
CHAPTER II 
LITERATURE REVIEW

T h is  ch a p ter  w i l l  g iv e  th e  b a ck g ro u n d  an d  c h e m is tr y  o f  th e  reactan t and  s o l-  
g e l s y n th e s is  u se d  in  th is  w o r k . A fte r  that, it w i l l  d e sc r ib e  c a ta ly t ic  N O x r em o v a l  
te c h n iq u e s . P ast and  recen t w o rk s  are r e v ie w e d  s im u lta n e o u s ly  as w e l l  as th e  
rea c tio n  m e c h a n ism s .

2.1 NO* Background

T h e  m a in  o x id e s  o f  n itro g en  ap p ear in  th e  a tm o sp h e r e  are n itr ic  o x id e  (N O ),  
n itro g en  d io x id e  (N O 2 ) and  n itro u s o x id e  ( N 2 O ). N O  is  m o d e r a te ly  r e a c tiv e , c o lo r le s s  
and  o d o r le s s  w h ile  N O 2 is  h ig h ly  r e a c tiv e  tow a rd  o x id a t io n  and  red d ish  b ro w n  c o lo r  
w ith  p u n g e n t od o r . N 2 O  is  c o m m o n ly  k n o w n  as la u g h in g  g a s . It i s  c o lo r le s s  w ith  
s lig h tly  s w e e t  od o r . H o w e v e r , n itrou s o x id e  p rese n ts  r e la t iv e ly  in  m u c h  le s s  q u an tity . 
T h e o th er  t w o , n itr ic  and n itro g en  d io x id e  are g e n e r a lly  c o m b in e d  in  term  o f  N O x  
em itte d  m a in ly  fro m  v a r io u s  so u r c e s  th ro u gh  c o m b u s t io n  p r o c e s se s .

2 .1 .1  N O y F o rm a tio n
N O x is  fo rm ed  th ro u gh  th ree  m e c h a n ism s:  T h erm a l N O x, F u e l N O x, 

an d  P rom p t N O x a s  th e  f o l lo w in g  d e ta ils .
2.1.1.1 Thermal NOx or Zeldovich NOx

In th erm a l N O x p r o c e s s , th e  r e a c tio n s  o c c u r  at h ig h  
tem p era tu re , u su a lly  a b o v e  1 ,6 0 0  K . B o th  m o le c u la r  N 2  and  0 2 in  th e  c o m b u stio n  air 
are d is s o c ia te d  in to  th eir  r e sp e c tiv e  a to m ic  sta te s  N  an d  o  w h ic h  su b se q u e n tly  crea te  
th erm al N O x. It is  d e sc r ib e d  b y  th e Z e ld o v ic h  r e a c tio n s  (B o s c h  an d  J a n sse n , 1 9 8 7 )  as  
fo llo w s :

N 2 +  0 —» N O  +  N ( 1 . 1 )
N  +  O 2 - » N O  +  0 ( 1 .2 )

O v era ll r ea c tio n N 2 +  Û 2 —» 2 N O (1 .3 )
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T h e  r e a c tio n  rate is  c o n tr o lle d  b y  o x y g e n  c o n c e n tr a t io n  and  
tem p era tu re . T h e  m a x im u m  th erm al N O x p r o d u c tio n  o c c u r s  at a  s lig h tly  le a n  fu e l 
m ix tu re  ratio  d u e  to  th e  e x c e s s  a v a ila b ility  o f  o x y g e n  fo r  r e a c tio n  w ith in  th e  h o t  
f la m e  z o n e . E v e n  th o u g h  th e  th erm a l N O x  fo r m a tio n  rate is  s lo w  co m p a r e d  to  o th er  
c o m b u s t io n  r e a c tio n s , it c o n tr ib u tes  to  th e  la r g e s t  p o r tio n  to  th e  to ta l N O x fo rm ed  
(G la rb o rg  et al., 1 9 8 6 ).

N  +  O H  N O  +  H  (1 .4 )

A d d it io n a lly , th e  h y d r o x y l ra d ica l ca n  b e  an  o x id a n t  in  fu e l
r ich  m ix tu r e s .

27.7.2 Fuel NOx
T h e  p r o c e s s  is  th e  o x id a t io n  o f  n itr o g e n -c o n ta in in g  co m p o u n d  

in  th e  fu e l su c h  a s  c o a l ,  c o k e  and  h e a v y  o i ls .  T h e  fo r m a tio n  c a n  b e  d e sc r ib e d  as  
f o l lo w s  (G ô m e z -G a r c ia  et al., 2 0 0 5 ):

C (N )  I(N )  (1 .5 )
I (N )  +  0 ( o r  O 2 , O H ) —» N O + . . .  (1 .6 )

w h e r e
C (N )  =  n itr o g e n  in  ch ar
I (N )  =  n itr o g e n -c o n ta in in g  in term ed ia te  s p e c ie s  (C N , H C N , N H  an d  N H 2 )

F u e l b o u n d  n itr o g e n  is  first c o n v e r te d  to  f ix e d  n itro g en  
c o m p o u n d s  su ch  a s  H C N  an d  N H 3 w h ic h  are su b se q u e n tly  o x id iz e d  to  N O x. T h e se  
r e a c tio n s  o c c u r  at r e la t iv e ly  lo w  tem p era tu re  th an  th at o f  Z e ld o v ic h  m e c h a n ism . In 
co n tra st w ith  th e  th erm a l N O x , th e  fo rm a tio n  o f  fu e l N O x is  in d e p e n d e n t  o f  th e  f la m e  
tem p era tu re  and  in s e n s it iv e  to th e  ty p e  o f  o r g a n ic  n itr o g e n  c o m p o u n d  (B o s c h  and  
J a n sse n , 1 9 8 7 ).

2.1.1.3 Prompt NOx or Fenimore NOx
P rom p t N O x is  fo rm ed  a c c o r d in g  to  F e n im o r e  m e c h a n ism . 

T h e  h y d ro ca rb o n  fr a g m e n ts  su ch  a s  c, C H , and  C H 2  m a y  react w ith  a tm o sp h er ic
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n itro g en  u n d er  fu e l r ich  c o n d it io n s  and  su b se q u e n tly  p r o d u c e  f ix e d  n itr o g e n  s p e c ie s  
su c h  as C N , H 2 C N , H C N  and  N H . A fte r w a r d s , th e s e  in te r m e d ia te s  are o x id iz e d  in  
lea n  z o n e  to  fo rm  p rom p t N O x. Its fo r m a tio n  is  p ro p o rtio n a l to  th e  n u m b er  o f  carb on  
a to m  (R o y  et a l,  2 0 0 9 )  and  can  o c c u r  at a  m u c h  lo w e r  tem p era tu re  th a n  th erm a l N O x 
i .e . 1 ,0 0 0  K . H o w e v e r , o n ly  sm a ll fra c tio n  o f  th e  to ta l N O x is  p ro d u c e d  th ro u gh  th is  
m e c h a n ism .

In su m m a ry , le a n  c o n d it io n s  su p p ress  p ro m p t N O x w h e r e a s  lo w  
tem p era tu res su p p r e ss  th erm a l N O x. N o r m a lly , th erm a l N O x is  th e  m a in  m e c h a n ism  
in e n g in e s  and  b o ile r s  w ith  d ie s e l ,  g a so lin e  and  g a s  fu e ls . C o n tra r ily , in  c o a l p o w e r  
p la n ts , fu e l N O x is  u su a lly  th e  m ajor  ro u te  for  N O x fo r m a tio n . T h e  p r in c ip le  o f  
c a ta ly tic  N O x r e m o v a l is  to  r e v e rse  th e  r e a c tio n s  o f  N O x fo r m in g  at a lo w e r  
co r r e sp o n d in g  tem p era tu re .

2 .1 .2  N O y T h e r m o d y n a m ic s  and  K in e tic s
In a th e r m o d y n a m ic  p o in t  o f  v ie w , n itr ic  o x id e  and  n itr o g e n  d io x id e  

are u n sta b le  (G ô m e z -G a r c ia  et a l, 2 0 0 5 ) .

N O  <-» y2N 2 +  */2 0 2 A G °2 9 8  =  -8 6  k J /m o l (1 .7 )
N 0 2 < ^  1/2 N 2 +  0 2 A G °2 9 8  =  -51  k J /m o l (1 .8 )

O n  th e  o th er  h an d , k in e t ic s  s tu d ie s  h a v e  r e v e a le d  that th e  
d e c o m p o s it io n  is  in h ib ite d  b y  its  h ig h  a c t iv a t io n  e n e r g y  barrier; - 3 3 5  k J /m o l for  N O  
d e c o m p o s it io n  (G a r in , 2 0 0 1 ) .  T h e  u n c a ta ly z e d  r e a c tio n  p r o c e e d s  v e r y  s lo w ly  u n til it 
r e a c h e s  v e r y  h ig h  tem p era tu re; > 2 ,0 0 0  K  (G ra ss ia n , 2 0 0 5 ) .  A n y w a y , at lo w  
tem p era tu re  N O  c a n  react w ith  o x y g e n  to  fo rm  N 0 2 b u t it fu l ly  sh if ts  to  th e  le ft  at 
h ig h  tem p era tu re  a s  d e sc r ib e d  b y  E q u a tio n  (1 .9 ) .  F ig u r e  2 .1  s h o w s  th e  
th e r m o d y n a m ic  s ta b ility  o f  N O 2 a s  a fu n c t io n  o f  tem p era tu re  fo r  th e  p artia l p ressu re  
o f  o x y g e n  b e tw e e n  0 .0 1  and  0 .2 0  atm . It illu s tr a te s  that N O 2 is  s ta b le  at lo w  
tem p era tu res w h i le  N O  is  m o re  s ta b le  th a n  N O 2 at h ig h  tem p era tu res . In a d d it io n , th e  
s ta b ility  o f  N O 2 in  th e  g a s  p h a se  in c r e a se s  w ith  in c r e a s in g  p artia l p ressu re  o f  o x y g e n .
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A t lo w  tem p era tu res, N O  can  a lso  b e  c o n v e r te d  to  N 2 O . T h is  reac tio n ;  
w h ic h  is  sh o w n  in  E q u a tio n  (1 .1 0 ) ,  is  u n fa v o red  at h ig h  tem p era tu re . H e n c e , N 2 O  can  
b e  an in term ed ia te  in  th e  red u ctio n  o f  N O  to  N 2  at lo w  tem p era tu res  (b u t n ot  
n e c e ssa r ily  is ) . A t  h ig h  p ressu res an d  lo w  tem p era tu res , N O  is  u n sta b le . It is  
d isp ro p o rtio n a te  to  N 2 O  an d  N O 2  as s h o w n  in  E q u a tio n  ( 1 .1 1 ) .

N O  +  Vi 0 2  <-» N 0 2 AH°298 = - 1 1 3  k J /m o l (1 .9 )
2 N O  - 0  N 20  +  */2 0 2 AH°298 = -9 9  k J /m o l ( 1 . 1 0 )
3 N O  N 20  +  N 0 2 AH°298 = - 1 5 5  k J /m o l ( 1 . 1 1 )
2 N O  <-> N 2 O 2 AH°298 < 0  k J /m o l ( 1 . 1 2 )

B u s c a  et al. ( 2 0 0 5 )  n o te d  that th e  e q u ilib r iu m  d im e r iz a tio n  o f  N O  is  
lik e ly  an in term ed ia te  step  in  th e  rea c tio n s  (1 .9 )  to  ( 1 .1 1 ) .  A s  m e n tio n e d  a b o v e , th e  
d e c o m p o s it io n  o f  N O  c o u ld  n o t p r o c e e d  sp o n ta n e o u s ly  b e c a u s e  o f  its  h ig h  a c tiv a tio n  
en erg y . T h e  u se  o f  d iffe r e n t red u cta n ts  in  N O  r e d u c tio n  to  n itr o g e n  a s  b e lo w  
rea c tio n s  c o u ld  b e  an a c c o m p lish e d  o p tio n .

N O  +  C O  - >  '/2 N 2 +  C 0 2 AH°298 = - 3 2 8  k J /m o l (1 .1 3 )
4 N 0  +  4 N H 3 +  0 2 - >  4 N 2  +  6 H 2 O AH°298 = - 1 ,6 2 7  k J /m o l (1 .1 4 )
N O  +  C H 4 +  1 Vi O 2  - >  V2N2 + C 0 2  +  2 H 20 AH°298 = - 8 4 7  k J /m o l (1 .1 5 )
N O  +  H 2 —> Vi N 2  + H 2 O AH°298 = - 2 8 7  k J /m o l (1 .1 6 )

H o w e v e r , th e se  r ea c tio n s  req u ire  th e  c a ta ly s ts  p e r fo r m in g  s e le c t iv e ly  
w ith o u t N 2 O  fo r m a tio n  at lo w  tem p era tu re. T h r e e -w a y  c a ta ly s ts  (T W C s)  u se d  for  
g a so lin e  e n g in e s  a p p lied  C O  as a r e d u c in g  a g e n t w o r k in g  in  a p p r o x im a te ly  
s to ic h io m e tr ic  c o n d it io n  o f  air to  fu e l m a ss  ra tio  at 1 4 .7 , w h ic h  is  d e s ig n a te d  a s  A. =  
1. C on trarily , a m m o n ia  is  e m p lo y e d  for  sta tion ary  s o u r c e s  in  o x id iz in g  c o n d it io n . 
M eth a n e  as its  ab u n d an t natural g a s  is  an a ltern a tiv e  fo r  a m m o n ia  in  in d u str ia l p la n ts  
b ut it is  s till n o t  c o m m e r c ia liz e d . T h e  u s e  o f  h y d r o g e n  is  n o t  a ttr a c tiv e  b e c a u s e  it is  
n ot p ractica l in  o x y g e n  e x c e s s  c o n d it io n .
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A lth o u g h  N2O i s  m o re  s ta b le  th a n  NO at lo w  tem p era tu re , its  
fo r m a tio n  is  a lso  th e r m o d y n a m ic a lly  fa v o red  at h ig h  tem p era tu re  th ro u gh  o x id a t io n  
p r o c e s s e s  su c h  a s  th e  eq u a tio n s  sh o w n  b e lo w . A s  w e l l  a s  NO, th e  d e c o m p o s it io n  o f  
N2O is  th e r m o d y n a m ic a lly  fa v o red  but it is  o b stru c ted  b y  k in e t ic  rea so n s . H o w e v e r ,  
it is  q u ite  e f f ic ie n t  o v e r  c a ta ly s ts  at h ig h  tem p era tu re  s o  th e  r e d u ctio n  o f  N 2 O to  
n itro g en  b y  r e d u c in g  a g e n ts  is  n o t a ttractive.

4 N H 3 +  4 0 2 - >  2 N 2 O  +  6 H 2 O  A H °2 9 8  =  -1 ,1 0 3  k j /m o l (1 .1 7 )
4 N H 3 +  4 N 0  +  3 0 2 - s 4 N 20  +  6 H 20  A H °2 9 8  = - 1 ,2 9 8  k J /m o l (1 .1 8 )
N 20  <-» N 2  +  Vi 0 2  A H °2 9 8  =  -8 2  k J /m o l (1 .1 9 )

Figure 2.1 T h e  th e r m o d y n a m ic  e q u ilib r iu m  fra ctio n  o f  N O 2 /NO X a s a fu n c t io n  o f  
tem p era tu re  in  d iffe r e n t partia l p ressu res  o f  o x y g e n .
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2 .1 .3  N O y  S u rfa ce  C h em istry
N itr ic  o x id e , N O  is  c o n s id e r e d  a s  a  r a d ica l m o le c u le .  It h a s an  

u n p a ired  e le c tr o n  in  its  2n* o rb ita l. F or th is  r e a so n , N O  o w n s  p a ra m a g n etic  property . 
Its b o n d  le n g th  is  1 .1 5  Â  w h ic h  is  in term ed ia te  b e tw e e n  tr ip le  b o n d  d is ta n c e  in  N O + 
o f  1 .0 6  Â  an d  d o u b le  b o n d  - 1 . 2 0  Â  (R o y  et al., 2 0 0 9 ) .  W h e n  it e x p o s e s  to  m eta l 
su r fa c e , N O  c a n  e ith e r  d o n a te  its  u n paired  e le c tr o n  to  th e  su r fa c e  l ik e  C O  or a cce p t  
e le c tr o n  fro m  th e  su r fa c e  in to  th e  partial 2 it*  orb ita l. T h e r e fo r e , it c a n  ad so rb  o n  the  
su r fa ce  in  v a r io u s  g e o m e tr ie s  su c h  as lin ear  (a to p ), b en t, b r id g e , an d  e tc . as sh o w n  in  
F ig u re  2 .2 . A d d it io n a lly , it in tera cts  w ith  th e  su b stra tes  v ia  N  or  o .

:0: ๐:

แ N

M M

Linear(-sp)

Figure 2.2 S c h e m a tic  rep resen ta tio n  o f  th e  b o n d in g  in  N O  c o m p le x e s  (B r o w n  and  
K in g , 2 0 0 0 ) .

In  a  m e ta l-N O  b o n d in g , N O  c r e a te s  a 5 o --d  b o n d  w ith  m eta l a to m s  

lik e  in  M -C O . T h e n  b a ck  b o n d in g  ta k es  p la c e  fro m  d orb ita l o f  su r fa ce  m eta l to  2n* 
orb ita l o f  N O . I f  N O  r e c e iv e s  an  e le c tr o n  in  its  a n tib o n d in g  orb ita l, it b e c o m e s  N O ' 
w h ic h  is  is o e le c tr o n ic  to  O 2 . O 2  ad so rp tio n  a lw a y s  fo r m s  a  s id e -o n  g e o m e tr y  that 
furth er d is s o c ia te s  to  fo rm  M = 0 .  S im ila r ly , w h e n  a d so rb ed  N O  b e c o m e s  N O ', it 
tra n sfo rm s to  a  s id e -o n  g e o m e tr y  and  th en  d is s o c ia te s  a s  illu stra ted  in  F ig u re  2 .3 . I f  
th e  m eta l su r fa c e  is  p r o m o te d  b y  a lk a li m eta l or  a lk a lin e -ea r th  m e ta l, it w i l l  lead  to  
an ex tra  e le c tr o n  o n  th e m eta l su rfa ce . T h en  th e  c h a rg e  tra n sfer  fro m  m eta l d orb ita l 
to  N O  271* orb ita l sh o u ld  in c r e a se . A c c o r d in g ly , it p r o m o te s  N O  d is so c ia t io n .

ะ๐: :9 :
/  •: I

:N N

' / \
M m m

Bent Bridging
(~sp2) •- (~sp2)
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Figure 2.3 S c h e m a tic  rep resen ta tio n  o f  N O  d is s o c ia t io n  (P a le r m o  et al., 1 9 9 6 ).

N itr o g e n  d io x id e , N O 2  is  a  ra d ica l and  a  s tro n g  o x id iz in g  ag en t. It can  
b o n d  w ith  th e  su r fa ce  m e ta l a s  a lig a n d  th ro u gh  N , o  e n d  or a  c o m b in a tio n  o f  N  and  
o  a tom . T h e n  N O 2  c a n  tran sform  th ro u g h  v a r io u s  r e a c tio n s . A n y w a y , N O 2 

a d so rp tio n  a s  m o le c u la r  h a s b e e n  o b se r v e d  a s  w e ll .

Partial decomposition: NO2 —» NO + o
Full decomposition: NO2 —» N + 20
Nitrate formation: NO2 + o  —> NO3

N itr o u s  o x id e , N 2 O  is  a  tr ia to m ic  m o le c u le  w ith  a sy m m e tr ic  sh a p e  
(N N O ). It req u ired  r e la t iv e ly  sm a ll e n e r g y  for  N - 0  b o n d  c le a v a g e ;  ~ 4 0  k c a l/m o l  
(R o d r ig u e z  et a i,  2 0 0 1 ) .  C o n se q u e n tly , d is s o c ia te d  a d so rp tio n  to  g a s e o u s  N 2  and  o  
ad a to m  is  n o t  d if f ic u lt . H o w e v e r , th e  m o le c u la r  a d so r p tio n  is  a ls o  p resen t.

2.2 Sol-gel

T h e  s o l -g e l  ro u te  p r o c e e d s  v ia  so l fo rm a tio n  f o l lo w e d  b y  g e l  fo rm a tio n . S o l  
is  o n e  ty p e  o f  th e  c o l lo id a l  sta te s  w h ic h  are th e  sta te  th at c o l lo id a l  p a r tic le s  ra n g in g  
from  1 to  1 ,0 0 0  n m  in  s iz e  su sp e n d e d  in  th e  s e c o n d  p h a se . T h e  c o l lo id a l  su sp e n s io n  
o f  a so l id  in  a liq u id  p h a se  c a lle d  so l ca n  b e  o b ta in e d  b y  th e h y d r o ly s is  and partia l 
c o n d e n sa t io n  o f  p recu rsor . T h e  further c o n d e n sa t io n  o f  s o l  re su lts  in  a  th ree-  
d im e n s io n a l p o ly m e r ic  n e tw o rk  o f  g e l. T h e  p o r o u s  m a te r ia ls  o b ta in e d  a fter  d ry in g  
p r o c e ss  are u sed  for  m a n y  a p p lic a t io n s  su c h  as c e r a m ic  m a te r ia l, and ca ta ly s t  
p rep aration . T h e  im p o rtan t ch a ra cter is tic  o f  th e  s o l - g e l  te c h n iq u e  in  ca ta ly tic
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a p p lic a tio n  is  its  a v a ila b ility  to  co n tro l c h e m ic a l an d  p h y s ic a l  p ro p er tie s  o f  p rod u ct  
(E rtl et a l, 1 9 9 9 ).

•  M a in ta in  h ig h  p u rity
•  B e  a b le  to  co n tro l p h y s ic a l ch a ra c te r is tic s  s u c h  a s  p o re  s iz e  d istr ib u tio n  

and  p o r e  v o lu m e
•  G iv e  h o m o g e n e o u s  c o n te n t  in  m o le c u la r  le v e l
•  C an  in tro d u ce  se v e r a l c o m p o n e n ts  in  a  s in g le  s te p
•  B e  a b le  to  p ro d u ce  sa m p le s  at lo w  tem p era tu re

2 .2 .1  S o l -g e l  C h em istry
G e n e r a lly , th ere  are tw o  ro u tes  in  s o l -g e l  p rep ara tio n  d e p e n d in g  on  

th e  c h e m ic a l n atu re o f  p recu rsors. O n e  is  th e  a q u e o u s  ro u te  w h ic h  is  b a se d  on  
in o r g a n ic  sa lts  d is s o lv e d  in  w a ter . T h e  o th er i s  th e  m e ta l-o r g a n ic  rou te  w h ic h  is  
b a sed  o n  a lk o x id e s  d is s o lv e d  in  o rg a n ic  s o lv e n ts  (L iv a g e , 1 9 9 8 ). A m o n g  th e se  
startin g  m a ter ia ls , m e ta l a lk o x id e s  h a v e  b e e n  th e  m o s t  e x t e n s iv e ly  u se d  b e c a u se  o f  
th eir  c o m m e r c ia l a v a ila b ility  in  h ig h  pu rity .

T h e  s o l -g e l  c h e m is tr y  o f  m eta l a lk o x id e  (M (O R )„ ) ca n  b e  d e sc r ib e d  in  
term s o f  th e  f o l lo w in g  r e a c tio n s  (W ard  and K o , 1 9 9 5 ):

Hydrolysis:
M -(O R )„  +  mH20  - >  (OR)„_m-M -(O H )m +  w R O H

Condensation:
(O R )„-m(O H )m_ /-M -(O H ) +  (X O )-M -(O X )^  ( 0 R ) „ .m( 0 H ) m. / - M - 0 - M - ( 0 X ) p +

X O H

w h ere
X  c a n  b e  e ith er  H  or R  (an  a lk y l g ro u p )
ท, m, and  p  are th e  n u m b ers  o f  h y d r o x y l or  a lk o x y l  gro u p s
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2 .2 .2  D r y in g  P r o c e s s
T h e  e n c a p su la te d  so lv e n t  in  g e l can  b e  r e m o v e d  b y  e ith e r  e v a p o r a tiv e  

d ry in g  or  su p ercr it ica l ex tr a c tio n  r e su lt in g  in  a  x e r o g e l  or  an  a e r o g e l, 
c o r r e sp o n d in g ly . A s  th e  s o lv e n t  e v a p o ra tes , a  liq u id -v a p o r  in te r fa c e  d e v e lo p s  in s id e  
a p ore . T h e  su r fa c e  te n s io n  a lo n g  w ith  ca p illa ry  p ressu re  a c ts  o n  th e  w a lls  o f  p o res  
c o n se q u e n t  in  p o re  stru ctu re c o lla p s e  d u rin g  d ry in g  p r o c e s s . T h e r e fo r e , in  ord er to  
m a in ta in  th e  p o r e  s iz e  an d  p ore  v o lu m e , v a r io u s  te c h n iq u e s  h a v e  b e e n  e m p lo y e d  to  
p rep are u n ifo rm  p ore  g e ls  or r e m o v e  th e  liq u id -v a p o r  in te r fa c e  th ro u g h  th e  d ry in g  
p r o c e ss  (K u n g  and  K o , 1 9 9 6 ). T h ere  are a n u m b er  o f  g en e r a l d r y in g  m e th o d s.

2.2.2.1 Evaporative Drying
T h e  r e m o v a l o f  th e  a q u e o u s /a lc o h o l s o lv e n t  is  p r o c e e d e d  at 

lo w  p ressu re  and  a b o v e  b o ilin g  p o in t  o f  th e  so lv e n t . T h e  r e su lt in g  m a te r ia ls  term ed  
x e r o g e l h a v e  h ig h  su r fa c e  area  but are u su a lly  m icr o p o r o u s .

2.2.2.2 Supercritical Drying
a) H ig h  tem p era tu re  su p ercr itica l d ry in g
T h e  s o lv e n t  is  r e m o v e d  u n d er su p ercr itica l c o n d it io n . A t th is  

c o n d it io n , th e  v a p o r - liq u id  in ter fa ce  d isa p p ea rs  le a d in g  to  n o  su r fa c e  te n s io n  to  
c o l la p s e  th e  p o res . H e n c e , th e  o b ta in ed  m ater ia l c a l le d  a e r o g e l c a n  b e  m a in ta in ed  
la rge  p o re  s iz e  and  p o re  v o lu m e . In th is  m e th o d , d r y in g  tem p era tu re  and  p ressu re  
m u st b e  h ig h e r  th an  th e  cr itica l p o in t  o f  th e  s o lv e n t  to  reach  id e n tic a l p ro p erties  o f  
liq u id  and  v a p o r  p h a se .

b ) L o w  tem p era tu re  su p ercr itica l d ry in g
T h is  te c h n iq u e  is  th e  e x c h a n g in g  o f  th e  s o lv e n t  w ith  

su p ercr itica l C O 2 . T h e  v a p o r -liq u id  in te r fa c e  is  r e m o v e d  in it ia lly  b y  m ix in g  th e  
so lv e n t  w ith  su p ercr it ica l C O 2 that can  b e  n a m e d  a s  C O 2  e x tra c tio n . S in c e  th e  cr itica l 
tem p era tu re  and  p ressu re  o f  C O 2 are lo w e r  than  th o se  o f  a q u e o u s  or  a lc o h o ls ,  it g iv e s  
sa fer  o p e r a tin g  c o n d it io n s .

2.3 Catalytic NOx Control

S e v e r a l te c h n ic a l c h a lle n g e s  rem ain  for  im p r o v in g  th e  c a ta ly t ic  rea c tio n  to  
its  a p p lic a t io n  in  N O x co n tr o l fo r  sta tion ary  an d  m o b ile  so u r c e  e m is s io n s . T h e
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c a ta ly s t  m u st  b e  o p t im iz e d  for  h ig h  a c t iv ity  at lo w  o p e r a tin g  tem p era tu re  o f  
3 5 0 - 5 0 0  °c d u rin g  w a rm  u p  c o n d it io n s  in  g a s o l in e  e n g in e  or a s  lo w  a s 2 0 0 - 3 0 0  °c in  
lig h t  d u ty  d ie s e l a p p lic a t io n s  (L D D )  and  at h ig h  sp a c e  v e lo c i t ie s  c o n d it io n  in  flu e  
g a se s . S in c e  c o m b u s t io n  e x h a u st  strea m s c o n ta in  h ig h  le v e l  o f  w a te r  (1 0 -1 6 % ), the  
th erm al and  h y d ro th erm a l s ta b ility  is  a cru c ia l part fo r  a  s u c c e s s fu l  ca ta ly st . In 
a d d itio n , d ie s e l an d  n atu ral g a s  c o n ta in  su lfu r  c o m p o n e n ts  s o  th e  c r it ic a l is su e  o f  SO x  
r e s is ta n c e  o f  th e  c a ta ly s t  m u st  b e  ad d ressed .

2 .3 .1  N O y D e c o m p o s it io n
T h e  fa c t  th at n itric  o x id e  is  th e r m o d y n a m ic a lly  u n s ta b le  r e la tiv e  to  N 2 

and O 2 at lo w  tem p era tu re  h as attracted  s c ie n t is ts  to  u s e  c a ta ly s t  fo r  th e  d irec t N O  
d e c o m p o s it io n  as d e sc r ib e d  in  th e  eq u a tio n  (1 .7 ) .  T h is  ap p ro a ch  is  th e  s im p le s t  and  
th e  m o s t  d es ir a b le  in  N O  r e m o v a l b e c a u se  it d o e s  n o t req u ire  a n y  r e d u c in g  a g en ts . In 
th e  1 9 7 0 s , it w a s  w id e ly  k n o w n  that c a ta ly t ic  d e c o m p o s it io n  w a s  in h ib ited  b y  the  
p r e se n c e  o f  o x y g e n . In  ord er to  a c c o m p lish  N O  d e c o m p o s it io n , o x y g e n  d e so rp tio n  
m u st o c c u r  at tem p era tu re  lo w e r  th an  7 7 3  K . Iw a m o to  et al. ( 1 9 7 7 ,  1 9 8 2 , 1 9 8 6 ) h a v e  
first d is c o v e r e d  th at c o p p e r  io n -e x c h a n g e d  z e o l i t e s  are a c t iv e  fo r  N O  d e c o m p o s it io n .  
T h is  w o r k  u lt im a te ly  r e su lte d  in  th e  b reak th ro u gh  that C u -Z S M -5  w a s  c a p a b le  to  
d e c o m p o s e  N O  s ig n if ic a n t ly  w h e n  co m p a r e d  w ith  o th er  tra d itio n a l ca ta ly sts .  
U n fo r tu n a te ly , th e  m o s t  p r o m is in g  c a ta ly s t  C u -Z S M -5  is  n o t v e r y  sta b le  in  h u m id  
c o n d it io n s  e v e n  to  2%  w a te r  c o n te n t  o v e r  e x te n d e d  t im e  o n  stream . Its a c t iv ity  a ls o  is  
in h ib ite d  b y  S O 2  a s  it c o m p e te s  w ith  N O  for  th e  a d so rp tio n  s ite s  an d  c o n se q u e n tly  
p r e v e n ts  th e  c a ta ly t ic  rea c tio n . T h e  d e a c t iv a t io n  is  u s u a lly  ir r e v e r s ib le  b e c a u s e  b o th  
w a ter  an d  S O 2 ca n  d e s tr o y  th e  fra m ew o rk  stru ctu re o f  z e o l it e s .

P e r o v sk ite - ty p e  o x id e s  h a v e  a lso  b e e n  s tu d ie d  in  th is  c a ta ly tic  N O  
d e c o m p o s it io n  (H a la s z  et al, 1 9 9 1 ; T o fa n  et al., 2 0 0 2 ;  Ish ih ara  et al., 2 0 0 3 ) .  T h is  
ty p e  o f  m ix e d  o x id e s  is  a p o s s ib le  c a n d id a te  in  th e  d e c o m p o s it io n  b e c a u se  its  d e fe c t  
o x id e s  a l lo w  e a s i ly  d e so r p tio n  o f  o x y g e n  fro m  th e  o x id e  b u lk . It im p lie s  that o x y g e n  
in h ib it io n  e f fe c t  w o u ld  n o t b e  d o m in a n t. F u rth erm ore , th e  a d v a n ta g e  o f  th e se  
p e r o v sk ite  o x id e s  is  th e ir  s ta b ility  in  th e  stru ctu re at h ig h  tem p era tu res . C o n v e r se ly , 
th e  d isa d v a n ta g e  is  its  lo w  su r fa ce  area d u e  to  h ig h  tem p era tu re  req u ired  in  its 
p rep ara tion . N o  s ig n if ic a n t  a c t iv ity  in  N O  d e c o m p o s it io n  u n d er  th e  c o n d it io n s  in
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a u to m o tiv e  c a ta ly t ic  co n v e r te r s  h a v e  b e e n  rep orted  s o  far. G o ra lsk i et al. ( 2 0 0 2 )  
c o n c lu d e d  that le a n  burn N O x  con tro l w ith  r e sp e c t  to  c a ta ly t ic  d e c o m p o s it io n  in  
a u to m o b ile  is  p r a c t ic a lly  im p o ss ib le  a fter  th e y  a p p lie d  fr e e  e n e r g y  m in im iz a t io n  
c a lc u la t io n s  to  a n a ly z e  th e  th e r m o d y n a m ic  fe a s ib il ity  o f  N O x d e c o m p o s it io n  c a ta ly st.

M o s t  p r e v io u s  a ttem p ts to  d e v e lo p  p ra ctica l d e c o m p o s it io n  c a ta ly s ts  
h a v e  b e e n  s tu d ied  in  n o b le  m e ta ls  and m eta l o x id e s . S o m e  o f  th e m  are a c t iv e  in  the  
red u ced  sta te . H o w e v e r , o x y g e n  c o n ta in e d  in  th e  fe e d  g a s  or  r e le a se d  fro m  N O  
d e c o m p o s it io n  c o m p e te s  w ith  N O  for  th e  a d so rp tio n  s ite s  an d  u lt im a te ly  p o is o n s  th e  
ca ta ly sts . It req u ires  h ig h  r ea c tio n  tem p era tu res a n d /o r  r e d u c in g  a g e n ts  to  r e m o v e  
su r fa ce  o x y g e n  and  restore  th e  c a ta ly t ic  a c t iv ity . T h e r e fo r e , c a ta ly t ic  red u ctio n  
p r o c e s se s  u s in g  C O , h y d r o g e n , h y d ro ca rb o n s  or n itr o g e n -c o n ta in in g  c o m p o u n d  su ch  
as N H 3 and u rea  h a v e  b e e n  a p p lied  for  N O x  r e m o v a l. T h e s e  p r o c e s s e s  th ro u gh  b o th  
s e le c t iv e  and  n o n -s e le c t iv e  m e th o d s  are u se d  in  in d u str ia l b o ile r s  an d  v e h ic le  
e n g in e s , r e sp e c t iv e ly .

2 .3 .2  S e le c t iv e  C a ta ly tic  R e d u c tio n  w ith  H y d r o c a r b o n s
A  ty p ic a l c o m p o s it io n  o f  th e  e x h a u st  e m itte d  fro m  lea n -b u rn  e n g in e s  

c o n ta in s  ab o u t 0 .0 5 %  N O x , 5 -1 0 %  O 2 , 1 0 % H 2 O  and 0 .0 5 -0 .1 %  h y d r o c a r b o n  (K u n g  
et al., 1 9 9 6 ). T h e r e fo r e , th e  h y d ro ca rb o n s p resen t in  th e  e x h a u st  g a s  are s u ff ic ie n t  to  
c o m p le te ly  r e d u ce  N O x  to  N 2  i f  th e y  are n o t  c o n su m e d  first b y  o x y g e n  th ro u gh  th eir  
c o m b u stio n . S in c e  Iw a m o to  et al. ( 1 9 9 1 )  and  H e ld  et al. ( 1 9 9 0 )  rep orted  that 
s e le c t iv e  re d u c tio n  o f  N O x b y  h y d r o ca rb o n s p r o c e e d e d  u n d er  le a n -c o n d it io n s  o v e r  
C u -Z S M -5  c a ta ly s t  in  ea r ly  1 9 9 0 s , th e  s e le c t iv e  c a ta ly t ic  r e d u c tio n  o f  N O x b y  
h y d ro ca rb o n s h as b e e n  stu d ied  e x te n s iv e ly  o v e r  io n -e x c h a n g e d  z e o l i t e s ,  m e ta l o x id e  
and  n o b le  m eta l c a ta ly s ts .

B o th  o f  th e  m eta l o x id e  and  z e o l i t e  b a se d  c a ta ly s t s  e x h ib it  p o o r  lo w e r  
tem p era tu re  a c t iv ity . In con tra st, n o b le  m e ta l c a ta ly s t  is  a c t iv e  at lo w  tem p era tu re  
r e g io n s . It w a s  rep orted  b y  O b u ch i et al. ( 1 9 9 3 )  that P T A I2 O 3 c a ts ly s t  w a s  a c t iv e  at 
a b o u t 250 °c w ith  a n arrow  tem p era tu re  w in d o w . F o r  R 11/A I 2 O 3 an d  Rh/Al203 
c a ta ly s ts , th e  tem p era tu re  sh if te d  to  h ig h e r  tem p era tu re  an d  b e c a m e  w id er . In  
con trast, th e  a c t iv it ie s  o f  P d /A l2 0 3 and Ir /A l2 0 3 w e r e  v e r y  p o o r . T h is  in d ic a te s  that 
th e  a c tiv ity  o f  th e  n o b le  m eta l c a ta ly s t  is  a ls o  c lo s e ly  r e la ted  to  th e  su p p o rted  m eta l.
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S in c e  th e  n o b le  m eta l c a ta ly s t  s h o w s  r e la t iv e ly  b etter  r e s is ta n c e  
a g a in st S O 2  co m p a r e d  to  th e  m eta l o x id e  c a ta ly s ts  (E fth im ia d is  et al., 1 9 9 8 ) ,  
im p r o v in g  th e  lo w  s e le c t iv ity  to  N 2  is  th e  m o st  im p o rtan t re sea rch  target. A m o n g  th e  
p la tin u m  gro u p  m eta l (P G M ) c a ta ly s ts , P t c a ta ly s t  is  th e  m o s t  a ttr a ctiv e  o n e  an d  h a s  
b e e n  w id e ly  s tu d ie d  (B u rch  and S cire; 1 9 9 4 , B u rch  an d  O ttery; 1 9 9 7 , B u rch  and  
W atlin g ; 1 9 9 7 ; B u rch  et al., 2 0 0 2 ;  In g e lste n  et al., 2 0 0 3 ) .  H o w e v e r  litt le  re sea rch  h as  
b e e n  rep orted  a b o u t th e  re la tio n sh ip  b e tw e e n  th e  a c t iv ity  and  th e  m icro stru ctu re  o f  Pt 
c a ta ly st. It w a s  fo u n d  that r e la t iv e ly  la rge  p la tin u m  p a r tic le  s iz e  s h o w s  a p o s it iv e  
e f fe c t  o n  th e  c a ta ly t ic  d eN O x a c t iv ity  (G a rc ia -C o r té s  et al., 2 0 0 3 ) .  T h e  m a in  
d isa d v a n ta g e  o f  lo w  s e le c t iv ity  tow a rd  N 2  b y  fo r m in g  u n d e s ir a b le  p ro d u ct N 20  o v e r  
P G M  c a ta ly s t  is  s t i ll o p e n e d  for research . B e s id e s  th is , th e  n arro w  a c t iv ity  
tem p era tu re w in d o w  is  an o th er  o b sta b le .

S o m e  r esea rch es  o n  th e g o ld  c a ta s ly s t  fo r  th e  s e le c t iv e  re d u c tio n  o f  
N O x w a s  carr ied  o u t (U e d a  et al., 1 9 9 7 ; U e d a  and H aru ta , 1 9 9 8 ; S e k e r  and  G u lari, 
2 0 0 2 ) . T h e  s e le c t iv ity  to  N 2  o v e r  g o ld  ca ta ly s t  is  s a t is f ie d  in  c o m p a r iso n  to  that o f  
P G M  ca ta ly s ts . U e d a  et al. ( 1 9 9 7 )  fo u n d  th at AU/AI2O3 p rep ared  fro m  th e  
d e p o s it io n -p r e c ip ita t io n  m e th o d  w a s  a c t iv e , w h ile  S e k e r  an d  G u lari ( 2 0 0 2 )  rep orted  
that th e  a c itv e  g o ld  c a ta ly s t  c o u ld  a lso  b e  p rep ared  b y  th e  s o l -g e l  m e th o d . T h e  m ajor  
p ro b lem  for  g o ld  c a ta ly s ts  is  th e  p o o r  lo w  tem p era tu re  a c t iv ity .

2 .3 .3  S e le c t iv e  C a ta ly tic  R e d u c tio n  w ith  A m m o n ia  and  U r e a
S e le c t iv e  c a ta ly tic  r e d u ctio n  o f  N O x w ith  NH3 u n d er le a n  c o n d it io n s  is  

a w id e ly  c o m m e r c ia l iz e d  te c h n o lo g y  for  N O x r e m o v a l fr o m  sta tio n a ry  so u r c e s . F or  
th is  rea c tio n  V2O5, W O 3 and M 0 O 3 are th e  tra d itio n a l a c t iv e  m e ta l o x id e s .  F or  
e x a m p le s , M o 0 3 /T i 0 2  c a ta ly s t  sh o w e d  r e la tiv e ly  h ig h  a c t iv ity  w h ic h  in c r e a se d  w ith  
in crea s in g  th e  M 0 O 3 lo a d in g  w h ile  th e  N 2 s e le c t iv ity  d e c r e a se d  d u e  to  th e  fo rm a tio n  
o f  u n d esired  N 20  (N o v a  et al., 1 9 9 8 ). T h e  1 0 % F e -1 0 %  M n /T i0 2  c a ta ly s t  is  
su b sta n tia lly  m o r e  a c t iv e  th an  all o th er  c a ta ly s ts  rep orted  in  th e  litera tu re. N e a r ly  
100%  o f  N O x c o n v e r s io n  is  o b ta in ed  at 1 2 0  °c. M o r e o v e r , it s h o w s  g o o d  r e s is ta n c e  
a g a in st H2O an d  SO2 (Q i and  Y a n g , 2 0 0 3 ) . F or  a u to m o tiv e  s o u r c e s , NH3 s lip  and  
m a n ip u la tio n  o f  NH3 to g e th e r  w ith  NH3 c o r r o s io n  rem a in  th e  m a jo r  o b s ta c le s  to  the  
u se  o f  th is  t e c h n o lo g y . T o  o v e r c o m e  th e  d if f ic u lt ie s  a s so c ia te d  w ith  a m m o n ia , u rea
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w a s  u se d  a s  a ltern a tiv e  r e d u c in g  ag en t b e c a u se  it is  sa fer  an d  c a n  g en era te  in -s itu  
a m m o n ia .

T h e  s e le c t iv e  c a ta ly t ic  red u ction  u s in g  u rea  a s  a  r e d u c in g  a g e n t h as  
b e e n  in v e s t ig a te d  in  d e ta il for  ab o u t 10 years. It is  p r e se n tly  c o n s id e r e d  a s  th e  m o st  
p r o m is in g  w a y  to  d im in ish  N O x e m is s io n s  o r ig in a tin g  fro m  h e a v y  d u ty  v e h ic le s  
(K o e b e l et a l, 2 0 0 0 ) .  S C R  te c h n o lo g y  u s in g  u rea  as a  r e d u c in g  a g e n t for  d ie se l  
e n g in e  a ls o  h a s b e e n  p ro p o se d  b y  H e ld  et al. ( 1 9 9 0 ) .  T h e y  a d d r e sse d  s o m e  rem a in in g  
p r o b le m s  su c h  as lo w  sp a c e  v e lo c i ty  a c tiv ity  and  n arro w  tem p era tu re  w in d o w  o f  the  
c a ta ly st.

K o e b e l et al. ( 1 9 9 6 )  h as illu stra ted  th e  c h e m istr y  o f  urea. U re a  is  
u su a lly  a p p lie d  in  th e  fo rm  o f  an a q u eo u s  so lu t io n . A m m o n ia  c o u ld  b e  regen era ted  
in -s itu  b y  h y d r o ly s is  an d  d e c o m p o s it io n  o f  u rea  th ro u gh  th e  f o l lo w in g  rea c tio n s:

1. U rea  is  th e r m a lly  d e c o m p o s e d  (p y r o ly z e d )  in to  a m m o n ia  an d  is o c y a n ic  a c id .
N H 2 -C O -N H 2  - >  N H 3 +  H N C O

2 . T h e  is o c y a n ic  a c id  fo rm ed  m a y  react w ith  w a ter  an d  a ls o  le a d  to  a m m o n ia .
H N C O  +  H 20  N H 3 +  C 0 2

It s e e m s  that u rea , a s  a m m o n ia  so u r c e , is  th e  b e s t  c h o ic e  for  su ch  
a p p lic a t io n s  b e c a u se  o f  its  n o n -to x ic ity  and th e  fe a s ib il ity  o f  tran sp orta tion  w ith  
a u to m o b ile . A t p r esen t, u r e a -S C R  is  co n s id e r e d  to  b e  th e  m o s t  p r o m is in g  m e th o d  for  
th e  h e a v y -d u ty  d ie s e l v e h ic le s . N O x ca n  b e red u ced  n o t o n ly  w ith  a m m o n ia  but a lso  
th e  u rea  i t s e l f  and its  d e c o m p o s it io n  b y -p ro d u ct, H N C O  (S e k e r  et a l,  2 0 0 2 )  as  
s h o w n  in  T a b le  2 .1 . It s h o w s  th e m a in  S C R  r e a c tio n s  su m m a r iz e d  b y  F a n g  and  
D a C o sta  ( 2 0 0 3 ) .  T h e y  ca n  b e  c a te g o r iz e d  a s  d e s ir a b le  and u n d e s ir a b le  r e a c tio n s  as 
w e ll  as u n d e s ir a b le  d eg ra d a tio n . U n d e s ir a b le  N H 3 o x id a t io n  w ith  o x y g e n  or  N O  n ot  
o n ly  c o n s u m e s  a m m o n ia  req u ired  for  S C R  p r o c e ss  but a lso  p r o d u c e s  a d d itio n a l N O x 
b y -p ro d u cts .
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Table 2 .1  U r e a -S C R  r e a c tio n s

D e s ir a b le  re d u c tio n
4 N H 3 +  4 N O  +  <ว2 - > 4 N 2  +  6 H 20
4 N H 3 +  6 N O —» 5 N 2  +  6 H 20
8 N H 3 +  6 N 0 2 - * 7 N 2  +  12 H 20
4 N H 3 +  2 N 0 2  +  2 N O - » 4 N 2  +  6 H 20
4 H N = C = 0  +  6 N O - » 5 N 2  +  2 H 20  +  4 C 0 2

D ir e c t  u rea  r e d u c tio n
2 ( N H 2 ) 2 c = 0  +  6 N O - > 5 N 2  +  4 H 20  +  2 C 0 2

U n d e s ir a b le  r e a c tio n /o x id a t io n
a) U n d e s ir a b le  p ro d u cts

2 N H 3 +  8 N O - > 5 N 20  +  3 H 20
4 N H 3 +  4 N O  +  3 0 2 - » 4 N 20  +  6 H 20

b ) A m m o n ia  o x id a t io n
4 N H 3 +  3 0 2 - > 2 N 2 +  6 H 20
4 N H 3 +  4 0 2 - > 2 N 20  +  6 H 20
4 N H 3 +  5 0 2 - » 4 N O  +  6 H 20
4 N H 3 +  7 0 2 4 N 0 2 +  6 H 20

U n d e s ir a b le  d eg r a d a tio n
N H 3 +  S 0 2  +  V^02 +  h 20 n h 4 (h s o 4)
2 N H 3 +  S 0 2  +  / 4 0 2 +  H 20 - > (N H 4) 2 s o 4

2 N H 3 +  2 N 0 2 n h 4n o 3 +  n 2  +  h 2o

(N H 2 ) 2 C = 0 - > P o ly m e r ic  p ro d u cts
H N C O  +  3 N H 3 - > m e la m in e  (C 3 N 6H 6)x

(stan d ard  S C R )  

( fa s t  S C R )

(m ild  o x id a t io n )  

(m ild  o x id a t io n )  
(d e e p  o x id a t io n )  
(d e e p  o x id a t io n )
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2 .3 .4  O th er  M e th o d s
2. ร. 4.1 Plasma Techniques
T h ere  are in v e s t ig a t io n s  to  red u ce  N O x e m is s io n s  b y  a  n o n -th erm al 

p la sm a  (N T P )  in  th e  g a s  p h a se . H ig h  e n e r g e t ic  e le c tr o n s  u s u a lly  g en era ted  in  a 
co ro n a  d isc h a r g e  or  d ie le c tr ic  barrier d isch a rg e  r ea c t w ith  th e  m o le c u le s  in  g a s  p h ase  
p ro d u c in g  r e a c tiv e  s p e c ie s  (ra d ic a ls , e x c ite d  m o le c u le s ) ,  w h ic h  u n d er g o  further  
rea c tio n s . R e c e n t ly , in te r e s tin g  resu lts  h a v e  b e e n  o b ta in e d  fr o m  th e  c o m b in a tio n  o f  
th e  g a s -p h a se  p la sm a  rea c tio n s  and  th e  rea c tio n  o f  r e d u c in g  a g e n ts  o n  ap p ropriate  
ca ta ly s ts . It h a s  b e e n  o b se r v e d  that an  N T P  in  an  o x y g e n -c o n ta in in g  g a s  re su lts  in  an  
e f fe c t iv e  o x id a t io n  o f  N O  to  N O 2  (B r ô e r  and  H a m m e r , 2 0 0 0 ;  F ra n ck e  et al; 2 0 0 0 ;  
K im  et al; 2 0 0 1 ) ,  w h ic h  s e e m s  to  b e  an e s se n tia l in te r m e d ia te  s te p  in  th e  S C R  
reac tio n . T h e  o th er  e f fe c t  o f  p la sm a  is  to  p a r tia lly  o x id iz e  h y d ro ca rb o n s su c h  as  
a ld e h y d e s . T h e  fo r m a tio n s  o f  N O 2  and  p artia l o x id iz e d  h y d ro ca rb o n s are an  
im p ortan t fo r  N O x r e d u c tio n  p e r fo rm a n ce  o f  th e  p la sm a -c a ta ly s t  s y s te m s . It ca n  tak e  
an a d v a n ta g e  fro m  u s in g  a p la sm a  to  d e v e lo p  a  n e w  c la s s  o f  c a ta ly s ts  that are 
p o te n tia lly  m o re  d u ra b le , m o re  a c t iv e , m o re  s e le c t iv e  an d  m o r e  su lfu r-to lera n t  
co m p a red  to  c o n v e n tio n a l le a n -N O x ca ta ly s ts .

2. ร. 4.2 NOx Storage and Reduction (NSR)
It w a s  d isc o v e r e d  that N O x e m is s io n  c o u ld  b e  red u c e d  m o re  

w h e n  th e  m a ss  ratio  o f  fu e l to  air (A /F )  in  th e  c o m b u s t io n  c o n d it io n s  w e r e  a ltern ated  
b e tw e e n  th e  n o rm a l s to ic h io m e tr ic  ratio  and  th e  lea n -b u rn  ratio  in  c o m p a r iso n  to  the  
stea d y  le a n -b u m  c o n d it io n s . T h is  c o n c e p t  is  u n d er ta k en  fo r  th e  N O x red u ctio n  u n der  
a tw o -s ta g e  o p e r a tio n  in stea d  o f  a s in g le  s ta g e  o p e r a tio n  at a  f ix e d  air to  fu e l ratio . 
D u rin g  a fu e l- le a n  s ta g e , N O x is  trap p ed  o n  an  a d so rb en t in  n itra te  fo rm  (N O 3 '). T h e  
e x c e s s  o x y g e n  p r e se n t  in  th is  s ta g e  o x id iz e s  N O  to  N O 2 o v e r  P t s ite . It is  
su b se q u e n tly  sto red  o n  th e  b ariu m  o x id e  a s  b a r iu m  n itra te . A t  th e  sa m e  tim e , 
h y d ro ca rb o n s, H 2  an d  C O  are r e a d ily  o x id iz e d  in to  H 2 O  an d  C 0 2  in  th is  s ta g e . W h en  
th e  e n g in e  is  s w itc h e d  to  fu e l-r ic h  s ta g e  at th e  n o rm a l a ir /fu e l ra tio , th e  e x h a u st  is  in  
o x y g e n  d e f ic ie n t  c o n d it io n  and  h y d ro ca rb o n s, แ 2  and  C O  rem a in  u n -o x id iz e d .  
H e n c e , th e s e  red u cta n ts  react w ith  th e  N O 3' s to red  in  th e  c a ta ly s t  in to  h a r m le ss  N 2, 
H 20  and C 0 2. T h e s e  p r o c e s s e s  are illu stra ted  b y  M a tsu m o to  ( 1 9 9 6 )  and  M is o n o  and  
Inui ( 1 9 9 9 )  a s  sh o w n  in  F ig u re  2 .4 .
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Adsorption Reduction

Figure 2 .4  A d so r p t io n  and  r e d u c tio n  o f  N O x  b y  N S R  (N O x  s to r a g e  an d  red u ctio n )  
c o n c e p t . N S C : N O x  sto ra g e  c o m p o u n d  (G ô m e z -G a r c ia  et al., 2 0 0 5 ) .

T h e  N O x sto ra g e  an d  r e d u c tio n  m e th o d  w a s  d e v e lo p e d  and  
c o m m e r c ia l iz e d  b y  T o y o ta  resea rch ers (M a tsu m o to  et al., 1 9 9 6 ; T a k a h a sh i et al., 
1 9 9 6 ; T a k e u c h  an d  M a tu m o to , 2 0 0 4 )  for  N O x  e m is s io n  co n tro l u n d er  le a n -b u m  
c o n d it io n s . N O x  s to ra g e  m a ter ia ls  c o n s is t  o f  a lk a lin e -e a r th  or a lk a lin e  m e ta ls  and  
n o b le  m eta l l ik e  p la tin u m  or rh o d iu m  d isp e r se d  o n  th e  su p p o rt su c h  a s  a lu m in a . T h e  
b a s ic ity  o f  th e  s to ra g e  c o m p o n e n t  d e te r m in e s  th e  a m o u n t o f  N O x a d so r b e d . A  m ain  
p r o b le m  o f  su lfu r  p o iso n in g  in  N S R  c a ta ly s ts  is  s t i ll c h a l le n g e  to  o v e r c o m e . S O 2 

rea c ts  w ith  a lu m in a  to  form  a lu m in u m  su lfa te  w h ic h  h in d ers  th e  c a ta ly t ic  r e a c tiv ity  
and  it a lso  c o m p e te s  w ith  N O x fo r  B a O  to  fo rm  b arium  su lfa te .

2.3.4.3 Non-selective Catalytic Reduction (NSCR)
T h is  te c h n iq u e  d er iv e d  fro m  a u to m o tiv e  c a ta ly s is . P t/R h  is  th e  

ty p ic a l ca ta ly s t . M o s t  o f  th e  c o m m e r c ia l in s ta lla t io n s  u s e  e ith er  c e r a m ic  or  m e ta llic  
h o n e y  c o m b  su p p o rts . T h e  b a s ic  rea c tio n s  c h e m is tr y  o c c u r s  a s  f o l lo w s  (H e c k , 1 9 99 ):

Deplete oxygen: CO + y2 0 2 -» C 0 2
h 2 4- y2 0 2 -» h 20
h c  +  o 2 -» CO 2  4  H 2 O
NOx + CO -» C 0 2 4  N 2
NOx + H2 —» h 20  4  n 2
NOx + HC 4 0 2 — > CÜ2 4- h 2o  4“ n 2

Convert NOx:
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T h is  te c h n o lo g y  a p p lied  in  s ta tio n a ry  so u r c e  e m is s io n  su c h  as  
n itr ic  p la n ts . L ife  t im e  o f  c a ta ly s ts  is  e x p e c te d  ~ 1 0  y ea rs . M a jo r  c a ta ly tic  
d e a c t iv a t io n  o c c u r s  fro m  a sh  d e p o s it  in  th e  lu b r ic a tin g  o i l  c o m p a r e d  to  m in o r  c a se  
from  th erm a l s in ter in g .

2.3.4.4 Ozone Injection
O z o n e  in je c tio n  is  an a ttr a ctiv e  t e c h n o lo g y  a s  it is  m ore  

e n e r g y  e f f ic ie n t  th an  p la sm a  and e le c tr o n  b ea m  p r o c e s s e s . In  th is  te c h n iq u e , sm a ll  
a m o u n t o f  o x y g e n  or air  ca n  b e  d isch a rg ed  to  p r o d u c e  o z o n e , w h ic h  th en  is  in jec ted  
in to  th e  f lu e  g a s  in  ord er  to  co n v e r t  N O  to  N O 2 v ia  o x id a t io n  (F u  and  D iw e k a r , 2 0 0 4 ;  
M o k  an d  L e e , 2 0 0 6 ) .  T h e  m ix tu re  o f  N O  and  N O 2  is  furth er red u c e d  to  N 2  in  a  
c a ta ly t ic  reactor . T h is  m e th o d  w a s  v e r y  e f f ic ie n t  to  o x id iz e  N O  to  N O 2  o v e r  a w id e  
ran ge o f  tem p era tu res . T h e  in c r e a se  N O 2 c o n ten t rem a rk a b ly  im p r o v e d  th e  c a ta ly tic  
red u ctio n  to  n itr o g e n  (M o k , 2 0 0 4 ) .

2.4 Mechanism of Selective Catalytic Reduction of NOx

T h e  m e c h a n ism  o f  s e le c t iv e  c a ta ly t ic  re d u c tio n  o f  N O x b y  h y d ro ca rb o n s can  
b e  c la s s if ie d  in to  2  c a te g o r ie s  a s  d e sc r ib e d  b e lo w .

2 .4 .1  A d s o r p t io n /D is so c ia t io n  M e c h a n ism
T h is  ap p ro a ch  in v o lv e s  th e  a d so rp tio n  o f  N O  o n  th e  a c t iv e  m eta l s ite s  

and  su b se q u e n tly  d is s o c ia te  in to  a to m ic  N  and o  a d so rb ed  o n  th e  su r fa ce . T h en  th e  
a d so rb ed  o  is  r e m o v e d  b y  rea c tin g  w ith  h y d ro ca rb o n  to  form  C O 2 w h ile  tw o  
a d so rb ed  N  c o m b in e s  to  p ro d u ce  N 2 . N o n -d is s o c ia te d  N O  a ls o  c o m b in e s  w ith  
a d so rb ed  N  to  fo rm  N 2 O . T h is  m e c h a n ism  is  u su a lly  rega rd ed  o n  n o b le  m eta l and  
C u -Z S M -5  c a ta ly s ts  (B u r c h  and S c ir e , 19 94 ; B u rch  and  W a tlin g , 1 9 9 7 ). T h e  
c h e m ic a l s ta te  o f  th e  a c t iv e  s ite  is  v e r y  im p o rtan t in  th is  m e c h a n ism . T h e  p r e v io u s  
resea rch  s h o w e d  that Pt° or  C u + is  a c t iv e  for  N O  d is s o c ia t io n  (F r itz  and P itc h o n ,  
1 9 9 7 ; B u r c h  et al, 2 0 0 2 ) .  T h e  r e d u c in g  a g en t h a s  th e  im p o rtan t r o le  to  r e m o v e  
a d so rb ed  o  p ro d u c e d  b y  d is s o c ia t io n  o f  N O  and O 2  fro m  th e  c a ta ly t ic  su r fa ce  and  
k e e p  th e  a c t iv e  s ite s  in  a red u ced  sta te  (P t° or C u +). T h e  m a in  r e a c tio n s  o f  th is  
m e c h a n ism  are su m m a r iz e d  a s  f o l lo w s  (B u rch , 2 0 0 4 ):
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N O ( g )  O  N O (a d s )
N O (a d s )  <r> N (a d s )  +  O (a d s)
N (a d s )  +  N (a d s )  <-> N 2 

N O (a d s )  +  N (a d s )  <-> N 20  

0 2 (g )  2  O (a d s)
C xHy <r> C xH y (a d s)
C xHy (a d s )  +  ( 2 x  +  y /2 )  O (a d s)  <-> X C 0 2 +  y /2  H 20

2 .4 .2  O x id a tio n -R e d u c t io n  M e c h a n ism
In th is  m e c h a n ism , se v e r a l k e y  in te r m e d ia te s  are  fo r m e d  u n d er  the  

r e a c tio n  c o n d it io n s  w h ic h  are n itra tes an d  n itr ite s , c y a n id e s  and  iso c y a n a te s ,  
c a r b o x y la te s  an d  a c e ta te s , and  o r g a n o -n itr o g e n  s p e c ie s . T h e  s im ila r ity  to  ty p e  o f  
in te r m e d ia te s  h as b e e n  d e te c te d  o n  o x id e s  an d  z e o l it e s .  H o w e v e r , it  w a s  u n c lea r  that 
su ch  s p e c ie s  are true in te r m e d ia te s  or  m e r e ly  sp ec ta to r  s p e c ie s  in  th e  N O x red u ction  
r e a c tio n . T h e  m e c h a n ism  can  b e  d e sc r ib e d  in  F ig u r e  2 .5  a s  sh o w n .

T h e  N O  rea c ted  w ith  o x y g e n  to  p r o d u c e  s o m e  in itia l r ea c tiv e  
in te r m e d ia te s  su c h  a s  N 0 2 an d  N O 3 in  th e  a d so rb ed  fo r m . S im u lta n e o u s ly ,  
h y d ro ca rb o n  w a s  a c tiv a te d  to  h y d ro ca rb o n  o x y g e n a te . O v e r  In 2 0 3 -A l2 0 3  ca ta ly st , 
a ce ta te  is  rega rd ed  a s  r e a c tiv e  in te r m e d ia te s  w h ile  fo rm a te  is  b e l ie v e d  to  b e  a  
sp ec ta to r  (H a n e d a  et al., 2 0 0 3 ) .  O v e r  A g /A l 2 0 3  and  ร ท /A12 O 3 c a ta ly s ts , aceta te  
rea c ted  a c t iv e ly  w ith  su r fa c e  n itra tes  to  fo rm  o r g a n o -n itr o g e n  s p e c ie s  w h ic h  further  
h y d r o ly z e d  to  fo rm  N C O , C N , an d  N H 3 (S h im iz u  et al., 1 9 9 9 ;  L e e  et al., 2 0 0 1 ) .  
T h e se  h y d r o ly z e d  s p e c ie s  th en  rea c ted  w ith  th e  su r fa c e  n itra tes  or  N 0 2 / N 0  to  form  
N 2. M o s t  o f  th e  r e a c tio n  m e c h a n ism s  o n  m eta l o x id e  c a ta ly s ts  are c o n s is te n t  w ith  th is  
s c h e m e . B e l l  et al. (L o b r e e  et al., 1 9 9 7 , 1 9 9 8 , 1 9 9 9 )  rep orted  th a t o v e r  C o - , M n -, F e -  
and P d -Z S M -5  c a ta ly s ts , th e  a c t iv e  in te r m e d ia te s  w e r e  C N  s p e c ie s .  T h e y  reacted  
w ith  N 0 2 to  fo rm  N 2  an d  C 0 2.
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Figure 2.5 R e a c tio n  sc h e m e  o f  th e  o x id a t io n -r e d u c tio n  m e c h a n is m  (M e u n ie r  et al., 
2000).

It ca n  b e  s e e n  that th e  p r e se n c e  o f  o x y g e n  s h o w s  p o s it iv e  e f fe c t s  in  
a c tiv a tin g  N O  an d  h y d ro ca rb o n  and o x id iz in g  N O  to  m o r e  r e a c tiv e  N O 2 , w h ic h  th en  
reacts q u ic k ly  w ith  o th er  in te r m e d ia te s  su c h  a s  R -N C O  to  fo rm  N 2 . T h e  fa c t  that 
rep la c in g  th e  reactan t g a s  N O  w ith  N O 2 s ig n if ic a n tly  im p r o v e s  th e  c o n v e r s io n  o f  
N O x h a s p r o v e d  that N O 2  p la y s  an im p o rtan t r o le  in  th e  r e a c tio n  p r o c e s s . H o w e v e r ,  
o x y g e n  a lso  s h o w s  n e g a tiv e  e f fe c t s . A t  h ig h  te m p era tu res , th e  u n s e le c t iv e  
c o m b u stio n  o f  red u cta n t b e c o m e s  m u c h  fa ster  th an  S C R  le a d in g  to  d e c r e a s in g  in  th e
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am o u n t o f  red u ctan t rem a in ed  for  th e  S C R  p r o c e ss . T h is  re su lts  in  th e  d e c lin e  o f  N O x 
red u ctio n  a c t iv ity  at h ig h  tem peratu re re g io n s . C o n se q u e n t ly , th e  a c t iv ity  c u r v e  o f  
H C -S C R  e x h ib its  a  ty p ic a l v o lc a n o  sh ap e. A n  e x a m p le  o f  th e  c o n fig u r a tio n  o f  th is  
cu rv e  is  sh o w n  in  F ig u re  2 .6  a s  b e lo w . It d e sc r ib e s  th e  a c t iv it ie s  o f  R h  an d /o r  A u  
c a ta ly s ts  p rep ared  fr o m  im p reg n a tio n  (IM P ) an d  u ltr a so u n d -a ss is te d  m em b ran e  
red u ctio n  (U A M R ) m eth o d .

Figure 2 .6  N O  c o n v e r s io n  c u r v e s  o f  s e le c t iv e  r e d u c tio n  w ith  p r o p e n e  o v e r  su p p o rted  
A u  an d /o r  R h  o n  a lu m in a  c a ta ly s ts  (L iu  et al., 2 0 0 9 ) .
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