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8.1 Introduction
T h e  en v iro n m en ta l p ro b lem s fro m  sta tio n a ry  so u rce s  an d  tra n sp o rta tio n  v eh ic le s  

are s till in c rea s in g  irre sp ec tiv e  o f  th e  recen t ad v an ces  in  th e  ca ta ly tic  te c h n o lo g ie s  o f  N H 3- 
red u c tio n  an d  th e  u se  o f  th ree -w ay  ca ta ly sts . N itric  o x id e  e m itte d  fro m  th e  co m b u stio n  
fac ilitie s  an d  d iese l en g in es  is a sp ec ia l co n ce rn  sin ce  it c au se s  th e  ac id  ra in  and  
p h o to ch em ica l sm o g  [1]. A  n u m b er o f  s tu d ies  co n ce rn in g  th e  e lim in a tio n  o f  N O  h av e  b een  
m ad e  an d  m a n y  k in d s  o f  c a ta ly s t hav e  b e e n  tried . A m o n g  th o se , c o p p e r  io n -ex ch an g ed  
M FI (C u /M F I) c a ta ly s t fo r N O  rem o v a l is k n o w n  as an  e ffec tiv e  o n e  ev en  u n d e r  the  
co n d itio n  o f  ex cess  o x y g en  w ith  co ex is ten ce  o f  an  ap p ro p ria te  re d u c ta n t [9, 10]. It is 
a ccep ted  th a t  C u  (II) sta te  is p red o m in an t fo r N O  rem o v a l in  le a n -b u m  co n d itio n  [127, 
128]. F low ever, it is a lso  k n o w n  th a t C u  io n -ex ch an g ed  z e o lite ,is  e a s ily  d e a c tiv a te d  in  h ig h  
te m p e ra tu re  co n d itio n s  a n d /o r  th e  ex is ten ce  o f  s team  w h ic h  p o ss ib ly  o ccu rs  in  p rac tic a l 
use. In  m a n y  re se a rch e s  it h as  b een  p o in ted  o u t th a t th e  d e te r io ra tio n  o f  C u /H -Z S M -5  m u st 
be a ttr ib u ted  to  s in te rin g  o f  co p p e r c lu s te r  [104], d e a lu m in a tio n  [46, 79], m ig ra tio n  o f  
co p p er sp ec ies  to  in ac tiv e  s ite s  [45, 47 , 74], and  fo rm a tio n  o f  c o p p e r o x id e s  o r  co p p er 
a lu m in a te s  [44, 45 , 74]. H o w ev er, it is g en e ra lly  reco g n ized  th a t th e  io n -e x c h a n g e d  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 and  h y d ro th e rm a l s tab ility , o w in g  to  b o th  
the  s in te rin g  o f  ex c h a n g e d  m e ta l co m p o n en ts  and  the  d is lo ca tio n  o f  th e  a lu m in iu m  fro m  th e  
zeo lite  f ram ew o rk  an d  th e re  a re  th e  se rio u s p ro b lem s fo r th e  p ra c tic a l ap p lic a tio n s  [94],

In  o rd e r to  o v e rco m e  th e se  d ifficu ltie s , Inui et al. sy n th e s iz e d  s ilic a te  c ry s ta ls  
(m e ta llo s ilic a te s )  b y  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 ]. H -C o -s ilic a te  
w as ac tiv e  to  c o m b u s t h y d ro ca rb o n s  m o d era 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  b e  u sed  fo r n itric  o x id e  rem o v a l su itab ly  as sh o w n  in  T ab le .2.1 by  Inu i 
[103] T h is  ch ap te r  co n ce rn s  th e  ac tiv ity  fo r  co n v e rs io n  o f  N O  to  N 2 o f  b o th  2 0 0 % C u /M F I
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and  H -C o -s ilic a te  u n d e r h y d ro th e rm a l-tre a tm e n t con d itio n .
O n  th e  o th e r han d , p la tin u m -g ro u p  m eta l ca ta ly s ts  h av e  b een  a lso  s tu d ie d  fo r 

n itric  o x id e  c o n v e rs io n  [14, 42 ], and  it is k n o w n  th a t p la tin u m -g ro u p  m e ta l h as  th e  h ig h  
re s is tan ce  ag a in s t a  large  a m o u n t o f  s team  ex is ted  in  the  e fflu en t [27], F o r th e se  reaso n s , 
in  th is  c h a p te r  C u  io n -ex ch an g ed  H -Z S M -5  w as also  m o d ifie d  w ith  P d  (d e s ig n a te d  as 
P d /C u /H -Z S M -5 ) to  im p ro v e  th e  p e rfo rm an ce  and  stab ility  fo r n itr ic  o x id e  rem o v a l. In 
o rd e r to  c la rify  th e  p e rfo rm an ce  o f  th e  P d /C u/F I-Z S M -5  fo r N O  e lim in a tio n , C u  ion- 
e x c h an g ed  H -Z S M -5  (d e s ig n a ted  as C u /H -Z S M -5 ) and  P d  io n -e x c h a n g e d  H -Z S M -5  
(d e s ig n a ted  as P d /H -Z S M -5 ) w ere  a lso  em p lo y ed , an d  th e  cau se  o f  d iffe ren ce  in  ca ta ly tic  
p e rfo rm an ce  w as  d iscu ssed .
8.2 Experimental

8.2.1 C a ta ly s t p re p a ra tio n
A  M F I ty p e  zeo lite  h av in g  S i/A l a to m ic  ra tio  o f  50 w as p re p a re d  b y  ad o p tin g  the  

rap id  c ry s ta lliz a tio n  m e th o d  [97], an d  it w as  w ash ed , d ried , and  ca lc in e d  a t 5 4 0 ° c  fo r 3.5 
h. T h is  a s -sy n th e s iz e d  M F I w as th en  io n -ex ch an g ed  u s in g  a m m o n iu m  n itra te  so lu tio n  to 
o b ta in  N H 4/M F I. It w as th en  w ash ed , d ried  and  ca lc in ed  at 5 4 0 ° c  fo r 3 .5  h  in  a ir  to  
co n v e rt in to  th e  p ro to n a ted  fo rm  (H /M F I). A m in e  co m p lex  sa lts  o f  p a lla d iu m  (M itsu w a  
P u re  C h em ica l In d u s tr ie s  L td .) and  c o p p e r ace ta te  (W ako P u re  C h em ica l In d u s tr ie s  L td .) 
w ere  u se d  as th e  so u rce  o f  m e ta l fo r ion  ex ch an g e  o f  p ro to n a te d  sites  in  H /M F I. C u /M F I 
and  P d /M F I w ere  p rep a red  b y  io n -ex ch an g e  p ro ced u re  at 8 0 ° c  C u  an d  a t 9 0 ° c  P d , 
re sp ec tiv e ly . T h ey  w e re  w ash ed , d ried  and  ca lc in ed  at 5 4 0 ° c  fo r 3 .5  h  in  air. A s fo r 
P d /C u /M F I, su c c e ss iv e  io n  ex ch an g e  o f  M F I w ith  p a llad iu m  f irs t an d  th e n  c o p p e r w as 
m ad e  a d o p tin g  th e  sam e m e th o d  as m en tio n ed  above. A s fo r H -C o -s ilic a te , C o -s ilica te  
M F I ty p e  ze o lite  su p p o rted  b y  P rof. In u i’s lab o ra to ry  w as a lso  p re p a re d  b y  th e  rap id  
c ry s ta lliz a tio n  m eth o d . T h e  ch a rg ed  S i/C o  a to m ic  ra tio  o f  C o s ilic a te  w a s  se t a t 20. In 
o rd er to  in v es tig a te  th e  e ffec t o f  h y d ro th e rm a l-trea tm en t on  th e  ac tiv ity  o f  c a ta ly s t, the  
ca ta ly s t w as  h ea ted  in  a  H e  s tream  w h ile  e lev a tin g  tem p e ra tu re  fro m  ro o m  te m p e ra tu re  to  
6 0 0 ° c  an d  600  to  1 ,000°C  w ith  co n stan t h ea tin g  ra tes o f  10 an d  1 .6 7 °c /m in , resp ec tiv e ly . 
T h e  c a ta ly s t sam p le  w as th en  k ep t at th e  d e s ired  tem p e ra tu re  fo r 30 m in  w h ile  ad d in g  
10m ol%  o f  s team . S u b seq u en tly , th e  c a ta ly s t w as co o led  d o w n  to  ro o m  te m p e ra tu re  in  
H e stream . T h u s o b ta in ed  c a ta ly s t in  p o w d e r fo rm  w as tab le tted , c ru sh ed , an d  s iev ed  to
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1 2 - 2 2  m esh  to  p ro v id e  th e  reac tion .
8 .2 .2  C h a ra c te riz a tio n

T h e  b u lk  c o m p o sitio n  an d  B E T  su rface  a rea  o f  sam p le  w ere  m e a su re d  by  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 a d z u  F lo w  S orb  II 
2300  u s in g  liq u id  n itro g en  as a  p ro b e  m o lecu le , respective ly . C ry s ta llin ity  o f  Z S M -5  w as 
e s tim a ted  by  u s in g  S IE M E N S  D 5 0 0 0  d iffrac to m e te r w ith  C u K a  ra d ia tio n . IR  sp e c tra  o f  
se 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 e re  re c o rd e d  b y  N ic o le t 
m o d e l Im p ac t 4 00  to  ev a lu a te  M F I c ry sta llin ity . T h e  IR  ab so rp tio n  b an d  at 550 c m ' 1 is 
in d ica tiv e  o f  th e  v ib ra tio n  o f  5 -m eb ered  o x y g e n  rings an d  th a t a t 4 5 0  cm ' 1 o f  the  in te rn a l 
v ib ra tio n  o f  T O 4 un it. M o rp h o lo g y  o f  c a ta ly s t w as o b se rv ed  b y  S can n in g  E lec tro n  
M ic ro sco p e  M o d e l JS M -6 4 0 0 . A c id ity  o f  th e  sam p le  w as m e a su re d  b y  in  s itu -F T IR  
spectra . P y rid in e  w as u se d  as  a  p ro b e  m o lecu le . T h e  X -b an d  sp e c tra  c h a ra c te ris tic s  o f  
C u2+  w ere  re c o rd e d  a t liq u id  n itro g en  tem p e ra tu re  w ith  a  JE O L  m o d e l JE S -R E  2X  
sp ec tro m e te r eq u ip p ed  w ith  a  JE O L  m ic ro w av e  p o w er 0.1 mW . 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  at 5 0 0 ° c  fo r 2 h  to  rem o v e  ad so rb  species .
8.2 .3  R ea c tio n  test

T h e  ca ta ly tic  re a c tio n  te s t w as s tu d ied  u s in g  an  o rd in ary  f lo w  m ic ro re a c to r  u n d e r 
a tm o sp h e ric  p ressu re . A  0 .28  g p o rtio n  o f  th e  ca ta ly s t w as p ack ed  in  a  tu b u la r  re a c to r  o f  
10 m m  in  in n e r d iam eter. T h e  p ack ed  sp ace  o f  th e  reac to r w as 0 .40  m l. It w as  h e a te d  up  
to  6 0 0 ° c  in  a  H e flo w  w ith  a  co n stan t h ea tin g  ra te  o f  1 0 °c /m in , an d  m a in ta in e d  a t th a t 
tem p e ra tu re  fo r 30 m in . A  feed  gas co m p o sed  o f  1,000 p p m  N O , 1,000 p p m  n -o c ta n e , 2 
m o l%  O 2 an d  10 m o l%  H 2 O  b a lan ced  w ith  H e w as th en  in tro d u ced  in to  th e  re a c to r  w ith  a  
G H S V  o f  3 0 ,0 0 0  h '1. E v ery  5 m in  a fte r p u rg in g  reac tio n  gas to  en su re  th e  s te ad y  sta te  o f  
ca ta ly tic  a c tiv ity , th e  e ff lu en t gas c o m p o sitio n  w as an a ly zed  b y  gas ch ro m a to g ra p h s  
(C h ro m p ack , M ic ro  G C  C P  2 0 0 2 w ith  M S -5 A  and  p o rap ak  Q  co lu m n ) e q u ip p e d  w ith  
in teg ra to rs . T h e  reac to r tem p e ra tu re  w as th en  co o led  d o w n  fro m  6 00  to  2 0 0 ° c  w ith  a 
co n stan t co o lin g  ra te  o f  1 0 °c /m in . E v ery  5 0 ° c ,  th e  e fflu en t g as  w as a n a ly z e d  as the  
sam e m eth o d . T he am o u n t o f  N 2 and  N 2 O fo rm ed  s tan d s  fo r th e  p e rfo rm a n c e  o f  the  
ca ta ly s t fo r n itric  o x id e  co n v ersio n .
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8.4 Results and discussion
8.4.1 In flu en ce  o f  h y d ro th e rm a l-tre a tm e n t on  n itric  o x id e  c o n v e rs io n  o f  2 0 0 % C u /M F I 

and  H -C o -s ilic a te  ca ta ly s ts
F ig u res  8.1 and  8 .2 re p re se n t N O  and  n -o c tan e  co n v e rs io n s  o f  2 0 0 % C u /M F I. It 

is rem ark ab le  th a t h y d ro th e rm a l-tre a tm e n t a ffec ts  th e  ac tiv ity  o f  2 0 0 % C u /M F I m ore  
sev e re ly  th a n  o n ly  e ith e r th e rm a l- trea tm e n t o r  th e  h y d ro -trea tm en t. T h e  ac tiv ity  o f  
2 0 0 % C u /M F I fo r co n v e rs io n  o f  N O  is lo ss  d eep ly  w h en  2 0 0 % C u /M F I w as p re tre a ted  at 
8 0 0 ° c  w ith  1 0 m ol%  H 2 O  an d  at 1 ,000°C  w ith  10m ol%  H 2 O. S im ila rly , c o n v e rs io n  o f  ท- 
o c tan e  o f  2 0 0 % C u /M F I is d e c re a sed  w ith  h y d ro th e rm a l- tre a tm e n t co n d itio n . 
C o n v e rs io n s  o f  N O  an d  n -o c ta n e  o f  H -C o -s ilic a te  w ith  h y d ro th e rm a l- tre a tm e n t w ere  a lso  
s tu d ied  an d  illu s tra te d  in  F ig u re s  8.3 and  8 .4 , resp ec tiv e ly . H -C o -s ilic a te  p re tre a ted  at 
8 0 0 ° c  w ith  10m o l%  H 2 O  sh o w s a  d ram atic  in c reasin g  o f  c o n v e rs io n  o f  N O  h ig h e r  th an  
H -C o -s ilic a te  w ith o u t p re trea tm en t. T h is  ap p ea ran ce  is s im ila r  to  H -C o -s ilic a te  
p re trea ted  b y  th e rm a l-trea tm e n t. A s co m p ared  w ith  co n v e rs io n  o f  N O  o f  H -C o -s ilic a te  
p re tre a ted  by  th e rm a l- trea tm e n t a t th e  sam e tem p era tu re  co n d itio n , h o w ev e r, co n v e rs io n  
o f  N O  b y  H -C o -s ilic a te  p re tre a ted  by  h y d ro th e rm a l-trea tm en t is m u c h  lo w er due  to  the  
m o re  sev e re  co n d itio n  b y  h y d ro th e rm a l-trea tm en t. In  ad d itio n s , th e  ac tiv ity  fo r  N O  
co n v e rs io n  b y  H -C o -s ilic a te  p re trea ted  a t 1 ,000°C  w ith  10m o l%  H 2 O  is d im in ish e d  
co m p arin g  w ith  th a t o f  H -C o -s ilic a te  w ith o u t p re trea tm en t. H o w ev e r, th e  h y d ro -th e rm a l 
tre a tm e n t im p ac ts  m o re  sev e re ly  on  N O  rem o v a l th an  th e  th e rm a l tre a tm e n t at th e  sam e 
level o f  te m p e ra tu re  app lied .

8 .4 .2  C h a ra c te riz a tio n  o f  2 0 0 % C u /M F I an d  H -C o -s ilic a te  w ith  h y d ro th e rm a l- tre a tm e n t
8.4.2.1 B E T  su rface  a rea  and  b u lk  co m p o sitio n s

T ab le  8.1 sh o w s th e  B E T  su rface  area , b u lk  c o m p o s itio n  o f  ca ta ly s ts  w ith  
h y d ro th e rm a l-trea tm en t. A s sh o w n  in  T ab le  8 .1 , 2 0 0 % C u /M F I lo ses  B E T  su rface  a rea  
w ith  h y d ro th e rm a l- tre a tm e n t co n d itio n  e sp ec ia lly  a t th e  h y d ro th e rm a l- tre a tm e n t 
co n d itio n  o f  1 ,000°C  w ith  10m ol%  H 2O. A s fo r H -C o -s ilic a te , th e  d e c re a s in g  tre n d  o f  
B E T  su rface  a rea  w ith  h y d ro th e rm a l-tre a tm e n t a lso  o ccu rred  b u t g rad u a lly . A d d itio n a lly , 
the  am o u n t o f  m e ta l on  th e  ca ta ly s ts  is n o t ch an g ed  re la tiv e  to  th a t on  th e  ca ta ly s ts  
w ith o u t p re trea tm en t. It can  be im p lied  th a t th e re  is no  e v a p o ra tio n  o f  m e ta l by
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T e m p e ra tu re  (°C )

Figure 8.1 T h e  e ffe c t o f  h y d ro th e rm a l- tre a tm e n t o n  th e  activ ity  o f  N O  co n v ers io n  
o f  2 0 0 % C u /M F I. F eed  gas: N O  1 ,000  p p m , n -o c ta n e  1,000 ppm , 0 2 2 m o l% , H 20  1 0 m ol% , 
H e b a lan ce , G H S V  3 0 ,0 0 0  h ’1-

T e m p e ra tu re  (°C )
Figure 8.2 T h e  e ffec t o f  h y d ro th e rm a l- tre a tm e n t o n  th e  activ ity  fo r  n -o c tan e  co n v e rs io n  o f  
2 0 0 % C u /M F I. F e e d  gas: N O  1 ,000  p p m , n -o c ta n e  1 ,000  ppm , 0 2 2m o l% , H 20  10m ol% , 
H e  b a la n c e , G H S V  30 ,0 0 0  h ' 1
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T e m p e ra tu re  (°C)

Figure 8.3 T h e  e ffec t o f  h y d ro th e rm a l- tre a tm e n t o n  th e  ac tiv ity  fo r N O  co n v e rs io n  
o f  H -C o -s ilic a te . F eed  gas: N O  1 ,000  p p m  , n -o c ta n e  1,000 ppm , 0 2 2 m o l% , H 20  10m ol% , 
H e b a lan ce , G H S V  30 ,0 0 0  h '1

Figure 8.4 T h e  e ffec t o f  h y d ro th e rm a l- tre a tm e n t o n  th e  ac tiv ity  fo r n -o c tan e  co n v e rs io n  
o f  H -C o -s ilic a te . F eed  g as: N O  1 ,000  p p m , n -o c ta n e  1,000 p p m , 0 2 2 m o l% , H 20  10m ol% , 
H e b a la n c e , G H S V  3 0 ,0 0 0  h '1
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hydrothermal-treatment. It is necessary to apply XRD method for the investigation of 

crystallinity o f sample.

Table 8.1 BET surface area, bulk composition o f catalysts with hydrothermal-treatment.

Sample Pretreatment

condition

BET

surface area 

(ท!2/g. cat)

Si/Me 

atomic ratio

200%Cu/MFI without pretreatment 360 51

800°c+10 mol% H 20 300 54

l,000°c+10 mol% H20  97 58

H-Co-silicate without pretreatment 350 257

800°c+10 mol%H20 352 258

l,000°c+10 mol%H20 284 258

8.4.2.2 Crystallinity by XRD characterization

X-ray diffraction lines o f 200%Cu/MFIs and H-Co-silicates with and without 

hydrothermal-treatment are depicted sequentially in Figures 8.5 and 8.6. The intensity of 

X-ray diffraction lines o f 200%Cu/MFI pretreated at 1,000°C w ith 10 mol% H20  

diminishes enormously comparing with that of 200%Cu/MFI without pretreatment. The 

change o f crystallinity pattern from MFI structure to crystobalite form occurs for 

200%Cu/MFI pretreated at 1,000°C with 10mol% H20  as similar as 200%Cu/MFI 

pretreated by high thermal-treatment condition. As for H-Co-silicate, the intensity o f X - 

ray diffraction lines o f H-Co-silicate pretreated at 1,000°c with 10 mol% H20  is lowered 

relative to that o f H-Co-silicate without pretreatment. However, there is no identification 

o f the change o f MFI structure o f H-Co-silicate. This is a more advantage o f H-Co- 

silicate to maintain MFI structure more effectively than 200%Cu/MFI.

From many characterizations cited above, it can be concluded that the loss of 

crystallinity o f the framework brings about the unstability o f catalyst structure to 

maintain the activity for NO conversion in severe condition as same as its activity 

without pretreatment. This is an another reason causing the decrement o f the activity for
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NO conversion o f both 200%Cu/MFI and H-Co-silicate pretreated by hydrothermal 

treatment.

Although 200%Cu/MFI loss the activity for conversion o f NO to N 2 more 

steeply than H-Co-silicate, 200%Cu/MFI pretreated at 800°c with 10 mol% H2 O exhibits 

higher conversion o f NO to N 2  than H-Co-silicate pretreated at 800°c with 10mol% H2 O. 

It is well known that copper-based catalyst promotes high activity for both decomposition 

and SCR of nitric oxide [9, 10, 128, 129]. It is accepted that Cu2+ state is predominant 

for NO removal in lean-burn condition [46, 47], Nevertheless, Cu-ion-exchanged zeolite 

is easily deactivated in high temperature condition and/or the existence o f steam that 

possibly occurs in practical use. It can be implied that the transformation o f copper 

species to be inactive species is a limitation o f this catalyst for NO removal in severe 

condition. This reason can be supported by many researches [45, 47, 78], Pd 

modification o f copper ion-exchanged MFI zeolite (Pd/Cu/MFI) was also paid attention 

in this study to improve the performance for NO elimination under severe condition. In 

order to distinguish easily, 200%Cu/MFI and Pd/MFI were compared for this purpose as 

well. The effect o f hydrothermal-treatment at 800°c with 10 mol% H2 O on nitric oxide 

conversion o f catalysts was investigated since the high crystallinity o f 200%Cu/MFI 

catalyst still exist.

8.4.3 Change in physical properties o f catalysts by the hydrothermal-treatment at 800°c 

with 10 mol% H2 O

Table 8.2 shows physical properties o f catalysts before and after use for the 

reaction. Crystallinity determined by XRD profiles was calculated using the intensity of 

diffraction line at 23.5° 20, which was compared with that o f MFI material as the 

reference. The relative intensity ratio of 550 to 450 cm’1 bands (I5 5 0 /I4 5 0 ), expresses a 

quantitative index o f crystallinity around the oxygen rings o f MFI zeolite. The data of 

XRD and IR spectra o f used catalysts differ in minor degree from those o f fresh ones. 

Therefore, it is concluded that the slight collapse of MFI framework does not affect on 

the deactivation as supported by Yan et al [46] and Martinez et al [47], although BET 

surface area o f used catalysts showed some decrease relative to that o f fresh ones.

The scanning electron micrographs (SEM) o f fresh and used Cu/MFI and 

Pd/Cu/MFI after crashing to powder form in a mortar are shown in Figures 8.7 and 8.8,



Figure 8.5 X R D  patterns o f  200% C u/M FI w ith hydrotherm al-treatm ent



Figure 8.6  X R D  patterns o f  H -C o-silica te  w ith hydrotherm al-treatm ent

ร1



Table 8.2 Data o f catalysts in physical; bulk compositions, BET surface area and crystallinity 

o f 200%Cu/MFI, Pd/Cu/MFI and Pd/MFI, respectively.

Sample Pretreatment

temperature

(°C )

BET

surface area 

(mVg.cat)

Me/Al 

atomic ratio 

Cu/Al Pd/Al

crytallinity.

(%)
15 5 ( / ^ 5 0

ratio

200%Cu/MFI without pretreatment 360 0.91 - 100 0.8

800°C+10%H20 300 0.93 - 97 0.74

Pd/Cu/MFI without pretreatment 334 0.80 0.027 101 0.72

800°C+10%H20 303 0.81 0.026 100 0.72

Pd/MFI without pretreatment 321 - 0.025 99 0.72

800°C+10%H20 303 - 0.025 102 0.70
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respectively . Unit particles o f fresh Cu/MFI (Fig. 8.7 (a)) markedly agglomerated to 

considerably larger size, as high as 10 times diameter, by the use o f the reaction (Fig. 8.7, 

(b)). It indicates that ion-exchanged copper easily makes its cluster and further growth 

by sintering accompanying with gathering unit particles o f MFI material. On the other 

hand, in the case o f Pd/Cu/MFI, no significant change o f its morphology is observed by 

the use for the reaction. It means that the Pd part, which has a less tendency toward 

sintering than Cu has, would interfere the progress o f Cu sintering, and consequently, the 

agglomeration o f MFI particles is largely retarded.

Figures (A) and (B) in Figure 8.9 show in-situ FTIR spectra o f pyridine 

adsorbed on fresh catalysts o f Cu/MFI and Pd/Cu/MFI, respectively at different 

temperatures. Numbers o f bands were appeared in the region o f interest between 1,400 

and 1,640 cm’1. Bnjnsted acidity, representing pyridinium ion on protonate sites and 

Lewis acidity describing coordinately bonded pyridine on sites as electron pair acceptor 

give the band at around 1540 cm'1 and in the range o f 1,440-1,465 cm'1, respectively 

[122]. The amount o f acid can be measured quantitatively by the intensity o f the spectra. 

On the other hand, the strength o f acidity can be evaluated by the presence o f Bnjnsted 

and/or Lewis acidity with increasing temperature. It can be demonstrated that 

Pd/Cu/MFI expressed stronger Lewis acidity than Cu/MFI. Primet and Taarit [129] 

reported that the wave number o f pyridine adsorbed on Pd2+ was approximately at 1,456 

cm'1, which is typical for Lewis acidity. Therefore, it is suggested that palladium species 

in Pd/Cu/MFI are highly dispersed. Existence o f such isolated Pd2+ ions and/or fine 

particles o f palladium oxides are supported by Misono and co-workers [130],

Figures 8.10 and 8.11 depict ESR spectra o f Cu/MFI and Pd/Cu/MFI, 

respectively. The spectra o f fresh Cu/MFI and Pd/Cu/MFI are similar. These indicate 

that two Cu2+ species located in two different coordinations (a square pyramidal 

environment with g 1 =2.31-2.33, A | 1=142.5G and a square planar one with g = 2.27- 

2.29, A m ~ 155G). These are typically found in many literatures [47, 78, 127, 131]. 

Shelef [128] proposed that Cu2+ in a square planar configuration is very active for NO 

removal. As compared with fresh catalysts, Pd/Cu/MFI after pretreatment exhibits the 

same features. As for Cu/MFI, however, the pretreated Cu/MFI not only loses the 

intensity o f ESR spectra, but it also has a change in the shape o f the signal. This means
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that the amount o f two Cu2+ species in both square pyramidal and square planar 

coordinations were diminished due to pretreatment. Additionally, a new spectrum with 

g 11 =2.30, A 11=156G appears although part o f two Cu2+ species remained. The new ESR 

signal indicates the change in the coordination o f Cu2+. From ESR results as mentioned 

above, it is suggested that modified Pd can preserve most parts o f active Cu2+ species 

even after pretreatment at 800°c and 10 mol% H 2O addition.

8.4.4 Change in catalytic performance by the hydrothermal-treatment at 8 0 0 ° c  and 10 

mol% H2 O.

In order to compare the catalytic performance o f the three kinds o f catalyst, NO 

conversion reaction was carried out. In both the pretreatment and the catalytic reaction 

test, enough partial pressure o f steam, i.e. 10 mol%, was added in each feed gas. By the 

addition o f such a considerably high partial pressure o f steam, n-octane combustion was 

fairly retarded and N 2 O was observed in the effluent gas, whereas in the reaction gas 

without H2 O, N 2 O was not detected on Cu/MFI.

The effects o f the reaction temperature on the conversion o f n-octane to COx and 

conversion o f NO to N 2 and N 2 O on the three catalysts are shown in Figures 8.12 and 

8.13. On Pd/MFI, n-octane combusts most easily from a lowest temperature range, but 

major product o f conversion o f NO is N 2 O and N 2 formed in minor extent. On the other 

hand, on other two kinds o f catalysts, a considerable amount o f NO converts to N 2 , and 

N2 O forms only a lower temperature range. At above 400°c, NO to N 2 conversion on 

Cu/MFI decreases with an increase of temperature, while that on Pd/Cu/MFI increased.

It is interesting that the activity for conversion o f n-octane on Pd/Cu/MFI is 

rather lower than those o f other catalysts, resulting the effective use o f n-octane reaction 

upon the NO conversion on Pd/Cu/MFI at the high temperature range. The reason for the 

decrease in conversion o f n-octane on Pd/Cu/MFI would be attributed to some change of 

Pd and Cu on the MFI catalyst such as alloying due to the pretreatment at a high 

temperature range. This would bring about the decrease in the catalytic activity for 

conversion o f n-octane.

Stability o f the catalytic activity for conversion o f NO to N 2 against the 

hydrothermal-treatment condition was compared between Cu/MFI and Pd/Cu/MFI, and is 

shown in Figure 8.14. Without the pretreatment, both catalysts exhibit very similar



F ig u re s 8 .7 .  Scanning electron micrographs o f 200%Cu/MFI
a) 200% Cu/H- ZSM-5 without pretreatment ,b)200% Cu/H-ZSM-5 pretreated 8 0 0 ° c  with 10%H2O



F ig u re s 8 .8 .  S can n in g  e le c tro n  m ic ro g ra p h s  o f  P d /C u /M F I
c) P d /C u /M F I w ith o u t p re tre a tm e n t ,๖)P d /C u /M F I p re tre a te d  8 0 0 ° c  w ith  10 % H 2 O

-ร
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p e rfo rm an ce  fo r N O  to  N 2 co n v ers io n , how ev er, the  b ig  d iffe ren ce  b rin g s  ab o u t by  th e  
p re trea tm en t. T h e  d eg ree  o f  th e  d ec rease  in  the  ac tiv ity  is m u ch  la rg e r o n  C u /M F I. O n 
the  o th e r h an d , o n  P d /C u /M F I, as th e  ac tiv ity  ra th er in c reases  w ith  an  in c rea se  o f  th e  
reac tio n  te m p e ra tu re , a t h ig h e r  tem p e ra tu re  ran g e  a ro u n d  6 0 0 ° c ,  th e  ac tiv ity  is n ea rly  
co m p arab le  to  th o se  o f  n o n -trea ted  ca ta ly sts .

T h e  re a so n  fo r th is  ap p aren tly  u n iq u e  p h en o m en o n  is b e c a u se  as th e  c o m b u stio n  
ac tiv ity  w as  m o d e ra te d  in  P d /C u /M F I by  th e  trea tm en t, th e  ro le  o f  re d u c tio n  o f  c a ta ly s t 
su rface  co u ld  b e  e x te n d e d  up  to  h ig h e r tem p era tu re  ran g e  th an  th a t o f  C u /M F I. B ecau se  
in te rm ed ia te  c o m b u s tio n  p ro d u c ts  are ap t to  keep  ca ta ly s t su rface  re d u c tiv e  u n til m o re  
h ig h e r te m p e ra tu re  ran g e  th a n  th a t o f  C u /M F I, and  N O  co u ld  be  c o n v e rte d  m a in ta in in g  a 
h ig h  level. T h ese  p h e n o m e n a  co n sis ten tly  co inc ide  an d  are  u n d e rs ta n d a b le  w ith  th e  
M ic ro sco p ic  S eq u en tia l R e a c tio n  M ech an ism  [48, 50, 58, 132, 133].

T h is  p h e n o m e n o n  is cau sed  by  th e  ab ility  o f  P d  to  p re se rv e  so m e  p a r ts  o f  C u 2+ 
sp ec ies  ac tiv e  fo r co n v e rs io n  o f  N O  su p p o rted  by  E S R  d a ta  in  f ig u re s  8 .10  an d  8.11. 
H o w ev er, th e  ac tiv ity  o f  p re trea ted  P d /C u /M F I fo r n itric  o x id e  re m o v a l is lo w e r th a n  th a t 
o f  fre sh  one. T h is  m ay  be  due  to  th e  lo w  am o u n t o f  P d  th a t is u n a b le  to  p re se rv e  all 
ac tiv e  c o p p e r sp ec ies  an d /o r d ea lu m in a tio n . R o k o sz  et al. [134] re p o rte d  th a t  th e  ad d itio n  
o f  P d  co u ld  s tab ilize  th e  te trah ed ra l A1 o f  th e  zeo lite  s tru c tu re . T h e re fo re , d e a lu m in a tio n  
w as n o t s ig n ific an t to  lo w er th e  ac tiv ity  fo r  n itric  ox id e  c o n v e rs io n  b u t th e  in s ta b ility  o f  
c o p p e r sp ec ies  ac tiv e  fo r n itric  o x id e  rem o v al.
8.5 Conclusion

H y d ro th e rm a l-trea tm e n t a ffec t o n  th e  ac tiv ity  o f  b o th  2 0 0 % C u /M F I and  H -C o - 
silica te . It sh o w ed  m o re  sev e re  d eac tiv a tio n  th an  th e rm a l- trea tm e n t an d  h y d ro -trea tm en t. 
T he s tab ility  o f  th e  C u /H -Z S M -5  fo r N O  rem o v al a g a in s t a  h y d ro th e rm a l- tre a tm e n t 
co n d itio n  co u ld  be  im p ro v ed  by  m o d ific a tio n  w ith  Pd. T h e  c o llap se  o f  Z S M -5  
fram ew o rk  in  m in o r ex te n t gav e  no  s ig n ific an t e ffec t o n  d e a c tiv a tio n  ev en  a fte r  th e  
p re tre a tm en t a t 8 0 0 ° c  in  N 2 s tream  in v o lv in g  10 m o l%  H 2 O. T h e  c ru c ia l e ffec t o f  P d  
m o d ific a tio n  o n  N O  c o n v e rs io n  is due to  p rese rv a tio n  o f  ac tiv e  C u 2+ sp ec ies  fro m  the  
sin tering .
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F ig u re  8.9. In  s itu  F T -IR  sp ec tra  o f  p y rid in e  a d so rb ed  on c a ta ly s ts  w ith o u t p re tre a tm en t :
(a) 2 0 0 % C u /M F I; (b ) P d /C u /M F I: (a) at 150°C; (b ) at 200°C ; (c) at 250°C ; (d) at 300°C ; (e) at 3 5 0 ° c



(a )

F ig u r e  8 .10  E S R  sp e c tra  o f  h ig h  sp in  C u 2+ o f  2 0 0 % C u /M F Is
a) 2 0 0 % C u /M F I w ith o u t p re tre a tm en t, b) 2 0 0 % C u /M F I p re tre a ted  at 8 0 0 °c  w ith  10m ol%  H 20
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Figure 8.11 E S R  sp ec tra  o f  h ig h  sp in  C u 2+ o f  P d /C u /M F Is
a) P d /C u /M F I w ith o u t p re tre a tm en t, b) P d /C u /M F I p re tre a ted  at 8 0 0 ° c  w ith  10m ol%  H 20

00



T e m p e ra tu re  (°C )
F ig u r e  8 .1 2  n -O c ta n e  c o n v e rs io n  on  c a ta ly s ts  p re trea ted  at 8 0 0 ° c  w ith  H 20  10m ol% . 
R eac tio n  gas: N O  1 ,000  p p m , n -C 8H 18 1,000 ppm , 0 2 2% , H 20  10% , H e b a lan ce , G H S V  
3 0 ,0 0 0  h-1 00NJ
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F ig u r e  8 .1 3  C o n v e rs io n  o f  N O  o f  c a ta ly s ts  p re tre a te d  a t 8 0 0 ° c  w ith  H 20  1 0 m o l%  fo r  30  m in  
S o lid  lin e : C o n v e rs io n  o f  N O  to  N 2; B ro k e n  lin e : C o n v e rs io n  o f  N O  to  N 20  R e a c tio n  gas: N O  1 ,000  
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Figure 8.14 E ffec t o f  h y d ro th e rm a l- tre a tm e n t on  c o n v e rs io n  o f  N O  to N 2 o f  c a ta ly s ts .
O p en  sy m b o l: w ith o u t p re tre a tm en t; C lo sed  sy m b o l: w ith  h y d ro th e rm a l- tre a tm e n t at 8 0 0 ° c  w ith  H 20  
1 0 m ol%  fo r 30 m in ; R e a c tio n  gas: N O  1,000 p p m ,n -C gH lg 1,000 ppm , 0 2 2% , H 20  10% , H e  b a la n c e , 
G H S V  3 0 ,0 0 0  h - ‘
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