
CHAPTER VI
LEAN-BURN NOx REDUCTION BY PROPENE 

OVER GOLD SUPPORTED ON ALUMINA CATALYSTS 
DERIVED FROM THE SOL-GEL METHOD *

6.1 Abstract

G o ld  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  for  s e le c t iv e  N O x 
r e d u ctio n  b y  p ro p en e . T w o  ty p e s  o f  a lu m in a , c o m m e r c ia l an d  s o l - g e l  a lu m in a , w er e  
e m p lo y e d . T h e  c a ta ly t ic  p e r fo rm a n ce  w a s  m a in ly  s tu d ie d  o v e r  th e  im p r e g n a te d  so l-  
g e l a lu m in a  ca ta ly s t . T h e  c a ta ly t ic  a c t iv ity  w a s  te ste d  u n d er  v a r io u s  p r o p e n e  and  
o x y g e n  co n c e n tr a tio n s . N O x c o n v e r s io n  and  th e  a c t iv ity  w in d o w  o f  th e  c a ta ly s ts  
in c r e a se d  a s  th e  p r o p e n e  or o x y g e n  c o n c e n tr a tio n  in c r e a se d . T h e  p r e se n c e  o f  w a ter  
a lso  e n h a n c e d  th e  N O x  c o n v e r s io n  an d  w id e n e d  th e  a c t iv ity  w in d o w  o f  th e  ca ta ly s ts .  
T h e s o l -g e l  a lu m in a  su p p o rted  c a ta ly s ts  g a v e  m u c h  h ig h e r  a c t iv ity  th a n  th e  
c o m m e r c ia l a lu m in a  su p p o rted  ca ta ly s ts .

Keywords: L e a n -b u m , D eN O x , H C -S C R , A11/AI2O3, S o l -g e l ,  G o ld , P ro p en e

6.2 Introduction

C u rren tly , e n v ir o n m e n ta l p r o b le m s are a  s e r io u s  c o n c e r n , an d  n itr o g e n  
o x id e  (N O x) r e m o v a l h a s  b e e n  o f  w o r ld w id e  in terest. N O x, m a in ly  c o n s is t in g  o f  
n itr ic  o x id e  (N O ) an d  n itr o g e n  d io x id e  (N O 2 ) ,  c o m e s  fro m  th e  c o m b u s t io n  p r o c e ss  
b y  th e o x id a t io n  o f  n itr o g e n  in  air  an d  th e  n itr o g e n -c o n ta in in g  c o m p o u n d s  in  fu e l. 
T ra n sp o rta tion  an d  in d u str ia l p la n ts  are th e  p r im a ry  e m it t in g  so u r c e s  o f  th e s e  o x id e s ,  
w h ic h  lea d  to  a  v a r ie ty  o f  en v ir o n m e n ta l and  h e a lth  p r o b le m s . T h e  r e a c tio n s  in  the  
a tm o sp h e r e  o f  N O x  w ith  w a ter  and  h y d ro ca rb o n s  u n d er  su n lig h t  co n tr ib u te  to  acid  
rain , s m o g , and  g r o u n d - le v e l o z o n e , w h ic h  are th e  c a u s e s  o f  a q u a tic  sy s te m

’ In press manuscript:
Leerat, J., Osuwan, ร., and Gulari, E. Lean-bum NOx reduction by propene over gold
supported on alumina catalysts derived from the sol-gel method. Catalysis Letters.
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a c id if ic a t io n , v is ib i l i ty  red u ctio n , an d  e c o lo g ic a l  p ertu rb atio n  [1 , 2 ] .  F rom  th e se  
rea so n s , th ere  h a v e  b e e n  m a n y  a ttem p ts to  d e v e lo p  N O x -c o n tr o l t e c h n iq u e s . O n e  o f  
th e  p o te n tia l m e th o d s  i s  a  te c h n iq u e  u s in g  a  s p e c if ic  r e d u c in g  a g e n t, s o  c a lle d  
“s e le c t iv e  c a ta ly t ic  r e d u c tio n ” (S C R ), a s  it p r e fe r e n tia lly  rea c ts  w ith  N O x rather than  
o x y g e n . T h e  S C R  te c h n iq u e  is  m o st  s u c c e s s fu lly  d e v e lo p e d  b y  u s in g  h y d r o c a r b o n  as  
a r e d u c in g  a g e n t d u e  to  its  n o n - to x ic ity , a v a ila b ility , an d  f e a s ib le  im p le m e n ta t io n .

F rom  th e p o in t  o f  v ie w  o f  fu e l e c o n o m y  an d  le a n -b u m  e n g in e  d e m a n d s , a 
c a ta ly s t  w o r k in g  in  “ le a n ”, o x y g e n -r ic h  c o n d it io n s , h a s  b e e n  e x t e n s iv e ly  im p r o v e d  
for th e  N O x  c le a n -u p  in  e x h a u st  g a s . Z e o lite  c a ta ly s ts  h a v e  b e e n  sh o w n  to  be  
ca n d id a te s  fo r  th is  r e a c tio n . H o w e v e r , d e a c t iv a t io n  u n d er  h ig h  tem p e r a tu r e s  b y  w a ter  
(v a p o r) h a s b een  a  cr itica l is su e  [3, 4]. S u p p o rted  n o b le -m e ta l c a ta ly s ts  h a v e  a lso  
b e e n  w id e ly  s tu d ie d  [5-8], A m o n g  th e  p r e c io u s  m e ta ls , g o ld  is  p r o b a b ly  th e  m o st  
in teres tin g  m a ter ia l. M a n y  r e v ie w s  h a v e  rep orted  u n u su a l a c t iv ity  an d  s e le c t iv ity  o f  
g o ld  c a ta ly s ts  for  a  n u m b er  o f  r e a c tio n s  [9-12]. U e d a ’s  gro u p  p r e se n te d  th e  a c t iv ity  
o f  g o ld  o n  v a r io u s  su p p o rts  and  co m p a red  th e  r e a c tiv ity  o f  g o ld  w ith  that o f  o th er  
p r e c io u s  m eta l c a ta ly s ts  fo r  N O  r e d u ctio n  [13-15], T h e y  rep o rted  that th e se  
su p p o rted  g o ld  c a ta ly s ts  w e r e  a c t iv e  fo r  th e  r e d u c tio n  o f  N O  w ith  h y d ro ca rb o n s. 
T h ere are s o m e  s tu d ie s  o f  th e se  r e a c tio n s  b y  u s in g  t ita n ia  an d  c e r ia  a s  a  su p p o rt [ lb -  
18]. H o w e v e r , su p p o rted  g o ld  c a ta ly s ts  are s t i ll  le s s  s tu d ie d  fo r  N O x  r e d u c tio n  b y  
h y d ro ca rb o n s u n d er  o x id iz in g  c o n d it io n s  [19-22], A n  e x p e r im e n t  w ith  h ig h e r  
h y d ro ca rb o n s a s  a r e d u c in g  a g en t l ik e  o c ta n e  w a s  carr ied  o u t fo r  g o ld  o n  a lu m in a  and  
tita n ia  a s  w e l l  [23], N e v e r th e le s s , th e  c a ta ly t ic  a c t iv ity  b e g a n  a b o v e  450 °c. T h e  
m a x im u m  c o n v e r s io n  o f  N O x w a s  o b ta in e d  at 500 °c. In  o u r  g r o u p , w e  s tu d ie d  th e  
a c t iv ity  o f  c a ta ly s ts  p rep ared  b y  th e  s in g le -s te p  s o l - g e l  m e th o d . In th is  s tu d y , g o ld  
c a ta ly s ts  p rep ared  b y  im p r e g n a tio n  o v e r  p r e -fo r m e d  s o l -g e l  a lu m in a  w a s  m a in ly  
stu d ied . T h e  c a ta ly t ic  a c t iv ity  for  N O x re d u c tio n  w ith  p r o p e n e  a s  a r e d u c in g  a g en t  
w a s  d e te r m in e d  u n d er v a r io u s  c o n d it io n s . T h e  e f f e c t s  o f  w a te r  an d  o x y g e n , a s  w e l l  as 
th e  c a ta ly t ic  s ta b ility , are p rese n te d  in  th is  w o rk . In a d d it io n , th e  a c t iv ity  
c o m p a r iso n s  o f  th e  c a ta ly s ts  p rep ared  fro m  d iffe r e n t  te c h n iq u e s  ( s in g le - s te p  s o l -g e l ,  
im p reg n a tio n , and  d e p o s it io n -p r e c ip ita t io n )  are d e m o n str a te d  h ere .
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6.3 Experimental

6 .3 .1  C a ta ly st  P rep ara tio n  and  A c t iv a t io n
G o ld  su p p o rted  o n  a lu m in a  c a ta ly s ts  w e r e  p rep ared  u s in g  th ree  

d iffe r e n t m e th o d s:  s in g le -s te p  s o l -g e l ,  im p r e g n a tio n , an d  d e p o s it io n -p r e c ip ita t io n . 
F or th e s in g le -s te p  s o l -g e l  m e th o d , a  k n o w n  a m o u n t o f  a lu m in u m  is o p r o p o x id e  w a s  
ad d ed  in to  h o t d e io n iz e d  w a ter  at 85  ๐c .  A fte r  c o n t in u o u s  stirr in g  fo r  1 h, 
ap p rop riate  a m o u n ts  o f  n itr ic  ac id  and  g o ld  a c e ta te  in  1,3 b u ta n e d io l w e r e  in tro d u ced  
in to  th e  so l so lu t io n , r e s p e c t iv e ly . T h e  m ix tu re  w a s  furth er stirred  fo r  1 h  at th e  sa m e  
tem p era tu re , f o l lo w e d  b y  a g in g  o v e r n ig h t  at r o o m  tem p era tu re . F in a lly , th e  s o lv e n t  
w a s  r e m o v e d  b y  a lo w  tem p era tu re  h e a t in g  u n til a g e l  fo r m e d . T h e  r e su lt in g  g e l w a s  
d ried  at 1 0 0  °c for  12  h , fo l lo w e d  b y  c a lc in a t io n  a t 6 0 0  ๐c  for  2 4  h . T h e  
im p reg n a tio n  m e th o d  e m p lo y e d  tw o  ty p e s  o f  a lu m in a  a s  th e  c a ta ly s t  su p p ort. T h e  

first o n e  w a s  c o m m e r c ia l a lu m in a  (A ld r ic h , Y-AI2 O 3 ) , th e  s e c o n d  o n e  w a s  s o l-g e l  
a lu m in a  p rep ared  in  a m a n n er  s im ila r  to  th e  s in g le - s t e p  s o l - g e l  m e th o d , a s  rep orted  
b y  S e k e r  and  G u lari [2 0 ] . T h e  a lu m in a  su p p o r ts  w e r e  im p r e g n a te d  w ith  an  
ap p rop ria te  a m o u n t o f  h y d r o g e n  te tra ch lo ro a u ra te  d is s o lv e d  in  w a te r  to  a tta in  th e  
d esired  0 .8  w t%  g o ld  lo a d in g . T h e  sa m e  d r y in g  p r o c e d u r e  w a s  a p p lie d , f o l lo w e d  b y  
c a lc in a t io n  at 5 0 0  ๐c  fo r  5 h. T h e  d e p o s it io n -p r e c ip ita t io n  c a ta ly s t  w a s  p rep ared  
u s in g  th e  p ro ced u re  p r e v io u s ly  rep orted  b y  U e d a  an d  H aru ta  [1 5 ] . T h e  p H  o f  th e  
a q u e o u s  s o lu t io n  o f  h y d r o g e n  te tra ch loro au ra te  w a s  a d ju sted  b y  a d d in g  0 .1  M  
so d iu m  h y d r o x id e . T h e n  th e  p re -fo rm ed  s o l-g e l  a lu m in a  w a s  d isp e r se d  in to  th e  g o ld  
s o lu t io n  u n d er  a s lo w  a g ita t io n  for 1 h . T h e  p r e c ip ita te  w a s  w a s h e d  w ith  d e io n iz e d  
w a ter  se v e r a l t im e s  to  e lim in a te  e x c e s s  io n s . T h e  f in a l p r e c ip ita te  w a s  d ried  at 10 0  
°c u n d er  v a c u u m  fo r  18 h  and  c a lc in e d  at 5 0 0  ๐c  fo r  5 h . A fte r  th e  c a lc in a t io n , a ll 
ty p e s  o f  c a ta ly s ts  w e r e  gro u n d  and s ie v e d  in to  8 0  to  1 2 0  m e s h  s iz e s .

T h e  c a ta ly s ts  w e r e  a c tiv a te d  w ith  a  7 5  m L /m in  f lo w  o f  a  g a s  m ix tu re  
c o n ta in in g  7 5 0  p p m  N O x , 7 5 0  p p m  C 3H 6 , 7%  O 2 , ~2% H 2 O , an d  H e  b a la n c e . D u r in g  
th e  a c t iv a t io n  p r o c e s s , th e  tem p era tu re  w a s  in c r e a se d  fr o m  1 5 0  °c to  5 0 0  ๐c  w ith  a  
5 0  ๐c  step  in crem en t. T h e y  w e r e  h e ld  at e a c h  tem p era tu re  fo r  1 h . O n c e  5 0 0  °c w a s  
rea c h ed , th e y  w e r e  k ep t at th is  tem p era tu re  o v e r n ig h t . S u c h  a h ea t trea tm en t c y c le  
w a s  e m p lo y e d  u n til th e  c a ta ly s ts  rea c h ed  th eir  s ta b le  a c t iv ity  le v e ls .
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6 .3 .2  C a ta ly st  T e s t in g
T h e  c a ta ly t ic  a c t iv ity  w a s  s tu d ie d  b y  u s in g  a  f ix e d -b e d  U -tu b e  

m icro rea c to r  m a d e  fro m  a  q u artz tu b e  w ith  an i.d . o f  3 .5  m m . T h e  fo l lo w in g  g a s  
m ix tu r e s  w e r e  u se d  in  th e  te sts:  1 ,0 0 0  p p m  N O  w ith  trace  N O 2 ( <  2 0  p p m ), 0  to  
1 ,0 0 0  p p m  C 3 H 6 , 5 to  14%  O 2 , and  H e  b a la n c e , r e su lt in g  in  an  a p p r o x im a te  sp a c e  
v e lo c i ty  ( S V )  o f  1 0 5 ,0 0 0  c m 3 h ' 1 g '1. W ater  w a s  in tro d u ced  in to  th e  s y s te m  b y  
p a ss in g  th e  g a s  m ix tu re  th ro u g h  a h u m id if ie r  at r o o m  tem p era tu re  to  o b ta in  a  stream  
c o n ta in in g  a b o u t 2%  w a ter . T h e  r e a c tio n  w a s  carr ied  o u t at th e  tem p era tu re  ran g e  
from  1 5 0  ๐c  to  5 0 0  ๐c  an d  at th e  a tm o sp h e r ic  p ressu re . T h e  r e a c tio n  o v e r  th e  
ca ta ly s t  w a s  h e ld  at e a c h  tem p era tu re  fo r  1 h  to  r e a c h  a  s te a d y  sta te , f o l lo w e d  b y  th e  
a c t iv ity  m e a su r e m e n t. E x p e r im e n ts  w e r e  p la n n ed  su c h  that th e  e f f e c t s  o f  p r o p e n e , 
o x y g e n , an d  w a te r  o v e r  th e  g o ld  su p p o rted  o n  th e  im p r e g n a te d  s o l - g e l  a lu m in a  
c a ta ly s t  w e r e  in v e s t ig a te d .

N itr o g e n  p r o d u c ts  w e r e  m e a su r e d  b y  a  g a s  ch ro m a to g r a p h  (G C , S R I  
8 6 1 0 C ), e q u ip p e d  w ith  a  h e liu m  io n iz a t io n  d e te c to r  (H I D ) , a th erm a l c o n d u c tiv ity  
d e tec to r  (T C D ), an d  a H a y e S e p  D B  c o lu m n . N itr ic  o x id e  an d  n itr o g e n  d io x id e  w e r e  
d e te c te d  b y  a c h e m ilu m in e s c e n c e  N O x  a n a ly z e r  (T h e r m o  E n v ir o n m e n ta l 4 2 C H L ).  
C arb on  m o n o x id e , ca rb o n  d io x id e , an d  n itro u s o x id e  ( N 2 O ) w e r e  a n a ly z e d  b y  a  
F ou rier -tran sfo rm  in frared  (F T IR ) sp e c tr o sc o p e  (M a ttso n  G a la x y  7 0 2 0 A )  w ith  a 10  
c m  p ath  le n g th  g a s  c e l l .  T h e  p er fo r m a n c e  o f  th e  c a ta ly s ts  w a s  rep o rted  in  term s o f  
N O x c o n v e r s io n  and  N 2 y ie ld ,  w h ic h  w e r e  d e f in e d  a s  fo l lo w s :

N O x  c o n v e r s io n  (% ) =  { [N O x jin  -  [ N O x]out} /  [ N O x]in X 1 0 0
N 2 y ie ld  (% ) =  2  X [ N 2] /  [ N O x]in X 1 0 0

w h e r e  [ N O x]in is  th e  rea c to r  in le t  N O x  c o n c e n tr a t io n , [NO xJout is  th e  rea c to r  o u tle t  
N O x  c o n c e n tr a t io n , and  [ N 2] is  th e  reactor  o u tle t  N 2 c o n c e n tr a t io n .

6 .3 .3  C a ta ly st C h a ra c ter iza tio n
T h e  c r y s ta llite  s iz e s  an d  p h a se s  p r e se n t in  th e  c a ta ly s ts  w e r e  

d eterm in ed  b y  th e  X -r a y  d iffr a c tio n  (R ig a k u  p o w d e r  X -r a y  d if fr a c to m e te r , o p era ted  
at 4 0  k v  an d  1 0 0  m A ). T h e  B r u n a u e r -E m m e tt -T e lle r  (B E T )  m e th o d  e m p lo y e d  for
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d e te r m in in g  th e  su r fa c e  area  an d  th e p o re  s iz e  o f  th e  c a ta ly s ts  w a s  p e r fo r m e d  u s in g  a  
M ic r o m e r it ic s  2 0 1 0  in stru m en t. B o th  B E T  su r fa c e  area  an d  p o r e  s iz e  d istr ib u tio n  
w e r e  c a lc u la te d  fro m  a  stan dard  M ic r o m e r it ic s  p rog ram . In  a d d it io n , th e  actu a l 
a m o u n ts  o f  g o ld  lo a d in g  o n  th e  c a ta ly s ts  w e r e  d e te r m in e d  b y  n e u tro n  a c tiv a tio n  
a n a ly s is .

6.4 Results and Discussion

6 .4 .1  C a ta ly st  C h a ra c ter iza tio n
T a b le  6 .1  su m m a r iz e s  th e  c h e m ic a l an d  p h y s ic a l p ro p e r tie s  o f  th e  

p rep ared  c a ta ly s ts . T h e  a ctu a l a m o u n ts  o f  g o ld  lo a d in g  o n  th e  c a ta ly s ts  w e r e  fo u n d  to  
b e  0 .7 0 , 0 .5 5 ,  0 .7 5 ,  an d  0 .7 5  w t%  for  th e  s in g le -s t e p  s o l - g e l  (A u -S G ) , th e  d e p o s it io n -  
p r e c ip ita tio n  o n  s o l -g e l  a lu m in a  (A u -D P -S G ), th e  im p r e g n a te d  s o l - g e l  a lu m in a  (A u -  
IM P -S G ), an d  th e  im p r e g n a te d  c o m m e r c ia l y -a lu m in a  (A u -I M P -g a m m a ) c a ta ly s ts , 
r e s p e c t iv e ly .

T h e  p r e -fo r m e d  s o l -g e l  a lu m in a  h ad  a B E T  su r fa c e  area  o f  a b o u t 3 0 0  m 2/g  
and a p o re  s iz e  d is tr ib u tio n  cen tered  at a d ia m e te r  o f  7 7  Â . In co n tr a st , th e  su r fa ce  
area o f  th e  c o m m e r c ia l y -a lu m in a  w a s  1 5 0  m 2/g  w ith  a  5 8  À  p o r e  s iz e .  T h e  s in g le -  
step  s o l -g e l  c a ta ly s t  h ad  a  B E T  su r fa ce  area  o f  a b o u t 3 0 0  m 2 /g ,  w h i le  its  p ore  s iz e  
c en tered  at a  d ia m e te r  o f  9 8  À .

T h e  X -r a y  d if fr a c tio n  ( X R D )  p a ttern s o f  th e  s a m p le s  s h o e w e d  that a ll 
a lu m in a  su p p o rts  in  th e  c a ta ly s ts  w e r e  y -a lu m in a . T h e  c r y s ta llite  s iz e s  o f  th e  g o ld  
lo a d e d  in  th e  c a ta ly s ts  w e r e  c a lc u la te d  fro m  th e  D e b y e -S c h e r r e r  eq u a tio n . T h e  
a v e r a g e  g o ld  c r y s ta llite  s iz e s  o f  2 4  n m  an d  3 4  n m  w e r e  fo u n d  fo r  th e  A u -S G  and  A u -  
IM P -S G  c a ta ly s ts , r e s p e c t iv e ly . S in c e  th e  X R D  p attern  for  th e  A u - D P - S G  c a ta ly s t  
d id  n ot r e v e a l a n y  d e te c ta b le  g o ld  s p e c ie s ,  it c o u ld  b e  im p lie d  that th e  g o ld  c r y s ta llite  
s iz e s  in  th e  c a ta ly s t  w e r e  le s s  th an  5 nm .
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Table 6.1 C h e m ic a l an d  p h y s ic a l  p ro p er tie s  o f  g o ld  su p p o r te d  o n  a lu m in a  c a ta ly s ts

Catalyst Au loading 
(wt%)

Surface area 
(m2/g)

Pore Size
(Â)

Particle size 
(nm)

A u -S G 0.70 299 98 24
A u -D P -S G 0.55 310 77 <5
A u -IM P -S G 0.75 310 77 34
A u -IM P -g a m m a 0.75 150 58 -

6 .4 .2  P rep ara tio n  E f fe c t
C a ta ly sts  o f  g o ld  su p p o rted  o n  a lu m in a  w e r e  p rep ared  b y  v a r io u s  

p rep ara tion  m e th o d s . Im p reg n a tio n  is  th e  c o n v e n tio n a l m e th o d  th at in tro d u ces  an  
a c t iv e  m eta l o n to  th e  su p p o rt b y  su b m e r s io n  w ith  a  m e ta l p recu rsor . T y p ic a l ly , th e  
im p r e g n a tio n  m e th o d  g iv e s  lo w ly  d isp e r s in g  a c t iv e  s ite s , w h i le  th e  d e p o s it io n -  
p r e c ip ita tio n  m e th o d  g iv e s  a  h ig h e r  d isp e r s io n  [1 4 ] . In th is  w o r k , th e  s o l - g e l  m eth o d  
w a s  p u r p o se d  to  o b ta in  a  h ig h  su r fa c e  area  p o r o u s  su p p o rt. A l l  c a ta ly s ts  an d  su p p orts  
p rep ared  fro m  th e  s o l -g e l  m e th o d  g a v e  a  h ig h e r  su r fa c e  area  th a n  th e  c o n v e n tio n a l 
a lu m in a  su p p o rt (T a b le  6 .1 ) . T h e  a c t iv it ie s  o f  th e  d if fe r e n t  c a ta ly s ts  are s h o w n  in  F ig .  
6 .1 . A m o n g  th e s e  v a r io u s  ty p e s  o f  c a ta ly s ts , th e  h ig h e s t  a c t iv ity  w a s  o b ta in e d  w ith  
th e  A u -S G , f o l lo w e d  b y  th e A u -IM P -S G , w h e r e a s  th e  A u -D P -S G  an d  th e  A u -IM P -  
g a m m a  g a v e  a  m o d e r a te  and  lo w e s t  a c t iv ity , r e s p e c t iv e ly . T h is  in d ic a te s  that s o l -g e l  
m e th o d  c a n  g r e a tly  c o n tr ib u te  to  th e  im p r o v e m e n t in  th e  c a ta ly t ic  a c t iv ity .

T h e  c a ta ly s t  ch a ra c te r iz a tio n  r e su lts  a ls o  s h o w e d  th at th e  A u -D P -S G  
h ad  sm a lle r  A u  c r y s ta llite  s iz e s  ( le s s  th an  5 n m ) w h i le  th e  A u -S G  and  th e  A u -IM P -  
S G  h ad  a  s im ila r  ran g e  o f  a v e r a g e  A u  c r y s ta llite  s iz e  o f  aro u n d  2 0  n m  an d  3 0  n m , 
r e s p e c t iv e ly . T h e s e  r e su lts  w e r e  in  g o o d  a g r e e m e n t w ith  th o s e  o f  U e d a  et al. [1 4 ] . 
T h e y  rep orted  th at th e ir  d e p o s it io n -p r e c ip ita t io n  c a ta ly s t  h ad  4 .9  n m  A u  cr y sta llite  
s iz e s ,  w h i le  th e ir  im p r e g n a tio n  c a ta ly s t  h ad  3 2  n m  A u  c r y s ta llite  s iz e s . T h e y  
ad d ressed  th e  s iz e  o f  g o ld  p a r t ic le s  as o n e  o f  th e  c o n tr o llin g  fa c to r s  for  th e  ca ta ly tic  
a c t iv ity . S in c e  B a m w e n d a  et al. rep orted  that th e  in it ia t io n  o f  N O  S C R  o n  A u /y -
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A I2 O 3 in v o lv e d  th e  o x id a t io n  o f  N O  to  N O 2  at a c t iv e  c e n te r s  or  th e  in te r fa c e  b e tw e e n  
A u  an d  A I2 O 3 f o l lo w e d  b y  p r o p a g a tio n  s te p s  to  fo r m  N 2  an d  o th er  p r o d u c ts  [2 4 , 2 5 ] ,  
it w a s  s u g g e s te d  th at sm a lle r  p a r tic le  s iz e  c a ta ly s ts  p o s s e s s  m o r e  in ter fa c ia l a c t iv e  
s ite s  for  th e  r e a c tio n . S o  i f  a  c o m p a r iso n  b e tw e e n  A u -S G  an d  A u -I M P -S G  w a s  m a d e  
in  term s o f  g o ld  p a r tic le  p er im eter , A u -S G  w o u ld  h a v e  a  h ig h e r  a c t iv ity  th an  A u -  
IM P -S G . T h is  w a s  a ls o  v e r if ie d  b y  ou r resu lts . H o w e v e r , a  m o d e r a te  a c t iv ity  w a s  
o b se r v e d  o n  A u - D P - S G  s in c e  its  actu a l g o ld  lo a d in g  o f  0 .5 5  w t%  w a s  le s s  th an  th o se  
o f  th e  o th er  c a ta ly s ts  ( 0 .7 0  to  0 .7 5  w t% ). D u r in g  th e  p rep ara tio n , s o m e  o f  th e  g o ld  
h y d r o x id e  m a y  p r o c e e d  to  th e  n u c lé a t io n  in  a b u lk  p h a s e  an d  is  su sp e n d e d  in  th e  
so lu t io n , fr o m  w h ic h  it ca n  b e  r e a d ily  r e m o v e d  d u r in g  th e  w a s h in g  p r o c e s s . T h is  
p o s s ib ly  b e c a m e  a fa c to r  r e s p o n s ib le  for  a  m u c h  lo w e r  a c t iv ity  th an  th e  o th er tw o  
s o l -g e l  c a ta ly s ts .

F u rth erm ore , w e  b e lie v e  that th e  n atu re o f  th e  su p p o rt a ls o  in f lu e n c e s  
th e  r e d u c tio n  o f  N O . B y  a c o m p a r iso n , o u r  r e su lts  s h o w  that th e  s o l -g e l  p rep ara tion  
h ad  a p o s it iv e  e f fe c t . T h e  r e a so n  for  th is  m a y  b e  th at th e  h ig h  su r fa c e  area  w a s  
o b ta in e d  fr o m  th e  3 -d im e n s io n a l n e tw o rk , r e su lt in g  in  m o r e  e x p o s e d  a c t iv e  s ite s  
a v a ila b le  fo r  th e  rea c tio n . In a d d it io n , m a te r ia ls  p rep ared  b y  d if fe r e n t  m e th o d s  
resu lte d  in  d if fe r e n t  a d so r p tio n  c a p a c it ie s  o f  N O , w a te r , an d  s o  o n , le a d in g  to  
d iffe r e n t c a ta ly t ic  p e r fo r m a n c e s  [2 6 ] . It w a s  a ls o  rep o rted  th at th e  su r fa c e  a c id ity  
c o n tr ib u ted  fr o m  th e  s o l -g e l  im p r o v e d  h y d r o c a r b o n  a c t iv a t io n  an d  N O  c o n v e r s io n
[2 7 ] .

A lth o u g h  A u -S G  s h o w e d  th e  h ig h e s t  a c t iv ity  a m o n g  o th er  
in v e s t ig a te d  c a ta ly s ts , th e  o v e r a ll p e r fo r m a n c e  o f  c a ta ly s t  a lso  d e p e n d e d  o n  th e  
d e s ir a b le  N 2  fo r m a tio n . T h e  m a x im u m  a m o u n t o f  N O x c o n v e r te d  to  N 2  o v e r  A u -  
IM P -S G  w a s  a s  h ig h  a s  ca . 9 0 % , w h ile  o th er  c a ta ly s ts  r e v e a le d  a  m a x im u m  N 2  y ie ld  
lo w e r  th an  ca . 5 0 %  (d a ta  n o t  s h o w n ). T h e r e fo r e , A u -I M P -S G  w a s  c o n s id e r e d  a s  th e  
b e s t  c a ta ly s t  in  term s o f  o v e r a ll p e r fo rm a n ce . It w a s  th e n  s e le c te d  fo r  further  
in v e s t ig a t io n  in  th e  f o l lo w in g  s e c t io n s .
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Figure 6.1 C a ta ly tic  a c t iv ity  c o m p a r iso n  o f  th e  A 11/A I 2 O 3 c a ta ly s ts  fro m  d ifferen t  
p rep ara tio n  m e th o d s . R e a c tio n  c o n d it io n s:  1 ,0 0 0  p p m  N O x, 1 ,0 0 0  p p m  C 3H 6, 

14%  0 2, 2%  H 20  b a la n c e d  in  H e , s v  =  l x i o 5 c m 3 h ' 1 g '1.
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6 .4 .3  P r o p e n e  E ffe c t
T h e  e f f e c t  o f  p ro p en e  c o n c e n tr a tio n , v a r ied  fr o m  0 to  1,000 p p m , w a s  

in v e s t ig a te d  o v e r  th e  im p reg n a ted  s o l -g e l  a lu m in a  c a ta ly s t  (A u -I M P -S G ). T ra ce  N O 2 

w a s  p r e se n t in  th e  rea c ta n t stream  w h e n  N O  an d  O 2  w e r e  b le n d e d  b e fo r e  r e a c h in g  th e  
reactor  in le t; th e r e fo r e , th e  a c t iv ity  o f  th e  c a ta ly s ts  w a s  m e a su r e d  in  term s o f  N O x 
c o n v e r s io n . N e g l ig ib le  N 2 O  fo rm a tio n  ( le s s  th an  1% ) w a s  o b se r v e d  o v e r  A u  c a ta ly s ts  
in  a ll e x p e r im e n ts . F ig . 6 .2  (a ) s h o w s  that N O x  c o n v e r s io n  w a s  in c r e a se d  w ith  
in c r e a s in g  tem p era tu re  at a g iv e n  p r o p e n e  c o n c e n tr a t io n  a s  a  p a ra b o lic  c u r v e  h a v in g  
a m a x im u m  tem p era tu re  o f  arou n d  410 °c. A n  in c r e a se  in  th e  a m o u n t o f  p r o p en e  
im p r o v e d  th e  c a ta ly t ic  a c t iv ity  and  a ls o  en la r g e d  th e  a c t iv ity  w in d o w . T h e  p o s it iv e  
e f fe c t  is  c le a r ly  o b s e r v e d  in  th e  h ig h  tem p era tu re  ran g e  b e tw e e n  300 °c and  500 °c. 
C o m p le te  N O x  c o n v e r s io n  w a s  a c h ie v e d  w ith  a 1,000 p p m  p r o p e n e  c o n c e n tr a t io n  at 
ab o u t 410 °c. T h is  s h o w s  that p r o p e n e  fa c il ita te d  th e  r e d u c tio n  o f  N O x. H o w e v e r , in  
th e  h u m id  fe e d  strea m  w ith o u t  p ro p e n e , it w a s  fo u n d  th at th ere  w e r e  10 to  30% N O x  
c o n v e r s io n  an d  n o  N 2  fo r m a tio n  su g g e s t in g  that N O  d e c o m p o s it io n  d id  n o t  tak e  
p la c e . O u r e x p e r im e n t  in  th e  dry fe e d  stream  (d a ta  n o t  s h o w n )  r e v e a le d  th at N O  w a s  
c o m p le te ly  c o n v e r te d  to  N O 2 . H o w e v e r , i f  w a ter  w a s  p r e se n t in  th e  fe e d  stream , N O 2 

c o u ld  b e  a d so r b e d  an d  d isp ro p o rtio n a ted  to  o th er  s p e c ie s ,  w h ic h  p o s s ib ly  further  
rea c ted  w ith  H 2 O  to  fo rm  o th er p r o d u cts , su ch  a s  H N O 3 [2 8 ] ,

F ig . 6 .2  (b )  s h o w s  th e  p r o p en e  o x id a t io n  c u r v e s  a s  a  fu n c t io n  o f  
tem p era tu re  at d if fe r e n t  p ro p en e  c o n c e n tr a tio n s . C o m p le te  p r o p e n e  o x id a t io n  w a s  
o b se r v e d  at a b o u t 4 1 0  °c, and  c o r r esp o n d ed  to  th e  m a x im u m  N O x  c o n v e r s io n . It is  
ap p arent that th e  d e c r e a se  in  th e  a c t iv ity  c o in c id e d  w ith  th e  v a n is h in g  o f  p r o p e n e  b y  
th e  c o m p le te  o x id a t io n . M a n y  N O x  r e d u c tio n  m e c h a n is m s  w ith  h y d ro ca rb o n s  h a v e  
b e e n  p r o p o se d  in  s e v e r a l s c h e m e s , e .g . N O  c o u ld  b e  r e d u c e d  v ia  a  v a r ie ty  o f  
c a r b o n a c e o u s  in te r m e d ia te s  [1 , 3 ] , S h im iz u  et al. a ls o  rep o rted  th at th e  c o n su m p tio n  
o f  h y d r o c a r b o n -d e r iv e d  s p e c ie s  and  N O x w e r e  c lo s e ly  r e la ted  [2 9 ] .
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Figure 6.2 P ro p e n e  c o n c e n tr a tio n  e f fe c t  o n  th e  a c t iv ity  o f  th e  A u -IM P -S G  c a ta ly s t  
as a fu n c t io n  o f  tem p era tu re . R e a c tio n  c o n d it io n s:  1 ,0 0 0  p p m  N O x, 0  to  1 ,0 0 0  p p m  
C 3 H 6 , 14%  O 2 , 2%  H 2 O  b a la n ced  in  H e , s v  =  l x i o 5 c m 3 h"1 g '1.



96

6.4.4 Oxygen Effect
A positive effect of oxygen was found over the Au-IMP-SG catalyst 

as well. Fig. 6.3 shows that the reduction of NOx could occur even in the large 
excess oxygen amount of 14%, instead of activity inhibition. When a higher oxygen 
concentration was used, the maximum NOx conversion shifted towards a lower 
temperature. A larger activity window was observed with a slight improvement in the 
activity. The oxidation of propene corresponded to the reduction of NOx for both 
oxygen concentrations, suggesting that the hydrocarbon was activated via a partial 
oxidation to form several oxygenated forms (CxHyOz), such as formate and acetate, 
before subsequently participating in the reduction of NOx [30, 31]. The results from 
this present work also showed that propene was more easily converted, and its 
complete conversion shifted to lower temperatures in a stream containing a larger 
amount of oxygen. In addition to hydrocarbon activation, oxygen could activate NO 
to surface-bound nitrates, as well as oxidize NO to the more reactive NO2. These 
activated species were further transformed through several routes to form the N2 
product [5, 26].

6.4.5 Water Effect
The catalytic behavior of the Au-IMP-SG catalyst in dry and humid 

conditions is shown in Fig. 6.4 (a) and Fig. 6.4 (b), respectively. Water remarkably 
enhanced the NOx conversion. The maximum conversion of 60% in a dry stream was 
raised up to 98% in the presence of water. The obtained NOx reduction curves also 
correspond to the propene conversion profiles in both conditions. In humid 
conditions, the NOx reduction is more favorable at a lower temperature, which 
enlarged the catalytic activity window. NOx was completely converted to N2 in dry 
conditions, while the selectivity to N2 was decreased in the presence of water. This is 
possibly due to other by-products formation, such as HNO3 [20, 28], In addition, the 
propene oxidation was actually close to the formation of N2, but not to the NOx 
conversion. This shows that the activated hydrocarbon was actually used in the 
production of N2.
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Figure 6.3 Oxygen concentration effect on the activity of the Au-IMP-SG catalyst as 
a function of temperature. Reaction conditions: 700 ppm NOx, 700 ppm C3H6, 
5% and 14% O2, 2% H2O balanced in He, s v  = lx io 5 cm3 h'1 g '1.
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Figure 6.4 Activity of the Au-IMP-SG catalyst in dry and humid feed streams. 
Reaction conditions: 1,000 ppm NOx, 1,000 ppm C3H6, 14% O2, 0 and 2% H20  
balanced in He, s v  = lx io 5 cm3 h' 1 g'1.
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6.4.6 Catalyst Stability
The stability of the Au-IMP-SG catalyst was investigated to see 

whether it would be stable for the prolonged period under normal operating 
conditions. The catalyst was exposed to a 2% water-containing reactant gas mixture 
at a low temperature of 150 °c for 56 h. Then, the catalyst was treated in a flow of 
helium at a high temperature of 500 ๐c  overnight. Then the activity of the treated 
catalyst was re-investigated over the same temperature range between 200 °c and 
500 °c in both the dry and the humid conditions (data not shown). After a few tests, 
the catalytic activities resumed to its initial for both conditions without any changes 
in N2 selectivity. This implies that the catalyst was tolerant to the testing conditions.

6.5 Conclusions

Gold catalysts prepared from sol-gel derived techniques showed higher 
activity than the catalysts supported on commercial y-alumina. The single-step sol- 
gel catalyst showed the highest activity, followed by the impregnated sol-gel alumina 
catalyst. The deposition-precipitation on the sol-gel alumina catalyst showed 
moderate activity while the impregnated commercial alumina catalyst yielded the 
lowest activity. However, the impregnated sol-gel alumina catalyst gave the highest 
N2 yield among the investigated catalysts. Water considerably enhanced the catalytic 
activity. The activity was also influenced by oxygen and propene, higher amounts of 
which resulted in increasing activity and activity window enlargement. This work 
also demonstrated the catalyst stability in the humid and oxygen-rich conditions. The 
catalyst could perform well under the lean-bum conditions, various propene 
concentrations, and it had a good long-term performance.
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