fo r co n v e rs io n  o f  N O  to N 2 a g a in s t 1 0 m ol%  H 20  at 
re ac tio n  te m p e ra tu re  o f  4 0 0 °C ;4  2 0 0 % C u /M F I, A C u /C o -s ilic a te , I  H -C o -s ilic a te .
F eed  gas: N O  1,000 p p n ' n -o c ta n e  1,000 ppm , 0 2 2 m o l% , He b a lan ce  w ith  a G H S V  30 ,000  h '1
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N 2 o f  2 0 0 % C u /M F I, d u rin g  n itric  o x id e  co n v ers io n . A t first, th e  re a c tio n  te s t  is  o p e ra ted  
in  a  d ry  co n d itio n  fo r 1 h  and  th en  10 m o l%  H 2 O is in tro d u c e d  in  th e  in le t re ac tio n  gas 
m ix tu re  fo r 1 h. E v e ry  1 h , th e  reac tio n  te s t w as ch an g ed  in to  d ry  an d  w e t co n d itio n s  as a 
cycle . A s d e m o n s tra te d  in  F ig u re  9 .8 , it show s th a t 2 0 0 % C u /M F I lo ses  th e  ac tiv ity  fo r 
co n v e rs io n  o f  N O  to  N 2 . T h e  ac tiv ity  o f  2 0 0 % C u /M F I seem s to  b e  irrev e rs ib le  ch an g ed  
w h ile  s top  in tro d u c in g  10 m o l%  H 2 O. T h e  ac tiv ity  o f  2 0 0 % C u /M F I d e c re a se s  b y  a ro u n d  
27%  a fte r  s tab ility  te s t fo r 9 h. In  co n tras t, H -C o -s ilic a te  ex h ib its  th e  s tab le  ac tiv ity  fo r 
c o n v e rs io n  o f  N O  to  N 2 a long  9 h  o f  s tab ility  te s t a lth o u g h  it h a s  lo w  ac tiv ity  fo r 
co n v e rs io n  o f  N O  to  N 2 in  th is  reac tio n  co n d itio n . A s fo r C u /C o -s ilic a te , i t  sh o w s h ig h e r  
co n v e rs io n  o f  N O  to  N 2 th an  H -C o -s ilica te . T he rea so n ab le  e x p la n a tio n  is th e  a d d itio n  o f  
C u  in  H -C o -s ilic a te  p ro m o tin g  h ig h  co n v e rs io n  o f  N O  to  N 2 . F u rth e rm o re , c o n v e rs io n  o f  
N O  to  N 2 o f  C u /C o -s ilic a te  is re la tiv e ly  co n stan t c o m p arin g  w ith  th a t  o f  2 0 0 % C u /M F I. 
H o w ev er, th e  ac tiv ity  fo r co n v e rs io n  o f  N O  to  N 2 o f  C u /C o -s ilic a te  is g rad u a lly  
d im in ish e d  a fte r  7 h. T h is  ap p ea ran ce  m ay  be  cau sed  b y  th e  lo ss  o f  so m e  p a rt o f  C u  
e x h ib itin g  h ig h  N O  co n v ersio n .

9 .4  C o n c lu s io n
C u /C o -M F I an d  H /C o -M F I w h ich  are  m e ta llo s ilic a te s  a re  s tab le  ag a in s t h ig h  

th e rm a l- trea tm e n t at 1,000°C  in  co n tra s t w ith  C u /M F I. In te res tin g ly , co m p a rin g  w ith  
co n v e rs io n  o f  N O  o f  b o th  C u /C o -M F I an d  H /C o -M F I w ith o u t p re tre a tm en t, th e  ac tiv ity  
fo r n itric  o x id e  rem o v a l o f  b o th  p re trea ted  c a ta ly s ts  can  b e  e n h a n c e d  u s in g  h ig h  
te m p e ra tu re  p re trea tm en t. F u rth e rm o re , C u /C o -M F I w ith o u t p re tre a tm e n t p ro m o ted  
h ig h e r ac tiv ity  fo r co n v e rs io n  o f  N O  th a n  H /C o -M F I w ith o u t p re tre a tm en t. N e v e rth e le ss , 
p re trea ted  C u /C o -M F I d id  n o t ex h ib it h ig h e r a c tiv ity  th an  p re tre a te d  H /C o -M F I. T he 
th e rm a l- trea tm e n t at 1,000°C  a ffec ted  th e  sta te  o f  co p p e r io n -e x c h a n g e d . R e la tin g  to  
C u 2+ ion  e x c h an g ed  on  H /C o -M F I w ith o u t p re trea tm en t, th e  a m o u n t o f  C u 2+ sp ec ies  w ere  
d ec rea sed  w h en  w ere  io n -ex ch an g ed  on  p re tre a ted  H /C o -M F I. T h e  s im ila r  tren d  
a p p ea red  on  C u /M F I w ith  an d  w ith o u t p re trea tm en t.
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