
CHAPTER I 
INTRODUCTION

C u rren tly , e c o lo g ic a l  a w a r e n e ss  is  e x t e n s iv e ly  a p p r e c ia b le . A ir  p o llu tio n  is  
d ra m a tic a lly  w o r ld w id e  c o n c e r n e d  as it a f fe c ts  to  p u b lic  h e a lth  an d  th e  en v ir o n m e n t. 
In th e  rapid  in d u str ia l d e v e lo p m e n t  and  th e  g r o w th  in  u rb a n iz a tio n  c o u p le d  w ith  th e  
p o p u la tio n  in crem en t, m a n y  a c t iv it ie s  su ch  a s  e n e r g y  c o n s u m p tio n , r e so u r c e  u sa g e  
an d  m o to r iz a tio n  h a v e  e le v a te d  e x p lo s iv e ly . A m b ie n t  a ir q u a lity  b e c o m e s  a ser io u s  
p u b lic  h ea lth  p r o b le m  and g lo b a l sc a le  im p a ct. A s  e c o n o m ic  g ro w th , th e  g en era l 
p u b lic  d em a n d s b etter  en v ir o n m e n ta l p r o te c tio n . C o n s e q u e n t ly , en v ir o n m e n ta l  
c o n tr o ls  are t ig h te n e d . In s o m e  c o u n tr ie s , th e ir  g o v e r n m e n ts  s tre n g th e n  th e  reg u la tio n  
an d  im p le m e n t a b a tem en t te c h n o lo g y  in  ord er  to  m e e t  th e  r e c o m m e n d e d  h ea lth  
g u id e lin e s .

1.1 Statement of Problems

T h e  p ro b lem  o f  N O x p o llu tio n  w i l l  b e  d e sc r ib e d  b y  its  ty p e , e m is s io n  
so u r c e s , th e  in f lu e n c e  o n  th e  e n v ir o n m e n t an d  p u b lic  h e a lth , and  th e  r em o v a l  
ap p ro a ch es.

N itr o g e n  o x id e s  (NOx) are a g ro u p  o f  h ig h ly  r e a c tiv e  g a s e s  w h ic h  
te c h n ic a lly  refer  to  n itr ic  and  n itr o g e n  d io x id e . It is  r e c o g n iz e d  as o n e  o f  th e  m ajor  
p r in c ip a l air p o llu ta n ts ;  for  e x a m p le , carb o n  m o n o x id e , su lfu r  d io x id e , and  
p a rticu la te  m atter. G e n e r a lly , o x id e s  o f  n itr o g e n  are p r e se n t in  s ix  g a s e o u s  form s  
( P e a v y  et al., 1 9 8 5 ):  n itr ic  o x id e  (NO), n itr o g e n  d io x id e  (NO2), n itro u s  o x id e  (N2O), 
n itro g en  s e s q u io x id e  (N2O3), n itro g en  te tr o x id e  (N2O4), an d  n itr o g e n  p e n to x id e  
(N2O5). A m o n g  th e se  c o m p o n e n ts , o n ly  tw o  fo rm s o f  NO an d  NO2 are p r im a rily  
c o n c e r n e d  in  a ir p o llu t io n  s in c e  th e y  are r e le a se d  s ig n if ic a n t ly  to  th e  a tm o sp h ere . 
A lth o u g h  NO is  a c c o u n ta b le  fo r  m u c h  larger  p ro p o rtio n  o f  th e  e m is s io n , m o s t  o f  th e  
a tm o sp h e r ic  b u rden  is  p resen t in  NO2 form  d u e  to  r e a d ily  o x id a t io n  o f  NO b y  o x y g e n  
or  o z o n e . In fa c t, n itro u s  o x id e  c o u ld  n o t b e  ig n o r e d  as it is  a g r e e n h o u s e  g a s  and  a lso  
in v o lv e d  in  the s tra to sp h er ic  o z o n e  d eg ra d a tio n . It is  k n o w n  th at th is  c o m p o n e n t  is  
in c r e a s in g  at an a p p re c ia b le  rate.
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1 .1 .1  E m iss io n  S o u r c e s  o f  N itr o g e n  O x id e s
T h e  nature so u r c e s  o f  n itro g en  o x id e s  in c lu d e  n itr o g e n  f ix a t io n  b y  

lig h te n in g , v o lc a n ic  a c t iv ity  and m icro b ia l a c t iv ity . N e v e r th e le s s ,  th e  m a in  e m is s io n  
so u r c e  c o m e s  from  th e  a n th ro p o g en ic  a c t iv it ie s  in v o lv in g  c o m b u s t io n  p r o c e s se s .  
F ig u re  1.1 s h o w s  th e  d istr ib u tio n  o f  th e  m a n -m a d e  e m is s io n s  w h ic h  ca n  b e  c la s s if ie d  
in to  2  m a in  c a te g o r ie s .

1) Stationary source: in d u str ia l p r o c e s s , e n e r g y  p r o d u c tio n  and  
w a ste  in c in era tio n

2 )  Mobile source: g a s o l in e  an d  d ie s e l e n g in e s
T h e se  so u r c e s  e m it  n itro g en  o x id e s  m a in ly  in  fo r m s  o f  N O  an d  N O 2 . 

C o n v e r se ly , n itrou s o x id e  is  r e le a se d  r e la t iv e ly  lo w  b y  th e  natural m ic r o b io lo g ic a l  
p r o c e s se s  so  that it can  b e  n e g le c te d . H o w e v e r , it is  w o r th  to  n o te  that N 2 O  is  
p ro d u ced  m a in ly  from  n o n -se le c t iv e  o x id a t io n  p r o c e s s  o f  a m m o n ia  in  n itr ic  ac id  
p la n ts  (J a n ssen  and  S an ten , 1 9 9 9 ) and  from  a d ip ic  a c id  s y n th e s is  v ia  c y c lo h e x a n o n e  
o x id a tio n . In a d d itio n , th ere  is  c o n s id e r a b le  e v id e n c e  th at u s e  o f  n itr o g e n o u s  
fer tilizers  in c r e a se s  th e  a tm o sp h er ic  le v e l  o f  n itrou s o x id e  (R o y , 1 9 9 7 ) .

Figure 1.1 Illustration of emission of NOx by source category in USA and European
countries (Roy e t a l., 2009).
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1 .1 .2  Im p a cts  o f  N itr o g e n  O x id e s
N itr o g e n  o x id e s  h a v e  a d v erse  e f fe c t s  to  h u m a n  h ea lth , e c o s y s te m s ,  

a g ricu ltu re  and  m a ter ia ls . L ik e  carb on  m o n o x id e , n itro g en  o x id e s  can  c o m b in e  w ith  
th e  h e m o g lo b in  in  th e  b lo o d . N itr ic  o x id e  i t s e l f  ca n  d e str o y  o z o n e  th ro u gh  o x id a tio n . 
A s  w e l l  a s  o z o n e , in  th e  p r e se n c e  o f  air, N O  is  e a s i ly  o x id iz e d  b y  O 2 fo r m in g  N O 2 . 
T h is  o x id e  p o iso n s  to  th e  resp ira tory  sy s te m  and  d e c r e a se  in  lu n g  fu n c t io n s  b e c a u se  
it can  d if fu s e  th ro u gh  th e  t is su e  and  d a m a g es  th e  c e l l  stru ctu re to w a rd  its  o x id a t iv e  
r e a c tiv ity  (F ritz  and  P itch o n , 1 9 9 7 ). T h is  re su lts  in  v ira l in fe c t io n  an d  im m u n e  
sy s te m  a ltera tion . In a d d itio n , n itro g en  o x id e s  ca n  p r o d u ce  s e c o n d a r y  p o llu ta n ts  su ch  
as gro u n d  le v e l o z o n e  and  p e r o x y a c e ty l n itra tes (P A N )  d u r in g  th e ir  a tm o sp h er ic  
r ea c tio n s  w ith  r e a c tiv e  h yd ro carb on s u n d er su n lig h t. T h e s e  r e su lt in g  c o m p o u n d s  can  
tr ig g er  a ser io u s  resp ira tory  p ro b lem  and  c a u s e  s o m e  d a m a g e s  to  p la n ts . 
A d d itio n a lly ,, v a r io u s  p h o to c h e m ic a l c o m p o u n d s  fo r m e d  b y  th e s e  ch a in  r e a c tio n s  are 
term ed  as p h o to c h e m ic a l sm o g . It a lso  lea d s  to  v i s ib i l i ty  r ed u ctio n .

G e n e r a lly , th e  o x id e s  o f  n itro g en  r e ta in in g  in  th e  a tm o sp h e r e  m a y  b e  
tran sfo rm ed  th ro u gh  th e  c h e m ic a l p r o c e ss  to  n itr ic  a c id , a c id  a e r o so ls , n itra tes  and  
n itr ites a s  p a rtic le  form ; so  c a lle d  a tm o sp h er ic  a e r o so l. I f  th e  p a r tic u la te s  are further  
w a sh e d  o u t b y  p rec ip ita tio n , th e  d is so lu tio n  o f  n itra tes b y  an  a tm o sp h e r ic  w a ter  
d ro p le t w i l l  a l lo w  th e  ad d itio n a l fo rm atio n  o f  n itr ic  a c id . It c o n tr ib u tes  to  a c id  rain  
w h ic h  c a u s e s  m ater ia l d a m a g e s , v e g e ta tio n  d e ter io ra tio n  an d  a c id if ic a t io n  in  b o th  
terrestria l and  a q u a tic  sy s te m . U lt im a te ly , it  d istu rb s th e  e c o lo g ic a l  sy s te m . 
A d d it io n a lly , th e  s m a ll q u an tity  r e lea sed  n itrou s o x id e  is  a p o te n t  g r e e n h o u se  g a s  and  
d e s tr u c tiv e  to  o z o n e  (C e n ti and P erath on er, 2 0 0 7 ) .

1 .1 .3  N O , C o n tro l T e c h n o lo g ie s
T h ere  are sev era l te c h n iq u e s  a d o p ted  fo r  N O x e m is s io n  c o n tr o l. T h e se  

ca n  b e  c a te g o r iz e d  in to  3 grou p s: p r e -c o m b u stio n  co n tr o l, c o m b u s t io n  c o n tr o l, and  
p o s t-c o m b u s t io n  co n tro l. S u m m a ry  o f  th e se  te c h n iq u e s  is  b r ie f ly  illu stra ted  in  F ig u re
1 .2 . T h e  first gro u p  is  to  lo w e r  th e  c o n te n t o f  n itro g en  c o m p o u n d  o r ig in a lly  
p r e se n tin g  in  th e  fu e l th rou gh  a h yd ro trea tin g  p r o c e s s  w h ile  th e  e m is s io n  resu lted  
from  v a r io u s  fu e ls  c o m b u stio n  su ch  as natural g a s , g a s  o i l s ,  an d  c o a ls  can  b e  
c o n tr o lle d  b y  th e la tter  grou p . It is  the c o m b u s tio n  m o d if ic a t io n  w h ic h  lim its  th e
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fo r m a tio n  o f  N O x d u r in g  th e  actu al c o m b u stio n . T h is  c o m b u s t io n  co n tro l can  b e  
p er fo rm ed  b y  v a r io u s  s tr a te g ie s  su ch  as r e d u c e  p e a k  tem p era tu res , co n tr o l r e s id e n c e  
t im e  and  lo w e r  o x y g e n  c o n cen tra tio n s  in  th e  f la m e  z o n e  (C o o p e r  an d  A l le y , 2 0 0 2 ) .  
T h e  la st gro u p  is  f lu e  g a s  treatm en t te c h n iq u e . It r e m o v e s  n itr o g e n  o x id e s  from  th e  
e x h a u st  g a s e s  a fter th e s e  c o m p o u n d s  h a v e  b e e n  fo rm ed . T h is  p o s t -c o m b u s t io n  
co n tr o l can  b e  su b -d iv id e d  in to  w e t  and  d ry  s y s te m s . T h e  w e t  m e th o d s  or  c h e m ic a l  
scru b b in g  are c h e m ic a l o x id a t io n /a b so r p tio n  p r o c e s se s . T h is  is  n o r m a lly  a p p lied  to  
sm a ll N O x e m is s io n  so u r c e s . T h e  d ry  m e th o d s  in c lu d e  c a ta ly t ic  an d  n o n -c a ta ly tic  
p r o c e s s . S e v e r a l te c h n iq u e s  are c la s s if ie d  in  th is  gro u p  su c h  as s e le c t iv e  n o n -c a ta ly tic  
red u ctio n  (S N C R ), N O x d e c o m p o s it io n , s e le c t iv e  c a ta ly t ic  re d u c tio n  (S C R ), n o n -  
s e le c t iv e  c a ta ly t ic  r e d u ctio n  (N S C R ), N O x s to ra g e  and  r e d u ctio n  (N S R ) , a d so rp tio n  
an d  rad iation .

L ow  N O x burner

Catalytic com bustion !

Burner out o f  service
W ater/steam  in jec to r

Ultra lo w  nitrogen fuels

F lu e

Catalytic absorption
S e lectiv e  catalytic  reduction
S elective  noncatalytic  
reduction

F lue gas recirculation

F ig u r e  1 .2  P o s s ib i l i t ie s  fo r  N O x red u ctio n  fro m  a c o m b u s tio n  c h a m b e r  (G ra ssia n , 
2 0 0 5 ) .
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A m o n g  th e se  N O x c o n tr o ls , c a ta ly t ic  t e c h n o lo g ie s  are a ttractive  
b e c a u se  o f  th eir  h ig h  e f f ic ie n c y  w ith  s e le c t iv e  a c t iv ity  an d  e c o n o m ic  b a la n ce . In 
p r in c ip le , th e  s im p le  N O  d e c o m p o s it io n  is  a th e r m o d y n a m ic a lly  fa v o r e d  rea c tio n  at 
lo w  tem p era tu re  ( b e lo w  9 0 0  °C ) an d  c o u ld  b e  a p p lie d . H o w e v e r , th e  rea c tio n  is  v ery  
s lo w  d u e  to  h ig h  a c t iv a t io n  e n e r g y  an d  h ig h ly  e f f ic ie n t  c a ta ly s ts  h a v e  n o t  b e e n  
d isc o v e r e d  s o  far. C o n se q u e n tly , a r e d u c in g  a g e n t is  n e c e s s a r y  to  co n v e r t  N O  in to  
N 2 . T h ere  are m a n y  a ltern a tiv e  r e d u c in g  a g e n ts  cu rren tly  p r o p o se d . H y d ro ca rb o n s  
su ch  as p r o p en e  are th e  p r o m is in g  su b sta n c e  to  fa c il ita te  h ig h  s e le c t iv e  reac tio n . 
A m m o n ia  is  a lso  th e  im p ortan t c a n d id a te  to  e n h a n c e  th e  N 2  s e le c t iv ity . R e c e n tly , 
u rea  h as b e e n  s tu d ie d  in  th e  N O x r e m o v a l in  d ie s e l  e x h a u st  a s  an in d irec t so u r c e  o f  
a m m o n ia  b e c a u se  o f  its  h a r m le ssn e ss . M o r e o v e r , th ere  are m a n y  a ttem p ts to  d e v e lo p  
th e  m ater ia l that p o s s e s  a w id e  a c t iv ity  w in d o w  o v e r  o p e r a tin g  tem p era tu re  ran g es  
and  b etter  p er fo r m a n c e  u n d er  le a n  c o n d it io n s . T h e s e  are cru c ia l fa c to rs  in  th e  
a u to m o b ile  a p p lica tio n .

1.2 Objectives

Im p r o v in g  fu e l c o n su m p tio n  in  a u to m o b ile s  h a s  b e c o m e  a s ig n if ic a n t  factor  
in e n e r g y  c r is is  an d  g lo b a l w a r m in g  fro m  e m is s io n  o f  ca rb o n  d io x id e  green  h o u se  
g a s . T o  m e e t  th e  g lo b a l trend , th e  a u to m o tiv e  in d u stry  a im s  to  sh if t  to w a rd  lea n -b u m  
o p era tin g  e n g in e  w h ic h  p o s s e s  th e  c o n d it io n s  that th r e e -w a y  c a ta ly s ts  c o u ld  n o t  se r v e  
fo r  N O x e m is s io n  c o n tr o l. T o  fin d  ou t a n o v e l c la s s  o f  c a ta ly s ts  in  th e  red u ctio n  o f  
N O x in  o x y g e n  r ich  c o n d it io n s  rem a in s  c h a lle n g e .

C o n se q u e n t ly , th e  m a in  a im  o f  th is  re sea rch  is  to  d e v e lo p  h ig h ly  a c t iv e  and  
s e le c t iv e  c a ta ly s ts  th at can  co n v e r t  N O x  to  h a r m le ss  p ro d u ct N 2  u n d er  le a n -b u m  
c o n d it io n s  and  try to  u n d erstan d  m e c h a n ism s  o f  th e  r e a c tio n . W e  h a v e  d e v e lo p e d  and  
in v e s t ig a te d  tw o  m a in  c a ta ly s t  c a te g o r ie s :  A u  and  P t su p p o rted  o n  a lu m in a . S o l-g e l  
te c h n iq u e  w a s  p r o p o se d  for  c a ta ly s t  p rep ara tio n  to  o b ta in  h ig h e r  su r fa ce  area and  
b etter  p e r fo r m in g  c a ta ly s t . In th is  w o rk , th e  s o l -g e l  s y n th e s is  w a s  su b -d iv id e d  in to  
tw o  te c h n iq u e s  a c c o r d in g  to  th e  in tro d u c in g  p ro c e d u r e  o f  an a c t iv e  m eta l in to  
a lu m in a . T h e se  w e r e  s in g le  s tep  s o l -g e l  and  a c t iv e  m eta l d o p in g  o n  p re fo rm ed  s o l-g e l
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a lu m in a  te c h n iq u e s . T h e  p er fo r m a n c e  o f  s e v e r a l c a ta ly s ts  s y n th e s iz e d  fr o m  s o l-g e l  
an d  o th er  p rep ara tio n  m e th o d s  w a s  c a r e fu lly  e x p lo r e d .

T h e  a c t iv ity  o f  th e  c a ta ly s ts  w a s  s tu d ie d  u n d er  v a r io u s  o x id a t iv e  c o n d it io n s . 
D iffe r e n t  r e d u c in g  a g e n ts  su c h  a s  h y d ro ca rb o n s and  u rea  w e r e  in tr o d u c e d  to  th e  
r ea c tio n  in  ord er to  p r o m o te  th e  s e le c t iv ity  to  N 2 . A s  w e l l  a s  th e  c a ta ly t ic  a c t iv ity , the  
s ta b ility  o f  c a ta ly s t  w a s  s tu d ied  u n d er  h a za rd o u s c o n d it io n s  b y  in tr o d u c in g  S O 2 and  
H 2 O  to  th e  sy s te m . In ord er to  u n d erstan d  th e  m icro stru c tu re  o f  c a ta ly s ts  and  th e  
m e c h a n ism  o f  rea c tio n , d ifferen t ch a ra c ter iza tio n  te c h n iq u e s  w e r e  carr ied  ou t as 
w e l l .

1.3 Outline

T h is  d isse r ta tio n  is  o r g a n iz e d  in to  se v e r a l ch a p ters . It b e g in s  w ith  
in tro d u ctio n  part and  p ro b lem  sta tem en t in c lu d in g  th e  w o r k  o b je c t iv e s  in  th is  
ch ap ter . B r ie f  b a ck g ro u n d  o f  n itr o g e n  o x id e s  g a s e s , s o l - g e l  c h e m is tr y , an d  th e  
literatu re r e v ie w s  o f  n itro g en  o x id e s  r em o v a l are g iv e n  in  th e  ch a p ter  II. M e c h a n ism  
an d  th e  r e a c tio n s  re la ted  in  s e le c t iv e  c a ta ly t ic  re d u c tio n  o f  n itr o g e n  o x id e s  are a lso  
d e sc r ib e d  in  th is  ch ap ter . C h ap ter  III w i l l  g iv e  th e  e x p e r im e n ta l in fo r m a tio n . It 
p r o v id e s  d e ta ils  o f  th e  m a ter ia ls  u se d  in  th e  e x p e r im e n t  an d  th e  ap p aratu ร se t  up. In  
a d d it io n , th e  p r in c ip le  an d  p ro ced u re  o f  c a ta ly s t  sy n th e s is  an d  in stru m en ta l a n a ly s is  
are e x p la in e d  a c c o r d in g ly .

T h e  resu lts  and  d is c u s s io n  are c la s s if ie d  in to  th ree  p arts. C h a p ter  r v  w il l  
s h o w  N O x s e le c t iv e  c a ta ly tic  r e d u ctio n  b y  u rea  w h ic h  w a s  in tro d u ced  to  th e  sy s te m  
in  g a s  p h a se . T h e  a c t iv it ie s  o f  d iffe r e n t A u  an d  P t su p p o rted  o n  a lu m in a  c a ta ly s ts  
w e r e  in v e s t ig a te d . In con trast, ch a p ter  V  s h o w s  th e  p e r fo r m a n c e  o f  P t c a ta ly s ts  u n d er  
th e  sa m e  r e d u c in g  a g en t, u rea , b u t it w a s  o r ig in a lly  in je c te d  to  th e  s y s te m  a s  a liq u id  
p h a se . U r e a  d e c o m p o s it io n  an d  its  d e r iv a t iv e s  fo r m a tio n  are d is c u s s e d  a s  w e ll .  
F in a lly , ch a p ter  V I  w il l  illu stra te  th e  c a ta ly t ic  p e r fo r m a n c e  in  term s o f  a c tiv ity , 
s e le c t iv ity  and  s ta b ility  b y  p r o p e n e  c o u p le d  w ith  th e  e f fe c t  o f  su lfu r  an d  w a ter . It a lso  
in c lu d e s  th e  c o m p a r iso n  o f  v a r io u s  c a ta ly s ts  s y n th e s iz e d  fr o m  se v e r a l m e th o d s .

T h e  su m m a r y  and  c o n c lu s io n s  in c lu d in g  r e c o m m e n d a tio n s  fo r  th e  future  
w o r k  are s h o w n  in  th e  la st  ch ap ter  V II.
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